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Abstract: Nitrogen fixation is gaining increasing interest owing to the essential role in the
nitrogen cycle of the biosphere. Gliding arc based nitrogen fixation has great potential,
especially for NOx synthesis,, but the underlying mechanisms are poorly understood. This
work presents an extensive study, elucidating the plasma chemistry by a combination of
experiments and computations, to provide the necessary insights of gliding arc based NOx
synthesis.
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1. Introduction
Nitrogen fixation (NF), which converts nitrogen
molecules into simple nitrogen compounds, such as
ammonia or nitric oxide that can be further used as
precursors for the synthesis or biosynthesis of more
complex molecules, is very significant, but it is the most
challenging step of nitrogen utilization by living
organisms[1]. Considering the increasing demand of
fertilizers, the high energy intensity and environmental
concerns triggered by industrial nitrogen fixation, i.e., the
Haber–Bosch (H–B) process, there is a clear need to
develop and integrate more sustainable processes [2]. Nonthermal plasma offers an opportunity to fix nitrogen,
because the theoretical limit of the energy consumption of
nitrogen oxidation is more than 2.5 times lower than that
of the H–B process. Gliding arc (GA) plasmas are among
the most effective and promising plasmas for gas
conversion, because vibrational excitation of the
molecules is seen as the most efficient way to assist the
conversion or synthesis in a GA[3].
Plasma based NF is generally accomplished by the
reaction of nitrogen with oxygen or hydrogen to produce
nitrogen oxide (nitric oxide) or ammonia, respectively.
For plasma based ammonia synthesis, expensive
hydrogen is required, besides readily available nitrogen.
In contrast, for plasma based nitric oxide synthesis, the
raw materials (air) are abundantly available at low cost.
As a result, a few studies have been reported on
employing a gliding arc reactor for nitric oxide
synthesis[4]-[5]. However, the various mechanisms that
contribute to NOx production in a gliding arc are not yet
completely understood. This work presents an extensive
study elucidating the plasma chemistry by a combination
of experiments and computations to provide the necessary
insights of gliding arc based NOx synthesis.
2. 0D chemical kinetics model
In order to elucidate the underlying mechanisms of the
gliding arc based NOx synthesis, we developed a 0D
plasma chemistry model, which allows to describe the
behavior of a large number of species, and incorporate a
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large number of chemical reactions, with limited
computational effort. The zero-dimensional (0D)
chemical kinetics model is based on solving balance
equations for all the species densities, based on
production and loss rates, as defined by the chemical
reactions:
∑

∏

(1)

where aij(1) and aij(2) are the stoichiometric coefficients of
species i, at the left and right hand side of a reaction j,
respectively, nl is the species density at the left-hand side
of the reaction, and kj is the rate coefficient of reaction j.
3. Plasma chemistry included in the model
The species taken into account in our model for the
N2/O2 mixture are listed in Table 1. These species include
various neutral molecules in the ground state, as well as
several electronically and vibrationally excited levels,
various radicals, positive and negative ions, and the
electrons.
Table 1. List of species included in the model for the
N2/O2 gas mixture.
Neutral species
N2, N, N2(A3Σ u+),N 2(B3Π g),N2(W3 Δu),
N2(B’3Σ u-), N2(C3 Π u), N2(E3Σ g+),
N2(a’1Σ u-), N2(a1 Π g), N2(a’’1Σ g+),
N2(w1 Δu), N2(V1-V25), N(2D), N(2P)
O2, O3, O, O2(V1-V15), O2(E1)[a],O2 (E2)[b]
N2O, N2O4, N2O5, NO,NO2, NO3

Charged species
N+, N2+, N3+, N4+

O+ , O2+ , O4+ , O -, O 2-,
O3 -, O4 NO +, N2O +, NO2 +, NO -,
N2O -, NO2 -, NO3, O +N
2

2

electrons
[a] O2(E1) = sum of the A1Δ and b1Σstates
[b] O2(E2) = O2(B3Σ) and higher triplet states

All these species undergo a large number of chemical
reactions, i.e., electron impact collisions with neutral
species, leading to excitation, ionization, dissociation and
electron
attachment,
electron−ion
recombination
reactions, as well as many heavy-particle chemical
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reactions (i.e., ion-ion, ion-neutral and
a
neutral-neeutral
reactions). B
Because the vibrational energy can help
overcome thee activation ennergy barrier of the reactionn and
thus increasee the reaction rate constant, we also incluude in
detail the reaactions of thee vibrational levels,
l
i.e. eleectron
impact excittation, vibratioonal energy exchange
e
(VT
T and
VV relaxatioon) reactionss and chemiccal reactions. The
chemistry seet used in thiss model is mo
ostly based oon the
models receently develooped within our group, and
validated forr a microwavee discharge[6] and a DBD[77] in a
CO2/N2 mixtture.
4. Results an
nd discussion
To demonsstrate that the N2 vibrationaal levels are inndeed
important inn our gliding arc, we plot
p
in Fig.11 the
vibrational ddistribution off N2 in the gliding
g
arc att four
different tim
mes, i.e. at 5 μs (correesponding too the
beginning off the first disccharge pulse of our pulsedd GA
system), 15 μ
μs, 25 μs and 35 μs (i.e. at the end of thee first
pulse). It is vvery obvious that the glidin
ng arc discharrge is
highly vibrattionally overppopulated thro
oughout the eentire
power depossition pulse (or discharge cycle), explaaining
the importannt role of the N2 vibrationaal levels in thee NO
formation in our gliding arrc (see below)).

osition pulse, when the vibbrational temp
perature risess
depo
again
n.

Fig
g.2. Vibration
nal temperatuure of the firrst vibrationall
statee of N2 as a function off time in thee gliding arcc
disch
harge for a 50% N2 / 500% O2 mixtu
ure. The gass
temp
perature is also
o presented foor comparison
n.
Th
he measured
d and calcculated NO and NO2
conccentrations aree plotted as a function of N2/O2 ratio inn
the gas
g mixture in fig. 3 (a) andd (b), respectiv
vely.

Fig.1. Norm
malized vibrational distrib
bution functioon at
different tim
me instants off the first disccharge pulse for a
50% N2 / 50%
% O2 mixturee. The thermall distribution aat the
gas temperaature of 15500K is alsso presentedd for
comparison.
Fig.2 illustrates the callculated vibraational temperrature
of N2 as a fu
function of tim
me during thee entire glidinng arc
discharge staage. It is deffined as follo
ows from thee first
vibrational leevel:
/

(2)

where Ev1/kB = 3481 K is the energy of
o N2v1 and n 1 and
n0 are the densities of N2v1 and N2 ground state,
respectively. The vibratiional temperaature peaks aat the
maximum poower depositiion of one disscharge pulsee, and
drops again with the deccrease of the power depossition.
However, whhen the poweer drops to zeero, the vibrattional
temperature is still highher than the gas temperaature,
because it caannot relax baack to the gas temperature iin the
limited timeescale before the start off the next ppower
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Fig.3
3. Experimenttal and calcullated concentrrations of NO
O
(a) and
a NO2 (b) ass a function off the N2/O2 rattio in the feedd
gas, for a gas flow
w rate of 2 L//min and a SE
EI of 1.4 kJ/L
L
(or 0.35
0 eV/molecc).
No
ote that the ex
xperiments aree limited to a N2/O2 ratio inn
the range
r
of 0.25 – 4, while thee simulations are
a performedd
in a somewhat wider
w
range oof 0.025 – 40,
4 to obtainn
addittional inform
mation. The cconcentrationss of NO andd
NO2 follow a sim
milar paraboliic trend upon
n varying thee
N2/O
O2 ratio, and there exists an optimum feed ratio att
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which the m
maximum yieeld is reached
d. This is loggical,
because bothh N2 and O2 arre the (initial) precursors foor NO
and NO2. Experimentally the conccentration off NO
increases witth increasing feed
f
ratio, unttil a feed ratioo of 3,
after which the NO conccentration starrts to decline.. The
NO2 concenttration reachees its peak at a feed ratio of 1.
The calculaated results follow a siimilar trend,, but
somewhat leeft-skewed, foor both NO an
nd NO2. How
wever,
the absolute values of the calculated co
oncentrations aare in
rather good agreement with
w
the exp
perimental vaalues,
certainly in view of thhe complexitty of the pllasma
chemistry.

oral

minant NO losss mechanism, when the N2/O2 feed ratioo
dom
is ab
bove 1, is its reaction withh N atoms in
nto N2 and O..
This indicates thaat quite a largee fraction of NO
N producedd
y its reversee
by O N v → NO N is destroyed by
reacttion. The latteer greatly limitts the overall NO yield andd
energ
gy efficiency
y in the ggliding arc. Hence, ourr
calcu
ulations suggeest that a key ssolution to inccrease the NO
O
yield
d and energy efficiency
e
in tthe gliding arcc would be too
avoid
d this reversee reaction, orr to make surre that the N
atom
ms rather react with O2 moleecules than wiith NO. Whenn
the N2/O2 feed rattio is below 1,, the oxidation
n of NO uponn
reacttion with O atoms, yieldinng the formaation of NO2,
beco
omes most imp
portant. Otherr loss mechan
nisms, such ass
the formation of N2O3 upon rreaction betw
ween NO andd
NO2, the reaction
n between NO
O and NO3 forming
f
NO2,
and the charge transfer proccess NO
NO
N → NO
o the loss of NO, but only
y with minorr
NO , also lead to
relattive contribution below 5%..

Fig.4 Relativve contributionns of the main
n formation (aa) and
loss (b) mechanisms of NO
N as a functiion of N2/O2 ratio,
for a SEI of 11.4 kJ/L (or 0.35 eV/molec))
In Fig.4, w
we plot the reelative contrib
bution of diffferent
reactions to the NO formaation and losss. Our calculaations
predict that tthe dominant reaction path
hways changee with
increasing N2 content. At a feed ratio of N2/O2 abovee 0.5,
NO is mainlyy formed by the
t reaction off O atoms witth the
vibrational N2 molecules, i.e. O N v → NO N,, as a
result of the reduced reacttion energy baarrier due to thhe N2
vibrational leevels. The groound state N2 molecules hhardly
contribute too the production of NO, beecause the reaaction
barrier is tooo high. At N2/O2 feed ratio
o below 0.5, when
the mixture iis quite oxygeen-rich, the dominant form
mation
mechanism oof NO is the reaction betw
ween O atomss and
NO2 molecuules, forming NO and O2 molecules. O
Other
reactions, suuch as the colllision between N atoms annd O2
molecules (either in grounnd state or vibrrational levelss) and
the dissociatiion of N2O3, also
a contributee to NO formaation,
but their relaative contribuution is minor compared tto the
above mentiooned two proccesses (not larrger than 7 %)). The
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Fig.5
5 Relative con
ntributions of the main form
mation (a) andd
loss (b) mechanisms of NO2 ass a function of
o N2/O2 ratio,,
for a SEI of 1.4 kJJ/L (or 0.35 eV
V/molec)
From Fig.5, It iss clear that thee most importtant formationn
process of NO2 att N2/O2 feed rratio below 0.2
0 and abovee
10 iss the recombination betweeen NO and O.
O This is alsoo
the main
m
loss meechanism of N
NO at low N2/O2 ratio, ass
illusttrated in Fig. 4(b). In the inntermediate raange of N2/O2
feed ratio from 0.2 to 10, the dissociattion of N2O4
contrributes mostly to the NO22 production, but N2O4 iss
prod
duced by its reeverse reactionn, and this rev
verse reactionn
has the
t same rate,, so the net coontribution off the reactionss
via N2O4 for the formation off NO2 is negligible. Otherr
reacttions, such as the reaction between NO3 and NO andd
the dissociation
d
off N2O3, also yyield the form
mation of NO2,
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but their relative contribution is again very limited (not
larger than 6%).
The main pathways for the NOx chemistry are depicted
schematically in Fig. 6. As appears from this scheme, the
9.8 eV strong triple bond of N2 is broken with the aid of
vibrational excitation and a reaction with an oxygen
radical to form NO and a nitrogen radical. The nitrogen
radical reacts subsequently with an oxygen molecule to
form a second nitric oxide and a new oxygen radical. A
large fraction of the produced NO is, however, readily
destroyed upon impact with N atoms in the active plasma
zone. This seriously restricts the yield of NO synthesis in
our gliding arc. Our reaction scheme also shows that NO2
is mainly formed by oxidation of NO upon reaction with
O atoms, while it mainly reacts back into NO upon
reaction with either O or N atoms, at high or low oxygen
contents, respectively. The main channel responsible for
the formation of O atoms, which are important to initiate
the Zeldovich mechanism via O N v → NO N, is
electron impact dissociation of O2 molecules. N2O, which
is dominantly produced upon impact between nitrogen
atoms and NO2, has a very minor concentration in the
whole gliding arc cycle compared with NO and NO2.
+N
N2(V)

+O

+NO

N2

+O +NO3

+N +O

NO

N2O

N
+N

non-thermal Zeldovich mechanism: O N v → NO
N, and can thus significantly enhance the production of
NO. This provides an energy efficient pathway for NO
formation in the gliding arc. Furthermore, our simulation
shows that the most important reaction for NO2 formation
is oxidation of NO by O atoms: O NO → NO .
The gliding arc is a very promising candidate for
potential industrial scale N-fixation, but it is clear that the
NOx synthesis in the gliding arc can be further improved,
e.g., by operating at conditions where the reverse reaction
N NO → O N is suppressed or where the reaction
N O /O v → NO O is promoted, as our simulations
indicate that these processes currently limit the NOx
formation
In general we can conclude that our model allows us to
gain better insights into the entire process of NOx
formation, which enables us to propose solutions for
improving the gliding arc based NOx synthesis processes
in the future.
Compared with the world-scale business case HaberBosch (which plasma will not replace), we believe our
study helps us to come up with the more realistic
scenarios of entering a cutting-edge innovation in new
business cases which are essentially opened by the
intrinsic potential of low-temperature plasma technology
such as plasma agriculture and herein especially plasmaactivated water and plasma ponics.
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NO2

Fig.6. Reaction scheme to illustrate the main pathways of
the NOx chemistry in the gliding arc. The thickness of the
arrows corresponds to the importance of the reactions for
a 50% N2 / 50% O2 mixture. N2(E) indicates the sum of all
the electronically excited N2 molecules.
5. Conclusions
The purpose of this work was to obtain a better
understanding of the N-fixation process via NOx synthesis
in a gliding arc plasma, by means of a zero-dimensional
kinetics model. We compared our model predictions with
experimental data for a range of N2/O2 feed ratios in the
mixture. This indicates that our model can provide a
realistic picture of the plasma chemistry and can be used
to elucidate the dominant reaction pathways for the NOx
synthesis.
Our study clearly reveals that vibrational excitation of
N2 can help to overcome the reaction energy barrier of the

6

References
[1] B. S. Patil, Q. Wang, V. Hessel and Jüergen Lang,
Catal. Today, 256, 49 (2015).
[2] N.Cherkasov, A. O. Ibhadon, P. Fitzpatrick, Chem.
Eng. Process., 90, 24 (2015).
[3] A. Fridman, Plasma Chemistry (Cambridge:
Cambridge University Press), 2008.
[4] J. Yang, T. Y. Lia, C. S. Zhong, X. X. Guan, C. Hu, J.
Electrochem. Soc., 163, E288 (2016).
[5] B. S. Patil, J. R. Palau, V. Hessel, Jüergen Lang, Q.
Wang, Plasma Chem Plasma Process, 36, 241 (2016).
[6] S. Heijkers, R. Snoeckx, T. Kozák, T. Silva, T.
Godfroid, N. Britun, R. Snyders, A. Bogaerts, J. Phys.
Chem. C , 119, 12815 (2015).
[7] R. Snoeckx, S. Heijkers, K. Van Wesenbeeck, S.
Lenaerts, A. Bogaerts, Energy Environ. Sci., 9, 999
(2016).

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

oral

The effect of singlet metastable states on the ion energy distribution in
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Abstract: We apply particle-in-cell simulations with Monte Carlo collisions to study the
influence of the singlet metastable states on the ion energy distribution in single and dual
frequency capacitively coupled oxygen discharge. We find that adding detachment by the
metastable states can significantly influence the peak of the ion energy distribution for O 2+ions bombarding the powered electrode, and hence the average ion energy and the ion flux
bombarding the electrode.
Keywords: Capacitively coupled discharge, oxygen, particle-in-cell/Monte Carlo collision.
1. Introduction
Capacitively coupled plasma (CCP) oxygen discharges
have various applications in plasma processing, such as
etching of polymer films, ashing of photoresist, and
oxidation and deposition of thin film oxides. In these
applications the interaction of energetic ions with solid
surfaces is a key process. The positive ions are mainly
created in the plasma bulk (the electronegative core) and
are sub-sequently accelerated through the space-charge
sheath adjacent to the electrodes.
The oxygen chemistry is complicated as the discharge
includes both atoms and molecules in addition to various
metastable states of both the atom and the molecule as
well as both positive and negative, atomic and molecular
ions. The two low lying singlet metastable states of the
molecular oxygen, O2(a1Dg) and O2(b1Sg+), can be present
in the discharge in significant amounts since the a1Dg state
is relatively stable against deactivation by collisions with
other molecules and chamber walls, while the b 1Sg+ state
is effectively produced by energy transfer from the
metastable atom O(1D) [1]. Earlier we have demonstrated
how these singlet metastable molecular states influence
the electron kinetics and the electron heating mechanism
in the capacitively coupled oxygen discharge operated at a
single frequency of 13.56 MHz [2-4]. We found that at
higher pressure (50 - 500 mTorr) the electron heating
occurs mainly in the sheath region and at low pressure (10
mTorr) Ohmic heating in the bulk plasma (the
electronegative core) dominates. We found that the
detachment by the singlet molecular metastable states is
the process that has the most influence on the electron
heating process in the higher pressure regime, while it has
only a small influence at lower pressure [2,3]. Thus at low
pressure, the electron energy probability function (EEPF)
is convex. As the pressure is increased the number of low
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energy electrons increases and the number of higher
energy electrons (>10 eV) decreases, and the EEPF
develops a concave shape or becomes bi-Maxwellian [3].
The ion energy distribution (IED) contains information
on the bombarding energy of ions striking the discharge
electrodes or the substrate being processed. It is important
to understand how ions acquire energy as they travel
through the sheath in order to be able to predict and to
control the IED. It has recently been demonstrated that an
electrical asymmetry effect (EAE) can be achieved, by
applying a fundamental frequency along with its even
harmonics, and it can be used to control the IED in a CCP
discharge [6]. A dc self-bias develops within the
discharge, which depends on the phase difference
between the two applied frequencies. Thus, the dc selfbias, and hence also the energy of ions bombarding the
electrodes, can be controlled by varying the phase angle
between the fundamental and its harmonic. The ion flux is
for the most part dependent on the applied voltage so a
separate control of the ion energy and ion flux can be
achieved using this method. This has been verified both
experimentally and numerically, both for electropositive
argon discharges and electronegative oxygen discharges
[7-10]. This method has proven to be more effective than
applying a high frequency and low frequency component,
as proposed by Goto et al. [11], where the low frequency
component controls the ion energy and angular
distributions, but the high frequency component controls
the flux.
Here we use the 1d-3v particle-in-cell oopd1 code to
explore the ion energy distribution (IED) for discharges
including and excluding the metastables O 2(a1Dg) and
O2(b1Sg+). We both consider a discharge operated at a
single frequency of f = 13.56 MHz, and a dual frequency
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discharge operated at a fundamental frequency of f =
13.56 MHz and it's second harmonic, 2f = 27.12 MHz.
2. The simulation
We assume a capacitively coupled discharge operated
between two electrodes, where one is grounded and the
other is driven by an rf voltage
V(t) = V0cos (2pft)
(1)
in the single frequency case and
V(t) =(V0/2)(cos (2pft) + cos (4pft+q))

(2)

in the dual frequency case. We study different values of
the phase angle q, from 0o to 90o in steps of 15o. The time
step is taken to be Dt = 3.68 x 10-11 s and the simulation
grid consists of 1000 uniformly distributed cells. The grid
spacing and time step are chosen such that the electron
plasma frequency and the electron Debye length of the
low-energy electrons are resolved according to wpe Dt <
0.2, where wpe is the electron plasma frequency. The
simulation was run for 2750 rf cycles or 5.5 x 10 6 time
steps. The electrode separation varies from 2.5 cm to 6.5
cm, and the pressure is varied from 10 to 200 mTorr. The
discharge model contains nine species: electrons, the
ground state atom O(3P) and the ground state molecule
O2(X3Sg), the negative ions O-, the positive ions O+ and
O2+, and the metastables O(1D), O2(a1Dg) and O2(b1Sg+).
The full oxygen reaction set and the cross sections used
have been discussed in our earlier works and will not be
repeated here [2,4,5]. Secondary electron emission is
included in our discharge model, and we use the fit for
secondary electron emission yield as a function of energy
for oxygen bombarding oxidized metal surface [4]. In
oopd1 it is possible to implement different particle
weights for each species, where particle weight is the ratio
of the number of real particles to computational particles.
The neutral particles are only tracked kinetically if their
energy reaches a preset threshold value, but the charged
particles are tracked at all energies. Neutral particles with
energy less than the threshold energy are assumed to have
a fixed density and a Maxwellian velocity distribution at
the gas temperature Tn=26 mV.
3. Results and Discussion
Here we explore a dual frequency of 13.56 MHz (75 V
voltage source) and 27.56 MHz (75 V voltage source), at
75 mTorr pressure. When detachment by the metastables
O2(a1Dg) and O2(b1Sg+) is excluded from the discharge
model, the electron heating occurs both in the sheath and
bulk region, but there is also strong electron cooling in the
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sheath region during the sheath collapse, which leads to a
net very little net heating in the sheath region averaged
over one period, compared to the bulk region. The
effective electron temperature is significantly higher when
the detachment by the singlet metastable states is
neglected. In the case where the full reaction set is
included in the discharge model, the heating occurs
mainly in the sheath region, which is wider than in the
case when the detachment reactions are excluded. For this
dual frequency case the sheath heating occurs mainly
close to the powered electrode for q = 0o, the ohmic
heating occurs primarily close to the grounded electrode.
Conversely, when the heating occurs primarily close to
the grounded electrode, for q = 90o, the ohmic heating
occurs closer to the powered electrode.

Fig. 1. The IED for a parallel plate capacitively
coupled oxygen discharge operated at a dual frequency of
13.56 MHz (75 V voltage source) and 27.56 MHz (75 V
voltage source), at 75 mTorr pressure. The two cases
explored are (a): detachment by both O 2(a1Dg) and
O2(b1Sg+) (full reaction set) (b): detachment neither by
O2(a1Dg) nor O2(b1Sg+).
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Abstract: Influence of nitrogen, oxygen and hydrogen traces in an atmospheric pressure
argon surface-wave plasma was studied by mean of emission spectroscopy. The electron
temperature and density were respectively shown to increase and decrease with an
increased flow of gas contaminant, the trends being more significant in the case of oxygen.
However, Ar 1s2 level number densities remained constant for all conditions. A power
balance analysis also revealed that over the range of concentrations studied (traces ~0.1%),
up to 90% of the absorbed power was consumed by the gas contaminant.
Keywords: Surface-wave plasma, atmospheric pressure, spectroscopy, CR model.

1. Introduction
Atmospheric-pressure plasmas used for plasmaenhanced chemical deposition (PECVD) are increasingly
studied for their ability to offer quick and often not so
expensive ways to create high-added value coatings.
While many research papers focus on the properties of
these coatings and how to improve them by varying the
plasma operating parameters [1] [2] [3] [4], not many
papers investigate experimentally what actually happens
to the physic driving the plasma when precursors are
injected [5]. Thus, there is still little known on the subject,
most certainly because their impacts are not easy at all to
characterize, let alone to single out.
The aim of this work is to study the fundamentals of
such injection by adding controlled amounts of simple
diatomic gases like nitrogen, oxygen and hydrogen in an
argon plasma at atmospheric pressure sustained by a
surface-wave. The choice of these gases was motivated by
the fact that any change in the plasma parameters can
without doubt be linked to only one kind of atom. Also,
these atoms are often numerous in many of the most
widely used precursors. More precisely, emission
spectroscopy (collisional-radiative model and hydrogen
H𝛽 Stark broadening [6]), allowed us to extract argon 1s2
level (Pashen notation) density, electron temperature (Te)
and density (ne) profiles and how they are affected by the
addition of gas contaminants. A power balance analysis
also allowed us to extract the amount of the input power
being lost to the contaminant. The results are presented in
section 3, but first section 2 presents the experimental
setup and how data was analysed.
2. Experimental setup and data analysis
The surface-wave plasmas investigated were sustained
using a 2kW Sairem microwave generator operating at
2.45GHz. The microwave power, maintained at 135W for
the all the experiments, was delivered and coupled to a 6
mm ID (8 mm OD) fused silica discharge tube open to
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ambient air using a surfaguide. A thick brass piece was
placed directly above the surfaguide, shortening by half
the plasma length (this grounded piece prevented surface
wave propagation above the surfaguide). Furthermore, a
circulator was placed between the magnetron head and the
surfaguide to direct unwanted reflections to a watercooled load. Also, a movable plunger was set to transfer
maximal power to the plasma and a bidirectional coupler
paired to a bolometer was used to measure the incident
and reflected powers (and thus to determine the absorbed
power). Argon was used as the main gas and its flow was
maintained at 1slm. The flow was directed downward in
the tube in a custom-made vortex, which ensured a good
mixing of species. Gas contaminants (N2, O2 and H2)
were added to the main flow before the vortex. All flow
rates were controlled by mass flow controllers.

Figure 1: Experimental setup
Emission spectra were recorded with an AvaSpec-3648
Avantes spectrometer. The spectra were measured every
centimeter along the plasma column axis. These spectra
were compared with the predictions of a collisionalradiative model using the electron temperature (assuming
a Maxwellian distribution) and the number density of Ar
1s2 state as the only adjustable parameters. These
quantities were deduced from the best fit between
measured and simulated line emission intensities. Briefly,
this model is based on the one proposed by Donnelly [7]
but adapted to atmospheric-pressure conditions (radiation
trapping as well as excitation/de-excitation of emitting 2p
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a)

levels by collisions with neutrals are considered).
Quenching rates from gas impurities are also taken into
account. It is worth highlighting that the relative line
emission intensities obtained from the model are
independent of the electron density (this parameter is
present in every 2p level population term and thus only
acts as a scaling factor).

Te (eV)

1.60
1.56
1.52
1.48
1.44

b)

I750
I750−Ref

=k

k0−2p1 (Te1 )ne n0

0−2p1 (TeRef )ne−Ref n0

.

(1)

where k0-2p1 is the reaction rate of the electron-neutral
collision creating the 2p1 level from the ground state at a
given Te and n0 is the ground state number density. This
spectral line in particular was chosen because in the
optimal conditions obtained from the CR model, the 2p 1
level is mostly populated (>85%) by electron impact on
ground state neutral argon atoms.

-3

1s2 density (m )

17
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Figure 1: Axial profiles along the plasma column with
nitrogen traces: a) Electron temperature, b) Ar 1s2 level
number density, c) Electron number density.
a)

Oxygen

1.64

Te (eV)
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1.56
1.52
1.48

b)

1.44
Pure Argon
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2.64 sccm
3.96 sccm
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1s2 density (m )
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Electron density (m )

Moving on to the graphs concerning the Ar 1s2 level
number density, we can see that a trend is a lot harder to
extract. Indeed, the plots values hardly change at all along
the different profiles, whatever the contaminant or its
concentration. On the other hand, ne profiles are the most

Pure Argon
1.35 sccm
2.70 sccm
4.05 sccm

17

4x10

2

3. Results
Results for Te, Ar 1s2 level number density and ne along
the axis of the plasma column are presented for nitrogen,
oxygen and hydrogen in Figures 2, 3 and 4 respectively.
For every gas contaminant, the electron temperature at a
given position is higher compared to the pure argon
plasma, and the difference gets more and more important
as the contaminant flow rate increases. However, the
difference in temperature is 0.15eV at best. We were not
able to increase the concentration of gas contaminant any
further than what is shown without compromising the
plasma column stability, if not extinguishing it
completely. As a matter of fact, these same graphs also
show that the plasma column length is shortened as the
contaminant gas concentration is increased. Since surfacewave plasmas are, amongst other things, characterized by
an increase in length and electron density when power is
increased, this observed behaviour suggests that a fraction
of the input power is consumed by the gas contaminant.
We will come back to this point later.

5x10

c)

Electron density (m )

In order to determine the electron density, a reference
absolute measurement was made using the Stark
broadening of the hydrogen H𝛽 line (ne-Ref). The spectrum
was recorded with a HORIBA Jobin-Yvon THR1000
monochromator coupled to a Hamamatsu photomultiplier
tube. Since measurements and analysis of the H𝛽 line
profile for all experimental conditions would have been
rather cumbersome, ne values were estimated relatively to
this reference using the line ratio of the 2p 1-1s2 transition
at 750.4nm according to the following equation:
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Figure 3: Axial profiles along the plasma column with
oxygen traces: a) Electron temperature, b) Ar 1s2 level
number density, c) Electron number density.
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where k x is the reaction rate for each of the considered
collisions, nx the number density of the argon (neutral or
in the 1s state) colliding with the electron and ∆εx the
energy transferred during each collision.

Hydrogen

1.56

Te (eV)

1.54
1.52
1.50
1.48

Equation (2) was used to determine (PContaminant ) over
the whole range of experimental conditions investigated;
the results are shown in Figure 5. Surprisingly,
concentrations even smaller than 1% (1sccm in 1slm =
0.1%) always consume more than 60% of the total power,
and up to 90% at contaminant concentration of 0.4%.
Such result directly answers why it was impossible to
sustain a stable plasma column with gas contaminant
concentrations above 0.4% (keeping the input power
constant). Also, as seen for the electronics profiles before,
oxygen is the contaminant that consumes the most power,
followed by nitrogen and then hydrogen.

1.46
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Figure 4: Axial profiles along the plasma column with
oxygen traces: a) Electron temperature, b) Ar 1s2 level
number density, c) Electron number density.
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eloquent, showing a sharp decrease as the flow of gas
contaminant is increased. This was expected from the
shortening of the column length when adding
contaminants. As will be shown below, this behaviour can
be attributed to the fact that the gas contaminants
consume a fraction of the input power. The effects on ne
and Te are more pronounced for oxygen than for nitrogen
and hydrogen; the precise origins of these findings remain
under investigation.
In order to gain further insights into the meaning of our
results, knowing locally (at a given axial position) the
argon 1s2 level number density, ne and Te, allowed us to
use the electron power balance equation to calculate how
much power is lost to the gas contaminant. For this, we
considered that the power gained by the electrons from
the surface-wave via ohmic heating could be dissipated by
collisions through 6 difference processes involving argon:
elastic collisions with neutrals, direct ionization from the
ground state, step-wise ionisation from the 1s states,
excitation of the 1s and 2p levels from the ground state
and step-wise excitation of the 2p levels from the 1s
levels. The difference between the microwave input
power (PRef) and the sum of all the power lost by these
processes was attributed to power lost to the gas
contaminant (PContaminant ):
PContaminant = PRef −

∑
processes

12

k x ne nx ∆εx

(2)

1.0

1.5

2.0
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Figure 2: Percentage of the total power lost to the
contaminant gases
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Sensitivity Analysis and Optimization of a Numerical Model of Helium APPJ
Afterglow Using the Elementary Effects Method
A. Obrusnik1, Z. Bonaventura1
1
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Abstract: We illustrate the applicability of the elementary effects method for sensitivity
analysis and optimization of models in plasma physics. In the first part of this contribution,
we will illustrate how the method is used for assessing in what way individual experimental
inputs influence the solution. In the second part, we used the method to reduce an already
optimized reaction scheme from 125 to 63 reactions.
Keywords: helium, plasma jet, sensitivity analysis, elementary effects

1. Introduction
Numerical simulations clearly play an important role in
the field of plasma physics because they help to grasp the
strongly non-linear behaviour of the fourth state of matter.
Within typical laboratory plasmas, the models often have
to account for the interplay of coupled physical
phenomena. Firstly, electromagnetic fields, electron
kinetics, neutral gas chemistry, transport and mixing
influence each other on a wide range of spatial and
temporal time scales, and secondly, the non-equilibrium
nature of the plasma allows for a very large number of
new kinetic pathways which are thermodynamically
unfavourable.
Taking this into account, it is inevitable that every
plasma model will depend on a number of input
parameters with large uncertainty intervals, be it reaction
cross-sections, material properties or experimental inputs
to the model. The number of these model inputs is usually
very high – up to thousands of reactions can be included
in a plasma model – and sometimes, the uncertainties of
the input parameters can be relatively large – even when
they are obtained from an experimental input.
In case the model does not agree well with the
experimental validation, we are often facing the challenge
of identifying the cause of such discrepancy.
Additionally, the behaviour of the model with regard to
the input parameters is often counter-intuitive, for
example a 30% error in one parameter (e.g. wall sticking
coefficient) may have a much larger influence on the
result than a 30% error in another parameter (e.g.
ionization rate). Furthermore, there might be non-linear
interactions coming to play (e.g. the model is only
sensitive to the wall sticking coefficient if the ionization
rate is high enough).
It is not possible to test such complex interactions in a
model without a mathematical framework and the
mathematical tools to achieve that are commonly called
sensitivity analysis techniques.
2. Conventional Techniques
The conventional sensitivity analysis techniques are
reviewed for example in [1] and have been used in the
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field of plasma simulation e.g. [2]. This method is
essentially a finite difference method as it relies on
calculation of partial derivatives of each model output
with regard to each model input. For a better example, let
us try to consider the sensitivity of number density of
species 𝑛𝑖 to reaction rates in a kinetic model (reaction
rates considered inputs with given uncertainties). This
number density is a complicated function of the values of
all the rate coefficients
𝑛𝑖 = 𝑛𝑖 (𝑘1 , … , 𝑘𝑁 )
(1)
The sensitivity of the density 𝑛𝑖 to a rate coefficient of
reaction r would be calculated as
𝑆𝑖 (𝑘𝑟 ) =

𝑘𝑟 𝜕𝑛𝑖
𝑛𝑖 𝜕𝑘𝑟

(2)

The advantage of the method is its robustness and the
fact that it is relatively easy to assess its convergence (the
step in the input coefficient 𝑘𝑟 is being decreased until the
change in the sensitivity coefficient 𝑆𝑖𝑟 is small). The
disadvantage is the incapability to predict second-order
coupling between the model inputs. For example, the
output 𝑛𝑖 may seem non-sensitive to input 𝑘30 but
becomes sensitive to it if the magnitude of input 𝑘45 is
decreased). This is because the derivatives in equation (1)
are calculated at constant values of the other input
parameters.
As an alternative to the conventional methods described
above, the so-called elementary effects (EE) method
was developed [3] which is discussed in the following
paragraphs. It should be pointed out that the EE method is
not a replacement of the conventional sensitivity analysis
method but rather an alternative.
3. Elementary Effects Method
The method of elementary-effects was introduced by
Morris et al. [3]. Unlike the conventional method
described above, it does not attempt to calculate the exact
values of the derivative in equation (1). Instead, it relies
on sampling of the k-dimensional space of the k model,
thereby also reducing the number of model runs necessary
(in the EE method, it is approximately proportional to k
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while in the conventional methods, it is proportional
to k2).
Instead of the finite partial differences, the EE methods
operates with so-called elementary effects. Firstly, we
introduce weight coefficients 𝑤𝑟 , by which corresponding
model inputs 𝑘𝑟 are multiplied. The algorithm then begins
at a random position in the k-dimensional space of the
weight coefficients, changes one of them coefficient by a
value Δ and calculates the elementary effect of r-th input
on an i-th output as
𝑑𝑖 (𝑤𝑟 ) =

𝑓(𝑤1 ,…,𝑤𝑟 +Δ,…𝑤𝑘 )−𝑓(𝑤1 ,…,𝑤𝑟 ,…𝑤𝑘 )
Δ

(3)

The algorithm then proceeds onto another input (one that
has not yet been modified in the current trajectory). In this
manner, m trajectories in the k-dim space of the input
parameters are generated, which should cover as much of
it as possible. The expression for the elementary effect is
not equivalent to expression (2) as each elementary effect
with regard to input r is calculated at different values of
other inputs.
In the EE method, it is necessary to uniformly populate
the phase space of the input coefficients, as thoroughly
discussed in [4]. Once it is done and several elementary
effects have been obtained for each input (several
trajectories were generated), the mean value 𝜇𝑖 and their
standard deviation 𝜎𝑖 are calculated and then act as a
measure of sensitivity.
𝜇𝑖 =
𝜎𝑖 = √

1

𝑟−1

1
𝑚

∑𝑚
𝑟=1 𝑑𝑖 (𝑤𝑟 )

2
∑𝑚
𝑟=1(𝑑𝑖 (𝑤𝑟 ) − 𝜇𝑖 )

4. Use case: Sensitivity of a Gas Dynamics Model to
Experimental Inputs
We have previously developed a model of gas
dynamics applicable to atmospheric-pressure plasma jets.
This model solves the Navier-Stokes equations coupled to
a diffusion equation describing the mixing of the gaseous
components (usually a rare gas and air), heat equation
and, optionally advection-diffusion-reaction equations for
active species in the afterglow. This model has previously
been employed to explain certain experimental
observations related to the gas flow in the APPJ [5–7].
Figure 2 shows an example output from the model

(4)
(5)

Simply speaking, the value of 𝜇𝑖 is high when the input
influences the model linearly and 𝜎𝑖 is high if the input
influences the result depending on another input.
Figure 1 provides an illustration how the population of
the phase space with trajectories could look like in a
simple case of a few input parameters. An elementary
effect is calculated in each point of the trajectory which is
not its starting point.

Fig. 1: Population of 3-dim phase space of the model
inputs by trajectories.
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In the paragraphs below, we give specific examples,
how the Elementary Effects method can be used to
understand and optimize a specific numerical model of
processes in an atmospheric pressure plasma jet, which
has been developed earlier.

Fig. 2: Example output from the gas flow model – gas
composition outside the APPJ, adapted from [6].
The model has several inputs, which are either
estimated or provided from experiment but in any case,
can potentially impact the result because their uncertainty
is quite high. In this section, we chose to study only the
sensitivity with regard to 4 input parameters, to make the
procedure more transparent and possible to correlate with
a physicist’s intuition. The four parameters and their
uncertainties are the following:
 Gas temperature at APPJ orifice 𝑇𝑔 ,can range
from 20 to 70°C in a typical APPJ
 Ambient temperature 𝑇𝑎 ,can range from 18 to
28°C
 Inner diameter of the jet 𝑟jet , manufacture
tolerances introduce uncertainty of +/- 0.1 mm.
 Air impurity in the rare gas 𝑥air , from 0 to 1%,
depending on the tubing
As the output parameter, we chose the axial distance 𝑧0 ,
which is the distance where the air molar fraction reaches
10%. The elementary effects algorithm was run for 5
trajectories with 5 steps each, meaning that it required 25
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model runs. Figure 3 then shows the output of the
algorithm, which is a 2D scatter plot of 𝜇𝑖 and 𝜎𝑖 .

Fig. 3: 2D scatter plot of elementary effects mean and
standard deviation for the 4 model inputs considered.
By looking at the plot, we can make the following
conclusions:
1.
2.

3.

The ambient temperature has negligible effect on
the mixing outside the APPJ
Air impurity shows mostly linear interaction – it
influences the output regardless of the values of
other inputs
𝑟jet and 𝑇𝑔 show non-linear interaction – they
influence the solution depending on the value of
the other parameter. Their effects can cancel out
(increasing both 𝑟jet and 𝑇𝑔 appropriately leads
to the same gas velocity) but generally do not
cancel out.

oral

5. Use case: Reduction of an Afterglow Reaction
Scheme
The gas flow numerical model which has been
discussed above can also be complemented with a model
of 2D afterglow chemistry, as illustrated in figure 4 and
reference [7].
The reaction scheme which was used for the calculation
contains 125 reactions which could be important in the
afterglow and which have already been manually preselected based on the works by Murakami et al. [8]. The
question, however, remains if this reaction scheme can be
further reduced and optimized. The motivation in this
case is only partially reduction of the computation costs.
More importantly, many of the reaction rates are have
a large error or are only estimated based on an analogy. If
we eliminate the reactions which are of little importance
at relevant conditions, we can focus on refining the
important reaction rates, thereby making the model more
accurate.
For the purpose of sensitivity analysis and optimization,
we did not solve the model in the 2D geometry but
simplified it to 0D time-dependent. Compared to the
previous case, we still have many more model outputs –
the densities of all the species that the model solves for as
a function of time – and many more model inputs – rate
coefficients – so the sensitivity plots look much more
chaotic, see figure 5.

These conclusions are clearly consistent with one’s
intuition which suggests that the elementary effects
method provides reliable results when performing the
sensitivity analysis. In the following section, we apply the
method to a model with a notably higher number of input
parameters.

Fig 5: Sensitivity plots for oxygen radical and OH radical
densities.

Fig. 4: Outputs from 2D afterglow chemistry model,
adapted from [7]
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In figure 5 above, each labelled point corresponds to
a specific reaction. Those reactions, which are close to
point (0,0) do not influence the concentration of the
corresponding species but may still influence the
concentration of other species.
We further analysed the sensitivity coefficients for all
the species and eventually removed 62 reactions which
had close to zero interaction for all of the species, thereby
reducing the already optimized reaction scheme almost by
a half. As figure 6 illustrates, the time-dependent
concentrations of the species were nearly unaffected by
this, meaning that the elementary effects method correctly
identified the reactions, to which the model is not
sensitive.
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Fig. 6: Verification that the reduction of the reaction
scheme from 125 to 62 reactions did not change the
results.
6. Conclusion
On two examples, we have illustrated that the
elementary effects method can be used for sensitivity
analysis and sensitivity analysis-based optimization
of numerical models in plasma physics. In subsequent
work, we will focus on applying this method to even
much larger reaction schemes with the aim to optimize
them, eventually making the numerical models more
transparent.
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Abstract: Resonantly Enhanced Multi-photon Ionization, REMPI, is used to quantify CH 3
production in the effluent of microwave CH4 plasma. The purpose is to couple the
CH3 radicals to higher hydrocarbons with catalysts optimized for such reactive species. The
capabilities of the technique in the demanding plasma afterglow conditions is demonstrated
on basis of probe voltage and laser power scaling. Spatial resolution of the diagnostic allows
for CH3 transport and recombination mapping with respect to the reactor parameter space.
Keywords: methyl radical, REMPI, current probe, microwave plasma.

1. Introduction
The direct conversion of CH4 into C2Hx or higher
hydrocarbons is still high on the industrial wish-list, but it
remains a major scientific and technological challenge.
The already high relevance of the problem is even
increasing, given the fact that natural gas is becoming more
and more important as compared to mineral oil; the shalegas revolution recently strengthened this trend even
further. The bottleneck is the dissociation of the stable CH4
molecule [1].
Plasma methane conversion can be split in two routes,
depending on which of the dominant radicals are
formed [2]:
plasma
coupling
CH 4 
 CH 3 

 C2 H 6
dehydrogenation
C2 H 6 
 C2 H 5  ...

(1.1)

or,
plasma
CH 4 
 C, CH , CH 2  C2 H 2

(1.2)

For methane coupling to higher hydrocarbons, route 1.1
is the desired one. Thus, diagnosing methyl radical
densities is the first step towards unravelling and/or
optimizing the reaction mechanism or optimizing reactor
performance.
In this work we assess the potential of microwave (MW)
plasma as a source of methyl radical production and use
REMPI as a probing tool. A dye laser drives the REMPI
ionization in the effluent of the plasma reactor and a biased
wire is used as probe to collect the charge. Current
saturation and power scaling, the pre-requisites for
quantification of the signal, are assessed. We report on IV
curves and CH3 REMPI spectra, for different laser powers,
that illustrate the successful commissioning of the
diagnostic. The methyl densities are estimated from simple
2+1 REMPI process kinetics. Ultimately, the radical
evolution in the plasma afterglow is measured by scanning
the detection along the flow axis.
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Fig. 1. Scheme of a 2+1 REMPI ionization process.
Two photons are needed to access the excited Rydberg
state and absorption of one more photon from that state
leads to ionization.
2. REMPI basics
REMPI is a n+m photonic process in which the first n
photons put the atom into a resonant excited intermediate
state and the other m photons ionize the resonantly excited
atom. A 2+1 REMPI process is shown schematically in
Figure 1. Due to the resonant nature, that is wavelength
specific for each transition, high selectivity is achieved.
Also the spatial resolution comes from the fact that charge
is generated in the focus of the laser beam. The methyl
radical shows a 2+1 REMPI line around 333.5 nm that
results from the two-photon absorption from the X2 A2''
electronic ground state to the 3p2 A2'' Rydberg state,
followed by a single-photon ionization.
The amount of charge that is generated in the 2+1 process
is proportional to the experimental variables as:

ne  N 0 2 ph I ex 2

 ion I ion

 ion I ion  A

(1.3)

where N0 is the ground state number density, σ2ph and σion
are the cross sections for the two photon excitation and the
ionisation steps, Iex and Iion are the photon flux densities
excitation and ionisation and A is the spontaneous
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a)

Fig. 2. Schematic drawing of the plasma reactor and
probe setup. The detection point is in a cross tube
approximately 7 cm downstream of the plasma reactor.
The laser is focused with a 7.5 cm lens and the probe is
positively biased.
fluorescence decay rate from the excited state. Assuming
saturation of the ionisation step and an unsaturated twostep excitation a square dependence is expected for the
produced charge versus laser power [3].
In addition, absolute quantification of the methyl radical
concentration is possible via calibration with a nearby Ar
4+1 REMPI line [6] but beyond the scope of the present
work.
The generated free charge is subject to processes like
recombination, attachment and secondary ionisation. It is
essential that these processes are minimized as these would
compromise the absolute measurements. This requires
optimization of excitation volume, probe and ground
arrangement and detection scheme.
3. Experimental setup
The experimental setup is made of three main parts: a
MW plasma reactor, a laser system and a probe for
detection of the REMPI signal. Figure 2 shows a schematic
drawing the microwave plasma reactor and the REMPI
experiment in its afterglow.
Steady state MW discharges are generated in a 2 cm
inner diameter tubular quartz reactor of 20 cm length,
inserted through the wide faces of a rectangular waveguide
in a position that corresponds to a maximum of the electric
field in the center of the tube. The MW generator supplies
up to 1 kW continuous power at 2.45 GHz operating
frequency. An E-H tuner is used for impedance matching
of the waveguide with the plasma for maximizing the
absorbed input power. Methyl radicals were generated at
fixed reactor conditions of 20 mbar pressure, 150 W input
power and 2 slm methane flow. The detection point was set
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b)
Fig. 3. a) Time traces of the REMPI ionization signals
for three different bias voltages. b) I-V curves, given
by the peak voltage versus applied bias.
in a cross tube, approximately 7 cm downstream of the
waveguide.
UV light for REMPI ionization was generated using a
frequency doubled Nd:YAG laser (Continuum
Powerlite™DLS 8000) that pumps a tunable dye laser
(Sirah PrecisionScan with DCM dye and DMSO solvent).
The dye output is frequency doubled by the FCU unit of
the same Sirah laser. The output is tuned from 332 to 335
nm with energies up to 1 mJ/pulse. A 75 mm focal lens is
used to generate the REMPI ionization near the probe tip,
as shown in Figure 2.
The probe for the detection of the REMPI signal is
adapted from Cool et al. [4]. It is made of a Pt wire of 1 mm
diameter that is positively biased to collect the REMPI
electrons. The collected current is loaded into a transimpedance amplifier and recorded with an oscilloscope.
4. Experimental Results
Typical time traces of the REMPI ionization signal are
shown in Figure 3 a. After an initial fast rise, the current
reaches a maximum followed by a slower decay. Ideally,
both the peak value and the integrated current trace are
proportional to the amount of charge that is being created
by the ionization beam.
For 30 and 60 V, the decay part can be well fitted by one
exponential with time constants of approximately 3 and 2
µs. For the 90 V case there are two time constants present
(by fitting two exponentials): one that decreases even
further to 1.5 µs and a larger one in the order of 400 µs.
Starting to collect more signal in the tail at higher voltage
can be attributed to secondary ionization events. By taking
the peak value in the analysis, the unwanted signal is

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

oral

a)
a)

b)
b)
Fig. 4. a) REMPI spectrum showing the methyl
resonance peak at around 333.5 nm. Fitting routines
are applied for the non-resonant background
subtraction and peak shape analysis. b) REMPI spectra
(background subtracted) for different laser powers.
eliminated which makes the measurements more robust
against secondary ionization.
Figure 3b shows a bias scan of the REMPI signal with the
applied voltage. This scan is repeated for different values
of the laser power. In the initial part, up to 20-30 V,
electrons are lost through recombination and attachment
processes. Subsequently, a saturation plateau is reached
where virtually all the charge produced during the REMPI
ionization is collected. Continuing to increase the voltage
would lead to more pronounced secondary ionization
events. The saturation plateau is crucial for quantification
of the signal and that is the regime where the probe should
be operated. Hence, 60 V was chosen as the default
operation point.
Figure 4 shows REMPI spectra of the methyl radicals,
together with the fitting analysis performed on it. A fixed
wavelength step of 0.05 nm was used during the scan. The
resonance methyl peak is on top of a non-resonant
ionization background. This background is fitted and
subtracted from the original signal. The remaining resonant
peak is then fitted with a Voigt function and further
analysed with respect to the laser power.
Scaling and fitting of the methyl peak as well as of the
background signal with laser powers is shown in Figure 5.
OD values of the filters have been corrected for the
wavelength dependence. A value of 2.21 (+/- 0.23) is found
for the exponent of the methyl peak and 0.76 (+/- 0.01) for
the background signal.
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Fig. 5. a) Scaling of REMPI signal with laser power. A
square dependence is expected for a 2+1 photo
ionization process. b) Background signal scaling with
laser power.
For a 2+1 photoionization process a square dependence
is expected. This confirms the assumption of an
unsaturated two-photon excitation step for the first
transition and a saturated ionization step. Due to the
metastable (long lived) excited states the third photon in
the process is always ionizing, thus saturating the
transition. Laser power broadening of the methyl transition
line is also seen with increasing the laser power. For a
constant laser power, the FWHM of the peak can yield
rotational temperature and can be used as a probing
tool [5].
The background scaling indicates a one photon process
where plasma excited species or negative ions are prone to
be ionized with one single photon. Typical ionization
potentials (IP) of the molecules present in the reactor are
above 10 eV. The approximate energy of 3.7 eV (of the 333
nm photons) is not sufficient to overcome the IP of these
molecules in the ground state. However, when these
molecules are pre-excited in the microwave plasma, they
can be ionized downstream by the UV laser. Negative ions
formed in the plasma have a low electron affinity. Thus,
one photon can lead to the electron detachment from these
negative ions, that can also contribute to the present
background.
For a fixed set of operating probe laser conditions the
plasma probe distance is scanned. Figure 6 shows a scan
from 6 to 7.5 cm of the REMPI signal versus plasma-probe
distance. Both radical signal and background increase with
approaching to the plasma and appear to level of at the end
position. Further approach increases the difficulty of
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Methane densities during the discharge are 1023 m-3,
hence CH3 radicals represent approximately 0.01% of CH4
input flow at the downstream measuring position. Typical
degree of ionization in a MW plasma reactor is in the order
of 10-5-10-4 which leads to electron densities of
1018-1019 m-3. An efficient methyl production should be in
exceeding of the ionization degree within the MW plasma
reactor.

Fig. 6. Methyl radical loss and background signal with
respect to distance from plasma.
measuring with the probe both due to increasing
background but also due to physical changes to the probe,
like heating. In addition, within the current setup
configuration, the probe and the laser focus are fixed and
the waveguide (plasma zone) slides along the quartz tube.
Sliding too far from the gas injection ( beginning of the
quartz tube) leads to a loss of the vortex formation followed
by the loss of the centred plasma to the wall.
Since we could not detect the 4+1 REMPI Ar signal with
the current setup configuration (probably due to higher
power needed for the 4 photon process) a back of an
envelope approach is followed to estimate the ground state
methyl density. Assuming that the ionization transition is
saturated and that electron collection efficiency is unity,
the ratio in between the electron and radical ground state
densities is given by the σ2ph I2 product integrated over the
laser pulse duration. An upper boundary of this product
being equal to unity, when the two-photon transition
becomes saturated as well.
The two-photon cross sections are given in the work of
Wu et al. [6] σ2ph ~ 10-47 cm4s1. The photon flux density was
calculated at approximately Iex ~ 1027 cm-2s-1 for an area
measured for a system with similar numerical aperture and
input laser energy [3]. Hence, the product σ2ph I2ex Δt ~ 0.1
for a 10 ns laser pulse. We see that this product is very
sensitive to the input photon flux and cross section values
and could easily become greater than unity. Since we
measure a square dependence on the signal vs laser input
power we know that the two-photon transition is not yet
saturated. Thus, we could use this factor to estimate the
methyl radical density being an order of magnitude higher
than the collected electron density. This value can be seen
as the lower limit as the minimum methyl density cannot
be lower than the electron density.
A 1 µA of collected current in 1 µs (0.2 mA/cm2 current
density) amounts to 1 pC of collected charge. This
corresponds to approximate 107 electrons per pulse. The
electron density is calculated at ne ~ 1018 m-3 by using the
laser focal volume measured for a similar optical
system [3]. As a result, the methyl radical densities amount
to 1019 m-3.
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5. Conclusions
In a first series of experiments, we established the
parameter regime of the REMPI probe diagnostic in the
downstream of a microwave plasma reactor. Current
saturation and laser power scaling, the pre-requisites for
quantitative operation, were positively assessed.
Methyl radicals produced inside the microwave plasma
reactor were detected approximately 60 mm downstream.
A resonant peak is seen on top of a non-resonant
background in the wavelength scan REMPI spectra. Fitting
analysis led to background subtraction and good
quantification of the radicals present at the detection point.
The interfering background was attributed to possible
excited species or photo electron detachment of negative
ions from the plasma.
A proof of concept plasma probe distance scan was done
to yield insight into methyl lifetime and loss mechanism in
the afterglow of the microwave plasma reactor. Further
mapping of the CH3 transport and recombination in
dependence of plasma power and input gas flow is
envisaged to gain insight into the reaction mechanism of
methane plasma conversion.
An order of magnitude has been estimated for the methyl
radical production in the downstream of the MW plasma
reactor. Based on simplified REMPI kinetics, 0.01% of the
input methane flow can be detected in the plasma afterglow
region.
6. References
[1] P. Tang, Q. Zhu, Z. Wu, and D. Ma, Energy &
Environmental Science, 7(8) (2014)
[2] D.H. Lee, KT Kim, YH Song, W. S. Kang, S. Jo,
Plasma Chem Plasma Process (2013)
[3] W. Demtröder, Springer, 2003.
[4] T. A. Cool, Applied optics (1984)
[5] S. F. Adams, Y. Wu, Z. Zhang, Applied spectroscopy
(2015)
[6] Y. Wu, Z. Zhang, T. M. Ombrello, V. R. Katta, Applied
Physics B (2013)

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

oral

Modeling the input and relaxation of vibrational energy in CO2 plasmas
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Abstract: This work contributes towards a detailed CO2 kinetic scheme that describes the
input and relaxation of vibrational energy in CO2 plasmas. To this purpose, the vibrational
energy exchanges in CO2 discharges are investigated through a self-consistent model
describing the time evolution of the population of individual vibrational levels of the
CO2(X1+). The model was validated by comparing the calculated densities of vibrationallyexcited CO2 molecules with experimental data obtained in a pulsed CO2 glow discharge.
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1. Introduction
It is well known that the steadily rising atmospheric
concentration of CO2 over the past century is contributing
to the greenhouse effect and planetary heating. As a
response to these issues, there is an increasing interest for
technologies that convert CO2 into value-added chemicals,
as they can effectively recycle waste into new feedstock [12]. In this context, and given the necessity to achieve an
efficient CO2 conversion, non-equilibrium plasma
technologies have gained significant attention [3]. The
great potential of plasma technology for CO2 conversion is
due to the presence of energetic electrons that enhance
specific reaction channels which can lead to an efficient
molecular decomposition. This is often associated with the
well-known vibrational ladder-climbing mechanism, in
which the CO2 molecules are promoted to higher
vibrational levels through inter-molecular collisions [4].
This subject has been extensively studied in the past years
through different plasma experiments including coronas
[5], radio frequency discharges [6], microwave discharges
[7]. dielectric-barrier discharges [8] and gliding arc
plasmatrons [9]. In what concerns modeling work,
however, there is some lack of research involving a
complete state-to-state model for the vibrational kinetics of
CO2 under non-equilibrium conditions. Recently, Kozák et
al. [10] have developed a CO2 kinetic reaction model with
a very complete plasma chemistry, but they have
considered only about 25 CO2 vibrational levels. Another
recent study has considered more than 9000 CO2
vibrational levels, but does not include electron kinetics
[11]. Despite the high relevance of these works, the
disparity of formulations raises the question about the
advantages and disadvantages of each approach.
In this contribution, we provide a comprehensive CO2
kinetic scheme that describes the input and relaxation of
vibrational energy in the lowest CO2 vibrational levels
under non-equilibrium conditions. To this purpose, we
have solved the rate balance equation for the concentration
of ~ 70 vibrational levels of CO2. The paper is organized
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as follows: in Section 2, we review some relevant aspects
of CO2 vibrational kinetics which are of special importance
in this work; in section 3, we describe our model, together
with all the assumptions made; in section 4 we present the
results obtained, as well as the comparison with
experimental results; section 5 summarizes this work.
2. Vibrational kinetics in CO2
The CO2 molecule is a linear triatomic molecule, and as
such it possesses three normal vibrational modes: the
symmetric stretching, the double degenerate bending and
the asymmetric stretching. These modes are characterized
by the quantum numbers 𝑣1, 𝑣2, and 𝑣3, respectively. The
degenerated bending vibration consists of two component
vibrations which result in a quasi-rotation of the linear
molecule around its principal axis. In order to quantify this
rotational motion, an additional quantum number l2 is
necessary. This quantum number can take the values: l2 =
𝑣2, 𝑣2 – 2, 𝑣2 – 4,..1 or 0, depending on whether 𝑣2 is odd
or even (more details can be found in Ref. [12]). A typical
symbol for a particular vibrational level has the form
CO2(𝑣1𝑣2l2𝑣3) (also known as Herzberg notation [12]).
There is another special feature of CO2 molecules worth
mentioning: the Fermi resonance. Such a resonance
happens because 𝑣1 and 2𝑣2 modes have close vibrational
energies and the same type of symmetry. This interaction
couples the levels CO2 (𝑣1𝑣2l2𝑣3) to the levels CO2 ((𝑣1 –
1)(𝑣2 +2)l2𝑣3) to form two new states that are often assumed
to be in local equilibrium. According to the notation used
by Rothman et al [13] these states are differentiated by the
ranking index, r, which is unity for the highest vibrational
level of a Fermi resonating group. More specifically, the
CO2 vibrational levels can be written as 𝑣1𝑣2 l2 𝑣3 r, where
the ranking index, r can assume the values r = 1,2,..,𝑣1+1.
In this work, the CO2 vibrational levels under Fermi
resonance are always grouped as one effective level.
Therefore, the vibrational energy of this effective level is
determined through the average of vibrational energies
(using the anharmonic oscillator approximation [10]) of the
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individual vibrational states, while its statistical weight is
determined through the sum of the individual statistical
weights. These effective levels are denoted in this work by
the form 𝑣1𝑣2 l2 𝑣3 r , where r is always taken as 𝑣1+1 (see
Table 1).
Table 1. Comparison of notations for vibrational energy
states. In this work the levels coupled by Fermi resonance
are always considered as one effective level (see text).

of vibrationally excited molecules in diﬀerent levels is the
choice of the collisional data in equation (1). In this work
the V-T and V-V rate coefficients between the lowest
vibrational states are computed using the available rates in
Blauer et al. [14] and Kreutz et al. [15], while the
remaining rate coefﬁcients (for higher states) are calculated
on the basis of the SSH theory [16]. All rates involving VT and V-V exchanges have been approximated by:
𝑘 (𝑇𝑔𝑎𝑠 ) = Exp(𝐴 + 𝐵 𝑇𝑔𝑎𝑠 −1/3 +C 𝑇𝑔𝑎𝑠 −2/3 ),

Herzberg [12]
CO2 (𝑣1𝑣2l 𝑣3)

Rothman [13]
CO2 (𝑣1𝑣2 l2𝑣3r)

This work
CO2 (𝑣1𝑣2 l2𝑣3r)

CO2 (0000)

CO2 (00001)

CO2 (00001)

CO2 (0110)

CO2 (01101)

CO2 (01101)

CO2 (0220)

CO2 (02201)

CO2 (02201)

CO2 (1000)

CO2 (10001)

CO2 (10002)

CO2 (0200)

CO2 (10002)

CO2 (2000)

CO2 (20001)

CO2 (1200)

CO2 (20002)

CO2 (0400)

CO2 (20003)

2

CO2 (20003)

3. Model description
In this work, we develop a kinetic scheme to describe the
time-resolved densities of several CO2 vibrational levels.
More specifically, the rate balance equations for the
creation and loss of the levels are investigated. The
diﬀerent processes to be taken into account include
electron-vibration (e-V), vibration-vibration (V-V) and
vibration-translation (V-T) exchanges (see Table 2). We
have assumed a low excitation regime in which only a few
vibrational levels are excited. At this stage, we have
considered 𝑣2max = 𝑣3max = 5, which leads to a total of 72
CO2 vibrational levels with a vibrational excitation up to
about 2 eV. Note that these 72 vibrational levels include
the effective levels as a result of the Fermi resonance (as
discussed in the previous section). The concentration for
each of these vibrational levels, 𝑛𝑣 , can then be calculated
from:
𝑑𝑛𝑣
= 𝑛𝑒 ∑ 𝑛𝑤 𝐶𝑤𝑣 − 𝑛𝑒 𝑛𝑣 ∑ 𝐶𝑣𝑤 − 𝑛𝑣 [CO2 ]𝑃𝑣,𝑣−1
𝑑𝑡
𝑤≠𝑣

𝑤≠𝑣

+𝑛𝑣+1 [CO2 ]𝑃𝑣+1,𝑣 + 𝑛𝑣−1 [CO2 ]𝑃𝑣−1,𝑣 − 𝑛𝑣 [CO2 ]𝑃𝑣,𝑣+1

𝐶𝑣𝑤 = 𝐶𝑤𝑣 Exp (−

𝑣
𝐸𝑤

𝐾𝑇𝑒

),

𝑃𝑣−1,𝑣 = 𝑃𝑣,𝑣−1 Exp (−

(3)
𝐸𝑣,𝑣−1
𝐾𝑇𝑔𝑎𝑠

𝑤,𝑤−1
𝑤−1,𝑤
𝑄𝑣−1,𝑣
= 𝑄𝑣,𝑣−1
Exp (−

),

𝑤−1,𝑤
𝐸𝑣,𝑣−1

𝐾𝑇𝑔𝑎𝑠

(4)
),

(5)

where 𝐸 represents the energy difference between the
relevant vibrational states. At the present stage, the model
accounts (including direct and inverse processes) with 530,
1188 and 294 V-T, V-V and e-V reactions respectively.
Table 2. Kinetic processes considered in this work for the
description of CO2 vibrational states.
e-V

e + CO2 (𝑣)  e + CO2 (𝑤); Example:
e+ CO2 (00001)  e + CO2 (00011)

V-T

CO2 (𝑣) + CO2  CO2 (𝑣 − 1) + CO2; Example:
CO2 (01101) + CO2  CO2 (00001) + CO2

V-V

CO2 (𝑣) + CO2 (𝑤)  CO2 (𝑣 − 1) + CO2 (𝑤 + 1); Example:
CO2 (00011) + CO2 (00011)  CO2 (00001) + CO2 (00021)

𝑤

𝑤−1,𝑤
𝑤,𝑤−1
+ 𝑛𝑣+1 ∑𝑤 𝑛𝑤−1 𝑄𝑣+1,𝑣
− 𝑛𝑣 ∑𝑤 𝑛𝑤 𝑄𝑣,𝑣+1
,

(1)

where 𝑛𝑒 and [CO2 ] are the electron and molecular
densities, respectively, 𝐶, 𝑃 and 𝑄 denote the rate
coefficients for e-V, V-T and V-V processes, respectively.
The system (1) shows unambiguously the strong link
between the diﬀerent kinetics. First, electrons determine
the energy input into the vibrational mode, expressed by
the excitation coeﬃcients 𝐶𝑤𝑣 . This energy is redistributed
among the vibrational manifold through V-V and V-T
exchanges. A decisive step to obtain realistic populations
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where 𝐴, 𝐵, 𝐶 are constants and 𝑇𝑔𝑎𝑠 is the gas temperature.
For the active part of the discharge involving e-V
exchanges, the rate balance equation for the creation and
loss of CO2+ ions is added to the system. The selfconsistent sustaining electric field can then be calculated as
described in [17]. The electron impact rate coefficients can
also be obtained from the solution of the electron
Boltzmann equation in the usual two-term expansion in
spherical harmonics using the cross sections from [18].
When the electron-impact cross sections are not available,
we calculate the remaining rate coefficients on the basis of
the Fridman approximation [4].
For the reverse processes, i.e. reactions that result from
the de-excitation of molecules, the rate coefficients are
computed through detailed balance, assuming an electron
temperature 𝑇𝑒 for e-V exchanges, and 𝑇𝑔𝑎𝑠 for V-T and VV exchanges, according to:

Reaction

𝑤−1,𝑤
𝑤,𝑤−1
−𝑛𝑣 ∑ 𝑛𝑤−1 𝑄𝑣,𝑣−1
+ 𝑛𝑣−1 ∑ 𝑛𝑤 𝑄𝑣−1,𝑣
𝑤

(2)

4. Results
The solutions from the rate balance equation (1) are
shown in this section. As initial values for the
concentrations of the various vibrational states we have
imposed two vibrational temperatures through Boltzmann
distributions. More specifically, the changes in the 𝑣3 mode
relate to one vibrational temperature 𝑇3 , while the 𝑣1 and
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𝑣2 modes are assumed to be in equilibrium at the same
vibrational temperature, i.e. 𝑇1 = 𝑇2 = 𝑇12 . Fig.1 shows a
typical distribution of the CO2 molecules among energy
levels assuming 𝑇3 =1500 K (determined by the slope of
the solid lines) and 𝑇12 = 300 K (determined by the slope
of the dashed lines).

Fig.1. Boltzmann distributions of the CO2 molecules with
𝑇3 =1500 K and 𝑇12 = 300 K. Some of the CO2 vibrational
levels are indicated. 𝑁0 and 𝑔𝑣 represent the ground state
density and statistical weigh of the level 𝑣.
4.1 – Limit case: only V-T and V-V exchanges
As a first step to verify our calculations, we have
analyzed the solutions of (1) under the limit case which
neglects all the electronic collisions. In other words, the
first and second terms of (1) are omitted and only V-T and
V-V exchanges are considered. In practice, this limit
should approximate an afterglow regime where the
electron temperature/density decays rapidly, resulting in
drastic decrease in the rates involving electron impact
collisions. This situation is illustrated in Fig. 2 where an
equilibrium of vibrational temperatures (in our case
represented by 𝑇12 and 𝑇3 ) with the gas temperature can be
observed after about 10-2 s.

Fig.2. Vibrational temperatures calculated from the
solution of the rate balance equations (1) in the absence of
electronic collisions. 𝑇𝑔𝑎𝑠 = 300 K and pressure = 5 Torr.
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4.2 – Comparison with the experiment
In order to validate our model, the calculated
concentrations of the CO2 vibrational levels were
compared with the experimental densities (obtained via
time-resolved in situ Fourier Transform Infrared
spectroscopy) in a pulsed CO2 glow discharge under low
excitation conditions. The system under analysis operates
with pressure p = 5 Torr, current I = 50 mA and a pulse
width of 5 ms. For more details about the experimental
setup, see [19].
In what concerns the model input, it is worth mentioning
that the gas temperature profile, as well as the initial values
of T3 and T12 are always taken from the experimental data.
Fig.3 shows the calculated and measured results relative to
the density of the first excited CO2 asymmetric state (i.e.
𝑣1 = 𝑣2 = l2 = 0 and 𝑣3 = 1) during the off-time of the
discharge. Only V-V and V-T exchanges were considered
in these calculations. As one can see, there is an excellent
agreement between the calculated and experimentally
determined densities.

Fig.3 Normalized density of the first excited CO2
asymmetric state during the afterglow of a pulsed DC
discharge for p = 5 Torr and I = 50 mA. Open symbols
represent the calculation results, while close symbols the
experimental data.
For the active part of the discharge, we solve the system
(1) with the complete set of e-V, V-V and V-T exchanges,
as well as the rate balance equation for CO2+ ions. The
electron density used in these calculations (~ 4.5 109 cm3
) is estimated based on the experimental current and the
calculated electron drift velocity [18]. At the same time, the
calculated maintenance reduced electric field is 63 Td,
which is in excellent agreement with the experimental
measurements. The actual comparison between calculated
and measured results in the active part of the discharge is
shown in Fig.4 for the first excited CO2 asymmetric state.
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As one can see, the calculated and measured densities have
the similar trend during the on-time of the plasma pulse,
which reinforces the validity of our CO2 kinetic scheme.

Fig.4. Normalized density of the first excited CO2
asymmetric state during the active part of a pulsed DC
discharge for p = 5 Torr and I = 50 mA. Open symbols
represent the calculation results, while close symbols the
experimental data.
5. Summary
In this work, we have developed a kinetic model that
describes the input and relaxation of vibrational energy in
CO2 discharges. More specifically, we have investigated
the rate balance equations for the manifold of several CO2
vibrational levels including the processes of electronvibration, vibration-vibration and vibration-translation
energy exchanges. The model was validated from the
comparison of the calculations with the experimental data
obtained in a pulsed CO2 glow discharge. The modeling
work is in progress in order to: (i) extend our research to
higher vibrational excitations up to the dissociation limit of
CO2 and (ii) include other species (CO, O, etc.) that play
an important role in the chemistry of CO2 discharges.
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Quantifying collisional quenching of laser-excited states at atmospheric pressure
with picosecond TALIF
J. Bredin , S. Schröter, K. Niemi, T. Gans and D. O’Connell
York Plasma Institute, Department of Physics, University of York, YO10 5DD, York, U.K.
Abstract: At at mospheric pressure, collisional quenching is the dominant de-excitation
mechanis m of laser-excited states and crucial in quantifying two-photon absorption laser
induced fluorescence (TALIF) spectroscopy. A comparison is made between
experimentally determined quenching coefficients using TALIF with picosecond resolution
in a high pressure regime and those using nanosecond resolution in low a pressure regime .
This allo ws us to investigate non-linear de-excitation processes including 3-body collisions.
Keywords: Non-thermal plas ma, at mospheric pressure, spectroscopy, quenching.
1. Introduction
Non-thermal at mospheric pressure plasmas promise a
broad variety of new technological applicat ions as highly
efficient sources for reactive species concentrations at
room temperature and atmospheric pressure [1, 2, 3, 4, 5,
6]. Investigating these plasmas using simu lations and
diagnostics is an on-going challenge with in the
community [7, 8]. Highly reactive atomic species play a
key role in the chemical kinetics of such plasmas.
Absolute measurements of reactive species densities at
atmospheric pressure conditions
are extremely
challenging due to the highly collisional environment.
Using conventional nanos econd laser spectroscopy
requires knowledge of both the environment composition
and quenching coefficients. Often the quenching
coefficients are not known, there can be large errors on
these quenching coefficients, and they are typically
extrapolated fro m lo w pressures, where nanosecond laser
spectroscopy has been used to resolve the lifetime of the
laser-excited state [9]. Th is extrapolat ion typically does
not take into account effects such as three body collisions,
which can be particularly important under high pressure
conditions. Operating in ambient air conditions is also
challenging where defin ing the quenching partners and
their number densities accurately can be difficult.
Often, to resolve the effective lifetime of excited states
at atmospheric pressure, sub-nanosecond resolution is
require. Picosecond laser spectroscopy (one and two
photon laser induced fluorescence) allows us , for many
conditions, to measure absolute densities independent of
assumptions for collisional quenching. This technique is
particularly powerfu l fo r measurements in open ambient
air where detailed knowledge of the plasma composition
is not known. With a known environment, co llisional
quenching can be quantified fro m effective lifet ime
measurements taking into account high pressure effects
such as three body collisions.
In this abstract we will focus on the case of a laser excited
state of atomic o xygen and determining its quenching
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through heliu m, o xygen, nit rogen and argon gases.
Atomic o xygen is an important species produced in
atmospheric pressure plasmas and also a precursor to
many longer lived species. An rf at mospheric pressure
plasma source [10], operated in heliu m and oxygen
admixtures, produces the atomic o xygen radicals.
2. Experi mental set-up
The experimental pico -second two-photon laser induced
fluorescence (ps-TALIF) set-up is shown in the figure 1.
It comprises of a tunable Ekspla solid-state laser, which
provides a 30 ps pulse width at 10 Hz repetition rate. A
variable beam attenuator (AT), with a co mpensation for
the beam displacement, controlled by a feed-back loop
with a photodiode (PD) reading is emp loyed to maintain
the laser energy constant within 5% standard deviation. A
lens is used to focus the beam 2 cm away fro m the nozzle
of the plasma jet, in order to reduce photo-dissociation
within the plasma. The plasma jet is movable within the
laser beam and detection region using a 3D translation
stage. The ps-TALIF fluorescence signal is collected by a
set of two achromatic lenses, which focus the image onto
an iCCD with a magnification of 4. The Standford
Co mputer Optics - 4Picos iCCD allows us to measure
with sub-nanosecond resolution, down to 200 ps.

Fig. 1. Experimental pico-second TALIF set-up.
3. TALIF on atomic oxygen
The atomic o xygen TALIF scheme used, shown in
figure 2, simultaneously absorbs two UV-photons at
225.65 n m to excite oxygen atoms from the lowest 2p 4 3 P2
ground sub-state into the upper 3p 3 P1,2,0 state, which
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subsequently decays partially through optical transition to
the intermediate 3s 3 S state by emitting a near infra-red
photon at 844.87 n m.

to the temperature of the gas. Quenching coefficients of a
specific gas can be determined through using different gas
mixtu res.
5. De-excitation of oxygen l aser-excited
state
Here we present the study of atomic o xygen has been
performed with three d ifferent quenching species:
oxygen, nit rogen and argon. The effect on the decay rate
of these three different gases is investigated.

Fig. 2. TA LIF scheme for o xygen.
Fro m this scheme, the upper state (3p 3 P1,2,0 ) is the one
which will be investigated.
4. Quenchi ng coefficients
Excited states can be de-populated through different
mechanis ms. One is spontaneous emission to a lower state
with a change in population of the upper state expressed
with the Einstein coefficient Aik. A second process is
collisional de-excitation due to collisions, which at higher
pressures becomes very important. This process is
governed by quenching rate coefficients; ki,q , for a
particular quenching species. In the case where collisional
quenching is particularly do minant, and the effective
lifetime of the excited state, is too short to be resolved by
the laser and detector system, quenching can in principle
be theoretically treated taking into account the natural
lifetime of the excited state and quenching with all
possible quenching partners , using available quenching
coefficients from the literature.
The effective decay rate A* :

where τ* is the effective lifetime, τ0 is the radiative
lifetime and k and n are the quenching coefficient and the
density of the quenching species, respectively.
Theoretically determining the quenching contribution is
problemat ic, particu larly in open plasma sources, if the
environment is un-defined and the quenching coefficients
are not available within the literature. This problem can
be circumvented by choosing a laser and detection system
that can resolve the effective lifetime. We can also use
such systems to deduce quenching coefficients, under
atmospheric pressure conditions, fro m measurements of
the effective decay rate.
Through varying the density of a quenching species
quenching coefficients can be determined. It should be
noted that quenching coefficients are dependent on gas
temperature, and therefore care must be taken with regard
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Fig. 3. Decay rate of a laser-excited atomic o xygen state
as a function of oxygen ad mixture, b lue dots are the
measurements, black line is the linear fit to the
experimental data, and the red line is calculated fro m
literature values.
Figure 3 shows the evolution of the decay rate of a
laser-excited state of atomic oxygen as a function of
oxygen ad mixture. The decay rate measured (blue dots)
increases linearly with the oxygen admixtu re, which is
expected according to equation (1). The resulting linear fit
is shown in black. Assuming only heliu m and o xygen are
present as quenching partners in the discharge, through
the slope of the plot we can obtain the quenching
coefficient of the laser excited atomic o xygen state with
mo lecular o xygen, while the zero admixtu re will provide
the quenching coefficient with heliu m. The resulting
quenching coefficients are: kHe = 3.2 x 10-18 and kO2 =
1.0 x 10-15 which can be compared with those in the
literature: kHe = 1.76 x 10-18 and kO2 = 9.71 x 10-16 [5].
The difference of 45% in the heliu m quenching
coefficients could be attributed to three body collisions
that are not taking into account in this calculation, while
the difference of 2.4% for o xygen in a reasonable
expectation within errors.
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Fig. 4. Decay rate of a laser-excited atomic o xygen state
as a function of nitrogen admixture, b lue dots are the
measurements, black line is the linear fit to the
experimental data, and the red line is calculated fro m
literature values.
Figure 4 represents the decay rate as a function of the
nitrogen admixtu re with 0.1% o xygen admixture. As we
observe with the oxygen variation, the decay rate is linear
as a function of the admixtu re. In this case, we can
assume that the variation is due to quenching with
nitrogen. Fro m the slope, we can determine that the
quenching coefficient with nitrogen is kN2 = 7.6 x 10-16 .
This quenching coefficient is larger than that in the
literature by 29%. This difference may be due to other
quenching species in the plasma, not taken into account,
such as NOx or to other mechanis ms because of the high
pressure.

Fig. 5. Decay rate of a laser-excited atomic o xygen state
as a function of argon admixture, b lue dots are the
measurements, black line is the linear fit to the
experimental data, and the red line is calculated fro m
literature values.
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6. Conclusion
At atmospheric pressure, picosecond TALIF measures
directly the decay rates and therefore does not require
quenching coefficients. Conventional nanosecond LIF and
TALIF of very short-lived excited states requires coupling
experimental measurements with assumed quenching
species and associated quenching coefficients. At elevated
pressures appropriate quenching coefficients for all
important processes can be unknown. This paper tackles
this issue through quantifying collisional de-excitation at
atmospheric pressure and determines suitable quenching
coefficients for this pressure regime. For the examp le of a
laser excited atomic o xygen, presented here,
measurements show a difference of 45% in the quenching
coefficient for collisions with heliu m atoms , 29% for
nitrogen molecules and 60% for argon atoms , which
indicates additional processes such as three-body
collisions, or others are likely to play an important role.
Further work on quantifying the quenching pathways is
ongoing.
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Figure 5 shows the decay rate as a function of the argon
admixture with 0.1% of o xygen. As expected, the
variation of the decay rate is linear with an argon
admixture. This variation is more likely due to argon
rather than quenching due to chemical processes with
mo lecules. Fro m this measurement, the argon quenching
coefficient can be determined and equal to kAr = 3.5 x 1017
. The difference here with the quenching coefficient in
the literature is about 60%. In this case the difference may
be three body collisions with heliu m, o r alternative
quenching pathways.
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Relaxation of electronic degrees of freedom in molecular nitrogen excited by a
nanosecond capillary discharge
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Abstract:The energy relaxation from electronic degrees of freedom of molecular nitrogen
excited by a nanosecond discharge in a capillary tube at conditions of high specific
deposited energy at electric fields on level of 200-300 Td is investigated experimentally and
numerically.
Keywords: Nanosecond capillary discharge, high specific deposed energy.

1. Introduction
The knowledge of the channels of energy relaxation
from electronic degrees of freedom of excited species is
extremely important for applications a highly reactive
plasma.
The high specific energy deposition can significantly
change gas kinetics in the discharge and in the afterglow.
For example, it was shown [1] that in pure nitrogen at
these conditions abnormally fast decay of N2(C3u, v = 0)
state due to quenching by electrons is observed, high
electron density in the afterglow are sustained by the
reactions of associative ionization .
This study is dedicated to the experimental and
numerical study of the processes responsible for the
energy relaxation, in particular, fast gas heating, in the
pure nitrogen in the afterglow of nanosecond capillary
discharge at electric fields on level of 200-300 Td and
energy deposition up to 1 eV/molecule.

GmbH) through a 25-m coaxial high voltage cable. The
low voltage electrode of the discharge tube was connected
to 100-m coaxial cable serving as a delay cable.
The shields of the cables were connected to the metallic
screen surrounding the capillary tube. This configuration
provides discharge in the form of a fast ionization wave
(FIW) with the electric field as high as 1 kTd in the front
of the FIW and on the level of 200-300 Td in the main
stage after discharge gap closing [1, 2].
Shape and amplitude of electric current flowing through
the capillary tube were measured by calibrated back
current shunts mounted into the shield break in the cables
12.5 m before and after the discharge cell and connected
to 50 Ohm input of LeCroy WaveRunner 600 MHz
oscilloscope. Typical waveforms of incident voltage
pulse, the pulse reflected from the discharge cell, and the
pulse transmitted into the delay cable are given by Fig. 2.

2. Experiment setup
The nanosecond discharge was initiated in the capillary
tube 1.5 mm of internal diameter and 70 mm in length.
Two electrodes were mounted at the ends of the tube; the
gas was changed flowing through the side tubes placed
5 mm apart from the electrodes. The discharge tube is
presented schematically in Fig. 1.

Fig. 2.Typical voltage waveforms of incident, reflected
and transmitted voltage pulses in the cable.
Fig. 1. The discharge cell configuration with 1.5 mm
inner diameter tube and 70 mm inter-electrode distance.
High-voltage pulses of positive polarity 9.3 kV in
amplitude, 4 ns rise time and 30 ns FWHM were applied
to the high-voltage electrode of the discharge setup from
commercial solid state high-voltage generator (FID

28

For each initial pulse coming from the generator,
typically 3 pulses separated by 250 ns were observed
because of difference in impedance of the cable,
discharge tube and generator, which were repeated at 1s
due to reflection from end-load of the delay cable for
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additional diagnostic pulses, the delay cables with
different lengths were used.
Low repetitive frequency of the high voltage pulses,
10 Hz, allowed complete change of the portion of the gas
between the subsequent pulse trains. Pure nitrogen (Air
Liquide, < 100 ppm of impurities) was flowing through
the tube with 50 sccm rate. The pressure in the center of
the capillary tube was kept constant during each
experiment and was equal to 27 mbar. The pressure in the
center of the capillary was measured as an average of the
indications of two pressure gauges installed at equal
distance upstream and downstream relative to the
discharge tube.
The emission of the second positive system of
molecular nitrogen was collected by the UV Fused Silica
lens to the entrance slit of the monochromator with
500 mm focal length (Acton SP-2500i, Princeton
Instruments) through a 1 cm orifice in the screen
connected to the ground shield of the high voltage cable.
The light was detected by ICCD camera (PI-MAX 4,
Princeton Instruments).
3. Results
The emission spectrum of (0-0), (0-1), (1-2) and (2-3)
vibrational transitions of the second positive system of
molecular nitrogen was measured for discharge pulses at
time instances 0, 125, 250, 375, 500, 750, 1000, 1250 and
1625 nanoseconds with a camera gate 50 ns. The
rotational temperature of N2(C3u, v = 0) state were
determined by fitting of experimentally measured
spectrum by one calculated with SPECAIR [3] software.
The temporal evolution of translational temperature of
the ground state of molecular nitrogen measured
experimentally and compared with the one calculated
numerically in 1D axially symmetric geometry is
presented in Fig. 3. The calculations were performed
according to the described in [1].
3000

2

calc. without quenching of N( D)
2
calc. with quenching of N( D)
experimental data

Temperature, K

2500
2000
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The vibrational temperature of N2(C3u) state
experimentally measured by emission spectrum of (0-1);
(1-2) and (2-3) vibrational transition of the second
positive system of molecular nitrogen was about 4000 K
in each pulse.
4. Discussion
One of the main process responsible for energy
relaxation from electronic degrees of freedom is reaction
of self-quenching of the N2(A3u+) molecules [4-6]:
N 2 (A 3  u )  N 2 (A 3  u ) 

The measurements of the rate constant of reaction (2)
were presented in the many papers, however, almost all of
them were performed at gas temperature T = 300 K
In [7] the investigation of the dynamics of nitrogen
plasma decay was performed at atmospheric pressure and
the gas temperature T0 = 1600 K. The gas was excited by
pulsed nanosecond discharge. The CRDS method for (02) transition of 1+ system of molecular nitrogen followed
by data calibration was used for N2(A3u+, v = 0) density
measurements in the afterglow. The gas temperature was
determined by treatment of the rotational structure of
2+system of molecular nitrogen. The results of these
measurements are presented in Fig. 4 (dots). The constant
rate of the reaction (2) obtained in [7] based on these data
is k2=1.1∙10-9 cm3/s at T = 1600 K.
However, in [8] it was shown that in high pressure
nitrogen plasma the population of v = 0 vibrational level
of N2(A3u+) can be less than 20% of total population of
N2(A3u+) vibrational levels. If it is assumed that all
vibrational levels of N2(A3u+, v) participate in the
reaction (2), then modelling of the evolution of the
vibrational distribution function of N2(A3u+, v)
molecules is required for the determination of the rate
constant of reaction (2).
The results of numerical calculation for the conditions
similar to [7] using the model from [8] are presented in
Fig. 4. It was assumed that the rate constant of the
reaction (2) does not depend on the vibrational level
number (k2(v) = const). The evolution of the vibrational
distribution function of N2(A3u+, v) due to collisions with
nitrogen molecules was taken into account:

1500

N 2 (A 3  u , v)  N 2 (X1  g , v  0) 

1000

N 2 (A 3  u , v  2)  N 2 (X1  g , v  1)

500

0

250

500

750 1000 1250 1500 1750 2000
Time, ns

Fig. 3.Translational temperature of the ground state of the
molecular nitrogen at 27 mbar in pure N2. Experimental
results (square points) and results of numerical
calculations with (solid line) and without (dash line) the
heat release due to process of quenching of N(2D) atoms
(see text).
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(2)

N 2 (B3  g ,C 3  u )  N 2 (X1  g )   p .

.

(3)

The dependence of the rate constant of the reaction (3)
on vibrational level number and on the gas temperature
was determined in [8].
The results of the numerical calculations according to
the described model are compared with the results of
experimental measurements in Fig. 4. Curves 1 and 2
correspond to results of numerical calculations with and
without taking into account the reaction (3). It should be
noted that the results of the modeling are very sensitive to
the value of the rate constant of reaction (2) and they are
in a good agreement with the experimental data at
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P = 760 Torr
10

taken into account. It is clearly seen that this channel of
the heat release starts to play significant role only at rather
high temperature (at t > 300 ns after the first current
pulse), since its rate constant strongly depends on the gas
temperature, see Eq. (6).
In Fig. 5 the temporal dynamics of the main nitrogen
plasma species is presented.

15

1.
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N( D)
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2.
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0.5
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k2 = 1.5∙10-10 cm3/s (the difference at t > 1 μs is most
likely caused by additional quenching of N2(A3u+) by
nitrogen atoms).
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Fig. 4. The temporal dynamics of the population of
N2(A3u+,v = 0) state in the afterglow for the conditions of
the experiments [7]: P = 760 Torr, T = 1600 K. Dots
correspond to the results of the experimental
measurements, curves correspond to the results of the
numerical calculations at k2 = 1.5∙10-10 cm3/s with (curve
1) and without (curve 2) taking into account the reaction
(3).
The obtained value of k2 is close to the value of the rate
constant of reaction (2) obtained in [9] at T = 300 K. Thus
in the calculations of the gas heating dynamics (Fig. 3) in
the first approximation it was assumed that the rate
constant of reaction (2) does not depend on the gas
temperature.
The value of energy εp released in the process
(4)
N 2 (A 3  u )  N 2 (A 3  u )  N 2 (B3  g )  N 2 (X1  g )   p
and converted to gas heating depends on the degree of
vibrational excitation of the produced N2(X1g+, v)
molecules [10]. For numerical calculations performed for
present conditions the value of εp =3.5 eV was taken.
Another possible process responsible for the fast gas
heating at present conditions is quenching of N(2D) atoms
produced in the dissociation of N2 by electron impact
(5)
N( 2 D)  N 2  N( 4 S)  N 2 (v) .
According to the results of calculations [11], the
constant rate of this process sufficiently increases with the
gas temperature
 1438  3
(6)
k1 (T )  4.52 10 14  T 0.68  exp 
 cm /s.
 T 
Moreover, if was shown [12] that up to 90% of excitation
energy of N(2D) atoms (2.35 eV) goes to the gas heating
and less than 10% goes to vibrational excitation of
molecular nitrogen.
These assumptions were used in the present numerical
calculations, see Fig. 3. Good agreement with the
experimental results is achieved only if the process (5) is
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Fig. 5. The temporal evolution of the nitrogen plasma
composition on the axis of the discharge tube for
conditions of the Fig. 3.
One can see that effective production of atoms and
excited nitrogen molecules during the main discharge
pulses takes place. Concentrations of the N(4S) and N(2D)
atoms at t < 20 ns are comparable, since they are
produced in the same process
(7)
e  N 2  N( 4 S)  N( 2 D) .
4
Then N( S) atom density slightly decreases due to the
reaction
N 2 (A 3 u )  N( 4 S)  N 2  N( 2 P) .

(8)

After the third discharge pulse, at times t > 500 ns, N( 2D)
atoms density sufficiently decreases due to quenching by
nitrogen molecules in the reaction (3), which rate constant
increases at high temperature [12].
The density of metastable electronically excited
N2(A3u+) molecules decreases only after 600 ns. It is
caused by quenching in the pooling reaction (4) in the
beginning, and further quenching by atomic nitrogen. The
rather high electron density in the afterglow (higher than
1014 cm-3 at times t < 1 μs) also should be noted.
5. Conclusions
The fast gas heating in pure nitrogen excited by a
nanosecond discharge in a capillary tube at conditions of
high specific deposited energy was investigated
experimentally and numerically. The observed increase of
translational temperature of the ground electronic state of
nitrogen (2200 K/μs) demonstrates fast energy relaxation
from electronic degrees of freedom. A good agreement
between experimental and numerical results is achieved.
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The pooling reaction between metastable N2(A3u+) states
with 3.5 eV energy converted to translational energy is
found to be a dominate process responsible for the fast
gas heating in pure nitrogen, as well as quenching of
N(2D) atoms, which become extremely important at high
temperatures.
It should be noted that in nitrogen plasma, in contrast to
the air one, it is not possible to introduce such universal
parameter as the fraction of discharge energy spent to the
fast gas heating ηR. In air the value of ηR depends only on
E/N and practically does not depends on neither gas
pressure, nor specific deposited energy [10]. In nitrogen
ηR depends not only on E/N, but also on the specific
deposited energy. The reason of this is the fact that the
rate constant of reaction (5) sufficiently depends on the
gas temperature (see Eq. (6)), thus the rate of gas heating
and, consequently, the fraction of the energy, that is spent
to the gas heating, extremely depend on specific energy
deposition in the discharge.
Further investigation of N2(A3u+) density by the
pooling reaction intensity measurements will allow to
precise the temperature dependence of the corresponding
rate constant which here was assumed to be constant for
the moment, k2(T) = const. The validity of this
assumption was proved by comparison the constant rate
value obtained by numerical analysis of the experimental
results [7] at T = 1600 K (see, Fig. 4) and the same value
obtained for T = 300 K [9]. The exact temperature
behaviour of this rate constant is still open question, since
the increasing dependence of the constant rate of the
pooling reaction on the gas temperature was demonstrated
in the paper [7], while earlier the opposite decreasing
dependence was obtained in [13]. Moreover, in the
majority of numerical studies it is assumed that the rate
constant of the pooling reaction does not depend on the
number of the vibrational level of N2(A3u+, v), while the
experimental confirmation of this assumption have not
already demonstrated.
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The Single Pellet Reactor for studying plasma-catalyst interaction: Dielectric
effect and electrical characterisation
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Abstract: A novel single dielectric pellet DBD that is designed to facilitate studying the interaction
between plasmas and catalysts is presented. The influence of material dielectric constant on plasma
dynamics across a range of applied voltages is determined using electrical characterisation
combined with videos of the discharge. Different discharge modes are observed and their behaviour
is characterised. This work provides easily implemented analytical techniques that can be applied to
understand the behaviour of plasmas within packed bed DBD reactors.
Keywords: Plasma catalysis, DBD, dielectric constant, plasma diagnostics.
1. Introduction
Packed bed DBD reactors (PBRs) are promising for
energy and environmental gas processing, combining the
advantages of both catalysis and plasma technologies.
However, the impact of packing material properties on
plasma dynamics is not well understood.
The properties of the packing material have a dominant
effect on the mechanism and dynamics of the plasma
discharges that form in the packed bed. This, in turn,
influences the energies and densities of the electrons, and
consequently both the plasma and catalytic chemistry that
occurs. Hence, the efficacy of a plasma-catalytic process
is inherently linked to the co-dependency of the plasma
discharge with the properties of the catalyst.
This work presents a novel “Single Pellet Reactor”
(SPR), for studying the interaction between plasma
discharges and catalysts in DBDs. The relationship
between different PBR discharge phenomena and their
electrical characteristics is elucidated via Q-V (a.k.a.
Lissajous) plots and videos of the plasma. This allows the
different discharge modes (streamers, point-to-point
discharges, etc.) to be characterised by their electrical
properties, and furthermore, provides diagnostic
techniques that can be extended to the analysis of plasma
behaviour in PBRs.
An emphasis is given to a phenomenon known as
“partial discharging”, where incomplete charge transfer
occurs between the DBD electrodes. Partial discharging
can be quantified by electrical characterisation, and as this
work demonstrates, can be symptomatic of poor plasmacatalyst contacting, which is likely to be detrimental to
gas conversion, especially if the catalyst is activated by
plasma.
Through extension of the methods used in this work it
becomes apparent that the classical DBD equivalent
circuit model cannot be directly applied to PBRs.
Adaptations of the model, notably the “partial discharging
model” of Peeters et al (1), whilst providing some useful
insight, also do not fully reflect the behaviour of plasma
in the reactor. The currently available models are limited
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in their inability to mathematically describe the transient
and voltage dependent nature of plasma in PBRs. Hence,
this work opens the discussion on the future requirements
of these equivalent circuit models for PBRs.
2. Theory
The use of high dielectric constant packing materials in
PBRs is known to magnify local electric field strengths.
This can lead to reduced breakdown voltages, and
allegedly, increased electron energies. However, little is
known about the effect of packing dielectric constant on
plasma behaviour, and furthermore, how this behaviour
can be understood and quantified. One possible method is
by using electrical diagnostics via Q-V plots.

Figure 1: The classic DBD equivalent circuit model and
corresponding Q-V plot

The Q-V plot is obtained by plotting the charge
transferred in a DBD against the voltage drop over the
reactor, yielding a hysteresis loop. In the classic Q-V plot
for a DBD discharge this hysteresis loop presents as a
parallelogram. The gradient of the lines of the
parallelogram at any point correspond to the
instantaneous reactor capacitance. In the classic DBD
equivalent circuit model (Figure 1), the reactor is
composed of 2 capacitors in series: the dielectric
capacitance (Cdiel) and the gap capacitance (Cgap). The
sum of the reciprocal of these two capacitances give the
inverse of the overall reactor (aka “cell”) capacitance,
Ccell. This relationship is shown in equation 1:
!
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During the plasma off phase of the DBD discharge
cycle, the measured instantaneous capacitance is equal to
the cell capacitance, i.e. both Cdiel and Cgap in series.
Whilst during the discharging phase of the DBD cycle,
the measured instantaneous capacitance is equal to Cdiel.
This is because the discharge gap is bridged by streamers
that transfer stored charge, i.e. the gap capacitance
becomes “infinite” and the Cgap is term in eq.1 is negated.
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3. Methodology
An image and scale diagram of the SPR is shown in
Figure 2. The dielectric pellet is a 3 mm sphere fabricated
from one of a range of 5 materials, each having different
dielectric constants: SiO2, Al2O3, YSZ, CaTiO3, BaTiO3.
The reactor itself is composed of movable brass
electrodes, one of which is covered by a 0.5 mm thick
layer of Al2O3.

The electrical behaviour of PBRs cannot be explained
solely through the application of the classic DBD
equivalent circuit. Recently, there have been several
modifications to the equivalent circuits for various DBD
style discharges (i.e. AC source, dielectric barrier). These
include a model for PBRs by Mei et al (2), partial
electrode discharging by Peeters et al (1), and a surface
discharging model (for plasma actuators) by Kriegseis et
al (3).
The model of Mei (2) treats the packing in the PBR
simply as an extra dielectric barrier in the classic DBD
circuit model. However, this proves to be an
oversimplification as the measured dielectric capacitance
(termed the effective dielectric capacitance, ζdiel) is
dependent on the amplitude of the applied voltage. The
DBD partial discharging model of Peeters (1)
demonstrates that the value of ζdiel is voltage dependent,
and consequently related to the area of the electrodes that
is discharging. As such, this model can be used to
quantify “partial discharging” in DBDs. However,
quantification of partial discharging in PBRs (4) shows
that not only is this phenomenon extremely common in
these reactors, but also that PBRs show a more complex
partial discharging behavior that is not accounted for in
current models. This is evidenced in the “almond shaped”
Q-V plots sometimes observed in PBRs. Kriegseis (3)
also observes these almond shaped Q-V plots for plasma
actuators, where surface discharges lead to a voltage
dependent variable effective capacitance. However,
Kriegseis does not offer an equivalent circuit model for
this behavior.
Currently, the DBD partial discharging model of
Peeters is the most accurate representation of discharge
phenomena in PBRs. As such, this model is applied
throughout this work. However, this work demonstrates
that surface discharges and pellet capacitance are
important for Q-V plot analysis of PBRs and should be
included in a future equivalent circuit model.
As will be demonstrated here, the electrical behavior of
the SPR is similar to that of PBRs, despite having only
one dielectric pellet. Analysis of Q-V plots to determine
partial discharging and plasma power per AC cycle,
combined with videos footage of the plasma allows the
plasma behavior with different dielectric constant
materials to be determined and quantified.
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Figure 2: Image and diagram showing reactor geometry.

The reactor is driven by a LabVIEW controlled high
voltage amplifier (Trek 10-40A/HS), allowing voltages up
to 10 kV at frequencies up to 10 kHz. The LabVIEW
programme generates signals to be amplified via a DAQ
(NI-DAQ 6211) acting as a function generator. Two
electrical signals are monitored: the voltage output signal
from the HV amplifier, and the charge transfer in the
reactor obtained by measuring the voltage across a 4.7 nF
50 V X7R ceramic capacitor. The gas is zero grade N2
(BOC) at a fixed flowrate of 150 ml / min. The
oscilloscope is a USB powered Picoscope 4224.
Photographs and videos of the plasma discharge around
the pellet are taken with a Nikon D5300 with a 105 mm
macro Lens (AF-S Micro Nikkor 105 mm 1:2.8G).
LabVIEW methodology
The LabVIEW programme generates a signal to be
amplified by the DAQ working as a function generator.
The output signal from the DAQ is in the range 0 – 10 V,
and is amplified by 1000 times (0 – 10 kV) by the HV
amplifier. The purpose of the control programme is to
make rapid (0.7 seconds) 0.1 kV increment steps of the
high voltage signal, starting at 0 kV and ending at 10 kV.
Simultaneously, single shot Q-V plots from the
oscilloscope are analysed at a rate of approximately 40
AC cycles per 0.1 kV step. This rate is limited by the
processing speed of the PC, as a very large amount of data
is stored in the RAM to take averages of Q-V plots during
data acquisition.
From the Q-V plots the plasma power and charge transfer
is obtained. This is done for every individual Q-V plot as
it is generated. Hence over the duration of one scan of a
pellet, approximately 4000 Q-V plots are analysed to
determine power during each AC discharge cycle. This
process of analysing successive Q-V plots reveals
instability in the behaviour of the plasma, and hence it can
be used as a useful diagnostic tool for the analysis of the
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4. Results

Figure 3 shows the influence of applied peak-to-peak
voltage on the onset of plasma formation (ignition), and
the voltage at which streamers begin to propagate
between the ground and live electrodes (defined as the
Streamer onset) for a range of different pellet materials.
From left to right on the x-axis, the materials have an
increasing dielectric constant. At the ignition voltage with
YSZ, CaTiO3 and BaTiO3, the plasma ignites at the
“poles” of the pellet, i.e. close to where the pellet contacts
the electrodes, this is termed the “polar discharge”. For
Al2O3 and SiO2, the plasma (typically) ignites directly
into the streamer discharge regime, bypassing the polar
discharge regime.

Figure 3: Relationship between threshold voltage and plasma
behaviour based on observed behaviour. The data is based on
cross referencing video data with the LabVIEW control system
to determine applied voltage at a given time point.

Clearly, the lowest ignition voltage is observed with the
highest dielectric constant material, BaTiO3 (ɛ = 3000,
Vignition = 3,300). With each incremental decrease in
dielectric constant, the ignition voltage increases, except
for the case of SiO2. I.e. Vignition (Al2O3 > YSZ > CaTiO3 >
BaTiO3). Conversely, the streamer onset voltage increases
with increasing dielectric constant. However, this
relationship is much weaker, and therefore electric field
enhancement is likely to not be the only variable that
contributes to the transition to streamer discharges.
Surface roughness, conductivity, and work function may
also have some effect. It should also be noted that with
BaTiO3 the transition to the streamer regime is not
observed.
The data shown in Figure 4 suggests that there are only
two observed plasma behaviours in the SPR, however, the
real behaviour is more complex with multiple transitions
in behaviour observed with different materials. The
presentation supporting this paper shows videos of the
plasma discharges illustrating the transitional behaviours.
As described in the methodology, the transitions in
behaviour can be quantified by measuring the partial
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discharge coefficient, alpha, as well as the power
dissipated per AC discharge cycle which shows instability
in plasma behaviour.
Using the YSZ pellet as an example, which shows the
broadest range of behaviours, the transitions in plasma
behaviour, together with the corresponding Q-V plot and
alpha value are shown in Figure 4. The images presented
here should be cross referenced with the voltage-power
and alpha coefficient data presented in Figure 5.

Figure 4: Plasma discharge modes for a YSZ pellet, with the
corresponding Q-V plot. The discharge modes can be cross
references with the data shown in figure 5 and 6.

The plasma behaviour with the YSZ pellet shows that the
polar discharge and streamer discharge regime can each
divided into two further sub categories. For the “polar
regime”, there is a “polar Townsend discharge” (A) and
“polar streamer regime” (B). Once the threshold voltage
for the “streamer” regime is exceeded, the plasma can be
either in the “unstable streamer” (C) or “stable streamer”
(D) regime. The reported transitions in behaviour are
confirmed visually (through video), and through the
corresponding voltage-power profile and Q-V plots.
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SPR. Additionally, from each 0.1 kV step an average Q-V
plot is calculated and saved for retrospective analysis. The
Peeters model for partial discharging is applied to
calculate the “alpha” coefficient value.
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Figure 5: Voltage-power profile for the SPR using a pellet of
Yttria-stabilised zirconia. The points represent plasma power on
one AC cycle. Hence, regions with a distribution of powers
show unstable behaviour from cycle-to-cycle.

In figure 5, the polar Townsend region (A) shows
repeatable and low power measurement on consecutive
AC cycles. The corresponding plasma behaviour
displayed in the video shows a stable “glow” like
discharge that is consistent with a Townsend discharge.
As the transition into the polar streamer region (B) takes
place, the plasma power fluctuates on consecutive cycles
by up to 0.2 W. Visually, small streamers can be seen to

ISPC23, Montreal, Canada
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propagate at the poles of the pellets. The voltage-power
plot shows that plasma discharges on consecutive AC
cycles alternate between Townsend and streamer
discharges.
As the transition into the unstable streamer discharge
region takes place, streamers begin to transfer charge
across the pellet and between the electrodes (bridging
streamers). Consecutive AC cycles can alternate between
a Townsend, polar streamer, and bridging streamer
discharge. In this region (C), from the voltage-power plot
it can be deduced that as the applied voltage is increased
the frequency of Townsend discharge cycles decreases
until they eventually stop occurring, followed by a
decrease in the frequency of polar streamers. Once the
applied voltage reaches a certain threshold, bridging
streamers occur on every discharge cycle - this is defined
as the stable streamer regime.
These different discharge modes can be characterised
by the form and characteristics of the corresponding Q-V
plot. There is currently no equivalent circuit model that
reflects plasma behaviour in PBRs, but with some
assumptions the Peeters partial discharging model can be
roughly applied. In this model, the partial discharging
behaviour of a DBD is quantified by the parameter, α,
where values close to 1 indicate no charge transfer
between the electrodes, and 0 indicates complete charge
transfer. The value of α is calculated based on a series of
capacitance measurements from the Q-V plots. Figure 6
shows the data presented in Figure 5, with an overlay of
the calculated “α” values.

Figure 6: Voltage-power profile for YSZ with overlay of the “α”

coefficient for each different discharge mode.
As the value for α is based on a modified classic DBD
equivalent circuit, two extreme values for alpha are
calculated, a maximum and a minimum. Future models
for PBRs will require this methodology to be refined. The
transitions between different discharge modes are well
correlated with a reduction in the value of α, indicating
improved charge transfer between the electrodes. Only in
the stable streamer regime are α values down to zero
reached. This is caused by stable streamers effectively
“bridging” the discharge gap, and allowing complete
charge transfer between the electrodes.

ISPC23, Montreal, Canada
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This is a significant result, as it suggests that
quantification of α could be used to diagnose the behavior
of PBRs. Retrospective analysis of PBRs in literature
suggests that partial discharging is a common
phenomenon (4). Partial discharging may limit the
performance of PBRs and, if not identified, may lead to
bias in the interpretation of experimental data.
This work shows the circumstances under which partial
discharging occurs, and provides the means to quantify it.
5. Conclusion
A novel single catalyst pellet DBD for the analysis of
plasma-catalyst interaction in PBRs is presented. The
influence of dielectric constant on plasma characteristics
is revisited. High dielectric constant materials are
observed to not only reduce breakdown voltage, but also
to increase the transition voltage to streamers that
“bridge” the electrodes. Different discharge modes are
observed, each one having a different characteristic
voltage-power profile. The extent of plasma-catalyst
interaction due to partial discharging for each of the
different discharge modes, can be calculated via the
parameter “α”. Only in the stable streamer discharge
regime, achieved at high applied voltages, does the alpha
value approach zero, and thus, effective plasma-catalyst
contacting occur.
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Effect of substrate temperature on the acetylene plasma polymerization: A
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Abstract: We studied the effect of substrate temperature on the formation of acetylene
plasma polymer (PPA) films using molecular dynamics. Investigation of the films shows
that the total deposited mass decreases with increasing the temperature. C2H and C2 are
found to be the most dominant radicals in the film formation process at all the temperatures.
Increasing the substrate temperature raises the number of atom with sp 2 and sp3
hybridization and decreases the number of carbon atoms with sp hybridization.
Keywords: plasma polymerization, acetylene, molecular dynamics

1. Introduction
Plasma polymerization refers to formation of polymeric
materials under the influence of plasma. Acetylene is one
of the monomers that can be easily polymerized by this
method. From the experimental point of view there are
several parameters that can affect the structure of the
polymerized film. Substrate temperature is one of the key
parameters that controls and influences the properties of
the plasma polymer materials. Interesting results are
available on the effect of substrate temperature on plasma
polymerization of different monomers. Investigation of
Lopez and co-workers on the chemistry of plasma
polymerized films shows that constituted films at low
temperature have the same elemental compositions as
precursors [1]. Casserly and co-workers investigated the
effect of substrate temperature on poly(methyl
methacrylate) films. They found a loss of functional
groups as a result of increasing substrate temperature [2].
Although there is a large amount of experimental data that
investigated plasma polymerization process, the
theoretical study of the mechanism still needs to be
addressed in order to understand the structure of the
formed film and its dependence on various physical
parameters. Molecular dynamics (MD) enables us to
study the polymerization process and the resulting
polymeric films fundamentally. Here by using MD we
studied the properties of acetylene plasma polymeric
films which are formed on silver (Ag) substrates. In order
to characterize films, a series of parameters such as total
deposited mass, number of carbon with different types of
hybridization, and finally role of different type of radicals
in the film formation were investigated at different
substrate temperatures.
2. Computational Details
This study is conducted using MD computer simulations.
The motion of the particles is settled by integrating
Hamilton’s equations of motion. The forces among the
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particles are depicted by a combination of pairwise
additive and many-body potential energy functions. We
used the LAMMPS [3] simulation package to carry out
the simulations. The Ag–C and Ag–H interactions are
described by using the Lennard-Jones potential [4]. The
embedded atom method (eam) was used to describe AgAg interaction [5]. The reactive empirical bond order
(REBO) is used for H-H, H-C and C-C interactions [6].
3. Simulation Approach
In order to simulate the plasma polymerization process
we create a substrate and send the acetylene precursors
that are randomly arranged in a cell by giving them initial
velocities in the direction of the substrate. The side border
of the system is regulated by periodic boundary condition.
A reflective wall is designed at the top of the cell to
resend the backscattered molecules and radicals toward
the substrate and increase the deposition rate. The initial
velocity for each precursor is 5 Å/ps which equals to 0.03
eV/precursor. To imitate the continual flow of the plasma,
successive depositions of the plasma cell were executed.
Schematic representation of the system is depicted in Fig.
1.a. Silver substrate has a surface area of approximately
(40Å×40Å) and a thickness of ≈19Å. In order to control
the substrate temperature, a Langevin heat bath was used.
The effect of the substrate temperature was examined by
fixing different temperatures in range the of 0 K to 500 K
(by step of 100 K) to the substrate. For the calculation of
bonded atoms, the threshold value for the distance
between different atoms is taken at half of the interaction
potential well (REBO) in the equilibrium state, which
gives 1.27, 1.495 and 1.79 Å for H-H, C-H and C-C
bonds, respectively. The Size of the plasma cell is
40Å×800Å×40Å. 90% of the weight of the cell allocated
to acetylene molecule and the remaining 10% dedicated to
C2H C2, CH and H as radicals. Fig. 1.b shows the side
view of the polymeric film formed at substrate
temperature of 300 K.

ISPC23, Montreal, Canada
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The number of carbon atoms with sp hybridization, which
are related to those molecules that remain on the substrate
but have not participated in any reactions, decreases with
raising the substrate temperature. This evolution is
explained by the lower deposition of acetylene molecules
at high temperature. In spite of the lower deposited mass
at high temperature, the occurrence rate of H-C and C-C
bonds increases in the range of 100K to 400 K, resulting
in PPA films containing more carbon atoms with sp 2 and
sp3 hybridizations. The reduction in number of carbon
atoms with sp2 and sp3 hybridization at 500 K is due to
the much lower deposition of molecules and radicals at
this specific temperature. The contribution of different
radicals in the films is another parameter that was
calculated to characterize films. The radical contribution
(RC) is calculated as follow:

RC(%)=

Number of radicals in the film

×100

(1)

Total number of radicals participated
in the process
As shown in Fig 2.c, C2 and C2H are the dominant
radicals in the film formation. These two radicals mostly
take part in the interaction with the polymeric chains and
create new reaction sites. CH shows two different
behaviors, creating new reaction sites and terminating
polymeric chains upon film growth. Hydrogen is mostly
observed at the end of polymeric chains and terminates
the chains rather than creating new sites.

Fig. 1. (a) Schematic view of the initial system
arrangement for the analysis of acetylene precursor
interactions with the chosen substrate (Ag). (b) Side view
of the acetylene plasma polymerized film developed in 6
ns at substrate temperature of 300 Kelvin.
4. Results
Our results concern films grown after 6 ns of deposition.
The total deposited mass is calculated for films grown on
the silver substrate at different temperatures (Fig. 2.a).
The total deposited mass decreases with temperature
rising from the 0 to 500 K. This behavior is due to the fact
that at 0 K substrate atoms are almost frozen so that more
molecules and radicals can be deposited. By raising the
substrate temperature up to 500 K thermal excitation of
substrate atoms prevents some precursors from depositing
on the substrate. In contrast, the rate of reactions between
molecules and radicals on the substrate increases with the
substrate temperature. High substrate atomic motions
prevent the deposition of polymeric chains especially at
500 K. The number of carbon atoms with different
hybridizations is also calculated for each film (Fig 2.b).
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Fig. 3. Total deposited mass (a), Number of carbon atoms
with different hybridization (b) Radical contribution (c)
for the film developed in 6 ns.
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Measuring vibrational excitation of CO2 in a pulsed glow discharge
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Abstract: Excitation of the asymmetric stretch vibrational mode of CO2 is believed to be
crucial for an efficient plasma assisted dissociation of CO2 to CO. Using time-resolved in
situ Fourier Transform Infrared spectroscopy and Raman spectroscopy, we gain insight in
the vibrational dynamics of CO2 in a pulsed glow discharge. A high temporal resolution
with respect to a plasma pulse time of 5 ms, enables us to study the transition phase
between plasma off and on, revealing excitation of the asymmetric stretch mode of CO2.
Keywords: CO2 dissociation, glow discharge, vibrational excitation, infrared absorption,
Raman spectroscopy
1. CO2 dissociation for renewable energy
Solar and wind energy play a crucial role in the
transition of fossil fuels to renewable energy. However,
due to the intermittent nature of these new energy sources,
production and demand do not always coincide. One way
of overcoming this intermittency problem is temporarily
storing renewable energy in chemical bonds by making
hydrocarbons from CO2. A key step in this storage
process is the efficient reduction of CO2 to CO. In
literature, one of the most energy efficient dissociation
methods is believed to be by exciting the asymmetric
stretch vibrational mode of CO2 in a non-equilibrium
plasma [1]. Furthermore, the detection of higher
vibrational state occupation has been reported in (CO2
laser like) glow discharges [2, 3].
To be able to study the vibrational dynamics in such a
plasma, we perform time-resolved in situ Fourier
Transform Infrared (FTIR) spectroscopy, as well as
rotational Raman spectroscopy, in a pulsed CO2 glow
discharge. Since the discharge mechanisms of a glow
discharge are well known and the plasma can very well be
modelled, a glow discharge is particularly suitable for
such a fundamental study on vibrational energy levels.
2. Vibrations of CO2
For an adequate analysis of the vibrational dynamics of
CO2, all three vibrational modes should be taken into
account. The previously introduced asymmetric stretch
mode is represented by quantum number ν3. The other
two modes are the symmetric stretch and the double
degenerate bending mode, ν1 and ν2, respectively. If the
occupation of these modes is e.g. Boltzmann or Treanor
distributed, each mode can be described with a
temperature, T1, T2, and T3 [2, 4], which in a
nonequilibrium situation, like a glow discharge, are not
necessarily equal. For example, direct electron impact
collisions generally favor excitations of ν3, and therefore a
T3 increase. However, due to a strong Fermi coupling
between ν1 and 2×ν2, it is assumed that: T1 = T2 = T1,2 [2].
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Furthermore, due to a fast rotational-translational
relaxation, the rotational and translational temperature are
considered equal, Trot, but can be different from T1,2 and
T3 [5].
3. Infrared absorption setup and results
The reactor under study is cylindrical, with a diameter
of 2 cm and length of 23 cm, and made of Pyrex.
Measurements are done in the millibar pressure range,
using a CO2 mass flow of 10 sccm. The applied DC
voltage of a few kilovolts induces a self-sustained plasma
current of 20–50 mA and is typically pulsed with a period
of 5 ms on and 10 ms off.
For the infrared absorption experiments, the reactor is
placed inside the sample compartment of the FTIR
spectrometer (Bruker, Vertex 70), as shown in Fig. 1.
Infrared transparent BaF2 windows are used at the reactor
ends. The step-scan mode of the spectrometer allows us to
record transmission spectra with a temporal resolution of
10 μs. With respect to the millisecond timescale of the
plasma, we therefore have obtained spectra not only in the
on and off phase of the plasma, but also in the transition
phase.
After calculating the transmittance by dividing the
measured transmission by a background without CO2, the
rovibrational structure around 2300 cm-1 is used for
analysis. This structure originates from absorption
induced transitions of the form (ν1, ν2, ν3) → (ν1, ν2, ν3+1).

Fig. 1. The experimental infrared absorption setup,
including the plasma reactor and the FTIR spectrometer.
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Fig. 4. The experimental Raman setup, including the
plasma reactor and the detection branch.
Fig. 2. An outtake of the IR transmittance spectrum of
CO2 at 0.5 ms in the discharge with a 5-10 ms on-off duty
cycle at 50 mA and 6 mbar. The total fit (black) is shown
on top of the data (yellow). The contributions of
rovibrational peaks coming from transitions of states
where ν3 = 0, 1, 2, and 3 are shown separately. The data
and residual are on equal scale.
Vibrations of CO are infrared active near 2150 cm-1,
which is close enough for the CO2 and CO structures to
partially convolve, depending on the measurement
conditions. For the analysis we have therefore developed
an algorithm to calculate and fit the transmittance spectra
for CO2 and CO mixtures, while taking into account Trot,
T1,2, T3, and TCO (the temperature of the vibrational mode
of CO). The algorithm uses the HITEMP-2010 database
for e.g. energy of the transition, Einstein A coefficient,
and broadening information on IR absorption lines, up to
ν3 = 6 → 7 for CO2 and νCO = 14 → 15 for CO [6].
Fig. 2 shows an outtake in the range of 2287–2300 cm-1
of a fit on transmittance data, consisting purely of CO2
lines. The measurement is performed at 0.5 ms after
plasma-on, at 6 mbar with a plasma current of 50 mA.
The residual of the fit is shown in the bottom panel, in the
same scale as the data. Contributions of transitions
coming from ν3 = 0, 1, 2, and 3 are represented in
different colors. The temperatures at the depicted 0.5 ms
after plasma-on are fitted to be Trot = 437 K, T1,2 = 459 K,
and T3 = 913 K. Therefore, a clear asymmetric stretch
excitation of CO2 is observed, with respect to the other
temperatures. To study the link between this excitation
and CO2 dissociation, additional measurements are
required. Furthermore, results from an experiment at
similar conditions are compared to a kinetic model, taking
into account electron-vibration, vibration-translation, and
vibration-vibration energy exchanges. For details and
results, see [7].
4. Raman spectroscopy setup and results
Fig. 4 shows the setup used for the Raman experiments.
A frequency doubled Nd:YAG laser (532 nm) is focused
into the plasma reactor. At an angle of 90°, scattered light
is collected and focused into a fiber, after which it is
collimated and passes through a volume Bragg grating.
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The grating functions as an ultra-narrow-band notch filter
(full width of 7 cm-1 ≡ 0.2 nm, 4.0 optical density at
center wavelength), necessary to filter out the relatively
intense Rayleigh scattered light in the center of the
rotational Raman lines [8]. Hereafter, the remaining light
is focused into a spectrometer (Jobin Yvon, HR 640, incl.
2400 l/mm grating) and detected by a custom intensified
CCD camera.
The laser used for the experiments is pulsed at a
frequency of 100 Hz and a pulse width of 9 ns. Therefore,
time-resolved measurements can be done w.r.t. the duty
cycle of the plasma. Furthermore, since scattered light is
only detected from the focal point of the laser, Raman
spectroscopy is also spatially resolved, with a typical
resolution of 70×70×70 µm3. Different positions inside
the plasma reactor can be studied by translating the
reactor w.r.t. this detection volume.
In Fig. 3 the rotational temperatures of a preliminary fit
are shown for Raman measurements on a 5-10 ms on-off
duty cycle discharge, at 50 mA and 6 mbar. Raman
spectra are acquired at five different positions along the

Fig. 3. The rotational temperature as measured with
Raman spectroscopy on a 5-10 ms on-off duty cycle
discharge, at 50 mA and 6 mbar. Raman spectroscopy
being a spatially resolved technique, allowed for
measurements at different points along the longitudinal
axis of the plasma. The rotational temperature measured
using FTIR is shown as well.
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longitudinal axis of the plasma, 0 cm being at the cathode
and 17 cm at the anode. The fitted temperatures do not
show a significant change along this axis, showing that
the discharge is uniform in temperature. This corresponds
well to the assumption necessarily made for the FTIR
analysis, that along the line-of-sight there are no
significant temperature changes.
The rotational temperature resulting from the FTIR
analysis is shown in Fig. 3, as well. Both temperatures,
independently measured using Raman spectroscopy and
IR absorption correspond well, both showing the heating
of the gas during the plasma-on phase, and a gradual
cooling down, when the plasma turns off. This affirms the
validity of both measurement techniques and the
reliability of vibrational temperatures resulting from the
infrared absorption measurements. Furthermore, since
rotational Raman scattering is dependent on the
vibrational level of the molecule, additional analysis of
the measured spectra can give information on the
vibrational temperatures inside the plasma [9].
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5. Summary
Concluding, both infrared absorption and Raman
spectroscopy are successfully used to measure
temperatures inside a pulsed CO2 glow discharge. The
rotational temperatures determined with the two
techniques are similar. Raman spectroscopy, being a
spatially resolved technique, shows negligible variation in
the longitudinal temperature profile inside the plasma.
Furthermore, the analysis of the infrared absorption
spectra, using a self-built algorithm to fit non-equilibrium
transmittance spectra of CO2 and CO, result in an elevated
temperature of the asymmetric stretch vibrational mode of
CO2. Excitation of this mode is in literature presumed to
be crucial for efficient dissociation of CO2 to CO in a
plasma.
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Plasma diagnostics and modelling of lithium-containing plasmas
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Abstract: We studied argon plasmas containing a lithium (Li) – silicon (Si) precursor to
synthesize LixSiy thin films for lithium ion batteries. Film characterization and plasma
diagnostics as a function of axial position in the tubular reactor showed that Li-to-Si ratio
along the tube axis was non-uniform. A one-dimensional transport model was developed to
explain this non-uniformity, concluding the axial depletion of Li results in decreased Li
incorporation into the films deposited further downstream, yielding a smaller Li-to-Si ratio.
Keywords: Low pressure plasmas, Thin films, Lithium, Silicon, Plasma diagnostics
1. Introduction
Thin film deposition from chemically reactive plasmas
offers intriguing coupling between plasma physics and gas
phase chemistry because the plasma contains multiple
species. Plasma enhanced chemical vapour deposition
(PECVD) is widely used to synthesize thin films at low
temperature and low pressure [1, 2]. The detailed
investigation of plasma parameters and analysis of species
diffusion can help to improve the thin film properties [3-7].
By understanding correlations between particle fluxes and
surface reactions, the film properties can be controlled [8].
In this study, we conducted experiments on argon
plasmas containing a lithium (Li) – silicon (Si)
metalorganic vapour as the precursor [lithium bis
(trimethylsilyl) amide (LiHMDS)] for deposition of LixSiy
thin films. These films find applications in energy storage
[9] and have attracted attention as the cathode material in
lithium ion batteries because of their large theoretical
capacity [10-12]. Li-to-Si ratio is an important parameter
in these films and must be controlled to optimize their
performance in a battery.
Many reports discuss electrochemical methods for
depositing Li-Si alloys [13] but to our knowledge there
have not been any attempts to deposit such films using a
nonthermal plasma. In this study, we use a low-pressure
nonthermal plasma to deposit LixSiy thin films and explore
the factors that affect the Li-to-Si ratio. Films were
characterized using inductively coupled plasma atomic
emission
spectroscopy
(ICP-AES)
and
X-ray
photoelectron spectroscopy (XPS) to determine their
composition, and using scanning electron microscopy
(SEM) to determine their thickness. Optical emission
spectroscopy (OES) in conjunction with rare-gas
actinometry was employed as a plasma diagnostic to
measure the electron temperature as a function of position
and plasma conditions. A simple one-dimensional
transport model was developed to understand the
experimentally determined variation of the Li-to-Si ratio in
the films as a function of position in the reactor. Li-to-Si
ratios predicted by the model were compared experimental
measurements to confirm the validity of our simple model.
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Fig. 1 Sketch of the plasma deposition reactor showing the
quartz tube, electrodes powered by an RF power supply,
and gas handling lines with a precursor bubbler and
exhaust.
2. Experimental
LixSiy films were deposited in a tubular capacitively
coupled argon plasma. The configuration of the reactor is
shown in Fig. 1. The reactor was a cylindrical quartz tube
with 2.54 cm diameter and 25.4 cm in length. Two 2 cm x
3 cm copper parallel plates powered by 10 W radio
frequency (RF) sinusoidal wave (ENI RF power amplifier
model A150 and Tektronix function generator AFG 3251)
served as electrodes on the sides of the tube. To study the
axial uniformity and variation of the Li-to-Si ratio as a
function axial position, films were deposited on 1 cm × 10
cm rectangular molybdenum foil substrates attached to the
inner reactor wall on the side of the grounded electrode.
Gases were fed from the top of the reaction tube and
pumped through an exhaust at the bottom using a
mechanical pump (Trivac type D16B). A bubbler filled
with the Li – Si precursor, LiHMDS, was connected to a
side arm located near the top of the tube and was
maintained at 70℃ using a heater. This precursor sublimed
and was fed into the reactor using argon as the carrier gas.
Additional argon gas, in addition to the carrier gas, was fed
from the top of the tube. Argon flow rate through both gas
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lines were maintained at 20 sccm each, yielding a total flow
rate of 40 sccm and a pressure of 340 mTorr. Partial
pressure of this precursor was 10 mTorr. The substrates
were cleaned for 10 minutes by maintaining a pristine
argon plasma before each deposition. Deposition duration
was 10 minutes for each experiment and the thickness of
the films were approximately 1 μm as determined from
SEM images. The films were characterized by XPS (SSX100, Surface Science), ICP-AES (Thermo Scientific iCAP
6500) and SEM (JEOL 6500). XPS was used to determine
the atomic composition of the surface while ICP-AES was
used to characterize the film composition in the films.
These measurements were conducted on 1 cm × 1 cm
samples cut from the substrate located at 1 cm, 3 cm and
6 cm downstream from the reactor inlet. Optical emission
was collected using an optical fiber and dispersed using a
monochromator (SpectraPro 275 Action Research
Corporation). OES in conjunction with actinometry was
used to measure the spatial variation of the electron
temperature along the tube axis. Specifically, the electron
temperature was determined using rare gas actinometry as
described in references [14-18]. Intensities at 420.0 nm
(Ar I) and 750.3 nm (Ar I) were selected for the line
emission ratio.
3. Modelling
The variation of Li-to-Si ratio in the film was also
studied using a one-dimensional model. The objective of
the model was to explain the spatial (along the axis of the
tube) variation of the Li-to-Si ratio in the film. Only the
major factors that were thought to affect the film
compositions were taken into account in the model. Axial
excitation and ionization rates determined from the axial
variation of the electron temperature determined from OES
were used as input to the model. There are three steps in
the modelling. Firstly, we solved the Boltzmann equation
to determine the electron energy distribution function via a
Boltzmann solver BOLSIG+ by Hagelaar [19]. Secondly,
we calculated electron impact rate constants by BOLSIG+
for each reduced electric field based on ionization and
excitation cross section data measured by Schweinzer [20].
We estimated species dissociation cross sections by
analogy to species for which this data is available because
there are no previous measurements of the LiHMDS
collision cross sections. For the dissociation of the
LiHMDS, silane dissociation cross section was assumed to
be close [21, 22]. The Li dissociation rate constant was
calculated from an Arrhenius equation [23-25] using
lithium nitride bond dissociation energy as the activation
energy. Thirdly, we used these rate constants to model the
simplified electron impact chemistry with only five major
species: LiHMDS, neutral lithium, neutral silicon, ionized
lithium and ionized silicon. Species conservation equations
were solved to calculate the species fluxes to the wall and
the substrate surface. Species losses were due to
dissociation, ionization, and diffusion and convection to
the wall. Following, an order of magnitude analysis was
used to simplify the conservation equations. The simplified
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second-order linear differential equations could be solved
analytically [26] and the solutions are summarized in
equations (1-6) where ,
, , ,
, , ,ℎ , , ,
, , ℎ and
are =
, representing the
two species, initial precursor concentration, concentrations
as function of axial position x, dissociation rate constant,
ionization rate constant, Bohm velocity, the gas flow
velocity, geometrical factors, the radius of the tube, binary
diffusion coefficient, ambipolar diffusion coefficient,
electron density, thermal velocity and sticking coefficient
of each species, respectively. The solutions are
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4. Result and discussion
The electron temperature distribution along the tube is
shown in Fig. 2. Electrodes are located between 3 cm to 6
cm from the reactor inlet. The measured electron
temperature was around 2.75 eV at the inlet and reached a
peak in the between the electrodes, decreasing to 0.64 eV
in the faint downstream plasma below the electrodes. Film
characterization by XPS and ICP-AES showed that the Lito-Si ratio along the plasma was highly non-uniform as
shown in Fig. 3, varying approximately from 3:1 (Li:Si) at
the upstream end of the substrate to 1:1 at the downstream
end. We hypothesized that the axial variation of the Li-toSi ratio is due to differences in the neutral and ionic
diffusivities of Li and Si species. Fig. 4 shows a
comparison between the simple one-dimensional transport
model and the experimentally measured Li-to-Si ratio in
the film. The axial variation of the electron temperature as
well as the mass difference between the Li and Si species
cause the axial variation in the Li-to-Si ratio. Li
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Electron temperature (eV)

dissociation rate constant was used as a parameter and
varied to match the measured Li-to-Si ratio level. Green
line was calculated using the Arrhenius equation with
lithium nitride bond dissociation energy as the activation
energy. Other lines used values ranging 2-4 times the rate
constant used for the green line. The plasma region with
low electron temperature ionizes more Li than Si because
of the low Li ionization energy (5.39 eV for Li and 8.15 eV
for Si). The smaller mass of Li or Li+ also leads to high
transport rate to the substrate. The axial depletion of the Li
species causes the reduced Li incorporation in films
deposited further downstream, yielding a smaller Li-to-Si
ratio.
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Fig. 2 Electron temperature distribution along the tube as
determined using OES actinometry. Electrodes located
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model predictions.
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5. Conclusions
We demonstrated the synthesis of LixSiy films by
PECVD of lithium-containing argon plasmas, and
developed a simple one-dimensional model for the
deposition process. The film characterization showed that
the Li-to-Si ratio along the plasma was highly non-uniform,
varying from 3:1 (Li:Si) at the upstream end of the
substrate to 1:1 at the downstream end. The comparison
between the simple one-dimensional transport model and
the experimentally measured ratio showed a similar trend
but also strongly depended on the Li dissociation rate
constants. This agreement indicates that both the electron
temperature variation and the mass difference between the
Li and Si species cause the axial variation of the Li-to-Si
ratio. Li is ionized more easily than Si in plasma regions
with low electron temperature because of the low Li
ionization energy. The smaller mass of Li also leads to a
high transport rate to the substrate. The axial depletion of
the Li species causes the reduced Li incorporation into the
films deposited further downstream, yielding the smaller
Li-to-Si ratio.
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Gas temperature dynamics in pulsed CO2 microwave plasma: unravelling
quenching of vibrational excitation
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W.A. Bongers, M.C.M. van de Sanden, and G.J. van Rooij
DIFFER - Dutch Institute for Fundamental Energy Research, De Zaale 20, 5612 AJ Eindhoven, the Netherlands
Abstract: Phase resolved measurements of rotational temperature profiles and plasma
emission are presented for pulsed (2.5-5 kHz, duty cycle 20-100%) CO2 microwave plasma.
It is shown that higher power densities increase the electron temperature and drive faster
heating of the neutral gas, likely by intensifying dissociative excitation. In the present
operational regime, CO2 conversion is dominated by thermodynamic equilibrium conversion
so that reducing duty cycle improves performance.
Keywords: microwave plasma, Raman scattering, CO2 reuse.
1. Introduction
A transition to a circular economy requires compatibility
with the thermodynamically most stable raw materials as
CO2 and H2O and, at the same time, with the intermittency
of sustainable electricity sources. Plasma activation of CO2
potentially unites these aspects. The preferential
vibrational excitation overpopulating higher vibrational
levels is recognized as the key to success in the plasma
approach, which in turn requires maintaining low gas
temperatures in the reactor [1]. In this contribution, we
characterize gas temperature dynamics in pulsed
microwave experiments and relate these to a qualitative
assessment of the electron temperature. Understanding of
vibration-to-translation transfer is inferred from these
experimental observations.
The generic approach followed within the present paper
is to pulse the microwave at a rate that is expected to be
significant to prevent vibration-translation transfer at the
timescale of the plasma pulse. Variation of the duty cycle
allows to vary peak power independent of average power
and thus to investigate the importance of global plasma
conditions, particularly in a qualitative assessment of
plasma density and temperature. Comparison of the in situ
gas temperature with the overall conversion performance
yields the dominant conversion process.
2.Experimental
Plasma is generated by a solid state microwave source with
a peak power of 430W that is pulsed with a frequency of
2.5-5kHz and with a variable duty cycle (Fig. 1). The
plasma is contained in a 18mm inner diameter quartz tube
(total length 20cm). Pure CO2 gas is injected tangentially
to create rotation in the flow, which is sufficient to keep the
plasma in the centre and prevent contact with the wall.
Laser Raman scattering is employed to measure the
rotational temperature of the plasma. The frequency
doubled Nd:YAG laser (5W, 10 Hz) is focussed in the
radial centre of the plasma and scattered light is analysed
with a Triple Grating Spectrometer (TGS) to filter out the
central Rayleigh peak. The resulting spectrum is recorded
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by an ICCD camera that integrates ~1200 laser shots per
spectrum. Rotational peak distributions were fitted to
obtain the rotational temperature, both axially and
temporally resolved. It is assumed that the rotational
temperature is in equilibrium with the gas temperature at

Fig. 1: Schematic of the vortex stabilized pulsed CO2
microwave experiment with laser Raman scattering for
rotational temperatures and effluent FTIR analysis for
overall conversion.

Fig. 2: In top right the plasma is depicted with the laser and
flow direction (green). The recorded spectrum (top left) is
binned in 6 spatial bins (orange), each resulting spectrum is
then separately fitted.
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all times. The recorded spectrum is axially binned into 6
bins to increase signal strength, with a total coverage of 12
mm as shown in Fig. 2. The complete optical setup is
described in more detail in [2].
A fast visible camera (Phantom CMOS) is used to
measure phase resolved plasma emission profiles in the
course of the plasma pulse.
The effluent of the reactor is analysed by Fourier
Transform Infrared Spectroscopy to determine overall CO2
dissociation.
3.Results
First, the effect of pulsing the plasma on the rotational
temperature profile is studied for three values of the duty
cycle: 100% (DC), 50% and 28.5%. The average power is
kept constant, which allows for a direct comparison of the
three settings, thus the peak power increases as the duty
cycle decreases. Fig. 3 shows the measured axial profiles
of the gas temperature. It is seen that lowering of the duty
cycle causes first of all the overall temperature profile at
the end of the power “on” phase to increase. Especially
upstream, in the onset of the discharge, a much faster
heating rate is observed, evidenced by increased
temperatures. Apparently, heating due to increased peak
power is more significant than reducing the heating phase
compared to the vibration-translation transfer time
constant. Furthermore, the effect of cooling during the
power “off” phase is independent of the duty cycle. From
the plot it is clear that the gas temperature increases for the
lower duty cycle, rather than decreases. This shows that the
increase of peak power is more important than the time in
between to cool the gas.

Fig. 4: Temperature evolution during a pulse at two axial
positions. Main discharge parameters: 75 mbar, 150W
average, 1.8 slm, 2.5kHz.

averaged temperature still increases for higher peak powers
and particularly broadens towards the discharge onset.
We seek a qualitative insight in the plasma electron
temperature by evaluating the spontaneous plasma
emission. As the emission intensity in a plasma is given by
exp

(1)

it should reflect changes in both the electron density and
temperature. The emission was recorded as a function of
time for three duty cycles 100%(DC), 50% and 20%. From
the particle-power balance it is to be expected that the
electron density linearly increases with the peak power.
The emission should thus increase accordingly.
Normalizing the emission to the peak power eliminates the
plasma density effect and leaves only the effect of electron
temperature. The results of the normalization are shown in
Fig. 5. During a pulse, the intensity first overshoots,
subsequently it falls off to a local minimum, after which it

Fig. 3: Rotational temperature profile along the axis of the
plasma reactor for three settings of the duty cycle. Main
discharge parameters: 160 mbar, 80 W, 1.9 slm, 5 kHz. The
measurements are performed at the end of the power “on”
(solid symbols) and “off” (open symbols) period,
respectively.

The temperature evolution is shown in more detail in
Fig.4 for a 40% duty cycle plasma, in a comparison
between close to the entrance (z = 1.9 mm) and close to the
centre of the waveguide (z = 8.0 mm). Though the gas
indeed cools down rapidly during the off time, the cycle-

ISPC23, Montreal, Canada

Fig. 5: Time resolved plasma emission normalized by the
peak power for three settings of the duty cycle. Main
discharge parameters: 160 mbar, 80W average, 3.8 slm,
5kHz.
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slowly rises again. This effect is most pronounced in the
20% duty cycle emission. The peaking at the start of the
pulse can be explained by the increase in Te needed to
replenish the plasma electrons that were lost during the
plasma off phase. Once enough electrons are produced to
accommodate the input power, the electron temperature
reaches a minimum. Recalling the time evolution of gas
temperature (Fig. 4), it is realized that the neutral density
is reduced during the power pulse. At the one hand, this
causes a decrease in the emission (reduced n0 in eq. 1). This
is apparently more than compensated by an increase of the
electron energy due to the accordingly increased reduced
electric field:
~

(2)

This effect is recognised in the steady increase of emission
in the second phase of the power on pulse. The overall
increase in emission with peak powers, i.e. decreasing duty
cycle, must be due to an additional increase in electron
temperature, independent of changes in the reduced electric
field.
The increase in electron temperature with increasing
power was anticipated for molecular plasma in our
previous work[1] by recognising that the electron loss rate
is dominated by dissociative recombination, proportional
to ~ne2. This effect drives up the electron temperature to
balance the increased loss at higher powers.
The increase in electron temperature will also drive faster
heating of the neutral gas. This effect was also predicted by
BolSig simulations in [1]. The increased electron
temperature intensifies direct electron impact dissociative
excitation compared to vibrational excitation. The
dissociation products carry the large amount of excess
energy as kinetic energy and will thus efficiently heat the
gas and quench vibrational excitation.

The energy efficiency at which CO2 is converted into CO
(+ ½O2) in the pulsed plasma is presented as function of
duty cycle for a range of different pressures in figure 6. It
shows that lowering the duty cycle (i.e. increasing power
density) is beneficial for the energy efficiency. In other
words, high gas temperatures drive the conversion, thus
thermodynamic equilibrium conversion dominates under
the present conditions the production of CO.
While the equilibrium composition is favoured more
towards CO+½O2 at high temperatures, there is a second
advantage of an elevated temperature. Increasing the
temperature e.g. from 2800K to 3500K will reduce the
equilibration time constant from ~10ms to ~1ms [3]. Since
the residence time in the plasma is limited to tens of ms,
the faster kinetics will aid to reach the equilibrium more
rapidly, so that equilibrium composition is more likely to
be reached before the gas exits plasma.
4. Conclusion
Gas temperature dynamics were investigated in a pulsed
microwave CO2 plasma by use of rotational Raman scattering
and spontaneous emission. In-situ gas measurements showed
that under the operational regime explored in this work,
pulsing of the microwave power is heating up the plasma
rather than cooling it down. The driver for this gas heating is
likely the high electron temperature that was measured by
spontaneous emission. Due to the high electron temperature,
inefficient electron impact excitation becomes dominant over
vibrational excitation, which results in heating of the gas.
Nevertheless, the increase in gas temperature helps to increase
thermal conversion by virtue of faster equilibration and an
equilibrium composition more favoured towards CO.

5. References
[1] G.J. van Rooij et al., Faraday Discuss. 2015, 183, 233.
[2] M.J. van de Sande et.al, J. Phys. D: Appl. Phys. 35 (2002)
1381–1391
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10.1002/ppap.201600120

Fig. 6: Efficiency of conversion plotted against duty cycle
for a range of pressures. Main discharge parameters: 80 W
average, 1.8 slm, 5kHz.
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Analysis of radical distributions around the filamentary plasma discharge
channel at atmospheric pressure
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Abstract: A free energy dissipation model governed by the convection-diffusion equation
is proposed for qualitative analysis of the radical distributions around a plasma discharge
channel. The convective term and the source term in the governing equation are compared
by defining the Damkohler number (Da). For energetic radicals produced by electron
collisions, Da is larger than 1 and the flow effect is weak. Otherwise, the turbulent flow
wrinkles the radical profiles easily. This is confirmed by the OH LIF measurements.
Keywords: Filamentary plasma, Radical profiles, Energy dissipation model, Flow effect.
1. Introduction
Non-thermal plasma has been employed in a variety of
applications such as combustion assistance, natural gas
reforming, decontamination, material treatment, etc. [1].
Here the effect of plasma is owing to the various radicals
around the plasma. How these active radicals are
distributed in space is key knowledge in understanding
the role of plasma as a source of active chemicals as well
as a tool for chemical treatment. Experiments have
indicated that the plasma is always filamentary at the
atmospheric pressure. The radius of conductive column is
less than 1 mm [2], while the width of generated radicals
could reach centimeters (e.g. OH [3]). The flow field also
shows great impacts on the spatial profiles. In order to
interpret the experimental results more deeply, some
theoretical analysis is necessary. Therefore, a qualitative
model is here proposed to explain the radical distributions
and discuss the flow effect meanwhile.

Where Gp(r) is the overall free energy at location r; xj and
Gj(r) are respectively the mole fraction and the free
energy of radical species j at the location r. Like the
common scalars such as concentration and temperature,
Gp is controlled by the convection-diffusion equations as
well, expressed as Eq.(2).

2. Energy dissipation model
Essentially, the discharge is an energy transformation
process where the electrical energy is converted into
chemical and thermal energy. Fig. 1 shows a schematic of
some energy transfer pathways. The electrical energy is
initially introduced to an existing plasma system by
accelerating the electrons in the plasma core region. The
produced energetic electrons will collide with ambient
molecules to transfer the energy and produce radicals.
These energetic radicals could also collide with other
radicals or molecules to dissipate the energy. Due to the
molecular collision and diffusion, the radicals spread
outside the plasma core until reaching an energy balance
with the surroundings.
As we know, during the energy conversion in the
plasma, the energy quality also drops from electricity to
heat. The energy quality can be described by the free
energy according to the second law of thermodynamics.
Here an overall free energy is defined by Eq.(1) to
quantify the non-thermal plasma state during discharge.

Fig. 1 Schematic of some energy transfer pathways
around the plasma filament. A/A*, B/B*, C/C*, D* and
E* represent different radicals.

Gp ( r )   x j G j ( r )
j
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(1)

G p
t

   (  Dp G p )  u g  G p  Q p

(2)

Where Dp is the effective diffusivity; ug represents the
velocity field; Qp represents the source term.

For the filamentary plasma, the free energy source is
located in the thin conductive column. Therefore, the
conductive region (i.e. plasma core region) and the
outside region (i.e. plasma wing region) are separately
analyzed for simplicity. In the plasma core region, the
radicals and electrons are assumed to be evenly
distributed by neglecting the spatial gradient. Using the
quasi-static approximation, Gp,core could be estimated
from the composition and the free energy of all species
(see Eq.(1)). In the plasma wing region, there is no free
energy source but considering the energy degradation
during collisions, a dissipation term should be added.
Thus the governing equation is reduced to:
Gp
t

   (  Dp Gp )  u g  Gp  Qdis

Qdis 

Gp

(3)

 dis
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Where Qdis and τdis are the effective dissipation rate and
dissipation timescale, respectively.
The plasma core region and the plasma wing region are
connected through the continuity equation:
(Gp, core  Gp ) H   n  Gp r  0

(4)

Here H represents the free energy transfer rate between
the plasma core and wing regions.
Gp,core varies depending on different discharge
conditions but is not our concern here. Our focus is on the
plasma wing region. To get a relative profile, Eq.(3) could
be dimensionless with Gp,core. A basic simulation domain
and boundary conditions in the plasma wing region is
illustrated in Fig. 2. Two cross-sections in the cylindrical
coordinate are chosen for qualitative analysis. Note that
the simulation results below are only the relative values.

(a)
(b)
Fig. 2 Simulation domain and boundary conditions. (a) z-r
cross-section and (b) x-r cross-section. z axis is along the
plasma column.
Usually, the specific radical or temperature profiles are
derived through solving all the convection-diffusion
equations. However, attributed to the complicated and
unclear discharge kinetics, the direct simulation of all
radicals and temperature is difficult and time-consuming.
Taken into consideration that the radicals reach a quasisteady state quite fast compared with the convection and
diffusion, the static approximation is assumed that the
radical concentration is mainly governed by the overall
free energy (Gp). Thus the radical profiles could be
mapped from the overall free energy profile.
The mapping relationships are not easy to obtain yet.
Here, two types of relations, i.e. Arrhenius and Gaussian
functions are applied to correlate the radical concentration
(nj) and the free energy.

nj
n j,max

Ea, j

exp(  G )
p

~ f (Gp )  
2
(
G
exp[  p  Gp, j ) ]
2

j


Fig. 3 Two typical radical profiles for specific species

(5)

Where nj is the species concentration, Ea,j and σj are
constants, subscript j represents specific radical species.
These two relations correspond to two typical cases, as
shown in Fig. 3. The first type is a unimodal radial profile,
meaning that the radical concentration increases
monotonically with the overall free energy, while the
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second type is a bi-modal radial profile, indicating the
radical species has the maximum concentration around a
specific free energy value. Ea and σ in Eq.(5) represent the
sensitivity of concentration to Gp. They also reflect some
kind of effective lifetime of radical species (τj,eff).
Qualitatively, a long lifetime implies a small Ea or large σ
and vice versa.
About this lifetime, we need to explain a little more.
τj,eff is a result of radical generation and quenching.
Firstly, in the plasma, a collisional generation chain exists:
eABCD…, where A, B, C and D represent
different radicals. It means the radical generation is
correlated with each other that one radical profile will
impact other radicals in the downstream of the chain.
Therefore, τj,eff not only represents the dissipation
characteristics of radical species j but also others in the
same generation chain. Furthermore, we can speculate
that τj,eff represents the longest effective lifetime of species
in its generation chain if the radical quenching is fast
enough. Secondly, due to the uniqueness of electrons or
ions in the plasma, we classify the reaction or collisions
into two types, i.e. molecular reaction and electron/ion
collision reactions. Thus the radicals are also classified as
generating from molecular reactions or electron/ion
collision reactions. In the atmospheric pressure, the
conductive column is very thin and the electrons or ions
are mostly located in the plasma core region. Therefore,
in the plasma wing region, the lifetime of radicals
generated from molecular reaction is controlled by the
generation and quenching processes while those generated
by electron/ion collisions are controlled by the quenching
process only. This difference will result in huge
difference of τeff for different types of species.
It is noted that the radicals are classified by not only the
chemical composition but also the electronic state. For
instance, the excited and grounded hydroxides are
distinguishing with different electronic state.

According to the proposed model, when the related
parameters are derived, the overall free energy and radical
profiles could be simulated by solving the convectiondiffusion equation. When neglecting the flow effect, the
typical radial distributions of Gp and radicals are shown
below:
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r2

))
(9)
r (t ) 2 r
Where rc is the core radius of vortex, Γ is circulation
contained in the vortex. rc and Γ control the scope and
time scale of the vortex. The simulation is conducted by
the Software Comsol. The simulation domain and
boundaries refer to Fig. 2.
Fig. 5 shows the radical profiles under the impacts of a
vortex in the z-r cross-section. Due to the collective
movements of flow, the surrounding cold molecules
penetrate further into the hot region with high-Gp value
around the plasma column and some hot radicals flow out.
Thus some part is thinner while other part is thicker. As a
result the radical profiles are wrinkled and stretched.
u  (1  exp(

Fig. 4 Radial distributions of (1) overall free energy, (2)
radicals with unimodal profile, and (3) radicals with bimodal profile. In the simulation, Ea/Gp,core=1, σ/Gp,core=0.3.
3. Flow effect: reshaping the radical profiles
The general convection-diffusion equation like Eq.(3)
could be dimensionless as:
Gp / G p,0 D j 0  2 Gp / G p,0 u g 0 G p / Gp,0
Gp 0
 2


t /  0
L
( x / L) 2
L
x / L
G p,0 dis

2
c

(6)
where Gp,0, τ0, L are typical free energy, time scale and
length scale for non-dimensionalization. Peclet number is
thus defined as the ratio of convective and diffusive rates:
u g 0
D j 0
ug L
Pe ~ (
)/( 2 )
(7)
L
L
Dj
In the flow, Pe is usually larger than 100 (e.g. Dj=10-5
m2/s, L=0.01m, ug=0.1m/s ). So the convective term is
more dominant compared to the diffusion term.
Damkohler number (Da) is used to compare the
dissipation term and the convective term, given as:
L
Da 
(8)
ug dis
For a specific radical j, the Damkohler number should
take into consideration the mapping relationship between
Gp and nj. If using the Arrhenius function in Eq.(5), Daj
can be expressed as:

L
L

(9)
ug j,eff u g ( dis Gp / Ea, j )
As a result, if Daj>>1, the flow field shows weak impacts
on the radical profile. The condition of Daj>>1 is easy to
satisfy for the high-active radicals from electron/ion
collisions since the quenching rate is very fast. Otherwise,
the radical profile will be influenced by the flow field.
To show the turbulent flow effect, we need to combine
the Navier-Stokes equation and the convection-diffusion
equation (Eq.(3)). However, the turbulent flow is not easy
to simulate directly. Considering that the turbulent flow
field could be regarded as a combination of different
vortexes, the interaction between the plasma column and
a single vortex is preliminarily simulated to represent the
turbulent effect. In the simulation, the conductive plasma
column is chosen as a fixed coordinate and the flow field
is relative to the plasma column. The Lamb-Oseen vortex
model is to describe the initial flow field with a vortex:
Da j 
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Fig. 5 Radical profiles under the impacts of a vortex. The
colorbar indicates the relative concentrations.
The real turbulent flow is a mixture of vortexes with
different length and time scales, together with 3dimensional effects. Thus the realistic profiles are
complex and difficult to predict. However, we believe the
basic stretched and wrinkled shape should be similar to
that in Fig. 5. Meanwhile, since the input energy from the
power supply is limited, the turbulent flow enhances the
dissipation, thus naturally to shrink the radical profile. To
summarize, a diagram is drawn to depict the possible
profiles under different effective radical lifetime (τj,eff)
and vortex timescale (τflow). In Fig. 6, when τj,eff is much
smaller compared to τflow, the flow effect is weak.
Otherwise, the turbulent flow will wrinkle the profiles.
We also speculate that if τj,eff is large and τflow is small
enough, radicals will be potentially transported and
isolated from the plasma column, forming a radical
pocket.
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Fig. 7 OH profile measured by PLIF technique. The red
dashed circle indicates the radical pocket.
The decay time of grounded OH is as long as
milliseconds, so the flow field shows obvious impacts on
the profile that the OH profile is wrinkled and stretched.
Meanwhile, the width becomes smaller with flow rate
increase (see Fig. 7). Some isolated OH pockets are
detected. In consideration of the size and shape of those
OH pockets, the reason is likely attributed to the 3D effect
of vortexes that the radical profiles are stretched on the
planes perpendicular to the laser sheet.

Fig. 6 Diagram of the radical profiles with respect to the
flow and radical time scale.
4. Examples: hydroxide (OH) profile
The OH signal has been widely detected in the
atmospheric-pressure air. In our previous work [3], the
PLIF of grounded OH is conducted to analyze its spatial
distribution, together with the measurement of the
spontaneous emission of excited OH*. Fig. 7 shows the
cross-sectional OH profile at two different flow rates. The
details about the experimental setup could refer to [3].
Interestingly, the grounded OH is mostly generated
outside the plasma core to form a hollow structure and
spread as wide as more than 1 cm. It corresponds to the
second type of distribution in Fig. 3. Nevertheless, the
excited OH* is distributed around the plasma column with
a full width at half maximum of around 3 mm (see Fig. 8),
corresponding to the first profile type in Fig. 3. As we
know, the free energy of excited OH* is higher than that
of the grounded OH. In the plasma core region, the
excited OH* is more easy to survive due to collision with
other energetic radicals, while outside the plasma core
region, the OH* becomes grounded OH since the overall
free energy drops.

Fig. 8 (1) Plasma emission column to represent the profile
of excited OH*. (2) Cross-sectional profile of the
emission.
5. Conclusion
A free energy dissipation model governed by the
convection-diffusion equation is presented to depict the
radical profiles around the plasma filament. It
demonstrates the naturally decaying of overall free energy
along the radial direction. However, for the specific
species, two basic types (unimodal and bi-modal) of
radical profiles are possible depending on the free energy
range and the mapping relationship between Gp and nj.
Through dimensionless analysis, the Pelect number (Pe)
and the Damkohler number (Da) are defined to compare
the convective term with diffusion and dissipation terms,
respectively. Since Pe is always larger than 100, the flow
effect is dominant compared to the diffusion. Highenergetic radicals will be weakly impacted by flow since
Da is much larger than 1. Other radicals with long
effective lifetime are easy to be wrinkled by the turbulent
flow. This speculation has been confirmed partially by the
OH PLIF results. In the future the profiles of energetic
radicals like N2(A, B, C) need be measured to confirm the
proposed model.
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Abstract: Cold non-equilibrium atmospheric pressure plasma jets are increasingly applied
in material processing and plasma medicine. However, their small dimensions make
diagnosing the fluxes of generated transient species a challenge. We have overcome these
limitations by using cavity-enhanced spectroscopy techniques to achieve effective
absorption path lengths of up to 100 meters in mm-sized plasma jets. In this contribution,
we report on the detection of HO2, N2(A3u+), Ar2 excimers, and Ar2+ ions.
Keywords: atmospheric pressure plasma jet, transient species, cavity-enhanced absorption
spectroscopy, cavity ring down spectroscopy.

1. Introduction
Over the last decade, non-equilibrium atmospheric
pressure plasmas are increasingly applied in materials
processing due to their favourable properties. At the same
time, cold non-equilibrium atmospheric pressure plasma
jets have emerged worldwide and gained strong attention
due to their use in the field of plasma medicine [1], where
the high reactivity at low gas temperature is crucial for
interaction with sensitive biological systems [2]. The
same holds for the material processing of temperature
sensitive materials. Hence, it is essential to diagnose the
fluxes of the species generated by these plasma sources to
identify relevant fundamental processes, improve process
efficiency and to be able to tailor the produced species for
specific applications. Especially, for a comprehensive
understanding of the kinetics of the transient species
involved high precision measurements of reactive
molecular precursors, free radicals and short-lived species
are of crucial importance. Due to their small size and high
density gradients in space and time, these jets, however,
are difficult to diagnose quantitatively. Absorption
spectroscopy has become a popular method for
characterizing the fluxes of species generated by these
plasma sources [3]. To achieve space-resolved densities
from the line-of-sight integrated densities, Abel inversion
is most commonly used, which leads to a local density as
a function of distance from the center [4]. However, the
generally small geometry of the effluent of a plasma jet
(in µm to cm range) severely limits the sensitivity of
absorption spectroscopy, especially for highly reactive
transient species.
To overcome the difficulty of small absorption lengths,
cavity-enhanced spectroscopy is a promising method for
localized measurements of species with low abundances
in plasma jets. Since the introduction of cavity ring-down
spectroscopy for absorption measurements of gaseous
samples in 1988, a wide class of cavity-enhanced
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spectroscopy techniques has been developed for probing
solids, liquids, gases, and plasmas, such as, cavity ringdown spectroscopy (CRDS), off-axis cavity-enhanced,
absorption spectroscopy (CEAS), optical feedback cavityenhanced absorption spectroscopy (OF-CEAS) [5, 6]. All
these techniques are based on the principle of coupling
light into a high-finesse optical cavity, which in its
simplest form consists of two highly reflective mirrors
containing the sample under investigation. By measuring
the light leaking out of the optical cavity with and without
absorbing medium the concentration of absorbing species
can be obtained with detectable concentrations at the ppm
to the ppt levels. Of these variants, CRDS has been
employed for the detection of species in plasmas. An
overview of the existing applications of CRDS to
characterize various types of atmospheric pressure plasma
jets can be found in [7]. In this contribution, we will
discuss our latest results concerning the detection of HO2,
N2(A3u+), Ar2 excimers, and Ar2+ ions in plasma jets
using CEAS, OF-CEAS as well CRDS.
2. Plasma jet
The non-thermal plasma used to generate the probed
species is an argon atmospheric pressure plasma jet
operated at a radio frequency around 1 MHz. The socalled kINPen-Sci has a pin type powered electrode
centered in a dielectric tubing with a circular grounded
electrode outside the dielectric [8]. The plasma jet is
operated at about 1 W dissipated plasma power.
The plasma jet is equipped with a gas curtain device,
which allows control of the atmosphere surrounding its
active afterglow [9]. Changing the composition of the
curtain gas strongly influences the reactive component
composition generated by the plasma. For instance,
humidity variation controls the output of H2O2 and OH
[10]. The feed gas argon has a flow rate of three standard
liter per minute (slm) through the plasma jet. It is
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humidified in the case of the HO2 measurements by
passing a small fraction (4%–10%) through a water
bubbler held at room temperature. The feed gas humidity
is measured with a chilled mirror dew point hygrometer
(EdgeTech DewMaster) according to the procedure
described previously [10]. The gas curtain is operated
with a mixture of oxygen and nitrogen at a flow rate of 5
slm, which can be varied from pure O2 to pure N2.
3. Detection of HO2
We recently reported on the detection of the
hydroperoxyl radical, HO2, in an atmospheric pressure
plasma jet [11]. The HO2 radical is considered an intrinsic
part of the chemical reaction network in cold nonequilibrium atmospheric pressure plasmas, due to its
involvement in the generation pathways of the hydroxyl
radical, OH, one of the most studied reactive species in
plasma jets [2, 12, 13]. The OH molecule is generated via
pathways which include HO2, which itself is quickly
quenched by air derived species [13], and therefore HO2
is mostly confined to the localized afterglow of the
plasma jet.
For the detection of HO2, we utilized the OF-CEAS
technique in which the laser is scanned over the spectral
region of interest and locks, through optical feedback, to
successive cavity resonances. Consequently, the optical
cavity is used to both greatly increase the optical
pathlength through the sample and enhance the measured
signal intensity, resulting in very low detection limits
being achievable [6]. Initially, near-infrared diode lasers
were used as sources [14, 15], but recently OF-CEAS
instruments based on quantum and interband cascade
lasers have also been reported [16–20]. Here, we present
measurements of HO2 employing OF-CEAS using a diode
laser at 1506.43 nm as the light source to probe HO 2
transitions in the first vibrational overtone of the O–H
stretch, the 21 band (centered at 6649 cm−1).

Fig. 1. Schematic of the OF-CEAS setup with the effluent
of the atmospheric pressure plasma jet placed in one of
the arms of the cavity. LD: laser diode; DL: delay line;
HWP: half-wave plate; PBS: polarizing beam splitter;
MPZ: mirror on piezo-electric transducer; FM: folding
cavity mirror; M1, M2: cavity mirrors; VD: Vidicon
camera; PD1, PD2: photodiodes; BD: beam dump; PJ:
kINPen plasma jet device.
In Fig. 1, a schematic representation of the OF-CEAS
spectrometer is depicted. The plasma jet is introduced into
the cavity via a side opening. An xy-stage allowed a
precise positioning of the effluent of the plasma jet to
intersect the laser beam. The laser beam of 1 mm
diameter passed through the plasma effluent at 11 mm
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distance from the plasma jet’s nozzle as this is the typical
distance between plasma jet and treated surfaces. From
quantitative schlieren diagnostics on the plasma jet an
absorption length of 4 mm for the plasma effluent at 11
mm distance from the plasma jet’s nozzle was obtained
[4]. The spectrometer has a minimum detectable
absorption coefficient αmin of 2.25 x 10-10 cm−1 with a 100
seconds acquisition, equivalent to 5.5 x 1012 cm-3 of HO2
if the absorption is confined to a 4 mm region.

Fig. 2. Absorption spectra for four values of the feed gas
humidity. (a) Without plasma. (b) With plasma. The
vertical scales are identical.
In Fig. 2, as an example, the measured spectra for four
different feed gas humidities without and with the plasma
switched on are shown. The water concentration was
determined by a dew point measurement and is rounded
to 10 s of ppm. We did not deduce the water
concentration from the measured absorptions since these
are due not only to the water in the plasma jet, but also to
water absorbing along the full length (1.7m) of the cavity
(the optical cavity is open to laboratory air). HO2, on the
other hand, being quickly quenched by air derived
species, does not diffuse within the cell but is localized in
the jet region. With the plasma switched off, the measured
absorption spectrum is due to three water transitions at
6637.850 cm-1, 6637.995 cm-1, and 6638.573 cm-1; these
are centered at relative frequencies of-0.355 cm-1,-0.210
cm-1, and 0.368 cm-1, respectively. With the plasma
switched on, the HO2 absorption feature at 6638.2 cm-1,
centered at 0 cm-1 relative frequency, appears. As can be
seen, the ‘plasma on’ spectrum is much noisier due to the
plasma disturbing the stability of the cavity. TheHO2
concentrations as the feed gas humidity was changed from
1000 to 4000 ppm were in the range of (3.1 ± 0.3) – (7.8
± 1.0) x 1013 cm-3. The main uncertainty in the
determination of these concentrations is the absorption
path length of 4 mm for the plasma effluent at 11 mm
distance from the plasma jet’s nozzle. The number
densities are in broad agreement with predictions from
modelling of these plasmas [13].We note, however, that
such cavity-based measurements provide a new way of
testing and improving our modelling of these complex
environments.
4. Detection of N2(A3u+)
Another interesting species generated in these
atmospheric pressure plasma jets in metastable molecular

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

nitrogen, N2(A3u+). A relatively novel laser source, a
super-continuum source, was employed to produce high
resolution spectra of the B3g A3u transition over the
600 – 800 nm spectral range. To achieve the required
detection limits, a CEAS experiment using a 4 cm long
optical cavity was built with the supercontinuum source
as the light source. A 50 nm section of these spectra (750
– 800 nm), corresponding to the 31 and 20
transitions, was analyzed in-depth to obtain the number
density of the v = 0 and v = 1 levels of the A state and the
corresponding vibrational temperature.
5. Detection of Ar2 excimers and Ar2+
It is generally assumed that in argon atmospheric
pressure plasma jets the argon molecular ions, Ar2+, and
argon excimers, Ar2*(3u), are responsible for initiating
the main chemistry. We are currently building a CRDS
setup using a Nd:YAG pumped dye laser as a light source
to investigate the concentrations of the transient argon
species Ar2*(3u), Ar2+, and Ar3+. Ar2+ can be detected at
290 and 340 nm, while Ar3+ and multiple vibrational
states of Ar2*(3u) can be detected in the spectral range
500 to 525 nm [21]. We will present results on these
concentration measurements as a function of the distance
from the plasma jet’s nozzle.
6. Conclusions
In summary, we have presented an OF-CEAS
experiment and demonstrated its first application to the
detection of HO2 in the effluent of a plasma jet. We
demonstrated a sensitivity of 2.25 x 10-10 cm-1 with a 100
seconds acquisition time under ideal conditions, which
translates into a sensitivity of 5.5 x 1012 cm-3 of HO2
assuming an absorption length of 4 mm. In the plasma jet,
HO2 concentrations in the range of (3.1–7.8) x 1013 cm−3
were detected. The HO2 concentration for different feed
gas humidity as well as for different gas curtain mixtures
of oxygen and nitrogen was investigated. For the
detection of N2(A3u+) CEAS with a supercontinuum
source was employed. With this broadband light source,
the populations in the vibrational bands of N2(A3u+) can
be detected in a wide spectral range simultaneously.
Finally, the detection of the transient argon species
Ar2*(3u), Ar2+, and Ar3+ will be presented.
The achieved detection levels indicate that CEAS and
CRDS based spectrometers will provide a new way of
testing and improving our modelling of these complex
plasma environments and will find broad application in
future studies of the chemical network in the effluents of
plasma jets.
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Numerical enhancement of the microwave cavity method
for plasma density measurement
J. Faltýnek, V. Kudrle, J. Tesař, M. Mrázková, A. Tálský
Department of Physical Electronics, Masaryk University, Brno, Czech Republic
Abstract: Microwave resonator method is well established and sensitive technique of
plasma density measurements, especially in low pressure plasmas. The traditional Slater
solution of the electromagnetic field perturbation (suitable for small perturbations only) is
replaced with more accurate, yet comprehensible numerical model, also addressing further
phenomena such as the resonator eigenmodes and the stability of the dominant mode.
Keywords: numerical model, resonator, microwave, Q-factor, plasma density
1. Introduction
The microwave cavity method is based on the shift of
eigenfrequency of a partially plasma-filled resonator,
originally described by Slater [1]. Due to low collision
frequency it is mostly used in low pressure plasma
diagnostic. Slater approach uses perturbation method,
which is simple and analytically solvable but it introduces
certain inconsistencies and the plasma induced
perturbation must be small. In many plasma studies, the
high permittivity of the discharge tube (fused silica
permittivity is almost 4) can easily violate this condition
as the plasma is confined nearby, i.e. in high field region.
This can lead to significant errors (easily over 50%). The
advances in numerical modelling permit direct calculation
of electromagnetic fields and resonant frequencies, giving
more accurate results over the traditional method.

sensitive enough to detect even the smallest perturbations
(such as the difference of air and vacuum in the tube)
while keeping the EM field rather undistorted. This is
important to avoid a spontaneous switching between
resonator modes. The resonator openings for the
discharge tube (10 mm o.d., 8 mm i.d.) are placed axially
at both its bases. The resonator is magnetically coupled
with a Gunn diode by a miniature loop placed at the
centre of side wall and parallel to its bases. The negative
differential resistance of the Gunn diode effectively undampens the resonator which leads to self oscillations at
highest Q eigenfrequency of the resonator. The
self-oscillating frequency is then detected by the
frequency counter and sent into PC via serial cable.

This contribution is focused on the diagnostics of low
pressure glow discharge sustained in air in a fused silica
tube, extending our previous research [2]. The discharge
tube passes axially through the cylindrical resonator
closely coupled with Gunn diode [3]. The plasma density
affects the self-oscillating frequency of the device.
Computationally, the effect of various discharge radial
profiles is also studied.
Apart from measurement results, the actual numerical
modelling approach for the resonator method is
investigated, suggesting an effective practice for model
development in most set-ups. The pivot point of this study
is a reliable prediction of the dominant resonator mode, a
result of a Gunn diode properties and Q-factor for
different modes.
2. Experimental set-up
The cylindrical resonator cavity with inner dimensions
of 59.9 mm (diameter) and 21.0 mm (height) as shown in
Fig. 1 can oscillate at frequencies as low as 3.8 GHz, the
experiment however employs the TE110 mode at
approx. 9.3 GHz, which is easily excited. Furthermore,
the electromagnetic (EM) field distribution is convenient
as it decreases towards the axis. This configuration is

56

Fig. 1. The cylindrical microwave resonator set-up.
The discharge in air is realized in the discharge tube
with 400-800 V of DC voltage applied to cylindrical
electrodes. Rotary vane oil pump is used to maintain the
system at 50 Pa while the air is admitted by needle valve.
3.Modelling
The modelling is done with the finite element method
tool COMSOL Multiphysics and considers plasma as a
dielectric medium using known relations for plasma
permittivity [4]. In case of low pressure plasma, the
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collisions can usually be neglected and we get the real
valued plasma permittivity (1).

ne e2
ε r =1−
me ε 0 ω 2

(1)

where ne denotes the plasma density, me mass of the
electron, e elementary charge, ω the angular frequency of
the probing electromagnetic wave and ε0 the permittivity
of vacuum.
With just a minor planning the modelling can be very
straightforward. The desired model results are resonator
eigenfrequencies along with the solved electromagnetic
field and Q-factors computed for each mode. Initially let
us discuss the differences of the analytical case (closed
perfectly conductive cylindrical cavity with vacuum
inside) vs. the real resonator deciding how much elaborate
should the final model be.

Following the standard COMSOL modelling routine
(physics selection, set-up of the geometry, assignment of
material properties to domains and boundaries and mesh
creation) an appropriate numerical method is sought. For
resonators with mostly closed geometry the
Eigenfrequency solver with plasma permittivity
parametric study worked the best. Input parameters are
the centre frequency estimation and desired number of
modes resolved. Raw results include eigenfrequency
values and corresponding EM field distributions. From
these the surface and volume integrals are computed, with
the ratio being the Q-factor (Fig. 3).
This modelling approach can be carried out for other
microwave resonators with not exceedingly open
geometry (as the effectiveness of the eigenfrequency
solver will drop). It should be noted, that some limitations
may occur in different computational tools (such as
inability to model finite conductivity boundaries, different
types of solver) requiring further workarounds.

The essential (and desired) difference from closed
empty cavity is the discharge tube with the plasma inside.
Associated with this is the presence of orifices leading
into free space, which should be simulated by some
non-reflective boundary condition (in our case by
perfectly matched layers). On the other hand the Gunn
diode coupling loop is small and placed in a region with
weak EM field, and therefore it can be neglected. Finally,
the conductivity of resonator walls is finite (and needs to
be modelled as such). This concern may not seem
necessary, since it is usually very high, but the finite value
is needed to account for energy losses used in the
Q-factor calculation.
In our opinion, it is a good practice to develop in
iterations, beginning with a simple model, gradually
incorporating more details. In Fig. 2 one simplified
(starting) and one advanced model are shown.

Fig. 2. The (a) simple and (b) advanced model geometry
with colour coded permittivity shown in the rz-plane.
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Fig. 3. The comparison of EM fields (rz-plane) and
Q-factors for two computed modes around 9.3 GHz (the
one on the left (a) being the used TE110 mode).
4.Results
The time (or frequency) measurements in physics are
the most precise. The simple experiment described in this
paper and operating near 10 GHz can easily resolve
frequency shifts as low as 10 kHz. Furthermore, it turns
out that the discharge tube presence is in fact
advantageous and makes the phase shifts caused by
plasma more pronounced by virtue of enhancing the EM
field inside. Then, with the assistance of numerical
results, the measured shift in eigenfrequency can be
recalculated to absolute values of plasma density.
The simulated and the experimental results confirm the
presence of a dominant and stable mode TE 110. The model
also shows certain non-linearity in phase shift dependency
on the plasma density, which is absent in the [1] and a
scaling effect of different plasma density (radial) profiles.
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Investigation of flow effect on O3 generation in a gliding arc discharge at
atmospheric pressure using PFLIF imaging
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Abstract: With photofragmentation laser-induced fluorescence (PFLIF), instantaneous 2D
distribution of ozone (O3) generated in a gliding arc discharge at atmospheric pressure was
visualized to investigate the flow effect. It was found that O3 usually distributed around the
plasma column in a cylinder shape of a diameter of ~ 1 cm, which is similar to the distribution
of OH radicals measured previously. Increased flow rate was found to decrease the O3
distribution area and the O3 signal intensity, while increase the decay rate of generated O3.
Keywords: O3 imaging, PFLIF, gliding arc discharge, flow effect
1. Introduction
Ozone (O3) has been proved to be effective for the
enhancement of combustion and flue gas treatment by
many studies [1, 2]. Usually, it could be efficiently
generated by non-thermal discharge propagating in
flowing air. Some studies have measured the O3 generation
in different forms of non-thermal plasmas [3-5]. Malik et
al. studied the ozone synthesis in a sliding discharge by
measuring the O3 concentration with an absorption-based
ozone analyser [3]. Similarly, Wei et al. investigated the
ozone generation in a pulsed positive dielectric barrier
discharge [4]. These studies have provided valuable
information for exploring the mechanism of O3 generation
by discharge. However, the spatial distribution of O3
around the discharge volume is still unclear. Especially, the
discharge employed in the industrial applications for
combustion enhancement or flue gas treatment, are usually
operated in a turbulent flow field. Therefore, it would be
beneficial to visualize the O3 distributions in a discharge
propagated in a turbulent field.
A gliding arc discharge, which can run in glow mode and
be sustained in a turbulent flow field at atmospheric
pressure, has been achieved in our previous work [6-8].
Moreover,
the
photoframentation
laser-induced
fluorescence (PFLIF), a new technique which can be used
for instantaneous O3 imaging has been developed in our
laboratory [9, 10]. PFLIF has been successfully applied for
imaging the O3 distribution both in an O3 entrained air flow
[9] and in the gliding discharges propagated in air flow [10].
In this study, the 2D distribution of O3 in the gliding
discharge under different flow rate has been nonintrusively visualized employing PFLIF.
2. Experimental setup
Detailed description of the gliding arc discharge system
used here can be found in our previous work [6-8]. Two
stainless electrodes are fixed on a Teflon plate. There is
water passing through the hollow electrodes for cooling.
This Teflon plate was put in the open atmosphere. The
gliding arc discharge was formed between the 2 electrodes
when high voltage was applied as shown by the inserted
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photo in Figure 1. The high voltage was supplied by an
alternating current power supply (Generator 9030E,
SOFTAL Electronic GmbH, Germany). In this study, the
regulated power supply was kept at 800W. Air was
supplied through the central hole in the Teflon plate. The
flow rate was monitored by the mass flow meter
(Bronkhorst) and adjusted from 5 to 30 standard litres per
minute (SLPM).

Fig. 1. Schematic of the experimental setup for PFLIF of
O3 generated by a gliding arc discharge. HR: high
reflective mirror, CL: cylindrical lens, SL: spherical lens,
MFC: mass flow controller, GA: gliding arc, LS: laser
sheet. A typical gliding discharge image recorded by a
Canon camera with 1/30 s exposure time is shown to the
right.
The principle and technique for imaging O3 distribution
has been detailed in our previous work [9]. Schematic of
the experimental setup composed of the laser and discharge
system was shown in figure 1. A KrF Excimer laser was
used here to generate 248 nm laser pulses. The laser was
running with a 10 Hz repetition rate and a pulse width of
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17 ns. The 248 nm laser beam was formed into a laser sheet
by a cylindrical lens and a spherical lens. The position of
the laser sheet was indicated by the two yellow lines on the
inserted photo. The fluence for the laser sheet region was
measured to be around 0.1 J/cm2.
The main principle of the PFLIF is that the O3 molecules
generated in the gliding discharge can be photo dissociated
into atomic O and vibrationally hot O2 by the 248 nm laser
pulses and then the hot O2 (v=6) can be excited to an
electronic excited state. Fluorescence is emitted when the
O2 molecules transferred from the excited state [9]. Pumpprobe test had been performed to confirm the fluorescence
signal was from O3 generated by the discharge instead of
hot O2 which may also generated from the discharge.
Detailed information can be found in [9, 10]. An intensified
CCD camera (PIMAX III) equipped with an 85 mm lens
was used to collect the emitted fluorescence signal. Two
long pass filters (WG 335 and a liquid n-butyl acetate filter)
were installed in front of the camera to filter out the
interference from the stray light and background emission.
A signal generator (DG575) was used to synchronize the
laser signal and the power supply to tune the relative
temporal position of the laser sheet to the discharge.
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speculated that the arc channel happened to be in the
upstream due to the short-cut or re-ignition phenomenon [6,
8] when Fig. 2b was recorded.
As shown in Fig. 2, O3 could be distributed to a region
with a diameter of 1~2 cm. The distribution area is similar
to the radicals like OH as we measured in previous work
[6, 11].
To investigate the flow effect on the O3 distribution
around the discharge column, typical single-shot images at
different flow rates were shown in Fig. 3. Flow rates were
changed from 5 SLPM to 30 SLPM. Diameters of the O3
distributed region can be measured from the figures in Fig.
3. It can be seen that the O3 was restrained into a narrower
region with the increasing flow rate. The diameter of the
O3 column decreased from 1.5 cm to around 0.5 cm. This
phenomenon is consistent with our previous findings that
the increased flow rate leads to more intensive convection
and stronger dissipation [6]. It can be noticed from Fig. 3
that the O3 signal intensity also dropped when the flow rate
increased.

3. Results and discussion
Two typical single-shot PFLIF images for O3 in the
gliding discharge with the flow rates regulated at 5 SLPM
are shown in Fig. 2. Background images which were taken
with the laser on and without the discharge have been
subtracted from raw images. The only process on the
figures was the applying of a 5*5 Gaussian filter. The right
axis indicates the height above the top of the electrode in
cm.

Fig. 2. Typical single-shot O3 PFLIF images in the
gliding arc discharge with the flow rate of 5 SLPM. The
colorbar indicates the fluorescence signal intensity in
counts.
In Fig. 2a, the shape of the arc channel is still visible,
since the emission from the arc channel is strong enough.
Note that, the arc channel has been distorted in three
dimensions by the turbulent flow. Only in the part crossed
by the laser sheet, the O3 distribution can be visualized. It
is seen from Fig. 2a that O3 mostly distributed around the
arc channel. In Fig. 2b, the arc channel is absent while the
O3 signal was still appeared. This could be explained by the
fact that the O3 can survive for a relatively long enough
time to distribute away from the arc channel. It is
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Fig. 3. Single-shot O3 PFLIF images in the gliding arc
discharge under different flow rates. The colorbar indicates
the fluorescence signal intensity in counts.
Figure 4 shows the accumulated O3 signal intensity
changing with respect to the flow rate. The O3 signal
intensity value for each condition was statistically
averaged over 1000 frames. Since the length of the
discharge also changes with the flow rate increasing, the
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calculated intensity was normalized by the measured
statistically mean length of the arc channel appeared in the
laser sheet region. It can be easily seen that the intensity
decreased fast first and then become stable with the flow
rate increasing from 5 SLPM to 25 SLPM. It is suspected
that increased turbulence intensity leads to stronger
dissipation of the energy and active species that lowered
the production of O3.

Fig. 4. Averaged O3 signal intensity in the gliding arc
discharge over 1000 frames for different flow rates
In this study, the laser pulses and the discharge power
supply was externally triggered respectively. The delay of
the laser pulses to the moment when the discharge was
turned off was adjusted to investigate the temporal
evolution of O3 in the afterglow phase. The temporal
evolution results for different flow rates were shown in Fig.
5. All the measured values at different flow rates were
normalized by the intensity at 0.25 ms with the same flow
rate.

Fig. 5. Normalized O3 signal intensity with varied time
delay after the discharge shut off for different flow rates
As shown in Fig. 5, the O3 signal intensity for the
condition of 5 SLPM, increased from 0.25 ms to 0.75 ms
after the discharge shut off. This may be due to the energy
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released by long-lived species like N2* [12]. Under the
conditions with flow rate larger than 10 SLPM, all the O3
signals show decay trends after the discharge off. It can
also be observed that with the increase of flow rate, the
decay rate becomes higher. It is believed that the increased
flow rate lead to more effective convection and stronger
dissipation of the energetic radicals generated by the
discharge. Therefore, the .increased flow rate may suppress
the O3 generation and promote the O3 dissipation.
4. Conclusion
The effect of flow field on O3 generation in the gliding
arc discharge was studied by in-situ non-intrusively
imaging of the O3 distribution using PFLIF. It was found
that the O3 distribution has a similar diameter (around 1 cm)
compared with short-lived radicals like OH. Higher flow
rate leads to more effective convection cooling of the
discharge column and dissipation of the energetic species,
narrower diameter of the O3 distribution region was
observed. The O3 concentration generated per unit length
also decreased with the flow rate increasing. For low flow
rate case, like 5 SLPM, the O3 signal was observed to
increase after the discharge was shut off. Since increased
flow rate introduced stronger dissipation of the discharge
volume, the decay rate of O3 was enhanced by the higher
flow rate. In the future work, numerical simulation may be
needed to have a deeper understanding on the governing
mechanism of the flow effect on the O3 kinetics in the
discharge process.
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Shack-Hartmann Sensor for Two-Dimensional Electron Density Measurement
over Positive Primary Streamer Propagating in Atmospheric-Pressure Air
Y. Inada1, R. Ono2, A. Kumada2, K. Hidaka2 and M. Maeyama1
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Abstract: Shack-Hartmann type laser wavefront sensors were used for obtaining world
first data of two-dimensional electron density distributions over positive primary streamers
in atmospheric-pressure air with poor reproducibility in the discharge paths. The single-shot
determination with a temporal resolution of 2 ns demonstrated that the electron density
decayed in a range of 1015 cm-3 during the streamer propagation and electron density widths
were 0.8-1.2 mm, which agreed well with a previous study simulating similar streamers.
Keywords: Shack-Hartmann, electron density, streamer discharge, non-thermal plasma.
1. Introduction
Reactive species generated in atmospheric-pressure
non-thermal plasma have been utilised in a wide range
application fields: environmental pollution control [1],
ozone production [2], surface processing [2], plasmaassisted ignition and combustion [3], and plasma
medicine including sterilisation and disinfection [4],
wound healing [5], blood coagulation [6, 7] and cancer
treatment [8]. To achieve the effective and selective
production of the desired reactive species and to realise
the optimisation and innovative application of plasma
technology, a systematic understanding of the production
mechanisms of reactive species is critical.
The measurement of the reactive species in
atmospheric-pressure non-thermal plasma has been an
extremely active area of research [9], and the production
processes have been investigated through the
measurement of the reactive species. However, the
majority of the reactive species originates from the
electron-impact excitation, ionisation, dissociation,
recombination, attachment and/or detachment, where the
electrons accelerated by the electric fields in the nonthermal plasma play a dominant role. Therefore, the
electrons are the essential determinant factor in the
production processes of the reactive species; thus, the
fundamental understanding of the production mechanisms
requires detailed diagnostics and quantification of the
number density of electrons. Nevertheless, an electron
density measurement is limited to the atmosphericpressure non-thermal plasma with high spatiotemporal
reproducibility such as radio-frequency plasma jets in
helium [10] and argon [10, 11, 12], capacitively coupled
micro-discharge in neon [13] and kilohertz-plasma jets in
helium [14, 15] and argon [16]. High reproducibility of
the plasma is often achieved in noble-gas-rich
atmospheres.

plasma, and it has been attracting interest in the
aforementioned application fields. However, the
processes by which reactive species are produced in air
streamers are not fully understood because the electron
density determination using conventional measurement
systems has been extremely difficult. The measurement
difficulty arises mainly from the irreproducibility in the
discharge paths; this effect makes data averaging
extremely difficult. Therefore, an electron density
measurement has never been achieved for streamer
discharges propagating in atmospheric-pressure air.
We have previously reported the development and use
of Shack-Hartmann-type laser wavefront sensors capable
of imaging two-dimensional electron density distributions
over the poorly reproducible decaying arc discharges
from single-shot recordings [17, 18, 19]. These sensors
measure the refractive index distribution induced by the
electrons, which is a universal property of discharge
plasma; therefore, they can be applied to various kinds of
discharge plasma, including air streamers. Furthermore,
the Shack-Hartmann sensors are particularly well suited
for characterising the dynamic behaviour of unstable air
streamers; the sensors enable single-shot comparison of
electron densities at different positions in the streamer
channel via a two-dimensional measurement.
In this paper, we apply the Shack-Hartmann sensors to
characterise the pulsed positive streamer discharges
propagating in a 13-mm-long air gap between a point
anode and a plane cathode. The spatiotemporal electron
density evolution was visualised, and the characteristics
of the spatial electron density distributions are described.
The experimental results are compared with the
previously reported numerical analysis conducted for a
simulated streamer discharge under conditions similar to
those used in the present study.

The streamer discharge in open air is one of the
important types of atmospheric-pressure non-thermal
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2. Experiment
A detailed description of electron density measurement
using Shack-Hartmann sensors was previously reported
[17]. Figure 1 shows the basic concept of a ShackHartmann type laser wavefront sensor for measuring an
electron density distribution in a plasma. A ShackHarmann sensor is composed of an image sensor and
microlens array converting the localised wavefront
gradients of a laser beam into the shifts of the focal spot
positions [20, 21, 22]. These spot shifts are observed
using the image sensor at any given time after plasma
generation. The moving distances of the focal spots T()
for a certain laser wavelength  have contribution from
number densities of neutral particles, positive ions and
electrons in the plasma. In particular, only the
contribution from electrons depends on  while that from
neutral particles and positive ions is independent of .
Therefore, our electron density sensing system needs
simultaneous measurements of T(1) and T(2) for two
lasers with different wavelengths 1 and 2. The
calculation of T(1)- T(2) is made to eliminate the
contribution from neutrals and ions and to extract electron
density contribution. The experimental and analytical
procedures involved (i) simultaneous spot shift
measurements using two lasers with different wavelengths,
(ii) calculations of line-integrated electron density profiles
using the radial components of the spot shifts, (iii)
approximations of the profiles by Gauss functions, and
(iv) Abel transformation to the Gauss functions for
obtaining the electron density profiles under the
assumption of axial symmetry of the arc discharge.
Figure 2 shows the sensing system in this study
employing two continuous-wave diode lasers (1=784nm;
2=408nm), one sheet of meniscus microlens array (pitch
P=300m; focal length f=467mm) and two ICCD
(intensified charge-coupled device) cameras [18]. The
spatial resolution of this electron density measuring
system was P=300m in the radial direction x and in the
axial direction y of arc plasmas. The temporal resolution
was equal to exposure time TG of the ICCD cameras and it
was set to TG=2ns.
The electrical circuit for generating the air streamers is
illustrated in Fig. 3. A 860-pF capacitor was charged to 30
kV through 20-M and 350- resistors. After the
capacitor charging was completed, the spark gap switch
was initiated and positive streamer discharges were
generated in a 13-mm gap installed in open air. The
repetition rate of the streamer generation was set to 0.3
Hz. The air gap was composed of a brass plate cathode
and a stainless-steel pin anode, as shown in Fig. 4. The tip
radius of the pin anode was 80 m. The voltage applied to
the anode V [V] was measured using a high-voltage probe
(Tektronix, Inc., P6015A) connected in parallel to the air
gap. The electrical current I [A] was measured using a
current transformer (Pearson Electronics, 2877). The
humidity was not controlled during the measurements and
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humidity was RH～50%, which corresponds to an H2O
concentration of ～1% at room temperature of 293 K.
Figure 5 shows voltage and current waveforms for the
streamer discharge in atmospheric-pressure air. The
displacement current was eliminated from the electrical
current measured by the current transformer. The voltage
waveform rose from zero to peak in 70 ns, and the voltage
rise-rate was 0.83 kV/ns.

Fig. 1. Shack-Hartmann type laser wavefront sensor.

Fig. 2. Top view of the main component of ShackHartmann type sensing system.

Fig. 3. Electrical circuit for generating streamer discharge
in atmospheric-pressure air.
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Fig. 4. Pin-to-plane electrode installed in open air.

ns. The streamer propagation speed was 9×105 m/s in this
study.
A numerical simulation has previously been conducted
for a streamer discharge generated under similar
conditions to those used in the present study [23]. In the
numerical analysis, a voltage waveform with a peak of 24
kV and a rise-rate of 0.52 kV/ns was applied to a 13-mm
air gap composed of a plate cathode and a point anode
whose tip radius was 40 m. The theoretical analysis
demonstrated that the electron density over the positive
primary streamer channel decayed in a range of 1015 cm-3
during the propagation. The theoretical study also
predicted that the primary streamer would have an
average propagation velocity of 7×105 m/s and the
corresponding streamer width of 0.7 mm. These
simulation results were in good agreement with the
spatiotemporal electron density behaviour observed in the
present study.

Fig. 5. Current and voltage waveforms for air streamer
discharge.
3. Results and discussion
Figures 6 and 7 show typical two-dimensional electron
density distributions at t=0 ns and t=5 ns, respectively.
The electron density images are expressed on a
logarithmic scale from 1014 to 1016 cm-3, and the red and
blue regions indicate the highest and lowest electron
densities, respectively. The origin of the x-axis
corresponds to the tip of the anode, and that of the y-axis
represents the gap centre between the anode tip and the
cathode surface. Figure 6 shows that the electron densities
at each height of y ranged from 8 to 9×1015 cm-3 at t=0 ns.
Furthermore, the widths of the electron density profiles
distributed uniformly along the y-axis. The streamer width
defined by the half-maximum full-width of the electron
density distribution was 1.0-1.2 mm. Figure 7 shows that
the electron densities at t=5 ns ranged from 5 to 7×1015
cm-3. In the process of streamer propagation, the electron
density decreased with increasing time; it was lower for
t=5 ns than for t=0 ns. However, the electron density
widths also distributed uniformly along the y-direction.
The streamer width at t=5 ns was 0.8-1.2 mm. The
distribution widths of the electron density agreed well
with those of the light emission images at t=0 ns and t=5
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Fig. 6. Typical two-dimensional electron density
distribution at t=0 ns.

Fig. 7. Typical two-dimensional electron density
distribution at t=5 ns.
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4. Conclusion
Using the Shack-Hartmann type laser wavefront sensors,
the two-dimensional electron density distributions over
positive primary streamers in atmospheric-pressure air
were visualized from single-shot recordings with a
temporal resolution of 2 ns. The experimental results
showed that the electron density over the propagating
streamers decayed in a range of 1015 cm-3 and streamer
widths defined by the half-maximum full-widths of the
electron density distributions were 0.8-1.2 mm, which
demonstrated a good agreement with a previous study
simulating similar streamers.
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Kinetics of metastable states and atoms in DC discharges in pure O2:
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Abstract: A comprehensive study of DC discharges in pure O2 gas in a Pyrex tube is
presented using a range of diagnostics. Fourier-transform vacuum ultraviolet absorption
spectroscopy (FT-VUVAS) provided high-resolution (106) spectra in the region 120-170
nm of O2 (X), O2 (a), O2 (b) and ground state O atoms, allowing their absolute densities to
be determined. Optical Emission Spectroscopy (OAS) was used to determine the gas
temperature from the O2 (bX) emission spectrum. Time-resolved OAS of partiallymodulated discharges was used to probe the loss rates of O2 (b) and of O atoms. From these
measurements the surface loss coefficients of these species can be determined, as well as
the rate constants for electron impact dissociation of O 2. A remarkable increase in the
surface loss coefficient on Pyrex of O2 (b) and O atoms is observed at low pressures,
corresponding to the onset of energetic ion bombardment.
Keywords: Oxygen, DC discharge, diagnostics, vacuum ultraviolet, kinetics, metastables
1. General
Electric discharges in molecular oxygen are widespread
in nature and in technological applications including
surface processing [1, 2] and plasma-medicine[3].
Oxygen molecules in metastable electronically-excited
states (the a1g state at 0.98 eV and the b1+ state at 1.64
eV), as well as oxygen atoms, play a major role in the
discharge kinetics, and strongly affect the plasma
conductivity due to associative detachment reactions
which efficiently destroy O- negative ions[4], thereby
having a major effect on the plasma electrical transport
and reactivity. Metastable oxygen molecules are
principally produced by electron impact on ground state
O2, and can be destroyed by a number of processes
including quenching at reactor surfaces and reactive
collisions with electrons, negative ions and atoms[5], but
the rates of these processes are poorly known leading to
major uncertainties in modelling. Indeed, the crosssection for electron-induced dissociation of molecular
oxygen near threshold is the subject of active debate.
Time-resolved absolute density measurements in
modulated plasmas are needed to probe the kinetics,
quantify the relative importance of these surface and gasphase loss processes and validate full kinetic models.
Several techniques have previously been used to detect
O2 a1g (emission via the forbidden aX band, and
absorption by the weak ba Noxon band), but they have
very low sensitivity and are therefore inapplicable to lowpressure discharges and especially kinetic measurements.
Vacuum ultraviolet absorption spectroscopy is a
promising option. However, the VUV spectrum of these
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species has until now only been measured by Ogawa et al.
in the 1970’s [6, 7] with the equipment, accuracy and
resolution and sensitivity of that time. In this study we
have used the excellent spectral resolution (106) and
accuracy of the DESIRS VUV FTS branch at synchrotron
Soleil to revisit these measurements. Combining these
high-resolution spectra with state of the art spectral
simulations performed at the University of Bristol we can
identify the transitions and determine the best candidates
for time resolved kinetic measurements of O2 a1g, O2
b1+ and O 3Pj in low-pressure discharges, which we will
perform on the monochromatic branch of the DESIRS
beamline. The much simpler technique of optical
emission spectroscopy can also provide much useful
information, notably on reactive species loss kinetics from
time-resolved measurements in partially-modulated
discharges.
2. Experimental
The DC discharges were generated in water-cooled
Pyrex glass tubes. The one used for VUV absorption
measurements was 40cm long with 1.2cm internal
diameter, and fitted with MgF2 windows to allow the
passage of the VUV beam. The electrodes were installed
in side-tubes so as not to obstruct the optical access. The
tube used for the optical emission measurements was
similar, but 2cm in diameter. The discharge current was
controlled by a large (68k) ballast resistor. The
discharge current could be modulated (5-15%) by
shunting a resistor installed between the discharge and
ground.
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The DESIRS beamline at the Soleil Synchrotron is
equipped with a Fourier-transform spectrometer[8] that
allows transmission spectra in the vacuum ultraviolet
region to be taken over bands about 10nm wide in the
VUV with spectral resolution up to 106. Spectra were
recorded with no gas, with gas and with discharge, and
the optical density was derived by dividing these spectra
according to the Beer-Lambert law.
Optical emission from the discharge was monitored
through the end window using a small solid angle to
image the discharge axis. The light was analysed with a
30cm FL spectrograph with 1200l/mm grating fitted with
a red-sensitive photomultiplier.
3. FT-VUVAS
Examples of the absorption spectra can be seen in Figs 1
and 2.
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Some bands show well-resolved rotational structure,
allowing the gas temperature to be determined.
The O2 a and X density can be estimated from these
spectra using the cross-sections of Ogawa and Ogawa.
Under these conditions the a state density was 15% of
that of the ground state. The b state density could not be
determined from these measurements because the linestrengths are not currently known; however we are
currently estimating them by ab-initio calculations. The
oxygen atom density can, in principle, be derived from
the resonance transitions around 130nm. However, these
lines are heavily saturated (OD up to 1000!).
Nevertheless, the excellent spectral resolution of the FTS
allows the density to be estimated from the line wings
[9]. Alternatively, the much weaker transition to the 5S
state at 135.56nm can be used. Systematic measurements
of the densities of all these species in pure O2 discharge as
a function of O2 pressure and discharge current are in
progress.
The rate of O2 a quenching at reactor walls has been
shown to be a critical parameter in discharge modelling
[4] as its density controls the electron density through
dissociative attachment reactions. Several lines may be
used for time-resolved measurements. Previously the
broad band at 128nm has been used to determine the O2
(a) density, but the sharp line at 144.2nm will give better
SNR if it can be separated from the underlying O2 X
absorption. For O2 b the structured band at 131nm is the
strongest and most isolated from interference. Timeresolved kinetic measurements will be performed using
the monochromator branch of the DESIRS beamline.
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Fig. 1. Absorption spectrum of 50 mA discharge, 10mBar
He + 0.05mBar O2
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Fig. 2. Absorption spectrum of 50 mA discharge, 10mBar
He with various pressures of O2.
We can clearly see the bands of O2 (a), as measured by
Ogawa and Ogawa[7] but with vastly superior resolution,
as well as the O2 X continuum. Fig 2 shows a longerwavelength region that contains many bands of O2 (b).
The other structured bands can be attributed to CO
impurities present in these preliminary experiments.
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4. Optical Emission
The b state of O2 was observed via the bX emission
at 760nm. The gas temperature was determined by fitting
the rotational structure, and was observed to increase with
discharge power (and thus with current and pressure),
reaching up to 300K above the wall temperature at 10
Torr 50 mA. The absolute density of O2 b was estimated
from the absolute emission intensity using a calibrated
photodiode and interference filter.
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Fig 3 O2 b density as a function of O2 pressure and
discharge current.
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Fig 4 Loss rate of O2 b as a function of discharge current
and O2 pressure.
Fig, 5 shows the variation of the oxygen atom loss rate as
a function of gas pressure and discharge current. Since in
this pressure range there is no significant gas-phase
reaction that will destroy O (the third-body recombination
to form O3 is negligibly slow), the O atoms must be
destroyed at the Pyrex glass surface. At pressures above 1
Torr the surface loss probability increases with pressure
and current due to the increase in O flux [10]. The
minimum value of the surface loss coefficient is
approximately 1x10-3. Below 1 Torr the O atoms surface
loss coefficient increases rapidly, as was previously
observed by Lopaev et al. [10]. Furthermore it increases
rapidly with discharge current. These conditions
correspond to the onset of energetic ion bombardment of
the walls, since the plasma potential increases and the
mean free path of ions becomes larger than the sheath
thickness. We propose therefore that the ion
bombardment causes activation of the Pyrex surface, by
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Fig 5 Oxygen atom loss rate as a function of O2 pressure
and discharge current.
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breaking chemical bonds and removing –OH groups,
significantly increasing the surface reactivity.

loss (s )

Fig.3 shows the complex behaviour of the O2 b density
with O2 pressure and discharge current. Below 2 Torr the
density increases with both pressure and current, whereas
at higher pressure these trends are reversed. These results
can be explained in terms of the loss mechanisms. Fig. 4
shows the O2 b loss rate determined by time-resolved
optical emission spectroscopy in modulated discharges.
At low pressure the b state is lost principally by
quenching at the tube surface, with a loss probability of
around 10%, and the b state density increases with
pressure and power because the rate of production (either
by direct electron-impact on ground state O2 or via
production of O 1D followed by energy transfer)
increases. At higher pressure gas-phase quenching of O2 b
by atomic oxygen becomes significant. The atomic
oxygen density increases with discharge current, causing
the O2 b density to pass through a maximum with
pressure, which shifts to progressively lower pressure as
the current is increased.

5. Conclusion and perspectives
We report new high resolution vacuum ultraviolet
absorption spectra of DC discharges in pure O2, showing
bands for O2 X, O2 a and O2 b, as well as O atoms. Future
VUV measurements on the DESIRS beamline
synchrotron will allow the absolute densities of these
species to be determined, as well as their kinetics. The
kinetics of O atoms and O2 b metastable molecules were
determined by optical emission spectroscopy. With
knowledge of the O atom absolute density and production
rate, it will also be possible to determine the effective rate
constant for dissociation of O2 molecules by electron
impact as a function of the reduced electric field.
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Modelling a gliding arc plasmatron for CO2 conversion
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Abstract: In this work, a gliding arc plasmatron (GAP) utilizing reverse-vortex flow (RVF)
stabilization is modelled in different conditions. A 3D model using simplified argon
chemistry is used to study the arc dynamics and turbulent heat transfer. A 2D model is used
to gain insight into the plasma parameters with CO2 gas. The models correspond well to the
available literature.
Keywords: gliding arc, conversion, modelling, argon, CO2, reverse vortex flow
1. Introduction
Different plasma sources are envisaged for the
purpose of plasma-assisted gas conversion. Research
efforts have been conducted with microwave, dielectric
barrier discharge and spark discharge reactors, as well as
with the atmospheric pressure gliding arc (GA). The latter
is seen as one of the most promising plasma sources,
showing high energy efficiency for conversion [1]. By
combining it with reverse-vortex stabilization, some
critical improvements can be observed, such as even
better energy efficiency, higher conversion and better
reliability [1, 2]. Gaining insight into the operation of
such a device through simulations requires advanced
approaches towards gas and plasma modelling. In this
work, we use sophisticated fluid models for the plasma
and precise turbulent models for the gas dynamics.
2. Methods
The gas dynamics are computed by the use of the CFD
module integrated in the Comsol software package. We
use a RANS (Reynolds-Averaged-Navier-Stokes) model,
which solves the Navier-Stokes equations by averaging
their time-dependent turbulent vortices, in order to be
computationally less demanding. Figure 1 shows the
geometry as used in the model.

The particular turbulent model employed in this study
is the SST (Shear Stress Tensor) [3]. This model
outperforms other popular turbulent models, such as the
k-epsilon model, by providing a more accurate near-wall
treatment. The turbulent heat transfer is accounted for by
the Kays-Crawford model.
The plasma model is a fluid approximation, with
assumption for a quasi-neutral plasma. The latter means
that the ion and electron density are equal, which
significantly reduces the computational requirements, as it
omits the electron balance equation and the formation of
plasma sheaths. The following equation is solved for the
ion density:

 .    


   

  .   

(1)

where  stands for the ion (and electron) density,
 stands for the ion mobility,
 is the ambipolar
electric field,  is the gas flow velocity vector,  is the
ion diffusion coefficient, and  stands for the ion
production and loss rates due to chemical reactions.
With the corresponding boundaries set as cathode and
anode (see figure 1), the current conservation equation is
computed as well. Furthermore, the heating term comes
from the heat balance equation:




   ∙    ∙     


(2)

where ρ is the gas density, Cp is the heat capacity of the
gas, kg is the temperature-dependent and turbulent
effective thermal conductivity (based on a material lookup table), Tg is the gas temperature and Q accounts for the
gas heating due to elastic and inelastic collisions between
electrons and heavy particles in the plasma.
Figure 1. Internal structure of the reactor used for the
model, with artistic representation of the arc. The reversevortex is indicated with a black line and black arrows.
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3. Results
The flow simulation is executed as a stand-alone
stationary solution. In this way, a flow vector is provided,
as well as a distribution of the flow variables across the
reactor body, such as pressure and dynamic viscosity.

Figure 2. Streamline plot of flow velocity
(color legend on the right).
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attached to the anode outlet edge due to the increased
electric field at this point. The arc current is related to the
experiment, and it is set at 240 mA. The gas temperature
is rather low at around 1100K (see figure 4) in
comparison with our previous work [2]. This can be
explained with the significant turbulent heat exchange
around the arc in this new (improved) model. The KaysCrawford model computes the effective thermal
conductivity from the turbulent variables. Its value is used
for computing the final gas temperature (see equation 2)
in a much more accurate manner, accounting for the
turbulent effects.

m/s

In figure 2, the flow direction can be tracked by a
streamline plot. The reverse-vortex is formed in the
middle and exits the reactor through the outlet. Having a
mass transfer that takes place from the side walls to the
centre, the arc is effectively isolated, which improves the
ionization efficiency.
The simplified chemistry of the 3D model in argon
allows to compute this model within a reasonable amount
of time (several weeks). The (moving) arc can be
observed in figure 3.

Figure 4. Gas temperature [K], stabilized arc at 5 ms
computation time.
The 2D CO2 model is based on the extensive
chemistry set presented in [4]. The model is still quasineutral, but the number of reactions requires the number
of dimensions to be dropped to 2. The flow properties
from the 3D model, including the turbulent heat
conductivity, are interpolated into the 2D geometry. To
further reduce the computation time, the domain is cut-off
in half. In this way, only an excerpt of the reactor is
modelled.

Figure 3. Plasma density [m-3], stabilized arc at 5 ms
computation time.
After a brief simulation time (5 ms), the arc is
stabilized in a quasi-stationary state in the reactor centre
(figure 3). The calculated plasma density is in the order of
1020 m-3, which is a typical value for atmospheric
pressure arc plasmas. The arc tends to remain attached to
the electrode edges. In figure 3 it can be seen that it is
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log10(m-3)
Figure 5. Plasma density
in 2D reactor cut-plane.

eV
Figure
6.
Electron
temperature in a 2D
reactor cut-plane.
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The calculated plasma density (figure 5) is in the order
of 1019 m-3 and the electron temperature (figure 6) is
about 1.6 eV. These results fall within the expected values
[4]. Indeed, the CO2 molecule would require higher
excitation energy than pure argon, and thus the ionization
degree (and hence electron density) is lower. Further
modelling is required to calculate the CO2 conversion, as
the species density mix is quite complex.
3. Conclusion
In this work we presented a combined 2D-3D
approach to model a RVF gliding arc plasmatron. The 3D
argon model tells a lot about the plasma arc movement
and properties, and it clearly shows the stabilization
process. A more accurate flow calculation model is used
in comparison with our previous efforts [2]. Moreover,
the turbulent heat transfer is found to play a crucial role in
the gas temperature calculation. The 2D model provides
valuable insight into the complex CO2 plasma chemistry.
Overall, the plasma properties obtained from the models
are in line with literature observations, and the multidimensionality of the study, as well as the additional
effects of turbulent heat transfer, provide a solid
investigation of the RVF gliding arc plasmatron.
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Mass spectrometry of reactive species of atmospheric plasmas.
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Abstract: A cold capacitively coupled atmospheric pressure plasma jet is used to study
reaction chemistry in these discharges with (threshold ionization) molecular beam mass
spectrometry, (TI)MBMS, as main tool to measure absolute (reactive) species densities.
Here the densities of biologically relevant reactive and stable species in He/H 2O and
He/N2/O2 plasmas are reported, with hydroxyl radicals (OH) and hydrogen peroxide (H2O2)
for the former and NO, NO2, N2O, N, O and O3 for the latter.
Keywords: mass spectrometry, atmospheric plasma, plasma medicine
1. Introduction
Understanding and controlling the reaction chemistry
happening in the plasma and effluent of atmospheric
pressure plasmas is necessary for applications in plasma
medicine, plasma deposition or environmental plasmas.
This is a true challenge, due to the great amount of
species present in and multitude of reactions taking
place. A combination of experiments and plasma
models is therefore needed to tackle this challenge.
Mass spectrometry as diagnostic tool allows measuring
multiple species quasi-simultaneous and provides for
each an absolute density calibration. Additionally, the
impurity level in the used gas can be monitored,
quantified and any unwanted resulting effects
explained.[1] However, compared with other
diagnostics, only the plasma effluent can be measured
and the detection limit is around 0.1-10 ppm, depending
on the measured species, which is worse than for laserbased diagnostics.
The focus here is on plasma medicine applications,
although (TI)MBMS has been successfully used to
measure conversion of CO2 into CO and O2 in a
He/CO2 plasma and to measure plasma chemistry
products in depositing plasmas (He/C2H2 and
He/HMDSO gas-mixtures).
2. Experimental set up
We use an in-house developed mass spectrometer to
measure neutral (reactive) species resulting from
atmospheric plasmas. The system is extensively
described elsewhere, so only a short summary is given
here.[2]
The plasma effluent is sampled through a small orifice
into a differentially pumped system, consisting of two
pumping stages. A molecular beam is formed from the
sampled gas and passes through the ionizer of the
quadrupole mass spectrometer in the second stage. A
high signal-to-noise ratio is achieved by using a rotating
skimmer in the first stage, just behind the sampling
orifice and a cold trap, allowing for reduction of
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background signal for all species and especially a 2-3
factor reduction in the case of water background. [3]
Absolute densities of reactive species can be
determined with the help of a calibration gas with a
known density, which is admixed into the helium flow
under the same experimental conditions. The massdependent transmission function of the mass
spectrometer can be neglected if the used calibration
gas has the same or similar mass compared to the
calibrated species. This makes the mass calibration
factor 𝐹(𝑚𝑖 , 𝑚𝑐𝑎𝑙 ) ≈ 1 in equation 1. The unknown
density of the measured species is determined from the
ratios of the measured signals, ionization cross-sections
and density of the calibration gas. The ionisation crosssections are obtained from literature or experimentally
determined, as recently done for H2O2. [4]
𝑛𝑖 = 𝐹(𝑚𝑖 , 𝑚𝑐𝑎𝑙 )

𝑆𝑖 𝜎𝑐𝑎𝑙
𝑆𝑐𝑎𝑙 𝜎𝑖

𝑛𝑐𝑎𝑙

(1)

One of the limiting factors with respect to measuring
reactive species density (e.g. O, OH, N ...) is the need to
use "Threshold Ionisation MS" (TIMS). I.e. setting the
energy of the ionizer below a certain threshold to avoid
generation and detection of dissociative fragments of
heavier molecules. As this comes with a lower
ionisation cross-section, a longer measurement time is
needed and often affects the detection limit.
We used the COST Reference Microplasma Jet and its
variant with equal design but external, not build-in,
power supply, impedance matching network and
voltage probe. [6] It is a capacitively coupled
atmospheric pressure plasma jet, composed of two
parallel electrodes glued between two quartz glass
plates. The electrodes are 1 mm thick and 30 mm long
and are placed at 1mm distance to each other. The
plasma jet is operated at 13.56 MHz and a voltage of
200 VRMS or 566 Vp-p and the absorbed power is
typically below 2 W. Helium(5.0) at a flow of 1.4 slm
with admixture of molecular gasses at small (0% to
1.5%) concentration is typically used. Under these
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conditions, the plasma jet operates in an alpha-mode
(glow discharge). The electron density is of the order of
1011 cm-3.
Figure 1 illustrates our general set-up. The plasma jet is
located in a controlled Helium atmosphere to avoid
impurities. The jet is placed in front of the mass
spectrometer orifice and the distance to it can be varied.
Molecular gasses can be admixed into the helium feedgas and their concentration can be varied. In
experiments using water vapour or other liquids, a
bubbler system is used. In this case, a helium gas flow
is going through a glass bubbler filled with deionised
water. It becomes fully saturated here with water
vapour and is mixed with a secondary helium flow
before going to the plasma channel. The gas/water
temperature is monitored using thermocouples.

Fig. 2: H2O2 and OH density in function of water concentration
as measured with MBMS. Both species display a linear increase
until about 4000 ppm water admixture after which saturation
occurs.

Fig. 1: General set up. In experiments with liquid vapour, the
bubbling system is also used.

3. Results
The hydroxyl radical (OH) and hydrogen peroxide
(H2O2) are important oxidising species in treatments of
biologically relevant substrates. They are produced in
water vapour containing plasmas. The influence of
increasing water admixture in a helium feed-gas was
investigated as reported in figure 2. [4,5] The H2O2
molecule density follows closely the OH radical
density. For low concentration of water, below 4000
ppm there is a linear increase in density. For higher
concentrations, a slow saturation is visible.
Figure 3 shows the densities with increasing distance to
the target (MBMS orifice). Using a 2D axially
symmetric fluid model as supporting analysis tool (not
detailed here), it can be concluded that OH is the
dominant species and H2O2 is mainly created through
the self-recombination reaction of two OH.
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Fig. 3: H2O2 and OH density in function of distance as
measured with MBMS. The density drops due to radial diffusion
and reaction kinetics.

Other important species for biological applications,
such as NO, NO2, N2O, N, O and O3, can be produced
when admixing N2 and O2 into the helium feedgas.
Figures 4, 5 and 6 show the detected species when N2
admixture is varied and O2 concentration/applied
voltage is kept constant at 650ppm/230V respectively.
The primary results for N2O and NO are in good
agreement with other experiments.[7]. As absolute
calibration is still in progress, only measured signals are
reported at the moment and thus only the relative trends
can be compared.
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1.4 slm He, 650 ppm O2, 230Vrms

Fig. 4: N and O density in function of N2 concentration at 4mm
distance as measured with MBMS. The N density shows a
maximum for 3500 ppm N2 admixture, while the O density is
constant up to the maximum of N.

1.4 slm He, 650 ppm O2, 230Vrms

Fig. 5: NO and NO2 density in function of N2 concentration at
4mm distance as measured with MBMS. Both shows a
maximum for 3500 ppm N2 admixture.
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4. Conclusion
Threshold
ionisation
molecular
beam
mass
spectrometry of atmospheric plasmas allows to measure
absolute densities of most plasma-generated species
including reactive radicals. An atmospheric pressure
plasma jet with gas mixtures aimed at plasma medicine
(He-H2O and He-N2-O2) has been investigated using
this diagnostic. Absolute species densities of OH, H2O2,
NO, NO2, N2O, N, O and O3 will be reported and the
radical behaviour and chemistry pathways will be
discussed in more detail in the conference contribution.
The presented results are relevant for the application of
this plasma source in treatments of biological samples
or as validation of plasma models.
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Abstract: Studies of the electron density, the distributions of the discharge current density,
magnetic field strength, the energy of electrons and ions in the plasma of induction and capacitive
discharges at reduced pressures.
Keywords: Low pressure discharge, diffusion, microwave diagnostic, spectral study,
magnetic probe, Rogowski coil.

2.Research methods.
The electron density and the effective frequency of
collisions between electrons and atoms, and ions under
plasma condition was determined by means of microwave
methods based on the analysis of the interaction of radio
waves with plasma. Block diagram of the diagnostics
system is shown on Fig.1. The range of frequencies used is
between 2 and 12 GHz. The measurements were carried out
by using two frequencies and measuring the decay of
electromagnetic waves passed through the plasma. This
method has allowed to get a relatively precise evaluation
of ne and νс. The second method is based on the cut-off
frequency of the signal when the wave reflection
coefficient dramatically increases and probing wave does
not pass through the plasma layer (Fig.2) [2].
The use of two-wire line (Lecher line) allowed to achieve
the spatial resolution in the range of 2 to 3 mm (Fig.3) [3].
The comparison of the feedback quality factor of
microwave cavity with and without plasma permit to
evaluate the frequency of collisions, νс and electron density
ne. In the experiments, the average values of ne were
determined along the length of the electromagnetic wave
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or in the microwave cavity filled with plasma. Distribution
of RF plasma current densities studied by using miniature
Rogowski coil and a miniature magnetic probe.
Generator
Directional Coupler 1

DS
A2

A1

RF Plasma

Channel
reference
signal

1. Introduction.
RF plasma discharges in pressure range from 13.3 to 266
Pa and plasma gas flow up to 0.3 g/s at the power level up
to 4 kW has a number of properties that are significantly
different from other types of gas discharges. The discharge
at these conditions is in diffusive mode. Plasma jet at
reduced pressure is not a recombining plasma stream. The
discharge maintained between the plasma electrodes and
the metal cap of the vacuum chamber [1]. To clarify the
characteristics of RF discharges in such conditions, the
effective frequency of elastic collisions between electrons
and heavy particles, νс, radial and axial distributions of
discharge current density J (r,z) and magnetic field
strength H(r, z), the energy of electrons (T e ) and ions (Ti),
were study. We investigated the RF induction plasma (ICP)
torches with quartz discharge chambers and RF capacitive
plasma (CCP) torches with external co-axial electrodes.

A3
Directional Coupler 2
DS
Fig. 1.Block diagram of measurement system

Fig. 2. Cut off measurement system diagram
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Fig. 3. The waveguide transition for Lecher Lines
Optical emission spectroscopy (OEM) was used to
determine electron temperature in inductive plasma in
glass (quartz quality) reactor (Fig.4). This reactor is
dedicated to deposit nanostructured layers by the injection
of a spray of the starting solution [4]. The OEM method
used is based on recording the emission intensity of
residual nitrogen species in argon plasma. This method
developed by A. Ricard [5] uses the intensities of N2+ (B)
band at 391,4 nm and N2 (C) band at 394,3 nm (Fig. 5). The
ratio of intensities of these bands (I(N2+)/I(N2) is related to
electron energy through the abacus presented in reference
[5]. However, it is necessary to take some precautions with
the use of this method. The abacus has been obtained by its
authors for a pressure less than 26 Pa. At higher pressures
one should take into account in the one hand the quenching
of radiative stats N2+ (B) et N2 (C) and in the other hand the
fact that electron excitation couldn’t be considered as a
direct process. In our case our experimental conditions (P
= 20 Pa) are close to the limits of validity of this method.
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Plasma reactor is constituted of a cylindrical quartz tube
(50 mm in diameter and 500 mm in length). To produce
plasma, an inductive coil rolled around this tube permits
the coupling of the electromagnetic power supplied by a
radiofrequency generator (Hüttinger Trumpf Qinto 3013, 3
kW, 13.56 MHz) equipped with a match box. Mass flow
meters (Bronkhorst) were used to measure and control the
gas flows. A pump (ADP 81 Alcatel) permits to vacuum
the reactor at 50 Pa. The pressure is measured by a MKSA
Baratron pressure sensor.
The spectral acquisition was performed by a Princeton
Instrument Acton 500i, 50 cm focal length spectrometer
equipped with two gratings 1200 and 1800-g/mm
respectively and a coupled charged device (Jobin Yvon
CCD-3000) connected to the reactor by means of a quartz
optical fiber focused on the inductive coil region. The
spectrometer’s entrance slot was set at 250 micro-meters.
Duration of each sampling was fixed at 10 ms with the
accumulation rate of 20 spectra per sample. Data were
processed on line by the use of Winspec software. Plasma
argon flow gas was fixed at 1.5-1.7 g/s and the pressure
maintained at 20 Pa.
3. Discussion of the results.
Radial distribution of the electron density in ICP
discharge is significantly heterogeneous and has a bellshaped form (Fig. 6). The area under the curve ne = ne (r)
depends on the discharge power input.At higher plasma
power the area is increasing and the curve ne = ne (r)
approaches the shape of the Bessel function graph.Radial
distribution of the electron density is symmetric with
respect to the axis of the plasma torch, which indicates the
diffuse nature of the discharge. With the increase of the
plasma gas flow, the electron density is growing faster on
the center than at the edges.
ne, m

-3

Fig. 4. Experimental setup for emission spectroscopy
diagnostic.

r, mm

Fig. 5. Emission spectra of plasma Ar+1% nitrogen
plasma power 300W.
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Fig. 6. Radial distribution of the electron density in the
ICP (1.76 MHz) argon plasma jet.
1 - G = 0.2 g/s, Pp = 2.5 kW; 2 - G = 0.1 g/s, Pp = 2.5
kW; 3 - G = 0.07 g/s, Pp = 2.5 kW; 4 - G = 0.064 g/s,
Pp = 0.9 kW; 5 - G = 0.064 g/s, Pp = 0.8 kW; 6 - G =
0.064 g/s, Pp = 1.1 kW
In the ICP discharge current density, J, has a maximum
value near the discharge edge and decreases to zero at the
center (Fig. 7). Current density in air plasma is less than in
argon plasma. Current density in the plasma jet at Pp = 2.4
kW and p = 133 Pa does not exceeds 1000 A /m2. At the
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same time, current density in the plasma discharge (at the
same regiment) is about 1.8x106A/m2.
Current density is practically independent of the pressure
and increases monotonically with increasing of discharge
power (Fig. 8). Current density, J  , reaches his maximum
at G = 0. At low gas flow, J decreases, and start increasing
from G = 0.04 g/s, reaching local extreme at G = 0.08 g/s
and begins to decrease.

Hz , 10 A/m

2
4

6

Jz, 10 A/m

J, 10 A/m

r,mm

r, mm
Fig. 9. Radial magnetic field distribution in ICP
discharge chamber (Pp = 2.4 kW, p = 113 Pa; Air).
1 - G = 0; 2 - G = 0.04 g/s, 3 – no discharge.
During these experiments the ratio I(N2+)/I(N2) was
measured that leaded to compute the electron temperature
in three regions of plasma in the reactor. The regions of
interest were below (C) center (B) and on the top (A) of the
inductive coil where the electron temperature was
measured versus the applied plasma power. Results
depicted in Fig. 9 show that the electron temperature
increases from around 4.5 eV to 6.5 eV when the applied
power increases from 100 W to 600 W. These results
underline clearly that the electron temperature in the center
of the discharge is the highest.
Results depicted on Fig. 10 show that the electron
temperature decreases from 5 to 3 eV against de distance
at 7 cm from the center of plasma to 10 cm on the top side
of plasma when 200 W power is applied. The electron
temperature measured in our experimental conditions by
emission spectroscopy reach the values close to that
measured by Langmuir probe technique

6

J, 10 A/m

2

Fig. 7. Radial distribution of current density in the ICP
plasma discharge chamber at frequency of 1,76 MHz
Pp = 2.4 kW, p = 113 Pa. -Ar, G = 0.1 g/s; 2 - air, G
= 0.1 g/s; 3 - argon, G = 0
Magnetic field, Hz, has a maximum value at the wall of
the discharge chamber and falls to the center (Fig. 9). The
value of Hz in the plasma jet is less than 36 A/m, and in the
discharge, reaches values of 5760 A/m. Increasing the
plasma power leads to an increase of the high-frequency
magnetic field linearly. Comparison of the results for
ICPand CCP discharges at reduced pressure discharge
show that the value of the magnetic field is 1 to 1.5 orders
of magnitude higher in ICP discharge. At the same time the
current density in CCP discharge is lower than in ICP.
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z, mm
Fig. 8. Axial distribution of the current density in ICP
discharge ( f = 1,76 MHz ; Pp = 2.4 kW, p = 113 Pa)
1 - Ar, G = 0; 2 - Ar, G = 0.1 g/s; 3 - air, G = 0.1 g/s
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Fig. 10. Electron temperature versus applied plasma
power measured on the top, center and bottom of
inductive coil. Plasma Ar + 1% N2 (1 .66 g/s), p= 0,2
Pa.
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Fig. 11. Electron temperature measured by Langmuir
probe technique at 7 cm from the center of argon
plasma. Applied power 200 W.
ne,
m

-3

10
18

10
16

0.
1
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2
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3

0.
4

0
z,m
Fig. 12. Axial distribution of electron density, Ne and
electron temperature, Te in ICP (f= 1.76 MHz; Pp = 3.8 kW;
p= 70 Pa; G = 0.1 g/s) jet: 1-argon, 2- argon + 5% of
nitrogen, 3- argon + 30% nitrogen.
The experimental data was compared with theoretical
results obtained from the mathematical model of twocomponent RF plasma stream at reduced pressure in the
transient flow regime. The model includes combination of
the kinetic model based on Boltzmann equation for plasma
gas flow and solid environment model for charged particles
[6]. Analysis and evaluation of the characteristic of
elementary processes in plasma showed that the Knudsen
number in plasma jet for neutral gas is between 8x10-3 and
7 x 10-2, for ions and electrons between 5x10-4 and 5x10-3.
This means that the gas flow occurs in a transient mode,
while for charged particles satisfies the continuity
hypothesis. The Reynolds number (Re) in the RF plasma
jet was in the range between 2 and 700 , which corresponds
to the laminar flow.
Theoretical model does not include:electron attachment,
excitation of atoms,bulk recombination, formation of
multiple charged ions, the Hall effect, electron pressure
gradient, the loss of energy by radiation, the impact of
charged particles on the nature and structure of the plasma
flow.It is assumed that the basic mechanism of charged
particle production is the impact ionization, the medium is
isotropic, the electric field in the associated coordinate
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system coincides with the field in the laboratory system,
the ion temperature coincides with the temperature of the
neutral atoms.
The model is developed considering the real dimensions
of the experimental installations for plasma torch based on
cylindrical quartz discharge chamber. Theoretical data are
confirmed by experimental studies (Fig. 11-12).
As the distance from the edge of the plasmaincrease,
the plasma density decreases. Increasing the discharge
power proportionally increases the plasma density along
the plasma jet and concentration of electrons and average
energy in the plasma discharge. The theoretical model and
calculation method can be used to select the working gas
flow parameters for the treatment of products in the RF
plasma jet at low pressure to ensure the uniformity of the
plasma impact to the solid surface.
4. Conclusions
1. The characteristics of RF induction (ICP) and capacitive
(CCP) discharges were investigated.
2. Radial distributions of ne, J,sand Hz confirm the
diffusive nature of plasma discharge.
3. Experimental and theoretical data were matched.
4. The results can be used for optimizing processing
parameters of solid material treatment by low pressure
plasma.
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Detection of low concentrations of NO2- and NO3- generated in deionised water
by negative corona discharge and argon APPJ
L. Moravský1, P. Troška2, M. Masár2, Š. Matejčík1
1
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Abstract: This work describes detection of negative ions generated in deionised water by two different
sources of plasma. The sources of plasma were atmospheric pressure plasma jet (APPJ) generated in
argon, and a needle to ring electrode configuration corona discharge generated in ambient air. The
concentration of NO2- and NO3- in water after plasma treatment were measured by capillary
electrophoresys method.
Keywords: atmospheric plasma, deionised water, electrophoresis.

1. Introduction
Generation of electrical discharges in water or close
water surfaces are among to one of the most interested
studied field in research of plasma processes in recent
years. Studies are focused mainly on the interaction of
plasma directly with water, but there are also some studies
devoted to the interaction of water with plasma afterglow
formed in ambient air [1-7]. Due to the presence of water
in biological cells, it is necessary to know the main
plasma chemical interactions between the particles
generated in plasma and water. It is important to know
which particles are generated in different types of
discharges, and what products are formed upon
interaction with water. Water surface treatment by electric
discharges results in generation of different reactive
species such as Reactive Oxygen Species (ROS) and
Reactive Nitrogen Species (RNS) in water. In present
work we have studied the generation of NO2- and NO3- in
deionised water treated by negative corona discharge in
ambient air and APPJ based on DBD discharge in argon.
2. Experimental apparatus
The first type of plasma source was a negative corona
discharge generated in a point to ring electrode
configuration in ambient air. The inner electrode was
made of tungsten wire with diameter 75µm, the outer
electrode was made of brass ring with 1 mm (diameter)
hole. The distance between the electrodes was set to 5
mm. The discharge has been ignited by HV DC source
(Heinzinger LNC 10000-2) at constant electric current
300µA. The air flow was set by mass flow controller
(MKS) at constant flow rate 200 mL.min-1. The scheme of
the experimental apparatus of the negative corona
discharge is show in Fig. 1A and B.
The second type of plasma source was an APPJ
generated in argon (purity 99.996%). The discharge have
been generated in a glass capillary with inner diameter 0.5
mm and outer diameter 1 mm respectively between a
hollow needle to cylinder electrode configuration by
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homemade high voltage electric source. The argon flow
was set by mass flow controller (MKS) at constant flow
rate 200 mL.min-1. The applied voltage has had a
sinusoidal waveform (9 kHz) with amplitude 4.2 kV pk.
The scheme of the experimental apparatus of the APPJ is
show in Fig. 2.

Fig. 1A and B. Schematic view of the experimental
apparatus – 1) grounded electrode, 2) dielectric material,
3) high voltage electrode, 4) gas inlet, 5) gas exhaust.
3. FTIR spectroscopy analysis of plasma sources
To analyze the composition of the discharge gaseous
products an FTIR spectrometer has been used for both
plasma sources. The FTIR spectra have been taken at
constant gas flow regime. The products formed in a
discharge gap are shown in Fig. 3 and Fig. 4 respectively.
The major products generated in corona discharge were
N2O and NO2 (8 and 63ppm). We have observed small
amount of NO and O3 molecules, but their concentration

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

were at the detection limit. The products of the APPJ
measured by FTIR spectrometer were different. To
measure the argon plasma and air gas mixture, we have
injected simple air to the IR gas cell with flow rate
200mL.min-1. In the FTIR spectra CO2 and H2O
absorption bands were dominated, small amount of NO2
molecules were detected, but the concentration was not
identified due to small absorption. We have no detected
O3 molecule in the spectra.
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The results are show in Fig. 5. Although no NO2 and
small amount of N2O were detected in FTIR spectra of
APPJ, the absolute concentration of NO2- and NO3- can be
compared with concentrations of ions generated by
negative corona discharge. After 40 min of APPJ plasma
application concentration of NO3- are much higher than in
corona discharge.

Fig. 4. FTIR spectra of APPJ generated in argon at 4.2kV.

Fig. 2. Schematic view of APPJ 1) grounded electrode, 2)
gas inlet 3) high voltage electrode, 4) glas capillary

Fig. 5. Comparison of ion concentrations generated in
deionised water by negative corona discharge and APPJ.
Fig. 3. FTIR spectra of negative corona discharge
generated in air at 300µA.
4. Measurements and methods
Both of the plasma sources were used to treat 2000µL
of deionised water which was placed in a glass bottle. The
surface of the treated water was perpendicular to the
plasma flow. The distance between the water surface and
the plasma source was 28mm for both measurements. We
varied only the application time (10, 20 and 40 minutes).
The absolute concentrations of NO2- and NO3- in water
were measured by capillary electrophoresis method [8, 9].
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Ion Mobility Spectrometry diagnostic tool for of Atmospheric Pressure
Discharges
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Abstract: This contribution refers to the application of Corona Discharge Ion Mobility
Spectrometry (CD-IMS) as a suitiable analytical tool for monitoring decomposition of
chemical substances by atmospheric pressure discharges. In this work we demonstrate
detection of alkanes with CD-IMS and application of CD-IMS for detection benzyl butyl
phthalate (BBP) vapours and the degradation of liquid BBP using argon plasma jet
treatment.
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1. Proton transfer in positive mode of CD-IMS
Since early 1970s when Ion Mobility Spectrometry
(IMS) was first time introduced as a good trace analytical
technique[1], it has been widely used all over the world.
The reasons were: compact design, high sensitivity,
variability in application, [2] quick response and either
low investment or operation costs. Taking these
advantages IMS has been applied in many fields including
monitoring of environmental pollutants, drugs and
explosives detection [3, 4], biomolecules [5]. The CDIMS is working both in positive and negative polarities.
In positive mode CD-IMS is using hydronium ions
formed in CD for Atmospheric Chemical Ionisation
(APCI) of sample molecules. This process can be
described by reaction (1):

observe the reactant ions peaks - there is no response for
n-pentane. After using the MaSaTECH sampling
technique we are able to detect response of IMS to npentane sample.

(1)
This reaction occurs only when proton affinity of M is
higher than proton affinity of water which is equal to 697
kJ/mol [6]. Situation is not that simple when we want to
investigate compounds with lower proton affinity. In that
case, there is no proton transfer and we cannot detect
analyte with IMS. To this group n-pentane, n-hexane, nheptane and n-octane belong with proton affinity of 666
kJ/mol, 672 kJ/mol, 679 kJ/mol and 684 kJ/mol
respectively [7]. In collaboration with MaSaTECH
company [8] we have developed the sampling technique
that is able to detect molecules even with lower proton
affinity then those of water (697 kJ/mol).

Fig. 1 The ion mobility spectra for investigated alkanes
for all measured alkanes.

2. Experimental results – IMS spectra of alkanes
Fig. 1 shows response for n-pentane, n-hexane, nheptane and n-octane with proton affinity of 666 kJ/mol,
672 kJ/mol, 679 kJ/mol and 684 kJ/mol respectively. In
Fig. 2 the difference between typical n-pentane IMS
(black spectrum) before and after modification (green
spectrum) is shown. In case when standard configuration
is used (black spectrum) for n-pentane we can only
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Fig. 2: n-pentane response after improvement of IMS
(green) compared with response for standard IMS
configuration (black).
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3. BBP decomposition by APPJ
The CD-IMS technique has been used to study the
decomposition of the liquid samples by atmospheric
pressure discharges. The high sensitivity, selectivity and
fast response allow to monitoring very efficiently
decomposition of substances by monitoring of the vapour
pressure of the substances. The IMS technique equipped
with thermal spray unit allows direct detection of the
substances from the liquids.

100

80

Peak (%)

4. Experimental apparatus
We have applied kHz driven (9 kHz) DBD Argon
Plasma Jet (Fig. 3) with gas flow 200 ml.min-1 and
discharge power 1 W [9,10] for treatment of benzyl butyl
phthalate (BBP - 98% Sigma Aldrich) in liquid phase (1
ml in PE vial).

After that we have started treatment of the BBP liquid
sample by Argon Plasma Jet. After treatment we have
measured the vapour pressure of the sample by the means
of IMS spectrometry. With the increasing treatment time
of the liquid sample, we have observed decrease of the
BBP peak from the sample (Fig. 5). The decrease of the
vapour pressure BBP above the liquid surface we relate
on the basis of the Raoult law to the decrease of the BBP
concentration in the liquid due to decomposition of the
BBP in the liquid sample.
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Fig. 3. Schematic view of APPJ 1) grounded electrode, 2)
gas inlet 3) high voltage electrode, 4) glass capillary
The vapour pressure of BBP at standard conditions
(20°C) is 6.47x10-6 mbar [11] what represents
concentration of the BBP in ambient air ~10 ppb. The
detection of the BBP by CD-IMS spectrometry was very
fast and with strong response (Fig. 4).
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Fig. 4: Positive IMS spectra of ambient air (black) and
BBP sample before treatment (red) and after plasma
treatment (blue, violet and green spectra).
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Fig. 5: Relative changes of the BBP peak with increasing
treatment time.
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Optical emission spectroscopy of single-peak, multi-peak, and nanosecond
repetitively pulsed dielectric barrier discharges in He
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Abstract: A combination of current-voltage characterization, optical emission spectroscopy, and
collisional-radiative modeling is used to examine the influence of the discharge regime (singlepeak, multi-peak, and nanosecond repetitively pulsed) on the time-resolved evolution of the
electron temperature and number density of He metastable atoms in homogeneous He-based
dielectric barrier-discharges at atmospheric pressure.
Keywords: Dielectric barrier discharge, emission spectroscopy, collisional-radiative models

1. Introduction

2. Experimental setup

Dielectric barrier discharges (DBDs) are routinely
used for deposition of functional thin films and coatings on
substrates, in particular heat-sensitive substrates such as
polymers. At atmospheric pressure, DBDs can be maintained
in either filamentary or homogenous regimes. While the
former is defined by numerous short and small current pulses
randomly distributed in time and space, the latter is
characterized by a broad, well-defined, and uniformlydistributed current signal every half-cycle of the applied
sinusoidal voltage. In selected conditions, however,
homogeneous discharges can exhibit more than one current
peak. In addition, the electrical signature of these multi-peak
discharges strongly varies with the operating conditions, in
particular in presence of precursors used for plasma enhanced
chemical vapour deposition of functional thin films and
coatings. On the other hand, in recent years, there has been
an increasing interest in the use of nanosecond repetitively
pulsed (NRP) discharges. In such highly dynamic conditions,
high electron number densities can be achieved over very
short time scales.

The DBD reactor used in this work was described in
details in [1,2]. Homogeneous DBDs were sustained in a
plane-to-plane configuration, with a 1 mm gap between two
alumina dielectric plates. The DBD cell was contained in a
controlled-atmosphere chamber of 12 L. For all experiments,
the chamber was first filled with He (ultra high purity (UHP)
grade) using a 3 SLM mass flow meter. The discharge was
sustained by the application of a sinusoidal voltage: the
amplitude was set to either 1.3 or 2.5 kV peak-to-peak while
the frequency was set to 12 kHz.

In this work, a combination of current-voltage
characterization, optical emission spectroscopy, and
collisional-radiative modelling is used to examine the
influence of the discharge regime (single-peak, multi-peak,
and NRP) on the time-resolved evolution of the electron
temperature in homogeneous DBDs at atmospheric pressure.
All studies were realized in nominally pure He or in He with
hexamethyldisiloxane (HMDSO) precursor conditions. The
choice of He was motivated by the recently-developed
collisional-radiative model that can simulate the relative
emission intensities of He n=3 levels using the electron
temperature (assuming Maxwellian energy distribution
function) and the number density of He n=2 metastable atoms
as the only input parameters [1].
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NRP discharges were also sustained in the same
DBD cell by a custom-made pulse generator. This source
relies on a high-voltage (20 kV) low-current (2 mA) DC
power supply coupled with a 4000 pF capacitor and a Behlke
HTS 201-10-GSM switch. The system can provide welldefined rectangular pulses, with pulse width between 100 ns
up to a few µs (turn-on time of 5-15 ns and turn-off time of
20-50 ns). The pulse frequency was fixed to 1 kHz.
In both systems, current-voltage characteristics
were obtained from the voltage measured using a highvoltage probe (bandwith of 75 MHz; rise time of 5 ns) and
the current obtained from the potential drop across a 50 Ohms
resistance placed in series with the DBD cell (low-voltage
side; passive probe with a bandwith of 200 MHz; rise time of
2 ns). Similar current values were obtained with a current
probe (bandwith of 100 MHz; rise time of 3.5 ns). In the case
of the sinusoidal voltage excitation, the power absorbed or
dissipated by electrons in the discharge was determined from
the analysis of the gas voltage and discharge current; more
details can be found in ref. [3].
Optical emission spectra were recorded using a PIActon monochromator coupled to an intensified charged
coupled device camera (PI-Max 4). Time-resolved
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measurements were obtained using a 5 ns gate width. A
typical optical emission spectrum in the 570 to 800 nm range
is presented in Fig. 1. In addition to the expected He emission
lines from the He n=3 levels, significant emission from Ar
4p-to-4s transitions can also be seen (for example at 750.4
nm). This emission can be ascribed to the presence of Ar
impurities from the He UHP bottle and the excitation of these
impurities by Penning excitation reactions involving highenergy He metastable atoms. In such conditions, the Ar line
intensity becomes directly proportional to the population of
He metastable atoms. Below, this Ar intensity is thus denoted
as metastable index.
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2.5 kV. While the 1.3 kV curve reveals only one current peak
per half-cycle of the applied voltage, an additional peak can
be observed at 2.5 kV. Time-resolved values of Te (direct)
and Te (stepwise) are also shown for comparison.

Fig. 1 : Typical optical emission spectrum of a He DBD (with
Ar impurities).
As mentioned above, the emission from He n=3
levels was analysed using a collisional-radiative model. In
this model, population of emitting He n=3 states occurs by
direct excitation on ground state, stepwise excitation from
metastable states, and excitation transfers from other He n=3
levels. On the other hand, de-excitation occurs by
spontaneous emission and quenching by collisions with
neutral atoms. For each condition, Te values (assuming
Maxwellian electron energy distribution function) were
determined using two techniques. In the first one denoted as
Te (direct), n=3 levels are populated mostly by electron
impact on ground state He atoms and excitation transfers. On
the other hand, in the second one denoted as Te (stepwise),
n=3 levels are created mostly by stepwise excitation and
excitation transfers. In each opposite cases, triplet and singlet
line ratios become solely dependent on the electron
temperature (the dependences on the number density of
electrons and metastable He atoms are lost) such that Te
values can be obtained from a simple comparison between
measured and calculated line intensity ratios [1].
3. Single- and multi-peak He DBDs
Figure 2 compares the measured discharge current
obtained at 12 kHz for a peak-to-peak voltage of either 1.3 or
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Fig. 2: Time-resolved values of the electron temperature and
metastable index. Top: 1.3 kV ; Bottom: 2.5 kV.
In the single-peak regime, assuming that n=3 levels are
first populated only by electron impact on ground state He
atoms and then only by electron impact on metastable He
atoms as the discharge current and thus the metastable
number density rise (see magenta curve in Fig. 2; linked to
the Ar line intensity), it can be seen that Te peaks early in the
discharge cycle and then decreases down to about 0.15 eV
until discharge extinction. In ref. [1], such behaviour of Te
during the Townsend-to-glow transition was linked to a
change of the ionization kinetics with the increase of the
discharge current (and thus of the electron number density).
As the electron number density increases (and thus the
number density of He metastable atoms increases), the
contribution from stepwise ionization processes must
increase. In such plasmas, lower Te values are expected with
respect to those relying on electron-impact ionization
processes on ground state He atoms. On the other hand, in
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the multi-peak regime, an additional rise of Te can be
observed before the second discharge peak and before the
second rise in the discharge current. This confirms, as
expected, that the population of He metastable atoms plays a
critical role on the electron kinetics in He DBDs at
atmospheric pressure.
Similar experiments were also performed in presence of
HMDSO used for plasma enhanced chemical vapour
deposition of functional thin films and coatings. Timeresolved values of the discharge current, He-707 nm line
intensity, and Ar-750 nm line intensity are presented in
Figure 4. In such conditions many peaks were observed.
However, the Ar line was much weaker and the emission
peaked before the discharge current. This indicates that
Penning excitation of emitting Ar states becomes much less
important than electron-impact excitation reactions on
ground state Ar atoms (recall that DBDs are characterized by
higher electron energies early in the cycle).
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during the turn-on and turn-off times. Based on this set of
data, the discharge current was estimated by subtracting the
total current measured with the plasma on in He with the
displacement current measured with the plasma off in N2 The
results are also shown in Fig. 5. The first set of peaks can be
linked to He breakdown whereas the second set results from
charge accumulation on the dielectric surface producing a
second (but smaller) breakdown [4].
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Fig. 4: Time-resolved values of the Ar and He line intensities
in He+100ppm HMDSO (2.5 kV).

c)

4. Nanosecond repetitively pulsed He DBDs
In the NRP regime, current-voltage characteristics
can no longer be analyzed using the approach described in
[3]. In particular, special attention must be paid to the
subtraction of the displacement current (due to the rapidly
oscillating electric field) from the total (displacement+
discharge currents) current measured by the probe. In this
context, Figure 5 compares the I-V characteristics for an
amplitude of the applied voltage of 3.5 kV. Measurements
were realized in either nominally pure He (plasma on) or
nitrogen (plasma off) gas mixtures (recall that the breakdown
voltage is larger for N2 than for He). Similar curves were
observed for the applied voltage, except early in the pulse
immediately after the pulse rise time and at the end of the
pulse immediately after the pulse turn-off time. As for the
measured current, most of the significant features arise
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Fig. 5: I-V plots of a He DBD in the NRP regime in He
(discharge on) and N2 (discharge off). a) Applied voltage. b)
Measured current. c) Estimated discharge current.
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The light emission from the discharge was also obtained in a
time-resolved fashion, as shown in Fig. 6. The emission is
directly linked to the voltage pulse: a first intensity peak is
created during the pulse rise time and then a second (smaller)
one is observed during the pulse turn-off time.

Fig. 6.: Discharge intensity and I-V plot of a He DBD in the
NRP regime.
Optical emission spectroscopy measurements in such highly
dynamic plasma conditions are in progress to determine the
time evolution of the electron temperature and number
density of He metastable atoms as a function of pulse width.
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Abstract: We present detailed plasma kinetic modelling of a low-electron energy N2–H2
atmospheric-pressure discharge for NH3 synthesis. The results contrast with the conventional
understanding: the surface-adsorbed atomic hydrogen H(s) and the NH radical take a leading
role in the formation of NH3, and the dissociative adsorption of molecules and three-body
reactions are important. This is significantly different from the mechanisms in conventional
thermochemical processes and low-pressure plasmas. The predicted influence of the input
gas composition, one of the important governing factors of the plasma reactions leading to
ammonia production, is compared with observations. The influence of the excitation
frequency and duty cycle on the yield and energy efficiency are discussed.
Keywords: kinetic modelling, ammonia production, nitrogen–hydrogen discharge, surface
reaction, non-equilibrium atmospheric-pressure plasma, plasma catalysis

1. Introduction
Ammonia production using plasma catalysis is viewed as
a promising approach, due to the highly-reactive
environment provided by the plasma, which allows
atmospheric-pressure operation. However, compared to the
long-established Haber–Bosch process for the manufacture
of ammonia, plasma synthesis still shows a significant
underperformance; a better understanding of the
underpinning mechanisms is required. Gaining such an
understanding through a plasma–surface kinetic model is
an important step in exploiting the potential of plasma
catalysis for ammonia production.
A significant amount of experimental work has been
done using atmospheric-pressure discharges for ammonia
synthesis, motivated by the potential for a large production
yield at higher pressures [1, 2]. However, until recently,
detailed kinetic modelling to understand the underlying
plasma chemistry mechanisms in N2–H2 discharges has
continued to be focused on low-pressure plasma conditions
with relatively high-energy electron and ion kinetics [3, 4].
In this work, we present modelling results based on an
extensive study of ammonia synthesis in a low-gastemperature low-electron-energy atmospheric-pressure
N2–H2 discharge, including heterogeneous surface
interactions. Of particular novelty is our focus on the
important role of the plasma–surface interactions and the
vibrational kinetics of molecular species.
We use ZDPlaskin [5], a zero-dimensional plasma
kinetics solver, combined with BOLSIG+ [6-8] for
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solution of the Boltzmann equation, to obtain steady-state
or time-dependent densities of the species produced in the
discharge. Experimental results obtained using a dielectricbarrier-discharge reactor at atmospheric pressure, packed
with -Al2O3 spheres[9], are used to validate the model.
Finally, the time evolution of species densities was
simulated for different frequencies and duty cycles of the
AC power input; the results allow us to suggest methods to
improve energy efficiency with enhanced NH3 yield.
2. Kinetic model for non-equilibrium atmosphericpressure N2–H2 discharge
As shown in Table 1, ground-state and vibrationally- and
electronically-excited nitrogen and hydrogen molecules,
atoms, ions and surface-adsorbed species, including atomic
nitrogen N(s) and hydrogen H(s), and NH(s) and NH2(s),
are taken into account. The input parameters for the gasphase kinetics are total gas pressure, initial ratio of nitrogen
to hydrogen molecules, electron density, reduced electric
field E/N (the electric field strength over the number
density of gaseous species) and gas temperature.
Additional input parameters required for the surface
reactions are the wall temperature and surface area, and the
dependence of the surface reaction coefficients on the
surface composition.
The reactions involving the surface are listed in Table 2;
‘Surf’ denotes an empty surface active site.

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

poster

Table 1 Species considered in the model

function of electron temperature Te, and were taken from
Carrasco et al [3]. The rest of the important gas-phase
reaction coefficients were taken following Gordiets et al
[10], Carrasco et al [3] and Capitelli et al [11] as detailed
in our previous work [12]. For the first time in N2–H2
plasma kinetic modelling, enhanced reaction probabilities
for vibrationally- and electronically excited states were
incorporated in dissociative adsorption of molecules
following the calculation results of Hansen et al [13].

Table 2 Heterogeneous surface reactions

3. Results and discussion
3.1 Production and loss mechanisms of NH3
The predominant production and loss mechanisms of
NH3 molecules are shown in Fig. 1(a) and (b). Figure 1(a)
shows that NH2 molecules, which are predominantly
produced by the dissociation of NH3 on long time scales,
are likely to react with surface-adsorbed hydrogen or
hydrogen molecules to form NH3 again. The LangmuirHinshelwood mechanism between the surface-adsorbed
NH2(s) and H(s) is also important, although not as much as
in the conventional thermochemical process.

The gas-phase reactions considered in the model can be
divided into 14 categories:
(1) Electronic excitation and ionization by electrons;
(2) Vibrational excitation and de-excitation of N2(νi) and
H2(νj) by electrons;
(3) V–T (vibrational–translational) interactions;
(4) V–V (vibrational–vibrational) interactions;
(5) Electronic transitions between N2(A3) and N2(B3) by
N2(X, ν);
(6) Radiative transitions;
(7) Electron-impact dissociation;
(8) Dissociative ionization and recombination by electrons;
(9) Ion–molecule reactions;
(10) Binary processes between nitrogen species;
(11) Binary processes with nitrogen, hydrogen or NH x;
(12) Three-body processes;
(13) Wall relaxation;
(14) Production and loss of H− ions.
The important rate coefficients related to electron
kinetics, such as electronic excitation and ionization, are
calculated using the built-in cross-section database [8] in
the BOLSIG+ module and automatically integrated to the
ZDPlaskin chemical kinetic equation solver, in which
spatially-uniform electric field and electron distributions
are assumed. The ionization reaction coefficients for
atomic H and NHx species are shown separately as a
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Fig. 1 Important production and loss mechanisms of
NH3 ; (a) long-term and (b) early-stage behaviour, for
1 atm, N2:H2 = 1:2, E/N = 45.1 Td, ne = 1.17×108 cm−3
and an Al2O3 surface
Figure 1(b) shows that three-body reactions between NH
radicals and N2 and H2 molecules trigger the rapid build-up
of the NH3 concentration in the early stages of NH3
production. NH radicals are found to be generated by the
interaction between atomic nitrogen and vibrationally-
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excited hydrogen molecules. The dissociated atoms and
vibrationally-excited molecules are predominantly
produced by electrons. This shows how the plasmacatalysis reactions are influenced by input plasma
parameters such as electron temperature Te and density ne.
It is worth emphasising that the surface-adsorbed
atomic hydrogen H(s) and nitrogen N(s) are mainly
produced by dissociative adsorption of molecules as shown
in Fig. 2(a) and (b), not by direct adsorption of atomic
species as in typical low-pressure plasma conditions. The
much higher production rate of H(s) compared to N(s)
indicates that the surface-active sites are predominantly
occupied by H(s).
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dependent. Nevertheless, the use of time- and spaceaveraged electron densities and temperatures has allowed
us to predict the ammonia production yield, with
reasonable accuracy, suggesting that the most important
gas-phase and surface reactions are captured by the model.

Fig. 3 Concentration of NH3 for different input gas
compositions: measured and calculated results for an
Al2O3 packed-bed discharge; plasma parameters for
each composition were obtained from measurements for
an applied voltage of 14 kV.
3.3 Suggested mechanism for ammonia production
Based on our kinetic modelling results, a simplified
reaction mechanism can be given by,
1. H 2  surf(s)  2H(s)
2. e  N 2  e  2N
3. N  H 2 (v)  H  NH
4. NH  H(s)  NH 2 (s)
5. NH 2 (s)  H(s)  NH3
6. e  NH3  e  NH 2  H
7. NH 2  H(s)  NH3
8. e  NH3  e  NH  H 2

Fig. 2 Important production and loss mechanisms of
(a) N(s) and (b) H(s), for conditions of Fig. 1
3.2 Influence of plasma process parameters
The mixing ratio of nitrogen and hydrogen in the input
gas has a large influence on ammonia production. In Fig. 3,
the measured volume percentage of NH3 in the output gas
produced by our packed-bed DBD reactor is compared to
the number density predicted by the model. The measured
values are converted to a number density to allow a direct
comparison, with 1.2 vol% corresponding to a number
density of 2.2×1017 cm-3. Both the measured and calculated
NH3 concentration have a maximum near the
stoichiometric ratio, decreasing for higher hydrogen
percentages in the input gas.
The phenomena occurring in a packed-bed dielectric
barrier discharges are strongly spatially- and time-
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Fig. 4 Schematic showing selected mechanisms of
ammonia synthesis
Figure 4 shows a schematic overview of the main
reactions. The interaction between the NH radical and the
surface-adsorbed hydrogen is an important step in the
production of NH3 on the surface, and this NH3 molecule
and the intermediate species NHx are closely
interconnected and recycled through a complex set of
reactions, both on the surface and the gas phase.
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3.4 Dependence of NH3 production on waveform
Applying a pulsed or high-frequency input power with
duty-cycle control in order to improve energy efficiency is
common in many plasma applications. Our measurements
revealed a significant increase in ammonia concentration,
from 0.04 vol% to 0.8 vol%, when the input frequency was
doubled from 500 Hz to 1 kHz at the same applied voltage
of 14 kV, with a 10% increase in E/N and doubled electron
density. With these input parameters, the modelling
predicted a factor of 6.4 times increase in NH3 density, as
shown in Table 3, rows (1) and (2), because of the
increased input energy and the higher E/N. The results in
rows (3) and (4) suggest that by controlling the duty cycle
of the AC input power, efficient NH3 production is possible
with lower energy input; in particular, the NH3 density is
predicted to be 2.4 times larger with lower energy input for
1 kHz excitation with 40% duty cycle than 500 Hz
excitation with 100% duty cycle. As in many successful
plasma applications, nanosecond pulsing is worth
investigating to improve energy efficiency and yield.
Table 3. Input energy and produced NH3 density for
different excitation frequency, E/N and duty cycle

4. Conclusion
For the values of E/N and ne considered at atmospheric
pressure, the characteristics of the discharge show
significant differences from those typical of a low-pressure
plasma. In particular, the much lower electron energies
lead to low densities of ions and atomic species.
Nevertheless, due to the significant role of surface
reactions, a large concentration of NH3 is produced.
Despite a very low sticking probability, dissociative
adsorption was found to dominate direct adsorption of
atomic species, in contrast to low-pressure plasmas, for
which the latter process is critical.
The calculations show that dissociative adsorption of
hydrogen, and subsequent reactions of surface-adsorbed
hydrogen atoms with NH and NH2, play a dominant role in
ammonia production. However, the formation of NH relies
on the reaction between H2(ν) and N, whose production is
mainly controlled by electron reactions. Electron kinetics
thus have a strong influence on the ammonia production
process, despite the low electron energies and low densities
of electronically-excited species and energetic ions.
The predictions of the model show the same dependence
on the input N2:H2 ratio as observed in experiments. The
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model also allows investigation of the influence of
excitation frequency and duty cycle.
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Chemical kinetics model for hypoxia effect in the afterglow of an argon plasma
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Abstract: In the present study, we investigate the plasma chemistry in the afterglow of an
argon plasma jet, by means of a chemical kinetics model. More specifically, we focus on
the effect of a depleting oxygen fraction in the afterglow surroundings. Indeed, in vitro, this
is induced by the argon flow during plasma treatment, but moreover, this also occurs in
vivo in the surroundings of cancer cells. Our simulations indicate that the alterations of the
density of biomedically important RONS strongly depend on the origin of each species.
Keywords: Chemical kinetics, argon plasma jet, afterglow chemistry, hypoxia, RONS.
1. Introduction
In the field of plasma oncology, cold atmospheric
plasmas are used as a cancer treatment modality. The
main advantage over traditional therapies, is that CAPs
are able to selectively induce cell death in cancer cells
while leaving their healthy counterparts far more
unharmed. The underlying mechanisms remain, however,
elusive [1]. To increase the knowledge of the processes
which occur upon interaction of the afterglow of CAPs
with cells or tissues (both in vitro and in vivo) it is
important to identify the main species that are capable of
reaching these cells. This knowledge would allow us (i) to
estimate the possible interactions/reactions which might
occur, and (ii) to fine tune plasma parameters (concerning
both the plasma source as well as the carrier gas).
Multiple studies have already reported the reaction
chemistry of the afterglow of atmospheric plasma jets
(e.g. [2-4]). However, none of these studies has
implemented the hypoxia effect (decreased O2-fraction in
cellular microenvironment) which occurs upon treating
cells in vitro [5] and which is also of key importance for
in-vivo treatment of cancer cells. Indeed, it is known that
due to the rapid growth of tumorous tissue, large portions
of a solid tumour are surrounded by hypoxic
microenvironments. This hypoxic microenvironment is
the result of the outermost cancer cells, consuming nearly
all the available oxygen in order to proliferate more
rapidly. Therefore, in the present work, we study the
afterglow of an argon atmospheric pressure plasma jet
(APPJ), investigating the effect of a decreasing molecular
oxygen fraction on the plasma chemistry.

reactions describing the behaviour of these species,
adopted from the chemistry set of Van Gaens et al [2].
The profiles of the applied power density, gas flow
velocity and molecular oxygen density in the afterglow
are fitted to experimental data [8,9]. Using our 0D
chemical kinetics model, the density profiles of various
biomedically relevant species are calculated and the effect
of the molecular oxygen fraction in the afterglow on these
profiles is evaluated.
3. Results
To mimic a plasma jet that is used in medical
applications, the gas temperature in the afterglow was
fixed at room temperature (i.e. 300K). To study the
hypoxia effect, which is induced by the gas flow of the
plasma jet, the gas flow rate was varied, ranging from 1
up to 5 slm. The effect of this flow rate on the molecular
oxygen density in the afterglow is illustrated in Figure 1.
In the model used, ambient air diffusion into the afterglow
region only starts 0.12 cm after the nozzle exit, which can
also been derived from Figure 1. The density profiles of
molecular nitrogen and water, also present in the ambient
air (with a relative humidity of 50%), are very similar.

2. Computational method
We used the ZDPlaskin 0D chemical kinetics model [6]
combined with the built-in BOLSIG+ Boltzmann-solver
[7]. The chemistry-set used in this study is largely taken
from Murakami et al. [4]. However, to include additional
relevant biomedically active species (e.g. H2O2, HO2,
HNO3 or HNO2), we extended this chemistry set with the
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Upon increasing the flow rate, different trends can be
observed for different biomedically active species. As
expected, the density of most of the species decreases if
the flow rate increases, which can be seen in Figure 2 for
N2O, NO, O3, HNO3 and HNO2. This can be explained by
the O2 and N2 densities for these conditions (see Figure
1). Indeed, all relevant biomedical species contain either
oxygen or nitrogen, or both (these are the so-called
Reactive Oxygen and Nitrogen Species, i.e., the RONS)
and thus, they require molecular oxygen and nitrogen to
be generated. Therefore, due to the decreasing O2 and N2
fraction (upon increasing the flow rate), the fraction of
these species also decreases.

Figure 3: Effect of the gas flow rate on the density profile
of O radicals.
This contradictory trend can be explained by looking at
the electron density profile upon varying the flow rate,
which is illustrated in Figure 4.

Density (cm-3)

Figure 1: Effect of the gas flow rate on the molecular
oxygen (O2) density in the afterglow. The grey zone
indicates the region inside the plasma jet.

Relative density (%)

Position (cm)

Figure 2: Density of N2O, NO, O3, HNO3 and HNO2 at a
position of 2.5 cm, normalized against the total gas
density (the values of N2O are multiplied by a factor of
10, to make the differences more visible).
For a number of other species, however, the opposite
trend can be observed. Indeed, the density of O, O-, O2-,
OH, H, HO2, N and NO3- increases upon increasing the
gas flow rate, which is illustrated in Figure 3 for O
radicals, as a representative example for all of the species
mentioned.

ISPC23, Montreal, Canada

Figure 4: Effect of the gas flow rate on the electron
density profile.
Indeed, from Figure 4, it is clear that upon increasing
the gas flow rate, the electron density decreases less
drastically when the power density (and thus the reduced
electric field) is reduced to zero (which occurs at a
position of 1.76 cm). As some of the species mentioned
above (i.e., N, O, O-, and OH) are mainly generated due
to electron impact reactions, their density increases if the
electron density increases (which is the case for higher
gas flow rates). Other species (e.g., H, HO2, O2-), on the
other hand, are mainly generated due to reactions
involving O or OH radicals. Therefore, if the densities of
these radicals increase upon increasing the gas flow rate
(see Figure 3), the density of the species they generate
also increases.
Finally, the density of H2O2 shows a different behaviour
from the trends discussed above. Indeed, upon increasing
the gas flow rate, the density of H2O2 decreases in the first
part of the afterglow, but increases in the second part of
the afterglow (the second part of the afterglow starts when
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Density (cm-3)

the power density drops to zero, at a position of 1.76 cm).
This is illustrated in Figure 5.

Position (cm)

Figure 5: Effect of the gas flow rate on the density profile
of hydrogen peroxide (H2O2)
The density profile of H2O2 upon increasing the gas
flow rate can be explained by looking at Figures 3 and 4.
The most important loss reaction of H2O2 is electron
impact dissociation:
𝑒 − + 𝐻2 𝑂2 → 𝐻2 𝑂 + 𝑂 −

(1)

As can be seen from Figure 4, the electron density is
higher at higher flow rates. Therefore, the reaction rate of
this loss process will be higher, and thus, the density of
H2O2 will be lower in this first region. The main
production term for H2O2 on the other hand, is the
recombination reaction of two OH radicals:
𝑂𝐻 + 𝑂𝐻 + 𝐴𝑟 → 𝐻2 𝑂2 + 𝐴𝑟

(2)

Because OH radicals follow the same trend as O
radicals (illustrated in Figure 3), their density will be
much higher in the second part of the afterglow, upon
increasing the flow rate. Therefore, in this region, the
production rate of H2O2 will be much higher,
overcompensating for the decreasing electron density in
this region, resulting in a net increase of the H2O2 density
in the second part of the afterglow.
4. Conclusions
In this study, we have modelled the plasma chemistry in
the afterglow of an argon plasma jet, using a zerodimensional chemical kinetics model. More specifically,
we focused on the hypoxia effect (i.e. a depletion of the
molecular oxygen concentration), which occurs in vitro
when ambient air is blown away due to the plasma carrier
gas, and which is also important in the microenvironment
of solid tumours in vivo.
Our results indicate that, upon increasing the gas flow
rate of the plasma, the molecular oxygen fraction
decreases in the afterglow. This, in turn, leads to the upor down-regulation of some of the biomedically important
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reactive oxygen and nitrogen species (RONS). Indeed, the
concentration of e.g. N2O, NO, O3, HNO3 and HNO2
decreases upon increasing the gas flow rate, which is
caused by the decreasing O2 and N2 fraction in the
afterglow (as these are required for the generation of the
species mentioned). The density of other RONS,
including O, O-, O2-, OH, H, HO2, N and NO3-, on the
other hand, increases by increasing the gas flow rate,
which is due to an increasing electron density at these
higher flow rates. Finally, the density of H2O2 first
decreases by increasing the gas flow rate, due to more
prominent loss by electron impact dissociation, but
increases again more drastically at these higher flow rates
at longer distances from the nozzle exit, due to
recombination of 2 OH radicals, which become more
important at higher flow rates.
In general, the results of our model indicate (i) that the
density of biomedically active species strongly depends
on the gas flow rate and (ii) that the behaviour at different
flow rates depends on the production (and loss) reactions
of each species. Moreover, for some species (such as
hydrogen peroxide), the effect of the gas flow rate
depends also on the distance from the nozzle exit. This
indicates that, in experimental set-ups, the distance to the
sample that is being treated is a critical factor.
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Abstract: This article presents a unified physical mathematical approach to model
nanoparticles dynamics. This approach has been used as a foundation by the Authors to
developed a software framework for modelling entities and phenomena occurring at
mesoscopic length scale in a generic Gas-Phase (GP) nanoparticle synthesis processes (e.g.
plasma, hot-wall and flame reactors). The model considers nanoparticles motion,
agglomeration and sintering phenomena and is aimed to provide detailed information about
nanoparticles fractal dimension and composition, together with species concentration,
consumption rates and particles size distribution. We provide a detailed description of the
data structures, the numerical methods and the algorithms adopted to implement the
simulation software based on this model.
Keywords: Modelling, Nanoparticles, Synthesis, Multiscale, Thermal Plasma.

1. Introduction
Gas Phase Condensation (GPC) synthesis of nanoparticles
is an important link in the manufacturing chain of
nanomaterials based products. This kind of processes
enable the production of conspicuous quantities of
nanoparticles at several kg/h rates in modern days,
leading to an attractive cost/benefit ratio. However, the
main issue affecting GPC processes is the difficulty of
controlling the precision of the nanoparticles synthesis
and to predict which process conditions can lead to
products with specific features. Moreover, a better
understanding of the link between process conditions and
nanoparticle characteristics is also relevant for estimating
and control the environmental impact of processes where
nanoparticles are an undesired side effect and not the
main product. These considerations strongly motivate an
increase in theoretical and applied research to understand
and predict the mechanisms of nanoparticles and
nanostructures formation.
Since sixties, several models have been proposed for
describing coarse-grained structures formation and from
the beginning of the eighties, exploiting the constant
improvement of computational units, more precise
models, based on different concepts, arose. The
difficulties in providing solid theoretical foundation also
for the simplest aggregation processes, pushed the
development of different numerical and hierarchical
approaches. Diffusion Limited Agglomeration models
(DLA) [1], propose the addition of simple primary
particles, in the case of particle-cluster interactions, to a
growing cluster via random walk paths. The evolution of
this approach, the Diffusion Limited Cluster-Cluster
Aggregation models (DLCCA), whose intent is to move
two cluster via random walk, representing the Brownian
motion in a fluid, and make them collide. Another
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approach, less computational expensive, is the Ballistic
Limited Agglomeration Model (BLA) in which two
clusters are made collide by linear paths, randomly
chosen, like in [2]. Pratsinis et. all, Frencklach and Harris
and Gelbard and Seinfeld [3-5] proposed models based on
the method of moments for describing the evolution in
function of time of monodisperse or polydisperse
populations in terms of particles size distribution and
chemical composition distribution. Other approaches for
simulating nanoparticles dynamics are based on
coordinated Montecarlo and Molecular Dynamics
simulations like in [6]. A valid alternative to Montecarlo
simulations is the Langevin dynamics approach,
introduced in [7]. The simulations based on this model are
characterized by the solution of the equation of motion for
each single particle, adding two forces: a friction force
proportional the velocity with a friction coefficient related
to the bath and a Gaussian stochastic term related to the
thermal white noise.
Each model presented has its own definitions for the
entities taken into consideration and in literature is not
present a univocal mathematical physical description of
the objects involved in such processes. The aim of our
work, indeed, is to provide a common model for
describing mesoscale systems and entities with a clear and
precise mathematical notation, classifying the different
structures that can occur during a coarse-grained
simulation and, finally, propose a framework based on
these definitions.
2. Model
In this section, we first define the entities and the
connections among them, then we present the definitions
of the different phenomena (motion, agglomeration,
sintering) exploiting the new framework proposed.
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2.1 Terminology
The basic entities that are taken into consideration in this
approach are:
• Primary particle: the smallest identifiable individual
particles, usually in the size range between 5 and 50
nm.
• Agglomerates: assemblies of primary particles and/or
aggregates loosely held together by weak bonds.
• Aggregates: assemblies of partially sintered primary
particles held together by strong bonds. The surface
area of an aggregate is smaller than the sum of all
primary particle surface areas.
In Figure 1 we depict the entities that the model can
describe.

Figure 1: Nanoparticles structures.

2.2 Mesoscopic Model
The mesoscopic model is a coarse grained molecular
dynamics model focused on nanoparticles. In this paper,
we neglect the atomistic regime underlying the
mesoscopic one.
The model characteristics are:
• Nanoparticles size from 10 to 200 nm,
• A volume with characteristic side length from 1 to 10
micrometers.
• An estimated number of nanoparticles from 100 to
100,000.
• A simulation time scale from 1 to 100 ms.
The basic discrete physical object of the mesoscopic
model (a.k.a. grain, pseudo-atom) is the minimum
thermodynamically stable cluster of molecules that is
called primary particle. Since free molecules are smaller
than a primary particle, they are not included the model as
distinct discrete objects; instead they are described using
integral thermodynamic quantities (i.e. temperature,
species density) and called gas phase (GP).
2.3 Mesoscopic System
The mesoscopic system 𝑀𝑆 can be defined as a particle
phase 𝑃 composed by a set of particles 𝑝𝑖 with i ∈
{1,2, … , N(P)} where 𝑁(𝑃)is the number of particles in
the system, and a free molecules gas phase 𝐺𝑃
characterized by its thermodynamic properties. Each
particle pj ∈ P constitute the basic discrete objects of the
mesoscopic model. A nanoparticle 𝑁𝑃 is a collection of
𝑁(𝑁𝑃)particles 𝑝𝑖 ⊂ 𝑃 connected together by weak
bonds due to interparticle potential (agglomerate) or hard
bonds by sintering aggregate) and a list of connections
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𝐶𝑖𝑗 between particles storing the information about
connection type and sintering evolution. The simplest
nanoparticle is composed by a single particle so that a
new nanoparticle is created when a particle is formed by
nucleation. For two different nanoparticles, the relation
𝑁𝑃𝑖 ∩ 𝑁𝑃𝑗 = 0 holds. An aggregate 𝐴𝐺 is the subset of
𝑁(𝐴𝐺) particles inside a nanoparticle {𝑝𝑗 } ⊂ 𝑁𝑃 that are
connected by sintering. While agglomeration is a
reversible process, sintering is not reversible. The
relations 𝐴𝐺𝑖 ⊂ 𝑁𝑃 and 𝐴𝐺𝑗 ∩ 𝐴𝐺𝑗 = 0 always holds.
2.4 Gas Phase
The gas phase 𝐺𝑃 is constituted by free molecules and
atoms which are below the mesoscopic model length scale
(minimum stable cluster diameter) and it is characterized
by time dependent thermodynamic scalar quantities such
as: temperature 𝑇, pressure 𝑝(𝑡), the total number of
molecules 𝑁𝑔𝑎𝑠 and species molar concentration 𝐶𝑠 (𝑡),
with 𝑠 ∈ [1, … , 𝑆], being 𝑆 the total number of species in
the system. A species can be an atomic species (e.g. Ar,
Si) or a molecular species (e.g. Si-H, Si-O, ZnO). If the
mesoscopic domain is considered as an isolated system
(0D reactor), the chemical species concentration is
calculated according to the possible reactions between
species and their interactions with particles using nonequilibrium or equilibrium chemistry (Fig. 2).

Figure 2: Mesoscopic System.

2.5 Particles Definition
A particle 𝑝𝑖 (𝑥𝑖 , 𝑣𝑖 , 𝜂𝑖 ) is a collection of 𝑁(𝑝𝑖 ) molecules
and is characterized by its position 𝑥𝑖 , velocity 𝑣𝑖 and the
composition in terms of number of each contained species
{𝜂𝑠 } = {𝜂1 , 𝜂2 , … , 𝜂𝑆 } with 𝑆the number of molecular
species in the system. Particles are assumed to be of
spherical shape. Follows that 𝑁(𝑝𝑖 ) = ∑𝑆𝑠=1 𝜂𝑠 and the
particle mass 𝑚(𝑝𝑖 ) is defined as 𝑚(𝑝𝑖 ) = ∑𝑆𝑠=1 𝑚𝑠 𝜂𝑠
while the volume 𝑣(𝑝𝑖 ) is 𝑣(𝑝𝑖 ) = 𝑚(𝑝𝑖 )/𝜌(𝑝𝑖 ) with
𝜌(𝑝𝑖 ) that is the bulk density of the material. The
reduction of a particle from a cluster of atoms to a simple
0D geometric point leads to loss of information about its
internal degrees of freedom, in particular regarding:
• the dissipation phenomena occurring inside the real
particle,
• the possibility for a particle to rotate around an
arbitrary axis,
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• the possibility to oscillate around the shape of
minimum surface tension energy (spherical shape).
While these phenomena can affect e.g. the way particles
coagulate or the mechanisms of energy transfer, their
influence on the model prediction is assumed to be
negligible.
2.6 Particles Dynamics and Agglomeration
Interactions among particles occur in the mesoscopic
model by means of the interparticle potential and their
Brownian driven motion. When particles collide, they
connect together to form agglomerates of finite size that
can contain from 1 to 10,000 particles. The connection of
two particles by means of weak forces (e.g. van der
Walls) is called coagulation and can be broken if another
sufficiently energetic collision occurs. As soon as two
particles are connected by coagulation they can
irreversibly stick together by sintering, which is a
temperature driven not reversible process, and may lead
in time to complete sintering. Instantaneous sintering
between two particles is called coalescence.
2.7 Coagulation
Coagulation occurs when two particles comes in contact
as result of their relative motion (by solving the Langevin
equation of motion) or due to collision algorithm (by
using a stochastic approach). In our model we assume that
sticking of two particles always happen when they
collide. When two single particles 𝑝𝑖 and 𝑝𝑗 coagulate,
each one representing a single nanoparticle 𝑁𝑃𝑘 and 𝑁𝑃𝑙
respectively, a new nanoparticle 𝑁𝑃𝑚 = 𝑁𝑃𝑘 ∪ 𝑁𝑃𝑗 .
2.8 Sintering
Sintering may occur between two connected (coagulated)
particles 𝑝𝑖 and 𝑝𝑗 . According to [8] the driving force for
sintering is a minimization of the free energy resulting in
a reduction of surface area. The energy gained by surface
reduction is dissipated by viscous flow, which sets the
time scale for sintering. The dissipated energy would
increase the particle temperature, which in practical
processes is effectively thermostated or dissipated by the
surrounding gas. According to [9] the evolution of the
sintering process can be described by:
𝑑𝐴
1
= −
𝑑𝑡
𝜏(𝐴 − 𝐴𝑓 )
where 𝜏 is the characteristic fusion time, 𝐴 the aggregate
surface area and 𝐴𝑓 the final value upon complete
coalescence. When the sintering process between two
particles is over the 95% we can call it coalescence.
2.9 Aggregates
When two particles stick together by sintering then an
aggregate (hard agglomerate) 𝐴𝐺 is formed. More
particles can then become part of the aggregate by
sintering with particles already part of it. An aggregate is
defined as a structure of sintered particles, evolving in
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time and whose particles are subject to sintering progress,
surface reactions and growth by heterogeneous
nucleation. The quantity that characterize mainly the
aggregate is the fractal dimension defined as:
ln 𝑁𝑟 (𝐴𝐺)
𝐷(𝐴𝐺) =
𝑑 (𝐴𝐺)
ln ( 𝑐
)
𝑑𝑝,𝑎𝑣 (𝐴𝐺)
where 𝑁𝑟 is the reduced number of particles, 𝑑𝑐 the
collision diameter and 𝑑𝑝,𝑎𝑣 is the average particles
diameter. The motion of an aggregate is managed by rigid
body motion equation or by means of constrained Verlettype algorithms [10].
3. Software Implementation
Our aim is to provide general data structures and classes
that can be specialized for implementing different models
of motion, aggregation and sintering (Langevin, DLA,
BLA, etc…). We start from the definition of a hierarchy
of classes for the mesoscopic objects and their basic
connectivity structures, then we will describe the
algorithms and methods adopted for simulating the
system's dynamics. The idea behind classes specialization
is to progressively add features needed by different
models. The first step is to represent the duality of
nanoparticles that are at the same time aggregates of
primary particles and particles themselves, described by
the same basic information like mass, volume, surface
area, etc… . We decided to split the physical quantities
like mass, volume from the motion information like
position and velocity, to provide a flexible framework of
data types implementing only necessary data for different
approaches. An aggregate, semantically, shares quantities
that describes also primary particles and, conceptually in
a Object Oriented design, particles and aggregates can
derive from the same base class. For example: a particle
for implementing a population based simulation does not
need to keep track of the positions, on the other hand, in a
Langevin based simulation particles positions are
necessary but they share the mass or the surface area
quantities.
3.1 Collision Detection
Collision detection is a mandatory step to perform for
simulating the aggregates formation. We must check if
two particles, in an aggregate or not, reach the distance
necessary to suppose a coagulation event. In our model
we suppose that two particles stick at a distance of
approximately 1.0 Angstrom. Exploiting the concept
expressed before, we create a sphere enclosing the
aggregate, we check the distance between the centres of
mass, if this distance is equal or inferior the threshold, we
can suppose that the two aggregates are colliding. For
making the computational cost of the collision detection
algorithm affordable, we adopted the Linked-Cell
algorithm, shifting the complexity from quadratic to
pseudo linear.
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4. Computational Results
In this section, we report the computational results of the
three methods implemented in the framework based on
the proposed model: Langevin Dynamics, Population
Based Method and Moments Method, simulating a
plasma gradient.
As we can see, the three methods are in good agreement
predicting quantities like aggregates average diameter
(Fig. 3) and aggregates density (Fig. 4). Moreover, PBM
and Langevin methods are in good agreement for
predicting the average number of primary particles for
each aggregate (Fig. 5). The Langevin method is aligned
with the literature results, predicting an average fractal
dimension of 1.5 for each aggregate.

Figure 5: Average particles cardinality per aggregate in time.

5. Conclusions
The multi-method framework based on the multi-scale
mathematical physical model proposed for describing the
nanoparticles dynamics provides a functional engineering
tool for predicting the formation of nanoparticles in a gasphase synthesis process at different levels of details. Our
aim is to exploit the actual framework to extend the
spectrum of available methods to Diffusion Limited and
Ballistic methods and to a simplified rigid body motion
method, for tackling the significant computational effort
required by the Langevin method.

Figure 3: Aggregates mean diameter [m] evolution in time.

Figure 4: Aggregates density [#/m3] evolution in time.
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Continuum emission as a diagnostic tool in CO2 microwave plasma
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Abstract: Continuum emission in CO2 microwave plasma, both in the active and afterglow
region, is measured spatially resolved using a calibrated optical collection system. By
fitting a theoretical model for Bremsstrahlung and an empirical model for CO-O
recombination emission to the spectra, values for Te, Tgas and the [CO][O] density product
are obtained at two different pressures.
Keywords: microwave plasma, CO2 conversion, optical emission spectroscopy
1. Introduction
Microwave plasma is a promising method
for
converting CO2 to CO, which is the first step in producing
sustainable fuels. Energy efficiencies for this process in
excess of 50%, or less than 5.8 eV per dissociated
molecule, have been reported [1]. These high efficiencies
are not achievable with conventional thermal processes
and rely on the strong non-equilibrium conditions in the
plasma, where the gas temperature Tgas is lower than both
the vibrational temperature Tvib and the electron
temperature Te. A high vibrational temperature for CO2
molecules is essential for efficient dissociation via
vibrational up-pumping:
CO2(ν3 = n) + CO2(ν3 = k)
 CO2(ν3 = n - 1) + CO2(ν3 = k + 1), n < k,

(1)

with ν3 referring to the vibrational quantum number of the
asymmetric stretching mode. For ν3 > 21, dissociation will
occur without having to overcome an activation energy:
CO2(ν3 > 21)  CO + O (ΔH = 5.5 eV),

(2)

which is followed by a second reaction with atomic O:
CO2 + O  CO + O2 (ΔH = 0.3 eV, Ea ≈ 2.6 eV),

(3)

Where overcoming the activation energy barrier can again
be aided by vibrational excitation of the CO2 molecule
[2]. The overall reaction is thus represented by:
CO2  CO + ½O2 (ΔH = 2.9 eV).

(4)

Achieving a sufficiently high vibrational excitation of
CO2 molecules depends strongly on the electron energy ε,
which should be in the range of 0.3 – 1.5 eV, or Te ≈ 0.2 –
1.0 eV if a Boltzmann distribution for the electron energy
is assumed [3]. Keeping the electron temperature
relatively low is, therefore, an important condition for
efficient plasmolysis of CO2.
A second, equally relevant condition is the prevention of
(exothermic) back-reactions of CO downstream of the
plasma:
CO + O2  CO2 + O (ΔH = -0.3 eV, Ea ≈ 2.1 eV). (6)
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This back-reaction should be effectively halted if Tgas is
quickly reduced in the afterglow of the plasma.
Assessing whether the conditions for efficient CO2
plasmolysis are met for a microwave plasma system
requires a plasma diagnostic capable of measuring:




electron temperature Te,
CO densities, both within the plasma and in the
afterglow,
and gas temperatures in the afterglow.

As will be shown in this paper, these properties can be
derived using by determining the contribution of two
continuum emission processes over a broad wavelength
range: electron bremsstrahlung and CO + O
chemiluminescence.
2. Theory
Bremsstrahlung, i.e. braking radiation, is produced
when electrons moving through the gas are deflected by
heavy gas particles. Bremsstrahlung can be subdivided
into two contributions, electron-ion and electron-neutral
radiation [4]. In the weakly ionized but relatively high
density microwave plasma under consideration here, only
the electron-neutral radiation has a measurable
contribution to the emission spectrum [5]. Its absolute
intensity je-n in units of Wm-3sr-1nm-1 is described by [6]
⋅

⋅

, (7)

where c1 = 1.05·10-46 Wm5K½sr-1nm-1, c2 = 139·10-9 nm1 -1
K , H2(1) a 2nd order Hankel Function of the first kind, ne
and na the electron and neutral densities in m-3,
respectively, Te the electron temperature in K, λ the
wavelength of emitted photons in nm and Q the crosssection for electron momentum transfer to gas particles in
m2. While the cross-section Q depends on Te and
composition of the gas, it is set here to 2·10-19 m2, which
is a reasonable value for a 1:1:1 CO2:CO:O2 mixture in
the range of Te ≈ 0.2 – 6.0 eV [7–9].
The second source of continuum emission is
recombination of CO with atomic O, leading to
electronically excited CO2 [10]:

101

Diagnostics and modelling in plasma chemistry

CO + O + M  CO2(3B2) + M,
3

1

(8a)

CO2( B2)  CO2( B2),

(8b)

CO2(1B2)  CO2 + hν,

(8c)

CO2(1B2) + M  CO2 + M.

(8d)

With the quenching reaction (8d) having a higher rate
than the emission via (8c), the overall process is 2nd order
and the resulting emission (in Wm-3sr-1nm-1) can be
described by:
,

CO O ,

(9)

with k(Tgas,λ) a gas temperature and wavelength
dependent reaction rate constant with units of Wm3 sr1
nm-1 and [CO] and [O] the densities of these species in
m-3. For the values of k(Tgas,λ) empirical data by Slack
and Grillo is employed, which is valid for Tgas ≈ 1000 –
3000 K, but can be extrapolated to even lower
temperatures [11].
Calibrated emission data obtained via line-of-sight
measurements (in units of Wm-2sr-1nm-1) is Abel inverted
per wavelength λ via the discrete method described by
Cho and Na to obtain emission spectra as a function of
radial position in the plasma in units of Wm-3sr-1nm-1
[12].

The optics consist of an objective lens (L1) with f1 = 125
mm, a pinhole (P) with Ø = 200 μm, a collection lens (L2)
with f2 = 35 mm and a 50 μm diameter UV-grade optical
fiber with a short length of 30 cm. Using these optics,
light is collected from a 200 μm diameter line-of-sight
with a solid angle Ω ≈ 7·10-3, optimized for a wavelength
of 300 nm. The spectrometer is an Ocean Optics HR4000
with a 10 μm slit and a grating + CCD sensitive between
200 – 1000 nm. Absolute calibration of the optics +
spectrometer was performed using a Labsphere
integrating sphere with a halogen lamp between 300 –
900 nm and a Heraeus VUV deuterium discharge lamp
between 200 – 300 nm. The (inverse) sensitivity of the
optics + spectrometer is depicted in Fig 2. Using
Equations (7) and (8) the number of photons collected
from the center of the plasma is estimated as < 105
photons/s/nm, allowing for an effective wavelength
interval of 270 – 710 nm at integration times on the order
of seconds.
Sensitivity-1 (photons/count/nm)
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Fig. 2. Inverse sensitivity of the light collection as a
function of wavelength. The region below the dotted
horizontal line is considered sufficiently sensitive for the
absolute emission measurements.
Fig. 1. Overview of the experimental setup. The red
arrows on the right hand side indicate the measurement
positions.
3. Experimental setup
The plasma reactor consists of a 1.6 kW continuous
microwave generator at 2.45 GHz with a 3 cm quartz tube
centered through the narrow side of the waveguide,
described in more detail in [13]. A vortex flow is created
inside the tube by injecting CO2 through two off-centered
nozzles. The vortex flow stabilizes the CO2 plasma and
aids in providing thermal quenching downstream of the
plasma, see Figure 1 for an overview. A 2.5 cm hole on
the side of the waveguide allows for unobstructed optical
access to the plasma zone, while the afterglow is optically
accessible starting at 1 cm below the waveguide.
Confocal collection optics are attached to an automated
y-z translation stage (corresponding to the radial and axial
directions in the plasma) to obtain spatially resolved data.

102

4. Results and discussion
Benchmark experiments have been performed at a high
specific energy input of 3.3 eV/molecule of CO2, in order
to maximize both electron density ne and CO densities
[CO]. The power input was 1.4 kW, with an input flow of
6 slm CO2. Plasma pressure was varied between 100 mbar
(close to the diffuse plasma regime) and 250 mbar
(contracted plasma regime) [14].
At both pressures, radial scans were performed at two
axial positions: in the active plasma zone in the center of
the waveguide and 8 cm further downstream (see the right
hand side of Fig.1). An example of an Abel inverted
spectrum in the center of the plasma is depicted in Fig. 3
and for the downstream region in Fig. 4. The spectrum
from the center of the plasma shows significant
contributions of molecular line emission, tentatively
assigned to a combination of C2 Swan bands and the CO
Angstrom system. The features on the high wavelength
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flank of the afterglow spectrum can be assigned to the
fine structure of the CO-O recombination emission [15].
r = 0.6 mm
p = 220 mbar

300
200

0.5

100
0

300

400

250 mbar
100 mbar

0.4

Te = (2.2 0.5) eV

500

600

0.3

700

f

Wavelength (nm)

Fig. 3. Abel inverted spectrum near the center of the
plasma with a fit of the Bremsstrahlung via Eq. (7).

0.2
0.1
0.0

Radiance (Wm-3sr-1nm-1)

0.7

0
r = 0 mm
p = 220 mbar
Tgas = 1350 K

0.6
0.5

0.3
0.2
0.1
0.0
500

600

Wavelength (nm)

Fig. 4. Abel inverted spectrum in the afterglow with a fit
of the CO-O recombination emission via Eq. (9).
Fitting of Eqs. (7) and (9) was performed using
independently measured electron densities ne [16] and gas
temperatures Tgas [14]. For Eq. (7) this leaves Te as the
only fit parameter, for which example fits are shown in
Fig 3. While the spectrum is obstructed by molecular line
emission, Te = 2.2 eV provides a reasonable fit to the data.
It was also found that CO-O recombination emission has
a negligible contribution to the plasma emission in the
active region, which can also be observed by comparing
the vertical ordinates of Figs. 3 and 4.
The afterglow spectra, both downstream of the plasma
and towards the edge of the quartz tube within the active
plasma zone, can be fitted without any input from other
diagnostics, providing both Tgas and a [CO][O] fraction f
defined as
,

(10)

where the neutral density na is calculated using the ideal
gas law with the pressure p and fitted gas temperature Tgas
as input. The results of this fitting procedure are depicted
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Fig. 5. The fraction f determined in the plasma edge (at
axial position ≈ 0 cm).
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500

in Fig. 5 for the plasma edge and Fig. 6 for the
downstream region. Surprisingly, the fraction f as a
function of radial position is independent of pressure,
though it should be noted that the absolute density of
[CO][O] at a radial position of e.g. 4 mm is approximately
2.52 ≈ 6.3 higher at 250 mbar (Tgas is roughly 3200 K for
both pressures at this point). Whether the maximum
observed for 250 mbar is physical, or an artefact of the
Abel inversion remains to be investigated.

In the downstream region, the fitted Tgas profile is also
the same for both pressures. Considering that the specific
energy input is 3.3 eV/molecule and the energy
efficiencies for conversion η are very similar at 35% and
31% for 100 and 250 mbar, respectively, an almost equal
amount of microwave energy goes towards gas heating.
This indicates that the gas mixing (and resulting thermal
quenching) proceeds at the same rate independent of
pressure. A calculation of the convective heat loss based
on the results in Fig. 6 shows ≈ 400 W of heat flux
moving downstream at this axial position, implying that
(1- η)·1400 W – 400 W ≈ 500 W was either radiated or
conducted away from the system prior to this point, or is
still present as atomic O chemical energy. Black-body
radiation from the quartz tube at 700 K is estimated to
result in ≈ 100 W heat loss, while the radiative loss from
the plasma is estimated at < 2 W. Atomic O is estimated
to account for only 200 W of chemical energy. A more
complete model of the afterglow region will be required
to assess these energy flows consistently.
The f values are ≈ 12.5% and ≈ 5%, compared to
conversion degrees α of 39% and 35%, for 100 mbar and
250 mbar, respectively. The larger deviation between f
and α at 250 mbar is attributed to more atomic O
recombination to O2 at higher pressures. With f the
geometric average of the [CO] and [O] fractions, see Eq.
(10), and the initial concentrations from the plasma being
equal, modelling the rate of [O] recombination in the
afterglow could be used to obtain both [CO] and [O]
separately.
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Fig. 6. Fit results for Tgas and f in the downstream region
(at axial position ≈ 8 cm).
5. Conclusions
It has been demonstrated that absolute optical emission
from CO2 microwave plasma can be used to obtain
relevant
plasma
parameters.
Bremsstrahlung
measurements in the active plasma zone are complicated
by molecular line emission obscuring the continuum
contribution. The obtained value of Te = 2.2 eV is
consistent, however, with the observed low energy
efficiency for CO2 plasmolysis [13]. Future work will
focus on expanding the wavelength range over which
reliable spectra can be obtained to ensure a unique fit.
Outside the active plasma, all spectra can be reliably fitted
using the empirical CO-O recombination emission model.
Both gas temperature and the [CO][O] density product
can be reliably obtained, with spatial resolution. Future
work will be devoted to mapping these parameters and
developing a model for the afterglow region, with the
ultimate goal of accounting for the flow of energy through
the system and evaluating the efficacy of thermal
quenching.
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Numerical determination of plasma electron density and reduced electric field
by the principle of impedance matching
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Abstract: An electromagnetic model of a microwave plasma source is described from which
the electron density, neutral density and reduced electric field can be derived by minimizing
the reflection coefficient. This is performed for two types of plasma, namely for low and for
high pressure. The modelled impedances agree with experiment for both types of plasma.
The electron density found for the high pressure plasma agrees in good proximity with the
experimentally measured value, while for the low pressure plasma it does not.
Keywords: numerical modelling, solar fuels, electron density, impedance matching
1. Introduction
Microwave plasma sources are used for various
applications like chemical vapor deposition (CVD) e.g. the
deposition of diamond [1] or optical fiber production [2],
plasma cleaning and etching [3], as well as plasma
chemical conversion, e.g. for hydrogen production [4]
A recent topic of interest in the community is a plasma
reactor that is used for efficient dissociation of CO2
molecules as part of the process leading to synthetic fuels
[5]. The plasma source consists of a generator, a circulator,
a tuner and a microwave applicator. The source needs to be
optimized to dissociate the molecules in an efficient way.
This demands having the appropriate plasma parameter
values, like electron density, collision frequency, degree of
ionization and reduced electric field and might be realized
by finding the right geometry and input parameters, e.g.
input power and pressure. The reduced electric field is
crucial in tuning the electron energy distribution in order to
get to higher efficiencies. Numerical modelling can help to
understand, and ultimately optimize, the source and the
processes involved.
In this contribution the load impedance of the plasma is
used as a diagnostic tool to determine the electron density
ne and the reduced electric field E/n0. This is done in a
spatially resolved fashion, since the equivalent circuit
approach [6] doesn’t suffice. A 3D electromagnetic
simulation of the reactor is used to link plasma parameters
to the plasma impedance.
In short the method is the following. In experiment a 3stub tuner is used to match the network impedance to the
plasma load impedance to obtain maximum power transfer.
The stub positions are put in a model of the reactor,
containing also the plasma which is represented by a
conducting material, with parameters for the electron
density and the collision frequency. Subsequently these
parameters are scanned to minimize the reflection
coefficient Γin at the input port of the tuner. This effectively
decouples the problem from the generator and circulator,
so that only the tuner and applicator are relevant to the
model. The method is based on [4], but vice versa: now the
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power transfer has already been optimized and an electron
density distribution is to be determined.
In Figure 1 the tuner and microwave applicator are
shown. A quartz tube containing the plasma runs
perpendicularly to a shorted WR-340 waveguide, through
its wide walls. The microwave power enters from the left
where the characteristic impedance is Z0. Zin is the
impedance at the input port as seen into the tuner, Γin the
reflection coefficient at that port. ZL is the impedance at the
tuner exit port as seen into the applicator, and ΓL is the
reflection coefficient there. The short circuit or plunger
lays a distance λg/4 away from the tube axis to gain a
maximum of the standing wave for the electric field at the
tube axis, to ignite the plasma and to maximize the power
coupling to the plasma.

Fig. 1. The reactor geometry with the 3-stub tuner and
microwave applicator.
The method is not limited to CO2 plasmas, because the
plasma is represented by a generic conducting medium.
Moreover, it can also be applied to comparable microwave
sources, e.g. as described in [4] and [6].
2. Theory
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We want to relate the measured load impedance to the
parameters of the model, i.e. the electron density and the
collision frequency, as well as the neutral density and the
reduced electric field by making use of equivalent
impedance theory.
The impedance of a cylindrical plasma column in a
rectangular waveguide can be expressed as [7]:
𝛾𝛾

𝑅𝑅𝑅𝑅(𝑍𝑍𝑝𝑝 /𝑍𝑍0 ) = 𝐶𝐶1 ,
1

𝐼𝐼𝐼𝐼�𝑍𝑍𝑝𝑝 /𝑍𝑍0 � = 𝐶𝐶1 + 𝐶𝐶2 , (1b)
𝜂𝜂

where Zp the plasma impedance, C1 and C2 are shape
dependent coefficients, η is the normalized electron
density, η = ne/nc. Here ne is the electron (particle) density,
nc the critical electron density
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where ω = 2πf is the microwave angular frequency, ε0 the
permittivity of free space, me the electron mass, and e the
electron charge. nc is 7.4 × 1016 m-3 for 2.45 GHz. γ is the
normalized collision frequency, γ = ν/ω, with ν the
electron-neutral collision frequency of momentum
transfer. C1 and C2 are given by
𝐶𝐶1 =

𝐶𝐶2 =

𝑎𝑎

�

2

2𝜆𝜆𝑔𝑔 𝛼𝛼 2
𝑎𝑎
�𝑆𝑆0
2𝜆𝜆
𝑔𝑔

1

+ � ,

(3a)

2
1

+ � ,

(3b)

4

with a the waveguide width, λg the waveguide wavelength
and α = πd/λ, where d is the plasma column width and λ the
wavelength in free space. S0 depends on a and d; for details
we refer to [7].
The relations connect the plasma impedance to the
desired parameters, but only hold for η ≤ 10 and d < 0.15a,
when the equivalent circuit of the plasma region reduces to
a simple shunt element of impedance Zp [7]. Furthermore,
this is a straightforward method in which the plasma is a
cylindrical column, while we want to find C1 and C2 for a
specific, more complex shape as observed in experiment.
The applicator, as seen from the tuner exit port has a load
impedance ZL, which can be thought of as the equivalent
impedance of the plasma and the rest of the applicator:
1

𝑍𝑍𝐿𝐿

=

1

𝑍𝑍𝑝𝑝

+

1

𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎

,

(4)

with ZL the load impedance and Zapp the impedance of the
applicator in absence of the plasma. This relates the load
impedance to the plasma impedance. For the input port that
lays a distance l away from the load, the impedance Zin is
[8]:
𝑍𝑍 +𝑗𝑗 𝑍𝑍 tan 𝛽𝛽𝛽𝛽
𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍0 𝐿𝐿 0
(5)
𝑍𝑍0 +𝑗𝑗 𝑍𝑍𝐿𝐿 tan 𝛽𝛽𝛽𝛽
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𝜀𝜀𝑝𝑝 = 1 −

(1a)

𝜂𝜂

𝑛𝑛𝑐𝑐 =

with Z0 the characteristic impedance of the waveguide, β
= 2π/λg the wavenumber in the waveguide. When the input
port lays a distance λg/2 away from the load, this reduces
to Zin = ZL.
The plasma can be regarded as a conducting material of
complex relative permittivity εp [9]. Its dielectrical
properties can be related to the parameters η and γ by:
𝜂𝜂

1+ 𝛾𝛾2

− 𝑗𝑗

𝜂𝜂𝜂𝜂

1+ 𝛾𝛾2

. (6)

The parameterization of the complex relative
permittivity with η and γ is taken from [4].
The conductivity is related to the imaginary part of the
complex permittivity as follows:
σ = ω𝜀𝜀0

The electron-neutral collision frequency ν is:
∞
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(8)

with n0 the neutral gas density, f the electron energy
distribution function (EEDF), ℰ the electron energy,and σtot
the total cross section for electron-neutral collisions.
From Equation 8 and ν = γω, the neutral density n0 =
γω/<σtotve>, provided γ, the cross section and EEDF are
known. The brackets symbolize integration over the
appropriate EEDF. When the electric field strength E is
known, in this case by numerically solving Maxwell’s
equations, the reduced electric field E/n0 is obtained.
The skin depth of a microwave plasma is a measure for
the absorption of radiation and determines its shape and
size [10]. The skin depth is related to the conductivity and
the microwave frequency by
𝛿𝛿 = �

2

𝜇𝜇𝜇𝜇𝜇𝜇

,

(9)

where μ is the magnetic permeability.
When the tuner matches the load impedance, i.e. such
that ZL=Z0, the microwave amplitude reflection coefficient
at its input port goes to zero.
3. Method for determining ne and E/n0
The numerical calculations for the model are performed
in ANSYS Electronics Desktop [11]. The model is purely
electromagnetic, meaning that there is no flow or chemistry
involved. Moreover, self-consistency is ignored for
simplicity.
In the experimental setup an automatic tuner device [12]
is used to match the impedance. The tuner is able to
calculate the reflection coefficient ΓL transposed to the
position of the tube axis. Having the short at λg/4, ZL then
equals Zp, because the short’s (purely imaginary)
impedance Zapp goes to infinity in Equation 4. The
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autotuner records the stub positions and the measured load
impedance. The stub positions are put in the model’s
geometry.
In ANSYS the relative permittivity and bulk
conductivity are assigned to the plasma as material
properties. These are the real part of εp in Equation 6 and σ
in Equation 7 respectively. In this way the parameters η and
γ get into ANSYS.
In the experiment a digital camera image of the plasma
is taken to determine the optical emission profile. From the
images it is seen that this profile can be approximated by
gaussian functions for the radial and the axial direction. It
is assumed as in [4], that the electron density follows the
light intensity distribution, meaning that the parameter η is
taken as a gaussian function of the radial and axial position:
η(r, z) = η exp(-r2/Ωr2) exp(-(z-z0)2/Ωz2), with Ωr and Ωz
constants that describe the radial and axial width
respectively. This accounts for an effective spatial profile
on the z-axis of εp and σ; the plasma shape. The normalized
collision frequency γ is assumed constant in r and z in this
profile.
Next to the stub positions and plasma’s parametrized
dielectric properties, the experimental microwave input
power, mode and frequency are set in the model. For all
models a frequency of 2.45 GHz is taken. The waveguide
mode is TE10.
Subsequently η and γ are scanned until the amplitude
reflection coefficient Γin goes to zero. This results in a
corresponding set of η and γ, as well as a spatial
distribution of the electric field. The experimental values
of the reflection coefficient as measured by the autotuner
are in the order of 0.01, providing a matching criterion.
ne is calculated directly from the resulting η and the
critical electron density nc. The neutral gas density n0 is
calculated from the resulting γ under the following
assumptions. Since in experiment the neutral gas pressure
is kept constant, and both γ and the gas temperature are
assumed constant, the neutral gas density n0 is assumed
constant over the spatial profile. Also assuming a
maxwellian electron temperature Te = 1 eV in Equation 8,
in line with [10], n0 is calculated from γ. The cross section
is taken from [13]. ν is assumed to be independent of the
electron density. The reduced electric field is now
calculated by dividing the resulting electric field strength
by n0.
The electron density from the model can be compared
with the experimentally determined line-averaged electron
density, measured with a microwave interferometer [14].
The load impedance from the model can be compared
with the value measured by the autotuner. The model load
impedance is calculated by determining the input
impedance at λg/2 (see Equation 5) for the resulting values
of η and γ.
Input for the model has been taken from experiments
performed with a CO2 plasma. Depending on the
conditions (gas pressure, mass flow rate and microwave
input power) the plasma may exhibit two distinct modes,
namely diffuse and contracted [10]. The diffuse mode fills
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the quartz tube uniformly, while a plasma of the contracted
mode forms a filament. As a comparison, models have
been run for both such plasmas.
4. Results and discussion
The conditions for creating the diffuse and contracted
CO2 plasma are given in Table 1.
Table 1. Experimental plasma conditions for the two
modes of plasma.
Plasma mode

P (W)

mass flow rate (slm)

p (mbar)

diffuse

800

3

100

contracted

1400

6

250

The resulting radial and axial FWHM for the two plasma
modes, as well as the measured load impedances are given
in Table 2.
Table 2. Experimentally measured width of the optical
emission profiles, the load impedance and the lineaveraged electron density for the two modes of plasma.
Plasma mode

Radial
FWHM
(mm)

Axial
FWHM
(mm)

ZL (ohm)

ne (m-3)

diffuse

10

26

770 – j 480

3.8 × 1017

contracted

3

35

490 + j 320

7.4 × 1018

The parameters resulting from running models for both
plasmas are given in Table 3. It can be seen from the
minimum reflection coefficients that the contracted plasma
matches better than the diffuse plasma. The minimum for
the diffuse plasma is less pronounced, so that the
uncertainty in the parameters is higher. The impedances in
both cases are in good agreement with measurement.
Table 3. Resulting parameters for minimizing the
reflection coefficient at the input port of the tuner for two
types of plasma. Here the magnitude is shown.
Plasma mode

η

γ

ZL (ohm)

Reflection coefficient

diffuse

90

14

800 – j 528

0.03

contracted

222

0.75

500 + j 340

0.002

The conductivity and skin depth can be calculated using
Equations 6 and 8 respectively. The resulting ne, n0 and δ
are given in Table 4. For these values of ne and n0 the
collision frequency may be taken independent of ne [10].
Table 4. Plasma parameters derived from the values in
table 3. For the calculation of n0, Te = 1 eV is assumed.
Skin depth δ (mm)

Plasma mode

ne (m-3)

n0 (m-3)

diffuse

6.7 × 1018

3.2 × 1024

10

19

23

3

contracted

1.7 × 10

1.7 × 10

Comparing the normalized electron density from the
model with measured value for the diffuse plasma shows
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that the model overestimates it by almost a factor of 20.
The model for the contracted plasma also overestimates the
electron density but only by a factor of two.
The requirement for Eq. 1 that η ≤ 10 is not valid for the
modelled plasmas, and another relationship may be
needed. To find that relationship, a series of measurements
and modelling needs to be performed.
The calculated skin depths are the same as the radial
width of the plasma. The matching seems best when the
skin depth is the full plasma width (≈2Ωr). One would
expect that δ would be smaller (about Ωr) for the plasma to
absorb power. On the other hand reflections in the resonant
cavity imply a propagating component. Moreover, the skin
depth has been calculated for the maximum value of the
conductivity at r=0, z=z0, while the plasma is not uniform.
The neutral gas temperatures, calculated from n0 and the
measured pressure using the ideal gas law, are 230 K and
11000 K for the diffuse and contracted plasma
respectively. This diffuse plasma gas temperature is much
too low. Typical temperatures under these conditions are
3000-3500 K [10]. On the other hand, the contracted
plasma gas temperature is high, but for a high input power.
These results, together with the larger uncertainty,
because of the somewhat poorer matching, shows that at
this moment the contracted plasma is described better by
the model. Matching may be improved by scanning the
profile width, but for the low degree of ionization and the
assumed constant gas temperature, ne is expected to follow
the Bremsstrahlung intensity profile linearly [15] so that
the used profile should be correct.
The (reduced) electric field for the contracted plasma
model is shown in Figure 2. Its value is lower in the inner
region of the plasma, because the conducting medium
attenuates the field. However, the value is still much higher
than 20 Td, which is expected to result in more efficient
dissociation of the CO2 molecule [16].

Fig. 2. The reduced electric field for the contracted
plasma. A vertical slice through the plasma cylinder is
shown in the plane of Figure 1. The field is lower in the
middle, because of the skin effect. n0 is assumed constant
over the plasma region.
5. Conclusions and outlook
A method has been described for determining the
electron density, neutral density and reduced electric field
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of a generic plasma by the principle of impedance
matching, using a Finite Element EM solver.
This method has been performed for two CO2 plasmas in
two typical modes observed in experiment. The
impedances obtained from the model agree well with the
measured impedances for both plasmas. The resulting skin
depth follows the radial width of the measured light
intensity profile. The modelled electron density for the
contracted plasma agrees much better with the measured
value of the line-averaged electron density than for the
diffuse plasma. The derived neutral gas temperature is
more realistic for the contracted plasma. The modelled
reduced electric field for the contracted plasma shows that,
although being lower at the interior of the plasma due to
the skin effect, it is much higher than the desired value for
efficient CO2 dissociation.
To obtain a relationship between the load impedance and
the plasma parameters, a series of experiments and
corresponding modelling must be performed. For a good
validation the neutral gas temperature, the electron density
profile and the electron temperature must be measured.
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Vacuum Ultraviolet Radiation Emitted by Microwave Ar Plasmas
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Abstract: Vacuum ultraviolet (VUV) radiation emitted by microwave argon plasmas has
been investigated at low-pressure conditions. VUV radiation has been detected by emission
spectroscopy in the 30–125 nm spectral range. The dependence of the lines’ intensity on the
pressure and microwave power delivered to the launcher was investigated using a selfconsistent theoretical model. The main population and loss mechanisms considered in the
model for the excited argon atom and ion states emitting in the VUV range are discussed.
Keywords: vacuum ultraviolet, microwave plasmas, argon, spectroscopy, theoretical model

1. Introduction
Microwave argon plasmas are rich in electronically
excited and ionized particles, both atomic and molecular,
and radiation from the visible to the vacuum ultraviolet
(VUV). All these species have enough energy to break
most organic chemical bonds, initiate surface reactions,
and modify surface properties. Surface wave microwave
argon plasmas, due to their reliability and versatility, are
particularly well positioned to become alternative sources
of VUV radiation. In this particular type of plasmas, a
high percentage of the microwave energy is absorbed by
the plasma electrons, and used to produce energetic
electrons instead of heating the gas. Thus, given the
peculiar high electron densities found in microwave
discharges, high energy electronic states (with energies
above 10 eV) can be excited via step-wise processes, their
radiative decay to the lower levels results in the emission
of high energy photons with wavelengths falling in the
VUV spectral range. However, experimental results in the
VUV spectral region are quite rare. For this reason, both
experimental and theoretical investigations concerning the
emission of VUV radiation by microwave drive
discharges in argon are carried out.
2. Plasma source and experimental conditions
The plasma source under investigation is a classical
surface-wave-sustained discharge [1] operating at 2.45
GHz. The generator is connected to a waveguide system,
which includes an isolator, a three-stub tuner, and a
waveguide-surfatron as the field applicator. The system is
closed by a movable short-circuit that allows the
maximization of the electric field at the launcher position.
The discharge takes place inside a quartz tube with
internal/external radii of 1.5/2.5mm where the
background argon gas is injected (see Figure 1). The gas
flow is regulated with mass flow controllers, and the
pressure of the system is monitored with three pressure
sensors. The discharge is sustained by the electric field of
a surface wave, which simultaneously propagates and
creates its own propagation structure along the
plasma/dielectric interface. The majority of the
discharge’s volume extends on the side of the launcher
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opposite to the VUV spectrometer. The detected VUV
radiation originates in a small plasma region at the end of
the post-discharge zone because the rest of the plasma is
optically thick for this radiation. The Horiba Jobin-Yvon
Plane Grating Monochromator (PGM) is directly
connected to the discharge tube (no windows) granting
unobstructed line-of-sight over the discharge axis (see
Figures 1 and 2).

Fig. 1. Experimental setup including the plasma source
and the VUV emission spectroscopy diagnostics.
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Emission spectroscopy in the visible range is also
applied in order to estimate the plasma electron density.

Fig. 2. Picture of the VUV emission spectrometer.
3. Modelling of the discharge
The experimental results are compared to the theoretical
predictions of a updated 2D self-consistent model,
previously described in Refs. 2 - 4. The set of strongly
coupled equations considered includes the electron
Boltzmann equation, the rate balance equations for the
most important electron excited neutral and ionic species
present in the discharge, the gas thermal balance equation,
and the wave dispersion equation. The model was updated
to include the main argon atom and ion excited levels
whose transitions fall in the VUV range. The principal
collisional and radiative processes of neutral Ar(4s),
Ar(4p), Ar(3d), Ar(5s), Ar(5p), and Ar(4d), as well as
those of the ionized Ar(3s3p6) level are accounted for.
The set of equations was solved in a self-consistent way,
using an iteration procedure and its outputs depend only
on externally controllable parameters, such as the gas
pressure, mass flow rate, internal and external tube radii,
tube dielectric constant, power, and microwave
frequency. The model provides self-consistent
descriptions of the following quantities: gas temperature
Tg(r,z); electron energy distribution function and its
integral quantities; mean power needed for the creation of
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an electron–ion pair (r,z) in the discharge; electron
density ne(r,z); population of the neutral states of the
Ar(4s) and Ar(5s) configurations; population of the ionic
state Ar+(3s3p6); and spatial structure of the surface wave
electric field E(r,z).
4. Conclusions
Emission spectroscopy measurements of microwave
driven discharges in argon revealed strong emissions in
the vacuum ultraviolet (VUV) range. The strongest
spectral lines originate from resonant transitions of the 1s2
and 1s4 excited atomic levels, with respective energies
11.83 eV and 11.62 eV. The emitted wavelengths fall at
104.8 nm and 106.7 nm, respectively. Prominent emission
lines of Ar+ excited ions were observed as well at 93.2nm
and 92.0nm. These two spectral lines originate from
transitions from the excited Ar+(3s3p6) state with energy
29.2 eV. Other atomic spectral lines were also detected at
86.9nm and 87.9 nm (resonant transitions from the 2s2
and 2s4 excited Ar(5s) states, respectively) and at 86.6nm,
87.6 nm, and 89.4 nm (resonant transitions from the 3 d'1,
3d2, and 3d5 excited states of Ar(3d) level, respectively).
The intensity of all the emissions falling in the 86–106.7
nm wavelength range was investigated with variations of
the pressure and microwave power delivered to the
launcher. A good agreement between the obtained
experimental results and the predictions of a selfconsistent model was obtained, thus validating the model
predictions. The detailed analysis of the main population
and loss mechanisms considered in the model for the
excited argon atom and ion states emitting in the VUV
range showed that the processes contributing the most to
the emission of VUV radiation by these excited levels are
essentially electron driven processes. The good agreement
between experimental and model predicted results
allowed a detailed study of the main mechanisms
governing the emission of VUV radiation by excited
argon atoms and ions.
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High-speed planar laser-induced fluorescence in a gliding arc
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Abstract: Laser-induced fluorescence is a common diagnostic technique used to study
reacting flows. Molecules in the reactive chemical environment are excited by a laser
source and their characteristic emission is collected by a detector. The method can be used
to study OH radical distributions around plasma discharges or flames. Here, an intensified
high-speed camera and a state-of-the art burst laser system, with a maximum repetition rate
of 200 kHz, enable high temporal and spatial resolution during data acquisition.
Keywords: Ultra-high speed diagnostics, OH, laser-induced fluorescence.
1. Introduction
Non-thermal plasmas are widely used in several
applications, such as airflow control [1, 2], surface
treatment [3] and environmental remediation [4]. Another
important application of plasma discharges focuses on
combustion enhancement [5, 6]. For example, plasmaassisted combustion is a relatively new field of studies
compared to the investigation of traditional combustion
processes with well-known fuel mixtures. However, the
addition of plasma to the reaction changes the chemical
kinetics of the combustion since new chemical species are
produced [7]. Therefore, additional studies are required
for a better understanding of the combustion process.
New combustion concepts have been developed towards
leaner flammability limits [8], flame stabilization [9] and
ignition enhancement [10] using plasma discharges [11].
Turbulence is an important component in applied
chemistry but it is somewhat of a challenge in laser-based
diagnostic investigations with the common 10-Hz laser
systems. Gliding arc discharge plasmas can for example
be generated in rather strong turbulence with high gas
flow rates [12]. Therefore, high-repetition rate lasers are
diagnostic tools that have the potential to track fastmovement and rapid transients in a turbulent
environment.
2. Planar laser-induced fluorescence
Planar laser-induced fluorescence (PLIF) is an optical
diagnostic technique commonly used to study lowconcentration species in reactive environments. Typically,
a laser with a well-defined wavelength is used as a light
source which excites certain molecules that are involved
in the reaction process of interest. The excited molecules
transit from higher to lower energy levels while emitting
fluorescence [13]. This light emission is species specific
and hence the presence of a certain molecular species can
be investigated by using specific excitation wavelengths
in combination with spectral analysis of the detected
emission.
A schematic description of fluorescence and the
different molecular energy levels involved are shown in
Fig.1. The molecular emission is collected by specialized
detectors, such as intensified charge-coupled devices
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Fig. 1. Fluorescence. The molecules are excited by
transiting from the ground state to an upper
electronics state by absorbing a photon. Then, the
molecules relax to a lower vibrational state by
molecular collisions and hence the emitted
fluorescent light occurs at longer wavelengths.
(ICCD) or complementary metal-oxide semiconductors
(CMOS). The latter camera technology is used in highspeed cameras which allow MHz repetition rates. PLIF
video sequences of certain molecules can be captured
when synchronized high speed- cameras and burst lasers
are combined. These types of lasers are ideal for
molecular tracking in transients conditions, such as in
turbulent gas flows.
The development of the pulsed burst laser systems,
which are able to provide high laser pulse powers at high
repetition rates, has opened up for new insights in
combustion and we are here demonstrating this tool in a
gliding arc plasma. The repetition rate can be tuned from
10 to 200 kHz and the resulting energy per pulse is high
enough to ensure a high signal-to-noise ratio during
measurements.
3. Gliding arc
The gliding arc discharge is generated between two
electrodes made of stainless steel (Fig.2) . The diameter
of the electrodes is 3 mm with cooling water passing
through. An adjustable flow is fed through a 3mm-hole in
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Fig.2. Schematic of the gliding arc. The plasma
column is created in between the electrodes. The
laser sheet, indicated by the blue area, is propagating
from right to left.
between the electrodes. The input power is adjustable and
monitored with a high-voltage probe and a resistor [14].
The whole plasma system is placed inside a Faraday
metal cage for safety and to reduce electromagnetic
interfering with other electronic devices in the lab.
4. Hydroxyl radical (OH)
The OH radical is an important intermediate species in
several reactive chemical applications. In combustion, for
example, the steep gradient of the OH distribution can be
used as a flame front marker. Images of the ground-state
OH distribution in the vicinity of the gliding arc are
presented in Fig. 3. The excitation laser source was a
high-repetition rate burst system, which here produced 70
pulses in a 3 ms burst at 27 kHz. The energy per pulse
Air flow

(a)

(d)

Laser

(b)

(e)

(c)

(f)

Fig. 3. Imaging of OH distribution around the plasma
discharge with (top panel) 5 l/min and (bottom panel) 35
l/min air flow at different times. The selected single-shot
images are representative out of 70 consecutive recorded
images per flow case.
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Fig. 4. OH PLIF signal along a horizontal line
(pixels are shown along the x-axis) captured at
different times. The drop in signal intensity indicates
the dynamic of the spatially resolved OH
concentration as the plasma discharge is turned off.
Measurements were carried out using a 5 l/min air
flow rate. Yellow and blue colours display high and
low signal intensities, respectively.
was approximately 15 mJ and the time separation between
the pulses was 37 µsec. Two flow rate cases using 5 and
35 l/min are shown (a, b, c) and (c, d, e), respectively. The
laser beam is shaped into a laser sheet to illuminate an
area across the plasma column (Fig.2).
The main differences between the images are the size
and propagation rate of the OH distribution. The
distribution of the OH molecules are widely spread
around the plasma column at low flow rates, whereas
smaller ‘rings’ that propagate faster are seen at higher
flow rates. The selected images are representative out of
70 consecutive recorded images per flow case. The shape
of the ‘ring’ and how it changes in time is shown in Fig. 4
for the 5 l/min flow-rate case. The fluorescence signal in
the centre of the hollow structure initially increases
whereas the signal in the outer region constantly
decreases when the plasma is turned off.
5. Conclusions
Recent development in high-speed optical diagnostics
has made feasible the study of reacting flows, such as
plasma discharges. The high repetition rate of the
employed lasers in combination with advanced highspeed detectors has reduced the separation time between
acquired images to a few microseconds. Therefore, the
temporal resolution in imaging has been significantly
increased and the fastest dynamic processes can be
temporally tracked.
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Abstract: This contribution presents measurements of optical emission spectroscopy of
three types of atmospheric plasma jets – one industrial device based on gliding arc
discharge working in air at 50 Hz and two RF generated plasma jets with argon as working
medium. A basic set of optical spectroscopy measurements was carried out to compare
these plasma systems with regard to their later use for applications in surface modifications
of materials. Besides, we also implement a gas flow model of the industrial device and
investigate ozone concentration via the Schönbein method.
Keywords: atmospheric pressure discharge, glide-arc, RF jet, optical emission
spectroscopy.
1. Introduction
Plasma jets are common plasma sources for material
processing at atmospheric pressure. They can be divided
into two basic groups according to the properties of the
generated plasma - thermal plasmas (in which the
temperatures of plasma components are about equal, and
their value is in the order of ten thousands °C) and nonthermal plasma ("cold" type of discharges in which the
temperatures of plasma species are significantly different;
the temperature of neutral gas is in tens to hundreds of °C,
but the temperatures of excited atoms and molecules or
free electrons can reach thousands of °C). The thermal
plasma jets (torches) can be used in material processing
for plasma spraying. Non-thermal plasma jets are used for
surface treatment aiming at surface activation or
modification of surface chemistry leading to improved
adhesion of further coatings or adhesives. The deposition
of functional thin films using non-thermal atmospheric
plasma jets is investigated by addition of reactants into
the plasma stream either directly through the nozzle or
from outside.
Numerous commercial plasma jets constructions have
plasma dimensions of only about 5-50 mm and use
typically compressed air blowing the plasma out of the
nozzle. Beyond the jet orifice there can be only plasma
afterglow with a minimum concentration of charged
particles. Exceptions may apply to hollow cathode plasma
jets using argon plasma with very similar properties
outside the jet orifice compared to inside the discharge
vessel. The concentration of electrons is usually in the
range1020-1021 m-3. These plasma jets cannot be used to
modify large areas, and multi-jet arrangement is not able
to provide the necessary homogeneity of surface
treatment.
Another way for construction of plasma jet is use
gliding arc discharge (and its afterglow). Gliding arc is a
relatively simple and cheap way o produce nonequilibrium plasma at atmospheric pressure. The gliding
arc allow to generate weakly ionized plasma in between
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two electrodes and such plasma can be in either an
equilibrium or a non-equilibrium state, which could be
adjusted by changing system parameters such as power
input and gas flow rate. This allow very high selectivity
for chemical reactions which is very important for surface
modification application.
Example of such gliding arc plasma jet system (provided
by company Surface Treat) is used (and described) in
next section of this abstract.
A solution to the problem of the small active plasma
width and plasma surface treatment non-uniformity was
proposed at the Department of Physical Electronics,
Masaryk university, in 2012 by the patent application
entitled “A method of generating a high-pressure highfrequency discharge using the slit nozzle geometry and
the devices for its implementation”. The constructed
radio-frequency (RF) jet (typical frequency of 13.56
MHz) with the width of up to 500 mm was used for tests
of industrial applications but the diagnostics of the plasma
properties or a model of the electromagnetic field of the
plasma jets have not been performed yet. Following the
previous research, an entirely new solution of plasma
generation via plasma nozzle slit geometry was obtained
in 2014. A resonance circuit with a self-resonance coil is
positioned directly on the body of the plasma jet. The coil
is deployed in various configurations and the system
creates a tuned resonator includes a plasma jet cover, used
as a shield, and tuning element. The length of the coil
conductor is approximately ¼ of the wavelength of the
used frequency (typically 13.56 MHz). The electrodes are
formed by coil threads parts in different spatial
configurations according to specific design variations. By
this type of construction, the real power transfer to the
discharge is reduced, while it is possible to regulate easily
the whole process as well as the processes in local areas
of the discharge and thus change the plasma properties
according to application requirements. The plasma jet
uses argon (i. e., inert gas) as a working gas. Admixtures
of deposition precursors can be added outside the slit.

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

2. Material and Methods
The optical emission spectroscopy was performed for
three different plasma systems working at atmospheric
pressure. The first system (an industrial device provided
by the Surface Treat company, shown in Fig. 1) is glide
arc jet operating in air powered with high-voltage (10 kV)
generator delivering power of 1.3 kW. The variable
parameters are the air flow through the glide-arc slit from
20 slm up to 80 slm and the distance of active plasma
region from sample.
Two other systems, RF slotted plasma jets, were
developed at the Department of Physical Electronics,
Masaryk University. The RF jet of type 1 is schematically
shown in Fig. 2. It is a linear RF plasma jet with outlet slit
made of parallel dielectrics plates, 120 mm long, and
electrodes arranged underneath on both sides. This plasma
jet is connected via impedance matching unit to RF
generator (13.56 MHz, max. 600 W) and operating gas is
argon with possibility of adding various admixture
(usually up to 2% of the total flow).
The type 2 of RF slotted plasma jet is schematically
depicted in Fig. 3. Main difference between the plasma
jets is that the latter does not need a separate matching
unit. Instead, we used self-resonant coil placed on the
body of plasma jet. Plasma is in this case excited via
system of electrodes by last three high voltage coil thread
on resonant coil.
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Fig. 3. Schematics of the construction and electric circuit
of RF plasma slit jet type 2: 1/ RF generator (13.56 MHz),
2/ coaxial cable, 3/ and 4/ argon and admixture inlet, 5/
gas flow homogenizing chamber, 6/ elevated temperature
plates of mica composite, 7/ high voltage, high frequency
electrode, 8/ low voltage, high frequency electrode, 9/
plasma region, 10/ resonance coil, 11/ aluminium plates
for adjusting circuit parameters.
Optical emission spectroscopy measurement was either
performed using the spectrometer Shamrock 500i Andor
with CCD detector (in case of glide arc) or using the
spectrometer FHR 1000 Jobin-Yvon-Horiba (2400gr/mm)
with the CCD detector Symphony cooled by four stages
Peltier cooler (in case of RF jets).
3. Results and Discussion
Fig. 4 shows the typical overview spectrum of the RF
plasma jets run in 50 slm of argon and RF power of 350
W. The dominant signals originate from the OH rotational
spectrum around 310 nm and various argon atomic lines.
Additionally, nitrogen ro-vibrational bands are observed
as a consequence of ambient air being mixed into the
flowing plasma.

Fig. 1. Industrial glide arc plasma jet system.

Fig. 4. Optical emission spectrum of type 1 RF plasma jet
operating in argon.
Fig. 2. Schematics of the construction and electric circuit
of RF plasma slit jet type 1: 1/RF generator (13.56 MHz),
2/ coaxial cable, 3/ impedance matching unit, 4/ argon
and admixture inlet, 5/ gas flow homogenizing chamber,
6/ elevated temperature plates of mica composite, 7/ high
voltage, high frequency electrode, 8/ grounded electrode,
9/ plasma region.
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We further compared the approximate rotational
temperature of the OH radical obtained from Boltzmann
plots for the two discharges, arriving at the temperature of
460 ± 40 K for the type 1 plasma jet and 650 ± 120 K for
the type 2 plasma jet. Although the Boltzmann plot is a
very coarse method of temperature determination, it is
apparent that the temperature is significantly higher in the
type 2 plasma jet. This is, most likely, a consequence of
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the fact that the electrode area is smaller and the power is
dissipated in a smaller volume.
Apart from the OES measurement, we also adapted a
qualitative detection method of ozone concentration in
place of interaction of plasma with surface. This is
achieved by using test paper (soaked with a mixture of
potassium iodide and starch) prepared by Schönbein’s
method [4]. This technique provides simple experimental
determination of relative spatially-resolved measurement
of ozone concentration. In this case, the gas flow of argon
was set up to 50 slm, the RF power was 400 W, exposure
time 15 s and the distance between plasma and surface 5
mm. Result of this experiment is depicted in Fig. 5.

Fig. 6. Emission spectrum of glide arc atmospheric
plasma jet.

Fig. 5. Results of Schönbein’s method detection of the
ozone concentration.
Although the glide arc plasma jet operates in air, it was
not possible to determine the rotational temperature of the
OH radicals by the simple method based on the
Boltzmann plot because of complex structure of emission
spectra in the OH region. The contributions of individual
signals to the spectrum are shown in Fig. 6. In future
works, we are planning to carry out detailed fitting of the
spectra using the massiveOES software [5].
Because of planned future use of this system for surface
modification of thermally sensitive materials as well as
deposition of such materials we investigated the heating
of samples in almost direct contact with plasma. It was
found that for the gas flow of 20 slm and the 20mm
distance between glide arc and the sample the temperature
reaches 70°C while for larger air flow (40 slm) maximum
temperature measured by pyrometer was 40 °C.
Application of glide arc jet can be optimized using
knowledge of gas flow distribution. Therefore, the gas
flow simulation was performed in real 3D geometry using
CFD (Computational Fluid Dynamics) module in
COMSOL Multiphysics software – solving Navier-Stokes
equation. The outcome of this simulation is shown in
Fig. 7. For more information about this method we refer
to our previous results on gas flow simulations in
atmospheric pressure discharges [1-3].
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Fig. 7. Results of simulation of gas flow in jet with glide
arc. Logarithmic scale of gas speed.
4. Conclusion
This contribution introduced a work-in-progress dealing
with a comparative study of three different plasma jets
working at atmospheric pressure. Optical emission spectra
were recorded for all the three plasma jets, although the
estimation of OH rotational temperature based on the
Boltzmann plots was possible only for the two RF plasma
jets. Anyway, glide arc plasma jet operating in air is
viable for potential applications in surface treatment of
thermally sensitive materials because, even near to the
plasma, a significant increase of the substrate temperature
was not observed.
Acknowledgements
This work has been supported by the Ministry of
Industry and Trade in the frame of TRIO project
FV10342, by the Ministry of Education, Youth and Sports
(MEYS) of the Czech Republic under the project CEITEC
2020 (LQ1601). Part of the work was carried out with the
support of CEITEC Nano Research Infrastructure
(ID LM2015041, MEYS, 2016-2019), Central European
Institute of Technology, Brno University of Technology.

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

poster

References
[1] P. Synek, A. Obrusník, L. Zajíčková, S. Hübner, S.
Nijdam, On the interplay of gas dynamics and the
electromagnetic field in an atmospheric Ar/H2 microwave
plasma torch, Plasma Sources Science and Technology 24
(2015) 025030
[2] A. Obrusník, P. Jelínek, L. Zajíčková, Modelling of
the gas flow and plasma co-polymerization of two
monomers in an atmospheric-pressure dielectric barrier
discharge, Surface and Coatings Technology (in print)
DOI: 10.1016/j.surfcoat.2016.10.068
[3] K. Arjunan, A. Obrusník, B. Jones, L. Zajíčková, S.
Ptasinska, Effect of Additive Oxygen on the Reactive
Species Profile and Microbicidal Property of a Helium
Atmospheric Pressure Plasma Jet, Plasma Processes and
Polymers (in print) DOI: 10.1002/ppap.201600058
[4] E.G. Pavelin, C.E. Johnson, S. Rughooputh, R.
Toumi, Evaluation of pre-industrial surface ozone
measurements made using Schönbein’s method,
Atmospheric Environment 33(6) (1999) 919-929
[5] online: http://rick.physics.muni.cz/massiveOES/

ISPC23, Montreal, Canada

117

poster

Diagnostics and modelling in plasma chemistry

Study of chemical reactions in CH4-N2 mixture with oxygen containing
admixtures for study of prebiotic atmospheres
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Abstract: We studied chemical reactions in N2 + CH4 mixture initiated by DC glow
discharge. This experiment was designed to mimic prebiotic atmospheres. The content of
CH4 was set to 2%, the total pressure was set to 101 kPa and the gas temperature to 300 K.
The composition of products from these reactions was studied by GC-MS and FTIR.
A kinetic model for reactions in this mixture was developed. The influence of CO2
admixture to N2 + CH4 was also investigated experimentally and theoretically.
Keywords: kinetic model, prebiotic atmospheres, N2-CH4 mixture, FTIR, GC-MS.

1. Introduction
The Miller-Urey spark-discharge experiments in the
early 1950s inspired a strong interest in experimental
studies of prebiotic organic chemistry that continues
today. Different types of discharges were used to mimic
the influence of lightning in prebiotic atmospheres or the
influence of solar VUV radiation. Also the atmospheric
pressure glow discharge can be used for such purposes.
The gliding arc configuration of atmospheric pressure
discharge has been shown to be a good mimic of
processes in the prebiotic atmospheres [1] being used to
replicate physical and chemical conditions on Titan. Titan
is the only lunar body with significant quantities of
methane (CH4) and nitrogen (N2) in its atmosphere [2].
The chemical composition of the Titan’s atmosphere is
considered to be similar to the atmosphere of early Earth
and is favourable for formation of complex molecules
containing C, N and H. The solar ultraviolet radiation and
magnetospheric electrons are responsible for the
generation of primary radicals and other neutral species,
which initiate chains of chemical reactions that finally
result in the formation of various organic molecules in the
Titan atmosphere. This makes Titan as planetary-scale
laboratory for the synthesis of complex organic molecules
[3]. The composition of early Earth atmosphere was
deeply discussed in many studies [4, 5].
The present work is focused on comparison of
experimental data and data from kinetic model for
chemical reactions in N2+CH4 gas mixtures and
admixture of the carbon dioxide (CO2) from 1% to 3 %.
The atmospheric DC glow discharge is a source of
electrons, ions and neutral radicals. All these species
initiate complex chemical processes in, which are similar
to the processes occurring in the Titan atmosphere. The
neutral products generated in the discharge were
identified and quantified by the means of the FourierTransform-Infra-Red spectroscopy (FTIR) and by Gas
Chromatography Mass Spectroscopy (GC-MS).
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2. Experimental set-up
The experimental set-up was in detail described in our
previous studies [1]. A simplified schematic diagram of
the experimental set up is presented in Fig. 1. An
atmospheric pressure DC glow discharge was created
between two stainless steel electrodes separated by a
2 mm gap. The electrode system used the standard
configuration of the gliding arc discharge but due to the
low applied power as well as low gas velocity the
discharge was not moving along the electrodes. The
discharge was operated at an applied voltage of 350 V and
discharge current in range 15 to 40 mA in pure nitrogen
enriched by 1–5 % of CH4 (both gases having quoted
purity of 99.995 %) with admixture of 1 and 3 % of CO2
at the total flow rate of 50 sccm. Flow rates of all gases
through the reactor were regulated using mass flow
controllers (MKS, Flow Measurement & Control
Products). These values of CH4 and CO2 concentration
were chosen with the aim to enhance the reactions with
CO2, that possibly allow to detect oxides compounds
produced in larger amounts in the plasma reactor.

Fig. 1. Schematic diagram of the experimental set-up used
for FTIR analysis of gaseous products of a DC glow
discharge fed by various mixtures of N2+CH4+CO2.
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The exhaust gas was analysed in-situ by FTIR
spectroscopy using IR multipath cell with total absorption
length of 3 m. The discharge was formed in the stable
abnormal glow regime with a plasma channel of 1 mm
diameter. The discharge was contained in a stainless steel
vacuum chamber (1 l volume). Before starting the
experiments, the discharge chamber was pumped down to
1 Pa for 1 h and then it was filled with the investigated
gas mixture up to the pressure of 101 kPa. Atmospheric
pressure during the experiments was maintained by a
slight pumping through the needle valve.
3. Kinetic model
We developed kinetic model for prebiotic atmospheres
for chemical reaction in N2 + CH4 mixture. The content of
CH4 was set to 2%, the total pressure was set to 101 kPa
and the gas temperature to 300 K, which corresponds to
experimental conditions. It was assumed that 2% of
nitrogen was dissociated to nitrogen atoms in the ground
state, the CH4 was fully dissociated into 90% of CH3 and
10% of CH2. This was taken as initial conditions for the
calculations and the kinetic equations were solved
numerically for time from 0 to 10 s.
The kinetic model uses mainly the set of chemical
reactions and their rate coefficients from Loison et al [6].
In our model 189 different particle types and 986
chemical reactions were taken into account. Also
reactions with oxygen and oxygen containing species
were involved in the model, although the calculations
were performed firstly without any oxygen. The initial
conditions were as described above. The calculations
were also repeated with different initial conditions
(different concentrations of nitrogen atoms, CH3 and CH2
radicals). The different initial conditions resulted in small
changes in the product concentrations, however, the main
discrepancies between the model and experimental results
were not solved.
4. Results and discussion
The compounds detected in the experiment and
predicted by the model are shown in Tables 1 and 2. In
each column in these Tables the compounds are put in
order from the highest concentration to the lowest
concentration. It can be seen from Table 1 that the most
abundant compound in the experiment was acetylene,
whereas the model predicted as the most abundant
compound ethane. Also at other species the
concentrations calculated from the model do not
correspond to experimental data.
It follows from these results that the surface reaction
(e.g. on electrode surfaces) are important and these
reactions could explain the increased acetylene
concentrations observed in the experiment.
When from 1 to 3% of CO2 was added to N2 + CH4
mixture, then only CO was detected additionally in the
experiment and the production of HCN was increased. No
other oxygen containing compounds were detected,
however the model predicted creation of formaldehyde.
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So it is again another disagreement between the
experiment and model, which was not solved till now.
Table 1. Comparison of experimental and model data.
Aliphatic hydrocarbons
Experiment – GC-MS
Model
1
Acetylene
C2H2
C2H6
2
Ethylene
C2H4
C2H4
3
Ethane
C2H6
C2H2
4
Propene
C3H6
C3H3
5
Propane
C3H8
C3H2
6
Propyne
C3H4
C3H4
7
1,2-Propadiene C3H4
C4H2
8
2-Butene
C4H8
C4H3
9
Butene-3-yne
C4H4
C3H8
10 2-Butyne
C4H6
C3H6
Table 2. Comparison of experimental and model data.
Nitriles
Experiment – GC-MS
Model
1
Hydrogen cyanide
HCN
HCN
2
Acetonitrile
CH3CN
C2N2
3
Cyanogen
C2N2
HC3N
4
2-Propenenitrile
C2H3CN
HC2N2
5
Propanenitrile
C2H5CN
H2C3N
At nitriles (see Table 2) HCN was correctly predicted as
the most abundant compound as observed in experiment,
further order of nitrile concentrations predicted by the
model does not agree with experimental data.
It was found that our results are in better agreement
with the results of Ramirez et al [7], who used positive
corona discharge. At corona discharge the surface
reactions should not play important role and thus the
agreement between model and experiment is better.
Table 3. Comparison of experimental and model data.
Ramirez et al [1014/J]
Model [1014 cm-3]
C2H6
30.0
99.0
C2H2
7.0
7.6
C3H8
6.0
2.7
C2H4
4.0
2.4
In this experiment ethane was the most abundant specie,
acetylene being the second abundant one. This is in
agreement with the results from the model, see Table 3.
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Abstract: Ball plasmoid discharges have lifetimes of hundreds of milliseconds at ambient
conditions, however, the mechanism(s) by which these plasmoids are stabilized remains
unknown. We report an analysis of ball plasmoids using optical emission spectroscopy. The
spectra presented here are obtained at higher energies and as a result are much more complex
than what has previously been reported for this system. These data are guiding detailed
investigations into the physicochemical processes by which ball plasmoids are stabilized.
Keywords: atmospheric pressure, plasmoid, emission spectroscopy, ball lightning
1. Introduction
A ball plasmoid is a uniquely long-lived and selfsustaining plasma discharge that occurs above a water
surface at atmospheric pressure with the proper electrode
geometry. Using a high-voltage pulsed DC discharge, we
produce ball plasmoids in our laboratory which are quite
luminous and are spherical in shape. Figure 1 shows a
typical ball plasmoid discharge; ball plasmoids are roughly
20 cm in diameter at their full size, and (on average) have
lifetimes near 400 milliseconds. Discharges are normally
struck at potentials between 5000 V and 8000 V and
generate currents on the order of tens of Amps.

2. Experimental
Ball plasmoids are generated using a high-voltage,
capacitive discharge over the surface of a grounded
electrolyte. Figure 2 shows a simplified circuit diagram of
the discharge electronics. A high-voltage DC power supply
(10 kV, Glassman) is used to charge a bank of oil-filled,
parallel-plate capacitors (Maxwell, 1.958 mF maximum).
An Arduino® Uno microcontroller controls a series of
high-voltage relays which charge the capacitors, control
current flow through the circuit, break the current to the
discharge, and ground the system; this same
microcontroller is also used to record time, current, and
voltage measurements in addition to triggering external
instruments (i.e., spectrometers, high-speed cameras).

Fig. 1. High-speed images of single plasmoid discharge
obtained with Phantom v5.2 camera at 1000 fps.
Interestingly, ball plasmoids have lifetimes that are
much larger than what current models predict— plasmas at
atmospheric pressure should recombine after only a few
milliseconds due to the increased collision rate at high
pressure. Ball plasmoids were initially discovered in the
laboratory by Egorov and Stepanov in 2002 [1] and are
considered to be an analogue of the natural (and elusive)
phenomenon known as ball lightning, a mysterious event
that has perplexed scientists and lay observers since the
Middle Ages [2,3].
Previous studies of ball plasmoids [4,5] employed
optical emission spectroscopy (OES) and probe
measurements to characterize the plasmoid. However, the
emission spectra that were reported in [4] and [5] showed
emission from only a few species, which is not
representative of the full extent of chemistry occurring
during the lifetime of ball plasmoids. Potential causes for
these discrepancies are discussed briefly below.
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Fig. 2. Diagram of discharge circuit. A and V are a Hall
effect sensor and voltage divider, respectively. The
included photo shows the tip of a newly-polished and
insulated cathode protruding above the electrolyte.
The stored energy from the capacitor bank is delivered
to a custom electrode setup which is partially submerged in
a plastic bucket containing a weakly conductive, aqueous
electrolyte. The cathode used for these experiments is a 6
mm O.D. solid tungsten rod; a piece of alumina (Al2O3)
tubing surrounds the cathode, and this insulator is placed
flush with the surface of the cathode (see photo included in
Figure 2). The anode is an annular copper ring that is
positioned several cm below the tip of the cathode. This
ring is fully submerged in (and is therefore in electrical
contact with) approximately five gallons (~19 L) of
electrolyte.
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The electrolyte is comprised of deionized water into
which concentrated HCl is added dropwise to set the
conductivity. Optimal electrolyte conductivity is between
200 and 400 µS. The bucket is filled with electrolyte such
that just the tip of the cathode (1-2 mm) protrudes from the
surface of the electrolyte. All experiments described below
were conducted at an electrolyte conductivity of 300 µS
using an 860 µF capacitor.
3. Data and Results
Spectra were recorded using an Ocean Optics Jaz
spectrometer (190-878 nm; approx. 1 nm resolution) in
conjunction with a standard Ocean Optics optical fiber. All
spectra presented here are wavelength-calibrated using an
external source. Screens of varying sizes and geometries
were placed between the end of the fiber and the discharge
to prevent emission from the hot, bright cathode from being
collected by the instrument. Therefore, it is assumed that
all emitted light is collected from the plasmoid itself with
minimal interference from unwanted signals.
For identification and assignment purposes, all spectra
were coadded to increase the S/N of relevant signals. This
has facilitated the identification of several species and their
associated transitions, including: NO A2Σ+→X2Π, OH
A2Σ+→X2Π, NH A3Π→X3Σ-, N2 C3Πu → B3Πg, N2 B3Πg →
A3Σu+, AlO A2Π→X 2Σ+, NH+ B2Δ→X2Π, W I, Al I, Cu I,
and Hα. Nearly all of the signals listed above have never
been observed in this system.
Figure 3 shows a series of ten spectra recorded from a
single plasmoid discharge; these spectra clearly show the
evolution of many atomic and molecular species during the
discharge. Table 1 lists the calculated rotational
temperatures of OH across the lifetime of the discharge.
These temperatures were determined by fitting the
experimental data to a simulation of OH radical in
PGOPHER [8] using the data housed in the HITRAN [9]
database.

Figure 3. Time series of emission spectra collected from a
single 7000 V ball plasmoid discharge. Every other
spectrum is greyed out for clarity.
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Table 1. Calculated rotational temperatures of OH from
data presented in Figure 1.
Spectrum
0
1
2
3
4
5
6
7
8
9

TOH [K]
11400 ± 1400
10100 ± 1400
7600 ± 1000
8900 ± 1000
9300 ± 1000
8900 ± 900
7900 ± 900
8100 ± 900
8100 ± 900
7900 ± 900

These calculated temperatures are in agreement with
previous temperature measurements of OH radical in ball
plasmoids [4,7]. Note that the spectra reported here are
not intensity calibrated, which could affect the calculated
temperatures. It stands to reason that the rotational
temperature of OH will decrease rapidly over time as the
plasmoid cools and recombines with room air. However,
even towards the end of the discharge’s lifetime, the
rotational temperature of OH is still quite high and it is
likely that this is a result of ongoing physicochemical
processes occurring in the plasmoid.
We also recorded spectra at different potentials
(Figure 4) to examine the changes in chemistry resulting
from increasing the energy input to the discharge.
Unsurprisingly, the overall intensity of the spectra
increases with increasing potential, as the plasmoids are
much brighter and have a more intense background
continuum. But, more importantly, the S/N of atomic and
molecular signals also increases as a function of
increasing potential.

Figure 4. Emission spectra of ball plasmoid discharges
collected at varying potentials.
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Table 2. Calculated rotational temperatures of OH from
data presented in Figure 4.
Potential [V]
6000

TOH [K]
5700 ± 800

7000

5600 ± 800

8000

7200 ± 1000

It should be noted that the rotational temperature of
OH radical obtained from the 7000 V spectrum in Figure
4 (5600 ± 800 K) is lower than the values reported in
Table 1. These discharges were performed under identical
conditions and the spectra were recorded in the same way,
however, it is likely that this spectrum was obtained at a
later point in the lifetime of the discharge.
Furthermore, spectra collected at varying heights and,
consequently, various points in time show that different
species emit at different times and that the chemistry of
ball plasmoids likely changes as the lifetime progresses.
Interestingly, the calculated temperature of OH radical
(Table 3) does not appear to follow any sort of trend
according to the height (time) at which it was measured,
suggesting that excitation processes are still happening
even several hundred milliseconds into the discharge.

Figure 5. Emission spectra recorded from 7000 V ball
plasmoids at varying heights above the tip of the cathode.
Table 3. Calculated rotational temperatures of OH from
data presented in Figure 5.
Height [cm]
2

TOH [K]
10100 ± 1400

6

5300 ± 800

10

6300 ± 800

Drastic differences can be observed between the
emission spectra reported here and those reported in [4]
and [5]. Although removing impurities (e.g., calcium and
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other metals) from the electrolyte undoubtedly changes the
emission spectrum of the discharge, the cause of the spectra
showing a far richer and more complex chemistry is most
likely a result of discharges struck at higher voltages. The
exact mechanism of higher energy discharges leading to
richer spectra is unclear—higher potential could lead to
production of more high energy electrons (i.e., altering the
electron energy distribution function slightly) than at lower
potentials, for example. Additionally, the larger potential
difference increases current flow to the discharge, which
results in an increased number density of electrons, which
in turn results in an increased number density of radiative
states as products of ionization and excitation processes.
The amount of potential energy stored in the capacitor
banks in [4] and [5] are nominally 8.0 kJ and 12.2 kJ,
respectively, whereas our circuitry facilitated energies of
15.5 kJ, 21.0 kJ, and 27.5 kJ at 6000, 7000, and 8000 V.
This fairly large energy difference is particularly relevant
to these data; it is likely that increasing the capacitance of
our system could further increase the amount of energy
available at the start of the discharge. We are currently in
the process of collecting data at higher capacitances.
Multiple programs are currently being used to extract
quantitative data from these spectra. Namely, SPECAIR
and PGOPHER are being used to identify emitting species
and perform rotational analysis to elucidate values such as
rotational temperatures and excited-state population
distributions of the emitting species.
We are using this work to design and implement more
advanced experiments. For example, we plan on utilizing
high-resolution absorption spectroscopy to probe ball
plasmoids on fast time scales. This will mitigate
complexities normally associated with OES measurements
which arise from non-equilibrium excited state population
distributions and the optical thickness of the plasmoid.
Absorption measurements will also allow for the
quantification of spatially-resolved column densities of
species relevant to ball plasmoid stability, which will also
assist in developing a chemical kinetics model of ball
plasmoids.
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Electron Energy Distribution Measurements in dusty non-thermal plasmas
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Abstract: Langmuir probe measurements are performed on an inductively coupled argon
plasmas which is controllably dosed with nanoparticles formed in a secondary plasma
reactor. In order to avoid the formation of an insulating coating, graphitic carbon
nanoparticles, obtained in an argon-acetylene plasma, are used for this study. The electron
energy distribution function is obtained through the Druyvesteyn method, via the secondderivative of I-V probe characteristics. The role of process parameters such as input power
and nanoparticle density on the plasma properties is carefully mapped.
Keywords: Langmuir probe, electron energy distributions, dusty plasma, inductively
coupled plasmas

1. General
Low-temperature gas discharges are employed in a
plethora of industrial fields, perhaps most widely in the
semiconductor industry for film deposition, material
functionalization, and etching [1], but also in materials
synthesis [2]. The use non-thermal plasmas for
nanoparticle synthesis is also receiving increasing
attentions, because of the potential application of plasmaproduced nanomaterials for a variety of important
applications [3]. In order to advance these techniques and
promote innovation, an increased knowledge of the
fundamental processes occurring in dusty plasmas is not
only desirable, but also necessary.
There are several experimental techniques for the
characterization of plasmas [4]–[6]. The Langmuir probe,
which measures the current collected by a bare wire
inserted in a discharge, is a powerful technique which
allows for the direct measurement of the electron energy
distribution function. This technique has found limited
application in dusty plasmas because the accumulation of
dust at the probe surface negatively affect the probe circuit,
preventing the reliable measurement of the EEDF in dusty
plasmas [7]. Despite this, recent reports indicate that a
solution to this long-standing problem is actively being
pursued. The aim of this work is to measure the EEDF in
dusty plasmas under a variety of experimental conditions.
The enabling approach is the utilization of a plasma
chemistry that leads to the formation of conductive
nanoparticles, so that their collection onto the probe
surface does not preclude the successful completion of the
measurement.
2. Experimental
The experiments were performed in a large diameter
stainless steel chamber wherein an inductively driven
argon plasma surrounds the probe tip. Fig. 1 details a
schematic of the chamber setup. Equally spaced viewing
windows along the wall of the chamber allow for visual
confirmation of plasma creation and can be substituted as
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an inlet for direct injection of conductive particles created
via a secondary reactor system. The inductively coupled
plasma was driven by an RF generator delivering
approximately 60 W of RF power. The working gas, argon,

Fig 1. A schematic of the vacuum chamber
showing the Langmuir probe and injection
of carbon particles.

was at a pressure of 100 mTorr.
The secondary reactor system which produced and
delivered conductive particles, notably carbon for this
experiment, was a capacitive discharge driven by a
separate RF generator delivering approximately 70 W of
RF power. The working gas was argon and the precursor
gas was C2H2 (acetylene) at a pressure of 3 Torr. A
machined orifice was used to maintain the pressure
differential between the main chamber containing the
inductively driven argon plasma and the secondary reactor.
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Particles were flown through a borosilicate tube for direct
injection into the main plasma volume.
The measurements were performed in the bulk of the Ar
plasma by a stationary single Langmuir probe. The probe
was a tungsten wire with a length of 5 mm and diameter of
0.125 mm. A stainless steel sleeve of the same length and
0.5 mm diameter was secured around the glass capillary
encapsulating the unexposed tungsten wire length, with a
welded connection outside vacuum to a 3 nF capacitor to
act as compensation in preventing distortion of the probe
characteristics by the RF field. The I-V characteristic of the
probe was obtained by a PicoScopeTM and the subsequent
software. A signal generator in conjunction with a highvoltage amplifier produced a linear ramp of –50 to +50 V
at a frequency of 10 Hz as the probe voltage; the returning
signal was fed through a 100 Ω resistor. The voltage ramp
and the returning signal, through a differential amplifier,
provided the signal as the probe current. Both the probe
voltage and probe current waveforms were recorded on the
digital oscilloscope, and subsequently transferred to a PC
for numerical processing.
Numerical processing occurred through Origin TM. An
adjacent average filter was used to smooth the I-V
characteristics. The EEDF was obtained through the
Druyvesteyn formula:
𝐹 (𝐸) =

4
𝑒 2 𝐴𝑝𝑟𝑜𝑏𝑒

As a consequence, the mixture under which the Langmuir
probe measurements are performed is composed of argon,
hydrogen and carbon nanoparticles.
In figure 2 we show the IV characteristic for a pristine
(argon-only) plasma. The EEDF was obtained via the
Druyvesteyn method. Fig. 3 depicts the EEPF for a pristine,
inductively coupled Ar plasma, which follows the expected
non-Maxwellian deviation at high energies.
𝜑𝑝𝑙𝑎𝑠𝑚𝑎 was determined to be 14.55 V; the electron
density was found from (2).
𝐸

𝑛𝑒 = ∫0 𝑚𝑎𝑥 𝐹(𝐸) 𝑑𝐸

(2)

The electron density was n e = 1.26 ∗ 1011 cm-3. For the
working gas pressure of approximately 100 mTorr, the
electron temperature was Te = 3.16 eV. The dashed lines in
Fig. 1 detail the crossing point for the floating potential, ar
approximately 8V.

2

√𝑚𝑉 𝑑 2𝐼 ,
2𝑒 𝑑𝑉

(1)

𝑤ℎ𝑒𝑟𝑒 𝑉 = 𝜑𝑝𝑙𝑎𝑠𝑚𝑎 − 𝑉𝑝𝑟𝑜𝑏𝑒
Here e, m, and Aprobe are the electron charge, mass, and
probe area, respectively.
3. Preliminary Results and Discussion
Particles created via the secondary reactor for injection
into the primary plasma were characterized through TEM
for confirmation of structure and particle size. Fig 2 shows
a typical TEM image of the produced carbon particles.

Fig 3. The I-V probe characteristics and EEPF for
a pristine inductively coupled Ar plasma.

Fig 2. TEM image of the as-produced Carbon
particles, with an average size of 20nm.
The particles are in the 20 nm size range and they appear
to be highly graphitic in nature. Raman characterization not
shown here for brevity supports this conclusion. In-situ
FTIR measurements confirm that the discharge fully
consumes the acetylene and converts it into nanoparticles.
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4. Conclusions
In this work, we detail an experimental approach to
obtaining EEDF measurements in a low-pressure,
inductively driven argon plasma using a simple single
Langmuir probe design. Conductive nanoparticles are
nucleated and grown in a separate plasma reactor and then
injected into the main chamber. A comprehensive
investigation on the influence of parameters such as
nanoparticle density and plasma input power on the main
plasma parameters (electron density and temperature) will
be discussed in details.
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Abstract: A combination of optical emission spectroscopy and collisional-radiative
modeling is used to determine the time resolved electron temperature and number density
of Ar 1s states in Ar-based DBDs in presence of either NH3 or ethyl lactate. The values of
Te were higher early in the discharge cycle (around 0.8 eV) and then decrease down to
~0.35eV with the rise of the discharge current. The opposite behaviour was observed for Ar
1s states, with cycle-averaged values in the 1017 m-3 range.
Keywords: Plasma diagnostics, dielectric barrier discharges, electron temperature, number
density of metastable atoms

1. Introduction
Ar-based Dielectric Barrier Discharges (DBDs) in
presence of reactive precursors are routinely used for the
growth of functional coatings on polymeric substrates,
including those relevant for biomedical applications [1].
In such processes, a good control of the precursor
fragmentation kinetics is crucial to ensure optimal macro
and microscopic properties of the film for specific
technological applications. During plasma-enhanced
chemical vapour deposition in Ar-based DBDs, many
plasma-generated species can participate to the precursor
fragmentation, including electrons and Ar metastable
species (Ar 1s states in Paschen notation).
In this study, we have used a combination of optical
emission spectroscopy and collisional-radiative modeling
to determine the electron temperature (Te) and the Ar 1s
populations. Experiments are performed in either Ar/NH 3
(this Penning mixture is useful to obtain a homogeneous
discharge instead of the commonly observed filamentary
discharge in nominally pure Ar-based DBDs [2]) or
Ar/ethyl lactate (this mixture is relevant for the growth of
biodegradable plasma polymers [1]) gas mixtures.
2. Experimental conditions
Figure 1 presents a schematic of the plane-to-plane
DBD used in this work. The Ar/NH3 and Ar/ethyl lactate
gas mixtures are injected longitudinally between the two
alumina plates. For Ar/NH3 plasmas, the concentration of
NH3 was set to 200 ppm whereas for Ar/ethyl lactate
plasmas, the amount of ethyl lactate was varied between
250 and 450 ppm. All experiments were performed with a
sinusoidal voltage input frequency of 35 kHz (period of
28.6 s); more details can be found in [1]. The system
used to collect the optical emission spectra comprised a
monochromator from Princeton Instruments (Acton)
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coupled with a PI-Max3 intensified charged-coupled
device camera also from Princeton Instruments. An
optical fibre was used to collect the light from the plasma;
this fibre was placed perpendicularly to the gas flow lines
at about 1 cm from the gas entrance in the glow discharge
region. Time-resolved measurements were obtained using
a 100 ns gate width.

Fig. 1. Schematic of the planar DBD reactor operated in
either Ar/NH3 or Ar/ethyl lactate gas mixtures.

Fig. 2. Typical optical emission spectrum of Ar/NH3
DBDs with Ar lines highlighted.
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A typical spectrum in the 650nm to 850 nm wavelength
range is presented in Figure 2. Many lines ascribed to Ar
4p-to-4s transitions (2p-to-1s in Paschen notation) can be
observed. As described in the next section, the emission
from this set of lines is used to extract the electron
temperature and the Ar 1s number densities.
3. Description of the model
In order to analyse time-resolved optical emission
spectra of Ar-based DBDs, we have developed a
collisional-radiative (C-R) model. In recent years, many
C-R models have been proposed, including some relevant
for Ar/NH3 plasmas [3,4]. In this work, the emission
intensities I(λ) (corrected for the optical response of the
monochromator and detector) are given by
( )

[

(

)

]

impurities obviously include NH3 and ethyl lactate, but
also all plasma-generated fragments. It is worth
mentioning that quenching probabilities for most of these
impurities are poorly documented in literature. In
addition, the population of most plasma-generated
fragments is very difficult to establish. In this context, we
have assumed that Ar states are mostly quenched by
collisions with plasma-generated H2 (5 sccm) and CO2 (5
sccm) for which literature is available.

(1)

where Aij is the spontaneous emission Einstein coefficient
of the i-to-j transition, [Ar(2p)i] is the number density of
the emitting i level, and θij is the radiation escape factor
(between 0 and 1). [Ar(2p)i] values were calculated from
particle balance equations. Population of emitting 2p i
states was assumed to occur by electron-ground state
collisions (direct excitation), electron-1s collisions
(stepwise excitation from every 1s states), 2p-ground state
collisions (excitation transfer from all 2px levels to the
emitting 2pi level), and radiation trapping (1s2-to-2pi, 1s3to-2pi, 1s4-to-2pi, and 1s5-to-2pi). On the other hand, deexcitation can occur by spontaneous photon emission, 2piground state collisions (excitation transfer leading to both
2p and 1s states), and quenching by collisions with
impurities. We will come back to this last mechanism
later on. These population and depopulation processes are
illustrated in Fig.3. In this framework, [Ar(2p)i] can be
obtained from equation (2):

(2)

Here, [Arg] is the number density of ground-state Ar
atoms, [Ar(1s)k] is the number density of metastable and
resonant Ar 1s states (for simplicity, Ar 1s states were
treated as a block), and kxij are the rate constants
associated with each mechanism (for electron-atom
collisions, rate constants depend on the electron
temperature (assuming a Maxwellian electron energy
distribution function)).
As mentioned above, the model considers the deexcitation of emitting 2p states by collisions with
impurities. In Ar/NH3 and Ar/ethyl lactate DBDs,
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Fig. 3. Schematics of the population and depopulation
mechanisms considered for Ar 2p levels.
Radiation trapping effects were considered using the
empirical formula for θij provided in [5]. Because of the
high pressure, Van der Walls and resonant broadening
mechanisms were considered in addition to Doppler
broadening. In those calculations, the neutral gas
temperature was assumed equal to 300 K; this is a
reasonable assumption for Ar DBDs.
The coupled set of 10 equations for 2p1 to 2p10 states
was solved using the electron temperature Te and the
number density of Ar 1s2 level as the only input
parameters. Note that the population of all 2pi states
scales linearly with the electron density ne; therefore,
relative number densities of emitting 2p states can be
obtained without precise knowledge of ne. From this
approach, the relative emission intensities were computed
over a wide range of Te and 1s2 values and then compared
to those obtained from the measured optical emission
spectra. For each Te and 1s2 values, the difference
between simulated and measured spectra was calculated
using either Squared Euclidian Distance or Percentage
Standard Error methods [4]. The results can be plotted on
a 3D graph; a typical example is presented in Fig. 4.
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Fig. 4. Typical 3D plot of the percentage standard error
between measured and calculated emission intensities for
various values of the Te and number density of Ar 1s2
state (the only adjustable parameters in the model).
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Fig. 5. Time evolution of Te during the positive and
negative half cycles of the 35 kHz sinusoidal excitation
for an Ar/NH3 DBD. The dotted lines are there to guide
the eyes.

In Figure 4, it can be seen that the percentage standard
error displays a minimum for precise values of T e and 1s2
population. This approach was used to determine those
parameters for various operating conditions.
4. Results in Ar/NH3 plasmas
Figure 5 presents the time-evolution of the electron
temperature in Ar/NH3 plasmas over the 35 kHz
sinusoidal excitation for both the negative half-cycle (top
electrode is cathode) and the positive half-cycle (bottom
electrode is cathode). In both cases, Te peaks early in the
discharge cycle and then decreases down to about 0.35 eV
until discharge extinction (above 9 s, emission line
intensities were too low to obtain reliable data). As it can
be seen in Figure 6, the opposite trend can be observed for
the number density of Ar 1s2 state. This population first
sharply rises early in the discharge cycle and then
stabilizes at around 1.6 x1017 m-3. Similar results were
recently reported for He DBDs operated under
comparable experimental conditions [6]. Te values were
also compared to those obtained by other authors in
Ar/NH3 plasma jets open to ambient air (0.9 eV) [3].
Higher Te value can most likely be attributed to the
presence of N2 and O2 due to the open-air-configuration.
This aspect was already described by Levasseur et al. in
He-based discharges [7].
The trends observed in Figures 5 and 6 are consistent
with the expected changes of the ionization kinetics in
atmospheric-pressure glow discharges with the increase of
the discharge current (and thus of the electron number
density). As the electron number density increases (and
thus the number density of Ar metastable species
increases), the contribution from stepwise ionisation
processes must increase. In such plasmas, lower T e values
are expected with respect to those relying on electronimpact ionisation processes on ground state Ar atoms.
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Fig. 6. Time evolution of [Ar 1s2] during the positive and
negative half cycles of the 35 kHz sinusoidal excitation
for an Ar/NH3 DBD.. The dotted lines are there to guide
the eyes.
5. Results in Ar/ethyl lactate plasmas
Figure 7 displays the time-evolution of the electron
temperature and number density of Ar 1s2 state in
Ar/ethyl lactate (450 ppm) plasmas for the negative halfcycle (top electrode is cathode) of the sinusoidal applied
voltage. As in Figures 5 and 6, the electron temperature
decreases and the population of Ar 1s2 increases during
discharge ignition and then remains fairly constant. In
addition, Ar/NH3 plasmas reveal slightly lower cycleaveraged Te values than Ar/ethyl lactate plasmas. On the
other hand, the cycle-averaged number density of Ar 1s2
is smaller in Ar/ethyl lactate plasmas than in Ar/NH3
plasmas. Such behaviour can probably be attributed to the
difference in the impurity concentration between Ar/ethyl
lactate plasmas (450 ppm of ethyl lactate) and Ar/NH3
plasmas (200 ppm of NH3). This aspect was confirmed by
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varying the concentration of ethyl lactate in Ar DBDs
between 250 and 450 ppm. The results are presented in
Fig. 8. As the precursor concentration increases, the
electron temperature rise and the number density of Ar
1s2 state decreases. This trend is consistent with the
expected increase in the quenching frequency of
metastable Ar atoms with the rise in the precursor
concentration.
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influence of the nature of the precursor and precursor
concentration on the electron kinetics and population of
Ar metastable species. Further studies are in progress for
the analysis of Te and 1s2 populations in repetitive
nanosecond discharges as a function of the pulse
frequency and pulse width.
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Fig. 7. Time evolution of the electron temperature (black
dots) and Ar 1s2 population (blue dots) during the
negative DBD half cycles of the 35 kHz sinusoidal
excitation. The dotted lines are there to guide the eyes.

Fig. 8. Te (red, left) and 1s2 population (blue, right) for
different concentrations of ethyl lactate.
6. Conclusion
In this work, a combination of optical emission
spectroscopy and collisional-radiative modeling was used
to analyse the time-resolved behaviour of the electron
temperature and number density of Ar metastable species
in Ar-based DBDs. Both Ar/NH3 and Ar/ethyl lactate
plasmas revealed a decrease of Te combined with an
increase in the Ar 1s2 population early in the discharge
cycle with more or less constant values until discharge
extinction. This approach was also used to examine the
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Experimental measurement of plasma jet flow under high enthalpy supersonic
flow conditions achieved on 1MW Segmented Plasma Arc Tunnel
ISPC23 30 July - 4 August 2017, Montréal, Canada
Y. Lakaf1, S. Xue1, N. Dubey2, K.H. Sinnur2, A.R. Bhagat2, K. Priyanka2
1Tekna Aerospace section, Department of Engineering, TEKNA PLASMA SYSTEMS, Sherbrooke, Québec, Canada
2Advanced Systems Laboratory, ASL-DRDO, Hyderabad, India.
Abstract: This paper describes an experimental investigation of plasma jet properties of a
1MW Tekna Segmented Plasma torch operated in Plasma Arc Tunnel (SPAT) designed for
thermal material protection research and experimental studies of aerodynamics heating effect
under high enthalpy flow testing. The 1MW (SPAT) can be operated from 3-20bar and
develops an enthalpy flow conditions up to 20MJ/Kg. Various experimental measurements
such us heat flux, enthalpy, and sample surface temperature are presented and discussed.
Keywords: Tekna Segmented DC torch, SPAT, Supersonic flow, High Enthalpy flow.
1. Introduction
The plasma wind tunnel consists of a stationary test
facility in which a high enthalpy flow is generated using
plasma generator and a pumping station to reproduce the
re-entry conditions of space vehicles.
The main purpose of this installation is to reproduce the
re-entry conditions where a material samples are tested
under high enthalpy flow such an aerodynamic heating
effect under supersonic flow that the capsules may be faced
during re-entry to the atmosphere. For this purpose, a
complete study and simulation of the physical phenomena,
have to be studied and completely understood at the ground
facility. On this paper we are presenting an experimental
measurements of plasma physical parameters on graphite
material sample compared to the numerical model
calculations.
2. 1MW SPAT installed at ASL-Facility
The proposed 1 MW segmented DC plasma system will
have the ability to perform thermal tests between 30-1000
mbar chamber pressure with 100 % air. Exhaustive
instrumentations are also provided with the system
allowing characterization of the plasma flow and heat flux
on the sample.
The performance testing of insulation thermal system
such as the improvement of flow characteristics on this
plasma arc tunnel passes by a design of high quality
equipment and high control and regulation such as 1)
Segmented DC torch 2) Test chamber 3) Supersonic
diffuser 4) Vacuum system 5) Heat exchanger 6) Power
supply 7) Advanced control system.
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2.1 Segmented Arc Heater
Tekna segmented-disk type arc heater consists from the
inlet argon section to the plasma discharge chamber of a
dual rear anode part, the convergent ring pack, 3 constrictor
ring pack (1MW), the divergent ring pack, and a dual front
cathode part. This arrangement is shown in figure 1.

Fig. 1. Tekna 1MW arc heater configuration
The arc discharge is adjusted to achieve the desired test
conditions and stabilized between the two electrodes
located at the end of convergent/divergent section
respectively. In order to minimize the electrode erosion due
to the current concentration, an axial magnetic field is
applied to the arc-root by a magnet coil built inside each
electrode segment. The arc-root rotates in radial plane
under the influence of the Lorenz force.
Table 1. The specification of the arc-heater
Type
Current
Voltage
Maximum Input Power
Mass Flow Rate
Max pressure
Constrictor Inner
Diameter
Throat Diameter
Nozzle Exit Diameter

Dual electrode segmented-disk Type
500 amperes max per electrodes
3600 VDC
1.5 MW
15-60g/s at 50mbar
20 bar
22 mm
7.8-15 mm
9-47.5 mm
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2.2 Facility sub-systems
Inside the vacuum chamber, an automatized 3 axis rotary
arms, for holding samples, is disposed on the left side of
the catch cone. It has a 4 cooled arms rotating in 360° to
allow in the same test having various physical parameters
measured. (Figure 2)
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The post-shock static pressure described by [3]
measures the static pressure after a shock generated on the
nose tip of enthalpy probe but using a separate probe. Even
if this probe tends to reproduce the shock it has the
disadvantage to use 2 different probes which inevitably
leads to increase error in measurements. The Tekna
enthalpy probe measure static and stagnation pressure
using the same probe.
3.1.1

Enthalpy measurement principle

The local enthalpy of the plasma can be derived from an
energy balance applied to the cooling water flowing
through the probe and the gas sample extracted from the
plasma and described in details by [1].
Fig. 2. Catch cone and rotary arm with probes for plasma
plume and material characterization
3. Experimental set-up of 1MW Segmented Plasma Arc
tunnel
The experimental measurements of plasma jet
parameters such as: the specific enthalpy, plasma
temperature, velocity, and heat flux have been achieved.
This method of plasma characteristics is based on the
suitable design of mechanical probes.
The results of the measurements achieved are presented
and discussed on this paragraph.
3.1 Enthalpy using supersonic Tekna probe
The Tekna supersonic enthalpy probe is used for local
plasma enthalpy, plasma temperature, plasma velocity and
Mach number measurements. [1]
The main advantage of Tekna supersonic enthalpy probe
is designed to have the measurement of the static pressure
of the flow and the total pressure on the same probe as
shown on the figure 3.

The second hole of the probe, dedicated for static
pressure flow measurement, is disposed on rear back of the
probe, downstream of the shock wave.
The equation used to determine the Mach number, in
supersonic plasma jet, is called Rayleigh formula (2) and
expressed as [4]:
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The pressure ratio

Pi2
P1

is measured experimentally via

dedicated gauges connected to the both holes of the probes
as shown by the figure 6. [4]
The Mach number is computed by solving a Rayleigh
equation (2).
3.1.2

Enthalpy measured with 1MW DC Tekna
Segmented torch

The table 2 shows the plasma conditions of the enthalpy
measurement in a supersonic flow. The gas plasma is
considered as total mixture of Air with a small amount of
Argon gas.
Table 2. The Plasma conditions
Fig. 3. Tekna supersonic enthalpy probe design
This design allows reducing the uncertainty of
measurement which may occur because of using various
probes, such as aerodynamic wedge probe used to measure
Mach number or pitot tube used to measure dynamic
pressure [2], which leads to perturb the plasma differently.
The error is also made by considering a static pressure to
be equal to the pressure inside the vacuum chamber.

ISPC23, Montreal, Canada

Plasma condition
A) Nozzle R=5
B) Nozzle R=15

Mass flow
rate (g/s)
21
44

Power
(MW)
.84
1.05

Chamber pressure
(mbar)
120
75-95

The pressure inside the torch vary from 3 bar to 20 bar
respectively following conditions A and B described on the
table above.
The probe distance, from the exit plan of nozzle, is
x = 80mm for condition (A), and x = 100mm for condition
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(B). The local enthalpy has been measured in the center
line of the plasma only. The probe has been aligned with
the center line of the nozzle (Figure 4).

3.2 Heat flux measurement in: steady state and
transient mode
Both stationary and non-stationary heat flux probes have
been used to measure heat flux at 1MW segmented plasma
Arc tunnel. The stationary probe is water cooled, and
mounted with a heat transducer which is cooled separately
and called Gardon gage and described well in the literature
[2].
3.2.1

Fig. 4. Tekna enthalpy probe inside the plasma plume
using a nozzle with ratio 5
The stagnation enthalpy measured using Tekna
supersonic probe, has been compared with the enthalpy
calculated using a numerical model and the total enthalpy
deduced from the heat balance.
The total enthalpy measured experimentally by Tekna
probe, in the case of torch pressure of 3 bar is 17.8MJ/kg,
when the CFD model calculated 21.2 MJ/kg (figure 5 a-b).
The experimental measurements show a deviation of 15%
regarding the CFD model. The static pressure measured
experimentally shows a deviation 15.5% compared to the
static enthalpy estimated numerically. The experimental
measurement presents a good match with a CFD model and
lead to conclude that the probe can be used to estimate both
stagnation/total and static enthalpy with an error of 15%.
In the case of torch operating at 20 bar, the total enthalpy
measured experimentally is 11.39 MJ/kg (figure 6b) and is
validated with numerical calculation which has calculated
12.4 MJ/kg as the deviation is less than 9%. For the static
enthalpy both are very close each to other, and the
deviation between the experimental measurement vs
numerical calculation is less than 13%.
The plasma temperature is deuced from the gas table
mixture created at chamber pressure directly via a
software. Knowing the enthalpy measured experimentally,
via the probe, the plasma properties is deduced from the
gas mixture table.
The deviation between both temperatures calculated
experimentally and numerically, shows a deviation of 3%,
in case of P torch= 3bar, and is about 6% in case if P torch=
20bar.
For the velocity measurement (figure 6), both values are
in the same range but present a deviation of 25% in case of
P torch= 20bar. This deviation drops to 9% in case of P
torch= 20bar.
We can conclude from the results presented in figure 5
& 6, the Tekna enthalpy probe can be used for enthalpy,
temperature and velocity measurements under high
enthalpy and high velocity conditions.
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Heat flux measurement using Gardon
gage:

The calibrated Gardon gage probe, which measures a
proportional net absorbed heat transfer rate to the sensing
tip at the stagnation point, has been inserted inside the
plasma plume when the chamber pressure was at 55 mbar.
The Heat flux measured experimentally is in agreement
with the result obtained by CFD model and present a
deviation of 6.5% (figure 7).
The heat flux obtained numerically is 8.32 MW/m2 and
the Gardon gage has measured 7.8 MW/m2. This result
reinforces our CFD model to evaluate a heat flux under
high enthalpy supersonic flow and confirm the Gardon
gage technology at high enthalpy conditions.
3.3 Surface temperature measurement using:
IR camera, Pyrometer and Fast Response
Thermocouple
The main objective from those techniques [5] is to study
the ablative materials at high heat flux levels and provide a
database on precise information about the materials to be
characterised and developed for thermal barrier protection
used for re-entry of space shuttle. Both IR camera and
pyrometer used on this experimental measurement of
surface temperature behaviour are operating in the close
spectral range near infrared to avoid measuring the light
coming from the plasma. The IR camera is operating in
spectral range of 0.9 to 1.7 μm. It is provided with 2
calibrated intensity filter allowing measurement from 5001200°C and from 1200-3000°C respectively.
The pyrometer used is operating bi-chromatic which
measures the intensity of infrared radiation at two different
wavelengths (ʎ1 = 950 nm and ʎ2 = 1050nm) at the same
time. The ratio of these two intensities is proportional to
the temperature. Thus a two-colour pyrometer
measurement is not influenced by emissivity changes or
obstructions within the sight path such as dust or water
vapour.
The both optical techniques are mounted at the external
windows of the vacuum chamber and disposed at the same
distance from the target. The fast thermocouple is installed
inside the material and connected to high data acquisition
device.
As shown from the figure 8 a) and b), the surface
temperature measured by the pyrometer is 2175 °C and the
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temperature measured by the IR camera delimited by the
blue circle (1) shows a maximum temperature of
2109.09°C. The software also allows to determine in the
delimited circle the minimum and average temperature
estimated to be 2092.58°C and 2102.66°C respectively.
Considering the minimum, maximum and average
temperature measured by the IR camera, in all cases, the
deviation comparing to the surface temperature measured
by the pyrometer is not exceeding 4%.
The thermocouple is choosing to be as thin as possible,
in arrange of less than 1 millimetre diameter, to be as less
intrusive as possible to the material to be characterized. It
is mounted inside the material in the way that is aligned
with the front nose tip of the sample but touching the upper
surface.
As the sample probe is facing a high heat flux at its front,
this results in the fast rising temperature of the
thermocouple sometimes beyond its limit. This leads
inevitably of damaging the thermocouple after certain or
unique use. For this reason, the response of the
thermocouple is read via a high data acquisition device
which has been set in 1 microsecond for a maximum
duration of 10 seconds.
The figure 9, show the inner temperature surface
increase in function of time, and seems to be stabilized 2
second before the end of the test at 1285 °C. This result is
obtained in plasma condition of 20bar- 11MJ/kg.

Fig. 9. Surface temperature measurement using a
thermocouple mounted inside the sample material at
P torch= 20bar.
The information resulting from this experiment is that
the material tested present a difference of 824 °C between
the inner and outer surface sample temperature. As we do
not have enough information about the material tested, we
cannot estimate if this result is valid or not. However, the
duration of the test for this kind of material and the
technique of surface measurement using a thermocouple is
validated as a method of inner sample surface temperature
measurement.
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4. Conclusion:
The measurements of plasma physicals parameters have
been conducted using a various intrusive instruments and
compared to the CFD model calculation. The
measurements have been limited at the center line of the
plasma. Indeed, in the center line of the plasma, the thermal
equilibrium is approached and/or reached. Therefore, the
effect of non-equilibrium because of low pressure and
supersonic flow are less significant. This allow us to be
confident with our experimental measurements. The CFD
calculation has reinforced our measures and are in
accordance with our results. The deviation between both
methods is contained within a reasonable percentage (less
than 16%) for a measurement under high enthalpy flow
conditions. These results can serve as an interesting
database for experimental measurements in this type of
installation and in our knowledge there is no much
experimental data reported in such facility.
Using non-intrusive instruments such as IR camera and
pyrometer to measure the sample surface temperature has
shown a very good interesting results. The measurements
resulting from both techniques have been confronted and
present a similarity on the target point. Finally, it has been
demonstrated that using some experimental set-up and
rules before starting plasma, the data collected under high
enthalpy and velocity flow, can be used, with confident, to
characterize and qualify the material to be used as a thermal
barrier material on aerospace shuttle vehicles.
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ANNEXE

b)
Fig. 6. Temperature, velocity and Mach number
calculated from Tekna enthalpy probe and CFD model a)
3 bar, b) 20 bar.
a)

b)

Fig. 7. Heat flux measurement in MW/2 obtained
experimentally and compared to the CFD result.

Fig. 5. Enthalpy results using enthalpy probe, numerical
model and calorimetric balance, a) 3 bar and b) 20bar.

a)
a)

b)
Fig. 8. Surface temperature measurement of sample using
a) Pyrometer b) IR camera at P torch= 20bar.
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Development of numerical analysis method for the prediction of methane
conversion in an arc plasma reactor
B.I. Min and S. Choi
1

Department of Nuclear and Energy Engineering, Jeju National University, Jeju, Jeju, Republic of Korea
Abstract: The methane conversion reaction using a non-transferred arc plasma is a method
for converting methane into C2 compounds such as ethane, ethylene, and acetylene and
hydrogen by using the high temperature thermal flow phenomenon of the ionized high
temperature and high velocity thermal plasma. The conventional methane conversion
reaction using arc plasma uses a high power system. However, in this study, the methane
conversion reaction in a compact low power arc plasma reactor was computationally
analyzed according to the type of discharge gas. Therefore, this study was carried out to
improve the energy efficiency of methane conversion system using arc plasma and to use it
as a basic data for analyzing design and operating conditions for the development of an arc
plasma reactor that can be used in a small scale methane conversion process.
Keywords: Arc Plasma, Methane, Conversion, Chemical Reaction, Numerical Analysis

1. Introduction
Thermal plasma is an ionized thermal fluid generated
by a plasma torch with a DC arc discharge or a high
frequency inductive coupling discharge, [1] and is in the
form of an high temperature jet flame of 1,000 - 20,000 K,
100 - 2,000 m/s. Using this high temperature thermal
plasma, it is convenient to transport methane, which is
known as the main component of greenhouse gas, natural
gas, and currently active shale gas, valuable C2
compounds, or processes for the conversion to hydrogen,
are being developed. However, the methane conversion
process using the newly developed high power arc plasma
system has a problem of energy efficiency. Therefore, in
this study, to develop a low power arc plasma system for
methane conversion, the methane conversion reaction
according to the kind of discharge gas is numerical
analysis in the low power arc plasma reactor.

Fig. 1. Computational domain for the numerical analysis
of low power arc plasma reactor for methane conversion.

2. Numerical modelling
Numerical analysis is performed by calculating the
torch region of the arc generation region using the self
developed thermal plasma analysis code DCPTUN, to
define the methane conversion reaction, the chemical
reaction constants were calculated according to the
temperature at the chemical equilibrium state. These
calculations were combined and the methane conversion
reaction was calculated inside the low power arc plasma
reactor using computational fluid dynamics(CFD) code
FLUENT. Fig. 1. shown the two dimensional shape of the
discharge gas inlet, methane inlet, cathode, and anode of
the low power arc plasma reactor for methane conversion.
and Table 1. shown the operating variables of the arc
plasma reactor.

2.1 Torch modelling
The arc channel, which is an arc generation region, is
numerical analysis by using a thermal plasma analysis
code developed by itself. We assume a steady state two
dimensional axisymmetric coordinate system for
numerical analysis, the optically thin net emission
coefficient(NEC) and local thermal equilibrium(LTE)
properties are used. The mass continuity equation, the
momentum
conservation
equation,
the
energy
conservation equation and the current continuity equation
were used as the governing equations, and the magnetic
field strength derived from the arc was obtained by using
Ampere's law. [2] In order to consider the turbulence
effect of the plasma, the K-ε turbulence model governing
equations [3] and the mass fraction equation was used to
account for the mixing effect of the plasma jet and the
ambient air.
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Table 1. Arc plasma reactor operating variables.
Gas

Gas flow rate [L/min]

Arc Current [A]

He / H2

8/1

0.620

N2 / H2

8/1

0.424

Ar / H2

8/1

1.430
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Momentum conservation
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2.2 Chemical reaction modelling
The chemical equilibrium composition of the methane
conversion reaction was calculated by using HSC code
based on chemical thermodynamic data for determine
methane conversion mechanism. The equilibrium
constants, reaction enthalpies, and entropies were
calculated for each chemical reaction, based on the
transition state theory, this value is used to transform the
Arrhenius form into a methane conversion constant for
coupling to a computational fluid dynamics(CFD) code
FLUENT.
Arrhenius equation
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𝜕𝑟

(10)

2CH4 ⟹ C2H4 + 2H2

(11)

2CH4 ⟹ C2H6 + H2
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Current continuity

j𝑧 = −σ

2CH4 ⟹ C2H2 + 3H2

= 𝜇0 𝑗𝑧

2.3 Reactor modelling
Finally, the methane conversion reaction in the reactor
region is computed by combining the temperature
velocity distribution of the methane inlet and the methane
conversion constant with the computational fluid
dynamics(CFD) code FLUENT in the torch region, which
is the arc generation region.
3. Result and discussion
Table 2. shown the numerical analysis voltage and
numerical analysis output of the arc plasma reactor.
According to the results of computational analysis, the
output of 160 ~ 410 W can be confirmed according to the
flow rate and type of the input current and the discharge
gas.
Table 2. Results of arc plasma torch numerical analysis.

(7)

Gas

Arc current
[A]

Numerical analysis
arc voltage [v]

Numerical analysis
power [v]

He, H2

0.620

273.409

169.513

N2, H2

0.424

968.616

410.693

Ar, H2

1.430

198.104

283.288
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shape in which the torch outlet is abruptly narrowed.
These results were not significantly different depending
on the discharge gas. It is expected that the thermal
plasma jet is affected by the shape of the reactor. These
results can be seen more clearly by examining the radial
temperature and axial velocity profile at the torch outlet
shown in Fig. 4 and 5.

Fig. 2. temperature distribution of arc plasma reactor
without methane injection.

Fig. 4. Temperature profile along the radius at the torch
outlet.

Fig. 5. Axial velocity profile along the radius at the torch
outlet.
Table 3. Methane conversion constant value at
temperature range 300 - 3000 K.

Fig. 3. Axial velocity distribution of arc plasma reactor
without methane injection.
Fig. 2, 3. shown the temperature and axial velocity
inside the arc plasma generator without considering
methane injection in two dimensions. When the discharge
gas is used as helium, the temperature distribution is less
than 1,000 K from the torch outlet region. However, in
the case of nitrogen and argon, the temperature
distribution of methane conversion temperature of 1,200
K or more is observed even after the torch outlet region.
In the case of the axial velocity, it can be confirmed that
the axial velocity is abruptly increased as a whole in the
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Reaction

Ar

Br

Er

(10)

3.53782e+18

1.95791e+02

5.97130e-01

(11)

9.77333e+14

1.03833e+02

6.15180e-01

(12)

1.58117e+11

3.40258e+01

7.18140e-01

(13)

4.63118e+22

4.94955e+02

4.42430e-01

Table 3. shown the derived methane conversion
constants Ar, Br, and Er. Methane conversion constant
values were calculated for various temperature ranges, but
they were expressed in the range of 300 – 3,000 K, which
is the temperature range of methane injection region of
analyzed arc plasma torch. Table 4 shows the product
mole fraction at the outlet of the arc plasma reactor
through calculation of the reactor region. As can be seen
from the results in Table 4, it can be confirmed that the
methane conversion reaction defined by the chemical
equilibrium composition calculation proceeds by the
thermal plasma jet of the low power arc plasma reactor.

139

poster

Diagnostics and modelling in plasma chemistry

Table 4. Arc plasma reactor outlet mole concentration.[%]
Species

Gas

CH4

C2 H6

C2H4

C2H2

H2

He

78.795

2.500

0.000

0.660

4.795

15.730

C2
-

N2

73.495

2.500

0.000

0.735

5.870

12.880

4.520

Ar

77.945

2.500

0.000

0.720

5.510

12.615

5.095

4. Conclusion
We have developed a computational analysis method
for predicting the methane conversion in the DC nontransferred type low power arc plasma reactor. The
thermal flow characteristics of the low power arc plasma
were confirmed according to the type of discharge gas,
the final reactants were predicted at the reactor outlet for
each of the different heat flow characteristics. Because of
the nature of numerical analysis research, it is necessary
to increase the accuracy and verify the reliability of the
study. However, since the present study is a study for the
development of numerical analysis method, only
numerical analysis was conducted. Therefore, we will
evaluate the reliability of the current study by comparing
it with the results obtained from the subsequent
experiments. It is expected that it will be a basic data for
methane conversion reaction as well as methods for
predicting various chemical reactions in industrial
processes using direct current non-transferred arc plasma
through continuous supplementation and verification of
the developed numerical analysis method.
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Characterisation of a dielectric barrier discharge in defined atmosphere
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Abstract: Non-thermal atmospheric-pressure plasmas, such as the dielectric barrier
discharge (DBD) are beneficial for various biomedical applications. To ensure stable
conditions for the characterisation of the discharge and to tailor the chemistry regarding its
biomedical impact on biological samples, the employed DBD was mounted in a vessel. The
energy density is determined by current and voltage measurements. Optical emission
spectroscopy is carried out to analyse plasma parameter, such as the gas temperature Tg, the
reduced electric field E/N and the electron density ne. Furthermore, plasma-induced
chemical modifications were studied by analysing plasma-treated cysteine by FTIR
spectroscopy.
Keywords: DBD, optical emission spectroscopy, plasma parameter, FTIR spectroscopy.

1. Introduction
The usage of technical plasmas offers a wide range of
possibilities regarding diversified clinical applications. It
is possible to treat biological tissue as well as medical
equipment with plasma. That is why plasma technique is
regarded as advantageous for various biomedical
applications [1][2]. Non-thermal atmospheric-pressure
plasmas, such as the employed dielectric barrier discharge
(DBD) make a contact- and painless therapy possible. As
the therapeutical use of such plasma sources is of
evolving interest within the field of plasma medicine,
further understanding of the chemical and physical impact
on biological tissue has to be gained. In particular, the
efficacy and health-promoting effect needs to be studied
profoundly in order to avoid adverse health effects for the
patient. However, before it is possible to configure
plasmas free of risk for humans, knowledge of properties
and effects has to be gained. The analysis of the applied
electrical and physical parameters of the discharge and its
operation principle as well as the biological impact of
plasma discharges on tissue is mandatory due to the
relevance of the discharge in medical engineering. To
further study the biomedical impact, it is necessary to
tailor the discharge chemistry regarding resulting
oxidative and nitrogen-biased effects on biological tissue.
This can be done by varying the atmosphere in which the
plasma source is ignited.
Current and voltage measurements were carried out to
determine the energy density applied on treated samples.
To gain insight in the plasma parameter, the discharge
was analysed by means of optical emission spectroscopy
in combination with numerical simulation. Besides,
plasma-induced chemical modifications were studied by
analysing cysteine after plasma treatment by Fourier
Transform Infrared spectroscopy [3].
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2. Methods
2.1. Dielectric barrier discharge
The DBD is mounted in a vessel to ensure stable
conditions for the characterisation of the discharge. Mass
flow controllers and a rotary vane pump with a valve are
used to adjust the flow of the feed gas and pressure in the
vessel. The DBD employed for the experiments consists
of a copper electrode which is covered with a dielectric
barrier made of Al2O3 and a voltage source. Every object
with high capacitance can be used as counter electrode,
e.g. human body. It is possible to vary the applied
frequency between 75 Hz and 4 kHz and the maximum
amplitude of the voltage pulse can be adjusted between
6 kVpp and 30 kVpp. The working distance between the
driven electrode and a glass plate on the counter electrode
was set to 1 mm. The plasma was ignited in controlled
atmosphere using different mixture ratios of molecular
nitrogen (N2) and molecular oxygen (O2). A more detailed
description of the DBD is given in Bibinov et al. [4].

Fig. 1. Picture of the experimental setup.
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Fig. 2. Schematic diagram of the experimental setup for
optical emission spectroscopy
2.2. Diagnostics
Optical emission spectroscopy (OES) is used to
determine the time- and space-averaged reduced electric
field (E/N) and the electron density (ne) of the DBD with
varied parameters. As the DBD is ignited in ambient air
as well as in varying N2/O2 admixtures, the two nitrogen
rotational bands N2 (C-B,0-0) at λ=337.1 nm and N2+ (BX,0-0) at λ=391.4 nm are used for characterisation. Using
the absolutely calibrated broadband Echelle spectrometer
(ESA 3000, LLA Instruments GmbH), emissions can be
measured with a space resolution of 1 mm when a
diaphragm is attached to the optical fibre. The complete
characterisation method is described in more detail in
Rajasekaran et al. [5].
Fourier Transform Infrared (FTIR) spectroscopy is
carried out to analyse plasma-induced chemical
modifications. Dried samples of cysteine solution
(10 mg ml−1) are treated with plasma in defined gas
mixtures and FTIR spectra from 750 cm-1 to 4000 cm-1
are
recorded
with
a
FTIR-microspectrometer
(PerkinElmer Spotlight 200). Afterwards, the spectra are
baseline corrected and converted into absorption
spectra. [3]
Furthermore, electrical parameters, such as power
and energy density, of the DBD employed for the
experiments are analysed regarding adverse health effects
on human tissue.
3. Results and Discussion
The averaged electron densities determined for 300 Hz
as a function of applied voltage in different gas mixtures
are shown in figure 3. The averaged electron densities
show dependence on the applied voltage pulse as well as
on the N2/O2 ratio. With increasing O2 admixture, the
electron density increases.
The absorption spectra of the plasma treated cysteine
samples show a dependence on the composition of the gas
mixture as well. With increasing oxygen admixture, rather
oxidative modifications can be recognised in the
determined spectra, as can be recognised in figure 4.
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Fig. 3. Electron densities determined for varied voltage
amplitudes and pulse frequencies in different gas
mixtures.

Fig. 4. Mean FTIR-spectra of an untreated sample and
DBD-treated sample (300 Hz, -14 kV) exposed to
different gas mixtures.
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Influence of argon dielectric barrier discharges on ethyl lactate plasma polymers
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Abstract: Ethyl lactate-argon discharges are studied from plasma to coating deposition.
Time-resolved optical emission spectroscopy is combined with a collisional-radiative model
to determine the evolution of electron temperature and active species densities in the
atmospheric pressure plasma. The influence of frequency, interelectrode gap, and precursor
concentration on the electron temperature, Ar metastable density, and electron density is
evaluated. Results are correlated to the chemistry and the roughness of the deposited coatings.
Keywords: PECVD, electron temperature, electron density, optical emission spectroscopy
1. Introduction
Electron temperature and active species density are often
used to characterize plasmas as they enable to represent the
energy available in a non-local thermal equilibrium
plasma [1]. Correlating these parameters
to the chemical composition of the resulting plasma
deposited coating could lead to a better understanding of
the plasma chemistry.
Optical emission spectroscopy (OES) is widely used
because it is relatively inexpensive and non-invasive and
enables to obtain emission spectra of atoms and molecules
from the electron transitions occurring in the plasma.
Combined with a collisional-radiative model, it is possible
to extract the variation of the electron temperature of a
discharge by studying the evolution of line ratios [2–4].
The principle consists in building a population model for
various excited levels, which considers population and
depopulation processes.
The goal of this study was correlate the physicochemical
properties of ethyl lactate plasma deposited polymers with
the properties of argon/ethyl lactate dielectric barrier
discharges, as measured by OES.
The first part of this investigation aimed at evaluating the
influence of various parameters on the electron
temperature and the argon metastable density (deduced
from the collisional radiative model), and on the relative
electron density (estimated from the current discharge peak
integration). The argon collisional-radiative model used to
analyze 4p-to-4s transitions was adapted from the model
developed for helium n=3 levels by Gangwar et al. [4].
This model considered electron-impact processes between
an electron and ground or excited argon states, energy
transfer processes between ground state, metastable states,
and excited argon states, quenching by impurities, and
radiation trapping. More details can be found in [5].
The second part of the study intended to correlate these
energetic properties in the discharge with the chemical and
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topographic characterization of the coating deposited
during this specific plasma.
2. Materials and methods
An ethyl L-lactate precursor was diluted in a 2 slm argon
flow and driven in a plane to plane dielectric barrier
discharge reactor. Details on the experimental set-up can
be found in [6] (discharge set-up and electrical
measurements) and [7] (optical emission spectroscopy setup).
An optical fiber was used to measure the emission
spectra orthogonally to the gas flow, at 1 cm from the gas
entrance in the plasma zone. Resolved in time spectra from
650 to 950 nm were collected around the discharge current
peak. A 100 ns gate was moved cycle after cycle to cover
the whole discharge time evolution profile. For all
investigated experimental conditions, the most probable
pair of electron temperature (T e) and argon metastable
density (n(Arm)) were calculated using the argon
collisional radiative model. Electron density (ne) variations
were estimated from the integration of the discharge
current peak (by proportionality). The influence of plasma
frequency (f), interelectrode gap (g), and precursor
proportion on the Te, n(Arm), and ne was correlated to the
coatings analysis.
Layers were characterized by atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy (XPS). The
energy E transmitted to the molecules was calculated using
equation 1, with Pw, g and tr being respectively the power
input, the gap and the residence time of a molecule in the
plasma, as previously described by Laurent et al. [6].
𝐸(𝐽 ∙ 𝑐𝑚−3 ) =

𝑃𝑤 (𝑊∙𝑐𝑚 −2 )
𝑔 (𝑐𝑚)

∙ 𝑡𝑟 (𝑠)

(1)

3. Results and discussion
All conditions studied were found to lead to an electron
temperature in the range of 0.3-0.5 eV and about 1017 argon
metastable species per cubic meter.
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Some differences were noticed within this range while
variating parameters such as the frequency of the applied
voltage, the precursor concentrations, and the gap between
the electrodes. The time-resolved pairs of electron
temperature and argon metastable density determined by
the model were averaged to obtain a global value during
the discharge peak from the positive half cycle and from
the negative half cycle. The values (and standard errors)
presented here represent the mean between both half
cycles.
Figure 1a presents the influence of the input voltage
frequency on the electron temperature, the argon
metastable density, and the relative electron density.
According to the collisional-radiative model, a higher
frequency led to a higher mean electron temperature and a
greater amount of argon metastable species. The electron
density, which is proportional to the current density, also
increased with the frequency.
These results suggest that the greater energy available at
150 kHz (optical measurement made at an energy
equivalent to 94 mJ.cm-3 for 150 kHz compared to
18 mJ.cm-3 for 35 kHz), is transported through both
electrons - thanks to their larger number combined with
their higher kinetic energy - and metastable species, which
density went from 1.5 to 5∙1017 m-3. This can be correlated
with the coating deposited during this plasma.
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oxygen/carbon ratio at the corresponding coating surface
(from XPS) as a function of the energy submitted to the
molecules.
The figure 1b displays the ratio of the percentage of
oxygen by the percentage of carbon calculated from the
XPS analysis of the corresponding coatings as a function
of the energy applied per volume unit.
The three energy points for each coating represent
different positions, the lowest energy being situated at the
entrance of the plasma zone (i.e. entrance of the carrying
gas flow), the highest at the exit of the plasma zone. It is
obvious that the more energy was applied to the precursor
molecules, the more carbonated the layer ended up, which
is in agreement with previous observations made when
increasing the energy provided to the molecules [6]. As
expected, using a higher frequency, which is also
equivalent to applying a higher energy (for the same
position of analysis), led to a more carbonated coating as
observed from the decrease of the O/C ratio between
experiments performed at 35 kHz and 150 kHz. Moreover,
even at similar energies, when comparing the highest
energy point obtained at 35 kHz (at the exit of the carrier
gas) with the lowest one from 150 kHz (at the gas
entrance), the O/C ratios of those two coatings still
presented a rather large variation from one another.

Fig. 2. AFM analyses of the ethyl lactate plasma polymers
made at 35 kHz (a, b, and c) and at 150 kHz (d, e, and f),
depending on the position along the gas flow.
This phenomenon also appeared in the AFM analyses
displayed in figure 2, with a difference between the exit of
the 35 kHz coating and the entrance of the 150 kHz layer,
which were supposedly exposed to the same amount of
energy in volume. All AFM analyses of the coatings also
demonstrated that the use of a higher input voltage
frequency resulted in a higher surface roughness in
addition to a more carbonated coating.
Fig. 1. Influence of the frequency on the plasma and
coating chemistry. a. Evolution of electron temperature, Ar
metastable density, and electron density. b. Evolution of
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This means that the energy brought by the electrons and
the argon metastable species was strong enough to
influence the coating deposition and to favorize the
deposition of carbon groups, including the formation of

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

islands or powders. In addition, the coating analyses
suggests that, despite similar energies being provided in
volume when looking at the exit of the plasma zone at
35 kHz and at the entrance in the plasma zone at 150 kHz,
there should still be a significant difference in the energy
transfer processes.
No obvious trend was observed when comparing
different precursor concentrations. As a matter of fact, no
variation of the electron temperature and density was
visible from 250 to 350 ppm while an increase in T e and a
decrease in electron density was observed at 450 ppm (data
not shown). The density of argon metastable species
slightly increased from 250 to 350 ppm but did not change
when going from 350 to 450 ppm.
Regarding the topography of the coating obtained at
450 ppm of ethyl lactate, it appeared as viscous and almost
liquid, which indicates that the energy available per
molecule was not sufficient to activate most of the
precursor molecules. Hence, some of the ethyl lactate
ended up under its original form and deposited as liquid on
the glass substrate. This hypothesis was corroborated by a
higher amount of oxygen (thus a closest O/C ratio to that
of the ethyl lactate molecule which is at 0.6) in the 450 ppm
coating (data not shown).

poster

ratio of the corresponding coating surfaces as a function of
the energy submitted to the molecules.
The figure 3a exhibits no significant variation in electron
temperature, argon metastable density, or electron density
when increasing the gap between the electrodes from 1 to
2 mm, keeping the 35 kHz frequency.
In the same way, the O/C ratio of the coatings, displayed
by the figure 3b, and the roughness of the coating (data not
shown) were not significantly affected by the gap increase.
This indicates that the energy transfers were similar when
using a 1 mm gap and a 2 mm gap.
4. Conclusion
The results from the present study demonstrated that
voltage input frequency and precursor concentration both
influence the energy brought to the precursor molecules in
the discharge and that there is a correlation with the coating
deposition. The voltage input frequency had a clear impact
on argon metastable species and electrons, both in terms of
density and temperature. The precursor concentration had
evidently a great impact on the energy available per
precursor molecule as increasing the proportion led to the
deposition of a viscous-to-liquid coating. On the contrary,
the gap separating the electrodes had no major influence on
the energy available in the discharge.
In conclusion, the data presented therein clearly
demonstrated that it is possible to control the ethyl lactate
plasma polymer coating chemistry by tuning the plasma
experimental parameters which, in turn, drive the energy
and density of electrons and metastable species. For a
pronounced change in structure and chemistry, frequency
would be the easiest parameter to tune. For instance, a very
carbonated coating including particle formation can be
obtained at higher frequency while a smoother coating with
more oxygen can be deposited at low frequency.
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Fig. 3. Influence of the interelectrode gap on the plasma
and coating chemistry. a. Evolution of the electronic
temperature, the Ar metastable density and the electron
density in the discharge. b. Evolution of the oxygen/carbon
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Abstract
Global warming is one of the critical contemporary problems for mankind. Transformation of
CO2 into fuels, like CH4 , that are transportable with the current infrastructure is a promising
idea to solve this threatening issue. The final aim of this research is to produce CH4 by
using a microwave plasma in CO2 -H2 O mixture and subsequent catalytic processes. In this
contribution we present a global model for He-H2 O chemistry. This verified and validated
model for H2 O should be added to CO2 chemistry later to fulfill the final aim of the project.
Keywords: He, H2 O, Global Model, Microwave, RF discharge

1

Introduction

Therefore, to start to have a verified and validated model,
we made a similar decision and made a model based on
[5]. We can validate our model qualitatively with the works
of [5] and [6]. Due to some discrepancies between models
and unclear assumptions, quantitatively validation is impossible.
In the following sections, the global model that is used
in this research is described in section 2. Then, some results
from our model will be presented in section 3. In addition,
some possible reasons for discrepancies between models
are explained in more detailed. Finally, a brief conclusion
and possible future works to understand more deeply the
important mechanism of H2 O discharges will be covered in
section 4.

Achieving CO2 neutrality can be defined as a proper step
to deal with global warming problem. In this contribution, conversion of CO2 to CH4 by the help of microwave
plasma and catalytic processes is a promising idea. The first
step of this idea is using microwave plasma to achieve two
main products in CO2 and H2 O mixture: either CO accompanied by feed gases, CO2 and H2 O, or H2 with CO2 .
In order to simulate a microwave discharge of CO2 H2 O, one of the key elements is the governing chemistry.
A lot of researches have been carried out to understand the
governing chemistry of CO2 in both microwave and direct
barrier discharges [1, 2, 3, 4], but based on our knowledge, there are less plasma modeling researches on H2 O
discharges. As a first step to achieve a verified and validated H2 O model in microwave plasma, we found three
papers that mainly focus on modeling chemistry of H2 O by
studying the He-H2 O atmospheric discharges. Liu et al.[5]
investigated the He-H2 O discharge in atmospheric pressure
by investigation the effect of H2 O concentration on He discharge with a global model that contains 46 species and 577
reactions. Vasko et al.[6] compared their global model and
1D fluid model of H2 O-He with experimental results and
global model of [5]. They used the presented chemistry in
[5] and improved it by adding some vibrational states of
H2 O. Ding et al.[7] focused on atmospheric He-H2 O discharge by a hybrid two-temperature global model.
In addition to the mentioned papers, the work of Van
Gaens et al. [8] studied the kinetic of an argon plasma jet in
atmospheric pressure humid air, so they considered a subset
of water chemistry that is provided in [5] and adding some
of the vibrational states of H2 O molecule to their species
list.
In all of the introduced paper, the chemistry was first
derived from [5] and after that it was improved or modified.

2

Global Model

The PLASIMO modeling software is used in this research.
The species density balance together with the electron energy balance are solved iteratively as a function of time in
our global model.
The species balances are given by:
dni
A
A
= S V + S s − α Γ − Sconv − Sdif f
dt
V
V

(1)

where ni presents the density of each species; A is the total
area of electrodes; and V is the volume of plasma.
The first term on right-hand side of equation 1 is the net
of volumetric production and consumption of species. The
second term presents production of species due to surface
reactions. The third term is loss of species in surface reactions where α is the probability of occurrence of the reaction, and Γ is the flux of species toward the electrodes. The
fourth and fifth terms are loss due to transport, convection
and diffusion from the plasma volume, respectively.
1
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Because we made our model based on [5], we used the
same assumptions as well. In their work, they simulated
a radio frequency (RF) atmospheric discharge with H2 O
and He as feed gases. Feed gases come into the reactor,
then plasma is formed between two circular electrodes, and
species can leave the plasma region. The made assumptions
for this model are:

third term is power loss or gain of electrons due to inelastic collisions. The fourth term is the power loss due to flux
of ions to the electrode, which is assumed to be 100 eV in
our model; this power loss is due to the ion shield passing.
The last term is power loss due to the electron flux toward
electrodes, which is assumed to be 2 kB Te .

• The species balance (equation 1) is solved for each 3 Results
species except H2 O and He. They are considered as
background species, and their densities are assumed In this section, we present the result of our model for conto be constant during simulation.
stant power input of 20 W based on the simplified chemistry set ”M”s of [5]. Figure 1 depicts the comparison of
• The flux (Γ) of negative ions toward electrodes are our model with [5] for variation of electron temperature and
considered to be zero.
electron density at different H2 O concentration. It should
• The species balance is not solved in our model for be mentioned that our model shows the same trend as what
electrons. In order to satisfy quasi-neutrality, the den- is presented in [5], but quantitatively our results are not the
sity of the electrons is put equal to the net densities same, especially for electron temperature.
of positive and negative ions.

Figure 1: Electron density and electron temperature variation
• For electron impact reactions, BOLSIG+ is used to
versus water concentration in He atmospheric pressure RF discalculate the rate coefficients of reactions based on
charge.
the computed electron energy distribution function
(EEDF). For these reactions, cross sections are gathered from literature.
• The flux of positive ions is calculated as nuB , where
uB is the Bohm velocity.
• The flux of neutral species is 14 n hvi. Where hvi
presents the mean thermal velocity of each neutral
species.
• In order to keep quasi-neutrality, the electron flux to
the electrodes is assumed to be equal to the positive
ions flux.
• The convection loss from plasma volume is calculated as n VF , where F is volume flow rate of feed gas
m3
s from the plasma volume.
• The diffusion loss from the plasma side is calculated
as 14 n hvi AVs , where As is the side area of the plasma.
This term is considered just for neutral species.

These discrepancies can be due to:

In our model the electron energy balance is solved coupled with the density balances. The energy balance is given
by:

• Different data for cross sections and consideration of
different resolution for BOLSIG+ calculation

• Implementation of different calculations for flux, difdEe
fusion and convection term of species balance equa= Pin −Pelastic +Pinelastic −Pion surf ace −Pe surf ace
dt
tion.
(2)
Ee represents the mean electron energy density. This
• Having a different system of ODEs, for example, not
variable is calculated at each iteration and is connected to
considering the electron energy balance
the electron temperature by Ee = 32 ne kB Te , where kB
stands for Boltzmann constant. The first term on the rightIn addition to above comparison, we compared our
hand side of equation 2 is the input power density. It is model with presented results in [6] based on the global
assumed to be constant in our model. The second term is model of [5]. For this case the operational conditions and
the power loss of electrons due to elastic collisions. The dimensions of the RF discharge are a bit different; the H2 O
2
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concentration, gas temperature, and flow rate are 0.47%, [6] C. A. Vasko, D. X. Liu, E. M. van Veldhuizen, F. Iza,
348 K, and 2 slm, respectively.
and P. J. Bruggeman, “Hydrogen peroxide production
in an atmospheric pressure rf glow discharge: ComGM[5, 6] presented GM
−3
parison of models and experiments,” Plasma Chemistry
ne (m )
6.9 e16
1.4 e16
and Plasma Processing, vol. 34, no. 5, pp. 1081–1099,
Te (eV )
3.96
3.51
2014.
nH2 O2 (m−3 ) 1.1 e21
1.296 e21
nOH (m−3 )
2.24 e20
2.64 e20
[7] K. Ding, M. A. Lieberman, and A. J. Lichtenberg, “Hybrid model of neutral diffusion, sheaths, and the to
Table 1: comparison between presented model with results of [6].
transition in an atmospheric pressure he/ h2o bounded
It should be noted that the main important parameters
rf discharge,” Journal of Physics D: Applied Physics,
in the densities of H2 O2 and OH are gas temperature and
vol. 47, no. 30, p. 305203, 2014.
diffusion to the side of the plasma in the condition of [6].
The densities of these species can vary 6 orders of magni- [8] W. V. Gaens and A. Bogaerts, “Kinetic modelling for
tude due to the diffusion term. However, n our model, the
an atmospheric pressure argon plasma jet in humid air,”
diffusion term is not considered for neutral species.
Journal of Physics D: Applied Physics, vol. 46, no. 27,
p. 275201, 2013.

4

Outlook

Validation and verification of H2 O chemistry is not straightforward due to the lack of both well-documented models in
literature and reliable data for chemistry. In order to fill this
gap as much as possible, we present a model based on the
work of Liu et al.[5] and compare and improve it with previous researches. In the future, sensitivity and uncertainty
analysis will be done in our model to have a better understanding of important parameters and reactions in H2 O discharges. By adding the final model to a CO2 chemistry
model, we will be able to achieve one of the key goals in
simulation of microwave discharge of H2 O-CO2 mixture.
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Plasma Chemistry of Partially Ionized Hydroxylammonium Nitrate:
Interactions with H2O, NO, and NO2 Ions
F. Kidd1, K. Lemmer1
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Abstract: Ionic liquids are one class of propellants being investigated for use in dual-mode
spacecraft propulsion systems. Hydroxylammonium Nitrate (HAN) is the ionic liquid of
interest in this study. Its chemistry and decomposition have been thoroughly investigated;
however, the chemistry of partially ionized HAN is not well understood. Ab-initio modelling
is used to determine the chemistry of ion-neutral reactions between NH2OH and NO, NO2,
and H2O.

Keywords: Hydroxylammonium Nitrate, Ionic Liquid, Quantum Chemistry
1. Introduction
The United States Air Force desires that future satellites
be situationally responsive while maintaining the
capability for efficient orbital change and station keeping
[1]. One method that can meet these requirements is dualmode-propulsion which combines the propellant efficiency
of electrical propulsion with the high thrust of chemical
propulsion into one system. To avoid redundancies, a
single propellant is used for both propulsion modes. The
current state of the art in-space chemical monopropellant is
hydrazine. However, the high volatility and toxicity of
hydrazine make it expensive to handle and store [2].
Therefore, replacements for hydrazine have been
investigated and developed. One class of propellants is
highly energetic molten salts called ionic liquids [3]. Ionic
liquids have negligible vapour pressures making them easy
to store, and their high molar mass makes them efficient
propellants for electric propulsion systems. The ionic
liquid of interest in this study is Hydroxylammonium
Nitrate (HAN), which has been observed to have beneficial
thrust characteristics.
The Aerospace Laboratory for Plasma Experiments
(ALPE) at Western Michigan University (WMU) has been
investigating the decomposition and ionization of HAN at
reduced pressures. The mechanisms for HAN
decomposition are extensively discussed in a previous
paper (in review). The products of HAN decomposition,
as well as the effects of ionized species on the
decomposition mechanisms, are discussed in this paper.
2. HAN decomposition
HAN decomposition has been extensively studied in the
past. However, the vast majority of research has focused
on its decomposition at storage pressures (atmospheric and
above). If HAN is to be used in electric propulsion it will
be exposed to vacuum conditions. This was shown to
significantly change the overall composition of the
decomposition products. The relative composition of
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decomposed HAN at reduced pressures is shown in Table
1.
Table 1. Relative Composition of Decomposed HAN
H2O
45%
NH2OH
13%
N2
12%
H2
11%
NO2
6%
NH3, NO, OH, H2NO
~2-3% each
Previous studies at elevated pressures observed mostly
H2O, N2O, N2 and NO [4,5]. The formation of H2 and
survival of NH2OH, the neutralized cation of HAN is
unique to the vacuum environment and has not previously
been measured.
3. Ab-initio Modelling
All quantum chemistry calculations were performed
using Gaussian09 software for all calculations [6]. The
B3LYP/6-311++g(d) level of theory was chosen for
geometry optimizations and for calculating the energetics
of transition states. This level of theory has been shown to
work well in many situations including the study of ionic
liquids [7]. The CBS-QB3 compound method was used to
calculate the overall energetics of reactions [8].
To understand the chemistry of partially ionized HAN
the potential energy surface of ionized species and ionneutral pairs was investigated. This was automated through
an algorithm performing a constrained randomized search
(CRS). The CRS algorithm took a stationary point of an
ionized species or ion-neutral pair and randomly mutated
the geometry. A transition state search was then performed
using Gaussian09’s built in Berny algorithm. By reducing
or increasing the strength of the mutation the search could
be focused to search for a specific reaction or expanded to
find more general chemistry. A diagram of this process is
shown in Fig. 1.
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Fig. 1. Diagram of constrained randomized search
algorithm used for investigation of HAN potential energy
surface.
With this the chemistry of the following species and ionneutral pairs was investigated.
Table 2. Ion and Ion-neutral pairs investigated
NH2OH+
NH2OH + N2+
+
H2NO
H2NO + N2+
+
HNO
HNO + N2+
+
+
NH2OH + H2O /H3O
NH2OH + H2+
+
+
H2NO + H2O /H3O
H2NO + H2+
+
+
HNO + H2O /H3O
HNO + H2+
NH2OH + NH2OH+
NH2OH + NO2+/NO+/OH+
H2NO + NH2OH+
H2NO + NO2+/NO+/OH+
HNO + NH2OH+
HNO + NO2+/NO+/OH+
NH2OH, H2NO, and HNO were chosen as the neutral
species to be investigated not due to their abundance after
decomposition, but due to their importance in HAN the
overall process of neutral HAN decomposition. Figure 2
shows a diagram of how neutral HAN decomposes.

Fig.
2.
Primary
decomposition
pathway
of
Hydroxylammonium Nitrate. Red, blue and white balls
mark oxygen, nitrogen and hydrogen respectively.
This is quite simplified as the process is much more
circular with NH2OH continually being formed and
decomposed. However, this still captures the general
process where NH2OH repeatedly loses hydrogen atoms
through proton transfer to radicals. With the addition of
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new radicals by ionization this cycle could be interrupted
and changed. H2O is by far the most abundant product of
HAN decomposition followed by NH 2OH, N2 and H2 so
the majority of computational time was given to determine
reactions with these species as they would most likely
make up the majority of the ions in HAN plasma. NO2, NO
and OH were also included as large amounts of these
species are produced and consumed during neutral HAN
decomposition.
Energetics for the chemistry of reactions involving H2O+,
NO+, and NO2+ with NH2OH are shown in Table 3. H2O+
was chosen as it is by far the most abundant ion in partially
ionized HAN. However, investigations of the HAN
potential energy surface (PES) found no reactions with
H2O+. Instead all reactions preferred H2O reacting with the
NH2OH+ ion. These reactions are shown instead. NO and
NO2 are two important radicals in HAN decomposition
arising from the decomposition of HNO3, the anion of
HAN, and are included due to their importance in the
decomposition of neutral HAN.
Energetics for the reactions were calculated using the
CBS-QB3 method and Eqns. 1-11.
Ucorr = Er + Ev + Ee + Et

(1)

Hcorr = Ucorr + kBT

(2)

Stot = Sr + Sv + Se + St

(3)

Gcorr = Hcorr - TStot

(4)

E = Eo + Ezero

(5)

H = Eo + Hcorr

(6)

G = Eo + Gcorr

(7)

ΔE = ∑ EP – ∑ ER

(8)

ΔH = ∑ HP – ∑ HR

(9)

ΔG = ∑ GP – ∑ GR

(10)

Ea = Ets - ER

(11)

E, U, H and G alone are the zero-point corrected energy,
corrected internal energy, corrected enthalpy and corrected
free energy, respectively. Subscripts r, v, e and t denote the
rotational, vibrational, electronic, and translational
contributions. Subscripts R and P denote the reactants and
the products. Eo is the electronic energy, Ezero is the zeropoint energy, Ets is the transition state energy, and Ea is the
activation energy.
To obtain the activation energy for each reaction, the
intrinsic reaction coordinate was followed from the
transition states located using the CRS method. This
verified that the TS connected the correct stationary points.
This process is shown in Fig. 3.
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formation of ONH2OH is especially interesting as this was
believed to be a key intermediate for neutral HAN
decomposition to H2O and HNO. However, reactions to
form ONH2OH are unfavourable in neutral HAN
decomposition. This shows one of the many ways ionneutral reactions will change the chemistry of HAN
decomposition.

Fig. 3 Intrinsic reaction coordinate of reaction
NH2OH++H2O  H4NO2+H. Blue, red and white balls
mark nitrogen, oxygen and hydrogen respectively.
The charge density was verified at each stationary point to
determine which species was ionized for those cases where
the structure did not change after ionization. For NH2OH
this could be ascertained visually as it rotates the OH group
by 90o upon ionization as shown in Fig. 4.
The energetics in Table 3 show a great change from the
reactions seen for neutral HAN with the same species. With
neutral HAN the primary reaction was a proton transfer to
radical species. These reactions still exist in ionized HAN,
such as the proton transfer to NO to form HNO. However,
equally favourable reactions leading to an assortment of
radicals and larger species are also observed. The

152

Fig. 4. Change in NH2OH geometry upon ionization.

4. Conclusions
The plasma chemistry of partially ionized HAN has been
investigated through ab-initio modelling. The interactions
between key ion-neutral pairs were investigated. Ionization
appears to encourage the system to form larger stable
species (H3N2O2+, ONH2OH) through association of ionneutral pairs. Further, production of radicals (NO, OH, H)
is increased through new pathways which were
energetically unfavourable in neutral HAN.
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Implementation of microwave phase-shift as a diagnostic for electron
density measurements in a reactive CO2 microwave plasma
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Abstract: Electron number densities are measured in a 2.45 GHz microwave powered CO2
plasma with pressures ranging between 100-350mbar. A microwave phase shift technique
operating at 140GHz is employed. Spatially resolved density profiles are obtained under
assumption of top hat profiles and Gaussian density profile by means of Abel inversion.
Ionization degrees in the plasma core are established at 10−4 − 10−5 . The results are found
to qualitatively and quantitatively agree with literature values.
Keywords: solar fuels, CO2 dissociation, microwave plasma, electron density

1. Introduction
Recently CO2 microwave plasmas have received
widespread attention in the context of carbon neutral fuels
as an approach to efficient CO2 dissociation. The complex
nature of the vibrational dissociation process requires
extensive characterization by means of diagnostics and
numerical modelling to determine an optimal operational
regime. Electron number density (𝑛𝑛𝑒𝑒 ) is one of the plasma
parameters of interest since it determines the ionization and
excitation processes and is also found to significantly
influence the efficiency of the CO2 dissociation process
[1].
Although various well-established techniques have been
developed for measuring electron densities, they often
suffer from complexity of implementation and calibration
(Thomson scattering), are invasive in nature (Langmuir
probing technique) or require elaborate collisional
radiative modelling for interpretation and are often
restricted to specific gas types (optical emission
spectroscopy). Microwave interferometry has established
itself as a reliable and straightforward technique for lineintegrated measurements for a wide range of discharge
types and applications [2]. The diagnostic is often applied
in the low pressure regime since assumption of low
collisionality and asymptotic behaviour reduce the
analytical solutions to a linear dependency of electron
density to phase shift.
In this contribution, electron densities in microwave
CO2 plasmas are determined to gain insight in the
dissociation chemistry. Phase shift measurements on a
diagnostic probing beam at 140 GHz are used. In contrast
to interferometric techniques often applied for this
approach, phase shift measurements are directly measured
in comparison to the internal clock of a vector network
analyser. By implementation of high quality beam optics,
spatially resolved measurements are obtained. The reactor
geometry and operational conditions are similar to those
that reported to deliver high conversion efficiency [3] for
the CO2 dissociation process. For example a conversion
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efficiency of 80% has been reported at pressures around
180 mbar and a specific energy input of 0.9 eV per
molecule. Additionally, plasma dimensions are determined
based on optical imaging which are used as an input for
electron density profile estimation.
2. Theory
Phase shift measurement techniques can be implemented
to quantify the electromagnetic wave propagation
behaviour and relate them to the dielectric properties of the
plasma. Since the dielectric constant of the plasma can be
expressed in terms of electron density and collision
frequency [4],
𝑛𝑛 𝑒𝑒 2

�𝜖𝜖�𝑟𝑟 = 𝜇𝜇 − 𝑗𝑗𝑗𝑗 = �1 − 𝑚𝑚𝑒𝑒 𝜖𝜖

1

𝑒𝑒 0 𝜔𝜔0 (𝜔𝜔0 −𝑗𝑗𝑗𝑗𝑐𝑐 )

(1)

EM-waves can be used to probe these plasma
parameters. Here 𝜈𝜈𝑐𝑐 : collision frequency of momentum
transfer from electrons to heavy particles, 𝑛𝑛𝑒𝑒 : electron
density per meter cubed and 𝜔𝜔0 : the frequency of the
diagnostic beam in radians per second. Additionally the
influence of the medium on the diagnostic wave are
expressed by the coefficients of propagation, 𝛼𝛼 and 𝛽𝛽, of
attenuation and phase respectively.
𝛼𝛼 = 𝜒𝜒
𝛽𝛽 = 𝜇𝜇

𝜔𝜔0

𝑐𝑐
𝜔𝜔0
𝑐𝑐

=
=

1

(2)

𝛿𝛿
𝜔𝜔0

(3)

𝑣𝑣𝜙𝜙

Here 𝛿𝛿 is the skin depth and 𝑣𝑣𝜙𝜙 the phase velocity of
diagnostic beam propagation in the plasma. The observed
phase shift for a plane wave through a plasma slab is
expressed by integrating the difference in the phase
coefficients in vacuum and in the plasma, 𝛽𝛽0 and 𝛽𝛽𝑝𝑝
respectively, over the propagation length L:
𝐿𝐿

𝛥𝛥𝛥𝛥 = − ∫0 �𝛽𝛽𝑝𝑝 − 𝛽𝛽0 �𝑑𝑑𝑑𝑑

(4)
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Therefore the line-integrated electron densities are
obtained by measuring the phase shift. To unambiguously
measure both electron density and collision frequency,
both the Δ𝜙𝜙 and 𝛼𝛼 must be determined.
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The diagnostic setup employs a well-defined 140 GHz
(𝜆𝜆 = 2.1𝑚𝑚𝑚𝑚) Gaussian beam as a probe through the
plasma using a quasi-optic transmission line of horn
antennas and Teflon focussing lenses. Figure 2 shows
schematically how the phase shift diagnostic is integrated
in the plasma setup.
The achieved beam cross-section in the plasma is
approximately 8 mm, which is determined using Gaussian
beam transformation theory. The heart of the diagnostic
setup is a vector network analyser (1-20 GHz) with an up
and down conversion circuit to the 140 GHz section
consisting of a multiplier and a non-harmonic low loss
balanced mixer. The horn antennas are mounted on
translational stages to allow for radial scans.
A dynamic range of 110dB and a phase resolution of <
0.01° are achieved, giving a theoretical lower electron
density detection limit of 1017 𝑚𝑚−3 . The upper electron
density detection limit is 1.4⋅ 1020 𝑚𝑚−3 , as dictated by the
critical electron density.

Figure 1: Analytical phase shift of 140 GHz plane
wave per mm of propagation, based on Equation 4.
In Figure 1 the analytical solution of Δ𝜙𝜙 in equation (4)
is plotted for a diagnostic frequency of 140 GHz and L
equal to 1mm as a function of normalized electron density
𝑛𝑛𝑒𝑒 /𝑛𝑛𝑐𝑐 and normalized collisional frequency 𝜈𝜈𝑐𝑐 /𝑓𝑓0 . Here 𝑛𝑛𝑐𝑐
( = 2.4 ⋅ 1020 𝑚𝑚−3 ) is the critical density which is defined
as the electron density that gives a plasma frequency equal
to the diagnostic beam frequency, and 𝑓𝑓0 = 𝜔𝜔0 /2𝜋𝜋 is the
diagnostic beam frequency in Hz. In the region of interest
for this work (for 𝑛𝑛𝑒𝑒 /𝑛𝑛𝑐𝑐 < 1 and 𝜈𝜈𝑐𝑐 /𝑓𝑓0 < 1), a weak
correlation between 𝜈𝜈𝑐𝑐 and Δ𝜙𝜙 can be seen. This is valid
since for example around 100-300 mBar 𝜈𝜈𝑐𝑐 is in the range
of 1010 − 1011 𝑠𝑠 −1 [5] when assuming an electron
temperature of 1eV. Therefore the collisionless
approximation of equation (4)
Δ𝜙𝜙 =

𝑒𝑒 2

2𝜖𝜖0 𝑚𝑚𝑒𝑒 𝑐𝑐𝜔𝜔0

∫ 𝑛𝑛𝑒𝑒 (𝑥𝑥)𝑑𝑑𝑑𝑑

(5)

is used where 𝜈𝜈𝑐𝑐 neglected. However, it has to be noted that
increasing pressures, where 𝜈𝜈𝑐𝑐 becomes significantly larger
than 𝑓𝑓0 , may lead to over-estimation of the electron density.

3. Experimental Setup
For the work reported here a microwave plasma reactor
consisting of a quartz tube with an internal diameter of 29
mm is used. A 2.45 GHz TE10 mode electric field produced
by a 250-1500 W adjustable microwave source is applied
with a WR340 rectangular waveguide applicator and a short
at quarter wavelength distance from the reactor axis. CO2
is injected tangentially to create a swirling flow, which
leads to confinement and isolation of the plasma from the
reactor wall. Further elaboration of the plasma setup can be
found in a previous publication[6].
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Figure 2: Diagnostic beam alignment with respect to the
plasma reactor in a horizontal cross-section. The reactor
tube axis is aligned perpendicular to the plane of the page.
The spatial extent of the plasma is strongly dependent on
reactor conditions such as pressure and power. Two
discharge modes can be identified: a diffuse mode
restricted by the diameter of the discharge tube at relatively
low pressure (50-100 mbar) where the electron density is
limited to the critical density of the source frequency (2.45
GHz)[5], and secondly a constricted mode limited in size
by the skin depth (typically 3-6 mm) in the higher pressure
regime. Vertically the plasma is limited in size by the
height of the waveguide in axial direction (43 mm).
To measure the spatial extent of the plasma optical
emission is used by means of imaging (between 350 and
750) nm with a CCD camera. In Figure 3 the appearance
of the discharge in a cross-section along the reactor axis is
shown. These images show Gaussian-shaped radial and
axial intensity profiles.
The process parameters are chosen as to achieve high
conversion and energy efficiencies. A pressure range of
100-300 mbar and a flow in the range of 6-18 slm are
chosen at an input power of 1400 W, which corresponds to
specific energy inputs (power/flow) between 1.1-3.2
eV/molecule. Previously Bongers et. al. has shown that
energy efficiency for the dissociation process range
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between 30% to 45% in the present reactor, with an
optimum around 200mbar and a specific energy input of
approximately 0.9 eV/mol [6].

Figure 3: Typical optical emission profiles of the CO2
discharge in the diffuse regime (left) and constricted
regime (right).
4. Results and discussion
Line-averaged Δ𝜙𝜙 measurements have been obtained
through the center of the discharge. From these values the
electron density can be obtained from equation (5) under
assumption of a uniform density profile where L is equal
to the reactor tube inner diameter. These results are plotted
in Figure 4.
A sharp increase in electron density can be observed
from the region below 100 mbar to higher pressures. This
increase can be attributed to the transition from the diffuse
to constricted mode of operation and the associated
increase in power density. In the diffuse low pressure
regime the values are roughly independent of pressure and
is found to be in the range of 5 − 9 ⋅ 1017 𝑚𝑚−3 . This is in
qualitative agreement with the observation that microwave
propagation limits. The obtained experimental values
however overestimate the critical density by an order of
magnitude. In the constricted mode a linear scaling with
pressure is observed. However, it is interesting to note that
there is no clear correlation is found between gas flow rate
and line-integrated average electron density, presumably
due to the difference in the timescales of flow and power
deposition.

n̅e[m-3]

1E+19

1E+18

1E+17

6 slm
12 slm
18 slm
0

100

200

300

400

pressure [mbar]
Figure 4: Line-averaged electron densities as function
of pressure at a constant input power of 1.4kW.
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For a selection of the previous data, for conditions with
18 slm and 1400 W input power, more accurate values for
the electron density in the plasma core are obtained by
assuming a top hat electron density profile as a first
approximation. The widths of the top hat profile are
assumed to be equal to the FWHM of the Gaussian shaped
spatial profiles of the optical emission. Note that the
plasma emission is mainly composed of molecular band
emission from the CO-angstrom band and the C2-swan
band which are not directly induced by electron-impact
processes. Therefore obtained optical emission profiles are
expected to overestimate the width of the electron density
profile slightly due to diffusion effects.
To verify the reliability of the top hat distribution
approximation, in Figure 5 measurements obtained in this
work are compared with literature values [7] obtained
using a reactor with similar specific energy input and flow
rates. The results are in both qualitative and quantitative
agreement. This suggests that the top hat approximation
together with the assumption of low collisionality holds
well in the pressure regime used in this work.
1.E+20
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Figure 5: Electron density based on top-hat
approximation with literature values on a similar plasma
discharge with equal specific energy input of 0.9eV/mol.
Even though the top hat approach reveals several
important aspects of the electron density profiles, it does
not provide reliable values of peak electron densities.
Hence spatially resolved measurements are obtained by
means of analytical Abel inversion. Thus obtained profile
is corrected for the width of the diagnostic beam. The width
of the obtained radial electron density profiles are in
agreement with the spatial dimensions of the plasma as
determined by the optical emission. The peak electron
density values are found to be significantly higher than the
line-averaged and top-hat distributions, with typical values
of 4 ⋅ 1018 𝑚𝑚−3 and 3.5 ⋅ 1020 𝑚𝑚−3 for respectively the
diffuse and constricted modes of operation. This approach
fails when the plasma width approaches the diagnostic
beam wavelength due to interference effects.
The ionization degree of the plasma is determined by
dividing the electron density by the neutral density. By
taking into account the typical core gas temperatures in the
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order of 3000 K[5], ionization degrees 𝑛𝑛𝑒𝑒 /𝑛𝑛0 in the order
10−5 − 10−4 are determined.
The ionization degrees observed exceed the theoretical
threshold of 10−7 required for efficient utilization of
vibrational energy[9] for the dissociation process.
However, in a realistic plasma process sustaining a high
ionization degree consumes a lot of energy due to a high
ionization cost. Therefore it is not clear at which value the
ionization becomes detrimental to the dissociation
efficiency. Nevertheless a high energy efficiency of 80% is
shown to be feasible at a specific energy input of .5eV/mol
[9]. Hence the values reported here are in the right ballpark
for an efficient vibrational dissociation pathway.
The mechanisms behind the increase of electron density
with pressure at constant power input is still unclear. One
possible reason could be that the increasing power density
with pressure, due to the decrease in skin depth, and the
interplay with gas temperature is causing the observed
trend.
5. Conclusions and outlook
A microwave phase shift technique operating at 140 GHz
is successfully implemented to measure electron densities
in both the diffuse and constricted modes of a CO2
microwave plasma. Average values of respectively 5 − 9 ⋅
1017 𝑚𝑚−3 and 3 − 9 ⋅ 1019 𝑚𝑚−3 are measured. The
diagnostic fails for plasmas with a characteristic size
similar to the diagnostic beam wavelength due to
interference effects.
Under assumption of a top hat electron density
distribution and a collisionless plasma, electron densities
were found in qualitative and quantitative agreement with
literature values for pressures up to 300 mbar. The
experimental values for ionization degree in the plasma
core are established at 10−4 − 10−5 𝑚𝑚−3 .
Radially resolved density profiles obtained via Abel
inversion are found to be in good agreement with optical
emission profiles under assumption of a Gaussian shaped
spatial distribution function. Peak electron densities in the
plasma core of 4 ⋅ 1018 𝑚𝑚−3 and 3.5 ⋅ 1020 𝑚𝑚−3 for
respectively the diffuse and constricted modes of
operation.
The electron density measurements will be further
refined by spectroscopic analysis of the optical emission in
order to determine the effective plasma width based on
continuum radiation from the plasma. Additionally the
diagnostic will be extended to 280 GHz to improve spatial
resolution and enable measurements on plasmas which are
smaller than 2 mm.
Kinetic models of CO2 microwave plasmas[8] show that
the rate coefficients of electron–induced processes such as
excitation, ionization and dissociation depend strongly on
pressure and the EEDF and must be further investigated.
Therefore future work will focus on electron temperature
measurements by taking into account the collisionality of
the plasma and incorporating absorption effect in the
analysis.
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Abstract: A one dimensional, fluid based model is employed to investigate the kinetics of
low pressure striations phenomenon in nitrogen which simulates the experimental conditions
of a low pressure setup from the National University of Kharkiv. A reaction chemistry set for
Nitrogen discharges is developed consisting 25 different species and 76 reactions. It is
demonstrated that an adequate description of the vibrational kinetic is necessary for modeling
the observed striations, where the reactions of the lower vibrational level (ε < 2.72) was found
to have the predominating influence. The pattern of striations is found to be a strong function
of vibrational excitation reactions and the electron recombination reactions.
Keywords: Striations, N2 discharges, Simulation
1. Introduction
Striations is an ionization wave characterized by a
periodic glow and dark pattern in the positive column of
glow discharge plasma. The phenomenon of striations has
been explained in terms of electron kinetics, transport
phenomenon,
and
ionization
processes[1].This
phenomenon of stratification of positive column can be
observed both as standing (molecular gases) and moving
(monoatomic gases) called as ionization waves of positive
column[2]. The self sustaining moving ionization waves
was presented by Wullner [3] in 1874 and Spottiswoode
[4] in 1876., whereas, standing type of striation were
observed by Abria [5] in 1843. References [1, 6-11] reports
the recent experimental and numerical studies on different
discharges. It is reported that striations are the periodic
changes in electron density and are caused not by
redistribution of a fixed number of electrons, but by
alternate regions of predominant production and removal
of electrons which can survive in a limited range of current
values (l0-4 A to 10 A), pressure (l0-3 Torr to 760 Torr) [2],
gas species (rare and molecular gases) and tube radius. It
has also been established that the striations are due to
ionization instability or manifestations of ionization
oscillations and waves, which may be caused by step-wise
ionization, the maximization of the electron distribution
function, and by any agent causing enhancement in
inhomogeneities in plasma [2-5, 12]. Due to its complexity
and lack of physical understanding, modeling work on
plasma striation is not sufficient. The recent progress in
non-equilibrium and non-thermal plasma has made N2 an
important choice in a variety of application [13-17], where
striations can reduce the efficiency of the system[18]. In
this work, a detailed nitrogen chemical kinetics model has
been developed and numerical simulations have been
conducted to obtain insight into the coupled physicchemical processes that involve predominantly the electron
and vibrational states.
2. Mathematical and Numerical Model
A continuum based model is employed to simulate
the discharge at low pressure. The discharge physics model
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equations consider the temporal and spatial effects of the
discharge in the direction perpendicular to the electrode
plane. The 1D model also consider the radial diffusion
losses. The self-consistent discharge model consists of
coupled conservation equations for different species in the
plasma (electrons, ions, vibrational species, metastable and
neutrals).
The conservation equations for the electrons and the ions
are described by the species continuity equations with a
drift-diffusion approximation for the fluxes. The
electrostatic potential in the plasma model is obtained by
solving the Poisson’s equation and an external circuit
model is coupled with the plasma model. The detailed
description of the mathematical equation is similar to the
one described in reference [19]. For simulations the interelectrode separation was fixed at d = 8.5 cm. The electrode
surface area was prescribed to be 0.1 cm2 resulting in an
electrode diameter of ~ 3.568 mm. The discharge domain
are so chosen to be consistent with that of University of
Kharkiv [7].

Figure 1: (a) The schematic of the plasma glow
discharge. The numbers represent the node in the circuit,
‘0’, indicates ground nodes. (b) A radial diffusion loss is
included in the model.
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Figure 2: A representation of variation in cross sectional
data for the first vibrational level (0.29 eV). The Phelps
dataset ranges between 1.6 eV to 4 eV.
3. Reaction Kinetics
A number of datasets are available in the literature, such
as Phelps, Biagi, Itikawa, Morgan and SIGLO data base,
with their own sets of reaction with a variation in number
of reactions stepss and precision [20]. In this study we
examined the reliability of different database, with interest
to the simulation of standing striations in the positive
column. It was obtained that the Biagi or Itikawa dataset
has the necessary level of resolution at lower and higher
energy level. A comparative study of three different cross
sectional dataset for the first excitation level, such as Biagi,
Phelps and Itikawa, are shown in Figure 2 and implicates
important differences. Phelps dataset, whose reaction sets
and values are based on the data of 70-80s, is incomplete
with no data at lower (< 1.6 eV) or higher energy level (>
4 eV). Due to the unavailability of data at lower and higher
mean energy, we found that the simulation based on the
Phelps dataset cannot capture the positive column strata in
nitrogen.
However, the cross-sectional dataset of Biagi, whose
reactions mechanism and values are recent and are based
on quasi theoretical cross section data, has two effective
excitation level, one at lower energy level, another at
higher energy level of 20eV. This peak at 20eV happens to
take place up to 3.95 eV vibrational energy level and
diminishes with the increment of vibrational level.
It is also observed that the BIAGI dataset are more
precise and has a significant number of energy interval in
comparison with any other dataset form the literature. The
reaction mechanism in this study is the combination
database from of Biagi (excitation, metastable), Kushner
and Wetzel (Excitation to metastable and ionization) [2022]and is reported in Reference [23]. The mechanism
contains N2 kinetics with vibrational stage reactions,
metastable reactions and heavy particle reactions. 25
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Figure 3: The effect of vibrational kinetics on steady state
(a) Electric field (b) electron number density. 1: With
detailed vibrational reactions (0.29 eV~ 13 eV) 2: Without
the initial vibrational reactions (2.98 eV ~ 13 eV).The
current density has kept constant at 0.6 mA/cm2 throughout
the study.
N2 (v  1,2,....15) , metastable N2 ( B3), N2 (a '1 ), N2 (c11)
and neutrals (N2, N). The electron transport coefficients
(mobility e , diffusivity De ) are calculated using the
electron energy distribution function (EEDF) obtained as a
solution of the Boltzmann equation employing the two
term spherical harmonic expansion (SHE).

4. Results and Discussion
In order to gain insight into the role of vibrational
kinetics on the formation of striations, we tracked all the
reactions and its consequence on the final simulation
results. The vibrational kinetics of the lower energy level
(ε < 2.72) was found to dominate the instability
phenomenon in the positive column. Figure 3 summarizes
the importance of detailed kinetics to capture the
modulation of electric field, triggering the fluctuation of
electron number density in the positive column. Without
the complete reaction, especially at the earliest vibrational
level, a uniform glow discharge can only be observed with
a higher electron number density. The strata in the positive
column happens at lower energy (0.4 ev ~ 0.6 ev) level, as
shown in Fig 4, where the vibrational reactions are
dominant. Therefore, a complete ionization is not
necessary in the positive column once the strata is formed.
The formation of striations is strongly governed by the
field dependent vibrational reaction rates. A detailed
analysis on electric field dependent vibrational reaction
rate has been presented in Reference [23].
Figure 4 summarizes the spatio temporal plots of electron
number density and the electron temperature. The electron
number density is found to vary between ~ 7x1014 m-3 and
~4x1014 m-3 in one strata cycle. The electron temperature
follows a similar trend (0.4 eV ~ 0.6 eV) in the positive
column which inversely varies with the electron number
density.
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Figure 4: The spatio-temporal electron number density and the electron temperature of a standing striations
with the contributing reactions. The reaction rates are plotted in a logarithmic scale to show in a comparable
scale.

Figure 5: Steady state profile of standing striations. Showing that the electron and vibrational number
density are in opposite phase. The corresponding vibrational reaction rate and recombination rate are also
presented which is strongly coupled with the strata pattern.
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It is also observed that the electric field, as shown in
Figure 3, in the positive column reaches its peak (~ 1×10 3
V/m) at trail of each strata, where the formation of space
charge is maximum. The spatio temporal profile of
ionization, recombination, vibrational, and metastable
reaction rate are also presented in Figure 4. Once the
discharge reaches its steady state condition, the vibrational
reaction and the recombination reactions is found to be
dominant in the modulated region of the positive column.
The ionization rate is also high, however quite uniform in
the positive column. The metastable reactions rates also
found to be vary very little in the positive column region.
The reaction rate analyses from the numerical modeling
found the following trend: Kvibrational > Kionization, which
confirms that the electron energy is fed predominantly into
vibrationally excited states of molecules. Whereas, the
recombination reaction is found to be dominant in the
positive column of the striations.
The spatial distribution of electron and vibrational
number density a steady state strata cycle is shown in
Figure 5. The two most important reaction rates which
varies significant in the modulated region, the vibrational
reaction and recombination reactions, are also
demonstrated. It was found that when the electron/Ion
number density is maximum the vibrational number
density is minimum and vice versa. The electrons
attenuated from the peak of the strata due to inelastic
collision and ionization is quite rare. The ions and electrons
diminishes in this region due to the radial losses and
volumetric recombination.
Away from the peak all the values steadily diminishes to
lower values. At the tail of the striation discharge current
is transferred by diffusion through their high concentration
electric field. The diffusion rate is also high here due to
high electric field. In this region, the electron drift velocity
increases due to high rate of drift velocity (𝑣𝑑 = 𝜇𝐸).
Therefore, the lower kinetic energy of electrons results in
a reduced ions production in the tail of each strata.
However, this will allow the increment of vibrational
reactions which occurs at lower energy level. Apart from
elastic collisions, first few levels of vibrational excitation
requires very little energy. As a result, vibrationally
excitation reaction takes place in presence of low energy
electrons and its number density increases significantly in
a standing striation.
5. Conclusions
In summary, we simulated the formation of a selfsustained standing striations in the positive column. The
development of the striations, which are observed only
with the precise description of cross sectional data, is
dependent on the field dependent vibrational reaction rate.
This study attempts to gain a better insight into complex
nature of striation in diatomic plasma discharges [7, 23].
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Abstract: The plasma-assisted CO2 conversion efficiency has been significantly enhanced
in a pulsed microwave surfaguide discharges working at ~ 10 Torr as a result of the applied
power modulation. Among the main physical parameters responsible for the enhancement
are the plasma -on and -off time duration, residence time, gas flow, etc., as well as their
relation to the e-V and V-T relaxation time in plasma. The effect of plasma catalysis has
been also studied showing additional improvements in CO2 conversion efficiency.
Keywords: Green energy, CO2 conversion, pulsed microwave plasma, diagnostics.

1. Introduction
Interest to the plasma-assisted greenhouse gas
conversion continuously increases nowadays, as a part of
the global green energy trends. Among the plasma
sources suitable for conversion of CO 2 and the other
greenhouse gases, the non-equilibrium (low-temperature)
discharges where the electron temperature (~ 1-2 eV) is
considerably higher than the gas temperature (< 0.1 eV)
represent a special interest. In particular, the flowing gas
discharges sustained by microwave (MW) radiation are
proven to be suitable for the greenhouse gas conversion
due to their high degree of non-equilibrium and, as a
result, high plasma selectivity [1,2]. Along with a general
effectiveness for molecular gas decomposition, power
modulation in the MW plasmas represents an additional
alternative for enhancing this process [3]. For power
modulation, the electromagnetic wave with a ‘filling’
frequency in the GHz range (sustaining the discharge) is
periodically modulated by rectangular pulses with certain
repetition rate, typically in the kHz range. Such
modulation might be very important when vibrational
excitation defines molecular decomposition in plasma, as
in the case of CO2 [1]. Since in the pulsed MW discharges
the characteristic time of vibrational-translational (V-T)
energy transfer may be comparable to a typical pulse
repetition period, the resonance-like effects between the
power delivery and the energy transfer may take place.
Thus, periodic power delivery to MW plasma potentially
represents a promising way for further improvement of
CO2 conversion efficiency.
In spite of the numerous works devoted to plasma-based
greenhouse gas conversion, related to MW plasma [4–6],
dielectric barrier discharge (DBD) [7–12], gliding arc
plasma (GAP) [13–15], radiofrequency (RF) discharges
[16] as well as the works involving plasma catalysis
[5,17–19], the effects of CO2 conversion and power
modulation are still far from being understood clearly.
The number of the research works in this domain is
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limited by theoretical considerations about the usability of
the pulsed plasma regime in MW and DBD cases [20].
The beneficial effect of power modulation for CO2
decomposition have been shown only in the atmospheric
DBD case so far [8–10]. Thus, the domain of the power
modulation in the MW low-pressure plasmas,
representing one of the most promising non-equilibrium
media for selective plasma chemistry, remains mainly
unexplored. The present study is targeted for clarification
of the power modulation for efficient CO2 conversion in
MW surfaguide discharges. Its beneficial character for the
enhancement of both CO2 conversion efficiency (χ) and
energy efficiency (η) is clearly shown.

2. The plasma sources used

Fig. 1. Schematic representation of the MW plasma source with
modulated applied power.

The pulsed microwave (surfaguide-type) plasma sources
have been used in this study. In this discharge type
plasma is sustained by electromagnetic waves with filling
frequency in the GHz range (either 0.915 or 2.45 GHz in
our case) coming out of two orifices in the surfaguide
[21], as schematically shown in Fig. 1. In our case the
electromagnetic radiation has been modulated by nearly
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rectangular pulses with the repetition frequency globally
ranging from 0.01 to 33 kHz. The ration between the
plasma pulse duration and repetition period was equal to
0.5 in the most cases. The discharges were sustained in
the quartz tubes (14 mm in diameter and 31 cm long) in
which the gas flow has been regulated by digital mass
flow controllers. Each quartz tube has been cooled down
additionally by a Si oil flow (approx. 2 l/min) having the
temperature of about 5-10 C depending on the plasma
source. The total gas flow rate in the discharge was
ranging from about 0.08 to 3 slm (standard liter per
minute). Pure CO2 and CO2+5% N2 gas mixtures have
been utilized. The time-averaged power applied to the
discharge was fixed during the measurements having
typical values in the range of 0.4 – 1.0 kW. The reflected
electromagnetic radiation has been minimized using
three-stub tuning systems. The reflected power was
always less than 10% for 2.45 GHz MW systems, and
totally negligible (presumably < 1%) in the case of
0.915 GHz system. The main MW discharge parameters
are summarized in Table 1.
Table 1. The main parameters of the studied
MW plasma sources.
Parameter

Value/Range

poster

concentration was determined based on the CO to N2
emission lines ratio (CO 482 nm rotational sub-band and
N2 Second Positive band were used), as performed by
Silva et al. [6]. The relative error of this method is
supposed to be < 10%, based on our estimations.
In the MW-1 and MW-3 cases the products of CO2
dissociation (such as the ground state CO and O) have
been detected in the post-discharge area using two photon
absorption laser-induced fluorescence (TALIF) technique
[23]. This technique is based on the laser excitation of the
molecular or atomic species in the discharge or postdischarge by a simultaneous absorption of two laser
photons, following by fluorescence corresponding to an
optical transition between the upper (excited) state and the
intermediate state. The spectral transitions used for
TALIF technique are summarized in Table 2. A Sirah dye
laser working at 10 Hz of repetition rate and having 5 ns
of the pulse duration with the Coumarin 450 dye solution
has been utilized. During the measurements the laser
pulses were not synchronized with the plasma pulses, thus
giving the time-averaged values of the corresponding
ground state densities in the post-discharge. In addition,
gas chromatography (GC) technique has been used for exsitu characterization of the decomposition products. A
Bruker 450 - GC gas chromatograph equipped with a
sampling system has been used. The GC system has been
connected to the post-discharge region and low-pressure
gas samples have been diluted with carrier gas (argon)
before their injection into the gas chromatograph for the
further analysis.

MW-1

MW-2

MW-3

Filling frequency

2.45 GHz

0.915 GHz

2.45 GHz

Modulation
frequency range

0.5 – 33 kHz

0.01 – 2.4 kHz

0.5 – 10 kHz

Pulse duty ratio

0.5

0.5

0.5

Gas flow range

0.08 – 2.7 slm

3, 6 slm

0.1 – 2 slm

Mean power

0.4 kW

1 kW

0.8 kW

Tuning type

Automatic

Automatic

Manual

Reflected power

< 10 %

<1%

~ 5-10 %

Specie of interest

CO

O

Gas
range

1 – 20 Torr

10 – 30 Torr

1.5 – 15 Torr

Lower state

X1+

3

Upper (laser-excited) state

B

5

Energy gap

10.78 eV

10.74 eV

Laser excitation wavelength

230.07 nm

225.6 nm

Fluorescence wavelength

483.50 nm

844.68 nm

Bandpass filter used

480 nm

840 nm

pressure

Diagnostics
techniques used

OES, TALIF

OES, GC

OES, TALIF,
GC

3. The diagnostic techniques
Optical emission spectroscopy (OES), including
emission actinometry and ro-vibrational spectral analysis,
has been applied for characterization of the CO2
conversion efficiency and the gas temperature in the
discharge zone, respectively. Gas temperature has also
been monitored by a thermocouple at the beginning of the
post-discharge (18 cm below the excitation point). The
rotational band from the CO Angstrom system
corresponding to the B 1+(v’=0) – A 1(v”=1) transition
has been used for rotational temperature determination.
Gas temperature has been assumed equal to the rotational
temperature of CO molecules based on the analysis
undertaken elsewhere [6,22]. In order to determine the
CO2 conversion efficiency in the discharge area, optical
actinometry method based on the addition of a small
amount of molecular nitrogen (5% in our case) to the CO 2
gas, has been applied. Using this approach, the CO
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Table 2. The spectral transitions used for TALIF
measurements of CO and O ground states.

1 +

P2
P

4. The main experimental results
The evolution of the CO ground state density in the
post-discharge of the MW-1 and MW-2 sources is shown
in Fig. 2. The effect of power modulation results in this
case to a fourfold increase of the CO density (and
corresponding CO2 conversion efficiency) at low plasma
pulse frequency. The maxima of CO relative density are
observed at about 0.5 kHz (in the MW-1 system) and at
about 0.8 kHz (in the MW-2 system). Apart from the
different positions of the observed maxima, in the 2.45
GHz case the maximum appears to be much narrower
than the one detected in the 0.915 GHz discharge case. At
the same time, the O atoms production is strongly
suppressed at low pulse frequencies, when the
dissociation of CO2 reaches its maximum.
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Fig. 2. The relative densities of the ground state O, CO and O2
measured in the post-discharge by TALIF (a) and GC (b)
techniques as a function of the plasma repetition frequency f.

Besides this, the O2 density has a clear maximum at low
frequency, likely pointing out on the efficient Orecombination under these conditions, as shown in
Fig. 2(b). Finally, the CO density decay slopes measured
in two different plasma sources reveal rather similar
behavior.
In order to explain the observed increase in CO2
conversion at low frequency the gas displacement in the
tube should be taken into account. Three cases can be
considered: (i) slow gas displacement, when the gas shift
in the tube is small between two consecutive plasma
pulses, (ii) ‘resonant’ gas displacement, when the gas shift
time in the active zone is almost equal to the plasma pulse
duration, and (iii) fast gas displacement, when the gas
shift time is shorter comparing to the time between two
plasma pulses. Since in our case the gas velocities are
comparable in the MW-1 (~ 40 m/s), MW-2 (~ 30 m/s),
and MW-3 plasma sources, it can be shown that nearly
the resonant case is realized at low plasma pulse
frequency (~0.5 kHz) in these systems. This results in a
nearly maximum system performance in terms of CO 2
decomposition and corresponding energy efficiency.
More pronounced -maximum found in the MW-2
(0.915 GHz discharge) case, as well as its position shifted
towards higher plasma pulse frequency values may be a
result of the differences in system geometry as well as the
errors related to gas pressure and gas temperature
determination.
We should note that, at the lower pulse frequencies (or
higher gas flows) one may expect a significant drop in
CO2 decomposition, as the fast gas displacement limit
should be achieved and some portions of the passing gas
will remain untreated by plasma. On the other hand, at
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higher pulse frequencies, as observed in our case, a
considerable drop in the CO2 conversion should be likely
explained by a combination of several factors, such as (i)
a decrease of the electron-vibrational (e-V) energy
transfer contribution at shorter pulse durations, (ii) a
decrease of the role of dissociative recombination of CO 2+
(via the reaction: e + CO2+  CO + O, see [20]) in this
frequency range, as suggested by Silva et al. [24], (iii)
decomposition of CO molecules in the active zone when
residence time is too long. The third argument, however,
is supposed to play minor role, due to the synchronous
CO and O2 density behavior in the post-discharge (see
Fig. 2(b)). Let us also note that both the gas temperature
and the vibrational temperature of N2 molecules behave in
similar way significantly increasing at low frequencies.
These effects may be related to higher vibrational
excitation of CO and CO2 molecules in this case as a
result of more efficient e-V transfer, as well as more
efficient gas heating at longer pulse durations, due to both
electron-translational (e-T) and V-T channels.
The optimized CO2 conversion results obtained in this
work and the available literature data related to different
MW, GAP, DBD and RF discharges are compared in
Fig. 3. The most competitive results group around the line
corresponding to specific energy input (SEI) of
2.9 eV/molec. The typical frequency optimized -values
obtained in this work without using plasma catalysis are
denoted by the green stars. In addition, the effect of
plasma catalysis studied by Chen et al. [19] in the MW-2
plasma source results in more than a twofold increase in
both  and  values (a predicted value for our data using
plasma catalysis is shown by the dashed arrow).

Fig. 3. The CO2 conversion efficiency () vs. energy
efficiency () diagram comparing the results obtained in this
work with the available literature data.
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Considering the other discharge types, the most
promising results on the CO2 conversion have been
obtained so far in an atmospheric DBD with power
modulation, one more time underlining the significance of
this effect for better CO2 conversion. Somewhat lower
conversion efficiency has been achieved in atmospheric
gliding arc discharge, as studied by Indarto et al. [14].
Finally, the examples related to the low-to-moderate
pressure microwave discharges, one representing high
conversion efficiency, but rather low energy efficiency
attained as a result of applying high SEI [6] (open uptriangle), and the other representing the well-known work
of Asisov et al. [4] where a supersonic gas flow enabled
high energy efficiency. The plasma catalysis generally
show a clear advantage over the catalyst-free cases, e.g. in
the case studied by Mahammadunnisa et al. [18]. Based
on this comparison, a combination of the frequencyoptimized MW plasma with plasma catalysis [5] may
represent the most efficient solution for the low-pressure
plasma -based CO2 conversion (red star in Fig. 3).

5. Summary
The work demonstrates importance of the applied power
modulation for enhancement of the plasma-assisted CO2
conversion and energy efficiencies in MW discharges.
Roughly a fourfold improvement in the CO2 conversion
efficiency has been achieved solely based on the power
tuning in the MW plasma at 20 Torr in our case. Based on
the estimations of the characteristic time of the relevant
energy transfer processes it was concluded, that the e-V as
well as V-T energy transfer mechanisms, along with the
gas shift in the tube may be mainly responsible for the
optimization of CO2 conversion in a flowing gas MW
discharge. The maximum efficiency found so far
corresponds to the frequencies of about 0.5-0.8 kHz
depending on the studied plasma source.
The gas temperature in the discharge zone (near the
excitation point) is supposed to be strongly influenced by
the V-T and e-T energy transfer, as well as by the intense
O atoms recombination at low repetition frequencies.
Numerous processes involving O atom kinetics, however,
require a separate study involving additional experimental
and modeling work in order to be fully understood.
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Threshold ionization mass spectrometry for the measurement of
nitric oxide (NO) generated by an atmospheric-pressure radical source
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Abstract: Nitric oxide (NO) is an important molecule in biomedical applications. It is known
that the NO enables to improve signal transmission between nerves, maintaining blood
pressure, supressing infection, and renewal tissue. In this study, we used a new atmospheric
pressure plasma based NO radical generator and we investigated optimized condition to
generate NO using a threshold ionization mass spectrometry.
Keywords: atmospheric-pressure plasma, nitric oxide radical (NO), threshold ionization
mass spectrometry (TIMS)

1. Introduction
Non-thermal atmospheric pressure plasmas (herein
referred to as plasma) used in biology and medicine
typically provide a rich of reactive oxygen and nitrogen
species (RONS). These RONS are neutral or ions that open
discussed e.g. hydroxyl radical (OH•), nitric oxide (NO),
singlet oxygen (1O2), ozone (O3), superoxide anion radical
(O2−•), hydroperoxyl radical (HOO•), nitric dioxide radical
(N2O•), hydrogen peroxide (H2O2), nitrate (NO3−) and
nitrite (NO2−). [1][2][3][4] For the detection of the plasma
generated RONS in ambient air, optical emission
spectroscopy (OES), absorption spectroscopy, Fourier
transform infrared spectroscopy (FTIR), and mass
spectrometry are often used.
Here, we focus on the investigation of the absolute
density of NO which is a well-known molecule in
biomedical application. For examples, it is known that the
NO enables to improve signal transmission between nerves,
maintaining blood pressure, supressing infection, and
renewal tissue. [5][6]
For the production of NO, Birkeland-Eyde process (N2 +
O2  2NO) and Ostwald (4NH3 + 5O2  4NO + 6H2O)
process are well-known traditional processes to synthesize
NO. These traditional NO productions always accompany
with high temperatures e.g. 2000-3000 K for the BirkelandEyde process and about 1100 K for the Ostwald process,
respectively. [5] On the other hand, electrical gas discharge
plasma can generate NO near room temperature.
In this study, we generated NO molecules using a radical
generator which was modified a high density atmosphericpressure plasma source. [7] To obtain the quantitative
study of NO and other neutral species, we used a threshold
ionization mass spectrometry (TIMS). [2]
2. Experimental procedure
A commercially available radical generator (Tough
Plasma, Fuji Machine MFG Co., Ltd.) was used in this
study. NO is generated based on a high density
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Fig. 1 Schematic of experimental set-up of threshold
ionization mass spectrometry for the measurement of
neutral species generated by atmospheric pressure radical
generator.

atmospheric-pressure discharge plasma operated with a
mixed gas of N2-O2 (1 slm for the both gases) in Ar (4 slm).
The use of a large amount of Ar provides a high electron
density on the order of 1016 cm−3 [7]. In addition, it is
expected that the use of Ar as a buffer gas that decreases
the three-body collision between the oxygen and nitrogen
species to be RONS (O2, O3 and NO2), resulting in an
increase of NO production in the atmosphere. The structure
of nozzle exit (a slit) with a bended flow channel at
downstream intercepts high energy photons and the
electrically grounded potential on the flow channel
terminates charged species, respectively, as shown in Fig.
1.
Quadrupole-based HPR-60-EQP300 system (Hiden
Analytical Ltd.) was applied to measure NO density in an
atmospheric pressure. NO molecules were generated by the
radical generator operated a simple gas mixture of N2-O2
in Ar. The generated neutral reactive species from the
radical generator were measured by the mass spectrometer
which was operated in the residual gas analysis (RGA)
mode with an internal electron-impact ionization source.
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Fig. 2 Electron energy scan of NO (m/z 30) with and

Fig. 3 Electron energy scan of NO2 (m/z 46) with and

without plasma. The average NO density was estimated in
the range of ~1017 cm-3.

without plasma. The average NO2 density was estimated in
the range of ~1016 cm-3.

This allows production of positive ions from neutral gas
and excited species by the radical generator. For the
measurement of neutral species, electron-energy of NO+
was scanned with a resolution of 0.1 eV. The results with
and without plasma were compared and the difference was
considered to be the neutrals generated by plasma.

our previous study (nNO= 7.66 × 1016 cm-3) using a UV
absorption spectroscopy. With the same plasma condition,
NO2 (m/z 46) density was estimated to be 1.747 × 1016 cm3
when EII cross section of NO (σNO2= 3.691 × 10-17 cm2)
in Fig. 3. In case of O3 (m/z 48), it was unable to estimate
due to the small signal which is lower than the detection
limit of 1014 cm-3.

3. Results and discussion
Fig. 2 shows the electron scan results of NO+ (m/z 30)
with and without plasma, and the difference of the both
scan results. The difference reflects the NO generated by
the plasma and the intensity shows the NO density. We
obtained the maximum NO intensity with the gas mixture
condition of about 35% N2.
For the absolute densities of NO and other possible
species e.g. NO2 and O3, we should know the correlation
between the mass intensity and the known gas density
(2.415 × 1019 cm-3) at a standard atmosphere. We optimized
the internal ionization condition of the mass spectrometer
based on the known gas mixture ratio of N2 and O2. For
example, the gas density of 35% N2 is to be 8.58 × 1019 cm3
.
For the estimation of the absolute density of NO, we
used the correlation between the measured value of the
mass intensity and the electron impact ionization (EII)
cross-section of a species with known gas density. [8] The
NO density (nNO) is given by an equation below, [2]
𝜎𝑁

𝐼

𝑛𝑁𝑂 = 𝑛𝑁2 (𝜎𝑁𝑂 )( 𝐼 2 ),
𝑁𝑂

𝑁2

(1)

where, n is a density mentioned above, I is intensity of
mass spectrometry, and σ is an averaged EII cross-section
in the electron-energy range between 15.6–18 eV. The
lower energy of 15.6 eV was taken by the highest
ionization threshold of N2 (N2 + e  N2+ + 2e) and the
higher energy of 18 eV was done by the lowest dissociative
ionization threshold of water (H2O + e  OH+ + H + 2e).
EII cross-section of N2 is averaged value (σN2 = 5.144 × 1018
cm2) between the energy range.
As a result, nNO was estimated 2.963 × 1017 cm-3 with an
error range of 12%. This density is four times larger than
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4. Conclusions
Using a threshold ionization mass spectrometry, we
investigated the absolute density of neutral species
generated by atmospheric pressure plasma radical
generator. We obtained the highest density of NO (nNO =
2.963 × 1017 cm-3) at a N2/(N2-O2) mixture ratio of 35%
with a lower density of NO2 (nNO2= 1.747 × 1016 cm-3) and
O3 (below detection limit). Further results will be discuss
on-site.
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Simulation of the NH3 gas decomposition by linear ICP source
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Abstract: Ammonia decomposition and hydrogen production, including multiple negative
ions, within a linear ICP source with high flow velocity throughput were investigated by
simulation approach. The concentrations of radicals inside the source and their distribution
and fractions (30 species) at the outlet were computed by 2D/3D plasma fluid models that
assumed 110 gas phase reactions and 25 surface interactions. Simulation indicated that
formation of the ion-ion plasma is plausible inside source.
Keywords: ammonia plasma, plasma fluid model, electronegativity.
1. Introduction
Integrated circuit manufacturing is dependent on
plasmas to process materials uniformly over large
substrates while feature sizes are approaching just a few
nanometres. Direct exposure to plasma and V(UV)
radiation could be a source of the damage to devices, thus,
remote or distanced plasma sources are preferential. To
perform a specific reactive process on the wafer surface a
tailored composition of the reactive gas is necessary. For
this reason, inductively coupled plasma (ICP) sources
have been widely used in plasma technology. They meet
the demands for efficient, low-cost plasma sources and
provide dense electron population at low temperature to
enable rich fragmentation of the reactive gas. In this
study, we investigate ammonia (NH3) gas decomposition
by linear inductively coupled plasma (ICP). The aim of
this work is to describe the physics and chemistry of the
NH3 radical source under conditions as close as possible
to process development technology.
2. Simulation setup
The ICP source consisted of an elongated cavity with
linear electrodes at the opposite sides. The cross section
of the source is shown in Fig. 1.
The process gas entered the ICP source cavity through
multiple nozzles (2 mm). The plasma was excited inside
the cavity by radiofrequency (RF) power (13.56 MHz)
applied to the electrodes. The actual power distribution
requires additional equipment, whose discussion is
beyond the scope of the current work. The ICP source
was operated with Ar or NH3 process gasses at total gas
pressure of 90 – 270 Pa. Decomposed NH3 gas exited the
plasma source through a 5 mm slit into the expansion
cavity before flowing into the wafer processing batch
reactor.
This type of source operates in an inductive or resonant
mode that depends on the electrode configuration, the RF
connection, and supportive components. The investigated
plasma source has both capacitive and inductive
components, and the rationale behind considering
inductive coupling is given below. From the cross section
(local micro-configuration shown in Fig. 1) it may be
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appealing to consider power coupling purely as if it is a
capacitive source. However, the electrode areas are very
small in respect to the longitudinal dimension of the
electrode (vector normal to plane in Fig. 1). Actual
electrodes are represented by an elongated conductor with
RF current flowing in direction that is normal to RF
electrode cross-section. Because of the geometry scale
and the RF electrodes configuration – inductive heating is
a major component that contributes to plasma production.
Local contribution of the capacitive component is low and
less efficient at sustaining plasma than the inductive
component. Thus, a core plasma density is assumed to be
due to the ICP heating.

Fig. 1. Source geometry.

Fig. 2. Axial profile of the gas flow velocity.
This type of the source utilizes high gas volume
throughput (>1000s sccm). We assumed the laminar
incompressible flow (without turbulence) that is coupled
to the plasma model (described below) to determine the
gas velocity fields. Typical velocity magnitude along the
source axis is illustrated in Fig. 2.
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3. Plasma fluid model
To perform a feasibility study and investigation of the
proposed ICP source configuration, a computational
plasma fluid transient model was constructed in 2D/3D
space by using a commercial finite-element multiphysics
modelling tool. Wafer batch type of the reactor allowed
considering a single cell for 3D model. The 2D plasma
fluid model was applicable and provided good agreement
with 3D model with some limitation related to a specific
of the process zone.
The formulation of the ICP plasma module interface
solves a system of fully coupled partial differential
equations (PDEs) for the electron density [Eq. (1)] and the
mean electron energy [Eq. (2)]
𝜕𝑛𝑒
𝜕𝑡
𝜕𝑛𝜖
𝜕𝑡

+ 𝛁 ∙ 𝑒 = 𝑅𝑒 − (𝒖 ∙ 𝛁)𝑛𝑒 ,

(1)

+ 𝛁 ∙ 𝝐 + 𝑬 ∙ 𝒆 =

= 𝑆𝑒𝑛 − (𝒖 ∙ 𝛁)𝑛𝜖 + (𝑄 + 𝑄𝑔𝑒𝑛 )/𝑞

(2)

Here, ne is the electron density (1/m3), e is the
electron flux (m-2s-1), Re is the electron source (sink), i.e.
the electron production rate (m-3s-1), n is the electron
energy density (V/m3),  is the electron energy flux
(Vm-2s-1), Sen is the electron energy loss (gain) due to
inelastic collisions (V/m3), E is the electric field (V/m), Q
is the inductive external power deposition (W/m3), Qgen is
the generalized power deposition (W/m3), q is the electron
charge (1.602210-19 C), u is the mass-averaged fluid
velocity vector (m/s), t is the time and  is the vector
differential operator.
The mass fractions of the heavy species, wk, are
described by Eqs. (5) - (7). The mixture-averaged
diffusion model, including convection, is incorporated in
the plasma model.
𝜕𝑤

𝜌 𝑘 + 𝜌(𝒖 ∙ 𝛁)𝑤𝑘 = 𝛁 ∙ 𝒋𝒌 + 𝑅𝑘 ,
𝜕𝑡
𝒋𝒌 = 𝜌𝑤𝑘 𝑽𝑘 ,
𝑽𝑘 = 𝐷𝑘𝑚 𝛁𝑙𝑛(𝑤𝑘 ) + 𝐷𝑘𝑚 𝛁𝑙𝑛(𝑀𝑛 ) +

(5)
(6)
𝐷𝑘𝑇
𝜌𝑤𝑘

𝛁𝑙𝑛(𝑇) (7)

Here,  is the gas mixture density (kg/m3), wk is the
mass fraction of the kth species (dimensionless), jk is the
diffusive flux vector of the kth species (kgm-2s-1), Rk is
the rate expression for the kth species (kgm-3s-1), Vk is
the multicomponent diffusion velocity for the kth species
(m/s), Dkm is the mixture-averaged diffusion coefficient of
the kth species (m2/s), DkT is the multicomponent thermal
diffusion coefficient of the kth species (kgm-1s-1), Mn is
the mean molar mass (kg/mol) and T is the temperature
(K). The initial conditions for the parental heavy species
(fraction w0) are determined from the mass constraint
w0=1-∑wk, while the initial value of the ions is
determined from the electroneutrality constraints.
Furthermore, the electrostatic potential, V, from Eq. (8)
and the electric field, E, from Eq. (9) are coupled to the
system of Eqs. (1) and (2), while the following ground
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boundary conditions, e.g., V = 0, are considered for the
reactor walls.
𝛁 ∙ 𝐃 = 𝜌𝑣 ,
𝐄 = −𝛁V .

(8)
(9)

Here, D is the electric displacement field (C/m2) and v
is the electric charge density (C/m3). The computation of
the magnetic vector potential, [A (Vs/m), see Eqs. (10)
and (11)] that is generated by the RF coil (13.56 MHz)
was coupled to the system of Eqs. (1), (2), (8), and (9) in
the frequency-transient formulation to speed up the
convergence to the steady solution.
(𝑗𝜔𝜎 − 𝜔2 𝜀0 𝜀𝑟 )𝑨 + ∇ × (𝜇0−1 𝜇𝑟−1 𝑩) = 𝑱𝒆 ,
𝑩= 𝛁×𝑨 .

(10)
(11)

Here,  is the angular frequency (rad/s),  is the plasma
conductivity (S), and 0 and r are the permittivity of the
free space (8.854210-12 F/m) and relative permittivity
(dimensionless), respectively. Variable B is the magnetic
induction (T), and 0 and r are the permeability of the
free space (410-7 H/m) and relative permeability
(dimensionless), respectively. Variable Je is the electric
current density (A/m2) and label “j’ is the imaginary
number (√−1). The magnetic insulation at the model
boundaries is nA=0 and zero charge is set at the inlets
and outlet of the reactor, for example –nD=0. The plasma
module is supported by powerful partial differential
equation solvers, which sufficiently provide time-efficient
computation of the plasma fluid models. For more
detailed information about the plasma module physics
interface and the ICP fluid models, see, for example,
Refs. [1,2,3,4].
4. Chemistry
In the current work we assumed that plasma production
in NH3 gas was due to primary electron collisions listed in
Table 1, Refs. [5-9]. The reactions R15-R19 substitute an
ionization from excited states. Recent additions of the
NH3 cross section data on resonant dissociative electron
attachment (DEA) processes (R20 and R21) were
included into model [10].
Table 1. Electron impact reactions in NH3 described by
collision cross section.
No.

Reaction

Ref.

R1

e-+NH3→e-+NH3

[7]

R2

e-+NH3→2e-+NH3+

[5,8,9]

R3

e-+NH3→e-+NH3v2

[9]

R4

e-+NH3→e-+NH3v4

[9]

R5

e-+NH3→e-+NH3v13

[6,9]

R6

e-+NH3→e-+NH3e1

[9]

R7

e-+NH3→e-+NH2+H

[6]

R8

e-+NH3→e-+NH+H2

[6]

R9

e-+NH3→e-+NH3e2

[9]

R10

e-+NH3→2e-+NH2++H

[8]
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R11

e-+NH3→2e-+NH++H2

[8]

R41

NH2+NH→N+NH3

R56

NH2+NH→N2H3

R12

e-+NH3→2e-+N++H+H2

[8]

R42

2NH→2H+N2

R57

2N2H3→2NH3+N2

R13

e-+NH3→2e-+NH2+H+

[8]

R43

NH+N→H+N2

R58

N2H3+H→N2H2+H2

R14

e-+NH3→NH3-

[9]; Adapted from [5]

R44

NH2+N→2H+N2

R59

N2H3+NH2→N2H2+NH3

R15

e-+NH3v13→2e-+NH3+

Adapted from [8,9]

R45

N2H→H+N2

R60

N2H4+H→N2H3+H2

R16

e-+NH3v2→2e-+NH3+

Adapted from [8,9]

R46

N2H+H→H2+N2

R61

N2H4+NH2→N2H3+NH3

R17

e-+NH3v4→2e-+NH3+

Adapted from [8,9]

R47

N2H+NH2→NH3+N2

R62

2N2H3→N2H4+N2H2

R18

e-+NH3e1→2e-+NH3+

Adapted from [8,9]

R19

e-+NH3e2→2e-+NH3+

Adapted from [8,9]

R20

e-+NH3→NH2+H-

[5,9,10]

Table 4. Reactions of neutrals and M species included in
the model.

R21

e-+NH3→NH2-+H

[10]

No

Reaction

Note

R63-R68

H+H+M→H2+M

R69-R75

NH2+H+M→NH3+M

R76-R82

NH+H+M→NH2+M

Species M are considered
NH3, NH3v13, NH3v2, NH3v4,
NH, H2 and H.

R83-R89

N+H+M→NH+M

R90-R96

NH3+NH+M→N2H4+M

R97-R103

N2H4+M→2NH2+M

R104-R110

2NH2+M→N2H4+M

A substantial production of hydrogen (H2) occurs due to
the fragmentation of the NH3. In the model we used a set
of hydrogen cross sections obtained from IST-LISBON
data in the LXCat open-access database [11-14], which
were complemented by rotational cross sections from the
Phelps database [15]. The cross section producing
negative hydrogen ions (H-) was taken from Itikawa’s
data [16]. We implemented the supermolecule concept
that was described earlier in Ref. [17]. The primary
electron collisions R22-R32 that are considering hydrogen
are listed in Table 2.
Table 2. Electron impact reactions in H2 described by
collision cross section.
No.

Reaction

Ref.

R22

e-+H2→e-+H2v123

[11-14,17]

R23

e-+H2→e-+H2e1

[11-14]

R24

e-+H2→e-+H2e2

[11-14]

R25

e-+H2→e-+H2rot

[15]

R26

e-+H2→e-+H+H*

[11-14]

R27

e-+H2→2e-+H2+

[11-14]

R28

e-+H2→H+H-

[16]
[11-14]

R30

e +H2 →2e +H2+
e-+H2e1→2e-+H2+

R31

e-+H2e2→2e-+H2+

[11-14]

R32

e-+H2rot→2e-+H2+

[11-14]

R29

-

v123

-

[11-14]

Large number of neutral fragments NxHy participated in
homogeneous or three-body reactions (R33-R110) and
was considered within gas phase (reactions are listed in
Tables 3 and 4). The surface interactions (S1-S25) given
in Table 5 were accounted for boundary conditions at the
source walls.
Table 3. Reactions of neutrals included in the model.
No

Reaction

No.

Reaction

R33

H+H+H2→2H2

R48

NH+NH2→N2H2+H

R34

2H+NH3→H2+NH3

R49

N2H+NH→NH2+N2

R35

H+NH3→H2+NH2

R50

2NH2→N2H2+H2

R36

H2+NH2→H+NH3

R51

H+N2H2→N2H+H2

R37

2NH2→NH+NH3

R52

NH2+N2H2→N2H+NH3

R38

NH2+H→NH+H2

R53

NH+N2H2→N2H+NH2

R39

NH+H2→H+NH2

R54

2NH2→N2H3+H

R40

NH+H→N+H2

R55

N2H3+H→2NH2
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Table 5. Recombination reactions at the wall surface.
No.

Reaction

No.

Reaction

No.

Reaction

S1

NH3+→NH3

S1

H2+→H2

S21

NH2+H→NH3

S2

NH3-→NH3

S12

H+→0.5H2

S22

NH+H→NH2

S3

NH3v13→NH3

S13

H-→0.5H2

S23

NH+2H→NH3

S4

NH3v2→NH3

S14

H*→0.5H2

S24

N+H→NH

S5

NH3v4→NH3

S15

H→0.5H2

S25

N→0.5N2

S6

NH3e1→NH3

S16

H2e1→H2

S7

NH3e2→NH3

Note: Probability to
recombine and return
back to the plasma was
set to 1.

S8
S9
S10

S17

H2e2→H2

+

S18

H2v123→H2

-

S19

H2rot→H2

+

S20

N+→0.5N2

NH2 →NH2
NH2 →NH2
NH →NH

5. Results and discussion
The computational validation of the model was
performed for operation in the inert gas argon. We used a
limited number of cross sections for the reaction scheme
of the electron-argon collisions, which were obtained
from Morgan’s data in the LXCat open-access database
[5]. Comparison of the 3D and 2D models in argon (Ar)
plasma showed good agreement. The electron density (ne)
and temperature (Te) for Ar (3D) and NH3 (2D) are
plotted in Figs. 3-a and 3-b, respectively. The ne in NH3
exhibited a plateau inside source and almost one order
lower values than in Ar plasma. On the other side, the
electron temperature was much higher in NH3 plasma vs
Ar, e.g. 2.5 eV vs 1.5 eV, respectively. We believe, low
energy electrons were efficiently consumed in DEA
processes due to NH3 fragmentation and exposing the
electrons to a variety of possible low energy reaction’s
paths than it is available in pure Ar plasma. The
ambiguity was brought by another steady solution that
was computed with resultant dominant N2 and H2
fractions inside plasma source. Since, not all reactions in
the N2 plasma were included – only as by-products
resulting from NH3 decomposition – it is too early to
judge about the ion-ion plasma formation (very low ion
density and almost electron-free plasma with ne fraction

ISPC23, Montreal, Canada

Diagnostics and modelling in plasma chemistry

of about 10-3), though transient simulation indicated this
transition could occur within 10-4 – 210-3 s after ignition.
The overall impact of the negative ions and presence of
the N2 on plasma properties and radical fraction can be
assessed by inclusion a detailed N2 chemistry into model.

a)

b)
Fig. 3. The axial profile of the electron density and
temperature in Ar (t=10 ms) and NH3 plasma (t=125 µs).

Fig. 4. The axial profiles of charged particles, radicals and
neutrals in NH3 plasma source at time t=125 µs.
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The axial profiles of charged particles and neutrals in
NH3 plasma source are plotted in Fig. 4.
6. Conclusions
The 2D/3D fluid model of the linear ICP source has
been used to study main plasma properties and radical
fractions in ammonia. The model provides the space
distribution of charged particle densities (10), radicals
(20), electron temperature and potential. Fractions were
computed for all ammonia plasma species under high
velocity flow conditions. The inclusion of the larger
number of reactions and negative ion generation could
lead to steady ion-ion plasma formation and expulsion of
electrons from the source domain. Detailed study of the
NH3 plasma electronegativity (with N2 gas, inclusively) is
left for a future contribution.
7. Acknowledgements
The author is thankful to H. Higuchi, A. Suzuki and K.
Matsuzaki for valuable discussions.
8. References
[1] M. A. Lieberman and A. J. Lichtenberg, Principles of
Plasma Discharges and Materials Processing, (Wiley,
New York, 2005) 2nd ed.).
[2] G. J. M. Hagelaar, and L. C. Pitchford, Plasma
Sources Sci. Technol., 14, 722 (2005).
[3] D. P. Lymberopolous and D. J. Economou, J. Res.
Natl. Inst. Stand. Technol., 100, 473 (1995).
[4] COMSOL Multiphysics, Plasma Module User’s Guide
v.5.2, www.comsol.com, (2016).
[5] Morgan database, www.lxcat.net (retrieved on March
17, 2015).
[6] M. Yousfi and M.D. Benabdessadok, J. Appl. Phys.,
80 (12), 6619-6630, (1996)
[7] M. Hayashi, Nonequilibrium Processes in Partially
Ionized Gases, 333-340, (1990)
[8] T. J. Sommer and M. J. Kushner, J. Appl. Phys., 71
(4),1654-1673 (1992)
[9] Hayashi database, www.lxcat.net (retrieved on March
17, 2015)
[10] Prashant Rawat, Vaibhav S. Prabhudesai, M. A.
Rahman, N. Bhargava Ram and E. Krishnakumar, Int. J.
Mass Spectrometry, 277, 26-102 (2008)
[11] IST-Lisbon database, www.lxcat.net (retrieved on
March 17, 2015).
[12] L. L. Alves, Journal of Physics: Conference Series,
565, 012007 (2014).
[13] S. J. Buckman and A. V. Phelps, J. Chem. Phys., 82,
4999 (1985).
[14] H. Tawara, Y. Itikawa, H. Nishimura, and M.
Yoshino, J. Phys. Chem. Ref. Data, 19, 617 (1990).
[15] Phelps database, www.lxcat.net (retrieved on March
17, 2015).
[16] Itikawa database, www.lxcat.net (retrieved on March
17, 2015).
[17] J. Brcka, Jap. J. App. Phys. 55, 07LD08 (2016).

171

poster

Diagnostics and modelling in plasma chemistry

A study of plasma-precursor interactions in solution precursor plasma spray
using optical emission spectroscopy
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Abstract: In this work, we use optical emission spectroscopy to study plasma-liquid
precursor interactions in solution precursor plasma spray. A mapping of the plasma jet is
performed with a bundle of 13 optical fibres to observe the evolution of titanium
isopropoxide droplets inside the plasma. The monitoring of temperature and of spectral
lines ratios inside the plasma, with and without liquid precursor injection, is explored as a
non-intrusive diagnostic tool to bring new information in the understanding of the precursor
decomposition.
Keywords: solution precursor plasma spray; plasma-precursor interactions; optical
emission spectroscopy;
1. Introduction
Solution precursor plasma spray (SPPS) allows to get a
finer microstructure and a better control of the coating
chemistry when compared to the classical plasma spray
with microsized powder precursors. Nevertheless, liquid
injection brings a new complexity because the injected
droplets will pass through different steps: first, the solvent
will evaporate, increasing the concentration of the
material, then the precursor will precipitate, melt and
partially evaporate [1]. The resulting coating structure
depends on the history of the droplets inside the plasma,
so it is important to be able to follow these stages. Thus,
to better control this process, it is necessary to improve
the understanding of the interactions between the
precursors and the plasma. Optical emission spectroscopy
(OES) is a non-invasive useful tool which allows to get
many information from the plasma such as its temperature
and at least its qualitative composition.
The aim of this study is to use OES to observe the
evolution of the precursors inside the plasma. To do so,
two different approaches will be used. First, a temperature
mapping of the plasma will be done with and without the
injection of the precursor; this has already been studied
for a DC plasma with radial injection [2], but not as
extensively for an inductively coupled RF plasma with
axial injection. It allows the observation of the effect of
the solvent on the plasma. This approach will be coupled
with the study of the evolution of the precursor
evaporation through the observation of its optical
emission lines (molecular and atomic spectra).
2. Experimental set-up and Methods
The plasma is generated with a radio frequency torch,
model PL50 from Tekna, connected to a 3 MHz Lepel RF
power supply. The solution is axially injected with an
atomizing probe connected to a peristatic pump. In order
to not perturb too much the plasma jet, a small flow rate
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(3 mL/min) of liquid was used to perform the OES. The
power was 22.7 kW, the pressure inside the chamber was
16 kPa, central gaz was argon (21 slpm), sheath gaz was a
mixture of argon (75 slpm) and oxygen (60 slpm), and
atomization gaz was argon (10 slpm).
The OES is performed with an Isoplane SCT320
spectrometer (Princeton Instruments) connected to a Pixie
256 CCD camera. Two different gratings can be used, one
with 1800 grooves/mm, allowing a resolution of 0.037 nm
per pixel but covering a spectral range of 38 nm, and
another one with 300 grooves/mm reducing the resolution
to 0.256 nm per pixel but covering a broader spectral
range of 261 nm. The acquisition time for each spectrum
was 100 ms and 50 spectra were averaged to reduce the
noise. A spectrum was recorded every 3 mm along the
plasma width.
The light is collected with an optical fibre bundle from
LEONI containing 13 fibres. At the end of each optical
fibre, a collimating lens is used to capture a beam of light
with an estimated radius of 1.5 mm.
Because the injection is done axially inside the plasma
and long acquisitions were made, an Abel inversion was
attempted using the Bernstein coefficient method [3]
using up to the fifth coefficient. It has the advantage to be
derivative-free and allows an interpolation of the data.
Excitation temperature measurement is done using the
Boltzmann plot method. In the hypothesis of local
thermodynamic equilibrium, it is possible to link the
intensity of argon lines with the temperature:
𝐼

𝑙𝑛 ( 𝑝𝑞

λ𝑝𝑞

𝑔𝑝 𝐴𝑝𝑞

)=

−𝐸𝑝
𝑘𝑇

+ 𝐶 (eq.1)

with the intensity Ipq corresponding to a transition
between the upper level p to the lower level q, λpq the
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wavelength, gp the statistical weight, Apq the transition
probability, Ep the energy level, k the Boltzmann constant,
T the excited temperature and C a constant. The
measurement uncertainty is evaluated with the quality of
the fit and is about 10 to 15%. Argon lines in the spectral
range of 415 nm to 435 nm were used to draw the
Boltzmann plot. The figure 1 presents an example of the
obtained graphs.
To observe the evolution of the vapour density coming
from the solvent (ethanol), the intensity of the Hγ line was
used since ethanol was the only source of hydrogen
atoms. The ratio was computed with an argon line
(415.86 nm). When titanium isopropoxide was added to
ethanol, the titanium evaporation was followed with the
line at 650.8 nm.

Fig. 1. Example of the obtained Boltzmann plot.

Fig. 2. Temperature profile of a plasma (a) without and
(b) ethanol injection.

3. Preliminary results
A temperature mapping was performed without and
with the injection of ethanol (see figure 2). It can be seen
that the temperature decrease in the plasma periphery is
sharpest without the injection of ethanol. Furthermore,
there is an increase in energy with the injection of ethanol
at a distance of 2 cm downstream the plasma (measured
from the torch nozzle). Although the Abel inversion was
performed with a limited number of points, the evolution
of temperature is coherent with our expectations. When
titanium isopropoxide is injected, the spectrum analysis is
more complicated since Ti is a highly emitting element.
With the current results, it wasn’t possible to perform a
reliable temperature mapping, but more accurate
measurements are planned.
The figure 3 shows the evolution of the hydrogen line
inside the plasma. It is apparent that the ratio grows
downstream the plasma, so ethanol vapour continues to be
atomized. The time of flight of droplets in the periphery is
higher than the one in the centre (the plasma velocity is
smaller [4]), giving more time to the plasma to
decompose the ethanol, which could explain the radial
rise in hydrogen content.
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Fig. 3. Ratio between the line Hγ and an argon line at
different positions
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The same graph was made with a titanium line
(650.8 nm) and the Hγ line when titanium isopropoxide
was added to the ethanol (figure 4). For the case of
titanium, the evolution is the opposite; the maximum
intensity is in the middle of the plasma and upstream. It
can be deduced that the solvent evaporation is already
completed at 2 cm from the torch and that some titanium
vapour are already produced from the titanium
isopropoxide. There is a gap in the emission of titanium
between the distance 4 cm and 6 cm. It could be explained
by the formation of the molecule TiO as the temperature
drops, even if the spectroscopic signature of this molecule
has not been observed, most likely because of the small
feed rate and small amount of titanium inside the plasma.
The evolution of the hydrogen line is different from that
in figure 3. First, the general value is bigger, indicating
that there is more hydrogen. The axial variation shows
also a gain, but the radial profile seems more constant.
Knowing that the decomposition of titanium isopropoxide
is more important at the centre of the plasma, as figure
4(a) suggests, it also means that there is a gain in
hydrogen coming from the titanium isopropoxide.
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4. Conclusion
In this study, the feasibility of plasma-precursor
interactions analysis using OES was shown by using
temperature maps and spectral lines ratios. More
experiments are needed and planned to study the effect of
oxygen and of the precursor concentration onto the
observed profiles. Observations will be related to the
chemical reaction paths likely to occur along the plasma
jet. The accuracy of the measurements will be improved
by raising the number of acquisitions and by improving
the experimental set-up (such as the accuracy of radial
and axial displacements).
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Abstract: A pulsed CO2 microwave discharge is investigated through power measurements
and time resolved optical emission spectroscopy. Implications of varying pressure on the
absorbed power are discussed. Emission of O, CO, C and C2 is measured for 160 mbar and
350 mbar. At 160 mbar the emission decays with the power, while at 350 mbar the decay
time is several μs, which indicates that excited states of O, CO, C and C2 are still produced
in the afterglow.
Keywords: pulsed microwave plasma, CO2 conversion, optical emission spectroscopy.
1. Introduction
The rising energy demand and increasing CO2
emissions are driving scientists to come up with better
and/or new sustainable energy technologies. One
possibility is the plasma-based conversion of CO2 to
recycle hydrocarbon fuels. Microwave discharges are
believed to be an optimal candidate for CO2 conversion
due to their low electron temperatures (≈ 1 eV), which can
lead to efficient CO2 dissociation by vibrational excitation
which requires a low electron energy [1-2]. In addition,
by operating a discharge in pulsed mode, often plasma
densities are increased compared to continuous mode for
a given power density [3-4]. This however depends on the
production and loss mechanisms of the desired species
under the specific conditions.
Apart from increasing plasma densities, pulsing also
allows to investigate the production and loss mechanisms.
In pulsed plasmas, typically there is an initial peak in Te,
followed by a peak in ne, and afterwards a steady state if
the pulse width is long enough [5]. From the decay phase,
the loss mechanisms can be investigated.
For efficient CO2 dissociation in a microwave
discharge, one would like to improve dissociation by
vibrational excitation. Therefore non-equilibrium is
required [6, 7], i.e. the vibrational temperature needs to
remain high and loss to translational degrees of freedom
(heating) needs to be reduced. Pulsing of the plasma could
be a way to increase the non-equilibrium by adjusting the
timescales. A pulsed discharge can also be applied to
lower the gas temperature when heat-sensitive materials
such as membranes are included in the afterglow for O2
separation.
A pulsed CO2 microwave discharge has been optically
characterized in [8], however only at very low pressures
(1-13 mbar). In this work, time resolved optical emission
spectroscopy is performed on a pulsed CO2 microwave
discharge at 160 mbar and 350 mbar to investigate the
discharge kinetics. In addition, the absorbed power is
measured and discussed.
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2. Experimental setup and diagnostics
A pulsed microwave discharge is generated using a
solid state RF source (Ampleon) which is triggered by a
function generator (Fig. 1). The frequency of the
microwaves in this work is 2.45 GHz. The plasma is
created in a quartz tube (ø 30 mm) which is inserted in a
WR340 waveguide. Pure CO2 is injected tangentially at
the top of the quartz tube with a mass flow rate of 6 slm.
The residence time of the gas for the investigated
conditions is several ms, which is significantly longer
than the pulse duration (here fixed at 50 μs). In this work,
measurements are performed at 160 mbar and 350 mbar.
A duty cycle of 60% and a repetition frequency of 12 kHz
are maintained in this work, so the on-time of the power is
50 μs and the off-time 33.33 μs. The peak power in this
work is 690 W.

Fig. 1. Experimental setup.
A HOMER STHT 2.45 GHz autotuner is used in pulsed
signal sampling mode to tune the discharge. The input and
reflected power signals as a function of time are
monitored using microwave diodes and an oscilloscope.
Since the reflected power waveform is changing when
autotuning is activated, autotuning is switched off during
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the measurements in order to have a stable power
waveform.
The voltage signal measured using the microwave
diodes is converted to a power using power measurements
of the autotuner in continuous plasma mode. The
autotuner power measurements in continuous plasma
mode have in turn been verified with calorimetric power
measurements by replacing the plunger at the end of the
waveguide with a water load. The absorbed power by the
plasma is calculated by subtracting the reflected power
from the input power.
Time resolved optical emission spectroscopy is
performed using a PI-MAX4 iCCD camera coupled to a
0.750 m Acton monochromator. O and C emission at 777
nm and 248 nm, respectively, is collected from the middle
of the plasma channel in the waveguide with a 5 ns gate
width. The third positive system of CO is measured
between 293 and 299 nm with 200 ns gate width due to
the low emission intensity, and C2 Swan emission around
470 nm (Δν=-1) is captured using a gate width of 10 ns.
3. Results
The time resolved emission of O and CO at 160 mbar is
shown in Fig. 2. At 160 mbar no C or C2 emission is
observed. The O and CO emission shows a peak at about
50 ns after the pulse starts, while the rise time of the
power is about 15 ns as measured with a high-speed
digitizer (8 GS/s, Acqiris). After about 15 μs, steady state
is obtained, and when the power is switched off, the
emission goes down immediately with the power. The
decay time of the power is about 15 ns.

Diagnostics and modelling in plasma chemistry

Fig. 3. Time resolved optical emission and absorbed and
reflected power at 350 mbar.
At 350 mbar, a considerable amount of continuum
emission is observed, contrary to at 160 mbar. This
continuum emission could not be corrected for in the CO
emission. Emission of O and CO appears at the onset of
the power. CO emission gradually increases and stabilizes
around 25 μs, while O emission has its maximum
intensity during the first 8 μs and then decreases until
about 15 μs. C and C2 emission only appears several μs
after the start of the power and increases until the end of
the 50 μs pulse.
Surprisingly, the decay time of the emission is much
longer at 350 mbar compared to 160 mbar. As collisional
quenching becomes more important at higher pressure, a
shorter decay would be expected. The decay time
measured at 350 mbar is between 3 μs and 4 μs. The
radiative lifetime is 27 ns for O (777 nm) (without taking
into account quenching) [9], 36 ns for C (248 nm), 101.8
± 4.2 ns for C2 Swan [10], and 57.6 ns for CO [11].

Fig. 2. Time resolved optical emission and absorbed and
reflected power at 160 mbar.
In Fig. 3 the measured emission at 350 mbar is shown.
Note that at 350 mbar the plasma is constricted, while at
160 mbar the plasma is diffuse. From Fig. 2 and 3 it can
be seen that the power coupling efficiency during plasma
breakdown is worse at higher pressures but the reflected
power tends to zero at the end of the pulse, indicating that
the power is fully coupled to the plasma when it reaches
steady state conditions.
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Fig. 4. Example of a measured and fitted spectrum of the
C2 Swan Δν = -1 bands.
From the Δν = -1 transitions of the C2 Swan band, the
rotational (Trot) and vibrational (Tvib) temperatures of C2(d
3
Πg) are obtained using massiveOES [12] and the C2
Swan database of PGOPHER [13] (Fig. 4 and 5). The
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accuracy of the obtained temperatures is estimated to be
about 1000 K, since in this range a reasonable fit could be
obtained. Note that it is not guaranteed that the rotational
temperature obtained from the C2 Swan system (d 3Πg – a
3
Πu) represents the gas temperature [14] and that a
verification with a different temperature measurement is
necessary.
Since C2 emission only appears several μs after the
power is switched on, no temperature information could
be obtained during the plasma onset. The fits show that
the rotational temperature of C2(d 3Πg) is increasing until
about 20 μs, and that the difference between the rotational
and vibrational temperature of C2(d 3Πg) disappears
during the pulse.

Fig. 5. Rotational and vibrational temperatures obtained
from fitting the C2 Swan Δν = -1 transitions.
4. Discussion
It is important to note that the power absorbed by the
plasma is influenced by the pressure, and also by the offtime. Carbone et al [5, 15] observed a plasma ignition
delay compared to the input power rise time, which scales
proportionally with pressure and inversely with pulse
repetition frequency. So the delay increases with
increasing pulse repetition time and thus off-time. The
ignition delay was also found to decrease for higher
microwave peak power. These observations are explained
by the time needed to build up a sufficient amount of
electrons to carry enough microwave power for
breakdown [15]. Rousseau et al mentioned that the
continuous change of the plasma density and gas
temperature in pulsed mode can lead to a continuous
modification of the plasma impedance [16]. A
consequence is that it is more difficult to maintain a
discharge at low duty cycle (long off-time). In that case
the impedance matching without plasma (to initiate the
plasma) is very different from the impedance matching
with plasma and a compromise needs to be found.
However, as the rise time of the power decreases with
increasing peak power, the longer rise time for shorter
pulses could be compensated for by increasing the peak
power.
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From the time resolved optical emission measured at
160 mbar and 350 mbar, production and loss mechanisms
occurring in the studied discharge can be investigated.
The long decay time of the optical emission at 350 mbar
shows that production of O(3p 5P), C(1P), CO(b 3Σ) and
C2(d 3Πg) still occurs after the power is switched off. The
decay times of the emission of O, CO and C2 are similar,
which could indicate that a similar mechanism is
producing the excited states in the afterglow.
The excitation energies for the observed emission are
10.74 eV for O(3p 5P), 7.68 eV for C(1P), 10.94 eV for
CO(b 3Σ) and 2.4 eV for C2(d 3Πg). Since 5.5 eV is
required to dissociate CO2 into CO and O, more than 16
eV is needed to produce O(3p 5P) and CO(b 3Σ) in one
step. Ground state O and CO, as well as certain excited
states of O and CO, can be produced from electron impact
dissociation of CO2, dissociation by vibrational excitation,
dissociative attachment and dissociative ionization of CO2
(ionization energy of CO = 14 eV). Dissociation of CO2
can also occur through thermal dissociation.
As a source of the observed emission, it is probable, in
particular during the pulse, that O(3p 5P) and CO(b 3Σ)
are formed in (repeated) electron impact excitation from
ground state O and CO. CO(b 3Σ) can also be created in
three-body association of O and C:
(1)
O + C + M → CO(b 3Σ) + M
since upon association of O and C, 11.1 eV is released.
For this however, atomic C needs to be present. After the
power is switched off, O(3p 5P) can also be created in
electron recombination with O+ or positive-negative ion
recombination, but then we should see it at lower pressure
as well which means that we can rule this process out.
CO(b 3Σ) can be produced in reactions between
vibrationally excited CO states with sufficient energy.
In the afterglow, the dominant channel of dissociative
recombination of CO2+ (ionization energy CO2 = 13.8 eV)
is the production of CO + O [17], however it cannot
produce CO(b 3Σ) or O(3p 5P) immediately. The highest
states which are energetically allowed are CO(e 3Σ-) and
O(1S) [18]. At this point, it is not sure yet whether CO2+ is
the dominant ion, but simulations indicate that at these
pressures cluster ions are readily produced [19].
As shown in the results section, C and C2 emission is
only observed at 350 mbar, and interestingly, it appears
only later during the pulse for 60% duty cycle and 690 W.
Note that it is observed for higher peak power and higher
duty cycle (shorter off-time) that the emission doesn’t
decay to zero in between the pulses, and that the emission
of C, C2 and also O and CO gradually increases during the
pulse. These results are not shown here, but will be shown
and discussed in more detail in a following publication.
The 60% duty cycle case thus seems to be an interesting
case where C and C2 emission only appear in a later phase
during the pulse.
The presence of C and C2 emission indicates that
dissociation of CO occurs (dissociation energy = 11.1
eV), and therefore the CO2 to CO conversion may not be
very energy efficient. Electron impact dissociation of CO
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can only occur when the electron energy is larger than
11.1 eV. Apart from that, C can also be formed by
vibrationally excited CO or metastables [20]:
(2)
COv1 + COv2 → CO2 + C
3
CO(a Π) + CO → CO2 + C
(3)
Thermal dissociation of CO2 to C occurs for temperatures
above 6000 K for a pressure of 1 bar [21]. For 350 mbar
the temperature at which dissociation to C occurs is
expected to be similar. Thermal dissociation of CO2 to
CO starts from about 2000 K at a pressure of 100 mbar
[22]. It is then plausible that thermal dissociation of CO2
to CO occurs, after which CO is vibrationally excited and
forms C as shown in reaction (2).
After C is formed, C2 can be produced in three-body
association processes and wall reactions. For the current
conditions, however, wall reactions are not likely. Threebody processes are more probable at higher pressure,
which could explain why C2 emission is not observed at
160 mbar. Also in [20] it is mentioned that in pure CO2
discharges C2 emission can only be seen at higher
pressures. The pressure at which this transition occurs is
said to depend on tube diameter, power input and power
coupling mode. In the current work, for the investigated
conditions, C and C2 emission is observed above about
200 mbar. In CO2 discharges in a Beenakker cavity this
occurs at approx. 5 mbar [20], in a surfatron discharge
above 20 mbar [20]. Modifying these parameters (tube
diameter, power input and power coupling mode) could
thus be a way to shift the pressure at which C2 is formed
to higher pressure, and perhaps to reduce C formation and
make CO2 dissociation more efficient. Another way to
make CO2 dissociation more efficient could be to limit the
power on-time to a time before C and C2 emission
appears. For the conditions of Fig. 3 this would then mean
a power on-time of about 5 μs. This is currently under
investigation.
5. Conclusions
The reflected and thus absorbed power during the pulse
is seen to depend on the pressure. It is more difficult to
sustain a stable plasma at higher pressure due to an
increased difference in impedance matching when the
plasma is on and off.
C and C2 emission is observed only above ≈200 mbar,
so it seems that no atomic carbon is present at lower
pressure, and that CO2 to CO dissociation is more energy
efficient at lower pressure. The decay times of the optical
emission are several μs at 350 mbar, in contrast with the
ns decay time at 160 mbar. It seems that at 350 mbar
thermal dissociation to CO and vibrationally excited CO
are important in the formation of C and subsequently C2
under the investigated conditions .
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Abstract: The CO2 plasma chemistry is complex and a step by step analysis of all
components of the model is necessary. An accurate description requires complete data input
for electron, ions and heavy particles kinetics. In this contribution, we present a preliminary
analysis of the species densities as a function of the electron density and temperature and
for a given pulsed power input obtained by kinetic modelling. The output of the model is
discussed and further steps are underlined.
Keywords: pulsed plasma, CO2 conversion, kinetic modelling.
1. Introduction
The reduction of emission and recycling of greenhouse
gases such as CO2 is one of the main challenges of the
21st century. One of the proposed methods and currently
most promising is microwave plasma reduction of CO2
into CO (+O2) and fuels using additive gases such as H2,
H2O or CH4. This technology offers the advantage that
energy can be stored and consumed again in a C-neutral
emission process. Small lab-scale measurements have
shown good promise [1, 2, 3] but the fundamental
mechanisms still need to be understood in order to being
able to scale up such devices to industrial scale.
Microwave discharges combine high power densities
with low electric fields which are favorable conditions for
an energy efficiency and high conversion rate of CO2 into
CO [1]. For an efficient CO2 dissociation by a microwave
discharge, one would like to improve dissociation by
vibrational excitation which is energy efficient. Therefore
it is believed that the non-equilibrium degree needs to be
increased, i.e. the vibrational temperature needs to remain
high and loss to translational degrees of freedom (heating)
needs to be reduced. Optimal conditions for energy
efficient are then high vibrational temperature and low
gas temperature in order to reduce cooling via vibrationaltranslational (VT) transfer [4]. Pulsing can be a way to
increase the non-equilibrium by adjusting the timescales
to reduce gas heating. Besides being a tool to tune the
plasma properties, power pulsing also allows to
investigate the production and loss mechanisms in the
plasma. In the ignition phase production mechanisms can
be probed while in the decay phase, the loss mechanisms
of the dominant species like the electrons can be
investigated [5, 6].
Experiments allow getting direct insight in some plasma
parameters such as the rotational and vibrational gas
temperatures and densities of certain excited species like
C2 and CO molecules [2, 7], energy efficiencies and
conversion rate and to study the effects of plasma
parameters such as reactor geometry and excitation
frequency. However, many species can be directly
accessed only via specialized diagnostic techniques like
two photon laser induced fluorescence (TALIF) for O
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atom densities, coherent anti-Stokes Raman scattering
(CARS) for vibrational distribution functions, high
resolution absorption spectroscopy in the visible and
infrared range for excited electronic states, laser photodetachment for negative ions and ion molecular beam
mass spectrometry for positive ions. A second (and
complementary) approach which can be very powerful is
kinetic modelling using state of the art cross sections and
rate coefficients for electron impact processes and
reactions between neutrals and/or ions. The internal
degrees of freedom of these species also strongly
influence the electron energy deposition mechanisms and
main dissociation pathways and they have to be described
quantitatively as well in order to develop a predictive tool
for plasma sources optimization. A model that includes all
the principal energy and reaction pathways will allow
defining a roadmap for the scaling up of plasma devices
both with higher gas flow throughput and power
consumption/energy storage capabilities. In the case of
volume averaged models, the definition and selfconsistency of effective external parameters such as
reduced electric field or power density is nevertheless
critical for a one to one comparison with experiments (cf.
section 3). Volume averaged models are currently the
only type of model allowing to handle plasma chemistries
in their full complexity and cannot consider detailed
reactor geometrical aspects. After identification of the
main reaction pathways, these processes can then be
included into spatially (and temporally) resolved fluid
models with a minimum loss of information.
In this contribution, we present an initial investigation
of the kinetics of a pure CO2 plasma using a global
plasma model developed by Koelman et al [8] and test its
robustness for a large range of external plasma
parameters. The input dataset is based on the work of
Aerts, Kosák and co-workers [9, 10]. The global plasma
model implemented in the PLASIMO modelling platform
[12] allow to solve the plasma dynamics both for steady
state conditions and pulsed power inputs while taking into
account transport and wall reactions through additional
source and sink terms of species [13]. In order to identify
which species are important in terms of densities,

179

poster

calculations in steady state are performed for given values
of electron density and temperature. Typical electron
density and temperature values for high pressure
discharges may be expected in the range of 1018-1021m-3
and 0.5-3 eV [11]. Additionally, the model is run for a
given square pulsed power input in order to get some
insight into the relevant timescales of the plasma.

Diagnostics and modelling in plasma chemistry

investigation. (iv) For the present steady state
calculations, the negative ions were not considered.
Calculations in pulsed mode (see next section) showed
that the negative ions hardly influence the trends or
absolute values of the neutral species and positive ions
densities. With the inclusion of negative ions, only the
O4+ ion behavior is seen to be strongly affected and the
electron density is reduced by 30% in the steady state.

2. Description of the model
The model used for the present calculations is
based on the one developed by Koelman et al [8] while
considering the same species and reaction rates. The
calculations are made according to some simplifications:
(i) The transport losses at atmospheric pressure are
negligible compared to volume losses and the species
balance equations reduce simply to the following form
𝜕 𝑛𝑗
(
) = 𝑃𝑗 − 𝑛𝑗 𝐷𝑗
𝜕𝑡
where Pj are the source terms via two or three body
processes and Dj are the destruction processes by two or
three body collisions. Pj and Dj are function of species
densities, the mean electron energy 〈𝜀〉 and the gas
temperature. (ii) The electron energy density balance Ue
with Ue= 〈𝜀〉ne is solved as
𝜕 𝑈𝑒
(
) = 𝑃 − 𝑄𝑒𝑙𝑎𝑠 − 𝑄𝑖𝑛𝑒𝑙
𝜕𝑡
with P, Qelas and Qinelas respectively the input power
density, the energy density of the elastic processes and the
energy density of the inelastic processes. (iii) The
vibrational states of CO and CO2 are not being considered
in order to significantly speed up the calculations. It also
allows bringing more insight into the kinetics in the limit
of the cold gas approximation [14] (i.e. vibrational
excitation is not important like in the case of dielectric
barrier discharges [10]). All the calculations presented for
this paper were performed for a pressure of 1000 mbar
and a gas temperature of 600 K. For the initial conditions,
all the species densities were set to 1.1015m-3 meanwhile
the initial CO2 density was determined by the set gas
pressure and temperature.
3. Steady state calculations
In order to get some insight into the effect of the
electron temperature Te and density ne, some calculations
were performed for steady state conditions with fixed Te
and ne (with unconstrained ion densities). This allows us
to alleviate the necessity of a power density input in the
electron energy balance. In the case when transport is
negligible, the local ne and Te values define the local
production and losses of species. In order to observe any
significant CO2 dissociation, power densities in the order
of 1011W/m-3 are needed. In the case of dielectric barrier
and microwave discharges, where dissociation degrees of
CO2 in the order of 1-20% can be routinely achieved, only
power densities in the order of 10 4-107W/m-3 are required.
This difference is probably due to some implicit
assumptions in the global model that will need further
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Figure 1: Steady state densities of some neutral species
as a function of the electron temperature and for a fixed
electron density of 1.1020m-3.
In fig. 1 and 2, the ground state densities of the main
species are shown for different temperatures and densities
of electrons. One can see that Te appears to strongly
increase the density of the O and C atoms while the
density of CO2 monotonously decreases both with Te and
ne and its by-products increase. The O atom density
appears to increase linearly with the electron density. This
can be explained by the very small probability of
recombination of O atoms in the gas phase and that,
although the CO2 density reservoir decreases, O2 and O3
molecules are also sources of O atoms by electron impact
dissociation. Adding O2 artificially into a CO2 discharge
and measuring the ground state O density by TALIF may
allow obtaining more insight into the source terms of O
atoms.
For Te = 2.5 eV, one can note in fig. 1 that the O atom
density becomes larger than the CO ground state density.
A detailed analysis shows that this unexpected behavior
(as an equivalent number of CO and O are produced from
dissociation of CO2 and the O atoms are lost via
recombination processes) comes from the large density
reservoir of CO species into its excited electronic states.
This is further illustrated in fig. 2 where for electron
densities in the order of 1021m-3, the densities of the
ground state and first excited electronic state of CO are
similar and become inverted. Similar behavior can be
seen for the excited states of O2 as well. These
calculations and analysis of the data input indicate that for
high electron temperature and densities that the collisional
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radiative processes of the excited electronic states may
not be fully captured. An inspection of the input data
show that the first CO excited level can be lost efficiency
by radiative relaxation and this process should be
included. Additionally, the cross sections for step-wise
ionization processes will need further investigation for the
CO2, CO and O2 molecules. One should note that
accumulation of energy in vibrational states of CO2
following successive pulses with population inversion
was already shown in the study of Aerts et al [10]. In our
current calculations, CO2 vibrational levels are not
considered but in order to correctly describe their kinetics,
it appears that radiative relaxation should be included as
well.

poster

During the whole duration of the pulse, one can see that
the densities of the CO, O species steadily increase while
the O2 and O3 species follow with some delay.
Experimental measurements on different plasmas sources
show that the emission from C2 molecules is very strong
[2, 15] and it is then surprising to see such a low C2
molecules density prediction compared to the C atoms
density. The model only highlights very strong sources of
C atoms by electron impact dissociation processes (as it
can be clearly seen from the rapid drop in density when
the power is switched off). Extra production mechanisms
of C2 may need to be added to get a full description of the
kinetics of this species. In the afterglow, one can see that
oxygen species dominate the kinetics meanwhile the
carbonated species disappear quickly at the exception of
the stable CO and CO2 species.
One can see in fig. 4 that the dominant positive ion
species are CO4+, C2O2+ and O2+. The primary ion CO2+
and CO+ are quickly lost by three body association
processes. The steady decay of the C2O3+ and C2O4+
densities seems to be related to the increase of neutral
processes involving the CO and O2 species which are
steadily increasing during the pulse (see figure 3) and
appear to be mainly converted into C2O2+. The reason for
the particularly high CO4+ ion density appears to come
from the relatively slow dissociative recombination
coefficient used in the model compared to its potential
parent ions O2+ and/or CO2+. Such trends should still be
confirmed experimentally (e.g. by absorption techniques
or mass spectrometry).

Figure 2: Steady state densities of some selected ground
state and excited neutral species as a function of electron
density for a fixed electron temperature of 1.5 eV. For the
definition of the (lumped) excited states of O2, CO and
CO2 molecules we refer to Aerts et al [10].
In the steady state calculations, the C2 molecule (that
can be observed as a dominant species by optical
emission [2, 15]) is found to be a minor species. Some
issues in its behavior (with negative densities observed in
some cases) were found and more investigations into its
kinetics are underway.
4. Pulsed power input
In figure 3 to 5, the model of Koelman et al [8] is
solved for a step pulsed power input with a value of
2.1011W/m-3 and the temporal evolution of the species
densities is followed during ignition and afterglow. In
quasi steady state, an electron density in the order of
6.1020m-3 with an electron temperature of about 3 eV is
reached. As in the previous section, the vibrational
excited states are not considered and electronically
excited states are additionally excluded in order to
improve and simplify the internal self-consistency of the
reaction pathways while negative ions are included.
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Figure 3: Temporal evolution of some selected neutral
species for a 50 µs pulse duration with a power density of
2.1011W/m-3.
The temporal evolution of the negative ions is
shown in figure 5 and one can see that the dominant ions
are CO3-, CO4-, O- and O2-. One can see that the densities
of the positive ions are in the same order of magnitude as
the dominant negative ion CO3- which has a similar
density as the free electrons. This is an interesting result
as it indicates that CO2 plasmas are very electronegative
plasmas in a similar way as O2 plasmas. Such
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measurements
should
be
however
confirmed
experimentally by measuring the negative ions densities
(e.g. via laser photo-detachment techniques).
Electron impact dissociative attachment of CO
and CO2 are the main sources of O- and the latter is
rapidly converted into CO3- via three body association
processes. CO4- is a cluster ion of O2- and can be formed
by three body collisions with CO2. The densities of these
ions appear to be correlated but the trend is not fully
straightforward because of a relatively complex interplay
between all negative oxygen ions. One can see that the
CO2- ion density remains on the other hand constant
indicating that it is a minor species without any
significant source not sink terms. Similar conclusion can
be drawn for the C2 molecule in fig. 5 for which no
significant source term is present. Interestingly, while
removing the negative ions completely from the model,
the qualitative and quantitative behavior of the positive
ions is almost identical excepted for O4+ which has a
lower density.

Figure 4: Temporal evolution of the position ions for the
same condition as in figure 3.

Figure 5: Temporal evolution of the negative ions for the
same condition as in figure 3.
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5. Conclusions and perspectives
From the brief discussion of the results presented in this
contribution, it is shown that much information can be
retrieved from the analysis of steady state and pulsed
power calculations. The description of the kinetics of
certain species appears to require still some improvements
like for the excited electronic states of CO and O2 or the
ground state C2 molecule. The present discussion is based
on a state by state analysis of reaction pathways and step
by step reduction and/or addition of more mechanisms.
Such method may be replaced by more systematic
approaches such as Principal Components Analysis
(PCA) [16] and the determination of Intrinsic Low
Dimensional Manifolds [17] which have been developed
in the combustion community. They look very promising
as analytical tools for studying complex chemical systems
also in the field of plasma physics. First steps into the
evaluation of such techniques are underway.
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Abstract—A new spatially averaged time-dependent collisional-radiative model for helium plasmas,
coupled to the electron Boltzmann equation (EBE), has been developped. Its main novelties are the full
time dependence for both the multi-species kinetics and the EBE, all electron processes are acounted
for accurately, the energy dependence of the electron loss by ambipolar diffusion is taken into account
approximately, all the processes which are known to be important in helium discharges for pressure
P ≤ 760 Torr are included, and 42 energy levels up to n = 6, where n is the main quantum number, are
taken into account. It is then applied to post-discharge decay cases with very short power decay times.
Keywords—helium discharge, atmospheric pressure, boltzmann equation, collisional radiative model
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1

I NTRODUCTION

The development and the study of nanosecond discharges, usually at atmospheric pressure, have achieved
great progress in the past decade. Such discharges could
find a promising role for a wide range of applications
also in medicine, aerospace and materials processing.
Recent works on the sub-microseconds time-scale [1], [2],
[3], [4], [5], [6] show the key role of excited species
and metastable states on the plasma dynamics, and these
depend strongly on the electron kinetics. However, the
time scale involved in these experiments strongly limits
the applicability of conventional diagnostic techniques and
numerical simulations offer a complementary approach to
understand the underlying physics and predict the plasma
properties.

2

N UMERICAL M ODEL

In this work, we have sought to make possible simulations in which the input parameters, particularly the input
power, are varied very rapidly. We have undertaken to
compute the time evolution of the EEDF and the evolution
of the populations concurrently with their complete time
dependence. This is neccessary when the input power
varies on a timescale of a microsecond or less (depending
on the pressure), but it is less so when this timescale is in
the tens of microseconds or more.
We have also sought to improve on the treatement of
the various processes which either create or remove free
electrons (see table 1), as compared to existing detailed
kinetic models [7], [8], [9], [10], where the EEDF is
simply renormalized (implying that all electrons removed
or created have the same energy distribution as all the
others, which is obviously not the case). Instead, we create
the new electrons due to electron impact ionization with
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zero energy, while those created by Penning ionization and
associative ionization are created with an energy equal to
the difference between the energy of the initial reactants
and the energy of the final products of these reactions. In
addition, for ambipolar diffusion, instead of assuming that
all electrons are lost at the same rate, we assume that most
of them are confined, while only the highest energy ones
(those able to overcome the sheath potential) are lost at
the free diffusion rate [11], [12], [13].
In order to illustrate the results of our model on a
time-dependent problem, we study here the time evolution
of the helium plasma post-discharge as a function of the
power decay time, which strongly determines the time
scale evolution of the post-discharge.
The post-discharge simulations were all performed by
continuing the ne = 1.7 × 1013 cm−3 case of Fig. 1 beyond
50 µs at which we had stopped it (designated as the time
t = 0 on the figures), but by cutting the power as P(t) =
P0 exp[−t/τ], where P0 is the power (165 W/cm) of the
steady-state discharge and τ is the selected power decay
time. We have recorded the time evolution of the electron
temperature and the densities of of electrons, atomic and
molecular ions and the metastable states 21 S and 23 S , the
radiative state 23 P and the excimer molecule He∗2 for the
decay times τ = 0.005, 0.05, 0.5 and 5 µs.
Figure 2 shows the time evolution of the densities for
different excited and charged species. Here we consider
only the shortest power decay time τ = 5 ns. The most
notable features in this figure are, first, the large increase
of the metastable state 23 S density by a factor of ∼ 16
occurring ∼ 100 µs after the power cutoff, and, second, the
two-step decay of the 21 S, 23 P, He∗2 and atomic ion densities. The strong increase of the 23 S density (also reported
in Belmonte et al[7]) can be understood by considering
all the processes which contribute to populating this state,
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TABLE 1: List of reactions included in the helium plasma model
#
1
2
3
4(∗2)
5
6
7

8(∗5)
9
10
11
12
13a
13b
14
15a
15b
16
∗1
∗2
∗3
∗4
∗5
∗6

Rate coefficient(∗1)
Electron impact processes
He + e −→ He + e
hσel vi
He(n,l,s) + e He(n’,l’,s’) + e
hσex/dx vi
He(n,l,s) + e −→ He+ + e + e
hσio vi
hσ3io vi(∗3)
He∗2 + e −→ He+
2 + e + e
0.5−→ He∗2 + e
He+
hσ3rcb vi(∗4)
2 + e + e
0.5−→ He(23 S) + He + e
He∗2 + e −→ 2He + e
hσdiss vi
0.645−→ He(23 P) + He
He+
2 + e
hσrcb vi
0.341−→ He(21 S) + He
0.011−→ He(23 S) + He
0.003−→ He(21 P) + He
Heavy particle reactions


He(2)+He(2)
f p −→ He+ + He + e
T (K) −1.86
2.9 × 10−9 g300
+
1 − f p −→ He2 + e
He(n≥ 3,l,s) + He −→ He+
see references
2 + e
He(n,l,s) + He −→ He(n,l’,s’) + e
see reference


He(2) + He∗2
0.15−→ He+ + He + e
T (K) 0.5
2.9
×
10−9 g300
+
0.85−→ He2 + e


He∗2 + He∗2
0.15−→ He+ + He + e
T (K) 0.5
1.5 × 10−9 g300
+
e
0.85−→ He+
2


T (K) −0.6
1.4 × 10−31 g300
He+ + 2He −→ He+
cm6 s−1
2 + He
i
h
+
1.4×10−6
−28100
+
He2 + He −→ He + 2He
exp Tg (K)
−0.6
Reactions

He(23 S)

+ 2He −→ He∗2 + He
He(23 P) + 2He −→ He∗2 + He
He∗2 + He −→ He(23 P) + 2He

He(n=2,3,4) −→ He(n=2,3) +hν

Tg
1.5 × 10−34

for Tg > 750 K
(2.5 + 267Tg−1 ) × 10−32 cm6 s−1
3.6 × 10−14
Radiative transitions
j
Ai s−1

200
The rates are given from Koymen et al[20] for Tg < 750K : Tg 8.7 exp − 750
Tg + 0.41 exp − Tg

[10]
[10], [18]

[10]
[8], [10]
[8]
[19]
[19]
[10]
[10]
(∗6)

[10], [20]
[20]
[10]
[7], [10]

× 10−36 cm6 s−1

elec

1013

5 µs

Density (cm−3 )

0.5 µs

Te(t) (eV)

[14]
[8], [15]
[8], [15]
[10], [16]
[10], [17], [16]

Rate coefficients are in cm3 s−1 unless noted otherwise, Tg is the gas temperature in K
He∗2 represents the molecular metastable He2 (a3 Σu )
The cross section is calculated from the rate given in Santos [10]: 9.75 × 10−10 Te0.71 exp [−3.4/Te ] cm3 s−1 (see text)
The cross section is calculated from the detailed balance relation between reaction 4 and this one (see equation (??) in the text)
3
1
3
He(2) represents one of the three atomic level in n = 2 state, He(2
S),
i He(2 P) h
i
 S), He(2
h

2

23 S

He2 +

1012

0.05 µs

1

11

He +
He2 ∗

1010

21 S
23 P
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0.005 µs

0.00
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Time (µs)
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Fig. 1: Time evolution of mean electron temperature during the post-discharge at 760 Torr for τ = 5, 0.5, 0.05 and
0.005 µs. The darkened zone corresponds to the steady
state.
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Ref.
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101

Time (µs)
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Fig. 2: Time evolution of densities during the postdischarge at 760 Torr. The time starts at the beginning
of the post-discharge. The decay time of the power source
is τ = 5 ns. The electron and He+
2 curves are superimposed
on the figure, as the He+ density is much lower.
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Rate (x 8.8e+24) s / m3

100 23 P

All excitations from 23 S
Radiative decay (23 P → 23 S)
Ionic conv. (He + → He2 + )
Disso. recombination
Deexcitation coll. (23 P → 23 S)
Inv. Ionic conv. (He2 + → He + )
He2 ∗ → 23 P

10-1

10-2
21 S

0.005 µs
10-2

10-1

100

Time µs

101

102

Fig. 3: Main reaction rates involved in the helium post
discharge at 760 Torr. The time starts at the beginning
of the post-discharge. The red markers on the excitation
curve indicate that, at first, excitation to the 23 P state is
the main reaction, but at about 0.3 µs, excitation to the
21 S state begins to dominate.
as explained below.
In Fig. 3, we display the rates of the key processes
(in terms of density × rate) versus time. These reactions
contribute, directly or indirectly, to the metastable 23 S
density. At the very beginning of the post-discharge stage,
excitation of 23 S to 23 P (black dashed curve) dominates
its reverse process and these are found to be the main
inelastic processes at this time. However, after a time of
the order of the decreasing time of the electron energy
(∼ 15 ns, see Fig. 1), electrons no longer have enough
energy to excite the 23 P state, and the reverse (superelastic) collision process (dark grey curve) dominates the
direct one. Furthermore, the radiative decay from 23 P to
23 S (dash-dotted black curve) also contributes strongly to
populate the 23 S state at the expense of the 23 P . As
the 23 P density becomes lower than the metastable 21 S
density, the inelastic collisions between the two metastable
states become predominant since their energy is lower than
that of 23 P (this happens at about 0.30 µs, as shown in
Fig. 3 by the second red triangle mark on the dark dash
curve). After almost 1 µs, ionic conversion from He+ to
He+
2 (dotted grey curve, the reverse reaction being the
medium dashed grey curve) contributes indirectly, through
dissociative recombination (black line), to produce 23 P ,
21 S and 23 S states. This behavior was also pointed out by
Carbone et al[4]. The rate of the reaction 15b of Table 1
(excimer dissociation) is shown by the light dash-dotted
grey curve in Fig. 3. Despite the significant density of
excimers, this process is however rather negligible.

3

C ONCLUSIONS

We have presented a new time dependent collisionalradiative model and electron Boltzmann equation solver
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where the EEDF and the populations evolve concurrently.
We have built on previous models, but we have made
improvements to various processes which either create or
remove free electrons, and/or modify their energy. These
improvements particularly concern the various ionization
processes (direct, stepwise, Penning, associative) and their
reverse, where we have explicitly included the creation or
loss of an electron with the proper energy while solving
the EBE. For the three-body recombination of molecular
ions, we have replaced the commonly used rate formula
which scales as Te−4.5 by one which respects the microreversibility principle. We found an adaptated cross section
resulting in larger excimers population than obtained by
Santos et al[10] who used the more common Te−4.5 formula. Otherwise, our model agrees with their stationary
model, at least for the n = 2 excited atoms.
We illustrated the fast temporal variations of densities,
rates and EEDF in the specific case of the post-discharge
at atmospheric pressure with various decay times (from 5
ns to 5 µs) of the power source. From the results obtained,
we discussed how the main processes involved contribute
to the strong growth of the metastable 23 S density.
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Trace-rare-gases optical emission spectroscopy in argon
and oxygen microwave plasma columns
Simon Boivin, Xavier Glad, and Luc Stafford
Département de physique, Université de Montréal, Montréal, Québec, Canada
Abstract: Spatially-resolved trace rare gases optical emission spectroscopy was used to
analyze the electron energy-distribution function (EEDF) in low-pressure argon and O2
microwave plasma columns. At a frequency of 600 MHz and gas pressures lower than 50
mtorr, the EEDF departs from a Maxwellian with the presence of a high-energy tail. The
contribution of high-energy electrons increases with axial distance towards the end of the
plasma column where the resonance point (at which the plasma frequency equals the wave
frequency) becomes closer to the discharge axis.
Keywords trace rare gases optical emission spectroscopy, surface wave plasmas, electron
temperature, wave-particle interactions.
1. Introduction
Recent advances in large-area plasma sources sustained
by microwave electromagnetic (EM) fields have raised
many questions on the physics driving electron heating
and wave-particle interactions in such discharges. In
general, electrons in high-frequency plasmas are
accelerated by the oscillating electric field and energy is
redistributed to the plasma particles through electronneutral collisions. In the near-collisionless regime where
the frequency for electron-neutral collisions, n, is much
lower than the field angular frequency, w, electron
heating can also result from momentum transfer from
high-voltage moving sheaths [1-3]. This stochastic
electron heating is particularly important in plasmas
created and maintained by a radio frequency electric field
not exhibiting a wave nature such as capacitively-coupled
plasmas. On the other hand, when the electric field
supporting the plasma is an EM wave (e.g. a surface
wave) that carries the power away from the wave
launching region [4,5], the self-consistent interaction
between the wave and the plasma results in an overdense
discharge (i.e. electron angular plasma frequency wpe
higher than w). In such plasmas, a few studies pointed out
the development of electron plasma resonances near the
discharge boundaries where w »wpe, resulting from the
spatial inhomogeneity of the plasma [6]. These
resonances result in large and sharp peaks of the electric
field component parallel to the density gradient [7-9].
Based on hydrodynamic and kinetic calculations, it was
proposed that the enhancement of the electric field could
result in enhanced Joule heating [7] as well as the
generation of fast electrons [10].
In the large-area, planar-type configurations used in
many industry-driven applications, the EM field is
stationary and often exhibits a multimode behavior,
making fundamental investigations of the physics driving
the electron dynamics difficult due to the complexity of
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the field distribution. In contrast, in the long, tubular
configuration used in this study, the wave is a traveling
EM and monomode propagation is achievable [12].
In this work, a non-intrusive, trace-rare-gases-opticalemission-spectroscopy (TRG-OES) technique [11] highly
sensitive to the detection of high-energy electrons is used
to analyze the electron energy distribution function
(EEDF) along low-pressure argon or oxygen plasma
columns sustained in the microwave regime by EM
surface waves.
2. Experimental details
Figure 1 shows a schematic of the experimental setup
used in this work. Experiments were carried out in a 26mm inner diameter fused-silica discharge tube evacuated
by turbomolecular and rotary pumps leading to a base
pressure of about 5∙10-6 Torr. The EM surface wave was
excited using a surfatron device [13] with 40 or 50 W of
microwave power at 600 MHz. The product of the
frequency f times the tube inner radius R was always
below 2 GHz·cm; this ensures that only the azimuthally
symmetric mode (i.e., the mode for which the EM wave
field intensity does not vary azimuthally) of wave
propagation could be excited [12].
For TRG-OES measurements, a flow rate of 1-10
standard cubic centimeters per minute (sccm) of either Ar
or O2 was mixed with 5% of rare gases contained in a
premixed-gas bottle (40% Ne and 20% each for Ar, Kr,
and Xe). Plasma emission was collected by an optical
fiber mounted on a motorized rail equipped with a
collimator directed perpendicularly to the discharge tube
axis and monitored using an intensity-calibrated optical
spectrometer. Phase-sensitive microwave interferometry
was used for measurements of the cross-sectional average
value of the electron density along the microwave plasma
column. For selected conditions, the light intensity
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distribution across the discharge diameter was analysed.
Measurements as a function of lateral position were then
converted into radial distributions using Abel inversion.

presented in Fig. 3. In order to represent the displacement
of the resonance point along the plasma column, the
critical electron density value nc = 2.12∙1016 m-3 is
represented as a black plane. As we move away from the
wave launcher, we observe that the resonance point at
which the plasma frequency is equal to the wave
frequency moves towards the discharge axis.

Fig. 1. Schematic of the experimental setup.
3. Axial profile of the electron density
Figure 2 shows the cross-sectional average of the
electron density obtained by microwave interferometry as
a function of position along the plasma column for a 5
mtorr Ar and a 10 mtorr O2 plasma. In surface-wave
discharges, the axial profile of the electron density is
generally linear and abruptly drops to zero near the
critical density (nc = 2.12∙1016m-3 at 600 MHz) [5]. This
marks the end of the plasma column and is generally set
as the 0 position (Fig. 2).

Fig. 2. Measured cross-sectional average value of the
electron density for a 5 mtorr argon and a 10 mtorr
oxygen plasmas as a function of axial position from the
end of the column.
Over the range of experimental conditions examined,
the electron energy transport length is much larger than
the discharge diameter (non-local electron kinetics), such
that the electron temperature Te can be assumed constant
over the radial direction [14]. As a consequence, the
radial distribution of the light emission intensity (obtained
after Abel inversion) recorded at each position along the
plasma column becomes directly proportional to the radial
profile of the electron density at this specific axial
position. These profiles obtained in relative units were
then converted into absolute values using the crosssectional average values displayed in Fig. 2. The complete
radial and axial profiles of the electron density are
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Fig. 3. Axial and radial profiles of the electron density for
a 5 mtorr Ar plasma at a frequency of 600 MHz in
the 26-mm inner diameter fused-silica tube.
4. Axial profile of the electron temperature
Relative intensities of rare gas emission lines were
calculated from a TRG-OES model, using the appropriate
electron-impact cross sections and branching ratios [11].
The computed intensities were then compared with the
experimental data to determine the best fit. We have
determined electron temperatures in two different ways.
First, Te was determined from 22 emission lines from Ar,
Kr and Xe 2px levels that yield a temperature TeAll
averaged over the majority of the EEDF. This includes the
hot electrons (when the level is mainly populated by
electron impact excitation from the ground state ; 9.6-13.5
eV) and the cold ones (when the level is populated by
stepwise excitation on the 1sx metastable levels ; < 2 eV).
A second method uses Ar 2p1, 2p5 lines (750.4 and 751.5
nm) requiring energies of at least 12.9-13.5 eV and Ne
2p1 line (585.2 nm) requiring energies of at least 19 eV.
For gases with ionization potentials below the energy of
the Ne 2p levels (such as Ar), Ne emission is usually
either weak or not observable in discharges with near
Maxwellian distributions. Therefore, its presence provides
a measurement of the very-high-energy portion of the
EEDF, here denoted as TeTail.
Using these two methods, the evolution of both electron
temperatures has been assessed along the discharge axis
for a 5 mtorr argon plasma. As shown in Fig. 4, TeAll
remains constant along the plasma column. On the other
hand, TeTail exhibits a slight increase with the axial
position and peaks near the end of the column. The EEDF
thus has a distinct high-energy tail. In addition, the
relative population of these high-energy electrons
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increases as the resonance point (where the plasma
frequency is equal to the wave frequency) is shifted closer
to the discharge axis (moving away from the surfatron).

Fig. 6. Influence of the ratio of the collision frequency
over the EM wave frequency on TeAll and TeTail for
an Argon discharge at 4 cm from the surfatron.
Fig. 4. Axial profile of the electron temperatures (TeAll
and TeTail) obtained by TRG-OES measurements for
a 5 mtorr Ar plasma column.
The same procedure has been applied for a 10 mtorr O2
plasma. Similarly to the argon discharge, TeAll remains
constant along the plasma column and TeTail increases near
the end of the column. As shown by Alves et al. [7],
resonance phenomena only appear for ν/ω < 1 and should
increases as the ν/ω ratio decreases. Over the range of
experimental conditions examined, ν/ω=0.003 for Ar at 5
mTorr and ν/ω=0.008 for O2 at 10 mTorr. In both
conditions, resonance effects are expected to be
important, as seen in Fig. 4 and 5.

Fig. 5. Estimated axial electron temperature from TRGOES measurements for a 10 mTorr O2 plasma.
Fig. 6 shows TeAll and TeTail as a function of ν/ω for
argon plasmas (this corresponds to a variation of the gas
pressure from 2 to 50 mTorr). We observe that the
difference between TeAll and TeTail diminishes as ν/ω
increases. The resonance width and strength follows the
same behavior [7,8,10,15]. Furthermore, TeTail » TeAll
when ν/ω > 0.02, suggesting that the abnormal high
energy tail of the EEDF tends to disappear as the
resonance effects diminish.
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Abstract: Electron cyclotron resonance (ECR) plasmas are high-density plasmas where
charged particles are confined thanks to a strong static magnetic field. However, it is wellknown that ions and electrons are lost at the magnetic cusps. In a very low-pressure helium
ECR plasma, we show that important electron and ion current densities are also transported
to the walls at the magnetic corners. These fluxes are discussed in relation with peculiar
plasma-surface interactions arising at this location.
Keywords: ECR plasma, electron and ion transport, wall current probe.
1. INTODUCTION
Electron cyclotron resonance (ECR) reactor has been
borrowed from fusion and electric propulsion plasmas [1].
Such very low-pressure plasmas use strong static magnetic
fields as a key feature. It provides the necessary conditions
for the ECR heating of electrons [2,3]: the frequency of the
2.45-GHz microwaves matches the natural gyration
frequency of the electrons bathed in an 875-G magnetic
field intensity. Thus, electrons locally see a constant
accelerating electric field. In addition, the 𝑩-field also acts
as a magnetic mirror inverting the momentum of primary
electrons and allowing their confinement. This is crucial to
increase the electron mean free path which enables plasma
generation, maintenance and stability. Finally, in such
discharges, primary electrons drift longitudinally due to the
magnetic gradient, the magnetic curvature and the 𝑬 × 𝑩
drifts. Hence, ECR plasmas present a high plasma density
with a good homogeneity even at very low-pressure [4].
Due to the electron drift, it is needed to close the
magnetic racetrack [3] in order to considerably reduce the
electron collection loss area. However, magnetic corners
(MCs) induce anisotropies leading to a specific charged
particles transport as described in rectangular magnetrons
[5]. In addition, a specific cone loss exists at the cusps:
depending on their incident angle, energetic electrons can
escape the magnetic mirror. Even if such behaviour is
deeply acknowledged and theorized, the discrepancies
between theory and experimental results, especially on the
measured loss area, is still poorly understood [6].
In this study, we investigate the loss of charged species
on surfaces in strong magnetic field regions of very lowpressure ECR plasmas. Electron and ion current densities
have been measured in helium at cusp and MC for different
pressures using a specifically conceived wall current probe
(WCP), analogous to that of [7]. From the ion current
measured at the walls, we obtain an image of the charged
species transport. Both ion and electron current densities
are compared with the local magnetic field topographies.
The prevalence of a high charged particles flux at the MC
could induce strong modifications in the local plasmasurface interactions.
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2. MATERIALS AND METHODS
The reactor used in this study is depicted in Fig. 1 and
similar to the one described in several articles [3, 8, 9]. It
is a 110×16×12 cm3 (along the X, Y and Z-directions,
respectively) non-magnetic stainless steel vessel with
several ports and a top-window that allows for optical and
electrical plasma characterizations. The magnetic racetrack
consists in 2×2×2.2 cm3 Sm-Co magnets arranged in a
94-cm long 14-cm large external ring (north) and an 84-cm
long interior magnet (south). The distance separating
centre-to-centre magnets is 6 cm but obviously varies at the
MCs. The resulting magnetic field at the bottom of the
vessel directly above a magnet is about 3300 Gauss.
A linear applicator is placed on the side of the vessel at
Z = 8 mm from the bottom of the reactor. For all
experiments, the 2.45 GHz solid state Sairem© microwave
generator injected 150 W with a reflected power (reduced
using a triple stub) below 1 W.
The base pressure was obtained using a rotary and a turbo
molecular pumps leading to a pressure below 10-5 Torr.
The experiments were carried out at 0.1, 0.3 and 1 mTorr.

Fig. 1. The ECR linear reactor used in this study. Dashed
inset depicts a cross section of one of the plasma lobes.
Dotted inset shows the magnets polarity and the 2 locations
of the WCP measurements (1: cusp, 2: MC). Dot-dashed
inset represents the area modelled in Fig. 3.
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The impurities levels were monitored by optical emission
spectroscopy, especially hydrogen (H  line at 656.3 nm),
to insure that the conditions at a fixed pressure were always
similar.
The wall current probe (WCP, Fig. 2) is originally made
out of Direct Bonded Copper. It consists of 25 electrically
independent electrodes that can be biased surrounded by
one permanently grounded electrode. The different
3×3 mm2 electrodes were separated by 0.5-mm gaps
formed by chemical etching of the copper front panel with
ferric chloride. Then, the back panel has been drilled
methodically to reach and braze a monofilament wire on
the back of each electrodes. Eventually, 5 mm of a heat
resistant resin have been applied to encapsulate and secure
the brazed connections. The total thickness of the device is
about 7 mm.
Each measurement has been performed with 24
grounded electrodes and 1 electrode with varying potential
in order to obtain the I-V characteristic. From the latter are
extracted the ion saturation current then the ion and
electron current densities at 0 V, which is the potential of
the grounded walls of the reactor. Due to the very low
floating potential at 0.1 mTorr (up to -50 V), the measuring
electrode had to be polarized from -250 to +40 V. Such a
low limit was necessary to insure that the value of the ion
saturation current at 0 V, obtained with a linear fit
from -250 to -150 V, was correct. The ion saturation
current value 𝑰𝒔 is given by, assuming that electron and ion
temperatures follow Te >> Ti [10]:
𝑰𝒔 = 𝟎. 𝟔 𝒏 𝒒 𝑨𝒑𝒓𝒐𝒃𝒆 √𝒌 𝑻𝒆 ⁄𝒎𝒊
(1)
with 𝒏 the plasma density, 𝒒 the elementary charge, 𝒌 the
Boltzman constant, 𝑻𝒆 the electron temperature, 𝒎𝒊 the ion
mass and 𝑨𝒑𝒓𝒐𝒃𝒆 the area of collection of the charged
particles by the probe. However, when the value of the
difference between plasma potential (𝑽𝒑 ) and the probe
potential is increasing, 𝑨𝒑𝒓𝒐𝒃𝒆 increases as well in a nearlinear fashion due to edge effects [11]. To counteract this
issue, tests measurements have been performed with a
guard ring (8 adjacent patches surrounding the central
electrode) biased at the same varying potential as the one
of the measuring electrode (central electrode). Both
methods giving similar results for 𝑰𝒔 , the standard
procedure has been applied to all measurements.

Fig. 2. Rear and front view of the WCP.
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3. RESULTS AND DISCUSSION
In order to understand the variations of the measured
charged species fluxes, the results have been compared to
the local magnetic field topography. Part of the racetrack
geometry (dot-dashed inset of Fig. 1) has been reproduced
using ANSYS MAXWELL to obtain the magnetic field
cartography at 𝒁 = 𝟎 (Fig. 3.a). The magnetic field lines
have been calculated with COMSOL Multiphysics© using
a 2D radial [𝒓 = √𝒙𝟐 + 𝒚𝟐 , 𝒁] modelling of the same area
(Fig. 3b).
At the cusp, the magnetic field is maximum right above
the magnet (Y’ = 0, Z = 0, B = 3300 G) and decays
exponentially with increasing Z, which provides a good
mirror ratio. At the MC and in between magnets,
𝑩-intensity first increases with Z (up to Z = 10 mm) then
decreases slowly, preventing any mirror effect at low Z. In
Fig. 3, the magnetic map of the MC shows a strong impact
of the increased inter-magnet distance: the area is
characterized by a large zone combining low 𝑩-field
magnitude and recombination of certain magnetic lines on
the walls.

Fig. 3. a) Magnetic field intensity (in Gauss) at Z = 0. The
two positions of the WCP measurements are shown in
green. The red oval indicates the area where the carbon
deposit may become incandescent at very low pressure
[12]. Red dashed lines highlight the edges of the magnets.
X’ and Y’ are axes parallel to X and Y, respectively. Grey
and blue lines are found in b) where 𝑩-field intensity (at
Z = 0) and field line profiles are detailed.
The WCP has first been positioned on the central magnet
to assess the charged species current densities at the cusp.
The measured ion and electron current densities as well as
the magnetic field magnitude are plotted in function of the
distance from the centre of the central magnet (Y’ = 0) in
Fig. 4. Note that throughout the whole manuscript, the
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electron current density is taken as a positive value.
For both charged species, the fluxes to the walls decrease
with the distance from the magnet centre. The maxima are
found at 1 mTorr with 3.8 and 17 mA cm-2 for the ion and
electron current densities, respectively. One has to note that
the electron current density is far greater than the ion one
since the floating potential is well below 0 V.

Fundamentals of plasma-surface interactions

electrons and equal to the Bohm velocity for ions [14], and
𝑩 the magnetic field intensity. Considering an electron
temperature between 5 and 10 eV, a 𝑩-field intensity of
3500 G at {Z = 0, Y’ = -3.5 mm} on the cusp leads to
rL I = 1.3-1.8 mm and rL e = 15-21 m. Note that the electron
width leak may be approximated to 𝑤𝑙𝑒𝑎𝑘 𝑒 = 4 √𝒓𝑳 𝒆 𝒓𝑳 𝒊
[6], which gives a smaller value than the one we observed
experimentally.
The WCP has also been positioned at the centre of the
magnetic corner (MC), where the inter-magnet spacing is
the greatest and field lines cross the bottom of the reactor,
as depicted in Fig. 3b. A map of the measured electron
current density for 𝒑 = 0.1 mTorr is depicted Fig. 5a. The
specific topography observed is similar to the ones
measured for other pressures and for the ion current
density. All data for the WCP patches 2, 8, 14 and 20 are
plotted in Fig. 5b, for each pressure. The origin {Xprobe,
Yprobe = 0} corresponds to the position of the white ring in
Fig. 3a.
The first interesting result is that a strong electron
current density is lost to the walls in this area, up to 21.5
mA cm-2 at 0.3 mTorr, which is slightly greater than the
one found at the cusp (Fig. 4a, -Y’ = 3.5 mm, 1 mTorr).
Furthermore, the flux evolution with respect to the pressure
is different: we observe at the MC a maximum for ions and
electrons at low pressure (0.3 and 0.1 mTorr). Knowing
that increasing the pressure shorten the ion and electron
mean free paths, this means that these strong fluxes are due
to a better magnetic confinement. Moreover, the ratio
between ion and electron current densities (𝑱𝒆 ⁄𝑱𝒊 ~10) is
far greater than at the cusp (𝑱𝒆 ⁄𝑱𝒊 ~5). The electron 𝑱𝒆 and
ion 𝑱𝒊 current densities can be respectively written as [7]:

Fig. 4. Electron a) and ion b) current densities measured at
the cusp for different pressures and Y’ positions (Y’ = 0 at
the magnet centre). The 𝑩-field intensity is also shown.
Moreover, the ion and electron current densities
diminish with decreasing pressure which goes along with
an increase of the confinement. Indeed, any collision with
the surrounding gas would break the primary electron
trapping on the magnetic lines. Thus, a greater pressure
also means less confinement and more losses.
Finally, the electron flux seems to be more affected by
the magnetic field since it presents a maximum at
Y’ = -3.5 mm from the magnet centre, where the magnetic
field intensity is at its highest value. Electrons and ions are
trapped on specific magnetic lines that recombine on the
magnet of opposite polarity [13]. Note that due to the probe
thickness, the current densities are measured at Z = 7 mm.
Such discrepancy between charged particles fluxes may
thus be explained by their different Larmor radii. The ionic
or electronic Larmor radius is defined as [6]:
𝒓𝑳 𝒊,𝒆 = 𝒎𝒊,𝒆 𝒗⊥ ⁄𝒒 𝑩
(2)
with 𝒗⊥ the average transverse velocity of the charge
particle –deduced from the electron temperature for
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|𝑱𝒆 | = 𝒒 𝒏𝒔 𝐞𝐱𝐩(−

𝑽𝒔 −𝑽𝒘
𝑻𝒆

𝑱𝒊 = 𝒒 𝒏𝒔 √𝒆 𝑻𝒆 ⁄𝒎𝒊

)√𝒆 𝑻𝒆 ⁄𝟐𝝅 𝒎𝒆

(3)
(4)

with 𝒏𝒔 , the charged species density at the sheath edge, 𝑽𝒔
the potential at the sheath edge (slightly lower than the
plasma potential 𝑽𝒑 ), 𝑽𝒘 the potential at the walls (0 in our
case). Thus, 𝑱𝒆 ⁄𝑱𝒊 is proportional to 𝐞𝐱𝐩(− 𝑽𝒔 ⁄𝑻𝒆 ). Our
results show that 𝑽𝒑 at the MC is slightly greater than at
the cusp. Such an increase of 𝑱𝒆 ⁄𝑱𝒊 then means that 𝑻𝒆
greatly increases at the magnetic corner. Besides, contrary
to the cusps, the magnetic field at the magnetic corner does
not act as a magnetic mirror along the Z axis. It confirms
that the WCP collects an important amount of high-energy
(primary) electrons and thus that the losses at the magnetic
corner are due to recombination of 𝑩-lines on the walls.
Secondly, one may observe that the highest values are
found at the intermediate pressure of 0.3 mTorr. This is due
to a combination of two effects. On the one hand,
decreasing the pressure implies an increase of 𝑻𝒆 [8, 15]
and thus of both fluxes. On the other hand, the current
densities also depend on 𝒏𝒔 (slightly lower than 𝒏) which
has been shown to reach a maximum at about 0.4 mTorr
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deduce that a higher proportion of energetic electrons are
lost at the magnetic corners than at the cusps.
It has been shown that decreasing the pressure implies
greater electron fluxes at the corners but less at the cusps.
This means that the electron loss areas can be controlled by
changing the pressure.
Additionally, the strong plasma leak revealed at the
magnetic corners seems to explain the incandescence
observed under very low-pressure conditions and may be
used to remobilize [12] and/or thermally desorb [16]
hydrocarbon deposit into the discharge.

Fig. 5. a) Electron current density (mA cm-2) measured at
the magnetic corner for p = 0.1 mTorr. b) Electron
(squares, full lines) and ion (triangles, dashed lines) current
densities measured at the MC by electrodes #2, 8, 14 and
20 (see a.). For clarity, errors bars are not displayed.
for ECR coupling [15].
Finally, Rojo et al. [12] showed the presence of an
incandescent “hot spot” at the magnetic corner (see red
oval Fig. 3). This zone perfectly matches the area of high
current densities reported in Fig. 5a. Moreover, this
phenomenon has never been reported at the cusps and only
observed at very low-pressure (<0.3 mTorr in He on
hydrocarbon deposit [16], <1.5 mTorr in acetylene). We
propose that this incandescence is due to a Joule heating
induced by the strong primary electron flux and the strong
ratio of electron to ion current densities (high 𝑇𝑒 ).
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4. CONCLUSION
In this study, the electron and ion current densities have
been measured at the magnetic cusp and corner of a linear
ECR reactor using a specially conceived wall current
probe.
The results reveal the existence of important losses at the
magnetic corner due to the recombination of magnetic field
lines on the wall. By the increase of the 𝑱𝒆 ⁄𝑱𝒊 ratio, we can
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Analysis of Surfaces Treated by a Novel Atmospheric Plasma Jet
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Abstract: Analytical investigations of surfaces treated with a novel atmospheric plasma jet
system, which is capable of creating plasma from liquid media, were carried out in order to
study how the plasma interacts with different materials and especially to determine the
chemistry of surfaces for different plasma media (air, nitrogen, water, etc.) and process
parameters (working distance, velocity etc.). The analytical methods in this study are x-ray
photoelectron spectroscopy, which was performed also in combination with chemical
derivatization, as well as Auger electron spectroscopy, atomic force microscopy and contact
angle measurements.
Keywords: atmospheric plasma jet, liquid media, chemical derivatization, photoelectron
spectroscopy, Auger electron spectroscopy, atomic force microscopy.
1. General
Although functionalization of surfaces by so called
“cold plasma” has been known for a long time, this
technique was limited to a few applications in industry,
because expensive vacuum equipment was needed. In the
last two decades different cold plasma technologies
operating at atmospheric pressure were developed [1].
One of the most promising technologies is the
atmospheric plasma jet (APJ) system, which enables the
treatment of large areas as well as complex shapes [2].
The setup used in our experiment is a prototype of a
newly developed APJ system from Fronius, which allows
creating plasma also out of purely liquid media without
the need of an additional processing gas and therefore
provides access to an extended process window. Thus,
analytical investigations of polymer and metal surfaces
after such plasma treatments are presented in this work,
with the purpose of providing structural and chemical
information about the effects of the plasma on the
substrate materials.
For this purpose, contact angle (CA) measurements and
tensile shear tests are used to link surface energy and
adhesive/bonding properties to different plasma settings
(e.g. plasma medium, frequency, working distance (WD)
= distance between sample surface and plasma torch,
velocity, etc.).
Furthermore, only very surface sensitive analytical
methods, like x-ray photoelectron spectroscopy (XPS),
are suited for analysis, since the plasma interacts in
optimized cases only with the topmost surface layer
(interaction volume is smaller than e.g. the information
depth of XPS) [3]. Unfortunately, the chemistry of
atmospheric plasma treated surfaces is rather complex
with many new functional groups forming, which makes
an identification of these groups rather difficult.
Therefore, we developed in our laboratory a well working
chemical derivatization (CD) approach with so called
marker molecules, which are selective for specific
functional groups and can be detected by XPS [4]. In
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addition, for the binding energy region from
approximately 0 to 30 eV the electron density spectrum of
the valence band electrons can be used to gain further
information about the structure of polymers and the
interaction depth of the plasma with the material [3]. The
hydrogen concentration, which is not measurable by XPS,
can be quantified with reflection electron energy loss
spectroscopy (REELS), as installed on our XPS set-up.
Another surface sensitive spectroscopic method is
Auger electron spectroscopy (AES), which provides a
high lateral resolution of a few nm as compared to XPS
(usually >20µm for conventional XPS systems). The
disadvantages of AES are that this method is mostly
restricted to conductive samples and that it is also much
more destructive, because electrons are used for
excitation. Nevertheless, we were able to investigate
plasma effects on heterogeneous surfaces of aluminum
alloys with nm resolution.
Optical measurement techniques like ellipsometry and
sum frequency generation (SFG) spectroscopy are used as
complementary methods in this study.
2. Analytical Investigation
2.1 Contact Angle Measurements

By measuring the CA the surface energy is determined in
an easy and fast way and can be used to obtain an
overview of the whole reachable parameter space. As an
example, the surface free energy of a treated
polypropylene (PP) surface (by using three different kinds
of plasma media) is plotted as a function of the WD in
Fig. 1. Preheating delivers the highest values in surface
energy, however, for water as medium the variation of the
energy with WD is less pronounced and less critical.
Tensile shear tests carried out on these samples provide
additional information on the adhesive properties of the
surfaces.

ISPC23, Montreal, Canada

Fundamentals of plasma-surface interactions

oral

atmospheric plasma treatment (Fig 2 (b)) the C1s peak
exhibits additional peaks towards higher binding energies
(BE), indicating polar functional groups. In this example
four new peaks are fitted to the data and attributed to
(from lower to higher BE) hydroxyl-, carbonyl-, carboxyland carbonate functional groups according to ref. [5].
However, a unique identification of the individually
involved groups (including their total number) is not
possible for such spectra with rather unspecific shape.
One method to overcome this problem is to use in
addition chemical derivatization (CD), as shown below.
2.3 Chemical Derivatization

The chemical reaction (1) shows the labelling mechanism
of hydroxyl groups with trifluoracetic anhydride (TFAA).
Fig. 1 Surface free energy of a PP surface treated with
three different plasma media (air, preheated air and
water) as a function of the WD.
In order to find the ideal parameters for the selected
materials using different plasma media, the chemistry of
the surface before and after plasma treatment has to be
determined and linked to the results with the performance
in the mechanical tests, as carried out by us.
2.2 XPS Measurements

O
CF3
+

OH OH OH

O

O
CF3
O

O

OH O
CF3 O

CF3

One important feature of this marker molecule, beside the
selectivity to bond to hydroxyl groups, is the -CF3 group,
which is shifted by more than 7 eV with respect to the
C-C peak (at 285 eV) in the XPS spectra. An undesirable
overlap with other functional groups is in this way
avoided. Fig. 3 (a) shows the C1s spectrum of a
derivatized polyvinylalcohol (PVA) sample. The
derivatization yield is almost 100 % in this case, with a
reaction time below 30 minutes. There are also other
marker molecules, which are selective to different
functional groups and used in this study, as listed in

Fig. 2 C1s spectrum of a pristine PP surface before (a)
and after (b) air plasma treatment.
In Fig. 2 (a) the C1s photoelectron spectrum of a
pristine PP surface is shown. The asymmetric shape
results from the vibrational fine structure of the monomer
unit and is fitted by a small additional peak. After the
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Fig. 3 C1s spectrum of PVA treated with TFAA (a) and
a reference PVA sample (b).
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table 1. All the derivatization steps are performed as
liquid gas phase reactions to avoid unwanted changes of
the plasma treated surfaces. CD is especially useful to
deal with ambiguities in the XPS spectra of the plasma
treated surfaces: in our work also new approaches to
specify by CD the chemistry of surfaces, where hydroxyl
groups coexist with amine groups, were developed.

Table 1. List of marker molecules
for different functional groups.
Chemical

Selectivity

trifluoracetic anhydride (TFAA)

hydroxyl, amine groups

trifluormethyl benzaldehyde (TFBA)

primary amine groups

pentafluorbenzaldehyde (PFB)

amine groups

trifluorethanol (TFE)

carboxyl groups

Trifluoraceton (TA)

amine groups

2.4 AES Measurements

For heterogeneous materials AES is capable to
investigate the elemental composition and also - in a
restricted way - the chemistry of plasma treated surfaces
with nm resolution. As an example, Fig. 4 shows a SEM
(scanning electron microscope) image of an

3. Summary and Conclusions
The structure and chemistry of different polymer and
metal surfaces was successfully determined for a novel
APJ system, which is capable of rising the surface energy
and by creating various new polar functional groups on
the surface. CA measurements showed that different
plasma media allow access to unique process windows.
Investigations with various surface sensitive analytical
methods show how these results are connected to the
roughness and chemistry of the surface.
As one specific result, XPS measurements on the water
plasma treated AlMg3 surface indicate an increased
hydroxide to oxide ratio. Together with the calculated
modified Auger parameter for magnesium and the
evaluation of AES measurements with spectra from our
own reference library, the increased hydroxide
concertation could be assigned to stem mostly from
aluminum.
A further characteristics of, e.g., water plasma treated
surfaces is the absence of any nitrogen containing
functional groups. In addition, measurements on PP
showed a greatly reduced formation of higher oxidized
functional groups (e.g. carboxyl and carbonyl groups)
after water plasma treatment as compared to air plasma
treatment.
Investigations with respect to an ageing effect of the
created functional groups from the plasma treated
polymer surface showed a significant change in the
chemistry of the introduced nitrogen within the first few
minutes to hours.
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Fig. 4 (left) SEM image of an AlMg3 sample including
measurement positions. (right) AES Al KLL spectrum
of position 5 on the AlMg3 sample before and after
plasma treatment.
inhomogeneous AlMg3 surface as well as AES high
resolution Al KLL spectra from a small spots (<4nm)
before and after treatment. The spectra exhibit a decrease
of the metallic aluminum after plasma treatment, which
indicates a passivation effect. These results were
crosschecked also by, e.g., XPS measurements.
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Atomistic simulations of graphite etching at realistic time scales
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Abstract: Hydrogen-graphite interactions are relevant to a wide variety of applications from
astrophysics to nano-electronics. To understand these interactions, molecular dynamics
simulations have shown to be invaluable. In this work we employ a novel method to extend
the time-scale between impacts to a realistic value of 1 ms (flux of 1020 m-2s-1), which enabled
us to access the unexplored regime of chemical erosion. In contrast to what is typically
assumed, we show that long time-scales may not be neglected in a wide range of conditions.
Keywords: CVHD, MD, long time-scale simulations, PSI, graphite etching

1. General
Fundamental hydrogen-graphite(/graphene) interaction
has attracted interest in many research fields including
astrophysics [1], nuclear fusion [2], hydrogen-based fuel
cells [3] and nano-electronics [4]. In particular, research
has focused on understanding the release of hydrocarbon
molecules by ion bombardment induced chemical
reactions, also referred to as chemical sputtering [5]. In
literature, three fundamental processes are identified:
physical sputtering, ion-enhanced chemical erosion, and
near-surface sputtering.
It remains very challenging, however, to confirm the
underlying mechanisms on the nano/micro-scale. In this
regard, molecular dynamics (MD) simulations have been
an invaluable tool. In MD simulations, graphite is
bombarded with energetic hydrogen thus providing insight
into elementary reactions and emission processes at the
atomic level [6]–[8]. Unfortunately, the time between two
impacts of the etchant species on the surface is very limited
(i.e. few ps), after which it is commonly assumed that no
further events occur. This restricts MD to very fast
processes only, e.g. physical and near-surface sputtering ‒
both of the order of 10 fs. Longer time-scale processes
(~µs‒ms) that become important at elevated surface
temperatures and low fluxes, e.g. desorption and relaxation
phenomena, cannot be accessed.
Several methods have been proposed to increase the
accessible time scale, from which hyperdynamics is
perhaps the most powerful. In hyperdynamics, a bias
potential (ΔV) is added to the global potential energy
surface (PES) of the system to fill the energy minima,
which reduces the waiting time between minima-tominima transitions [9]. In the recently developed collective
variable-driven hyperdynamics (CVHD) implementation
[10], ΔV is constructed on the fly in a “self-learning”
fashion, allowing the method to be more generically
applicable to different systems [9-11]. In this work, CVHD
is employed to simulate etching of graphite by H ions at
realistic time scales.
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2. Simulation Method
The simulations were performed using the LAMMPS
package [12] and modified Colvars module [13]. The
interatomic potential used in this work is the Reactive
Force field (ReaxFF) [14], employing the parameter set
developed by Mueller et al. [15]. This parameter set was
previously used to model CNT growth [16], thereby
validating its applicability for condensed carbon
nanostructures.
The chemical erosion of graphite by the plasma interaction
is simulated by impacting the surface with 5 eV H atoms at
random x,y locations at normal incidence. The graphite
substrate is composed of 4 graphene layers in ABAB
stacking, each containing 128 carbon atoms. A sample of a
simulation is depicted in Fig. 1. Periodic boundary
conditions are imposed in the x and y directions to mimic
a semi-infinite surface. Employing the Nosé-Hoover (NH)
thermostat [17], the surface is brought to 1000 K. After
each impact, the motion of each atom is followed for 1 ps

Fig. 1: Simulation box of the erosion experiment.
Hydrogen is injected with 5 eV towards a graphite surface.
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in the microcanonical (NVE) ensemble to capture the
physics of the hydrogen-surface interaction. The timestep
throughout the simulation was 0.1 fs, which is found to be
sufficiently small to ensure energy conservation. The
natural heat conduction out of the cell is mimicked by
including an additional canonical ensemble (NVT) phase
for a duration of 1 ps and applying the NH thermostat with
relaxation constant 100 fs on all atoms.
To reach the longer simulation time-scale (~1 µs-ms) the
CVHD procedure was employed, which effectively boosts
the simulated physical time, also referred to as hypertime,
by multiplying the elapsed MD time by a factor 〈𝑒𝑒 𝛽𝛽ΔV 〉
(𝛽𝛽 = 1/(𝑘𝑘𝑏𝑏 𝑇𝑇)) [18]. A combination of static (base level
0.65 eV) and dynamic biasing was used. In the latter case
Gaussians of height 0.01 eV were added to the PES every
100 fs, until one of the C-C bonds exceeded the maximum
bond length rmax = 2.2 for longer than 0.1 ps, after which
the bias was removed and a new bias addition was initiated.
The C-H bond potential should in principle also be biased,
but this led to a dramatic drop in the computation speed.
Bearing in mind the aim of current work – to qualitatively
show how long time-scales can affect the physics and
chemistry of the simulated system – C-H bond biasing will
be left for future work.
The CVHD phase was ended when the hypertime
reached the desired time interval. After each CVHD phase
a new impact was initiated (i.e. starting from the NVE
phase). Any eroded species entering the removal zone, was
deleted after each simulation phase (i.e. NVE, NVT, and
CVHD).
3. Results
Short time scale simulation with pure MD
In order to determine the effect of the long time-scales,
the graphite erosion was first simulated without the CVHD
phase. Fig. 2 shows the time evolution of the top layer of
the graphite sample after an increasing number of impacts.
After a sufficient number of impacting H ions the surface
became hydrogenated, i.e. a fraction of the ions
chemisorbed on the surface. This eventually led to bond
breaking due to mechanical stress, either induced by local
impacting H ions or by repulsion of two adjacent hydrogen
atoms. The two unsaturated C atoms that were formed after
C-C bond breaking rapidly saturated their dangling bonds
by forming CH2 and CH3 groups. Once these groups were
formed, carbon was etched by volatile product formation.
With increasing fluence, the C-C rupturing and etching led
to holes in the graphene layer and eventually to the
formation of islands of hydrogenated carbon atoms, which
were etched rapidly. Once holes were formed, the 5 eV H
ions could penetrate unperturbed the active layer and start
hydrogenating the second layer.
The etching process was investigated more
systematically by monitoring the hydrocarbon groups on
the surface. In Fig. 3a the hydrogen uptake in the top layer
is shown as function of the number of impacts as well
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Fig. 2: Several stages during erosion of the top layer of the
graphite substrate: 1) hydrogenation of the top layer, 2)
first CH2 bond (red circle), 3) first CH3 bond (red circle),
4) holes and 5) carbon islands.
as the contribution of hydrogen in CH, CH2, CH3 groups.
It shows that the surface was quickly hydrogenated within
500 impacts and then saturates to an H/C ratio of ~40 % in
the first layer. This saturation value could partly be
explained by the curvature of the graphene layer which
reduced the binding energy at valley locations on the
graphene layer, and hence incoming H ions were more
easily reflected [3]. Once the surface was sufficiently
hydrogenated, CH2 groups appeared which led to an
increased H uptake. After ~600 impacts CH3 groups
emerged, and finally after ~800 impacts, etching was
initiated. This is in line with the chemical erosion model of
Ref. [19], in which hydrogenation leads to sp3 complexes,
C-C bond breaking and eventually the formation of
hydrocarbon complexes at the surface, e.g. CH3 radicals.
Finally, the loosely bound hydrocarbon groups were
etched, as further explained below. Etching continued until
all carbon and hydrogen atoms in the first layer were
released (at ~2000 impacts). Hereafter, the same cycle was
re-initiated. Hence, the erosion occurred by vertical
‘graphite peeling’.
The etching mechanisms were investigated in more
detail by observing the exact moment of etch product
release. Two possible paths were identified as depicted in
Fig. 4. In the first case, an ion impacted very close to a
carbon chain, which eventually caused the release of a
hydrocarbon molecule. This process points towards swift
chemical sputtering [6], where the ions can directly break
the covalent C-C bonds of surface hydrocarbon groups
bound to the carbon network. In the second case, a loosely
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Fig. 4: Observed erosion mechanisms: a) due to hydrogen
ion impact, b) due to thermal fluctuations
By determining the exact time at which the hydrocarbon
molecule was disconnected from the carbon network, the
probability of ion-induced or thermal- induced release was
estimated, as depicted in Fig. 5. The results show in the
case of 3 ps inter-impact time, over 90 % of the release is
ion-induced.

Fig. 5: The probability of the erosion mechanism type (ionor thermal-induced), for varying inter-impact times.
Fig. 3: Time evolution of (top) the total hydrogen uptake in
the top layer and the present hydrogen in CH, CH2 and CH3
groups, (bottom) the eroded number of carbon atoms as
function of the number of impacts. The inter-impact time
interval is a) 3 ps and b) 1 ms.
bound CH3 group was released in a thermal fluctuation
(Fig. 4b). The observed mechanism is similar to the ionenhanced chemical erosion process that was extensively
studied in Ref. [19], where the release is preceded by the
creation of an free/dangling bond (spx state) due to H
abstraction by an incident H ions. A carbon atom with a
bound hydrocarbon group (e.g. CH3), that neighbors such
a spx C, may release that hydrocarbon group by forming a
double bond with the spx C (also named β-scission). Our
simulation shows that the release may also be induced by
direct desorption [18], because no hydrogen abstraction
was observed before the hydrocarbon complex release.
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Long-time scale simulation by C-C bond biasing
Up till now, the time in between impacts was ~3 ps. In
this section we apply CVHD to investigate the effect of
moving towards more realistic time intervals, e.g. ~1 ms,
corresponding to an ion flux of 1020 m-2s-1. In Fig. 3b the
time evolution of the H uptake and erosion is plotted for an
inter-impact time of 1 ms. It appears that the erosion
process can be described by the same steps as those
described in Sec. 3.1: hydrogenation, CH2/CH3 group
formation, and etching. Nevertheless, the maximum total
H surface coverage appears to decrease with increasing
inter-impact time (from ~110 % to ~70 % H/C) while the
relative fraction of CH3 groups increases (from ~20 % to
~30 %). More striking is, however, that the erosion stages
appear to occur earlier with increasing inter-impact time.
The number of impacts before the H uptake reached 30 %
is reduced from ~370 to ~150, while erosion started already
after ~80 impacts instead of ~850 as was the case with pure
MD. This is also consistent with Fig. 6, in which the
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erosion yield is depicted as function of the inter-impact
time and ion flux. In the simulated range, the yield
monotonically increases by a factor 3.3. The erosion yield
in the case of 3 ps interaction time (0.07 C/H) is a factor
four higher compared Ref. [7] which is probably related to
the lower surface temperature (300 K) in that simulation.
Fig. 5 shows that the dominant erosion mechanisms shifts
from ion- to thermal-induced between 1 ps and 1 ms. In the
case of 1 ms inter-impact time, ~95 % of the eroded
particles are thermal-induced.
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5. Conclusion
This work presents the effect of long time-scales on
graphite erosion by H ion bombardment. The results show
that while the type of graphite erosion processes do not
depend on the increasing inter-impact time, a clear
reduction of the required fluence was observed. This could
be explained by the higher probability for C-C bond
breaking due to the prolonged exposure to thermal stress.
The erosion yield increased and this was enhanced by the
transition from ion- to thermal-induced etching. In fact, the
latter process – chemical erosion – could be accessed for
the first time by atomistic simulations due to the extended
time-scale. In conclusion, this study demonstrates that
accounting for long time-scales significantly affects ion
bombardment simulations and in contrast to what is
typically assumed, may not be neglected in a wide range of
conditions.

Fig. 6: The erosion yield (number of eroded C per incident
H) versus the ion flux and inter-impact time.
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4. Discussion
The erosion process is affected in several ways by the long
time-scale between impacts. While similar steps appear to
be followed as in the short time-scale simulation, these
steps are observed to occur earlier in time, i.e., after fewer
impacts. This can be understood by considering the biasing
acceleration method which has been applied. The biasing
effectively brings the C-C bond length close to the value
before bond breaking occurs, which simulates the local
mechanical stress associated with thermal fluctuations in
the graphene surface. With increasing inter-impact time,
the effect of these fluctuations will be more pronounced,
i.e. for the same number of impacts, C-C bonds are more
likely to break. The subsequent rise in the number of
broken C-C bonds leads to more dangling bonds at the
surface, and hence to a higher probability for H ion
adsorption. Consequently, saturation is reached earlier
while CH2/CH3 group formation is promoted. Additionally,
desorption of hydrocarbon molecules by thermal
fluctuations becomes increasingly more important. All
these effects lead to a boost in the erosion yield. For interimpact times exceeding 10 μs, the yield appears to increase
more slowly, however. This may be explained by the
depletion of the number of potential bond breaking events,
i.e. the surface is completely relaxed.
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Absolute OH density measurements in an RF driven atmospheric pressure
plasma jet with a substrate below by laser induced fluorescence
V. S. Santosh K. Kondeti1, Pingshan Luan2, Yuchen Luo1, Gottlieb S. Oehrlein2 and Peter J. Bruggeman1
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Abstract: The etching rate of polystyrene by an atmospheric pressure plasma jet (APPJ)
has been measured for humid Ar. The absolute OH density in an RF driven APPJ with a
substrate below was measured using laser induced fluorescence with a goal to correlate the
OH flux with the etching rate and estimate OH etching rates. Three dimensional OH
quenching was measured to estimate an accurate OH density profile considering the nonhomogeneous gas mixture of the jet effluent that impinges on to the polymer substrate.
Keywords: Laser induced fluorescence, polymer etching, OH density, APPJ.

1. Introduction
Atmospheric pressure plasma jets (APPJs) have a wide
range of applications such as disinfection, wound healing,
material processing and synthesis of nanoparticles [1].
Due to the advances in atmospheric pressure plasmas in
recent decades, their application in material processing is
an economically affordable alternative to the conventional
low pressure plasma processing. However, the complex
nature of atmospheric pressure plasmas makes controlling
plasma-material interactions challenging and a controlled
environment is necessary to study the underlying
principles of material processing. To this end, a well
characterized APPJ has been recently used to study
etching of polymethyl methacrylate and polystyrene [2],
[3]. It was found that this APPJ induced fast polymer
etching while having mild to minimal chemical
modification of the polymer. The variation in etching rate
of the polymers closely followed the trends of atomic
oxygen density for in the presence of oxygen. Interesting
trends in etching were observed when different
composition of O2: H2O ratio were used that can be
attributed to the mutual quenching of OH and O [3]. In
this contribution, we report the detailed 3 dimensional
measurement of absolute OH density in the RF APPJ in a
N2, O2 and air environment. The final goal of this work is
to correlate the OH flux with the observed etching rates of
polymers.
2. Experiment
A well characterized RF APPJ was used in this study
[4], [5], [6]. An RF power source modulated with a duty
cycle of 20% is connected to a tungsten needle which is
surrounded by a quartz tube. A gas flow is applied
through the quartz tube. A concentric ground electrode
surrounds the quartz tube. A 2.5 cm x 2.5 cm alumina
plate on top of a grounded aluminium block is placed
below the plasma jet to mimic the polymer treatment
conditions. The distance between the plasma jet nozzle
and the substrate was varied between 4 mm and 12 mm.
The measurements have been performed with a flow rate
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of 1.5 slm of Ar + 1% H2O through the quartz tube and a
co-flow of 10 slm of N2/ O2/ air through a shielding tube
as shown in Fig. 1. This enables to perform measurements
in a controlled gas environment (see also further). The
plasma power was maintained at 2 W. A pump-dye laser
system generates photons of wavelength 282.6 nm. The
beam is shaped into a sheet of 200 µm which excites the
rotational level OH (X; ν”=0) to OH (A; ν’=1).
Fluorescence is observed by an ICCD camera. The
absolute calibration of the OH density is performed by
Rayleigh scattering as described in detail in [7]. The LIF
model used to calculate the OH density is a 4-level model
and it takes into consideration collisional transfer and
quenching.

Fig. 1. Schematic of laser induced fluorescence
measurements.
The three dimensional OH density was obtained by
measuring fluorescence intensities radially by moving the
plasma jet attached to a micrometer through the laser
sheet. The fluorescence decay at different spatial locations
was measured to correct for the spatially varying
quenching of OH due to the change in gas composition in
the plasma effluent. OH fluorescence intensities for the
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P1(1) to P1(6) were recorded and the gas temperature in
the plasma was measured using the Boltzmann plot
technique [8]. A study of the effect of shielding gas flow
was performed using Ansys CFX software.
3. Results
The shielding gas flow plays an important role in
estimating the flux of OH reaching the surface of the
substrate. Fig. 2 shows the variation of the Ar, N2 and O2
fraction for a distance of 8 mm between the jet nozzle and
the substrate for two different N2 shielding flow rates. At
an N2 shielding flow rate of 2 slm, O2 penetrates into the
core of the plasma. O2 is an efficient quencher of OH as
compared to Ar and N2. A higher O2 penetration will
complicate the calculation of OH flux reaching the
substrate. A higher flow rate of 10 slm N2 around the
plasma jet effectively reduces the penetration of O2 into
the jet core to less than 1 ppm even for a radial distance of
0.5 mm from the centre of the jet. The plasma plume has a
core diameter of 1 mm and this reduction in O2
concentration in the core of the plasma reduces the
quenching of OH molecules.
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obtained for N2, O2 and air gas environments. The OH
density of the order of 1020 m-3 was found close to the
plasma jet nozzle. The gas temperature and OH density
decreased with increasing distance from the plasma jet
nozzle.
We will present detailed OH density distributions and
calculate the flux to the substrate and correlate it with the
etching depth to deduce OH etching rates.

Fig. 3. Relative OH density at the centre of the plasma jet
at 0.5 mm and 2.7 mm from substrate. Distance between
plasma jet nozzle and substrate is 4 mm. Inset shows the
two dimensional OH profile at the start of an RF pulse.

Fig. 2. Variation of molar fraction of Ar, N2 and O2 in the
8 mm gap between the plasma jet nozzle and the substrate
at the central line and 0.5 mm radial distance of the jet. N2
shielding flow rates are 2 slm and 10 slm. Feed gas
through the jet is Ar + 1% H2O at 1.5 slm.
The RF jet is modulated at 20 kHz. The plasma is on for
10 µs and off for 40 µs. As shown in Fig. 3, the OH
density in the core of the plasma increases till 10 µs and
drops down towards the end of the total period of 50 µs.
The relative OH density is highest closer to the jet nozzle
and reduces as we reach closer to the substrate. The
variation of the OH density close to the substrate is small
and we can estimate the OH flux from measuring the
spatial OH distribution at one-time point.
The gas temperature was found to reach a maximum of
430 K at the plasma jet nozzle and 360 K at the substrate
location, thus making it suitable for material processing.
Three dimensional absolute OH density profiles were
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4. Conclusion
The absolute OH density in an atmospheric pressure
plasma jet was measured using laser induced
fluorescence. The gas temperature at the substrate
location is close to room temperature making it suitable
for material processing applications. We will present the
correlation in polymer etching observed to the measured
OH density which allows us to determine the polymer
etching rate for OH.
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Effect of plasma surface charging on catalytic activation of CO2: fundamental
insights from quantum chemical modeling
Kristof M. Bal, Stijn Huygh, Erik C. Neyts
PLASMANT Research Group, Department of Chemistry, University of Antwerp, 2610 Antwerp, Belgium
Abstract: The complex entanglement of plasma-catalyst interactions in plasma-assisted
catalysis remains poorly understood. In this contribution, we apply state-of-the-art quantum
chemical calculations to elucidate the effect of a plasma-induced surface charge on CO2
activation by alumina-supported transition metal catalysts. It is found that additional
plasma-supplied electrons greatly modify the Lewis acidity of the surface. Tuning the
plasma-catalyst charge transfer thus constitutes a new avenue towards improved selectivity
and activity control.
Keywords: Plasma catalysis, CO2 activation, density functional theory, surface charges
1. Introduction
Plasma catalysis, i.e., the combined application of
plasma technology and a catalyst, is receiving
considerable attention—in particular for greenhouse gas
(i.e., CO2 and CH4) conversion into value-added
chemicals or new fuels—because of its high flexibility
and ability to be operated at much lower temperatures
than traditional thermo-catalytic processes. In plasma
catalysis, the properties of the catalyst and the plasma are
not independent: a strong interplay between the two takes
place, significantly impacting each other’s activity in
sometimes unexpected ways. Untangling this complex set
of physical and chemical effects provides crucial insight
into the plasma-catalytic process and can allow us to
understand the mechanisms behind the much sought after
synergy between the plasma and the catalyst [1,2].
An important phenomenon in plasma-assisted processes
is that of a plasma-exposed surface acquiring a negative
charge by electron impacts. While this charge
accumulation can be quite substantial and long-lived
[3,4], little to nothing is known about its effect on the
surface chemistry in a plasma-catalytic system [5]. It can,
however, be expected that the presence of surplus
electrons changes the electronic structure and reactivity of
a catalyst. Understanding charge transfer processes at the
fundamental atomic level is therefore a crucial “piece of
the puzzle” towards the development of practical plasmacatalytic applications.
Atomistic modeling techniques are a powerful tool to
study fundamental plasma-surface processes. For plasma
catalysis, however, studies have been mainly limited to
the interaction of plasma-generated radicals with a
catalyst surface (see, e.g., [6]).
In this contribution, we will focus on CO2 activation by
means of an alumina-supported transition metal catalyst.
In particular, single Ti, Ni, or Cu atoms supported on the
γ-Al2O3 (110) surface were considered. The complex
support/metal/CO2 interactions, and the effect of a
plasma-induced
negative surface charge,
were
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investigated by means of density functional theory (DFT)
calculations.
2. Computational Methods
All DFT calculations were carried out with the CP2K
package [7,8]. Energies and forces were computed using
the Gaussian and plane wave (GPW) method employing
Goedecker-Teter-Hutter (GTH) pseudopotentials for the
core-valence interactions and a polarized double-ζ (mDZVP) basis set to expand the Kohn-Sham valence
orbitals. An auxiliary plane wave basis set defined by a
cutoff of 1200 Ry was used to expand the electron
density. Exchange and correlation were treated with the
PBE functional [9], supplemented by Grimme’s D3
dispersion corrections in their Becke-Johnson damping
form [10].
All calculations were carried out on a slab of the γAl2O3 structure proposed by Digne et al. [11]. The (110)
surface was modeled as a 2 × 2 supercell containing 240
atoms, corresponding to six layers of which the bottom
two were kept fixed at their bulk positions. The
simulation cell dimensions were 16.1606 × 16.8106 ×
40 Å3; periodic boundary conditions were not applied
along the Z direction to avoid self-interaction of the slab.
Calculations involving isolated atoms or molecules were
also carried out in these cell sizes. Because the γ-Al2O3
(110) surface is never fully dehydrated, a surface model
with 4 adsorbed water molecules [12]—corresponding to
a density of about 3 OH nm−2—was also considered in
order to assess the influence of adsorbed water on the
computed properties.
We developed a new computational scheme to study the
effect of a globally charged semi-periodic surface. To
avoid errors introduced by the diverging energy of a
periodic simulation cell with a net charge, a neutralizing
dummy charge was placed in the gas phase above the
surface. To simulate a negatively charged surface, a single
proton was used as counterion. Care was taken to ensure
the dummy charge had no impact on the computed
adsorption energies.
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3. Results and Discussion
The understanding of metal atom binding on oxide
supports is rather limited, so the precise structures and
binding modes of the transition metal atoms on the
support surface first has to be determined. The most stable
adsorption configuration on the “dry” surface is found to
involve a metal atom coordinated by two low-coordinated
O surface atoms (Fig. 1).
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In case of adsorption on the supported metal atoms,
only the most favorable metal/support configurations
were considered. In all cases, CO2 is found to adsorb in a
bridged structure on both the metal atom and an Al
surface atom (Fig. 3), highlighting the important effect of
the support material on the chemical properties of the
adsorbed transition metal. Since the metal atom is only
bound on the C atom of CO2 (its Lewis acidic site), and
Al binds the O atom (its basic site), it can be concluded
that the metal atom exclusively acts as Lewis base, and
the Al as Lewis acid, thus jointly enhancing the binding
capabilities of the metal catalyst. Hence, the
metal/support interface can play a crucial role in the
activity of the metal catalyst, even in case of larger metal
clusters. On the dry surface, the binding strength
decreases as 2.12 > 1.11 > 0.54 eV going from Ti, Ni, to
Cu, respectively.

Fig. 1. Most stable adsorption configuration of a metal
atom (blue sphere) on the dry (left) and hydrated (right)
Al2O3 support surface.
Adsorbed water plays an active role in the coordination
of the transition metal, pointing to the fact that different
surface hydration patterns could lead to very different
metal coverage conditions.

Fig. 2. Most stable CO2 adsorption configuration on the
dry Al2O3 support surface. The CO2 molecule is
highlighted.
On the bare Al2O3 support, CO2 chemisorbs in a bent
carbonate-like structure (as depicted in Fig. 2), with an OC-O angle of 133°. Coordination of C and O atoms with a
surface O-Al Lewis pair induces a significant elongation
of the C-O bond, and the negative charge transfer of about
−0.3 |e| to the CO2 molecule shows that it acts as the
Lewis acid in these adsorption processes. The effect of
surface hydration is considerable: adsorption on the dry
surface is ~0.6 eV more favorable than on the hydrated
surface, which can be attributed to the lower Lewis
basicity of the latter [12].

Fig. 3. CO2 adsorption configuration on a supported
single atom transition metal catalyst. The CO2 molecule is
highlighted, the metal atom (Ni) is the large blue sphere.
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Fig. 4. Effect of a single negative surface charge on CO2
adsorption strength on different metal/support systems.
Introduction of a single negative charge, corresponding
to a surface charge density of −0.06 C m−2, has a dramatic
impact on all computed adsorption properties,
summarized in Fig. 4. Plasma surface charging always
results in improved CO2 adsorption capabilities. The
magnitude of the effect is the most striking in the case of
Cu, which sees a three-fold increase of the binding energy
upon charging; while in the neutral system, Cu cannot
bind CO2 as strongly as the support, it even becomes
competitive to Ni after absorbing an electron. Indeed,
plasma charging appears to somewhat “level out” the
differences between the metal catalysts.
To some extent, the surprisingly large charging-induced
effect is opposite to what happens to the adsorption
characteristics of the Al2O3 support upon hydration, as
noted earlier: since CO2 is a Lewis acid, adsorption
becomes more favorable if the substrate is more Lewis
basic. While hydration somewhat decreases the Lewis
basicity of the support (and the effect on the metal atom is
not as clear-cut), an additional electron, in contrast,
naturally increases its basicity. Given that the transition
metal atom acts as a Lewis base in Al2O3/M/CO2
adsorption complex, it is relevant to note that its presence
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decreases the electron affinity of the surface or, as has
been calculated by us, the binding of a metal atom on a
negatively charged surface is less favorable by about 1 eV
(Fig. 5). Therefore, metal-supporting surfaces will
become relatively more Lewis basic upon electron
absorption than their bare counterparts.

Fig. 5. Effect of a single negative surface charge on the
adsorption strength of different transition metal atoms.
Furthermore, as a more direct method of measuring
Lewis acidity, the adsorption energies of a CO basic
probe molecule were calculated. As seen in Table 1, an
additional electron in the surface indeed decreases its
Lewis acidity. In this respect, an additional electron has a
somewhat similar effect as an oxygen vacancy in the
oxide support, since it also results into a reduction of the
surface, and an increased CO2 binding ability [13].
Table 1. CO adsorption energies (eV) on a representative
surface site of the dry and hydrated alumina support
surface, and effect of a single surface charge.

Dry surface
Hydrated surface

Neutral
−1.07
−1.29

Charged
−1.02
−1.14

4. Conclusions
The structures and adsorption properties of a series of
alumina-supported single atom catalysts for plasmacatalytic CO2 activation were investigated. Through a
novel density functional theory-based computation
procedure, the effect of plasma surface charging on the
adsorption properties could be observed for the first time.
Dramatically increased CO2 adsorption energies, up to
more than 1 eV on supported Cu, were found to result
from the additional negative charge density.
In the most general sense, plasma surface charging
increases the Lewis basicity (or decreases the acidity) of a
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catalytic surface in contact with the plasma. Thus, our
work opens new perspectives for selectivity control in
plasma-catalytic greenhouse gas conversion. Possibly, by
varying the plasma conditions and catalyst type, a
different magnitude and distribution of the surface charge
could be generated, which in turn allows tuning of the
chemical properties and activity of the catalyst. Currently,
accelerated molecular dynamics simulations [14] are
being carried out to investigate the reactivity and process
pathways on these environmental catalysts, and how
controlled surface charging could be used to optimize
these reactions.
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Features of Cathode Spotless Inter-Electrodes Plasma Appeared in
Low Vacuum Arc during Removal of Oxide Layer from Steel Surface
M. Sugimoto and S. Iha
Department of Machine Intelligence and Systems Engineering, Faculty of Systems Science and Technology,
Akita Prefectural University, Yurihonjo, Akita, Japan
Abstract: Cathode spotless inter-electrodes plasma, which appears in low vacuum arc
removal treatment of oxide layer from steel surface plate, is experimentally investigated.
That plasma can be sustained even when most part of cathode surface facing the anode is
insulated. Colour of that plasma changes depending upon the gas introduced into the interelectrodes region during discharge.
Keywords: Low vacuum arc, Cathode spotless inter-electrodes plasma, Removal oxide
layer.
1. Introduction
Steel surface cleaning such as descale or
decontamination is easily realized using characteristics of
cathode spots in low vacuum arc. Actually, previous
studies have confirmed its effectiveness for various
contaminations and some advantages over the
conventional methods experimentally. This method is
more efficient and eco-friendly rather than the
conventional mechanical or chemical one. Authors are
studying and developing this method as a metal surface
cleaning innovation. The cathode spot in low vacuum is a
small, bright region that appears and moves on the
cathode surface. Although the cathode spot is a wellknown phenomenon, its behaviour is mysterious. Many
studies have been conducted both theoretically and
experimentally for objects of various kinds and shapes,
and not only objects of metal but of other electrically
conductive materials such as carbon graphite. One
shortcoming of this method is that it requires a low
pressure state, even though it must not be high vacuum.
The cathode spot activity is influenced by pressure. The
time necessary to produce the low-vacuum conditions
occupies most part of one cycle of the processing.
Therefore, reduction of this preparation duration is
strongly desired for practical use. The authors attempt to
satisfy that demand and to improve the efficiency by
decreasing the number of times that waste gases are
exhausted from the system. When this method was
applied for descaling of both sides of a metal plate, for
example, two exhaust operations were conducted because
it was expected in general that the cathode spots exist
only on the side facing the anode. More research of the
authors attempts that the same treatment with a room that
is opposite from the anode and shows the cathode spots
can enter into that space [1]. In addition, very bright
region appears after the cathode spots move to the room.
In this case, cathode spotless vacuum arc is realized
between anode and that cathode surface. It is well known
that there are two different modes in vacuum arc
discharge [2]. One is with some cathode spots and the
other is with no cathode spots. The latter is called
“diffusive mode”. These different modes have different

current density and are caused depending upon the
cathode temperature. The authors have observed new type
of low vacuum arc with cathode spot or spotless mode in
removing treatment of oxide layer from steel surface. In
this research, very bright cathode spotless inter-electrodes
plasma is investigated and origin of matter in the plasma
is clarified.
2. Experimental Setup
Figure 1(a) presents a schematic diagram of the
experimental arrangement used for this study. Descaling
experiments in a low vacuum arc are conducted with an
anode and test piece as a cathode set in a cylindrical
stainless-steel vacuum chamber. The 300-mm-long
vacuum chamber has 250 mm inner diameter. A
cylindrical anode of 100 mm diameter is made of stainless
steel and is inserted through the upper side of the vacuum
chamber. Facing this anode, a test piece support stage is
inserted through the lower side of the vacuum chamber.
Both the anode and the test piece support stage are watercooled. Test pieces are a steel plate of SS400 in Japanese
Industrial Standards (JIS), which are 100 mm square and
3 mm thick. The test piece surface is covered with an
approximately 5-m-thick oxide layer, which makes the

Fig. 1. Schematic diagram of experimental apparatus.
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(a)
100 mm

Anode
7 mm in diameter
Cathode Spots

Cathode
100 mm
Fig. 2. Test piece used in this experiment.
test piece dark, as presented in Fig. 2. Two stainless steel
rods extend from the stage through two 7-mm-diameter
holes in the test piece, which keeps the test piece about 60
mm separated from the stage surface. The gap separating
the anode and the test piece surface is 40-50 mm. A 1mm-diameter zinc wire is set in that electrode gap to short
out the circuit and thereby initiate discharge. Before
initiation of the discharge, the vacuum chamber gases are
exhausted to less than 10 Pa using a mechanical booster
pump with a rotary pump. The arc in low vacuum is
started and sustained with a DC power supply (ARSC120P; Osaka Electric Co. Ltd.) using constant current
operation mode. The arc current is controllable between
about 50 A and 120 A. The current and voltage during the
discharge are monitored respectively using a current
probe and a data scanner. Photographs of the plasma
during the discharge are taken using a camera (EOS X5;
Canon Inc.).
3. Experimental Results and Discussion
After initiation of the discharge, some small bright spots
like those presented in Fig. 3(a), which are called cathode
spots, appear on the test piece. In the experiments, the arc
is initiated in low vacuum using a large current flowing
into a zinc wire that spans the electrodes gap. A part of
the wire is melted in an extremely short time; an electric
spark leads to arc discharge. Therefore, all cathode spots
are on the upper side of the test piece at the beginning of
the discharge. Each spot moves independently and in a
random manner. There is apparently no regular pattern to
their behaviour, as shown also in our previous
experiments. High-density energy that is confined within
the cathode spot causes rapid heating and vaporization of
the oxide layer on the test piece surface, which results in
descaling. As descaling progresses and the residual oxide
layer diminishes, the cathode spot motions gradually
become quicker. As arranged for this study, there is some
room under the test piece. After most of the oxide layer
on the upper side of the test piece has been removed, all
cathode spots move into the lower side of the test piece,
which is opposite from the anode. Figure 3(b) shows the
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(b)

Cathode Spotless InterElectrodes Plasma
Anode

Cathode
Fig. 3. (a) Cathode spots and (b) cathode spotless
inter-electrodes plasma.
upper side immediately after all spots have moved to
lower side. It is particularly interesting that their side
change occurs in almost the same amount of time, going
through the test piece periphery. The number of the
cathode spots remains almost constant, although a slight
change can be observed at every moment. Subsequently
they continue removal of the oxide layer on the lower side
toward the center. Their motions are slow as long as the
oxide layer remains sufficient. In contrast to Fig. 3(a), the
electrode gap shown in Fig. 3(b) is filled with an
extremely bright cloud even though no cathode spot is
confirmed on the upper side. The authors call it cathode
spotless inter-electrodes plasma. These results seem
strange because the cathode material vapor is believed to
be ionized. Thereby, generated plasma is supplied by
cathode spots. As the oxide layer remaining in the lower
side decreases, and because it is restricted mainly around

Insulated

Fig. 4. Test piece of insulated surface.
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Probe
Cathode Spotless InterElectrodes Plasma
Cathode
Cathode Spots

(b) He

Fig. 5. Cathode spotless inter-electrodes plasma with
insulated surface test piece shown in Fig. 4.
the center of the lower side, it becomes difficult for the
spots to go to the central region. For that reason, the
descaling efficiency is worse. In order to investigate the
glowing matter of the cathode spotless inter-electrodes
plasma, a test piece whose most of surface facing the
anode is insulated with a glass tape and small region
remains original surface to set the zinc wire for discharge
initiation as shown in Fig. 4, is used as the cathode and
tried to cause a breakdown. In this case, there is no
problem to begin arc discharge as well as with an original
steel plate test piece. The cathode spots remove the oxide
layer on the no insulated small region and move to the
lower side of the test piece immediately. The cathode
spotless inter-electrodes plasma appears even when such a
cathode as shown in Fig. 4 is used. Figure 5 is a
photograph of the cathode spotless inter-electrodes
plasma with insulated surface cathode. This result means
that the cathode surface facing the anode does not play an
important role to sustain the cathode spotless interelectrodes plasma. It can be concluded that the cathode
surface facing the anode supply little material to the
cathode spotless inter-electrodes plasma. Because
previous research has shown that the anode surface also
gives the cathode spotless inter-electrodes plasma no
material, another experiment is prepared to confirm the
origin of the cathode spotless inter-electrodes plasma.
Figure 6 indicates pictures of the cathode spotless interelectrodes plasmas when various kinds of gas such as Ar,
He, N2 and O2 respectively is introduced into the vacuum
chamber. The colours of the cathode spotless interelectrodes plasmas are violet with Ar, blue and white with
He, red with N2, blue and green with O2, respectively.
Namely, the cathode spotless inter-electrodes plasma is
influenced and changes its colour depending upon the gas
introduced to the vacuum chamber. This result suggests
that the origin of the cathode spotless inter-electrodes
plasma is not from the both of electrodes but the existing
gas in the inter-electrodes space.
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(c) N2

(d) O2

Fig. 6. Cathode spotless inter-electrodes plasma with
(a) Ar, (b) He, (c) N2 and (d) O2.
4. Summary
Cathode spotless inter-electrodes plasma is investigated
and the following results are obtained. The cathode
surface facing the anode is not important to keep the arc
discharge and the generated plasma in low vacuum. The
colour of the cathode spotless inter-electrodes plasma is
changed depending upon the introduced gas. This result
suggests that the cathode spotless inter-electrodes plasma
does not consist of the electrodes material but the residual
gas in the vacuum chamber.
5. References
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Deuterium retention in thin lithium films as a function of surface temperature,
oxygen impurities, and post-exposure time
B.E. Koel1, L. Buzi1, Y. Yang1 and M. Hofman2
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Abstract: Deuterium retention in a few monolayers-thick lithium films was measured as a
function of surface temperature, oxygen impurities, and post-exposure time under ultrahigh
vacuum conditions. When the surface temperature was increased from 300 to 480 K during
D2+ ion irradiation, a decrease in lithium coverage and deuterium retention of 20% was
observed, indicating temperature dependent chemical sputtering. Oxygen impurities
increased the thermal stability of the lithium films, with lithium hydride and lithium
hydroxide thermally desorbing at 580 and 880 K, respectively. Deuterium retention was
constant for post-deuterium exposure times up to 100 min with the sample at 300 K in
ultrahigh vacuum, but decreased to one-third of the original amount after 1000 min.
Keywords: deuterium retention

1. Introduction
Lithium conditioning of plasma facing components in
magnetic fusion devices has improved plasma
performance and lowered hydrogen recycling [1]. These
effects are attributed to the effectiveness of lithium in
retaining hydrogen isotopes. For applications of lithium in
future high heat flux and long-pulse duration machines, it
is important to understand and parameterize deuterium
retention in lithium.

vapour deposited by a thermal evaporation source on a
clean Ni(110) substrate. In order to assess the role of
oxygen in trapping deuterium, an exposure of 5 L (1
Langmuir, L = 1 x 10-6 torr⋅s) O2 gas was used on the
deposited Li film. After preparation, Li films were
exposed to a 200 eV D2+ ion beam from a differentially
pumped ion gun. During the whole process of Li
evaporation and D2+ ion exposure, the sample was kept at
a constant temperature in the range of 307-478 K.

This work presents surface science studies of deuterium
retention in lithium films as a function of surface
temperature and oxygen impurities. Deuterium retention
at the Mo-Li interface has been previously studied with
ultrathin (three monolayers) lithium films on a TZM Mo
alloy [2]. The present experiments were performed on
thin lithium films (3-10 monolayers) deposited on a single
crystal Ni(110) substrate to avoid effects due to grain
boundaries, intrinsic defects, and impurities diffusing to
the surface.

Temperature programmed desorption (TPD) was used
to measure the deuterium retention under different
conditions. In TPD, the substrate was heated with a linear
temperature ramp of 4 K/s and a quadrupole mass
spectrometer was used to monitor the chemical species
desorbed from the sample as a function of temperature.

Deuterium retention in lithium was also studied as a
function of post-deuterium exposure time, serving as a
critical first step to address what happens to deuterium
trapped in lithium coating between plasma shots - whether
it stays trapped, diffuses out of lithium, or forms other
complex compounds.
2. Experiments
Experiments were conducted in an ultrahigh vacuum
chamber with a base pressure of 2x10-10 Torr to avoid
contaminants. Thin Li films (3-10 monolayers) were
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In experiments to address the deuterium retention
dependence on the post-exposure time, clean Li films
were deposited and subsequently exposed to D2+ ions, but
then the sample was left sitting for a certain amount of
time in vacuum (post-deuterium exposure time) before
deuterium retention was measured with TPD.
3. Results
TPD data indicated a decrease in the lithium amount
(coverage) and total deuterium retention by 20% when the
surface temperature during D2+ ion irradiation was
increased from 307 to 478 K. In order to determine
whether the decrease in Li coverage was due to the
deuterium ion irradiation, the experiments were repeated
with no deuterium ion exposure. Analysing the TPD
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results for lithium only, without the deuterium ion
exposure, again in the same temperature range, revealed
no decrease in the amount of Li (Fig. 1). This decrease in
lithium coverage and total deuterium retention is
attributed to temperature-dependent chemical sputtering,
since physical sputtering is temperature independent.

D2

O

	
  

Fig. 3. Total deuterium retention as a function of postdeuterium ion exposure time.
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Fig. 1. TPD data for the total D retention and Li
coverage as a function of exposure temperature.
The presence of oxygen impurities increased the
deuterium retention and thermal stability of lithium films.
Lithium d-hydride (LiD) and lithium d-hydroxide (LiOD)
were formed and these compounds decomposed at 580
and 880 K, respectively to thermally desorb D2 and Li.
Deuterium desorption occurred in two peaks, at 520 and
870 K, in TPD from oxidized lithium. The intensity of the
520 K peak decreased with increasing surface temperature
during deuterium ion exposure. The calculated deuterium
retention fraction (D ions retained per incident D ion) was
0.75 on a lithium film at 300 K (Fig. 2).
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1"
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5. References
[1] M. Ono et al., Nuclear Fusion, 53, 11 (2013).
[2] A.M. Capece et al., Journal of Nuclear Materials, 463,
1177-1180 (2015).

500"

0.4"
0.2"
0"
300"

350"

4. Conclusions
A decrease in lithium coverage and deuterium retention
of 20% was observed when the temperature of the sample
during D2+ ion irradiation increased from 307 to 478 K,
indicating temperature dependent chemical sputtering
under these conditions.
The presence of oxygen impurities increased the
deuterium retention and thermal stability of lithium films,
with lithium hydride and lithium hydroxide desorbing at
580 and 880 K, respectively. Deuterium desorbed at 520
and 870 K in TPD from oxidized lithium. The lower
temperature TPD peak decreased in intensity with
increasing sample temperature.
The TPD results showed that the amount of deuterium
retained in lithium films did not significantly decrease for
post-deuterium ion exposure times up to 100 min, but
decreased to one-third of the original amount after 1000
min.
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Fig. 2. Influence of substrate temperature on deuterium
ion retention fraction.
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The TPD results showed no clear change in the amount
of deuterium retained in these thin lithium films at 300 K
for post-deuterium ion exposure times up to 100 min.
However, the amount decreased to one-third of the
original amount after 1000 min of rest time in vacuum
(Fig. 3). Additionally, the TPD results indicated that the
amount of Li desorbing from metallic lithium and lithium
hydride decomposition decreased, while the amount of Li
desorbing from lithium hydroxide decomposition
increased, as a function of increasing post-deuterium
exposure time.
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Interaction of N and O atoms with wood surfaces in the flowing afterglow
of N2-O2 microwave plasmas
J. Prégent1, L. Stafford1
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Abstract: The interaction between hardwood (Sugar Maple) and softwood (Black Spruce)
surfaces and N and O atom species produced in the flowing late afterglow of a surfacewave plasma was investigated using a NO titration method combined with optical emission
spectroscopy. Results showed two distinct atom loss regimes following their interaction
with the surface: a recombination regime at low oxygen concentrations (<1%O 2) and an
etching regime by O atoms at higher oxygen concentrations (>1%O 2).
Keywords: Wood, surface recombination, etching, surface-wave plasma, NO titration,
optical emission spectroscopy

1. Introduction
Plasma treatment of wood surfaces was recently
investigated by several authors in order to increase
surface wettability and improve adhesion with different
coatings. As part of a previous work, we investigated the
role of each of the plasma-produced species on the
modification of wood surfaces in the flowing afterglow of
N2, O2, and N2-O2 dielectric barrier discharges at
atmospheric pressure [1,2]. It was found that O atoms and
ozone produced in the plasma afterglow played an
important role in the improvement of wettability with
water and could potentially lead to an etching of the wood
surface. In order to further understand the specific role of
these species on the surface modification dynamics, in
particular regarding the possible etching by O atoms, we
have investigated their interaction with the afterglow of a
N2-O2 reduced-pressure surface-wave plasma. The
afterglow of this particular plasma source was chosen for
the possibility to determine the N and O atom number
densities through the NO titration method combined with
optical emission spectroscopy, as described in [3].

the exit of the chamber in order to determine the losses of
N and O atom densities following their interaction with
the wood samples.

2. Experimental Setup
Figure 1 shows a schematic view of the discharge and
the afterglow chamber. The plasma was produced by an
electromagnetic wave at 2.45 GHz and the pressure was
fixed at 3.25 torr. The N2 gas was introduced at a 1000
sccm flowrate with O2 added in the gas feed at
concentrations between 0 and 5%. On figure 1, we can see
the different parts of the discharge: the discharge itself
(B) next to the wave launcher (A), the early “pink”
afterglow (C) and the late afterglow in the treatment
chamber (D), where the wood samples are put. At the
entrance of the chamber, a second gas inlet can be found
for introducing the Ar-1,52%NO gas mixture (diluted for
security reasons) for NO titration. An optical fibre
connected to a SpectraPro 2300i spectrometer coupled to
a CCD camera was placed at the entrance of the chamber.
After a calibration of the spectroscopy signal by NO
titration, the fibre was moved along the vector gas axis to

3. Results
Figure 2 shows the N and O atom number densities (at
the entrance and exit of the chamber) obtained from
optical emission spectroscopy after a calibration of the
emission signal by the NO titration method. The atom
densities are plotted as a function of the %O2
concentration in the N2-O2 gas feed. From figure 2, it can
be seen that the N atom concentration decreases by about
a factor of 2.5 from the entrance to the exit while the O
atom concentration remains relatively constant.
Wood samples were then put inside the afterglow
chamber and another atom number density measurement
at the exit was performed in order to determine the effect
of the wood surfaces on atom losses. A relative loss
coefficient RA was then calculated:
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Fig. 1. Experimental Setup

𝑅𝐴 =

[𝐴]𝑙
[𝐴]𝑒

=

[𝐴]𝑒 −[𝐴]𝑠
[𝐴]𝑒

(1)
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where [𝐴]𝑙 is the atom number density lost from the
interaction with the surface, obtained by subtracting the
atom number density in the empty chamber ([𝐴]𝑒 ) from
the one with the wood sample ([𝐴]𝑠 ).

poster

structure of the black spruce tree rings, which contains a
low-density early wood (more vulnerable to etching)
which gradually becomes a high-density late wood (more
resistant to etching) as one moves across the annual ring.

Fig. 2. N (squares) and O (circles) atom number densities
at the entrance (hollow dots) and at the exit (full dots) of
the chamber (no wood samples).
Figure 3 shows relative loss coefficients for both N and
O atom populations on wood surfaces (sugar maple and
black spruce) and on aluminum surface as a function of
O2 concentration. It can be seen that losses are always
higher on wood surfaces than on aluminum. Also, for
wood samples, two different loss behaviours can be
observed: a decrease of losses with increasing O2 % at
low O2 concentrations (<1%) and an increase of losses
with increasing O2 % at higher O2 concentrations (>1%).
A quasi-similar behaviour can be seen for aluminum
surfaces, with the exception that RO does not increase at
>1%O2. Considering that wood surfaces are sensitive to
etching by O atoms while aluminum is resistant to
etching, this could suggests that etching plays an
important role on O atom losses at >1%O2.

Fig. 3. Relative losses for a) N and b) O atom populations
following their interaction with sugar maple (circles),
black spruce (triangles) and aluminium (square) as a
function of %O2.

To further understand the role of etching on the surface
interaction dynamics, we measured the mass loss of the
wood samples for different treatment times and oxygen
concentrations (not shown). From these results, we have
calculated the etching rate, as shown on figure 4 as a
function of number density of impinging O atoms (see
figure 2). Figure 4 shows a linear function between the
etching rate and O atom number density, as expected from
a simple first-order chemical etching reaction.
In order to account for the particular anatomy and
rugosity of wood surfaces, the etching depth profile was
also investigated with a profilometer (Dektak 150). As an
example, figure 5 shows the depth profile for black spruce
after an exposition of 120 min. in the afterglow chamber
for different oxygen concentrations. Strongly anisotropic
etching can be seen, especially at higher oxygen
concentrations. This is a direct result of the particular
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Fig. 4. Etching rate of sugar maple (circles) and black
spruce (triangles) wood surfaces as a function of
impinging O atom density.
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These two reactions lead to the net loss of two N atoms
while recycling the O atoms (which can then be
consumed for etching) and explain the RN increase past
1% O2.

Fig. 5. Etching depth profile (radial direction) of black
spruce surfaces for different oxygen concentrations. The
double arrow indicates the tree ring width.
4. Discussion
The results displayed in figures 4 and 5 confirm that an
etching of the wood surface by O atoms is responsible for
the increase of RO at >1%O2 as seen on figure 3. To
explain the decreasing RN and RO losses at <1%O2, one
must look at the possible surface reactions involving N, O
and O2 (N2 being non-reactive). N and O atoms can
adsorb on the surface and then recombine to produce N2,
O2 or NO reaction products when finding a partner at the
surface (Langmuir-Hinshelwood mechanism) or in the gas
phase (Eley-Rideal mechanism). As for O2, while surface
recombination is impossible, it can still adsorb on the
surface, thus blocking surface recombination sites for N
and O atoms. At <1%O2, figure 2 shows that the N atom
number density stays relatively constant with increasing
O2 % while the O atom density increases sharply. Also,
O2 number density increases faster than the O number
density. The decrease of RN at low O2 % can be explained
by a blocking of recombination sites by O and O 2, which
prevents N to adsorb on the surface. For RO, a similar
behaviour is observed; this feature is explained by a
competition between O and O2 for adsorption sites. At
>1% O2, figure 3 shows that both RN and RO increase with
O2 %. While the etching of the surface can explain the
increase of O losses, it can certainly not explain the
increase of N losses. At >1% O2, figure 2 shows that the
populations of N and O atoms impinging onto the wood
surface are roughly of the same order of magnitude.
Considering the high reactivity of O atoms, one could
argue that mixed recombination with O atoms becomes
the dominant recombination mechanism for N atoms:
𝑁𝑠 + 𝑂𝑠 → 𝑁𝑂𝑔

5. Conclusion
The interaction between wood surfaces and N and O
atoms produced in the flowing afterglow of a surfacewave plasma was investigated. N and O atoms densities in
the afterglow (with and without the wood samples) were
measured by optical emission spectroscopy after a
calibration with NO titration. A relative loss coefficient
for N and O atoms was then calculated and it showed two
different behaviour with the increasing O2 concentration:
a non-etching recombination regime at <1% O2 and an
etching regime at >1% O2. In the recombination regime,
N and O losses decrease with O2 %, a fetaure explained
by a competition between N, O and O2 for adsorption
sites. In the etching regime, N and O losses increase with
O2 %. For O atoms, this is due to etching recombination
on wood surfaces, while for N atoms, mixed
recombination leading to NO formation in the gas phase
could explain the increase of losses, considering that NO
in the gas phase reacts with N atoms to produce N2 and O.
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(2)

This reaction produces a NO molecule in the gas phase
which will react quickly with N atoms in the gas phase:
𝑁𝑔 + 𝑁𝑂𝑔 → 𝑁2 + 𝑂𝑔
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Non-equilibrium atmospheric pressure plasma technology for anti-CD 10
antibody immobilization on poly(L-lactic) acid nanofibres
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Abstract: The comparison between a conventional wet-chemical method and a nonequilibrium atmospheric pressure plasma process for the conjugation of biomolecules on
the surface of poly(L-lactic acid) electrospun fibres is reported. The achieved results
highlight that plasma functionalization enables the successful conjugation of biomolecules
and, therefore, the proposed approach can be considered as an effective alternative to the
still widely employed wet-chemical methods.
Keywords: antibody conjugation, non-equilibrium atmospheric plasma, anti-CD10.
1. Introduction
The covalent immobilization of bioactive compounds
such as drugs, enzymes and antibodies, onto polymeric
surfaces has been investigated in the last decades for a
wide range of applications [1]. Polymeric biomaterials
used in tissue engineering and regenerative medicine need
to be modified with biochemical cues, through surface
chemistry modification, to achieve bioactivity and cell
signaling properties. In particular, the surface
modification favours the conjugation of biomolecules,
such as antibodies recognizing cell membrane antigens,
on polymeric scaffolds thus allowing cell capture/ binding
through high affinity receptors. The present work reports
the comparison between a conventional wet-chemical
method and a non-equilibrium atmospheric pressure
plasma process for the functionalization of poly(L-lactic
acid) (PLLA) electrospun fibres with carboxylic groups,
required for the subsequent chemical conjugation of an
antibody onto the fibres surface; the process is
schematically reported in Figure 1. The wet-chemical
method is performed by means of alkaline hydrolysis at
room temperature (RT), while the plasma process is
carried out by means of a DBD operated at atmospheric
pressure in a controlled atmosphere of a He/air mixture.
After the functionalization, the physico-chemical and
morphological properties of the electrospun PLLA fibres
were evaluated through scanning electron microscopy
(SEM) and water contact angle (WCA) measurements;
the amount of –COOH functional groups on the fibres
surface was assessed by means of fluorescence analysis
after
chemical
derivatization
with
fluorescein
isothiocyanate (FITC). The conjugation of antibody (antiCD10) to PLLA fibres surface was performed by
exploiting the carbodiimide chemistry, via 1-ethyl-3-[3dimethylaminopropyl]
carbodiimide
(EDC)
and
hydroxysulfosuccinimide (sNHS). Finally, the presence of
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the anti-CD10 antibody on the fibres surface was
evaluated through a (FITC)-labeled secondary antibody
by means of fluorescence intensity measurement [2].

Fig. 1 (A) PLLA fibers functionalization, (B) PLLA
fibers FITC conjugation, (C) PLLA fibers antibody
conjugation.
2. Materials and Methods
Electrospinning process
Poly(L-lactic acid) was supplied by Mitsui Fine
Chemicals. The electrospinning apparatus employed for
the fabrication of mats was composed of a high voltage
power supply (Spellman, SL 50 P 10/CE/230), a syringe
pump (KD Scientific 200 series), a glass syringe, a
stainless-steel blunt-ended needle (inner diameter:
0.84mm) connected with the power supply electrode, and
a rotating cylindrical collector (50mm diameter; 120mm
length). PLLA was dissolved in a mixed solvent,
DCM:DMF =65:35 v/v at a concentration of 13% w/v.
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The polymeric solution was dispensed to the needle
through a teflon tube, with a flow rate of 0.02 ml min−1.
The electrospinning process was performed by applying a
potential of 20 kV, at RT with a relative humidity of 50%;
the electrospun fibers were collected over a rotating
cylindrical collector (40 rpm) placed at a distance of 20
cm from the needle [2].
Fibres surface functionalization
Alkaline hydrolysis of PLLA mats. PLLA mats were
fixed by means of CellCrown supports in a 24-well and
immersed in H2O:EtOH = 90:10 (v:v) for 10 min.
Subsequently, mats were washed twice with distilled H2O
and incubated with sodium hydroxide (NaOH) solution at
different concentrations (0.01 M, 0.02 M and 0.05 M) and
for different times (5 min and 10 min). Finally, the
electrospun mats were washed with distilled H2O [2].
Plasma treatment of PLLA mats. The dielectric barrier
discharge (DBD) plasma source employed for the process
consisted of two aluminium parallel-plate electrodes; the
upper electrode was covered by a dielectric plate in POMC and connected to the high voltage generator, while the
lower electrode was grounded. The plasma source was
enclosed in a volume to perform the treatment in a
controlled atmosphere by introducing specific gases or
gas mixtures. The DBD plasma source was driven by a
commercial pulsed DC generator producing high-voltage
pulses with a slew rate of 3–5 kV ns−1 and a pulse
duration around 30 ns. The plasma was generated by
fixing the gap between the grounded electrode and the
POM-C plate at 0.5 mm and setting the peak voltage and
repetition rate at 10.4 kV and 500 Hz, respectively.
Treatment times of 5, 7.5 and 10 min were adopted. A
mixture of 3 slpm of He and 1 slpm of air was used for
the saturation of the chamber and for plasma generation.
To produce the desired atmosphere, the gas mixture was
flown for 4 min inside the closed volume; following this
phase, the plasma discharge was ignited while
maintaining the flux of the gas mixture constant during
the plasma treatment [2].
Fluorescence characterization for the evaluation of
carboxylic groups. Functionalized PLLA mats were fixed
by means of CellCrown supports and activated by
incubation with 10 mM EDC and 10 mM sNHS in 0.1 M
MES buffer (pH 5) for 30 min at RT. The solution was
removed and the mats were incubated with diaminobutane
(0.01M) in 0.1M carbonate buffer (pH 9.8) for 1 h at RT
and rinsed three times for 5min with carbonate buffer.
Finally, the mats were incubated with 10−4 M FITC in
carbonate buffer for 2 h at RT and rinsed three times in
phosphate buffer saline (PBS) solution for 5 min [2, 3].
Anti-CD10 conjugation. The anti-CD10 antibody was
conjugated onto the activated PLLA substrate at three
different concentrations (1, 5, 10 µg ml−1) in 0.1M PBS
and incubated overnight at 4 °C. In order to verify the
presence of anti-CD10, Ab-FITC at 1:200 dilution in
0.1M PBS (2 h at RT) was used [2].
Characterization techniques. Fibres morphology was
observed with a Philips 515 scanning electron microscope
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(SEM) at an accelerating voltage of 15kV. Prior to SEM
analysis, samples were sputter-coated with gold. Static
water contact angle (WCA) measurements were
performed at RT by using an optical contact angle and
surface tension meter KSV’s CAM 100 (KSV, Espoo,
Finland), by recording the side profiles of Milli-Q water
drops for image analysis. The water drop profile images
were collected in a time range of 0–20 s, by recording an
image every 1 s. Results were averaged on at least five
measurements obtained in different areas of the sample.
Fluorescence imaging was performed using a Nikon
eclipse E600 microscope (Nikon, Italy) equipped with
digital CCD camera Q Imaging Retiga 20002V (Q
Imaging, Surry, BC, Canada). All images were taken with
a 10x objective (10× /0.50 NIKON Plan Fluor). The
images were analysed using Imaging NIS Elements
software. Images from at least five different fields for
each sample were analysed in order to obtain the mean
fluorescence intensity. Furthermore, for each of these
fields the average intensity of eight different areas was
calculated. Data were expressed as mean ± SD.
3. Results and Discussion
The conditions employed for the wet-chemical
functionalization of the mats did not induce any alteration
to the fibres morphology. Concerning the plasma-assisted
functionalization, the treatment time of 5 min did not
induce any morphological change or visible degradation
to the electrospun mats, while both 7.5 min and 10 min of
plasma exposure resulted in a partial loss of the fibrous
morphology [2]. Therefore, 5 min plasma treatment was
chosen as the optimal condition for the functionalization
and the subsequent antibody conjugation step. From the
water contact angle measurements, a constant value of
120° was obtained for pristine PLLA mat, indicating a
hydrophobic behaviour of the material; both the
functionalization methods significantly increased the
surface hydrophilicity, leading to a dramatic decrease of
WCA from 120° to below 20° in less than 20 s (Figure 2)
[3].

Fig. 2 Water contact angle measurements on pristine
PLLA (▪), PLLA after chemical treatment (o), PLLA after
plasma treatment (☐).
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The introduction of carboxyl groups onto PLLA fibres
was assessed for both the chemically and the plasma
functionalized mats. As expected, for the chemically
functionalized
mats
the
fluorescence
intensity
progressively increased as a function of NaOH
concentration and incubation time. In light of the
achieved results, the 10 min treatment with 0.05M NaOH
was selected as the optimal condition for the subsequent
conjugation step [2]. The comparison between the –
COOH-FITC fluorescence intensities obtained for plasma
and chemically functionalized mats highlighted that the
optimal chemical hydrolysis conditions introduced a
higher amount of carboxyl functionalities than the plasma
treatment [2]. Although the different amount of –COOH
groups introduced by the two functionalization methods,
the chemically and the plasma treated PLLA mats
displayed similar values of the mean fluorescence
intensity due to anti-CD10 conjugation, as reported in
Figure 3. This result suggests that the larger amount of –
COOH groups detected on the chemically functionalized
mats with respect to the plasma treated ones does not lead
to a higher concentration of antibody conjugated onto the
fibres [2]. This outcome can be explained by assuming
that the amount of –COOH groups is in large excess with
respect to the number of anti-CD10 molecules that can be
conjugated onto the fibre surface, due to the steric
hindrance among the antibody molecules that limits their
binding to neighbouring sites.
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4. Conclusions
In the present work, the efficacy of a non-equilibrium
atmospheric pressure plasma process for the conjugation
of biomolecules onto the surface of PLLA electrospun
fibres has been demonstrated. The results clearly
highlighted that a high concentration of antibody was
linked to chemically and plasma functionalized mats with
respect to pristine PLLA fibres and, more interestingly, no
great differences in terms of antibody conjugation
efficiency was detected by comparing the two
functionalization approaches; such results highlight the
possibility to replace chemical methods, usually toxic
and time-consuming, with a highly flexible and ecocompatible non-equilibrium atmospheric plasma
process for the effective immobilization of
biomolecules onto biomaterials.
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Fig. 3 (A) Mean fluorescence intensity of the anti-CD10
conjugated at different concentrations onto the surface of
PLLA mat (white bars = chemical functionalization; black
bars = plasma treatment) and recognized by a (FITC)labeled secondary antibody as schematized in (B). (C)
Fluorescence microscope image of the PLLA fibers after
anti-CD10 conjugation.
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Abstract: A collisionless sheath surrounding an emitting planar surface is revisited through
a one-dimensional kinetic model. It is assumed that there exists a non-monotonic potential
profile with a virtual cathode due to the strong electron emission from the wall. The singly
charged positive cold ions and electrons from the plasma and the cold emitted electrons from
the wall are considered. This model provides a rigorous analysis on the critical secondary
electron emission coefficient and the specific potential profile inside the sheath.
Keywords: sheath model, kinetic theory, secondary electron emission, virtual cathode
1. Introduction
Nowadays, the plasma-surface interaction has gain great
attention because most of laboratory plasmas, as well as
fusion plasmas, are usually bounded. Electrons emitted
from surface due to the secondary electron emission (SEE)
can significantly affect the structure of the sheath, which
may lead to unexpected damage to the discharges and even
the plasma devices if not correctly predicted. Langmuir
first developed a fluid theory to study an emissive sheath
surrounding a planar floating emitting surface [1], which
was also discussed using a kinetic model by Hu and Ziering
[2] and Ordonez [3]. A new physical phenomenon was
noticed by Langmuir that the classical sheath will transfer
to a space charge limited (SCL) condition when the
electron emission coefficient reaches a critical value, γc.
The minimum potential locates not at the wall surface but
near it, and the electric field becomes inverse from the
minimum potential point, which functions as a potential
well (also called a virtual cathode) and attracts a fraction of
emitted electrons back to the surface to make the current
be balanced. Fruitful results have been proposed to deal
with this phenomenon, including the fluid theory by Tierno
and Donoso [4] and the kinetic models based on the
developed PIC/MCC codes [5-7]. However, there still
lacks a further study on the determination of the threshold,
γc, and the potential profile under the SCL condition with a
rigorous analysis.
In this paper, a one-dimensional collsionless kinetic
model is developed for the SCL condition. Bulk electrons
are injected into the sheath from the plasma-sheath edge,
and parts of them are trapped or reflected by the electric
field. Cold ions are considered to satisfy the Bohm criterion
and penetrate the sheath freely. Fractions of emitted
electrons with the wall temperature are also trapped, and
only the electrons with higher energies can escape from
this potential well. In addition, it is assumed that the
reflected emitted electrons are not able to induce the
emitted electrons again due to their low energies.
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2. Model Descriptions

Fig. 1. Schematic of the sheath potential profile with a
virtual cathode
As shown in Fig. 1, the plasma-sheath edge is set at the
zero point (also the reference potential point). An infinite
planar wall surface is located at x=s0 and perpendicular to
the ξ axis and absorbs all the particles hitting it while
emitting the secondary electrons with the temperature of
Tee. In this study, three groups of charged particles inside
the sheath are considered, i.e., the bulk electrons, emitted
electrons and cold ions which are denoted with the
subscriptions of e, ee and i, respectively. In order to
generalize this model, all the parameters are transferred
into the following dimensionless ones
εe 
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2

2kTe
Te
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，εee 
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We divide the sheath region into four parts: ξ=0 (plasmasheath edge), 0＜ξ＜ξ0, ξ0＜ξ＜s0 and ξ= s0 (wall surface),
where the electric field at ξ=ξ0 equals zero.
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(1) 0＜ξ＜ξ0
In this region, the potential keeps dropping. A fraction of
the bulk electrons are forced to turn around. On the
contrary, the ions from plasmas and the escaped electrons
emitted from the cold wall are accelerated by the electric
force all the time. The corresponding species number
densities are expressed by
ni (ξ ) 

ne (ξ ) =
nee (ξ )=

1

1
2

ni,0 vi ,0
vi (ξ )

M a  2φ( ξ )
2

dξ 2
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(3) ξ=0
At the plasma-sheath edge, the quasi-neutrality (ni≈ne)
condition is applied, which can be easily expressed
according to Eqs. (1)-(3) as
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The Poisson equation can be expressed as
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Hence, we can easily obtain
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1  erf  ( 0 ) 
2

The Bohm criterion is generalized and assumed to be
marginally fulfilled as



(6)

1
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(2) ξ0＜ξ＜s0
Due to the strong secondary electron emission, the axial
electric field turns to positive. The bulk electrons are
accelerated, while the emitted electrons are trapped and
reflected back to the wall. Ions can move forward rather
than turn around because they gain much energy from the
front negative domain. Thus, the flux of ions still satisfy
the conservation condition. Similarly, the species number
densities can be written as
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The corresponding dimensionless form is
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The axial potential profile can be estimated by the
Poisson equation written in the following dimensionless
form
d 2φ
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The corresponding boundary conditions are
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(4) ξ=s0
With the assumption of a floating wall, the net current
must be zero at the wall surface. Thus, we can have
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i   e   ee = e 1   

(15)

Adding Eqs. (16)-(18), and then, substituting into Eq.
(15), and expressing it in a dimensionless form as

Here, the fluxes of the three particles can be calculated by
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Based on the preceding derivation, this new model can
be described by a set of equations [Eq. (21)] which includes
Eq. (4), (9), (12), (14), (19) and (20) as follows:
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3. Discussions
This one-dimensional model expressed by Eq. (21)
involves 10 parameters, i.e., β, γ, Θ, μ, Ma, Ω, φ (ξ0), φ (s0),
ξ0 and s0. If 4 parameters among them are known, the other
6 parameters can be obtained. However, a basic assumption
should not be neglected: the emissive sheath reaches the
SCL condition and a virtual cathode forms. That is to say,
we need to confirm how the SCL condition is fulfilled. It
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has been proposed that a virtual cathode will occur for the
secondary emission coefficient beyond a threshold, γc, and
the electric field of the surface is zero in the condition of
γ=γc [8], which means that the SCL condition can be easily
determined once γc is found. In order to obtain the value of
γc, we can just make ξ0=s0 and neglect Eq. (9).
Consequently, Eq. (21) is simplified to Eqs. (22)-(26) as
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If Eq. (22) is multiplied by dφ/dξ, and then, integrated once over the potential from φ(0) to φ(s0), we can obtain
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With a similar analysis method in a fluid model, Ref.
[9] gives

 c  1  8.3 

(28)

For a hydrogen plasma, γc=0.81 using Eq. (28), while the
predicted value of γc is 0.86 using our kinetic model [Eqs.
(23)-(27)]; which are close to each other. In addition, for
any other general cases, once Θ is known, γc can be easily
found based on Eqs. (23)-(27).
4. Conclusions
In this paper, a one-dimension kinetic model of plasma
sheath surrounding a strongly electron emissive wall is
developed. Based on this model, the critical value, γc, can
be estimated once the ratio of bulk plasma electron to
emitted electron temperature is known. Furthermore, the
potential profiles can be also analyzed when a virtual
cathode forms. This new model is helpful to determine the
structure of the plasma sheath and to make an accurate
estimation of the sheath features.
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Insight in the surface reactions of the plasma catalytic dry reforming of methane
on anatase (001)
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Abstract: The conversion of greenhouse gases is a possible mitigation strategy for global
climate changes. Plasma catalysis could be used as an alternative for conventional
reforming. However, there is a lack of fundamental knowledge on the plasma-surface
reactions. We study the reactions for the specific case of the plasma catalytic dry reforming
of methane on anatase (001). We found that, in theory, it is possible to control and steer the
reforming towards a desired composition of output gas by adjusting the plasma properties.
Keywords: Dry Reforming of Methane, Plasma Catalysis, Titanium Dioxide, DFT.
1. Introduction
The anthropogenic extension of the greenhouse effect
by the emission of greenhouse gases has led to changes in
the global climate.[1–4] NASA reports that nine of the
warmest years in the last 136 years occurred after the year
2000, and the 10th warmest year is 1998.[5] From all
greenhouse gasses CO2 and methane contribute the most
to the anthropogenic greenhouse effect.[6]
Several mitigation strategies exist to decrease the
greenhouse gas concentrations. It goes without saying that
the most obvious strategy is the reduction of the emission
itself. Additionally, the conversion of CO2 and methane to
value-added chemicals would result in a decrease – or at
least a less rapid increase – in greenhouse gas
concentrations and reduce our dependence on fossil fuels.
Dry reforming of methane is a highly attractive process
from an environmental point of view as one uses waste
gases to form chemical feedstock. Furthermore, the
combination of CO2 and CH4 allows the use of low-grade
natural gas that is obtained as by-product at oil platforms,
which is otherwise flared, or one can use biogas as a
renewable feedstock for the chemical industry. During dry
reforming of methane, CO2 is used to oxidize methane to
syngas, i.e. a mixture of CO and H2:
𝐶𝐻4 + 𝐶𝑂2 → 2𝐶𝑂 + 2𝐻2
(1)
Syngas can then be utilized for the chemical synthesis
of fuels, such as liquid fuels through the Fischer-Tropsch
process [7], and oxygenated products such as methanol,
ethanol and aldehydes.[8] Other uses of syngas are the
direct combustion of syngas[9], and the use of the water
gas shift reaction to increase the H2 content and use the
hydrogen in the Haber-Bosch process to generate
ammonia. However, it would also be beneficial to directly
form value-added chemicals, apart from syngas, through
dry reforming of methane.
Due to the high endothermicity of dry reforming, high
temperatures and a catalyst are required to obtain
significant conversions of methane and CO2. Other
challenges, besides the high energy requirement, are
sintering, sulphur poisoning, coke formation and
maintaining a sufficiently high activity.[10] Therefore it is
opportune to pursue alternative technologies. The
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combination of a non-thermal atmospheric plasma with a
catalyst, i.e. plasma catalysis, is a promising technique,
since the plasma will activate the gas mixture inducing
reactions at reduced temperatures compared to the
temperatures needed in conventional reforming
techniques, while the catalyst can reduce the activation
barriers and increase the selectivity. Due to the high
complexity of the plasma catalytic system, the exact
mechanisms are far from understood.[11–13]
One often used substrate material in plasma catalysis is
TiO2. The production of oxygen vacancies within the
TiO2 surface is highly important for its catalytic activity.
Sorescu et al. found that these defects play an important
role in the catalytic dissociation of CO2 on the rutile (110)
and anatase (101) surfaces.[14–16] We have found that
dissociation of CO2 on the defect-free anatase (001)
surface is impossible, and oxygen vacancies will
significantly reduce the activation barriers and cause the
reaction to become exothermic.[17]
As the dissociation of CO2 leads to the healing of the
oxygen vacancy, a regeneration mechanism is needed. In
plasma catalytic dry reforming of methane it would be
possible to make use of the methane derived radicals,
formed in the plasma,[18-19] as reductant. To obtain a
molecular understanding of the reduction of the surface
by these radicals, we have studied the dehydrogenation
reactions of the adsorbed CHx radicals (x=0-3) to
determine which of these radicals will be readily available
to reduce the surface. In an earlier study we have
determined the stable adsorption configurations of the
CHx radicals on the stoichiometric anatase (001) surface,
which we have used as starting points for the
dehydrogenation reactions of those radicals.[20] After the
possible dehydrogenation, the surface will be reduced by
the desorption of oxygenated reaction products, leaving
behind the most stable oxygen vacancy, i.e. the surface
oxygen vacancy.[20] Afterwards, we study the formation
and desorption of value-added chemicals during the
surface reactions in the plasma-catalytic dry reforming of
methane.
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In the case of non-activated adsorption, we have
calculated the rate constant using the kinetic theory of
gases. The rate constant of adsorption is calculated as
follows:
𝑘𝑎𝑑𝑠 = √
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𝑘𝑏 ∗ 𝑇
2𝜋𝑀

For desorption of species which adsorb non-activated,
the reaction rate constant of desorption is calculated using
the following equation[33]:
𝑘𝑑𝑒𝑠
𝑘𝑏 ∗ 𝑇
=
ℎ
𝐺𝑔𝑎𝑠 + 𝐺𝑠𝑢𝑟𝑓 − 𝐺𝑎𝑑𝑠 + 𝑆1𝐷−𝑡𝑟𝑎𝑛𝑠 ∗ 𝑇
∗ exp (− (
))
𝑅∗𝑇
In this equation Ggas, Gsurf, Gads, and S1D-trans correspond
to the Gibbs free energy of the gas-phase species, the
surface left behind after desorption, and the adsorbed
configuration, and the entropy contribution of the
translational degree of freedom perpendicular to the
surface. Thus the transition state corresponds to the
desorbed molecule far away from the surface, when the
molecule no longer interacts with the surface. The entropy
of this transition state is identical to that of the gas-phase
molecule, except the entropy contribution of the
translational degree of freedom perpendicular to the
surface is removed.
3. Results and discussion
We have studied the plasma-surface interactions of the
plasma catalytic dry reforming of methane into valueadded chemicals on an anatase (001) surface. The
methane derived radicals will act as a reducing agent, to
provide a consistent formation of oxygen vacancies in the
surface required for the reduction of CO2. The readily
available methane derived radicals are CH 3, CH2, and H,
since further dehydrogenation is not favourable, as can be
seen in Figure 1. Only the dehydrogenation of CH3 is
found to be exergonic. Furthermore, the adsorption of CH
and C from the plasma gas-phase will be significantly
slower than that of CH3, CH2, and H, due to their low gasphase concentrations.[19]
CH3

CH2

CH

0.80
0.60

ΔG (eV)

2. Computational details
We performed Density Functional Theory calculations
using the Vienna ab initio simulation package
(VASP).[21-22] For the treatment of the exchange and
correlation, the Perdew-Burke-ernzerhof (PBE) functional
was applied,[23] using plane wave basis sets and the
projector-augmented wave method[24] as implemented in
VASP. We have corrected the PBE functional with longrange dispersion interactions by applying the Tkatchenko
and Scheffler method[25]. The stoichiometric anatase
(001) surface was modelled using a (2x2) supercell
containing 48 atoms corresponding to four TiO2 layers.
We fixed the bottom layer of the surface at the bulk
positions and the simulation box was created to maintain
a vacuum layer of ~16 Å between adjacent surfaces to
prevent the influence of neighbouring slabs on the
calculated energies and reactions. The sampling of the
Brillouin zone was performed using 6x6x1 k-points for
the surface models and the gamma-point was taken into
account for the molecules. An energy cutoff of 440 eV
was used. Geometry optimizations were performed with
endpoint criterion of the residual forces set to be 0.03
eV.Å-1. Spin polarization was applied for all calculations.
The vibrational analysis was performed with the finite
difference method implemented in VASP. The
calculations included the displacements to both the
adsorbed molecules and the top layer of the TiO2 surface.
These results were used for the thermodynamical analysis
as performed with the TAMKIN tool.[26] All reported
energies are corrected for the zero-point energy.
TAMKIN was used for the determination of the Gibbs
free energy and reaction rate constants applying transition
state theory (TST). To determine the readily available
radicals,
we
calculated
the
corresponding
dehydrogenation minimal energy pathways (MEP) with
the Nudged Elastic Band (NEB) method [27–32]. We
have also used NEB to study the relevant MEP for the
formation of the end products of the plasma-catalytic dry
reforming of methane.
If the anatase (001) surface is reduced, we consider that
the oxygen that is removed to be the surface 2coördinated O. This results in the formation of the most
stable oxygen vacancy, i.e. the surface oxygen vacancy
VO1, as reported in our previous work.[20] We here
provide the half-lives of the calculated reactions. The
conversion from the half-lives, t1/2, to the reaction rate
constants, k, can be done as follows:
ln 2
𝑘𝑖 =
𝑡1,𝑖
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Figure 1. The Gibbs free energy of reaction for
dehydrogenation of the CHx radicals after H-diffusion
We have studied the formation of formaldehyde,
methanol and methane (see Figure 2), of water and H2
(see Figure 3), and of CO, ethane and ethene (see Figure
4) on an anatase (001) surface in a temperature range of
300 – 1000 K.
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The contribution of the catalytic component of the
plasma catalytic setup to the formation of formaldehyde
will be negligible, due to the slow desorption kinetics of
formaldehyde, and the depletion of CH2 radicals by the
significantly faster hydrogenation rate to CH3 and
formation rate of ethene. Methanol will preferentially
adsorb in a dissociative manner. Significant formation of
methanol can only be achieved at 600 K and above. The
desorption of methanol results in the formation of an
oxygen vacancy. The rate limiting step is the association
of CH3 and OH. It is also possible to form methane from
the same configuration as the methanol formation. The
formation of methane is a rapid reaction, and will
counteract the methane reforming to value-added
chemicals. However, once methanol is formed on the
surface, the desorption will happen very fast.
Furthermore, the adsorption of methanol at 600 K and
above is significantly lower than of methane, thus at
elevated temperatures methanol will form a significant
part of the end products.
CH2O-Ads
CH2O-Des

CH3OH-Ads
CH3OH-Des

We also studied the dissociation of CO2 on an oxygen
vacancy, as its reduction was previously found not to be
possible on the stoichiometric surface. Once CO is
formed, it will desorb almost instantaneously from the
surface. The overall reaction is limited by the CO2
reduction, which starts occurring significantly at 400 K.
The diffusion of CO2 from a stoichiometric region to the
oxygen vacancy will occur through desorption from a
stoichiometric region of the surface and re-adsorption of
CO2 at an oxygen vacancy. This will occur easily at 500 K
and above. CO can also be formed by the desorption of a
C radical with a surface oxygen to form CO and an
oxygen vacancy. The rate for this process will be
sufficiently high starting from 600 K. The formation of
ethane and ethene will occur rapidly at all considered
temperatures, and these products will not readsorb on the
surface. However, they can be broken down in a plasmadischarge.
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Figure 2. The half-lives of adsorption (X-Ads, black),
and desorption (X-Des, red) for CH2O, CH3OH and
CH4.
We found that the formation of water is possible, which
leaves behind an oxygen vacancy after desorption.
However, the formation of H2 will be much more
prominent than that of water. H2 will thus constitute a
significant part of the end products.
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Figure 4. The half-lives of adsorption (X-Ads, black),
desorption (X-Des, red) of the anatase (001) surface
for C2H6 and C2H4, and the half-lives of formation and
dissociation of CO2 on the reduced anatase (001)
surface.
4. Conclusion
The rich variety of surface reactions occurring in the
plasma catalytic dry reforming of methane, their different
behaviour as function of temperature, and their
dependency on the availability of the different plasmaspecies make it possible to tune the end products and their
selectivities based on the plasma properties. The plasma
will activate the source gas by electron impact reactions,
and by changing the plasma conditions the formation of
specific plasma species can be controlled. This will
influence their densities and fluxes towards the catalyst
surface. This, in turn, will change the plasma-surface
interactions and thus the formation of the end products.
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Figure 3. The half-lives of adsorption (X-Ads) and
desorption (X-Des) for H2O and H2 on the anatase
(001) surface.
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Discharges generated at metal-semiconductor-gas triple junctions in air at
atmospheric pressure
David Z. Pai, David Babonneau, Sophie Camelio
Institut PPRIME (CNRS UPR 3346, Université de Poitiers, ISAE-ENSMA)
Bd Marie & Pierre Curie BP 30179, 86962 Futuroscope, France
Abstract: Atmospheric-pressure plasmas are generated at tungsten/silicon/air triple
junctions. Current-voltage measurements, optical emission spectroscopy, and Raman
spectroscopy are employed to characterize the plasma and surface. The discharge is found
to have properties distinct from other nanosecond or dielectric barrier discharges, in terms
of the range of generated current and the role of the silicon ‘barrier’.
Keywords: nanosecond discharge, microplasma, plasma-semiconductor interface
1. Introduction
The use of semiconductors in atmospheric-pressure
plasma science has led to the development of
microplasma-based electronic and optical devices [1, 2].
By taking advantage of well-developed microfabrication
techniques, it is possible to machine tightly packed arrays
of microplasmas with high precision, leading to the
development of new light sources [3, 4]. Conversely, the
involvement of atmospheric-pressure plasmas in
conventional semiconductor device technology has
largely been in the role of an undesired effect, namely that
of surface flashover [5-8]. In this case, high-voltage
semiconductor switches suffered from the problem that a
discharge would be generated along the surface of the
semiconductor at average applied electric fields lower
than the breakdown threshold of the semiconductor.
An explanation of the flashover phenomenon in silicon
is discussed in [6], based upon experiments whereby
pulsed high voltage is applied across silicon in vacuum
conditions. Upon application of the voltage pulse, ohmic
and injection currents are generated initially within the
silicon. As the applied electric field increases, avalanche
current in the silicon increases near defects and
concentrates near the surface. This surface current causes
heating and desorption from the silicon into vacuum, thus
providing a gaseous medium for ionization. With the
addition of seed electrons originating at the metalsemiconductor-vacuum triple junction, a gas discharge
can be generated leading to surface flashover. The above
model of surface flashover was considered primarily from
the semiconductor physics point of view, with only a very
general description of the gas discharge.
In this work, we wish to reconsider the problem of
plasma generation along semiconductor surfaces. While
drawing from previous work on surface flashover, we will
focus instead on the metal-semiconductor-gas triple
junction. The reactor geometry will resemble that of a
surface dielectric barrier discharge (DBD) rather than the
direct gap geometry studied in previous work on surface
flashover. Also, we will be working in atmosphericpressure conditions rather than vacuum.
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Figure 1. Schematic diagram of the discharge circuit.
2. Experimental Setup
The plasma is generated in ambient atmosphericpressure air in a surface DBD geometry, as shown in
Figure 1. The anode is a tungsten wire (Goodfellow
99.95% purity) with a diameter of 40 µm placed in
mechanical contact with the polished side of silicon (ntype, 1 – 10 -cm, 280-µm thickness). Proper electrical
contact at the triple junction is checked by adjusting the
position of the wire during discharge generation. No
change in the current upon moving the wire towards the
silicon indicates that there is no gap between wire and the
silicon. A copper contact is adhered to the unpolished
side of the silicon using high-conductivity silver epoxy
paste (Polytec EC 101).
High voltage is applied to the anode using a generator
producing nanosecond-duration pulses (FID Technology
FPG 40-30 NK), with a fixed pulse repetition frequency
of 100 Hz. The applied voltage is measured using a
passive probe (Lecroy PPE 6 kV) with 400 MHz
bandwidth. A 105-m current-sensing resistor is inserted
in series with the plasma circuit on the ground side,
between the copper contact and the ground plane. The
voltage generated across the sensing resistor is measured
using a 50- coaxial cable that terminates into a 50-
input impedance on the oscilloscope channel. The current
and voltage signals are acquired using an oscilloscope
(Lecroy Waverunner 204 MXI) with 2-GHz bandwidth.
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Figure 2. Schematic diagram of the setup for OES and
fast imaging.
Optical diagnostics are also employed to characterize
the discharge. UV-VIS optical emission spectroscopy
(OES) and fast imaging are performed using the setup
shown in Figure 2. Light from the discharge is collected
and focused on the entrance slit of a spectrograph (Acton
SP2500i) using two UV-VIS parabolic 90° off-axis
mirrors (Edmund Optics) with focal lengths of 5 and
20 cm, respectively, to provide a magnification of 4X.
The diffracted light is detected using an intensified CCD
(ICCD) camera (Princeton Instruments PIMAX 1).
Raman microspectroscopy and microscopic imaging are
performed using the setup shown in Figure 3. An argon
ion laser (Spectra Physics Stabilite 2017) produces a CW
beam at 488 nm that is focused onto the silicon surface
via a 50X microscope objective (Mitutoyo M Plan Apo).
The output power of the laser is set to 40 mW, but the
laser power reaching the focal point is adjusted from 0.02
to 20 mW using neutral density filters. The backscattered
light is filtered first through a dichroic mirror (Semrock
RazorEdge), focused through a lens with a focal length of
20 cm, and then filtered again through a notch filter
(Semrock StopLine). The Raman signal is focused onto
the entrance slit of a spectrometer (Ocean Optics
HR2000+) with an instrumental function of 6 cm-1. For
imaging, the silicon surface can be illuminated using a
tungsten lamp. Images are recorded using a CMOS
camera (Thorlabs DCC1545C).
3. Results and discussion
First, we consider the breakdown threshold. At an
applied voltage amplitude of Vp = 650 V, there is no
detectable current pulse due to a discharge, as shown in
Figure 4 (black). The current up to t = 2 ns can be shown
to be consistent with a displacement current due to a
0.6 pF capacitance.
Unstable breakdown occurs at
Vp = 800 V, with shot-to-shot variation of the current.
Two phases in the current waveform can be identified.
The first is about 100 mA in amplitude and can appear
alone starting at t = 10 ns, as shown in Figure 4 (red).
Here, the silicon remains capacitive in nature, because the
current pulse is similar in amplitude and duration to those
characteristic of surface DBDs generated in similar
conditions but with an alumina dielectric barrier [9].
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Figure 3. Schematic diagram of the setup for Raman
microspectroscopy.
Occurring more frequently is the case where this first
phase is followed by a second phase starting at ton = t =
18 ns that reaches several hundred mA in amplitude, as
shown in Figure 4 (green). The second phase begins 4 ns
after when the applied voltage has reached its maximum
value. The plasma thus acts as the ohmic contact that
enables the silicon to switch into a highly conducting
state. The tungsten-silicon contact does not provide this
switch, and this is critical for allowing plasma generation.
When the anode contact with the silicon is made using
silver epoxy, the silicon enters a conducting state even at
low voltage. The resistance of the silicon is too low for
the applied voltage to increase up to the breakdown
threshold. With a mechanical contact, the applied voltage
can be increased sufficiently high to generate plasma.
The current amplitude Ip can be varied continuously
from the ‘low-current’ case where Ip < 1 A (Figure 4) up
to 20 A (Figure 5) by varying Vp from 800 to 1600 V. For
nanosecond repetitively pulsed (NRP) microplasmas
generated in a metal pin-to-pin electrode configuration,
with similar discharge length and Vp as in this study, the
attainable values of Ip are typically in the 7 – 12 A range
[10]. NRP glow and spark discharges of mm length also
cover narrower ranges of Ip [11, 12]. Thus, the triple
junction discharge has the widest current range of any
nanosecond discharge regime.
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Figure 6. Side-view images of the ‘high-current’ case
with 1-s (left) and 1-ms single shot (right) exposure times.
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Figure 4. Measured applied voltage and total current
below (black) and at the breakdown threshold (red,
green), i.e. the ‘low-current’ case.
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Figure 5. Measured applied voltage and current above the
breakdown threshold, i.e. the ‘high-current’ case.
The current waveform can be characterized in terms of
its rise and fall times. For the second phase of the lowcurrent case shown in Figure 4, the 10%-90% rise and fall
times of the current pulse are rise = 3.4 ns and fall = 7.7
ns, respectively. For the first current pulse of the highcurrent case, rise = 10.4 ns and fall = 8 ns. The difference
in rise is even more marked for negative current pulses,
with rise = 1.2 ns and fall = 8.2 ns for the pulse occurring
at t = 40 ns in Figure 5. Though the rise time is variable,
the fall time remains similar in all cases.
Typical images of the discharge for the ‘high-current’
case are shown in Figure 6. The CMOS camera image
integrated over 1 s, collecting light from 100 consecutive
high-voltage pulses, shows that the discharge extends
beyond the metal-semiconductor-gas junction by about
100 µm. Single-shot ICCD imaging integrated over 1 ms
confirms that this is representative of each pulse. Unlike
the extended high-current case, the discharge remains
contained in the junction for the low-current case. The
difference in discharge size may also account for the
difference in current amplitude and rise time between the
two cases.
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Figure 7. Raman spectra of the silicon surface after
operating the discharge in the ‘high-current’ case, for
different levels of nominal laser power.
Although not shown here, time-integrated optical
emission spectra of the plasma show many similarities
with those of NRP microplasmas generated in nearly
identical conditions except that the plasma is generated
between two tungsten electrodes separated by 200 µm
[10] rather than at a triple junction. This may indicate
that the electric field at the triple junction is similar to that
of NRP microplasmas, whose spatially averaged values
can reach over 600 Td [13]. The distinguishing feature of
the plasma chemistry, as in the case of NRP microplasmas
[14], is that there is a strong presence of N and N + in the
spectra that is typically not observed in the bulk of mmscale plasmas generated in similar conditions [15].
Ex-situ Raman spectroscopy has been performed to
assess the effect of the plasma on the silicon surface.
Two main observations can so far be made. First, besides
the crystalline Si peak near 520 cm-1, there can also be
two peaks near 709 and 810 cm-1 that can be assigned to
the W=O stretching and bending modes of WO3,
respectively. The Raman peaks of WO3 are only ever
found within a 30 µm radius of the triple junction,
indicating localized deposition of sputtered electrode

ISPC23, Montreal, Canada

Fundamentals of plasma-surface interactions

material that does not extend the full length of the
discharge.
Second, laser power has a strong effect on the Si peak,
as shown in Figure 7. At low nominal laser power of 0.02
or 0.2 mW, the Si peak is centered at about 527 cm-1 and
has a FWHM of about 20 cm-1, which is similar in profile
to untreated Si. At high nominal laser power of 2 or
20 mW, the peak undergoes significant broadening and
shift to lower wavenumber. Such changes to the Raman
spectrum of Si with laser power have been observed
previously in microcrystalline [16] and nanocrystalline
[17] Si and are attributed to high temperatures reached
when the localized heat dissipation is much poorer than
for bulk silicon. The image of the surface shown in the
inset of Figure 7 indeed shows a microstructured
morphology.
4. Conclusion
Nanosecond discharges at tungsten/silicon/atmosphericpressure air triple junctions have been characterized using
current-voltage
measurements,
optical
emission
spectroscopy, and ex-situ Raman spectroscopy. Unlike
dielectric barriers in a similar surface DBD geometry,
silicon is an active barrier that appears to switch from an
insulating to conducting state during plasma generation.
This enables the triple junction discharge to achieve a
wider range of currents than possible with other
nanosecond discharges. The discharge can propagate
along the surface, away from the triple junction, and may
cause structuration at the micro- or nano-scale. The
silicon barrier thus allows for high currents that are not
obtainable with a dielectric barrier. On the other hand,
the silicon is not simply a ballast resistor either, because
some degree of discharge propagation is possible, like
with a DBD. The discharges generated can also be very
small (<10 µm) when confined to the triple junction, and
may thus be a convenient way of generating very small
microplasmas that are possibly in the field emission
regime of operation [18]. This would be consistent with
the high electric field anticipated as necessary for the
observed production of atomic neutral and ion species in
this study.

poster

[3] L. Schwaederlé, M. Kulsreshath, L. Overzet, P.
Lefaucheux, T. Tillocher, and R. Dussart, Journal of
Physics D: Applied Physics 45, 065201 (2012).
[4] S.-J. Park, K.-F. Chen, N. Ostrom, and J. Eden, Appl.
Phys. Lett. 86, 111501 (2005).
[5] F. E. Peterkin, T. Ridolfi, L. L. Buresh, B. J. Hankla,
D. Scott, P. Williams, W. C. Nunnally, and B. Thomas,
IEEE Transactions on Electron Devices 37, 2459 (1990).
[6] G. Gradinaru and T. Sudarshan, J. Appl. Phys. 73,
7643 (1993).
[7] W.-B. Zhao, G.-J. Zhang, M. Dong, and Z. Yan,
Journal of Physics D: Applied Physics 40, 7419 (2007).
[8] J. Gleizer, Y. E. Krasik, and J. Leopold, J. Appl. Phys.
117, 073301 (2015).
[9] R. Brandenburg, H. Grosch, T. Hoder, and K. D.
Weltmann, European Physical Journal-Applied Physics
55, 13813 (2011).
[10] T. Orriere, E. Moreau, N. Benard, and D. Z. Pai, 68th
Gaseous Electronics Conference, Honolulu, October 1216, 2015.
[11] D. Z. Pai, D. A. Lacoste, and C. O. Laux, Plasma
Sources Sci. Technol. 19, 065015 (2010).
[12] D. Z. Pai, G. D. Stancu, D. A. Lacoste, and C. O.
Laux, Plasma Sources Sci. Technol. 18, 045030 (2009).
[13] T. Orriere, E. Moreau, N. Benard, and D. Z. Pai,
23rd International Symposium on Plasma Chemistry,
Montreal, July 30-August 4, 2017.
[14] T. Orriere, E. Moreau, N. Benard, and D. Z. Pai,
HAKONE XV, Brno, September 11-16, 2016.
[15] D. L. Rusterholtz, PhD, Ecole Centrale Paris, 2012.
[16] M. R. Abel, T. L. Wright, W. P. King, and S.
Graham, IEEE Transactions on components and
packaging technologies 30, 200 (2007).
[17] S. Piscanec, M. Cantoro, A. Ferrari, J. Zapien, Y.
Lifshitz, S. Lee, S. Hofmann, and J. Robertson, Phys.
Rev. B 68, 241312 (2003).
[18] P. Rumbach and D. B. Go, J. Appl. Phys. 112,
103302 (2012).

5. Acknowledgements
This work has been supported by the Agence Nationale
de la Recherche program PLASMAFACE (ANR-15CE06-0007-01), the French Government program
“Investissements d’Avenir” (LABEX INTERACTIFS,
ANR-11-LABX-0017-01), the Poitou-Charentes region
(CPER
program),
and
the
European
Union
(FEDER/FSE/FEADER programs).
6. References
[1] K.-F. Chen and J. Eden, Appl. Phys. Lett. 93, 161501
(2008).
[2] N. Ostrom and J. Eden, Appl. Phys. Lett. 87, 141101
(2005).

ISPC23, Montreal, Canada

229

poster

Fundamentals of plasma-surface interactions

Non-equilibrium atmospheric pressure plasma for the solid-state crosslinking of
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Abstract: An innovative approach based on the use of non-equilibrium atmospheric
pressure plasma to crosslink water soluble electrospun polymers is presented. After plasma
treatment the fibres show a remarkable capability to preserve their structural stability and
morphology upon water exposure. A complete characterization of the crosslinked mats was
performed to attain deeper knowledge on the occurring reactions triggered by plasma.
Keywords: non-equilibrium plasma, solid-state crosslinking, water resistance properties
1. Introduction
An extremely interesting class of polymers for
applications in pharmaceutical, packaging and biomedical
fields is represented by biopolymers. Due to their high
biocompatibility and biodegradability, biopolymers are
also ideal excipients, building blocks and protective
agents to improve performances of other biologically
active molecules. Despite their interesting properties, the
range of possible applications of biopolymers is not as
high as expected, since the majority of them is extremely
soluble upon water contact. Many chemical and physical
crosslinking methods have been so far investigated to
overcome this issue [1]; however, the most common
crosslinking agents often give rise to cytotoxicity
problems and are therefore not suitable for biomedical
applications.
This work reports an innovative and environmentally
friendly approach to crosslink electrospun fibres of
pullulan, pure gelatin (G) and gelatin containing genipin
(GG), a natural crosslinking agent, directly in the solid
state, through the exposure to a non-equilibrium
atmospheric pressure plasma generated by a Dielectric
Barrier Discharge (DBD) source operated in air [2, 3].
The role of plasma treatment time and electrical
parameters on the structural stability of mats and their
morphology retention after immersion in water was
investigated. Furthermore, for plasma treated Gand
GGfibres the crosslinking extents was also evaluated after
20 s dipping in two different aqueous solutions, namely
double distilled water (DDW) and phosphate buffer pH
7.4 (PB).
SEM images were collected to investigate the effect of
the plasma exposure on the fibres morphology before and
after the immersion of the mats in aqueous solutions,
while the chemical investigation of the mats was
performed by means of ATR-FTIR spectroscopy. For G
and GG fibres, a quantitative evaluation of the
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crosslinking extent was also carried out to better
understand the effects of the plasma induced crosslinking.
Finally, to get further proofs regarding the occurred
crosslinking, G and GG mats were also subjected to
mechanical analysis before and after the plasma exposure.
2. Materials and Methods
Preparation of pullulan electrospun mats
Pullulan solution was obtained by dissolving the
polymer in MilliQ water at a concentration of 17% w/v.
The solution was magnetically stirred at room
temperature (RT) until complete polymer dissolution, to
obtain a homogenous solution before electrospinning. The
in-house built electrospinning apparatus was composed of
a high voltage power supply, a syringe pump, a glass
syringe, a stainless-steel blunt-ended needle (inner
diameter 0.84 mm) connected with the power supply
electrode and a grounded collecting plate. The polymeric
solution was dispensed through a teflon tube to the
needle, which was placed vertically on the collecting
plate. The following electrospinning processing
conditions were used: applied voltage = 19 kV, needle to
collector distance = 20 cm, flow rate = 0.9 mL/h [2].
Preparation of G and GG electrospun mats
The electrospinning process was performed by using a
coaxial needle which enables to introduce a given amount
of genipin in the fibres; in brief, an inner needle (O.D. =
0.9 mm, I.D. = 0.6 mm) was positioned concentrically to
the outer needle (O.D. = 1.5 mm, I.D. = 1.2 mm). In
addition, the tip of the inner needle wall presents twenty
holes of 0.5 mm in diameter organized in four lines
distributed along the needle circumference. Each line
contains five little holes 2 mm apart from each other. The
solutions were individually dispensed at a controlled flow
rate by using the syringe pumps through a teflon tube to
the outer and inner needles. The coaxial needle was
placed vertically to the collecting plate at a distance of 15
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cm, with respect to the outer needle, and the applied
voltage was set at 21 kV. The shell solution was prepared
by dissolving gelatin in acetylacetonate (AcAc):H2O
(60:40 V/V) at a concentration of 30% (w/V). To
fabricate gelatin mats containing 18% (w/w) of genipin,
the core solution was prepared by dissolving genipin at a
concentration of 12% (w/V) in AcAc A reference mat not
containing genipin was prepared by using a stainless steel
blunt-ended needle (inner diameter 0.84 mm) connected
to the power supply electrode [3].
Atmopheric pressure non-equilibrium plasma
treatment
Crosslinking of non-woven mats was carried out by
means of a DBD plasma source working at atmospheric
pressure in static air. The DBD plasma source consisted
of two aluminium parallel-plate electrodes with a surface
of 15x10 cm2 and a thickness of 0.13 mm; as dielectric, a
POM-C plate, having a surface of 19x15 cm2 and a
thickness of 2.4 mm, covers the upper electrode surface.
A gap of 1 mm between the grounded electrode and the
POM-C plate was used for all plasma treatments. The
plasma source was enclosed in a volume having size of
21x17x3 cm3 (LxWxH).
For the crosslinking of pullulan mats, the DBD plasma
source was driven by a function generator, capable of
producing square wave voltage signals with microsecond
rise time, connected to a HV Amplifier. In order to
evaluate the effects of the plasma exposure, several
operating conditions were tested, varying treatment time
from 5 to 15 min, peak voltage (PV) from 10.5 to 15 kV
and pulse repetition frequency (RR) from 300 to 500 Hz
[2].
The crosslinking of G and GG mats was performed by
using the DBD plasma source driven by a micropulsed
generator, producing high voltage bursts (duration 7 ms)
with a burst repetition frequency (BRF) of 125 Hz; during
the bursts a 20 kHz sinusoidal waveform with 12 kV peak
voltage was produced.
G mats were treated for 5, 10 and 20 min, while GG
mats were subjected to the plasma exposure for 10 min.
After the plasma discharge, the sample were rinsed either
in 10 ml of Double Distilled Water (DDW) or of
Phosphate Buffer (PB, pH 7.4 and Ionic Strength = 0.26
M) for 20 s [3].
Characterization techniques
Morphological observations were carried out by using a
Philips XL-20 SEM at an accelerating voltage of 15 kV,
on samples sputter-coated with gold. The distribution of
fibre diameters was determined through the measurement
of about 200 fibres by means of an image acquisition and
analysis software (EDAX Genesis).
ATR-FTIR analysis of the electrospun mats was carried
out using an Agilent Cary 660 FTIR spectrometer
equipped with an ATR sampling device, using a diamond
crystal as internal reflection element. The extent of
crosslinking of G and GG mats was determined by a UV
assay of uncrosslinked ε-amino groups before and after
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crosslinking treatment, based on the evaluation of the
moles of unreacted ε-amino groups per gram of gelatin.
For the evaluation of mechanical properties, stress–
strain curves of as-spun mats and of mats 24 h after
plasma treatment were recorded using an Instron Testing
Machine 4465.
3. Results and discussion
Crosslinking of pullulan electrospun mats
As clearly seen from Figure 1, mats showed a reduced
structural and morphological stability with decreasing
treatment times from 15 to 5 min. In fact, for fixed RR
and PV at 15 kV and 500 Hz, respectively, 15 and 10 min
treatments allowed the mats to maintain a good and welldefined fibrous structure and a high porosity. Conversely,
after 5 min plasma crosslinking the sample completely
lost its original morphology and appeared as a continuous
transparent film. Similar results were obtained when 15
min treatments in the lowest tested electrical parameters
(PV=10.5 kV and RR=300 Hz) were performed. On the
contrary, after the 15 min treatments with PV=10.5 kV
and RR=500 Hz or PV=15 kV and RR=300 Hz, both the
fibrous morphology and the sample integrity were
retained [2].
These results highlight that, in the right operating
conditions, the plasma-mediated crosslinking approach
enables to retain almost completely the fibrous structure
of the constructs [2].

Fig. 1. SEM micrographs of plasma treated pullulan
electrospun mats after 24 h of water immersion.
The chemical characterization revealed that in the
chemical structure of the plasma treated samples a new
band appeared around 1700 cm-1, attributed to carbonyl
and carboxylic moieties, that was absent in the pristine
pullulan mat, whose intensity increased in line with the
crosslinking efficiency of the plasma treatments.
Concomitantly, a parallel decrease of the broad band of
hydroxyl groups (at 3200–3500 cm-1) was observed, as
reported in Figure 2 [2].
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The increase of treatment time up to 20 minutes
provides a further improvement in mat stability and
retention of fibre morphology after immersion in both
DDW and PB, with a better preservation of the
nanofibrous structure in PB than in DDW [3].

Fig. 2. (a) ATR-FTIR spectra of pristine pullulan
sample (A) and of samples after treatments: B = 5 min,
500 Hz, 15 kV; C = 15 min, 300 Hz, 10.5 kV; T5 = 15
min, 300 Hz, 15 kV. (b) and (c) enlargements of the two
spectral regions of interest.
Based on the very recent literature [4], it can be
hypothesized that plasma treatment of pullulan
macromolecules performed in air results in a complex
series of reactions such as cleavage of the glycosidic
bonds, as well as oxygenation of the glucopyranose ring
and the dehydrogenation of primary hydroxyl ring groups,
followed by a number of rearrangement reactions. The
oxidation process, that can occur concomitantly with the
cleavage of the glycosidic linkage, and that could also be
due to post-treatment oxidation, might be invoked in the
formation of carbonyl and carboxylic groups observed in
the ATR-FTIR spectra, which might crosslink inter- or
intramolecularly with hydroxyl groups [2].
Crosslinking of G and GG electrospun mats
While as-spun G mats immediately dissolved upon
DDW or PB contact, plasma treated G mats better resisted
to solubilisation when the proper treatment time was
selected. In particular, for constant plasma operating
parameters, the longer the treatment time the higher the
stability in solution and the preservation of fibre
morphology, as reported by the SEM imaging (Figure 3),
in agreement with the results obtained on plasma treated
pullulan mats.
In details, 5 min plasma treated G mats do not exhibit
any relevant stability increase, being immediately
dissolved when in contact with aqueous solution.
Conversely, a treatment time of 10 minutes improves
mats stability and avoids their solubilisation [3].
However, the fibrous structure is lost and the porous mat
is turned into a continuous film when immersed in DDW,
whereas the porous structure is partially maintained after
soaking in PB [3].
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Fig. 3. as-spun G mats (a) after DDW immersion (b);
and upon PB immersion (c); 5 min plasma treated G mats
(d) after DDW immersion (e) and after PB immersion (f);
10 min plasma treated G mats (g) after DDW immersion
(h) and PB immersion (i); 20 min plasma treated G mats
(j) after DDW immersion (k) and after PB immersion (l).	
  
In absence of plasma treatment, the presence of genipin
does not prevent the solubilisation of GG mats when
immersed either in DDW or PB, indicating that the
amount of genipin and the contact time between gelatin
and genipin during electrospinning are not sufficient to
stabilize the mats. On the contrary, 10 minutes plasma
treated GG mats preserve their fibrous morphology after
immersion in water and, even more evidently, in PB [3].
The shorter plasma treatment time required to stabilize
GG mats with respect to G mats indicates that genipin has
a relevant role in preserving the fibrous morphology and
suggests that plasma treatment activates gelatin
crosslinking mediated by genipin, which is further
promoted by PB [3].
Regarding the chemical characterizations of the mats,
the infrared spectrum of as-spun G mats presents several
absorption bands corresponding to Amide I, II and III.
Plasma treatment is evidently responsible for an increase
of the relative intensity of the bands in 1300–1180 cm-1
range, corresponding to Amide III absorption. A similar
effect of plasma treatment can be appreciated also on
comparing the absorption spectra of as-spun and 10 min
plasma treated GG mats, although in this case the
difference between the relative intensity of the Amide III
bands is less evident, most likely due to the genipin
contribution to the absorption spectra [3].
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Fig. 5. Stress-strain curves recorded from as-spun G
mats, as-spun GG mats, 20 min plasma treated G mats
and 10 min plasma treated mats.

Fig. 4. ATR-FTIR spectra of (a) G and 20 min plasma
treated G (G 20) mats; (b) GG and 10 min plasma treated
GG (GG 10) mats.
The number of ε-amino groups of G mats did not
change before and after plasma treatment, indicating that
no oxidation of amino groups was induced by plasma. On
the other hand, a significant decrease of ε-amino groups
was observed after immersion in PB, with an associated
increase of crosslinking degree from 0% to 61%, in
agreement with the observed conservation of the fibrous
structure exhibited by 20 min plasma treated G mats after
immersion in PB [3]. This result suggests that PB
promoted the formation of covalent bonds involving
reactive groups originated by plasma treatment and εamino groups of the gelatin. 10 min plasma treated GG
mats exhibited a significant decrease of ε-amino groups,
consistent with a crosslinking degree of 36%.
Furthermore, immersion in PB provoked an increase of
the extent of crosslinking of 10 min plasma treated GG
from 36% up to 100% [3].
The investigation of the mechanical properties of the
mats highlighted no significant differences between the
mechanical behaviors of as-spun G and GG mats,
suggesting that the presence of genipin did not induce any
remarkable effect on the mechanical parameters.
Conversely, the plasma exposure leads to a significant
reduction of the deformation at break for both the
considered types of samples, whereas the values of elastic
modulus and stress at break are higher, even though not
significantly different, than those of as-spun mats [3].
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Despite the different number of free ε-amino groups,
the similar values of the mechanical parameters obtained
for plasma treated G and GG mats suggest that plasma
treatment induces the formation of reactive groups able to
create physical and/or chemical crosslinks that contribute
to gelatin stabilization also without involving ε-amino
groups [3].
4. Conclusions
In this work, an easy approach to efficiently crosslink
water soluble electrospun mats is described. This
innovative method, employed to crosslink pullulan,
gelatin and genipin-containing gelatin mats in the solid
state definitely simplifies the crosslinking procedure,
limits the use of solvents and chemicals, decreases the
operational time, and eases the scale-up of the method.
This approach, overcoming the typical issues of
conventional chemical methods, is promising for the
crosslinking of materials for biomedical and
biotechnological applications.
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Dynamics of colliding laser produced plasmas in air
Jian Wu, Zefeng Yang, Xingwen Li and Yan Qiu
State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University,
Shaanxi 710049, China
Abstract: Laser produced plasmas (LPPs) has been developed and widely applied in
various field. It’s important to understand the physical processes of LPPs for its further
study and application. In our recent work, focusing on the dynamics of double LPPs, the
experiment and simulation are applied to study the behaviour of two LPPs, inculding the
shock propagation, collision, and stagnation.
Keywords: interferometry; laser produced plasmas; colliding

1. Introduction
Laser produced plasmas (LPPs) has been research hot
spot for several decades owing to its widespread
applications, such as laser triggered gap discharge [1],
extreme ultraviolet lithography [2], pulsed laser
deposition of thin films (PLD) [3], laser induced
breakdown spectroscopy (LIBS) [4], nanoparticle
fabrication [5], micro-machining [6].
Recently, colliding laser plasma plumes (CLPPs) have
been paid much more attentions for its unique prospect,
for instance, it can be the equivalent model in the fields of
inertial confinement fusion (ICF) and nuclear
astrophysical, be the source of nanoparticle, and be used
for ion acceleration and thin film deposition [7-9]. The
occurrence of such colliding plasma plumes is a result of
the collision between two or more expanding seed
plasmas formed by laser ablation in vacuum.
The physical processes of CLPPs are complicated with
a lot of interactions among laser, particles, target and
background gas included. In our previous work, LPP in
air had been studied with fast imaging and spatially
resolved optical emission spectroscopy. Specific
parameters of the plasma, such as expansion velocities,
electron densities, and temperature were estimated [1011]. In this work, the interactions among two laser ablated
plasmas and their shock wave fronts (SWFs) induced by
double laser pulses in air had been studied. [12]
2. Experimental Setup
A schematic diagram of the experimental setup is
shown in Fig. 1. The original laser beam came out from
an Nd:YAG laser (GKNPL-1064-1K, Beijing GK Laser
Technology Co., Ltd.), with 1064 nm wavelength, 15 ns
full width at half maximum( FWHM). The laser beam
were split by a wedge prism into two laser beams, and
then focused onto a planar target surface by a planoconvex lens (f=15 cm). The laser ablation area on the
target was about 0.04 mm2 for each beam. The distance
between the two focal points was ~2 mm. A picosecond
laser beam with FWHM 30 ps and wavelength 532 nm
from the laser device (EKSPLA, PL 2251C-10-SH-FHPreT) as a probe beam was utilized to construct the
schlieren,
shadowgraph,
and
Mach-Zehnder
interferometry. A knife edge mounted at the focal point
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was used to complete the schlieren. When the knife edge
was removed, shadowgraph images would be snapshotted
by the camera. The interferograms was imaged by the 4-f
optical imaging system with the focal length 300 mm. In
front of the CCD, a 532 nm narrow-band filter (NBF, no
presentation in Fig. 1) was used to filter the plasmas selfluminous. A Digital Delay Pulse Generator (DG535,
Stanford Research Systems) synchronized the Nd:YAG
laser and the picosecond laser, to control the probing time.
A high-speed visible photodetector (DET10A, Thorlab,
no presentation in Fig. 1) was used to record the
nanosecond laser beam and picosecond laser beam to
obtain the delay time.

Fig. 1 Schematic diagram of the interferometry system.
An ICCD (istar DH734, Andor) camera was used for
detecting the self-emission. In addition, in order to realize
the temporal resolution, a digital delay pulse generator
(DG535, Stanford Research Systems) was applied to
control all of the system and a high-speed visible photon
detector (DET10A, Thorlab) was used to record the time
stamp.
3. Characteristics of Self Emissions
Fig. 2 shows the time-resolved ICCD images of the
CLPPs from Al, Cu, and W target with a laser energy of
280 mJ. Each image was acquired from a single laser shot
with an expose time of 2 ns. All these images were
normalized to the same intensity. Before the two plasma
plumes collided, both the seed plasmas expanded freely
without any viscous force. Fast expanding plasmas
collided within 100 ns for all of the three materials. The
plasmas expanding horizontally along the target surface
would stagnate intensively with no plasmas jet formed,
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because these plasmas have no perpendicular velocity
component. While those plasmas expanding in a direction
with an angle to the target surface would stagnate and
resulted a fast moving jet away from the target surface.
The stagnated plasma lasted for a longer time than the
seed plasmas as shown from the ICCD images.

Fig. 2 Time series of ICCD images from Al, Cu and W
with a laser energy of 280 mJ
Once the stagnated plasma formed, the plasmas
expanded in the perpendicular direction. The initial
velocity of the seed plasmas was considered as a
significant factor for the formation of the stagnation. The
position of the plume front is usually defined as the place
where the emitting intensity is the 10% of plume’s
maximum value.
The front position of the stagnation layer is showed in
Fig. 3. Drag model is usually used to depict the
movement of plasmas in the presence of a low-pressure
background gas, described as R=xf [1-exp(-βt)], where the
β is the slow coefficient and the xf =v0/β is the stopping
distance of plasma plumes. The v0 is the initial velocity of
the plasmas.

Fig. 3 Plume position-time of Al, Cu, and W. The
expansion of stagnation mainly conform to the drag
model.
4. Laser Probing Images and Density Distribution
It is found that the collisions caused by shock formed
by two laser produced plasmas occur first at the midplane. Then, the propagating shock is inversed there with
a nearly unchanged velocity. However, with the
development of two shock wave fronts (SWFs), a
discontinuity interface can be observed in the experiment,
by means of fast imaging. This discontinuity after the
shock wave front is a contact surface, which separates the
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layer of compressed air behind of shock wave and
material vapor. [13] It expands slower than the shock
front. In order to study the behavior of two LPPs in air,
interferograms diagnostic as a precise optical method is
applied to record these processes. The time resolved raw
interferograms are presented in Fig. 4. When the shock
waves collide at about 500 ns, the air overlaps behind the
shock, causing the formation of stagnation layer.

Fig. 4 Raw typical interferograms of two seed plasmas
collision.
After data preprocessing of interferograms, the
density profiles of the stagnation layer can be obtained, as
shown in Fig. 5 is about 5.2×1020 cm-3, almost the double
times of the density of gas behind SWFs about 2.4×1020
cm-3. The number density of the stagnation layer increases
first, but as the SWFs expanding, the stagnation layer
moves upwards away from the target surface and the
number density of the pre-stagnated air decreases as a
result of expansion. After the contact fronts collide in the
later time, the dissipated stagnation area is filled with free
electrons near the target surface according to the direction
of the fringe shift from the laser interferometry.

Fig. 5 2D relative refractive index profiles at 1600 ns.
It probably indicates the ablated target plasmas have
expanded to collide with each other. Moreover, the region
where plasmas collision is not fierce, which is observed at
about 1600 ns and 2700 ns. Probably, it is so-called “soft”
stagnation as Rambo and Denavit proposed, [14] instead
of the hard stagnation characterized by a plasmas jet. The
apparent reason is the plasmas transferred large amounts
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of energy to the shocks at initial time, the plasmas don’t
have enough kinetic energy, and thermal motion is not
enhanced enough in the plasmas colliding area.
5. Computational Fluid Dynamics Simulation
In this work, the CFD modeling of the double LPPs in
air is applied using the rhoCentralFoam solver, a part of
the open source OpenFoam toolbox [15]. This is a
density-based solver with central upwind schemes and
semi-discrete formulation which is good at solving
compressible subsonic or supersonic flows, and which has
a high accuracy for simulation of shocks and contact
discontinuities.
Fig. 6 and Fig. 7 give the numerical results of the
behavior of the two LPPs in air, which is good agree with
the experimental data. The two shock waves have collided
at time delay 1000 ns and the reflected shock waves have
formed. At this moment, the stagnation density and
pressure are enhanced by shocks collision. It is about
20×105 Pa pressure and 8 kg/m3 at stagnation area. The
reflected shock waves have the velocity 750 m/s, almost
same with the outer air shock waves. After then, the
reflected shock waves will abrupt accelerate to compress
inner plasmas, which density is lower. Without large
density gradient, the reflected shock waves are hard to
distinguish, those are labelled in Fig. 7.

Fig. 6 Numerical results of two LPPs in air.
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6.

Conclusions
The dynamics of the two laser produced plasmas in air
are studied. The evolutions of the shock fronts and shock
densities are investigated using the interferometry
experiment and numerical calculation. The behaviors of
two laser produced plasmas in air demonstrate the two
shock waves will collide and reflect at mid-plane, forming
a stagnation layer, which is high density and pressure.
The reflected shock wave will abrupt accelerate at inner
plasmas area because the low density. The reflected shock
waves compress the inner plasmas to increase the
temperature and density, which is important to spatial
confinement effect in LIBS.
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Fig. 7 Temporally density of two LPPs using OpenFoam.
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Photoionization cross section for simple atomic systems under confinement using
a Hartree-Fock approach
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Abstract: In this work, we show results for photoionization cross section for one electron
valence atoms under several conditions of confinement. We use the Woods-Saxon and
Debye-Huckel potential to model an endohedral cavity and a Debye plasma. The
photoionization cross section is calculated under the Hartree-Fock method using a finite
differences approach. The effect of the confinement potentials on the inner shell electrons is
taked into account by considering that the core electrons are not frozen. We compare the
results obtained by our approach to the free system case to discern differences and the
effects of the confinement.
Keywords: photoionization, cross section, confinement, alkali atoms, Debye-Huckel
The atomic system response to ionizing radiation is a
dominant process in the universe that involves atoms,
molecules and ions. This ionizing radiation is present in
several physical systems on free and confined states. The
atomic systems under confinement show several
interesting properties with a grew up technological
applications [1]. One kind of this confinement systems
are the atoms inside an endohedral cavity, for example,
the atom A inside the C60 fullerene cage, i.e. A@C60 [2].
In these systems there exist numerous theoretical and
experimental studies that investigate the cavity effect on
photoionization of atomic systems (see Ref. [2] and
references therein). For example, to study the
photoionization of alkali metals inside a cage, e.g. Ref.
[3] use a model potential to simulate the multi-electron
core interaction with the single valence electron. In Ref.
[4] a study is provided for the correlation energy of alkali
earth metal atoms confined in an attractive spherically
symmetric potential well as a function of well depth. The
Li-like ions under the influence of Debey plasmas were
studied in Ref. [5], where they report the influence of
plasma screening effects on photoionization.
In this work, we show theoretical results obtained for the
photoionization cross section for simple atomic systems,
i.e. helium and alkali-earth-metal atoms, under several
confinement conditions. We solved the Hartree-Fock
equations taking into account a confinement such as a
C60 endohedral cavity and a Debey plasma by means of
a finite-differences approach [6]. The C60 cavity is
modeled with a Woods-Saxon potential [2] and the
plasma with a Debye-Huckel model [5]. The finite
differences approach has been used previously to study
atoms under isotropic pressure obtaining accurate results

ISPC23, Montreal, Canada

[6]. This method consists in discretizing the wave
function in a numerical grid for certain boundary
conditions.
Here we are interested in showing the confinement
potential effects on the one valence electron due to the
interaction between inner shell electrons and the role that
they play. We use the Hartree-Fock approach to take into
account the inner shell electrons interaction with the
confinement potential and with the one valence electron.
We have no frozen inner shell electrons and we describe
in a better way the core electron interactions. Finally our
results are compared with those obtained for a free
systems and those available in the literature.
Work supported by DGAPA-UNAM PAPIIT-IN 106617,
DGTIC-UNAM SC16-1-IR-16, PAEP-UNAM and
Conacyt scholarship with CVU 424130.
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Abstract: Plasma pre-treated sub-micron alumina powder used for electrophoretic
deposition (EPD) revealed reverse surface charge on alumina particles and also affected the
deposition yield, rate, and surface quality of deposits. These highly interesting results
motivate us to study the microscopic changes on plasma treated alumina powders. In this
paper, we present the study of luminescence produced by thermally stimulated plasma
treated alumina powders. We found that thermoluminescence signal is exceedingly
sensitive to the plasma treatment.

Keywords: Thermoluminescence, aluminium oxide, DCSBD, Electrophoretic deposition
1. Introduction
Our previous work had shown that plasma pre-treatment
of alumina (Al2O3) powder using a Diffuse Coplanar
Surface Barrier Discharge (DCSBD) had a positive effect
on the microstructure of sintered ceramics. The ceramics
sintered from plasma treated powder exhibited about 30%
lower mean grain size [1] and better mechanical
properties. This result motivated us to test the effect of
plasma treatment also for the wet shaping method of
ceramics processing, namely the electrophoretic
deposition (EPD) of alumina layers [2]. Our first,
promising results will be presented here.
The particular mechanism responsible for the observed
positive effect remains unclear. A standard set of surface
diagnostic techniques (FTIR, Raman, XPS, SEM) were
used to identify the novel chemical groups introduced to
powder surface by plasma, which may be responsible for
observed changes in the sintered ceramics. Nevertheless,
these standard diagnostic tools did not provide any
compelling explanation for the observed effect. A more
promising approach appeared to be the study of the effect
of plasma on alumina powder by means
thermoluminescence (TL). TL is a thermally stimulated
light emission of electrons relaxed from the trapped
states, which were previously populated by sufficiently
energetic irradiation. It is worth noting, that the presence
of populated trapped electron states cannot be detected by
above mentioned standard diagnostic techniques. TL
phenomenon is frequently employed in dosimetric
applications [3,4,5]. Besides typical high-energy radiation
(such as X-rays or β radiation), it has been shown that
different kind of plasmas and even the UV-VIS plasma
emission from an atmospheric pressure discharge was
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capable of creating a detectable TL signal from alumina
ceramic plates [6]. With respect to the EPD process, our
working hypothesis is, that the trapped charges of alumina
particles may be influencing the stability and dynamics of
dispersed particles when subjected to the external electric
field during the EPD. Results of TL emission associated
with plasma activated alumina powders will be presented
as well.
2. Experimental
Al2O3 powder
The plasma treatment was carried out on the high purity
sub-micron alumina (α-Al2O3) powder (TM-DAR, Taimei
Chemicals Co., Ltd., Japan) with a surface area of
13.7 m2/g and primary particle size of 150 nm. A small
amount (approximately 1 g) of alumina powder was
poured through a sieve on the surface of discharge
ceramics (plasma area). The thin powder layer was
covered with the shield alumina pusher, to prevent its
blow off by the ionic wind.
Plasma source
Non-thermal plasma generator of DCSBD was used for
plasma treatment of sub-micron alumina powder (Fig. 1).
It consisted of a screen-printed array of coplanar strip-like
electrodes (1.5 mm electrode width, 1 mm inter-electrode
spacing) on the bottom side of a 96% purity Al 2O3 plate
with the thickness of 0.6 mm. The active plasma area of
DCSBD unit was 8×20 cm2. The electrode was cooled by
circulating transformer oil, which also provides an
additional electrical insulation. The system was powered
by 14 kHz sinusoidal high-voltage of up to 20 kV peakto-peak amplitude. By increasing the driving voltage, a
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thin layer (about 0.3 mm) of low-temperature nonequilibrium
plasma
consisting
of
H-shaped
microdischarges emerged on the upper surface of the
ceramic plate [7]. Alumina powder was treated in
atmospheric pressure ambient air at an input power of
400W for various exposure times within the range of 1 to
90 s.

Fig. 1. Schematics of DCSBD setup. For the sake of
clarity, only a reduced number of electrodes is shown.
Electrophoretic deposition
Dispersions used for EPD consisted from 15 wt.% of
alumina powder and 2-propanol media. Prior to EPD the
dispersions were 30 min mechanically stirred in the
ultrasonic field. The two stainless steel electrodes with an
active surface area of approximately 8.8 cm2 were placed
into the glass electrophoretic cell with 40 mL volume.
The constant current density of 0.57 mA/cm2 was applied.
The deposition was interrupted each 5 min and
mechanically stirred to avoid particle sedimentation. At
the same time, the weight yield was recorded by
weighting of deposited mass on the deposition electrode.
Thermoluminescence measurement
Prior to any plasma interaction followed by TL
measurement, the powder was thermally annealed at
800°C for one hour and allowed to passively cool down to
the room temperature for approximately 24 h. This
procedure was performed to empty the traps filled by
spurious radiation and prepare well-defined reference
samples. Each TL glow curve (GC) was obtained from
20 mg of alumina powder using an automated RISØ
TL/OSL-DA-15 [8] reader equipped with 90Sr/90Y beta
(β) source radiation (0.565 MeV mean β energy, dose rate
0.119 Gy/s). The system was equipped with a
photomultiplier tube (bi-alkali EMI 9235QA), which had
a maximum detection efficiency at approximately
400 nm, at a distance of 55 mm from the sample. The
spectral selection was accomplished by means of a
7.5 mm Hoya U-340 detection filter (λpeak = 340 nm,
FWHM = 80 nm). The TL GCs were acquired by heating
the sample in an inert nitrogen atmosphere (2 L/min flow)
at a heating rate of 2 K/s in the temperature range 303893K.
3. Results and discussion
The dependence of deposited mass on deposition time is
shown in Fig. 2. Non-treated alumina particles dispersed
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in 2-propanol media had positive natural charge on their
surface, since these particles were attracted on a cathode.
The voltage during deposition increased up to 1000 V
which suggested low amount of charge carriers in the
dispersion. In such situation, the alumina particles moved
relatively fast on the deposition electrode and formed a
deposit in a wedge shape. The wedge shape of deposit
was caused by sedimentation of alumina particles during
the EPD [9]. The dispersion can be characterized as less
stable. The deposition had to be terminated after 10 min
due to the high pressure of external particles on the
deposit surface, which caused surface cracks and lowquality surface (high surface roughness).
The significantly different operation was observed when
the plasma pre-treated alumina powder was used in the
dispersion (see red curves in Fig. 2). The deposition rate
decreased as well as deposition yields. The predominantly
anodic deposition took place. Most importantly, the
surface of deposits was smooth and without any apparent
surface damage or roughness.

Fig. 2. The dependence of deposited mass on deposition
time.
Fig. 3 shows the set of GCs corresponding to the various
plasma exposure times, as well as a non-treated sample
for the reference.

Fig. 3. TL glow curves (GC) for alumina powders
exposed to DCSBD plasma for various exposure times
and without plasma treatment.
One can see, that the signal after subtraction of
background for the non-treated sample is almost zero.
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After applying the plasma exposure, several peaks appear
in the TL spectrum. The red line designated as 1s plasma
refers to the shortest possible plasma exposure safely
performable on the used DCSBD setup. Even for such a
short exposure time, the TL spectrum could be clearly
discerned from the one of non-treated powder. As the
exposure time was increased up to 90 s the overall
intensity was gradually increasing, without reaching any
signal saturation. Apart from the well-known main
dosimetric peak centered at 450K [10,11], the presence of
other overlapping TL peaks could be clearly seen in the
high-temperature region of 603-903 K. Analysis of the
spectrum was performed by specialized program GlowFit
designed to simulate TL GCs composed from up to ten
glow peaks following the first order kinetics [12]. A
representative deconvolution is depicted in Fig. 4 for
alumina powder treated for 90 s. The fitted parameters are
summarized in Table 1.

4. Conclusion
Electrophoretic deposition from the solution of alumina
sub-micron powders subjected to atmospheric pressure
plasma treatment in air exhibited predominantly anodic
deposition, which is the reverse situation to that of
deposition from a suspension containing non-treated
alumina. Moreover, plasma pre-treatment affected
positively the quality of deposited layer.
Thermal stimulation of alumina sub-micron powder in the
range 303 - 893 K results in the emission of
thermoluminescence light. This indicates, that plasma
exposure leads to the increase of a number of electrons
trapped in excited states of alumina powders. The
increase of trapped electron signal is dramatic even for
units of seconds exposure times. The spectrum was
deconvoluted to identify the particular electron traps
responsible for the resulting spectrum. The actual relation
between the EPD improvement and increase of TL signal
is still to be determined.
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Defect generation in graphene films by low-pressure
inductively coupled argon plasmas treatments
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Abstract: CVD-grown graphene films were exposed to low-pressure inductively coupled
argon plasmas in order to investigate the defect formation by very low-energy ion irradiation.
Plasma parameters have been assessed by Langmuir probe and mass spectrometry to
determine conditions of fixed ion fluence but different average ion energy. Raman
spectroscopy was carried out to estimate the damage generation. Preliminary results show
two contributions to the defects formation on graphene: one depending on the average ion
energy, the other on the increasing gas pressure.
Keywords: graphene, defects formation, ICP, plasma-surface interactions.
1. Introduction
Since its discovery in 2004 [1], graphene revealed itself
as a promising material for a vast area of applications [2].
Its properties can be tailored by post-processing either
chemically [3] or by plasma treatment [4]. The latter is
commonly used to dope graphene films and induce a band
gap. Exposure to plasma-generated energetic species (ions,
metastables, radicals and UV photons) generates both
defects and heteroatom incorporation throughout the
graphene lattice [5, 6]. However, in plasma treatment, the
decoupling of doping and damage mechanisms is difficult.
Typically, damage studies on graphene films are carried
out using high-energy electron beams [7] or ion beams at
energy above a few tens of eV [8]. Nonetheless, a few
studies showed that plasma treatments may induce damage
on graphite substrates although incident ions transfer less
energy to the graphite lattice than its threshold
displacement energy (Td = 15-20 eV) [9, 10]. This effect is
not yet clearly understood.
The aim of this study is to investigate the defect
formation on graphene films by low-pressure argon
inductively coupled plasmas (ICP) in the very low ion
energy range (< 15 eV). To do so, the ion fluence is kept
constant while the pressure change permits to reach
different ion energies impinging on the surface. The
experimental conditions are characterized by Langmuir
probe and mass spectrometry. Raman spectroscopy is
carried out on the CVD-grown graphene films to evaluate
the damage induced by the different plasma conditions.
2. Experimental setup
The setup is a planar-type ICP reactor with a spiralshaped antenna operated at 13.56 MHz. The residual
pressure p = 7×10-8 Torr is obtained by a combination of
rotary and turbomolecular pumps. The argon mass flow
rate is fixed at 20 sccm and the working pressure
(5-80 mTorr) is adjusted by a gate valve located at the
entrance of the pumping system. An automatic impedance
matchbox maintains the reflected power below 1 W.
Graphene films are grown on 25-µm copper substrates
by chemical vapour deposition (CVD) [11]. Before plasma
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treatment, they are transferred onto 1 cm2 Si/SiO2
substrates using a standard transfer procedure with
Poly(methyl methacrylate) (PMMA) [12]. Note that since
graphene films lie on dielectric substrates, they are not
electronically grounded and thus charge at floating
potential during the plasma treatments.
In order to assess the electrical parameters of the
discharge, measurements were carried out with a
cylindrical rf-compensated Langmuir probe (SmartProbe
from Scientific Systems Ltd). The latter was positioned a
couple of centimetres above the substrate holder. The
probe bias voltage ranges from -60V to 20 V in order to
obtain the I-V characteristics and to extract plasma (Vp)
and floating (Vf) potentials, ion (ni) and electron (ne)
densities, and the electron temperature Te.
To complete the plasma characterization, ion energy
distribution functions (IEDFs) are measured with a Hidden
HAL301S/2 mass spectrometer (MS) in SIMS+
configuration with an energy resolution of 0.05 eV. Over
the range of conditions investigated, the Ar+ ion signal
always saturates. To circumvent this issue, the ArH+ IEDF
is analysed. Such ions are formed due to the presence of
water inside the MS chamber.
Defect generation on graphene was assessed by Raman
spectroscopy, a powerful tool for damage studies of
carbonaceous matter [13]. To prevent any heating damage,
measurements were conducted at 514 nm with a laser
diameter of about 1.5 m and a laser power below 0.5 W.
Spectra were obtained with a resolution of 1 cm-1. Due to
the poor homogeneity of graphene samples at a
microscopic level (strain, grain boundaries, wrinkles, etc.)
[14], a mapping of 121 points evenly scattered on a 30-µm
square was conducted on every sample.
3. Results
a) Plasma characterization
Knowing that low-energy ions may have a strong impact
on graphite (even at energies lower than the threshold
displacement energy), experimental conditions have been
set such that the ion fluence fion remained constant while
the ion energy Eion fluctuated.
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As a first approximation in low-pressure plasmas, one
may consider [9]:
𝑬𝒊𝒐𝒏 = 𝑽𝒑 − 𝑽𝒇 ,
(1)
with Eion in eV and V in volts. Additionally, in Ar
discharges, Vp-Vf is directly related to T e [15]. Since Te is
highly pressure dependent [16], one way to change Eion is
to operate at different pressures. However, it also implies a
modification of the ion fluence fion since it is defined by:
𝒇𝒊𝒐𝒏 = 𝒏𝒊 𝒗𝑩 𝒗 𝒕𝒆𝒙𝒑 ,
(2)
𝒆𝑻

𝒗𝑩 = √ 𝒆 ,
𝒎
𝒊

(3)

with 𝑛𝑖 the ion density, 𝑡𝑒𝑥𝑝 the treatment time, 𝑣𝐵 the
Bohm velocity (at the sheath edge), 𝑒 the elementary
charge and 𝑚𝑖 the ions mass. In order to obtain a fixed
fluence and different Eion, an approach is to fix the ion
density over a large range of pressure (5 to 80 mTorr) by
tuning the discharge power (Prf). Then, a constant fluence
would be maintained by adjusting texp. Eventually, the final
experimental conditions were determined for an ion
density ni = 1.1×1011 cm-3: from p = 5 mTorr, Prf = 500 W
and texp = 15 s to 80 mTorr, 84 W and 23 s. The results are
summarized in Fig. 1 that presents the evolution of Vp-Vf,
Te and Prf as a function of pressure.

investigated. Indeed, the ion-neutral mfp –estimated as
𝝀 [mm]= 𝟒. 𝟐/𝒑 [Pa] [17]– is about 65 and 0.4 mm at 5
and 80 mTorr, respectively. At the highest-pressure value,
the mfp compares with the average sheath width on an rf
cycle (about 0.1 mm in both cases for a plasma density
ni = 1×1011 cm-3) [17] and thus the sheath cannot be
assumed collisionless. Moreover, it is known that the
plasma potential Vp fluctuates at the rf frequency. In our
conditions, the ion transit time through the sheath is about
2.5 times greater than the rf period, which means than the
ions may be affected by the instantaneous sheath voltage
[18]. This would lead to bi-modal IEDFs. This is especially
true below 10 mTorr where the electron energy relaxation
length is greater than the distance between the substrateholder and the rf power absorption area (20 cm).
Knowing that in both ends of our pressure range,
equation (1) might not be accurate, MS has been carried
out to assess IEDFs for various pressures (Fig. 2).

Fig. 2. Normalized ArH+ IEDFs for different pressures.

Figure 1: Langmuir probe measurements of Vp-Vf, Te
and Prf for a constant ion density of 1.1×1011 cm-3 as a
function of the working pressure.
With increasing pressure, a monotonous decrease of
both Te and Vp-Vf is observed, from 3.3 eV and 13 V at 5
mTorr to 1.8 eV and 7 V at 80 mTorr. This drop is
explained by the rise of the electrons mean free path (mfp)
with declining pressure, leading to an increased electronic
loss at the walls and a subsequent rise of Te to sustain the
discharge [16]. Note that the power absorbed (or
dissipated) per electron rises with increasing pressure such
that lower Prf values are required to maintain a constant
plasma density.
With the plasma conditions fully determined, the
validation of the assumption made by equation (1) has been
carried out as the estimation of Eion may sometimes be
tricky. For example, it cannot be assumed that the sheath is
collisionless through the whole range of pressure
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Results show that, in our conditions, the full widths at
half maximum (FWHM) are narrow (~ 1.2 eV) and fairly
independent on pressure. The IEDFs may thus be assumed
“monoenergetic”, in agreement with equation (1).
Additionally, the average ion energy increases from 7 to
16 eV as the pressure decreases from 80 to 5 mTorr. Since
the MS surface exposed to the plasma is grounded, these
values are directly related to Vp. Taking into account Vf
(about 2 V throughout the whole pressure range), Eion is in
agreement with the Langmuir probe measurements and
ranges from 13 eV at 5 mTorr to 7 eV at 80 mTorr.
b) Graphene treatments
At normal incidence, an Ar ion may transfer up to 71%
of its energy to a carbon atom of the graphene lattice [9].
The carbon etching mechanism at such energy is a multistep process known as ion irradiation induced damage
(I3D). A first incident ion creates a Frenkel defect, i.e. a
vacancy and an adatom. The latter is weakly bounded to
the lattice and may be easily desorbed by a second ion. At
energy below the threshold displacement energy Td of
graphene (~ 18-20 eV [19]), the formation of Frenkel pairs
would preferentially occur at already present defects, such
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as edges or grain boundaries. Additionally, very lowenergy ions may induce the displacement of edge atoms
(~12 eV) [20] or the generation of point defects such as
bond rotation (Stone-Wales) that necessitates a formation
energy of only 5 eV [19]. Over the range of Eion = 7-13 eV,
the difference in energy might thus have a great influence
on the defect formation dynamics. Moreover, as previously
mentioned, in a plasma, other energetic species coexist
with the ions.
Following plasma treatments, each graphene sample is
analysed by Raman spectroscopy to assess the damage
generation. The Lorentzian G (~1580 cm-1) and 2D
(~2700 cm-1 at 514 nm) peaks are characteristic of defectfree single-layer graphene. When disorder grows within the
lattice, the Lorentzian D (~1350 cm-1) and D’ (~1610 cm-1)
peaks arise. A typical approach to assess the defect density
throughout the graphene lattice is to measure the ratio of D
over G peak intensities [21] while the ratio of D over D’
gives an insight on nature of the defects [22]. Note that the
PMMA transfer from copper to Si/SiO2 inevitably adds
damage and lead to a ID/IG ratio around 0.08 (not
displayed). A less common and broad amorphous carbon
(aC) contribution is sometimes found around 1500 cm-1 in
carbonaceous matter, either deconvoluted with amorphous
Lorentzian D and G peaks superimposed on top of
graphene [23] or by introducing a Gaussian A peak at 1500
cm-1 [24]. We chose the latter deconvolution and plotted
the ratio of A over G peaks areas to assess the evolution of
the amorphous content in the treated graphene films.

Figure 2: Raman spectra of CVD-grown graphene films
treated with argon plasmas at different pressures. Each
spectrum presented is the average of 121 points, FWHM
may thus be widened.
The Raman results are summarized in Fig. 3 for four
different pressures. Each spectrum is an average of the 121
points taken on its respective sample. For all pressures,
high D and D’ are observed (ID/IG > 1.5), indicative of a
high defects generation. The low value of the I2D/IG
intensity ratio between 1 and 1.5, also strengthens this
assumption.
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Fig. 4 highlights the evolution of ID/IG peak intensity
and AA/AG peak area ratios as a function of Eion. Over the
range of ion energies investigated, the highest ID/IG ratio of
2.4 is obtained at the highest ion energy (13.3 eV, 5
mTorr). When reducing Eion, the ratio first decreases (11.2
eV, 10 mTorr) and then increases up to a value of 2.3 for
Eion = 8 eV and = 40 mTorr. It seems that the evolution of
ID/IG is the results of two contributions: one depending on
the ion energy, the other on the increasing pressure.

Figure 3: ID/IG peak intensity ratio and AA/AG peak area
ratio as a function of the average ion energy.
To investigate this second contribution, we extracted the
AA/AG area ratio, related to the amount of amorphous
carbon on the graphene films. This ratio increases steadily
with increasing pressure (i.e. decreasing Eion); this implies
that higher argon pressure induces greater content of aC.
Two explanations may be advanced for such an
occurrence.
The first one is based on the transformation of
graphite/graphene into aC upon ion irradiation [13].
However, with increasing aC content, the ID/IG ratio –
which initially increases with the defect density– begins to
decrease when the crystallite size drops below 2 nm.
Additionally, through this transition from nanocrystalline
graphene to aC, the I2D/IG peak intensity ratio falls
dramatically (I2D/IG < 0.3) [24], D and G peaks FWHMs
greatly increase and G peak position decreases [13, 25].
None of these phenomena were observed in this study.
On the other hand, a higher pressure would greatly
reduce the mfp of desorbed carbon atoms (from 44 to 2.8
mm when going from 5 to 80 mTorr) which could then
easily backscatter on the sample. This redeposition would
increase the carbon adatom density and lead to inverse
Stone-Wales defects [19] and/or aC islands formation.
Moreover, the lower ion energy may promote surface
diffusion rather than adatom ejection (C-adatom over
graphene: migration energy 0.4 eV, binding energy 1.5-2
eV [19]). Finally, backscattering of desorbed species from
the PMMA residues could lead to an oxygenation and/or
hydrogenation of the graphene and thus a higher
amorphous content.
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In summary, preliminary Raman analyses seem to show the
highest damage generation due to the impinging 13-eV
argon ions (highest ID/IG, low amorphous content). With
greater pressure and lower ion energy, damage generation
drops but the presence of amorphous carbon along with the
graphene film (due to with surface diffusion and
redeposition processes), leads to an increasing ID/IG ratio.
The decrease of the ID/IG ratio at Eion = 7 eV could be due
to the existence of a threshold energy, such as bond rotation
which has a formation energy of 5 eV.
4. Conclusion
In this study, the plasma parameters of low-pressure
argon inductively coupled plasmas have been determined
by Langmuir probe and mass spectroscopy in order to vary
the average energy (from 7 to 13 eV) of ions impinging on
a floating surface while maintaining a fixed ion fluence.
Plasma treatments were carried out on CVD-grown
graphene transferred on Si/SiO2 substrates and Raman
spectroscopy was performed to assess the defect generation
and amorphous content evolution.
Our results reveal two contributions on the defect
generation: one proportional with the ion energy, the other
with the gas pressure. It seems that with lower ion energy
and higher pressure, surface diffusion and redeposition
processes become preponderant; this would explain the
higher density of amorphous carbon found on the graphene
film. The occurrence of this amorphous matter would
explain the high ID/IG ratio observed, even at very low-ion
energy, where damage to the graphene lattice is expected
to be very small.
Finally, in order to achieve graphene doping by mild
plasma treatment, low pressure is thus preferable since
minimal production of amorphous carbon is obtained.
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Surface engineering of polymers using neutral reactive gaseous species
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Abstract: A common technique for tailoring surface properties of polymer materials is
exposure to reactive gaseous plasma. Reactive gaseous species interact with polymer surface
causing both functionalization and etching. Etching is almost avoided by using afterglows
rather than glowing plasmas. The functionalization is often accomplished in a fraction of a
second providing the flux of reactive species is as large as 1023 m-2s-1. Such fluxes are
achievable even in late afterglows if processing chambers are designed appropriately.
Keywords: Surface functionalization, nanostructuring, etching, oxygen plasma, afterglow.

1. Surface properties of polymers
Most common polymers are moderately hydrophobic
what may be suitable for particular applications but is
rather a drawback when the polymers should be coated,
printed or painted. In such cases the adhesion of the coating
is rather inadequate due to the mismatch in surface energies
of the polymers and coating materials. The paints, prints
and many other coatings exhibit rather high surface energy,
sometimes higher than the polymers. In order to overcome
this obstacle, the polymer surface energy should be
increased, preferably above the surface energy of the
coating. A classical technique applies wet chemistry
(primers) that usually do the job well but represent an
ecological hazard as well as extra costs. The application of
chemicals can be avoided effectively by using gaseous
plasma treatments.
2. Wettability of polymer surfaces
The wettability (ability of spreading a liquid over a
surface of a solid material) depends on the surface energies
of the substrate and the liquid as well as on morphological
characteristics of the substrate. The wettability can be
therefore tailored by functionalization of a polymer surface
with functional groups of appropriate polarity as well as by
roughening, usually on the sub-micrometre scale. Rough
surfaces often exhibit superior surface properties: if the
surface functional groups are non-polar the material will
exhibit super-hydrophobic effect (sometimes called lotusleaf effect) while it would become super-hydrophilic if
rough on the nano-meter scale and functionalized with
polar groups. The wettability is often determined by
measuring the contact angle of a water drop: if the angle
becomes immeasurably low the material is superhydrophilic. The super-hydrophilicity has not been
observed for smooth surfaces so it seems that the
functionalization itself cannot cause this effect regardless
of the functional groups grafted onto the polymer surface.
In fact, the choice of polar functional groups is limited and
so is the concentration of such groups on the polymer
surface. The surface is often saturated with functional
groups and the only method for further improvement of the
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wettability is modification of the surface morphology.
Figure 1 represents such an effect. The surface of
polyethylene terephthalate (PET) polymer was saturated
with polar groups but the morphology was changing
independently from the functionalization. The roughness
was expressed in terms of average roughness as determined
from characterization of the polymer surface by atomic
force microscopy (AFM). One can clearly observe that for
this particular case the super-hydrophilic surface finish is
only achievable for roughness of several nm.

Fig. 1. Variation of the static water contact angle on a
PET surface saturated with polar functional groups as a
function of the roughness.
3. Oxygen plasma and its afterglow
Polar functional groups are usually created on a polymer
surface using oxygen plasma treatment. Weakly ionized
plasma is usually applied in order to prevent thermal
degradation of the polymer sample. Such plasma contains
the following reactive gaseous species: positively charged
molecular ions, negatively charged ions, neutral oxygen
atoms in the ground as well as some metastable excited
states, neutral molecules in both metastable states, ozone
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Fig. 2. Oxygen atoms density in a Pyrex reactor after
turning on the RF discharge.
The reactive gaseous species in oxygen plasma cause
heating of the polymer material by exothermic reactions
such as neutralization, accommodation, relaxation and
recombination. Chemical reactions also contribute to the
heating of polymers although this effect is usually
negligible providing the material is kept almost at room
temperature. The exothermal surface reactions are
effectively reduced using afterglow instead of glowing
plasma for treatment of polymer materials. The afterglow
is achievable either by pulsing the discharge with a short
duty cycle or by drifting gas from plasma reactor to another
chamber where electric field is absent. The life-time of
charged particles after turning off the discharge or upon
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drifting gas to another chamber is orders of magnitude
shorter than of neutral reactive species so the latter species
abound also in the afterglow. In fact, the dissociation rate
of several 10% has been observed tens of milliseconds after
passing gas trough glowing plasma.
4. Functionalization and etching using oxygen plasma
or afterglow
Both charged and many neutral reactive species created
in oxygen plasma interact chemically with all known
polymers. Usually, but not always, they cause
functionalization of the polymer surface. The term
functionalization stands for appearance of polar functional
groups containing one or more oxygen atoms bonded to a
surface atom. Usually it is carbon but functionalization has
been reported also as a result of binding oxygen to other
atoms in the polymer surface, for example sulphur. The
surface functional groups are not as stable as the polymer
itself so functionalized polymers tend to age. Obviously,
ageing increases with polymer temperature. If plasma itself
causes extensive heating of the polymer many functional
groups will decay already during treatment itself. The
result will be rather poor wettability of a plasma treated
polymer sample. The sample temperature increases with
increasing treatment time in gaseous plasma. If the surface
temperature becomes too high the functional groups
spontaneously decay so prolonged treatment causes loss of
surface wettability. Figure 3 represents such an effect
which is usually observed when the sample temperature
increases over 400 K.

Contact angle →

molecules and perhaps some more exotic species in minute
concentrations. The species interact with the polymer
surface at different rates which depend especially on the
kinetic and internal energy of a particular specie. The major
reactants are often neutral atoms in the ground state,
especially if plasma is sustained at a rather low pressure,
say below few mbar. The atoms have a reasonable affinity
(the order of magnitude depends on the type of a polymer
but roughly it is 10-3 for many polymers at room
temperature) and they abound in gaseous plasma providing
the loss is minimized (using low pressure to minimize gasphase recombination, and inert materials facing plasma to
minimize loss by heterogeneous surface recombination). In
fact, the density of neutral atoms in a plasma reactor may
reach 1022 m-3 although the density of charged particles is
orders of magnitude smaller. The O-atom density in a
plasma reactor may be rather constant (not timedependent) providing the surface properties of materials
facing plasma remain unchanged. Figure 2 represents the
time evolution of the O-atom density in a 20-litres reactor
made from a Pyrex cylinder terminated by oxidized
aluminium plates. The upper curve is for the reactor of
clean surfaces and the lower for surface contaminated with
a very thin layer of a metal oxide. The huge difference (two
orders of magnitude) is explained by extensive
recombination of O-atoms of the surface of contaminants.
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Treatment time →
Fig. 3. Variation of the water contact angle on a polymer
immersed into rather aggressive oxygen plasma.
Such unwanted heating and thus loss of surface
functional groups is effectively avoided by using
afterglows rather than glowing oxygen plasma. The
heating of many commercial polymers in the oxygen
afterglow is negligible since the probability for exothermic
surface reactions between reactive species in the afterglow
and most polymers is low. The oxygen atoms cause
functionalization which is often accomplished within a
second, and further exposure does not influence the surface
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Contact angle →

properties much. Figure 4 represents the effect of
prolonged treatment of a polymer in oxygen-plasma
afterglow.

morphology are still unknown. Some authors explain it by
kinetic effects due to bombardment of the polymer surface
with positive ions from gaseous plasma. Since such
structures have been observed also when samples were left
at floating potential so that the kinetic effects are
minimized, the spontaneous self-organization may be due
to other effects as well. In any case, plasma treatment
represents a useful method for tailoring both surface
morphology and chemistry.

Treatment time →
Fig. 4. Variation of the water contact angle on a polymer
in oxygen-plasma afterglow.
The required treatment time for saturation of a polymer
surface with polar functional groups depends on the type
of polymer and the flux of O-atoms on the sample surface.
If the treatment setup is designed properly the density of
O-atoms in the afterglow chamber will be close to 1021 m3
so the flux will be about 1023 m-2s-1. Under such
conditions the surface of most polymers should be
saturated with polar functional groups within a second of
treatment. In practice, however, much longer treatment
times have been used, ranging from seconds to minutes.
The reasons for such prolonged treatments could be poor
density of O-atoms, presence of surface impurities on both
polymer samples and walls of afterglow chambers and
complex shape of polymer materials.
Once the polymer surface is saturated with functional
groups etching occurs. The etching rate depends on the
type of polymer and plasma parameters, but a typical order
of magnitude for polymers at room temperature is 10 nm/s.
The etching may occur even when placing polymer in the
late afterglow, but the etching rate is orders of magnitude
smaller than in glowing plasma. For PET materials
exposed to oxygen-plasma afterglow at room temperature
the etching rate as determined by a quartz-crystal
microbalance (QCM) was below 0.1 nm/s.
The etching of polymers in gaseous plasma has been
addressed by numerous authors and many observed
laterally inhomogeneous effects that lead to nanostructuring of originally smooth polymer surfaces.
Depending on plasma parameters a variety of
morphological forms have been reported. A brief treatment
in highly reactive oxygen plasma often causes formation of
nano-cones of typical lateral dimension well below 100
nm, as shown in Figure 5. Prolonged treatment at moderate
temperature, however, often causes merging the cones and
formation of structures resembling nano-walls as shown in
Figure 6. The exact mechanisms leading to such surface
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Fig. 5. AFM image 1µm x 1µm of a PET sample exposed
to oxygen plasma at low temperature.

Fig. 6. AFM image 1µm x 1µm of a PET sample exposed
to oxygen plasma at elevated temperature.
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Abstract: At low pressures, the dominant loss of thermal energy from neutral particles in
low temperature plasmas typically occurs through thermal energy accommodation at
surfaces. In this work, the role of species-specific thermal energy accommodation
coefficients in low-pressure inductively coupled oxygen plasmas is investigated. It is found
that pronounced thermal non-equilibrium between neutral species can exist in these plasmas
and is dependent on the thermal energy accommodation coefficient of individual species.
Keywords: gas temperature, plasma-surface interactions, industrial plasmas.
1. Introduction
Low temperature plasmas produced in molecular gases
at low pressure are commonly employed in a wide variety
of technological applications from nano-scale etching to
electric propulsion of spacecraft. In all of these
applications the plasma is bounded by surfaces. As a
result, particle-surface interaction processes influence the
plasma dynamics by acting as sources and sinks of
particles and enabling energy transfer processes that heat
and cool the plasma. Examples include atomic species
recombination at surfaces, which often represents the
dominant loss process of these particles at low pressure,
or thermal energy accommodation, which determines the
gas temperature [1]. These interactions are typically
characterised by coefficients representing the probability
that a certain process occurs when a particle interacts with
a surface.
Surface interaction coefficients are crucial inputs for
plasma simulations used to understand plasma dynamics
under variation of external operating parameters, or
design industrial processes and reactors. However, these
coefficients are dependent on a wide range of parameters,
for example, the surface temperature or surface
roughness, and therefore are prone to vary with the
plasma properties. Since reliable predictive formulae for
these coefficients do not currently exist in most cases,
their values for use in plasma simulations under a given
set of operating parameters must be estimated. This has
the potential to add additional uncertainty to simulation
outputs.
This investigation focuses on the role of thermal energy
accommodation coefficients (αE) in low-pressure plasmas.
It has been shown previously that the value of the thermal
energy accommodation coefficient at surfaces has a
significant influence on the neutral gas temperature and
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other plasma parameters [1]. In this previous work, the
value of the thermal energy accommodation coefficient
was assumed to be the same for each heavy species in the
plasma. However, previous works have shown the value
of this coefficient to be dependent on the mass of the gas
phase species and the interaction potential between it and
atoms on the surface [2, 3]. In practice, this means that
thermal energy accommodation coefficients are species
dependent.
This work investigates the role of species-dependent
thermal energy accommodation coefficients in
determining the degree of thermal non-equilibrium
between neutral species in inductively coupled oxygen
plasmas using two-dimensional numerical simulations.
2. Numerical simulation
In this work, a two-dimensional fluid-kinetic simulation
code, the hybrid plasma equipment model (HPEM) [4]
has been used to model a planar inductively coupled
plasma produced in oxygen. Details of the model and the
reaction scheme used are given in [1]. Distinction is made
between the thermal energy accommodation coefficients
of atomic oxygen (O), and molecular oxygen, in both the
ground (O2(X3Σg-)) and metastable states (O2(a1Δg) and
O2(b1Σg+)). The thermal energy accommodation
coefficient of the three different states of molecular
oxygen are assumed to be equal throughout.
3. Results and discussion
As discussed in previous work [1], the dominant gas
heating mechanism in low-pressure inductively coupled
oxygen plasmas is through dissociation of molecular
oxygen by electron impact, which produces oxygen atoms
with 0.5-3 eV of thermal energy. This occurs through a
Franck-Condon process where the dissociative excited
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state has excess potential energy that is dissipated in
translational modes of the atoms produced. These atoms
then transfer this energy to other neutral species in the
plasma through collisions. As a result, at low pressures
where the mean-free path of oxygen atoms is long and
collisions between oxygen atoms and molecules are
comparatively infrequent the temperatures of the two
species are not necessarily in equilibrium. This is
illustrated in Fig. 1, which shows the difference in
temperature between ground state oxygen atoms and
molecules under variations of the thermal energy
accommodation coefficient of both species at a pressure
of 10 mTorr and power input of 500 W. The temperatures
of the two species are not in equilibrium under any
combination of αE values investigated.
When αE for O is kept constant at 0.5 and αE for O2 is
increased from 0.1 to 0.9 (black squares, solid line) the
temperature difference between the two species increases.
This is as a result of the more effective thermal energy
transfer from O2 to the surface at higher values of αE
which exacerbates the thermal non-equilibrium already
present through the preferential heating of O atoms.
When αE for O2 is kept constant at 0.5 and αE for O is
increased from 0.1 to 0.9 (red circles, dashed line) the
temperature difference between the two species decreases.
This occurs due to the more effective energy loss from O
atoms to surfaces at higher values of αE, which increases
the rate at which they lose the thermal energy gained
during dissociation. This causes O atoms to approach
thermal equilibrium with O2 molecules.

Fig. 1. Temperature difference between ground state
atomic and molecular oxygen as a function of the thermal
energy accommodation coefficient of molecular oxygen
(black squares, solid line) and atomic oxygen (red circles,
dashed line) (p = 10 mTorr, P = 500 W).
Fig. 2 shows the pressure dependence of the
temperature difference between O atoms and O2
molecules when the values of αE are kept constant. The
degree of thermal non-equilibrium between the two
species is found to decrease with increasing pressure. This
is a result of the increased collision rate between O atoms
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and O2 molecules meaning that thermal equilibrium
between the two species is reached more rapidly as the
pressure is increased. This occurs even in the case where
the thermal energy accommodation coefficient of O is low
and O atoms do not easily transfer energy to the surface.
It is therefore clear that the role of species-dependent
thermal energy accommodation is more important in
determining the thermal non-equilibrium between species
at lower pressures.

Fig. 2. Temperature difference between ground state
atomic and molecular oxygen as a function of operating
pressure (αE O = 0.1, αE O2 = 0.5, P = 500 W).
4. Conclusions
In this work a pronounced thermal non-equilibrium
between atoms and molecules in inductively coupled
oxygen plasmas at low pressure has been identified.
Furthermore, the degree of thermal non-equilibrium in
these systems is strongly related to the relationship
between the thermal energy accommodation coefficients
of atoms and molecules, which is typically not known for
gases used in plasma processing. The importance of the
discussed effect is decreased as the pressure is increased
and thermal equilibrium between atoms and molecules is
reached rapidly in the gas phase.
The results of this work have implications for the
interpretation of gas temperature measurements in lowpressure molecular gas plasmas. In these cases, it is
necessary to consider whether the temperature of the
species being measured is reflective of the overall gas
temperature. In determining the answer to this question
factors such as species-dependent thermal energy
accommodation coefficients should be accounted for
along with consideration of specific energy deposition
processes, such as through dissociative Franck Condon
heating, and the operating pressure.
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Abstract: Microwave plasma jet combined with a spouted bed was applied for Ni/γ-Al2O3
catalyst preparation. Despite short treatment time, Ni/γ-Al2O3 catalyst was successfully
produced using the plasma spouted bed and its catalytic activity for ethylene hydrogenation
showed higher activity than those prepared by conventional method using an electric furnace.
Catalyst characterizations were carried out by XRD, BET and SEM. The plasma spouted bed
was suggested to prepare active catalyst effectively.
Keywords: Microwave plasma, Spouted bed, Ni/γ-Al2O3 catalyst.
1. Introduction
Microwave plasma is an electrodeless discharge and thus
there is no contamination by the electrode. The plasma is
applicable for particle processing [1]. By combining the
microwave plasma with the spouted bed, it is expected that
a large amount of particles can be uniformly treated in a
short period of time [2]. The conventional method to
prepare catalyst using an electric furnace requires high
temperature and takes large amount of time for the
calcination process. This can be improved by replacing
electric furnace with microwave induced plasma due to
high temperature and high activity of the plasma. In the
present work, microwave plasma jet combined with
spouted bed was applied for the preparation of nickelimpregnated alumina catalyst (Ni/γ-Al2O3) and its catalytic
activity was evaluated.
2. Experimental
2.1 Spouted bed reactor with microwave plasma jet
The spouted bed reactor with microwave plasma is shown
in Fig.1. The plasma spouted bed consisted of a quartz
glass having an internal diameter of 27mm, a nozzle
diameter of 9mm and a length of 370mm. The inlet was
inclined upwardly at an angle of 60°. The plasma was
generated by a microwave generator under atmospheric
pressure and injected to spout the particles from the bottom
of the spouted bed. A mixture of Ar and H2 was used as a
plasma gas.
2.2 Preparation of Ni/γ-Al2O3 Catalyst
Ni/γ-Al2O3 catalyst containing 15wt% of Ni was
prepared by the plasma spouted bed as follows:
<Step 1> Ni(NO3)26H2O was dissolved in distilled water,
and Al(OH)3 powder was added into solution.
<Step 2> The solution was dried at 80°C until slurry-like.
<Step 3> The slurry was dried at 110°C for 12 hours and
crushed.
<Step 4> The crushed particles were treated in the plasma
spouted bed with the following condition: power
of 150W, Ar flow rate of 3L/min, H2 flow rate of
40ml/min and treatment time with 8 min.
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For comparison, Ni/γ-Al2O3 catalyst was also prepared by
the conventional method with the electric furnace as
follows:
<Step 4c> The crushed particles were heated at 700 °C in
N2 atmosphere for 4 h followed by H2 addition
at 700 °C for reduction for 2 h.

Fig. 1 Schematic diagram of
microwave plasma spouted bed.
2.3 Evaluation of Ni/γ-Al2O3 Catalyst
Hydrogenation reaction of ethylene was chosen for the
evaluation of catalyst activity. This reaction was often used
because of its simplicity and less side reaction. The
conversion of ethylene was analysed using a gas
chromatography.
2.4 Catalyst characterization
The samples prepared here were analyzed by X-ray
diffraction (XRD, PANalytical) and scanning electron
microscopy (SEM, Keyence VE-7800) to characterize their
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crystallinity and surface morphology, respectively. The
specific surface area of the catalysts was measured by
nitrogen adsorption method (BET, Quantachrome
instruments).
3. Results and discussion
Fig. 2 shows XRD patterns of the catalysts prepared by
the plasma spouted bed and the conventional electric
furnace. According to the XRD analysis, the peaks of NiO
were not detected in both methods which means the
treatment time of 8min in the plasma spouted bed was
enough to reduce NiO into Ni due to high reducing power
of hydrogen radical in the plasma. In both samples, the
peaks of γ-Al2O3 phase were detected. However, in the
plasma treated Ni/γ-Al2O3 catalyst, the peaks of
boehmite[AlOOH] were still found. It means that the
treatment time of 8min was not enough to change the whole
aluminum hydroxide into γ-Al2O3. A major difference
between diffraction patterns of the two samples is the
intensity of peaks of metallic Ni at 2θ = 44.0 and 51.25.
Ni/γ-Al2O3 catalyst prepared by the electric furnace shows
sharp and intense peaks than those prepared by the plasma
spouted bed. It is known that half width at half
maximum(HWHM) of the peak is inversely proportional to
the crystallite size. The HWHM of Ni/γ-Al2O3 catalyst
prepared by the plasma spouted bed and the electric
furnace was 0.42[deg] and 0.27[deg], respectively. Thus,
Ni/γ-Al2O3 catalyst prepared by the plasma spouted bed
indicates smaller crystallite size than that prepared by
electric furnace. Fig.3 shows the conversion of ethylene to
ethane as a function of reaction time. In the both samples,
the conversion was relatively steady. Despite the same
amount of loaded nickel, the catalyst synthesized by the
plasma spouted bed showed higher catalytic activity than
that prepared by the electric furnace. The catalytic activity
mainly depends on the crystallite size of metal which
affects the specific surface area of metal on the surface.
Therefore, it was suggested that the treatment by the
plasma spouted bed made the crystallite size of metallic
nickel smaller which caused more reactive site for ethylene
hydrogenation.

Fig. 3 C2H4 to C2H6 conversion as a function of
reaction time at catalytic temperature of 130°C with
the gas flow rate of C2H4:60mL/min, H2:60mL/min,
and Ar:100mL/min in the presence of Ni/γ-Al2O3
catalyst.
4. Conclusion
The microwave plasma jet combined with spouted bed
was applied for Ni/γ-Al2O3 catalyst preparation. For
comparison, Ni/γ-Al2O3 catalyst was also prepared by the
conventional method using the electric furnace. From XRD
analysis, Ni/γ-Al2O3 catalyst was successfully produced in
both ways, however small crystallite size of metallic nickel
was indicated in the plasma spouted bed treatment. The
catalytic activity of the catalyst prepared by the plasma
spouted bed showed higher catalytic activity than that
prepared by the electric furnace. It was suggested that the
plasma spouted bed had a potential to prepare active
catalyst effectively.
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Abstract: Plasma ignition in atmospheric pressure plasma jets has been experimentally
shown to induce turbulence in laminar flows. In this paper, we discussed results from a
computational investigation of this phenomenon in a helium plasma jet. For our conditions,
highly localized gas heating at the powered electrode occurs during the ns pulse discharge,
producing a pressure wave that propagates out of the jet. The wave perturbs the shear layer
between the helium and the ambient air which induces a Kelvin-Helmholtz instability.
Keywords: atmospheric pressure plasmas, plasma jets, plasma medicine, turbulence

1. Introduction
Atmospheric pressure plasmas have shown promising
performance in biomedical applications including wound
healing and cancer treatment.[1–3] Atmospheric pressure
plasma jets (APPJs) are often the plasma source of choice
due to the low temperature provided by rare gas flow
while still producing the desired reactive chemistry by
interaction with the ambient air. An additional benefit of
APPJs is the ability to control gas composition. The
mechanism of action in these applications is typically the
production of reactive oxygen and nitrogen species
(RONS) which are produced in the plasma and
transported by gas flow to the tissue to be treated. In
practical biomedical applications, reproducibility of the
species generated by APPJs is critical.
The ignition of the plasma in these sources has been
shown, by Schlieren imaging, to affect the onset of
turbulence in the gas flow [4]. The plasma sometimes
causes the location of onset of the turbulence to move
closer to the outlet of the jet, and for other conditions, to
move further from the outlet. The onset of turbulence can
change the rate of intermixing of the air and rare gas
plume, which in turn affects the RONS that are produced.
It may also determine the propagation of subsequent
ionization waves [5]. In this paper, we discuss the
mechanisms of plasma-induced disturbance to an
otherwise laminar gas flow in an APPJ. The model
system is a He jet flowing into humid air.
2. Model Description
nonPDPSIM is a 2-D plasma hydrodynamics model
that solves Poisson’s equation on an unstructured mesh
[6]. For electrons, a spherical harmonic expansion is used
to solve Boltzmann’s equation as a function of E/N based
on electron impact cross section data. Modified NavierStokes equations are solved which account for the
nonuniform gas composition (in this case He mixing with
air), the presence of charged species, and the many
species present in the plasma chemistry. For convection,
the gas is approximated as a single fluid, so all species are
assumed to have the same advective fluid velocity with
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diffusion of individual species in this flow field. There is
feedback between the plasma chemistry and the fluid
calculation that accounts for changes in gas number
density due to dissociation that may produce expansion,
changes in enthalpy due to chemical reactions and
dissociative electron impact processes that usually
produce gas heating, resistive gas heating and momentum
transfer between charged and neutral particles. The fluid
calculation addresses large scale mixing and eddies but
not fine scale turbulence. The details of the fluid
calculation are discussed in Ref. [6].
The electron impact, neutral, and ion chemistry of He
and humid air was addressed with 51 species and 725
reactions. Photoionization is included for the He2*
excimer state emission ionizing N2 and O2. Poisson’s
equation was solved during the 50 ns voltage pulse, and
for 20 ns after the voltage was turned off. During the
afterglow, the chemistry and fluid are handled normally,
but Poisson’s equation was not solved and the plasma was
assumed to be charge neutral.
3. Plasma Jet into Humid Air
The base case used in this study, shown in Fig. 1, is a
2-dimensional Cartesian geometry with a depth of 1 mm.
He flows through the tube at 1 slm, and humid air flows
through the outer nozzles at 4 slm. The He flow velocity
was 4  103 cm/s, resulting in a Reynolds number of the
flow of approximately 330. Impurities included in the He
flow are H2O/O2/N2 = 2.9/2.4/4.7 ppm. The powered
electrode inside the tube is driven by a pulsed DC voltage
of -10 kV with a 30 ns rise time and a duration of 50 ns.
The outer electrode is grounded and covered by a thin
dielectric. The steady state flow profile was established
by running the fluid module for 5 ms before initializing
the plasma. The resulting He and N2 density profiles are
shown in Fig. 1b, along with the fluid velocity and the
computational mesh. The region that contains significant
amounts of both He and humid air, which we will refer to
as the mixing zone, is critical for the production of
RONS.
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Fig. 2. (left) The electron impact ionization source and
(right) electron density during a single plasma pulse.

Fig. 1. (a) Cartesian geometry for the APPJ used in this
study. The quartz He channel is 1 mm wide. (b) The
numerical mesh, steady state flow speed and steady
state He and N2 densities before the plasma after 5 ms
of fluid simulation.
The plasma is produced by an ionization wave (IW)
which propagates from the internal electrode through the
He plume, shown in Fig. 2. The plasma was initialized
with small cloud of electrons at the powered electrode
with a peak density of 1011 cm-3. Within the quartz tube,
the plasma behaves as a surface ionization wave. The
wave propagates along the surface of the tube and
negatively charges the inner wall of the quartz. Upon
exiting the tube, the electron impact ionization source
transitions to propagating on-axis, as it is the area with the
lowest air concentration resulting from diffusion. After 40
ns, the voltage begins to drop and there is an additional
ionization source within the tube as the plasma responds
to the change in potential. The electron density near the
powered electrode, where the field is the highest, is more
than 2 orders of magnitude higher than the electron
density outside of the tube.
When the IW reaches the mixing zone between the He
and air most of its reactive oxygen and nitrogen species
are produced, as shown in Fig. 3. The OH is
predominantly produced by electron impact reactions on
H2O, and the O2* is produced by electron impact
excitation of O2. O3 is produced by the reaction of O and
O2. Hydrogen atoms reacting with the O2 in the air
produce HO2. The RONS produced within the tube are a
result of the impurities present in the He. O2*, O3, NO,
and HO2 have most of their production occurring in the
mixing zone. Higher order RNS, such as HNO2 and
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Fig. 3. Reactive oxygen and nitrogen species produced
by the plasma, 1 s after the beginning of the voltage
pulse.
HNO3 take several steps to form, and so their densities do
not become significant until many µs have passed.
4. Gas Flow Disturbance
There is substantial gas heating concentrated in a small
volume at the inner powered electrode, reaching 444 K.
The gas is heated to this temperature in 70 ns,
instantaneously compared to the fluid timescales. After
the voltage pulse, the gas in this locally hot region
expands, launching a pressure wave that propagates
through the tube and into the He plume, shown in Fig. 4.
This wave is indicated by the disturbance in the total gas
number density. When the pressure wave reaches exit of
the tube, its propagates into the boundary layer, and
disturbs the mixing zone between the He and the air.
The change in N2 density after the plasma ignition,
where N2 = [N2(t)] – [N2(t=0)] is shown in Fig. 5. This
quantity represents the change in humid air concentration.
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Fig. 4. (left) The gas temperature at the end of the
plasma pulse and (right) the total gas number
density, Ntot as a function of time after the plasma.
Ntot shows the propagation of a pressure wave
originating from the hot gas at the powered
electrode.
The initial disturbance at 5 µs is due to the pressure wave
shifting the mixing zone outward. Though the differences
in the bulk flow are subtle (~1%), they generate a
structure at the most important region of RONS
formation: the mixing zone. This disturbance is likely to
affect the amount of RONS formation on subsequent
discharge pulses. The rightmost frame in Fig. 5 N2 for
the same conditions, but with the gas heating due to
reactions and collisions set to zero. The energy
contributions that were eliminated include momentum
transfer due to electron collisions, Franck-Condon heating
due to dissociative electron collisions, and exothermic
chemical reactions. Turning off these elements
substantially reduces the flow disturbance. The remaining
flow disturbance may be due to the dissociation of gas
increasing the local number density and causing some
expansion.
In another test, the momentum transfer between the ions
and the bulk fluid was eliminated from the fluid
calculation, and the flow disturbance remained
unchanged. This indicates that the “ion wind”, or the
electrohydrodynamic forces, are not the cause of
turbulence in APPJs for similar conditions.
Kelvin-Hemholtz instabilities form when there is shear
between two different fluid flows. They cause the
interface between the two flows to oscillate, and the wave
propagates with the average gas flow velocity. In this
case the rapidly flowing He and the slowly flowing
entrained air provide the environment for the formation of
a Kelvin-Helmholtz instability.
There are a few shortcomings of the fluid module in
nonPDPSIM that we should note. Though nonPDPSIM is
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Fig. 5. Change in the N2 number density after the
plasma pulse. This change induced by the plasma
represents the motion of the interface between the He
plume and the humid air.
solving the Navier-Stokes equations, the mesh refinement
is not fine enough to resolve all of the fine eddy structure
that may be generated in a perturbed shear flow like this.
There is also no turbulence model or Reynolds stress term
to approximate the increased mixing and energy
dissipation that would occur in the small structures.
Though nonPDPSIM can be used to identify the source of
the flow disturbance, it should not be considered an exact
solution to the longer timescale fluid dynamics.
5. Concluding Remarks
In an atmospheric pressure plasma jet with a powered
electrode exposed to the plasma, there is localized gas
heating surrounding the powered electrode. The fast
heating followed by expansion of this gas produces a
pressure wave which propagates through the tube, impacts
on the plume boundary layer and disturbs the He/air
mixing zone. This disturbance induces a KelvinHelmholtz instability in the shear flow of the mixing
zone. This mixing zone is critical for the production of
RONS, and the flow disturbance may alter RONS
production.
The disturbance in the flow for these conditions can be
almost entirely attributed to gas heating due to reactions
and collisions. However, there may also be a small
component due to the expansion caused by dissociation of
species such as O2 and H2O increasing local number
densities. We will also discuss the scaling of the gas flow
disturbance with flowrate, and how the flow disturbance
will influence the production of reactive oxygen and
nitrogen species in subsequent pulses.
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Abstract: This paper presents results on nanosecond repetitively pulsed microplasmas
are generated in atmospheric air in a pin-to-pin configuration. This regime is mainly studied
by optical diagnostics such as ICCD visualisation and optical emission spectroscopy. Both
techniques show the evolution of a streamer-less breakdown. The discharge dynamics and
the chemistry are discussed for gap distances of 1 mm and 200 µm.
Keywords: microplasma, optical emission spectroscopy, nanosecond repetitively pulsed discharges.
1. Introduction
Non-thermal plasmas in atmospheric air are useful for
many fields such as biomedicine, aerodynamic flow
control [1], materials processing, combustion, and
nanomaterials synthesis [2]. Because of air properties
such as high pressure or complex plasma chemistry, the
selection of useful reactions and power management for
applications are hard challenges. That is why it is
necessary to control the main characteristics of discharges
in air using methods such as adding a dielectric barrier.
But this type of discharge has low electron density and
chemical reactivity. Another type of discharge which
permits to reach high electron densities is the spark or arc
discharge but the presence of oxygen leads to significant
heating, which could be a problem for equipment safety
or the treatment of thermally sensitive surfaces such as
plastics, food or biological tissue.

and the discharge current was measured by a current
transformer (Bergoz CT-D5.0, bandwidth 400 MHz).
These signals were recorded with oscilloscope
(WaveRunner 204 MXI, 2 GHz bandwidth, 5 GS.s-1). The
delay between the current and the voltage is determined
by contacting the two pins to determine the stray
inductance Lcable = 0.2µH between the ground and the
point where the voltage is measured (~230 mm of cable
length away from the discharge gap). The voltage across
the gap (Vplasma) was calculated by correcting the
measured voltage Vprobe by using equation 1. Due to the
low capacitance between electrodes (2.4 pF), the
conduction current Iplasma is approximated as the current
measured by the probe Iprobe.
𝑉𝑝𝑙𝑎𝑠𝑚𝑎 (𝑡) = 𝑉𝑝𝑟𝑜𝑏𝑒 (𝑡) − 𝐿

𝑑𝐼𝑝𝑟𝑜𝑏𝑒 (𝑡)
𝑑𝑡

(1)

These disadvantages can be overcome by using
nanosecond repetitively pulsed (NRP) discharges [3].
The aim of this study is to confine NRP discharges in
atmospheric air to 200 µm (i. e. NRP microplasmas) in a
pin-to-pin configuration and compare selected plasma
properties to NRP spark discharges at 1 mm. We will
present measurements of electric field electron number
density. Also, ICCD images of the discharge are
presented with electrical diagnostics to describe the
dynamics of the discharge.
2. Experimental setup
As shown on figure 1, NRP microplasmas and mmscale sparks were generated by applying pulses up to 6 kV
between two tungsten electrodes separated by a gap
distance of 200 µm or 1 mm in air at room conditions. A
high voltage nanosecond pulse generator (FID
Technology FPG 40-30 NK) was used, and impedance
matching was achieved with two resistances 200 Ω and
100 Ω in value. The radius of curvature of the electrodes
was 280 µm. The voltage across the gap was measured by
a passive probe (Lecroy PPE 6 kV, bandwidth 400 MHz),
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Fig. 1. Experimental setup for discharge generation and
diagnostics
All measurements were synchronized by a trigger
source (Stanford Research systems DG645). Optical
emission spectroscopy (OES) was performed with a
spectrometer (Acton SP2500i) equipped with an ICCD
camera (Princeton instrument PI-MAX 4). ICCD images
are recorded trough the spectrometer with the grating
centred at 0 nm. The optical path was formed by two off-
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axis parabolic mirrors with focal lengths of 5 and 20 cm.
The total magnification was m = 4.4, and a diaphragm
was placed between the mirrors to increase the depth of
field, which increased spatial resolution and the intensity
of the signal.
3. Experimental method
Even if tungsten is an interesting spark resistant
material [2], erosion due to the high repetition frequency
has to be taken into account. First of all, the gap distance
and electrode radius of curvature increase during the
experiment.
Table 1. OES acquisition parameters
Central
Wavelength (nm)
394
377
656

Grating
(gr.mm-1)
1800
2400
600

Information
N2, N2+

E/N;
N2
Hα

Time steps /
accumulations
38 / 30 × 5000
9 / 30 × 5000
14 / 30 × 5000

To minimize the effect of changing electrode
conditions, we need to optimize the amount of
information acquired per discharge event. This was
achieved by properly choosing the spectrometer settings
for acquisitions, as shown on Table 1.
The electric field is estimated by using the intensity
ratio I391.4 nm/I394 nm between the second positive system
(SPS) of the N2 (C3∏u→B3∏g) 2-5 band (I394 nm) and the
first negative system (FNS) of the N2+ (B2∑g+ →X2∑g+) 00 band (I391.4 nm). We consider that the N2(C) and N2+ (B)
are populated from N2(X) by electron-impact excitation
and that the decay lifetime of these species is determined
by gas phase quenching and radiation. Based on the
steady-state approximation of this calculation, which has
been used in most studies similar to ours, empirical
relationships of the electric field to the ratios I391.4 nm/I337.1
nm and I391.4 nm/I394 nm have been derived in room conditions
between 150-5000 Td [4] where I337.1 is the intensity of
the the N2 (C3∏u→B3∏g) 0-0 band. An exhaustive set of
reaction constants for the quenching is proposed in [5],
but we chose to use sets measured with similar
experimental conditions in [6,7]. However, we
determined an error bar based on reaction constants
from [5].
Table 2. Quenching rate constants used in this work
State

i

Deactivation rate constants

C

Radiative
lifetime
τi0
ns
39 ± 4

Symbol
Unit
N2 (C3∏u , v =
2) [6]
N2+ (B2∑g+, v =
0) [7]

kiqN2
10-10 cm3.s-1
0.46 ± 0.06

kiqO2

B

62 ± 6

2.1 ± 0.2

5.1 ± 0.5
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The electron density can be deduced by using the full
width at half maximum (FWHM) or the full width at half
area (FWHA) of the Stark broadening of the Hα line.
Several processes of different nature can be involved in
the broadening of a line but Stark broadening is dominant
in our conditions. First, the transfer function of the optical
path is corrected. Second, datasets are fitted with three
Voigt profiles f(λ), corresponding to the Hα line and the
two N+ lines (1P°→ 1P) 648.2 nm and (1D→ 1F°) 661.1
nm, as well as a linear background. The fit is performed
with the Lmfit package for Python [8]. The instrumental
function is determined with a Voigt fitting and σi = 63.13
pm and γi = 32.82 pm, where σi and γi are the widths of
the Gaussian and Lorentzian shape contributions. The
FWHA is computed by integrating the Lorentzian part of
the fitted profile of the Hα line. The electron density
deduced from the FWHA is thus [9]. Another formula
from [10] that is fitted using data from [9] uses the full
width at half maximum (FWHM) to calculate electron
number density.
4. Results and discussion

Fig. 2. Single shots of discharge current and voltage for
two different gap distances. The energy was 100.2 µJ for
dgap = 200 µm and 403.9 µJ for dgap = 1 mm.
Figure 2 shows typical current-voltage waveforms of
NRP microplasmas in air compared with a 1-mm NRP
spark. For both cases, the power supply was set to reach a
maximum voltage of 6 kV between the electrodes when
there is no breakdown. This value also represents the
maximum voltage measureable by our voltage probe. The
discharge jitter relative to the position of the maximum
voltage around 0.4 ns. At dgap = 1mm, the energy was
400.89 ± 31.92 µJ. By assuming that the gas density N
changes due to temperature rather than changes in the
chemical composition of the air between pulses, the
reduced electric field can be calculated as: E/N (Td) =
1021 × Vplasma (V) × kb (m2.kg.s-2.K-1) × Tgas(K) / (dgap(m) ×
Patm (Pa)) with the kb Boltzmann constant, Tgas is the gas
temperature which has been measured with the SPS of N2
at the beginning of the pulse, and Patm is atmospheric
pressure. With dgap = 1 mm, the voltage reached 5.86 kV
and the gas temperature has been determined to be 400 K.
Therefore the maximum electric field during the pulse
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reaches 320 Td. This value is consistent with previously
reported electric fields of 300 Td for similar discharges in
preheated air at 1500 K [11]. With dgap = 200 µm the
energy was 110.98 ± 12 µJ. In this condition Tgas = 370 K
and the voltage reached 2.33 kV which corresponds to a
maximum electric field of 590 Td. Thus the applied
electric field for the micrometer case is much higher than
for the millimeter case. The energy per unit gap distance
is ~39 % higher with the microplasma case, which
indicates a discharge with a higher energy density.

pure N2 at atmospheric pressure without preheating but at
lower PRF (1 kHz) shows a different comportment with a
discharge moving from the anode to the cathode [10]. The
same uniform breakdown has already been reported with
a similar discharge in preheated air, with a larger gap and
higher PRF [12]. In that study, the authors showed that
streamer-less breakdown can occur for NRP sparks and
listed conditions for which this can occur. Since high preionization is necessary, particular attention has to be paid
to the PRF and the electronegativity of the gas which can
influence the pre-ionization.

Fig. 4. Average electric field in the gap deduced from
voltage measurements and OES.

Fig. 3. Single shots images of NRP discharges for dgap =
200 µm and dgap = 1 mm (bottom). The gain was kept
constant, and the exposure time was 3 ns. The axes are in
units of mm, and the colorbar shows the intensity of the
signal. The cathode is placed at y = 0 mm.
Figure 3 shows single shot images of the discharge for
dgap = 200 µm and 1 mm. The gate was open during 3 ns,
so there is an overlap between images 3a and 3b and the
jitter of the discharge was < 0.5 ns with dgap = 200 µm and
1.4 ns with dgap = 1 mm. Due to the high reproducibility of
NRP discharges, we assume an image sequence is
representative of a single discharge. By comparing with
figure 2, we see that images a), b) d) and e) occur during
the rise time of applied voltage, and images c) and f)
occur during the fall time. Both cases show the same
discharge evolution at the beginning with diffuse
emission over the entire gap. On images b) and e), there is
strong emission near the cathode just before the rise of the
current. Just afterwards, the discharge channel is strongly
constricted into a single filament. For both gap distances,
the images do not indicate ionization wave propagation or
streamers but rather a Townsend discharge, although the
temporal resolution maybe insufficient. Another study in
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We used the intensity ratio of FNS N2+ and the SPS of
N2 to deduce the electric field. The average electric field
in the gap has been obtained by integrating the spatially
resolved electric field along the discharge axis by using a
trapezoidal rule and then dividing by the gap distance.
On Figure 4, we compare values obtained by OES and by
electrical measurements. Error bars for the OES
measurement reflect the uncertainty in the appropriate
quenching rates and the dissociation degree. However, the
measurement is most valid at the beginning of the
discharge because we expect the dissociation degree to be
weak at this time. At later times, OES of the discharge
shows the emission of O, O+, N and N+ lines, and we
would expect strong dissociation and thus poor validity of
OES measurements of the electric field. Yet
paradoxically, the largest disagreement between the two
measurement techniques occurs at the beginning for both
cases. This difference between the two curves could have
several explanations: the zone where the electric field is
very high is near the cathode because of the strong
emission of N2+ at this location. If the depth of field is
thinner than this zone, then we overestimate the length of
this region (~40 µm), and this could lead to an error upon
integration. Second, the temperature measurement by
optical emission spectroscopy is not discussed in detail
here, but an underestimation by 150 K of the temperature
could also lead to an underestimation by about 120 Td in
the electric field calculated using the voltage curves.
Finally the impact of the time integration of 3 ns of the
optical system may also introduce error.
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As described before, the electron density is measured
by the Stark broadening of the Hα line. The measured
electron density is on the order of 2×1018 cm-3 30 ns after
breakdown. We were not able to measure it at earlier
time, because of the overlapping spectra of ions. We can
first notice that the electron density given by FWHM and
FWHA differ by less than a factor of two. The decay time
can be determined and seems to follow two linear decays
in the log scale between the intervals 30-100 ns and 100 300 ns. Both methods give a similar decay rate k1 = 1/τ1 =
(27.4 ± 1.2) × 106 s-1 and k2 = 1/τ2 = (12.1 ± 0.2) × 106 s-1.

Fig. 5. Measured electron density by Stark broadening
of the Hα line for dgap = 200 µm. Due to weak emission,
data points marked “b” have been recorded with more
accumulations than for the measurements discussed in
table 1.
5. Conclusion
NRP discharges in the microplasma regime have been
studied and compared to mm-scale sparks. Initially, the
discharge does not show streamer propagation but rather
uniform Townsend ionization. Two phases at the
beginning of the discharge have been identified. We
showed first a diffuse emission which can be due to a
Townsend phase. The second phase is characterized by
the constriction of the filament and the strong emission of
ions lines. The electric field has been measured by OES
and voltage measurements but shows a disagreement at
the beginning of the pulse where we expected both
methods to be valid. The electron density reaches around
1018 cm-3. The chemistry just after the Townsend phase
and during the afterglow will be discussed further later.
Possible reactions for the electron decay during the first
100 ns of the discharge will also be discussed.
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Effect of gas residence time and discharge power on singlet delta oxygen
production in a 2D array of micro-discharges in air
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Abstract: Singlet delta oxygen (O2(a1Δg)) has major implications for plasma chemistry,
plasma-assisted combustion and plasma medicine. In this work, we report for the first time
O2(a1Δg) absolute density measurements in the effluent of a kHz-driven DBD in dry air at
atmospheric pressure. These ex situ measurements are made possible due to small gas
residence times. The gas flow rates allow to control the density ratio of O2(a1Δg) to O3 in
the effluent from 0.7 to pure O3. Considering energetics, it requires approximately 13.0 eV
to produce one molecule of O2(a1Δg) at the smallest gas residence time of operation.
Keywords: singlet delta oxygen, micro-discharge, residence time and as-produced density.
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2. Methods
The plasma is generated in a dielectric barrier discharge
source which consists of a multi-layer electrode
arrangement with a 2D array of micro-scale holes
punched through it, as shown in Figure 1. The source is
embedded in a homemade chamber with provisions for
gas flow and high voltage connections. The array of
micro-discharges is operated in dry air at atmospheric
pressure at different gas flow rates (20 to 94 standard
litres per minute or SLM) and at varying discharge
powers (5 to 10.5 W). The gas residence time in the
discharge zone, 𝑡𝑟𝑒𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 , varies from 28 to 134 µs,
while in the effluent (location of the O2(a1Δg) detection),
𝑡𝑟𝑒𝑠 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 varies from 22 to 105 ms, corresponding to
the range of flow rates used.
45 mm

Air Flow

Side View

0.6 mm

Microdischarge
Array
1.5 mm

HV Source

Electrode
Holder
O3, O2(a1Δg),
NO, NO2, N2O

25 mm

1. Introduction
Molecular oxygen exhibits unique features because of
its electronic structure, which consists of a spin triplet
ground state and two spin singlet lowest-energy excited
electronic states, O2(a1Δg) and O2(b1Σg+) [1]. The singlet
delta oxygen state (O2(a1Δg)) has a rich chemistry that sets
it apart from the O2(b1Σg+) state that is a short-lived
species and does not contribute significantly to the
reactive chemistry directly. Because of its unique
reactivity, O2(a1Δg) helps in enhancing reaction rates
compared to ground state O2 at low gas temperatures
when it is present in adequate densities [2]. As a synthetic
reagent, it acts as an intermediate in oxygenation
reactions of polymers [1]. The addition of even small
concentrations of O2(a1Δg) reduces the ignition delay
significantly during combustion [3]. It is reported to
accelerate methane oxidation in air at low gas
temperatures [4], and enhance the flame propagation
speed in C2H4 fuelling systems [5]. In biological systems,
it is a well-known reactive oxygen species (ROS), acting
as a primary cytotoxic agent [6]. In photodynamic therapy
(PDT) of cancer cells, O2(a1Δg) is shown to be the major
agent [6]. Recently, it has been reported to effectively
oxidize DNA [7], and inactivate Feline Calicivirus [8].
Because of its use in a broad range of applications, it is
important to have quantitative data on the production of
O2(a1Δg) in context of various plasma systems. Numerous
research is available on O2(a1Δg) production in O2, He/O2,
H2/O2 and N2/O2 systems, the majority being at reduced
pressures, particularly for the N2/O2 systems [9–12]. The
current work deals with O2(a1Δg) production in nonequilibrium air plasma at atmospheric pressure in a 2D
array of micro-discharges, which is to our knowledge the
first of its kind. The results are discussed in terms of
O2(a1Δg) absolute densities with respect to gas residence
time and discharge power. The energetics is also
discussed in terms of producing a single molecule of
O2(a1Δg).

Oscilloscope

O2(a1Δg) Calibrated Cell

25 mm
Front View

Op-Amp

InGaAs
Detector
IR Filter

Fig. 1. Experimental schematic of the plasma source and
the IR OES technique used to measure the O2(a1Δg)
absolute densities (not to scale).
The O2(a1Δg) absolute density is measured by infrared
optical emission spectroscopy (IR OES) using a calibrated
cell coupled to the plasma source by a chalice-shaped
glass mounting, an InGaAs detection system and an IR
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3. Results and discussions
The as-measured absolute densities of O3 and O2(a1Δg)
dependence on the flow rate at a constant discharge power
of 5.6 ± 0.2 W are shown in Figure 2. The O 3 densities
reduce from 5.1 × 1021 m−3 to 1.1 × 1021 m−3 with
reducing 𝑡𝑟𝑒𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 due to dilution by increasing gas
flow rate. The as-measured O2(a1Δg) absolute density
increases and gradually saturates with increasing gas flow
rates. Pertaining to the plasma conditions for this study,
two primary processes for O2(a1Δg) production are –
direct electron-impact excitation from the ground state
O2(X3Σg-) and recombination of the O2(b1Σg+) state in the
afterglow [14]. However, the lifetime of O2(b1Σg+) state is
less than the 𝑡𝑟𝑒𝑠 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 for the highest flow rate (94
SLM), which implies that all O2(a1Δg) is produced within
the discharge zone. The actual O2(a1Δg) density in the
discharge zone or the as-produced density, 𝑛O2(𝑎1 Δg ) (𝑡 =
0) is also plotted in Figure 2. It is estimated by using the
as-measured O2(a1Δg) density, 𝑛O2(𝑎1 Δg ) (𝑡𝑟𝑒𝑠 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 ),
the 𝑡𝑟𝑒𝑠 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 and the effective lifetime of O2(a1Δg) in
the effluent (𝜏𝑒𝑓𝑓 ), considering quenching by O2 and O3,
as shown in equation (1) [14].

𝑛O (𝑎1 Δ ) (𝑡=0)
g
2

1

0.1
94 SLM

2
= exp (−

𝑡𝑟𝑒𝑠 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡
𝜏𝑒𝑓𝑓

)

(1)

O3 as-measured

10

Density ( 1021 m-3)

20 SLM

10

O2(a1g) as-measured
O2(a1g) as-produced

Density ( 1021 m-3)

𝑛O (𝑎1 Δ )(𝑡𝑟𝑒𝑠 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 )
g
2

allows to control the density ratio of O2(a1Δg) to O3 in the
effluent from 0.7 to conditions of pure O3, at densities in
excess of 1021 m–3.
The as-produced O2(a1Δg) absolute density also
increases with power, similar to the O3 density for 94
SLM, as shown in Figure 3. However, the measured
O2(a1Δg) absolute density reduces with power at 20 SLM
and cannot be detected above 6 W due to the high
concentration of O3 that effectively quenches O2(a1Δg).
The effect of accumulation of O3 and O2(a1Δg) over
several discharge events is also evident from the results.
Considering energetics, it requires 13.0 to 17.9 eV to
produce one molecule of O2(a1Δg) at 94 SLM, with
corresponding production efficiencies between 5.6% and
7.7% for the conditions investigated.

Density ( 1021 m-3)

filter (also shown in Figure 1) [13]. The detection limit is
of 4 × 1013 cm−3. For similar experimental conditions, the
O3 absolute densities in the gas phase are measured by
UV absorption spectroscopy using the same setup, but
replacing the detector with a mercury-neon lamp as a
source of radiation at 254 nm [13].
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O3

1

O2(a1g) as-measured
O2(a1g) as-produced
5

1

0.1

6

7

8
9
Power (W)

10

11

Fig. 3. The as-measured O3 and O2(a1Δg) absolute
densities and as-produced O2(a1Δg) absolute densities as a
function of discharge power at different flow rates of 20
SLM and 94 SLM [14].

20

40

60

80

100

Flow Rate (SLM)
Fig. 2. The as-measured O3 and O2(a1Δg) absolute
densities and as-produced O2(a1Δg) absolute densities as a
function of gas flow rate at 5.6 ± 0.2 W.
The higher O3 concentration and longer residence time
for the smaller gas flow rates explain the reduction in the
measured O2(a1Δg) density in Figure 2. The gas flow rate
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4. Conclusion
The production of O2(a1Δg) in a 2D array of microdischarges in dry air at atmospheric pressure has been
studied for the first time. The O2(a1Δg) densities are
significantly affected by the gas flow rate and the
discharge power. The maximum O2(a1Δg) absolute density
in the effluent for the investigated experimental range is
measured to be 1.5 × 1021 m–3 at 94 SLM and 8.8 W. The
gas flow rates can control the density ratio of as-measured
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O2(a1Δg) to O3 from 0.7 to conditions of pure O3 in the
effluent. Finally, energetics is discussed in terms of cost
of producing a single molecule of O2(a1Δg), which is
found to be approximately 13.0 eV/molecule at 94 SLM.
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Abstract: A repetitively-pulsed nanosecond glow discharge in a flow of atmospheric
pressure air at 2000K, previously observed and studied experimentally at Stanford
University, is numerically modelled using the workflow KRONOS for quasi-neutral plasma
modelling. In our simulations, 16 species and 94 reactions are considered to model the
discharge and the post discharge. The shape and the electron density of the simulated
discharge compare well with experimental measurements.
Keywords: Nanosecond pulse discharge, quasi-neutral plasma modelling.
1. Introduction
The features of plasma discharges in near atmospheric
conditions are important in several high growth areas of
modern technology. The applications are numerous such
as aerodynamic actuators [1], plasma assisted combustion
[2] or plasma discharge for medical or biological
applications [3] and the development of the proper
numerical tools can allow us to explore new
configurations or new physical conditions. The nonequilibrium plasmas interaction with gas flow has been
the subject of several experimental works [4]. The
description of the spatial and time-resolved nonequilibrium plasma dynamics represents the most
challenging point.
The aim of our work is to model repetitive nanosecond
discharges, where the discharge phase is coupled to the
post-discharge phase in a steady-state oscillating plasma.
The experiments performed by D. Packan et al. [5] with
repetitive nanosecond pulses discharge in air flow were
taken as a reference. Our simulations results are compared
to these experiments. The physics requires the description
of the hydrodynamics and plasma kinetics on different
time scale. The KRONOS workflow [6] has been recently
developed at ONERA for such complex situations.
This paper is organized into two sections. First, the
numerical scheme and the chemical kinetic scheme used
to model the non-equilibrium plasma discharge in air are
presented. In the second section, the experiments
parameters are reminded and the results of the simulations
are shown and compared to experimental ones. To
conclude, the potential use of the discharge simulation
results is discussed.
2. Plasma modelling
Numerical scheme

ISPC23, Montreal, Canada

The KRONOS workflow (Figure 1) couples an
electrical solver and several plasma modules, in particular
Code_Saturne (Version 2) [7] as an electric solver, with a
computational fluid dynamics code, in this case the
ONERA CFD code CEDRE [8]. The plasma is modelled
in quasi-neutral approximation where the electrical
current conservation equation is solved to determine the
electric potential and the current distribution.
The plasma modelling is achieved by two modules. A first
one calculates the electron energy distribution function
(EEDF) from electron impact reactions cross sections and
determines the electron temperature and the electron
mobility (the EEDF is non-Maxwellian). The second
module is a kinetic equation solver and gives the species
production from the kinetic scheme.

Fig. 1. KRONOS workflow scheme.
Kinetic scheme
The simplified kinetic scheme used in our simulations is
detailed in the Table.1. For the discharge in air 16 species
are considered with for the neutral species: N2, O2, NO, O
and N were considered, and for the charged species E
(electron), NO+, N2+, O2+, O+, N+, O2- and O- were
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included in our model. The three excited electronic levels
of N2 are taken into account:
,
and
.
For multidimensional simulations and in order to reduce
the computation time, the vibrational level kinetics (VV,
VT) was not included in our simulation. But several
vibrational and electronic excitation losses of N2 and O2
were considered to calculate the EEDF. For moderate
values of reduced electric field, the total power supplied
to the system is in large part dissipated into vibrational
excitation of N2 molecules, but for higher values of
reduced electric field typically above 100 Td
(
) and that are important for the
discharge, the total power is dissipated into three main
excitation channels: electronic and vibrational excitations
of N2 and electronic excitation of O2 molecules [6]. In
these preliminary computations, the heating due to
electronic state quenching is not taken into account.

100 kHz rates are applied to the gas flow. A steady state
regime is observed where the electron density oscillates
between two limit values. The electron density was
measured experimentally (conductivity measurements) at
the steady state regime and is around 1012 electrons/cm3.
A homogeneous plasma slab is also observed between the
two electrodes (Figure 2).

Table 1. The kinetic scheme.
Mechanism

Species involved

Number of
reactions

Type (source)

Ionization

O, N, O2, N2, NO

5

Cross section
(LXcat)

Excitation

N2 (electronic and
vibrational),
O2
(electronic)

27

Cross section
(LXcat)

Attachment

O2

2

Cross section
(LXcat)

Elastic

O, N, O2, N2, NO)

5

Cross section
(LXcat

All species (charge
exchange,
quenching, etc …)

39

Arrhenius rates
from [9] or [10]

N2+, NO+, O2+,
O+, N+

16

Arrhenius rates
of Te from [9]
or [10]

Chemical
dependant
reactions)

(T

Electron
impact
recombination

The same kinetic scheme is adopted for the discharge and
the post-discharge. In the post-discharge, there is no
electric field, the electron temperature is taken as equal to
the gas temperature, and the electron impact excitation
reaction rates are equal to zero.
The part of the kinetic scheme relevant for breakdown
mechanism
(including
the
ionization
and
recombination/attachment rates, and the main energy loss
channels of the electrons) has been validated by
calculating the breakdown value of air in ambient
conditions, and the result obtained is close to the usual
value for breakdown in air (30 kV.cm-1).
3. Simulations results
Experiment setup
The experiments performed by D. Packan et al. [5] with
repetitive nanosecond pulses discharge in air flow were
modelled in this work. In these experiments, the air flow
at 2000 K propagates around the two electrodes separated
by a 1 cm gap. The gas flow speed is 10 m/s. Repetitive
voltage pulses of 6000 V amplitude and 10 ns FWHM at
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Fig. 2. 100 kHz discharge with about 1012 electrons/cm3,
between 2 platinum pins 1 cm apart held by water-cooled,
stainless-steel electrodes. Picture from [5].
Simulation parameters
The Code_Saturne and CEDRE use the same unstructured
grid mesh with around 50000 cells, the smaller cell size
being around
. For the CFD code
CEDRE, the electrodes are considered as wall boundaries
at a constant temperature, a symmetry boundary condition
is chosen for the gap between the electrodes, one gas
entry boundary and the other as outflow are also
considered. Electrodes are modeled as boundaries in
Code_Saturne with constant value of potential. The other
electric boundaries conditions are of the Neumann type.
The air composition is calculated at 2000K and set as
initial condition in our simulations and for the entry gas
composition. The main ion is NO+ at
mole
fraction. The gas enters at 10 m/s from the anode side.
For repetitive discharge, in one cycle, there is one
discharge of 10 ns with a voltage of 6000V applied on the
cathode and one post-discharge of 10 µs when the voltage
is switched off. The time step is
for the
discharge and
for the post-discharge.
Simulation of one cycle of the repetitive discharge
represents 1100 iterations (100 for the discharge and 1000
for the post-discharge) and around 30min of simulation
time on 120 cores (60 for CEDRE and 60 for
Code_Saturne).
Repetitive nanosecond discharge simulations
The simulation is performed over 30 cycles or over 300
µs. In Figure.3, the electron mole fraction map is plotted
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after 20 cycles. The shape of discharge is similar to that
observed in experiments. Dense electron areas are located
front of the electrode and a homogeneous plasma slab
between the electrodes is observed.

oral

convection of the air over 1 cm at 10 m/s, 1 ms simulation
is necessary or 100 cycles of repetitive discharge. The
results will be presented.
4. Conclusion

Fig. 3. Electron mole fraction map after 20 cycles.
In the experiments, most of the measures were only taken
at the steady state regime. In our simulation, the evolution
of the electron density was tracked function of the time
from the beginning of the repetitive discharge. In Figure
4, the electron mole fraction over the first 20 cycles is
plotted at the centre of the discharge as a function of time.

In this paper the modelling of the repetitive nanosecond
pulse discharge is presented. The KRONOS workflow
features allow us to simulate the discharge as well as the
post discharge regime. The results obtained are close to
the experiments observations for the discharge shape and
the electron density. A steady state regime is observed.
By performing many discharge cycles, we are able to
reach the steady state regime for the entire discharge.
The kinetic scheme will be improved to model refined
effects, that are particularly needed for nanosecond
discharges with a higher energy density. Excited state
quenching will lead to the so called fast heating observed
in several experiments [11, 12]. And a vibrationallyspecific chemistry, although expensive in computational
time, will be needed to show non-equilibrium effects
measured in other pulsed discharge experiments [13].
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Homogeneity of the surface charge in a diffused air DBD and
its temporal change
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Abstract: We measured the homogeneity of the surface charge and its temporal change in
an atmospheric pressure Townsend discharge (APTD) in air by using a synchronous AC
voltage switching system and a non-contacting electrostatic voltmeter. The results showed
that the surface potential distributions were homogeneous at any voltage phases. We think
this is evidence that the stable generation of our APTD in air is due to the homogeneous
accumulation of positive and negative charge on the barrier surfaces.
Keywords: dielectric barrier discharge, Townsend discharge, surface potential distribution
1. Introduction
Dielectric barrier discharges (DBDs) are composed of
many filamentary micro discharges (FDs). They can be
applied to ozone generation [1], surface treatment [2] and
so on. Recently, the DBDs are going to be applied to
medical and agricultural fields [3], [4]. So far, we
succeeded in generating a diffused DBD in atmospheric
pressure air using specific alumina barrier. From the
analysis of discharge photograph, current waveform and
gap voltage during discharge, we concluded that this
diffused DBD is a kind of Atmospheric Pressure Townsend
Discharge (APTD) [5].
Many researchers have investigated the mechanism of
the generation of APTD. In case of the APTD in pure N2
gas, seed electrons which have important role to generate
the APTD are created by collisions between N2(A3u+) and
N2(a’1Σu-) [6], [7], [8]. Therefore, if small amount of O2 is
mixed in N2 gas, these metastables are quenched by the
oxygen molecule, and the discharge becomes FD [7]. On
the other hand, since our APTDs generate in air, we
considered that there is another mechanism. As we already
reported we are now assuming that homogeneity of the
charged particles (electrons and/or ions) deposition,
desorption and secondary electron emission from alumina
barrier are very important for the generation of our APTD
[9]. In order to get a clear evidence of the homogeneity of
the charged particle deposition on the alumina barrier
surface, we measured a surface potential distribution on the
alumina barrier surface after negative corona discharge
irradiation. As the result, we found that deposited electrons
cannot be easily released from the surface of specific
alumina barrier [10]. However, the surface potential
distribution and temporal change during APTD by AC
voltage application was not clear.
In this paper, we investigated the surface potential
distribution and its temporal change on alumina barriers
during our APTD by using a synchronous AC voltage
switching system and a non-contacting electrostatic
voltmeter.
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Non-contacting
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Fig. 1. Experimental setup
Table 1. Feature of barrier material
Material
Purity
Relative permittivity (1 MHz)
Surface roughness
Supplier

Al2O3
92%
9.1
0.390 m
Kyocera

2. Experimental Setup
Figure 1 shows an experimental setup. A parallel plane
type DBD device was set in atmospheric-pressure air. The
air flow between barriers was generated by a gas circulator
(maximum flowrate is 414 L/min). The relative humidity
was set to 33.5~38.1%.
AC high voltage was applied to the DBD device by a
testing transformer (T-15K15, Yamabishi) and an AC
power supply (PCR500M, Kikusui electronics).The
frequency and the maximum applied voltage were set to 50
Hz and 12 kVp respectively. Using a synchronous
switching system, the applied voltage was interrupted at
various phases. The system consists of a programmable
relay (FL1E-H12RCC, IDEC), an insulating oil immersed
small circuit breaker and a slide transformer. The
interruption phase was controlled by changing the
amplitude of the slide transformer output.
The DBD device consists of two square shape electrodes
(80 mm × 80 mm) coated with alumina (100 mm × 100 mm,
Kyocera). The feature of alumina barrier is summarized in
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Fig. 3. Discharge photograph of APTD in air
(exposure time: 5 ms, ISO: 25600, F-number: 5.6).

3. Results and Discussion
3.1 APTD generation by new system
Figure 2 shows the applied voltage, gap voltage and
discharge current of the DBD device. Here, the discharge
current was obtained by subtracting displacement current
from measured current. The discharge current flowed
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Table 1. Gap length was set to 2 mm. The electrode of the
low voltage side was set on an electric actuator (LECP6NLEFS16A-200-S36N, SMC).
Applied voltages were measured by an HV probe (EP50K, Pulse electronic engineering). The current was
measured from the voltage across a shunt resistor (10 k).
The gap voltage during discharge was calculated from the
difference between voltages applied to the DBD device and
to two barrier plates. In order to decide total capacitance of
two barrier plates, we used a V-Q Lissajous figure. Here, Q
is the integral of the current which is measured from the
voltage drop across an integral capacitor (0.1 F).
Discharge photographs between barriers are taken by a
digital camera (D800, Nikon) with an image intensifier
(C5100, Hamamatsu photonics).
The surface potential was measured by the noncontacting electrostatic voltmeter (MODEL 341-F-JX,
TREK). By moving the low voltage side barrier under the
electrostatic voltmeter, the surface potential distribution
was measured.
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Fig. 2. Applied voltage, gap voltage and discharge
current of APTD.
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Fig. 4. Interruption of applied voltage. (a) Example of
an oscillogram at interruption (duration B). (b)
Positive polarity. (c) Negative polarity.
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0

continuously without pulse and the gap voltage was
constant during discharge. Discharge inception times were
-9 ms, 1 ms and 11 ms. Maximum and minimum current
were 0.75 mA and -0.75 mA respectively. From these
results, we concluded that there is no polar effect.
Figure 3 shows the discharge photograph in case of
negative polarity. Spread light emission gradually
increased from the cathode side to the anode side of barrier
surface. Since this feature coincides with the APTD so far
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reported [5], generation of the APTD was confirmed in the
newly developed HV application system.
3.2 Homogeneity of surface potential
We have considered a model of APTD in air, which
neglects the contribution of nitrogen metastables [9]. After
the APTD stopped in a half cycle, many electrons are
absorbed on the barrier surface on the anode. Under this
condition, when the polarity of the applied voltage is
reversed, homogeneous electron desorption from the
barrier surface occurs over the cathode and the uniform
electric field is formed in the gap. This uniform electric
field ensures a homogeneous slow breakdown in the gap
and it enables homogeneous ion bombardments to the
barrier surface of the cathode side. If a distribution of the
secondary electrons emission from the alumina barrier
plate is homogeneous, the secondary electrons can keep the
APTD.
Figure 4(a) shows one of the examples of current
waveform interrupted by the new system. The current
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oscillated during a period from 2.8 ms to 4.8 ms. After the
oscillation, the current became 0 A. In order to confirm
whether this oscillation influences the generation of APTD,
we observed discharge by using a high-speed camera. One
of the photograph is shown in Figure 3. Since many other
photograph are similar to this photograph, we concluded
that this oscillation did not influence on APTD generation.
Therefore the current oscillation seems to originate from
the chattering of the contact of the circuit breaker. Because
of the current oscillation, the interruption phase were not
clearly decided. Therefore, we considered that applied
voltage was interrupted in this time period of current
oscillation. Figure 4(b) and (c) show interruption time
periods. 12 interruption time periods were obtained by the
synchronous switching system.
Figure 5 shows the distribution of the surface potential
on barrier at various time periods. From the figure, the
following facts are recognized. Namely, the surface
potential shows a flat distribution in all cases. Surface
potential of the LV side barrier changed from -1.8 kV to
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3.3 kV with time evolution. These results suggest that
homogeneous electron desorption from the barrier surface
and deposition on the barrier surface occurred.
Next, the data of surface potential were plotted against
time. Figure 6 shows discharge current, gap voltage and
surface potential. Here the surface potential data of the HV
side barrier were estimated by the data of the LV side
barrier, because there was no polar effect. In case of the
positive polarity (from -10 ms to 0 ms), the surface
potential of LV side barrier increased with the increase of
time, however, the surface potential of the HV side barrier
decreased with the increase of time. Figure 6 shows that in
case of the positive polarity (from 0 ms to 10 ms), the
surface potential of the LV side barrier decreased with the
increase of time, however, the surface potential of the HV
side barrier increased with the increase of time. This is due
to the phenomena that electrons on the barrier and
secondary electrons generated by the bombardment of ions
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to barrier surface ionize gas molecules in the gap. We
considered that this is a mechanism that the DBD device
using special alumina material can generate our Townsend
discharge [11]. Therefore, if these changes of surface
potential change are true, negative values of electric
potential produced by deposited electrons on barrier
surface coincide with barrier voltages due to dielectric
polarization effect. In order to confirm this idea, we
calculated the potentials from the difference between
potentials on LV and HV barrier surfaces.
Figure 7 shows calculated electric potential and barrier
voltage. Negative values of electric potential coincided
with barrier voltages during APTD.
From these results, we think this is evidence that
homogeneity of positively and negatively charged particles
on the barrier surfaces play an important role for stable
generation of our APTD in air.
4. Conclusion
We measured the surface charge homogeneity and its
temporal change due to discharges by the newly developed
system. The conclusions are as follows;
(1) Surface potential distributions during APTD are
homogeneous at any voltage phase angles.
(2) In case of positive polarity, the surface potential of the
LV side barrier increased with the increase of time,
however, the surface potential of the HV side barrier
decreased with the increase of time.
(3) Negative values of the electric potential coincided
with barrier voltages during APTD.
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Abstract: Low temperature water gas shift reaction was achieved using a dielectric barrier
discharge over a Au/CeZrO4 catalyst, providing an opportunity for the hydrogen production
to be obtained under conditions where the thermodynamic limitations are minimal. Using
in-situ DRIFTS, structural changes associated with the gold nanoparticles in the catalyst
have been observed which are not found under thermal activation indicating a weakening of
the Au-CO bond and a change in the mechanism of deactivation.
Keywords: Water Gas Shift, DBD, in-situ DRIFTS, plasma catalysis, CO adsorption
1. Introduction
The water gas shift (WGS) reaction is an important step
in the production of high purity hydrogen through
reforming processes. It is an exothermic process (∆Ho298 =
-41.09 kJ mol-1) that requires reduced temperature and
highly active catalysts to overcome the thermodynamic
and kinetic limitations and favor the formation of H 2 and
CO2. For this reaction, the thermodynamic equilibrium at
high temperature limits the CO conversion, to the point
that WGS processes usually require multiple reactors in
series with decreasing operation temperatures. In some
cases, this is not sufficient to achieve low enough output
CO concentrations, a further CO preferential oxidation
(PROx) or methanation stage is added. If lower
temperature operations could be achieved, significant
process intensification and operational cost saving would
entail. Furthermore, there are various concerns regarding
the commercial low temperature shift catalyst used in
large scale industrial plants, amongst which the safety
concerns for consumer applications related to its
pyrophoric nature. Coupling heterogeneous catalysts with
non-thermal plasmas (NTP) can allow reactions to operate
in a much more energy efficient manner than using
conventional, thermally activated, reactors/processes.

conventional heating and non-thermal plasma conditions.
Both simple and full forward WGS gas streams were
examined which consisted of 2% CO, 10% H2O and 0.5%
Kr (internal standard) and 2% CO, 7.5% H2O, 2.5%CO2,
8.1% H2 and 0.5% Kr (internal standard), respectively,
and both had an argon balance. The gas space velocity
was 30,000 h-1. For the NTP tests, a coaxial dielectric
barrier discharge (DBD) reactor was used. The power
electrode was driven at peak voltages from 4.5 kV to 7.5
kV and the frequency was kept at 22.47 kHz. The gas
exiting the reactor was analyzed by gas chromatography.
In addition, an infrared probe (ProUSB, Calex, PU301)
was placed in the top of reactor to measure the reaction
temperature.
The experimental setup for the in situ IR experiments
was described in detail elsewhere [1].

The current study focused on understanding the change
in the catalyst under plasma control compared with under
thermal conditions by using in-situ spectroscopy (figure
1). This state-of-the-art technique is rarely used under
these conditions [1-4] and provides new insight into the
effect of the plasma on the catalyst surface, specifically
the gold sites.
2. Experimental
Activity tests with Au/CeZrO4 catalyst (with different
Au loading) have been carried out using both

272

Fig. 1 The experimental setup for in-situ plasmaDRIFTS experiments.
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3. Results and discussion
The activity of the Au/CeZrO4 catalyst was tested at
different applied voltages and CO conversion of 70% was
achieved in the absence of an external heat source, as
indicated in Figure 2.
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the plasma was on showed the presence of formates in the
region 3000-2500 cm-1, carbonates and formates in the
region 1700 and 800 cm-1 and carbonyl bands in the
region 2200-2000 cm-1.
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Fig. 2. CO Conversion under NTP conditions in the
full WGS reaction mixture (2.0% CO, 7.5% H2O,
2.5% CO2, 8.1% H2) over the Au/CeZrO4 catalyst and
in the absence of a catalyst.
In-situ DRIFTS was used to probe the gold active site
under the NTP activation and compare that with thermally
activated catalyst. Figure 3 shows the carbonyl spectral
region (2200-2000 cm-1) using in-situ DRIFTS spectra as
a function of time during three plasma on-off cycles over
the Au/CeZrO4 catalyst and also under thermal
conditions. During thermal activation at 150 °C, the
predominant feature was the band at 2095 cm-1 associated
to the CO adsorbed on Au0 and only a small contribution
of Au+-CO species at 2120 cm-1 was observed. Exposure
of the fresh catalyst to WGS feed under plasma activation
(first cycle) led to the appearance of similar adsorbed
features, with Au0-CO species more dominant than the
Au+-CO species. Previous studies showed that under
thermal conditions, metallic Au is the most stable and
active species. On extinguishing the plasma over the
catalyst, a significant decrease in the CO(a) was observed
predominantly associated with the band at 2095 cm-1, i.e.
associated with adsorption on the gold nanoparticles. A
small decrease was also observed in the band at 2120 cm-1
attributed to adsorption on partially oxidized gold.
The formation and disappearance of gas phase CO2
(2300 and 2400 cm-1) associated with a decrease in the IR
bands of both CO and H2O when plasma was switched on
confirmed the activity of the catalyst for the WGS
reaction under these conditions. A comparison of the
spectrum recorded at 150 °C under thermal conditions,
i.e. no plasma activation, and the spectrum obtained when
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Fig. 3. The effect of NTP-catalyst system on the CO
conversion.
4. Conclusions
The paper describes the first example of a non-thermal
plasma activated water gas shift reaction in the absence of
an external heat source. Under ambient temperature
conditions the plasma provides 70% conversion of CO
over gold based catalysts. This provides the first proof of
concept results that extremely low temperature water gas
shift catalysis is possible which allows the kinetics of the
catalytic process – conventionally determined by the
applied temperature, to be disconnected from the
thermodynamic limitations of an exothermic reaction. In
the case of exothermic reactions, the forward reaction is
promoted at low temperatures which would limit the
reaction rate under thermal conditions. Under plasma
control, the gas phase molecules are activated at low
temperature providing an alternative route for the reaction
and allowing significant reaction under ambient
temperature conditions for the first time. In-situ diffuse
reflectance infra-red spectroscopy coupled with NTP
activation lead to the formation of various types of both
gas phase and surface species including CO (ads), CO2 (g
and ads), formates, carbonates and water. Similar species
were reported to be formed under various WGS reaction
conditions over a variety of catalysts. Most importantly,
the DRIFTS study demonstrated an impact of the DBD on
the structural properties of the gold leading to a
significant change in the adsorption properties of CO
indicative of a weakening of the Au-CO bond. The low
temperature activity is thought to be due to water
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activation by the plasma prior to the adsorption on the
surface through the formation of species such as OH and
H2O+ both of which have been observed under plasma
conditions in the gas phase.
The combination of the plasma with a high activity
thermal catalyst provides a significant technological
advance in the production of clean hydrogen at low
temperatures.
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Abstract: Special dielectric barrier discharge reactors for use in atmospheric-pressure
plasma surface technology enable substantial reductions in time and resources needed for
studies of DBD-based processes, process developments, or studying relations of process
parameters on the one hand and surface or thin film chemical compositions or properties on
the other. This contribution shows how important process parameters, concentrations and
power densities can be varied to obtain 1D- or 2D-graded surfaces or thin films.
Keywords: Combinatorial surface technology, gradient surfaces, reactor design
1. Introduction
While combinatorial methods are well-established in
chemistry and biochemistry, they are relatively rare in the
field of surface science and engineering. In combinatorial
chemistry, a large number of compounds AiBi is prepared,
for example, using efficient synthetic methods starting
from a number of educts A1…n and B1…n. In the context of
surface science, combinatorial methods mean the
preparation and usage of gradient surfaces, where at least
one property is changing on the sample. Following the
notation introduced by Genzer [1], there are at least five
different categories of surface gradients (directionality,
type, dimensionality, length scale and time dependency).
By varying the properties along the surface of a sample, the
expenditure of time and specimens for mechanistic studies,
for process developments, and for the investigation of
interrelations between process parameters and properties
of surfaces or thin film can greatly be reduced.
In the present contribution different reactors for graded
surface treatment and/or film deposition using
atmospheric-pressure dielectric barrier discharges (DBD)
are presented. The process parameter frequently
considered as the most important one is the concentration
ni or molar fraction xi of a component i in the process gas
mixture. This parameter can be graded perpendicularly to
the gas flow direction (taken as the x direction), either
continuously or step-wise. While the monomer flow rate
has generally been considered, aside from the input power,
as the most important parameter for low-pressure plasma
polymerization [2], the monomer concentration is
generally better suited to a direct comparison with
chemical-kinetic process descriptions of atmosphericpressure processes.
Besides the gas composition, the power input per area
pA can be varied in one reactor type at given generator
settings by using different thicknesses of the dielectric
layer dD, either changing dD along the gas flow direction x
or perpendicularly to it (y direction). In the first case, a
variation of pA(x) can be combined with a concentration
variation ni(y) in order to obtain a 2D-graded surface or
film.
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This contribution explains how the different gradients
are established and what they can be used for, and it
presents some of the obtained experimental results.
2. Reactor concepts
The common feature of the combinatorial reactors
described here in more detail is the usage of a concentration
gradient of a species i (i.e. H2, O2, or organic precursor
molecules like hexamethyldisiloxane [HMDSO]) in a
carrier gas (mostly Ar or N2). The gradient is achieved by
mixing the gases in a specially designed gradient mixer,
producing either a continuous or a stepped concentration
profile, depending on the reactor and application. The exact
way of designing and realising the gradient mixer is
different for the reactors and will be explained in more
detail in the appropriate sections. The general schematic is
shown exemplarily in Figure 1, with O2 as the reactive
species and Ar or N2 as carrier gas.

Fig. 1. Linear or staircase-shaped concentration profile of
a reactive gas (here: O2) in a carrier gas (here: N2 or Ar)
as the result of gas mixing in a gradient mixer
Another common feature of the reactor types is the use
of dielectric barrier discharges at atmospheric pressure for
igniting the plasma.
2.1. Concentration grading by using a manifold
This concept is used in a project on the derivation of
phenomenological models for plasma polymerization and
is shown in Figure 2. The gradient mixer consists of two
comb-shaped manifolds, each with five rectangular,
equidistant outlet channels. The manifolds are fed with two
different gases A and B (for example, A is a mixture of
carrier gas and reactive gas and B is a pure carrier gas). The
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cross-sections of the outlets are decreasing along the row
and are designed to have a specific flow conductance C.
The manifolds are placed on top of each other divided by a
thin sheet of glass to ensure that the effluents of the outlet
pairs will intermix in the zone outside the gradient mixer
in a controlled mixing ration of A and B. For a rectangular
channel of the length l and under the condition that the
width a ≥ height b, equation (1) can be used to calculate the
flow conductance of a channel where η is the dynamic gas
viscosity and p1 and p2 are the pressures at the channel
ends.
𝐶 ≈

1
24

1

𝑎3 𝑏 3 (𝑝1 +𝑝2 )

𝜂

𝑙(𝑎2 +𝑏 2 +0.371∗𝑎∗𝑏)

∗ ∗

that a static concentration gradient in the cavities of the
foam along the flowing direction is established. On top of
the foam is a masking layer made of polydimethylsiloxane
(PDMS) to enable area-selective treatment. The sample
(usually thin polymer foils) is in close contact with the
mask to prevent intermixing between cavities in the
masking layer. The setup is pressed together from the top
by the high voltage electrode. In addition to serving as a
part of the gas distribution system, the copper foam is also
used as grounded electrode in this setup.

(1)

This design results in a staircase-shaped concentration
profile when the effluents intermix outside the gradient
mixer. To linearize the profile, a homogenizer was
designed and is placed between the gradient mixer and the
plasma zone. The homogenizer consists of a packed bed of
glass beads dispersing the gases by mechanical mixing.
After flowing through a homogenizer of sufficient length,
a smooth concentration profile is obtained. This gas flow
with a linear concentration gradient of reactive species is
then fed into the plasma zone, where the actual DBD set up
is located.
Detailed explanation about the design of the reactor can
be found in a recent paper by Philipp et al. [3].

Fig. 3. A combinatorial DBD reactor for area-selective
plasma treatment of polymer foils (“plasma-printing”).
Due to the shape of the gas inlets, a linear concentration
gradient is inherently obtained. The copper foam
distributes the gas in the plasma zone without further
dispersion.
Figure 4 shows a top view on the foam with the mask to
illustrate the concentration gradient and the areaselectivity of plasma treatments or plasma deposition of
samples using this setup. Details about the design of this
reactor, as well as experimental results, can be found in a
recent paper by Kotula et al. [4].

Fig. 2. A combinatorial DBD reactor where an initially
staircase-shaped concentration profile is linearized using a
homogenizer to obtain a smooth gradient.
2.2 Concentration grading using a packed bed mixer
A “plasma-printing” reactor with an easier to
manufacture mixer is used for combinatorial DBD-based
area-selective polymer modification or thin film deposition
at atmospheric pressure is shown in Figure 3. To create a
concentration gradient, two overlapping triangular-shaped
gas inlets are used to feed gases 1 and 2 into a packed bed
of glass spheres. The triangular shape of the inlets defines
the mixing ratio of the gases. Similar to the first reactor
concept, the gas stream flows into a packed-bed of glass
beads to homogenize the concentration profile and
subsequently streams into a porous copper foam. The
porosity of the copper foam is carefully chosen to prevent
significant dispersion of the gases and therefore to ensure
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Fig. 4. Top view of the gas distribution of the L-shaped
reactor (without electrode and sample). After flowing
through the homogenizer, a smooth concentration
gradient is maintained throughout the plasma zone.
2.3 Grading concentration and power density
2D grading is used to study the growth and
modification of passivation layers on Zn alloys as a result
of different atmospheric pressure plasma treatments. It is
the latest developed combinatorial reactor used at the IOT,
thus the experiences gained with the first two reactors
(described above) were considered during design
procedure. The schematic of the reactor is shown in Figure
5.
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The gradient mixer consists of the same manifold-type
system used in the first reactor. For this project, however,
it was preferred not to have a linear concentration gradient,
but rather different zones of constant concentrations of the
reactive gas. Therefore, no homogenizer was needed to
smoothen to profile. Indeed, to prevent intermixing of the
gases between the channels barriers were placed between
the channels not only in the gradient mixer but all
throughout the plasma zone. This was realized by affixing
glass bars in the gas gap separating the channels. In
addition to the concentration gradient this reactor also
features a gradient of the discharge power in flow direction
realized by varying the thickness of the dielectric barrier.
In a DBD, the thickness of the barrier is directly related to
the discharge power: a thinner dielectric leads to higher
discharge powers. By using staircase-shaped glass, each
step with one electrode, and connecting each electrode to
the same power supply, the result is a staircase-shaped
gradient of electric power. The combination of the reactive
gas concentration gradient perpendicular to the flow
direction (four distinct steps) and the power gradient in
flow direction (three distinct steps) results in twelve
parameter combinations obtained in a single experiment.
Recently, another way to obtain a 2D gradient was
developed with this type of reactor. Instead of using the
staircase-shaped electrode for a power gradient, a
segmented electrode was used where the thickness of the
barrier was kept constant. Each of the electrodes was
contacted with a separate switch however, so that they can
be switched off separately, thus the treatment time can be
varied for each segment. The 2D gradient of this modified
reactor is therefore the well-established concentration
gradient combined with a gradient of the plasma treatment
time.
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Figure 6 shows interference colours on a polypropylene foil coated with a plasma polymer film deposited from
HMDSO in Ar using a nearly linear starting gradient of
monomer concentrations nHMDSO(y) covering the range up
to 2.4·1015 cm-3 (100 ppm). Even the naked eye
immediately captures the growth-rate capping due to a
limited generation rate of activating species - a special
feature of a deposition process which is mainly driven by
energy-transfer reactions between long-lived low-energy
excited Ar species (metastable and resonant atoms, one
excimer) and monomer molecules M. At larger nHMDSO a
thickness plateau is formed which is expanding in x
direction with increasing nHMDSO. [3] These observations
are at variance with a theoretical model which was
originally derived for low-pressure plasma-based
deposition processes, mainly driven by direct collisions of
M with energetic electrons. [5] (The assumption of e--M
collisions as the dominating reactions for the production of
film-forming species was more recently also made for
atmospheric-pressure deposition of thin films from
HMDSO/Ar mixtures. [6, 7]) This model results in a
proportionality between monomer concentration and film
thickness which is clearly not observed in these experiments, owing to the reasons outlined above.

Fig. 6. Interference colors on a gradient HMDSO film on
PP foil. The observed thickness distribution does not meet
the expectations based on models involving monomer
activation by collisions with energetic electrons, see text.

Fig. 5. A 2D combinatorial reactor. In addition to the
concentration gradient, this reactor features a discharge
power gradient, realized by varying the thickness of the
dielectric barriers
3. Experimental results
This section provides a brief insight into experimental
results obtained using the combinatorial reactors presented
above. It should be noted that this contribution is mainly
focussed on the explanation of the combinatorial reactors;
detailed discussions of the experimental results is
published elsewhere (see refs. [3] and [4]).
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Figure 7 shows densities of nucleophilic groups on the
surface of low-density polyethylene (LDPE) plasmatreated with N2/H2 DBD as a function of H2 content.
Treatments were done using the plasma-printing reactor
described above. Densities were determined using a
combination of chemical derivatization by reacting the
plasma-treated surface with an aromatic aldehyde (4Trifluorobenzaldehyde – TFBA) and quantitative ATR
FTIR spectroscopy. They are largely not primary amino
groups which have for a long time believed to be the only
functional groups able to react with aromatic aldehydes. [4]
The eight different concentrations shown in figure 7 were
obtained in a single experiment using just one sample,
proving that combinatorial plasma treatments can indeed
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Fig. 7. Density of nucleophilic groups on plasma-treated
LDPE. All data points were obtained from a single
sample, treated in the combinatorial plasma printing
reactor in one experiment.
Figure 8 shows the simulation result of atom generation in a mixture of Ar and H2 in a 2D gradient reactor. It
can be observed that for the given maximum concentration
of H2 in Ar and a constant applied voltage on the
electrodes, the 2D gradient set up results indeed in twelve
zones of different plasma parameters, and thus different
treatment parameters.

manufacturing methods for mixers to achieve any desired
concentration gradients.
In addition to species concentration and power
densities, other process-relevant parameters are imaginable
which may be of interest for experiments aiming at a
mechanistic understanding of a process. In addition to
capacitive voltage division, for example, other electrical
components such as resistors or inductivities or small
electrical networks may be connected to specific areas of a
DBD reactor in order to study the effect of electrical tuning
the discharge behaviour. Also interesting insights are
expected by varying the shape of the electrodes: by
preventing the discharge in certain regions the decay of
plasma species can be studied.
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4. Summary and outlook
The present contribution shows how interesting
information about a plasma deposition mechanism or the
effect of certain treatment parameters on the chemical
nature of plasma-treated surfaces can be gained with much
reduced time and cost efforts by using special DBD
reactors enabling surface treatment and film deposition
with graded gas concentration and graded power density.
In addition to cost- and time-saving preparation
methods for 1D or 2D graded surfaces, novel methods are
needed in the future to increase efficiency of analysis and
characterization of the prepared gradient surfaces. Future
work should also focus on further improving
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Assessing the non-equilibrium: vibrational and rotational temperature profiles
in N2 and N2-CO2 microwave plasma from laser Raman scattering.
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Abstract: Microwave plasma used to activate N2 and/or CO2 is investigated with laser
Raman scattering, yielding profiles of rotational and vibrational temperature with peak values
of 4000 K and 10000 K, respectively. In pure N2, the ratio between vibrational and rotational
temperature is about 2 in the discharge centre. In the edge, the non-equilibrium increases up
to 4.5 for pressures <100 mbar, whereas equilibrium is found at 800 mbar. The vibrational
Raman signature of CO allowed in situ conversion quantification for admixture of CO2.
Keywords: rotational Raman, vibrational Raman, CO2 activation, non-equilibrium
1. Motivation
Microwave plasma reactors are potentially attractive to
be used in modular chemical plants in view of their low
inertia, low investment cost, high energy density and, most
importantly, ability to selectively couple energy into
specific (vibrational) degrees of freedom [1]. Moreover,
plasma reactors can be directly powered with electricity
from renewable energy sources making them suitable for
the processing of stable molecules in the context of a
circular economy. However, the detailed understanding on
how to make vibrational excitation dominant in the reactor
and to achieve ultimate energy efficiency is still lacking,
which prevents plasma sources to become a standard in
chemical industry.
Two
key chemical industrial processes where
microwave plasmas can be used are: (i) the production of
nitrogen based fertilizers (H2NO3) by nitrogen fixation and
(ii), the dissociation of CO2 into CO + O2 for the synthesis
of carbon based synthetic fuels [1]. The dissociation
efficiency for the latter has been shown to increase if N2 is
admixed [2]. The efficiency of the aforementioned systems
hinges around a delicate balance between three
fundamental parameters for non-equilibrium molecular
plasmas (e.g. microwave plasmas): electron temperature
(Te), vibrational temperature (Tv) and rotational
temperature (Tr). If the right combination of Te, Tv and Tr
is reached, i.e. Tv (⋍ 2000 K) ≫ Tr and Te = 1-2 eV, the
non-equilibrium is effective and the vibrationally excited
molecules will undergo chemical reactions with high
energy efficiency [3]. High vibrational energy is required
to overcome the energy barriers of endothermic reactions
and assist in achieving high energy efficiency [4].
Such favourable conditions are achieved in microwave
plasmas because free electrons driven by the electric field
transfer energy preferentially into vibrational degrees of
freedom of N2 and CO2 molecules. This is particularly
important for microwave discharges since these are
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characterized by relatively low ionization degree ranging
from 10-5 to 10-4. Hence, dissociation predominantly
proceeds via vibrational excitation rather than by electron
impact dissociative excitation. If CO2 is admixed to N2,
vibrationally excited N2 plays a key role in the reduction of
CO2 by resonantly channelling energy into the CO2
asymmetric stretch [2].
In view of the determining role of vibrational and
rotational temperatures for achieving high energy
efficiency in plasma chemical reactions, we report in this
contribution an experimental investigation of (profiles of)
Tv and Tr using laser Raman scattering. Laser Raman
scattering is the diagnostic of choice for its high spatial
resolution Tr measurements. Moreover, it is also a powerful
diagnostic to investigate vibrational temperature of
infrared inactive molecules (e.g. N2). A broad range of
process parameters is investigated to understand their
influence in achieving the aforementioned favourable
conditions in microwave plasmas.
2. Experimental setup
The experimental setup is composed of a microwave
source, a flow reactor and the laser scattering diagnostic
(Fig 1).

Fig. 1: Schematic of the laser Raman scattering
installed at a flowing microwave plasma reactor.
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Continuous wave microwave radiation is delivered by a
cavity magnetron (2.45GHz, power adjustable between
100 W and 1kW). The emitted microwave radiation is
coupled to a rectangular WR-340 waveguide via a three
stub tuner assuring perfect matching to the plasma load. A
quartz tube (30 mm diameter and 400 mm length), is
inserted perpendicularly to the waveguide that is short
circuited with a movable plunger such that a standing wave
is sustained in the resulting cavity. The plunger is
positioned at a quarter wavelength distance from the centre
of the tube in order to maximize the TE101 guided mode at
the centre of the tube. Process gases are injected 5 cm
upstream of the waveguide by using two tangential
injection nozzles (∅ = 2 mm) to create rotation in the flow,
which stabilizes the plasma in the centre of the quartz tube.
A frequency doubled (532 nm) Nd:YAG (Continuum
Powerlite™ DLS 8000) laser is used for the laser Raman
scattering. The beam is focused with an f=2m lens in the
centre of the waveguide. Scattered light is collected at 90
degrees with an achromatic doublet. A 1:1 image is
projected onto a fibre bundle (27 × 400μm) that is used to
illuminate an in–home built Littrow spectrometer (f=1m,
dispersion of 0.85 nm/mm) equipped with an iCCD. Both
vibrational and rotational spectra are measured with 1mm
radial and axial spatial resolution. In the former
configuration, a long pass filter with cut-off wavelength of
550 nm is placed in front of the collection fibres to block
scattered light at the laser wavelength. The optics is
designed in such a way that Tr up to 4000 K can be
measured and without restrictions on upper limit of Tv.
The reactor is mounted on a linear stage such that it can
be translated with respect to the probe laser beam making
radial scans possible. Additionally, axial scanning is
further enlarged (compared to the laser chord covered by
the bundle of fibres) by moving the collection optics. Input
and output Brewster windows are placed as far as possible
from the probed region to reduce their contribution to stray
light. Baffles are installed in vacuum to further suppress
stray light. This arrangement is chosen as the same setup is
envisaged for Thomson scattering measurements.
3. Methodology and experiments
One of the unique features of the Raman process – the
ability to produce a broadband spectrum out of a narrow
band pump laser – is exploited twice in this work.
Individual rotational peaks are fitted in the case of
rotational Raman spectra. However, wavelength resolution
is not sufficient to distinguish individual rotational lines of
the vibrational spectra and hence a set of skewed Gaussians
are used as fitting function. For additional information on
vibrational Raman spectra in plasmas refer to [5].
When vibrational levels are in equilibrium with each
other a single Tv suffices to describe the population density
of vibrational levels. Since microwave plasmas are
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possibly out of equilibrium, and even though up to 8
vibrational levels are measured in the case of N2, we use
only the first two to define the so called first level
vibrational temperature [6]
=

Θ

where Θ = 3353 K is the energy difference, in Kelvin,
between the first and second vibrational levels of N2. Such
a definition for vibrational temperature is proven to be
useful to describe Treanor distributions [7]. In equation (1),
N0 and N1 are the populations of the first and second
vibrational levels and are calculated as
∝

( )
+1

where the numerator is the area of the fitted vibrational
band using skewed Gaussian functions ( ( )) and the
denominator corrects for the Raman scattering cross
section dependence on the vibrational quantum number .
An example of such a fit is given in Fig 2.

Fig. 2: Sample spectrum obtained in the 50 mbar
N2 plasma at +6 mm lateral position .
Two sets of measurements are hereby presented: First,
pure N2 plasmas are investigated in industrial relevant
configurations
• P = 17 mbar,
• P = 50 mbar,
• P = 800 mbar,

= 7.8 slm, Q ∼ 200 W
= 7.8 slm, Q ∼ 200 W
= 7.8 slm, Q ∼ 500 W

Parameters for the first two measurements are chosen to
keep the specific energy input (SEI = ) constant. At the
lower pressures, the plasma is observed as diffuse, filling a
large portion of the discharge tube. The high pressure
setting was chosen to reach the contracted regime, in which
the plasma is confined to a filament in the centre.
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Second, preliminary experiments are carried out with N2CO2 mixtures as proof of principle of investigating in situ
CO formation
• P = 600 mbar,
• P = 300 mbar,

= 4 slm, Q ∼ 500 W
= 4 slm, Q ∼ 500 W

The first is a measurement with N2-CO2 (50:50) mixture
while the second is pure CO2. These conditions are
chosen to maintain the same partial pressure of CO2 to
compare the effect of N2 while operating the plasma at
constant SEI.
4. Results and discussion
Rotational temperature profiles are reported in Fig.3 as
measured by fitting the Stokes band of rotational Raman
spectra. There is a gradual decline from the centre to the
wall for all the three measurements. Curves for the lowpressure measurements show values that are about half of
those of the high-pressure data uniformly in all positions.

Fig. 3: Tr radial profiles for the first set of
measurements.

Fig. 4: Tv radial profiles for the first set of
measurements.
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Similarly,. vibrational temperature profiles are reported
in Fig.4. From this figure it can be seen that values for the
high-pressure measurement increase steadily from the side
to the centre. Conversely, a different trend is observed for
the low-pressure measurements where an almost flat region
extends from 0 to 6 mm.
A metric is required in order to gain insight about nonequilibrium from Tv and Tr profiles. In the context of
atomic plasmas the concept of equilibrium departure is
studied in detail [8]. However, in molecular plasmas
energy can be deposited in several ways due to availability
of many degrees of freedom. Hence, to restrict the
treatment to the vibrational-rotational-dissociation
framework, a departure coefficient
=
is defined. A parameter defined in this way is meaningful
to directly visualise the local non-equilibrium properties
of a molecular plasma. The larger the
the more the
desired degree of non-equilibrium.

Fig. 5: dp radial profiles for the first set of
measurements.
in pure N2 plasmas are shown in
Measurements of
Fig. 5 as a function of radial position. Specifically, the
three curves show a distinct trend between the high-power
high-pressure plasma and two low-power low-density
is typically ~ 2 in the
measurements. In the former,
central region (0 to 4 mm) and abruptly drops to
= 1,
i.e. a thermal regime, towards the wall. The opposite occurs
values observed
in the two other cases; almost constant
in the central region increase steeply to a constant value
≃ 4 towards the reactor wall. Due to error bars in the
temperature determination (largely caused by overlap of
profile is
the vibrational peaks), the exact shape of the
difficult to assess, i.e. peaked, flat, or even hollow.
Nevertheless, the observed increase towards the wall
region is unambiguous. In other words, a strong indication
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is found that a non-equilibrium can be sustained close to
the wall by correctly adjusting the plasma conditions.
Results for the second set of measurements, in which
CO2 is admixed, are shown in Fig 6. It is seen that the N2
and CO vibrational Raman spectra are simultaneously
recorded. Since the CO2 partial pressures are fixed between
the two measurements, it is possible to use the CO intensity
to directly estimate relative CO2 conversion. In this work
the CO signal is observed to be three times larger in the
presence of N2. For even more precise conversion
measurements, local rotational temperature variations,
thereby molecule density variations would have to be taken
into account, which goes beyond the scope of the present.
Additionally measurements have shown a decrease in N2
vibrational temperature in the presence of CO2, consistent
with a vibrational energy redistribution process within the
two species [9].

Moreover, a system that sustains a non-equilibrium
region at the boundaries allows the use of catalytic surfaces
to enhance the dissociation efficiency. Vibrationally
excited molecules will reach the surface of a catalytic
material that will not have to withstand more than ~600 K.
Concerning the work on N2-CO2 mixtures, preliminary
experiments have shown the feasibility of the developed
diagnostic to quantify the local production of CO.
Moreover, the vibrational excitation in N2 can be
resonantly exchanged with CO2 enhancing CO production
as seen in increase of CO scattering signal. The results
presented here clearly demonstrate that vibrational energy
exchange can be used to enhance chemical reactivity.
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Fig. 6: Vibrational Raman spectrum obtained at +8 mm
for N2 and N2-CO2 plasmas.
5. Conclusions and outlook
A diagnostic which simultaneously measures number
density of reactants, rotational and vibrational
temperatures has been successfully implemented to
investigate the non-equilibrium nature of the N2
microwave plasmas. High values are found on the edges
in the case of low-pressure, low-input power plasmas. At
low pressure, Tv equilibration rate is slower than Tr one.
Conversely, at high pressure the difference between the
two rates decreases and the system rapidly relaxes back to
≃ 1 near the reactor
thermal equilibrium approaching
walls. These experimental observations are in line with
theoretical arguments [4] and bring pertinent information
on how to direct future experiments. A large
demonstrated in these experiments is very much essential
to enhance endothermic reactions such as CO2 dissociation.
In future work a more appropriate fitting function with a
true physical basis, accounting for the broadening of
vibrational lines at high rotational temperature, will be
used to fit the vibrational spectra.
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Abstract: A cold atmospheric-pressure uniform plasma column is obtained inside a fused
silica tube using silver conductive paste electrodes. Using a driving frequency of 13.56 MHz
and a helium gas flow of 0.8 L min−1 with about 1% N2 admixture, the discharge is found to
operate in the RF-α mode. The plasma created between the electrodes is mostly homogeneous
as the RF-α mode is sustained along the gas injection axis. The gas temperature estimated
from N2 rotational spectra lies below 370 K.
Keywords: Atmospheric pressure plasma, Low-temperature plasma, Capacitively coupled
discharge, Plasma column, He-N2
1. Introduction
Long and uniform plasma columns are useful in
numerous applications like sterilization [1], chemical
analysis [2] and medical science [3]. Such applications
might require out of equilibrium plasmas that will prevent
heating. While low pressure devices are still a convenient
method to generate low temperature plasmas, some
applications require to operate at atmospheric pressure.
However, when the pressure is elevated from low to
atmospheric pressure, the plasma usually experiences
contraction and filamentation [4]. In contrast to long and
uniform plasma columns produced by traveling waves at
microwave frequencies or by inductive coupling using
radiofrequencies, in this paper, we propose to use
capacitive coupling with radiofrequencies to generate the
plasma column.
2. Experimental setup
As shown in Figure 1, the plasma is generated inside a
fused silica tube (2 and 4 mm of inside and outside
diameters respectively) connected to the helium and N2 gas
feed (Praxair Ultra high purity 99.999%). The output of the
tube is in open air. A reduced helium flow of 0.8 L min−1
is used in every condition. In fact, no cooling system is
required to maintain the discharge near room temperature.
Unlike plasma jets with the RF power driven through bare
metal electrodes [5], two metal electrodes (Electro-Science
Laboratory 9916) are painted on opposite external sides of
the tube (2 mm × 10 cm). The upper electrode is connected
to a 13.56 MHz power supply (RF Power Products RF10)
via a non-commercial reversed L-type matching network
while the bottom electrode is grounded. The voltage is
recorded by a high voltage electric probe (Tektronix
PA6015A) and the current is measured with the help of a
Rogowski coil (Pearson 2877) near the grounded electrode.
As in [6], the power is calculated from the integral over a
full period of the product of the measured current and
voltage. The power density is obtained by dividing the
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power by the tube volume delimited by the electrode area
(0.31 cm3). Light emission is collected with the tip of an
optical fiber pointed directly to the tube. The optical fiber
is connected to a monochromator (PI Acton SP2750i) and
the rotational spectra are recorded by an iCCD camera (PIMax 7467). In addition, an Avantes (AvaSpec-2048) is
used to record the whole spectrum from 300 to 900 nm.
Pictures of the discharge are also recorded by a DSLR
camera (Nikon D40).

Figure 1 a) Schematics of the experimental setup. b) DSLR
picture of the plasma column at 6 W cm−3 with 1% of added
N2 (the gas flows from the left to the right). c) DSLR
camera long exposure picture of the open side of the tube
with 0.1% of added N2.
3. Identification of the discharge
Figure 1b) shows a long exposure picture of the discharge. Unless the input power is slightly above the
extinction level, the discharge fills the whole electrode
length. In addition, as shown in Figure 1c, the discharge is
also filling the entire cross section of the tube. With respect
to the vertical axis Figure 1b displays two relative light
intensity maximums near the top and bottom electrodes.
This suggests that the discharge operates in the RF-α mode
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Figure 2: jRMS − VRMS curves for different N2
concentrations. The inset represents the current and voltage
waveform for a power density of 2.6 W cm−3 and N2
concentration of 1%.
The electrical behavior and the distribution of light
intensity of the discharge are almost unchanged when the
N2 concentration increases. However, the composition of
excited species is drastically modified when the
concentration of N2 grows from impurities to 1% of
admixture. Figure 3 shows optical emission spectra at 0 and
1% of added N2 for the same power density (5.9 W cm−3).
Spectra are recorded from 300 to 900 nm and are corrected
by the response curve of both spectrometer and optical
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fiber. In figure 3a, the helium discharge spectrum is display
without N2 addition. Most lines and bands are due to
impurities. In addition to the helium lines, it is possible to
observe oxygen and hydrogen atomic lines together with
N2 and N2+ molecular bands. Even if the discharge tube is
in open air, this spectrum is similar to the usual RF-α
discharge between alumina solid dielectric in a controlled
helium atmosphere [12]. On the other hand, figure 3b
shows a completely different spectrum with 1% of N2.
Indeed, the only observable emissions are those of N2,
namely the first (N2(B3Πg − A3Σ+u)) and second (N2(C3Πu
− B3Πg)) positive systems. This suggests that the electron
dynamics is strongly modified by adding N2 even though
the RF-α nature of the discharge does not seem to be
affected.

N 2 (357 nm)

[7–10]. In fact, when the power density is high enough
above the extinction level, this light emission pattern
occurs at any N2 concentration from 0 to 1%.
The RF-α nature of the discharge is also supported by its
electrical behavior. In order to compare the electrical
behavior for different N2 concentrations, the RMS current
density, jRMS, and the RMS voltage, VRMS, are calculated
from the recorded current and voltage waveforms. Figure
2 displays jRMS − VRMS curves for different N2
concentrations. The linear behavior of the RMS voltage as
a function of the RMS current density is typical of the RFα mode [7-9]. It indicates that electron multiplication
occurs mainly in the gas bulk. Even though the same slope
is observed as the N2 concentration increases, higher
voltage is however needed to sustain the same current
density, a feature in agreement with the higher voltage
needed to sustain a discharge in nitrogen than in helium gas
[11]. In addition to the RMS characteristic curves, the
current and voltage waveforms are displayed as an inset of
Figure 2. It shows the sinusoidal behavior of both current
and voltage. This behavior is also typical of the α mode
discharge that is characterized by an operating power
density of a few W cm−3 [7]. Finally, from the waveform it
is possible to notice the phase shift of about 86◦ indicating
the highly capacitive behavior of the discharge.

Intensity (a.u.)
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Figure 3 Optical emission spectra of the discharge at 5.9 W cm-3
for a) no N2 added and b) 1% of N2. Spectra are corrected by the
response curve of the spectrometer and optical fiber.

4. Rotational and gas temperature
At atmospheric pressure, the presence of nitrogen in a
helium discharge usually increases the gas temperature
[14]. In order to evaluate the role of the concentration of
N2 over the gas temperature, we measured the rotational
temperature of N2(C3Πu → B3Πg) at 337 nm. As reported
in a previous paper [6], this temperature should be
proportional to the gas temperature that is expected to be
1.095 times the rotational temperature [14]. The rotational
temperature was obtained by fitting the experimental
rotational spectra to theoretical spectra simulated by the
Specair program [15]. The experimental spectra were
sampled at the center position of the tube along the gas
flow and the light emission was integrated along the gas
gap between the electrodes. Figure 4 illustrates the
rotational temperature as a function of the power density
for different concentration of N2. As expected, the
rotational temperature increases with the power density.
From 0.1 to 1% of N2 admixture, the rotational temperature
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2500 K in pure N2 if one assumes a linear dependence of
the temperature on the N2 concentration. Such a value
value would be similar to that obtained in a microwave
discharge in N2 at atmospheric pressure [16].
Finally, an important phenomenon that could limit the
length of the plasma column is the heating of the gas during
its transport along the electrodes. This would lead to a
higher gas temperature towards the exit. In order to
evaluate the evolution of the gas along the plasma column,
Figure 6 shows the rotational temperature of N2(C3Πu →
B3Πg) at 337 nm as a function of the power density for
different positions along the tube. The spectra were
acquired at position 2, 5 and 8 cm along the electrodes from
the gas input to the gas exit.

Figure 4 Rotational temperature of N2(C3Πu → B3Πg)
sampled at the center position of the tube as a function of
the power density for various concentrations of N2.
Import

From Figure 4, it is also possible to observe that
rotational temperature seems to increase with
percentage of N2. This was confirmed by measuring
rotational temperature at the same power density
different N2 concentrations.

the
the
the
for

Rotational temperature of N 2 , Trot (K)

320

315

2 cm
5 cm
8 cm

330

320

310

300

290

1

310

2

3

4

5

6

7

8

Power density, Pd (W cm-3 )

305

Figure 6 Rotational temperature of N2(C3Πu → B3Πg) at
different position along the discharge tube from the entry
to the exit of the gas. The concentration of N2 is 0.2% and
the error bar represent the standard deviation over two or
three measurements.
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Figure 5 Rotational temperature of N2(C3Πu → B3Πg)
sampled at the middle position along the tube as a function
of the N2 concentration for a fixed power density of (2.9 ±
0.2) W cm−3.
Figure 5 shows the rotational temperature as a function of
the N2 concentration at a constant power density of (2.9 ±
0.2) W cm−3. The temperature is observed to increase
linearly of about 15 K when the concentration rises from 0
to 0.7%. Even if 15 K may seem to be a rather small
increment, it would correspond to a temperature of about
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We observe that the rotational temperature increases with
both the power density and the position along the discharge
tube. However, the growth appears rather slow. The
average increase of temperature along the discharge tube is
about 20 K from position 2 to 8 cm. As a consequence, the
useful tube length will ultimately be constraint by the gas
heating.
5. Conclusion
An RF-α atmospheric-pressure discharge was obtained
inside a fused silica tube using linear electrodes located
outside the tube. Pure helium and helium with N2
admixture can be used even when the tube opens in air.
Using a low power density (about 3 W cm−3), the discharge
is cold (gas temperature of about 330 K) and uniform even
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at low gas flow (0.8 L min−1). Using helium with an
admixture of N2 opens the possibility to generate a plasma
jet outside the tube, a feature which is currently under
investigation.
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Ammonia synthesis by pressure swing of N2-H2 plasma
S. Mori and Y. Takanami
Department of Chemical Science and Engineering, Tokyo Institute of Technology, Tokyo, Japan
Abstract: We propose a novel ammonia synthesis process in which the pressure of N2-H2
plasma swings from low to high value. We have compared energy efficiency for ammonia
synthesis between constant-pressure system and pressure-swing one. In case of constantpressure system among 0.5 to 2.5 bar, the highest efficiency of 0.23 g-NH3/kWh was
obtained at the lowest pressure. The highest energy efficiency of 0.33 g-NH3/kWh in this
study was obtained by the pressure-swing system between 0.8-2.3 bar.
Keywords: Ammonia synthesis, Pressure-swing, Surface discharge

2. Experimental
In this study, a commercial diaphragm pump was
applied as a pressure-swing reactor in which N2-H2
plasma is created by a surface discharge. The
compression ratio of the reactor is about 3 and the
diameter of the diaphragm is about 74 mm. The pressureswing frequency is able to be changed from 40 to 120Hz.
The surface discharge is created by a comb-shaped highvoltage copper electrode which is attached to the SiO2
dielectric plate (30mm x 30mm x 0.5mm). The highvoltage electrode was connected to the high voltage
transformer (max. AC voltage: 11 kV, frequency: 18 kHz)
controlled by the primary power source. Another side of

ISPC23, Montreal, Canada

the dielectric plate is covered by the ground electrode and
attached to the reactor wall. The surface discharge is
created on the dielectric plate near the edge of combshaped electrode. The reaction products were collected by
a liquid-nitrogen cold-trap installed at the outlet of the
reactor. The product amount was calculated by the
pressure rise after removing the cold trap and the volume
of the cold trap. The composition of the reaction product
is analysed by a quadru-pole mass spectrometer and only
the product detected in this study was ammonia.
3. Results and discussion
Experimental results to explain the pressure-swing
effect are shown in Figure 1. In this figure, experimental
results with constant-pressure system are also indicated as
well as that with pressure-swing system. Among constant-

Energy Efficiency (g-NH3/kWh)

1. Introduction
Ammonia is industrially important compound and
consumes huge amount of energy in its production
process. Therefore an improvement of ammonia synthesis
efficiency has a large impact on the global environment
and a lot of related studies have been reported [1-3]. As is
well known from Le Chatelier’s principle, lowtemperature and high-pressure condition is preferable for
the ammonia synthesis from nitrogen and hydrogen
molecules. However, in industrial process ammonia is
produced by a high-temperature and high-pressure
process. This is because high temperature is necessary to
break strong triple bond of nitrogen molecules. On the
other hand, nitrogen molecule can be dissociated by
electron impact reactions in non-thermal plasma even
though the translational gas temperature is very low. In
non-thermal plasma, however, low-pressure is preferable
to dissociate nitrogen molecule because electron energy is
higher when the pressure of the plasma system is lower.
In order to overcome this dilemma in optimum pressure
between thermodynamic and kinetic requirements for
ammonia synthesis by non-thermal plasma, we propose
here a novel ammonia synthesis process. In this process,
the pressure of N2-H2 plasma swings from low-pressure
side where the nitrogen dissociation reaction is
accelerated to high-pressure side where the ammonia
synthesis reaction is promoted.

0.4
0.3
0.2
0.1
0

0.5

1

1.5

2

Pressure (bar)

2.5 P-swing
(0.8-2.3)

Figure 1 Energy efficiency for ammonia synthesis by
pressure-swing system between 0.8 to 2.3 bar and
constant-pressure system with various pressures
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Energy Efficiency (g-NH3/kWh)

pressure system results, the highest efficiency of 0.23 gNH3/kWh was obtained at the lowest pressure condition,
which reveals our reaction system to be more kinetically
dominated system rather than thermodynamically
controlled one. The highest energy efficiency of 0.33 gNH3/kWh was obtained by the pressure-swing system
between 0.82-2.34 bar.
We have also investigated the influence of pumping
frequency on the energy efficiency for ammonia synthesis.
Figure 2 shows dependence of energy efficiency for
ammonia synthesis on the pressure-swing frequency
between 40 to 120 Hz. As shown in Figure 2, the
dependence of energy efficiency on the pumping
frequency was not clearly seen in the frequency range we
tested. However, pressure-swing system always shows
higher energy efficiency as compared with constantpressure system.

energy efficiency as compared with constant-pressure
system.
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Figure 2 Effect of pressure-swing frequency on energy
efficiency for ammonia synthesis. The pressure range for
pressure-swing system is 0.8-2.3 bar.
4. Conclusion
We have fabricated a pressure-swing plasma reactor in
which N2-H2 DBD plasma was created and ammonia was
synthesized. We have compared energy efficiency for
ammonia synthesis between constant-pressure system and
pressure-swing one. In case of constant-pressure system
between 0.5 to 2.5 bar, the highest efficiency of 0.23 gNH3/kWh was obtained at the lowest pressure. The
highest energy efficiency of 0.33g-NH3/kWh in this study
was obtained by the pressure-swing system between 0.822.34 bar. We have also investigated the influence of
pumping frequency on the energy efficiency for ammonia
synthesis. Although the dependence on the pumping
frequency was not clearly seen in the frequency range we
tested, pressure-swing system always shows higher
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Energy Conversion Efficiency in Low- and Atmospheric-Pressure
Plasma Polymerization
D. Hegemann1, B. Nisol2, S. Watson2 and M.R. Wertheimer2
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Abstract: Energy conversion efficiency (ECE), i.e. a representative energy-related output
parameter per energy input into the plasma is used to compare plasma polymerization
processes at low- and atmospheric pressure. The study of different starting molecules
(monomers) indicates that gas phase processes are governed by the energy uptake per
monomer molecule and are thus independent of pressure.
Keywords: plasma polymerization mechanism, energy per molecule, reaction pathway

1. Introduction
In the plasma polymerization literature, there has been
an interest since at least the 1970s to correlate the
structure of plasma polymer films (PPF) with plasma
parameters during deposition, most particularly with the
energy input per monomer molecule, Em. In our two
laboratories, we have developed methods for measuring
Em (or somewhat equivalent, Ea) in low- (LP) and
atmospheric-pressure (AP) discharge plasmas [1,2]. In
this work we propose a new parameter, the so-called
energy conversion efficiency, ECE, which permits direct
comparison of LP and AP experiments. This is done for
the case of different model monomer compounds,
including acrylic acid (AAc) and hexamethyldisiloxane
(HMDSO) [3,4]. “Critical” energy values that demarcate
ECE regimes separating different fragmentation/reaction
mechanisms agree remarkably well for the monomers
examined – independent of pressure. The resulting Em (or
Ea) values are now correlated with specific mechanisms
yielding the plasma chemical reaction pathway to deposit
PPFs.
2. Formalism
The energy conversion efficiency (ECE) relates an
energy-related output parameter to energy input into the
plasma, the latter expressed as power input per monomer
flow rate, W/Fm. If energy uptake by the monomer
molecules (and fragments thereof), Em, can be directly
measured – as for Ar-based AP DBD plasmas by
comparing with pure Ar discharges – ECE becomes:
𝐸𝐸𝐸 =

𝐸𝑚
𝑊�
𝐹𝑚

𝐸𝐸𝐸 =

𝑅·𝐴𝑑𝑑𝑑
�𝐹
𝑚
𝑊�
𝐹𝑚

(1)

In the case that the energy-related output parameter is
measured indirectly, e.g. by measurement of normalized
deposition rates (which are proportional to the flux of
film-forming species as generated in the gas phase), ECE
gives:
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(2)

with the deposition rate, R, and the respective deposition
area, Adep.
3. Experimental
Experiments discussed here were carried out with
acrylic acid, CH2=CH-COOH, or with hexamethyldisiloxane, (CH3)3Si-O-Si(CH3)3. At low pressure
conditions (7-10 Pa) pure monomer gases were used,
whereas Ar served as carrier gas for the atmospheric
pressure experiments. For LP, RF-driven (13.56 MHz)
capacitively-coupled reactors were taken, while AP
experiments were carried out in a DBD reactor with audio
frequency (20 kHz) [1,4]. Deposition rates were measured
by determining the deposited film thickness (ellipsometry
and profilometry) and deposited mass (microbalance).
4. Results and Discussion
The measurement of the energy uptake by the monomer
molecules (and fragments thereof), Em, is a function of
energy input and of the available number of species in the
gas phase. Dissociation yields a higher number of
fragments, while deposition (or recombination) reduces
the number of monomeric gas phase species, i.e. their
partial pressure is changed. Hence, transitions of the
plasma chemical reaction pathway can be followed by
changing the energy input. For AP conditions, power
input, W, was fixed and monomer flow rate, Fm, was
varied over a broad parameter range. For LP, W/F was
varied and related deposition rates measured.
Furthermore, W/F was related to the energy uptake per
(intact) monomer for LP conditions regarding absorbed
power and plasma geometry to obtain the energy
delivered per monomer molecule, εpl [5].
At first, plasma polymerization with acrylic acid had
been examined. Energy conversion efficiency was
calculated for AP and LP following equation (1) and (2),
respectively. Such values were plotted with respect to
energy per monomer molecule, Em and εpl, respectively.
As can be seen from Fig. 1, two regimes occurred
(separated by transitions) starting at apparent activation
energies of around 8 and 22 eV both for LP and AP
conditions. The data within those regimes follow an
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Arrhenius-like behaviour, i.e. activation reactions yield a
corresponding plasma chemical reaction pathway.

Fig. 1. ECE vs. energy uptake by the monomer gas,
acrylic acid, in LP and AP discharges. The corresponding
plasma chemical reaction pathways are indicated for the
two Arrhenius regimes.
Investigation of film chemistry supports the view that
the reaction pathway at lower energy uptake corresponds
to the activation of the monomer molecule with retention
of the carboxylic group, while higher energy input results
in dissociation and a different reaction pathway yielding
a-C:H:O films [3]. Moreover, it can be inferred that all
activated species contribute to film growth, since gas
phase activation processes (AP) are in agreement with
deposition processes (LP).
Next, plasma polymerization regarding HMDSO
discharges was studied. This time, energy uptake per
monomer molecules, Em, and deposition rate, R, were
measured for AP conditions, while only deposition rates
were utilized for LP. ECE values were again calculated
according to equations (1) and (2).

Fig. 2 reveals an excellent agreement of ECE as
determined from deposition rates between LP and AP
conditions. Again, an apparent activation energy (at 14
eV) indicates an Arrhenius-like regime based on the filmforming species, (CH3)n-•Si-O•, resulting in hydrophobic
plasma polymer films with PDMS-like properties [4].
Different to the case of acrylic acid, the ECE curve based
on Em shows an increase starting at Em(1) ≈ 14 eV. This
increase indicates dissociation of the HMDSO monomer
yielding rather stable fragments (by-products) that do not
contribute to film deposition besides the production of the
film-forming species. Increasing partial pressure can thus
result in an increase of energy uptake per energy input,
since more species take up energy.
In any case, plasma polymerization was found to
proceed in the same way at LP and AP conditions, i.e. its
gas phase processes are controlled by the energy input per
monomer molecule and are independent of pressure.
Surface processes, on the other hand, rest on the actual
energetic conditions during film growth which are
dependent on pressure.
5. References
[1] B. Nisol, H. Gagnon, S. Lerouge, M.R. Wertheimer,
Plasma Process. Polym., 13, 366 (2016)
[2] D. Hegemann, J. Phys. D Appl. Phys., 46, 205204
(2013)
[3] D. Hegemann, B. Nisol, S. Watson, M.R. Wertheimer,
Plasma Process. Polym., 13, 834 (2016)
[4] D. Hegemann, B. Nisol, S. Watson, M.R. Wertheimer,
Plasma Chem. Plasma Process., 37, 257 (2017)
[5] D. Hegemann, M. Michlicek, N.E. Blanchard, U.
Schütz, D. Lohmann, M. Vandenbossche, L. Zajickova,
M. Drabik, Plasma Process. Polym., 13, 279 (2016)

Fig. 2. ECE vs. energy uptake by the monomer gas,
hexamethyldisiloxane, in LP and AP discharges. The
plasma chemical reaction pathway is indicated.
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New Perspectives in Surface Treatment – A Novel Cold Active Plasma Jet
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Abstract: A novel atmospheric pressure plasma jet (APPJ) system is presented which allows
the creation of plasma from gaseous and liquid working fluids. The potential of the new APPJ
is evaluated by measurements of surface- and adhesion- properties of various materials before
and after plasma treatment. Optimization of the water-air mixture applied to generate the
APPJ allows to tune the surface chemistry, to improve adhesion and to widen the process
window for plasma treatment.
Keywords: atmospheric pressure plasma jet, liquid media, adhesion improvement.
1. Introduction
Modern lightweight design concepts and multi-material
mix applications increase the requirements in material
science and joining technology. Various materials demand
specific pre-treatment procedures for high quality welding,
surface finishing or bonding. Next to sophisticated
mechanical and chemical surface treatment methods the
atmospheric-pressure-plasma jet (APPJ) technology
increasingly gains in importance. While state of the art
systems usually apply gases like air or nitrogen to generate
APPJs, Fronius developed a new process which enables the
creation of plasma from liquid media.
The probably most interesting aspect of APPJ pretreatment is the possibility to chemically modify material
surfaces. As for instance oxide- and hydroxide layers may
be influenced through APPJ treatment or functional groups
may be attached to a specimen’s surface. Such a specific
conditioning of surfaces (e.g. generation of specific
functional –COOH groups) is an important requirement to
obtain optimized joining results.
Various articles published research results analyzing the
influence of admixtures of water to process gases (i.e.
Argon, Helium, Nitrogen, and air) of different APPJ
systems [1-7]. However, in most studies bubbler systems
were used to moisten the working gases and hence were
limited to a water content of up to a few percent
consequently. The study at hand evaluates the potential of
a new plasma system that allows to generate an APPJ from
common working gases with admixtures of water up to a
liquid concentration of 100 %.
Surface- and adhesion- properties of six materials are
experimentally evaluated before and after plasma
treatment applying contact angle measurements, XPS (Xray Photoelectron Spectroscopy) and bonding tests to
analyze the influence of APPJs generated from various gaswater mixtures.
2. Experimental
For this study three different types of polypropylene (PP1, PP-2, PP-3), polyethylene (PE), glass fibre reinforced
polyamide-6 (PA6) and aluminium (Al) samples were
plasma treated. The specimen dimensions and preparations
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were defined as follows; length and width of 100 x 25 mm,
thicknesses varying from 2-4 mm for different materials,
samples were cleaned prior testing by applying an
isopropanol wash.
Subsequently, a novel prototype APPJ system developed
by Fronius International GmbH has been used for the
plasma treatment of the sample. This new APPJ system
allows to generate plasma from different media feeds like
gases, liquids and gas-liquid mixtures and therefore
provides access to an extended process window. Fig.1
shows example images of APPJs operated with air, argon
and pure water as working fluid. For this study following
process parameter were optimized; sample to nozzle
distance (2-14 mm), treatment velocity (50-300 mm/s),
plasma power, and water-air mixtures (0-100 %).

Fig. 1. Air-, Argon- and Water- APPJ (left to right).

To determine the influence of the fluid compositions
contact angle measurements were performed with a DSA
30S system (Krüss GmbH), respectively the surface
energies were calculated applying the method of OwensWendt-Rabel and Kälble [8, 9].
To further investigate the influence of APPJ treatment to
the adhesive properties of the sample surfaces, bonding test
series according to DIN EN 1495:2009 were performed
with an adhesive gap of 1 mm and two types of adhesives;
the polyurethane (PU)-based two component Betaforce
2850M (Dow Automotive GmbH) and the epoxy-based
two component DELO-DUOPOX AD 895 (DELO
Industrie Klebstoffe GmbH). The lap shear strength was
measured with the tensile testing machine “inspect table
250” from Hegewald & Peschke MPT GmbH.
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3. Results and Discussion
For industrial applications one of the most interesting
features of APPJ treatment is the improvement of adhesive
properties of materials. For that reason standardized
bonding tests were chosen to demonstrate the potential of
the new plasma source. Prior to the bonding tests contact
angle measurements were performed to evaluate the
influence of the most relevant process variables and to
define the process windows of interest.
Fig. 2 shows the results of water contact angle (WCA)
measurements on a PA6 substrate as a function of the
sample to nozzle distance after treatment with different
plasma fluids. With cold air used as a working gas for APPJ
generation a WCA of ~ 30° could be reached for distances
< 5 mm, at 5.2 mm the slope of the curve becomes steeper
and the WCA increases to ~45°. An additional preheating
of the cold air results in an increase in APPJ temperature
and an observable change of the WCA is achieved. Two
main effects are expected causing this behaviour; first an
increase in APPJ temperature should influence (in best case
prolong) the lifetime of excited species in the plasma and
could therefore improve the dependence of WCA on the
working distance, second, a higher APPJ temperature
should enhance surface temperatures during plasma
treatment and consequently influence (in best case
enhance) the reaction rate of excited plasma species with a
sample’s surface. Of course optimum temperatures may
differ for both effects. The graphs depicted in figure 2
support these assumption as they indicate a further
decreased WCA when preheated air was used as a working
gas for the APPJ. Keeping the plasma temperature at a
constant level, water was added to optimize the water-air
ratio (see “Mix” in Fig.2) and to investigate its potential
influence on the plasma-surface chemistry. By applying
this water-air mixture onto a PA6 specimen the WCA
could be further decreased, and the dependence of sample
to nozzle distance could be further improved as well. It is
expected that these results are caused due to the effect that
more polar groups were generated at the sample surface
with the water-air mix APPJ applied. Using pure water as
working fluid for the APPJ generation gave similar results
to the optimized water-air mixture. However, in this case
the plasma temperature was further enhanced, inhibiting a
direct conclusion on the influence of plasma chemistry. To
further clarify the situation additional surface analytical
measurements have to be performed. As for example
primary test results of XPS measurements on APPJ treated
PP samples showed reduced nitrogen content and
differences in the formation of oxidized functional groups
when pure water was used for APPJ generation.
Industrial adhesives have to fulfil numerous
requirements and are not only selected from a material
point of view but based on many other parameters like
process variables (viscosity, application temperature,
curing time, etc.) and application relevant specifications
(sealing function, noise reduction, thermal stability, etc.)
[10]. An ideal plasma pre-treatment process therefore may
be adjusted to not only meet the individual requirements
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Fig. 2. Water contact angle at PA6 material as a function of
sample distance for different plasma fluids.

Fig. 3. Influence of plasma fluids on lap shear strength of 4
different polymers and 2 different adhesives.

for a specimen’s surface, but additionally to fulfil the
specifications of the required adhesive. To investigate the
influence of the APPJ chemistry on the adhesion properties
of the tested samples, bonding tests have been performed
applying two different adhesives (I: epoxy based, II: PU
based). Fig. 3 shows the measured lap shear strength results
of bonded test samples according to DIN EN 1495:2009.
The reference samples were cleaned and bonded without
any APPJ treatment. All reference tests on PP and PE
materials resulted in a rather low lap shear strength, yet the
PA6 reference sample indeed showed higher initial values.
With plasma treatment the adhesive properties were
significantly improved for all tested materials. However,
for industrial applications it is important to reduce adhesive
failure modes and achieve stable results within a cohesive
failure zone. In the case of PE in combination with the
epoxy-based adhesive, an APPJ treatment with air or pure
water applied as working fluid resulted in adhesive failure
modes and an achieved lap shear strength of ~ 3,3 MPa. By
optimizing the air-water ratio the cohesive failure zone was
reached and the values of the lap shear strength were
improved to ~ 5 MPa consequently. In addition, a similar
behavior was observed for the material PP-2 in
combination with the PU-based adhesive. In the case of PP-
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1, a rather pure polypropylene containing less filler
materials than PP-2, the cohesive failure zone was reached
with all tested APPJ fluids. However, applying the epoxybased adhesive resulted in PP-1 material failure during the
bonding tests. With the PU-based adhesive, cohesive
failure modes have been observed, slightly improved
results were obtained via another optimization of the airwater mixture. APPJ treatment of glass fiber reinforced
PA6 material in combination with the epoxy based
adhesive shows an improved lap shear strength of more
than a factor of two, yet again best results were obtained
via optimization of the air-water mixture of the APPJ
process.
4. Summary
A novel developed APPJ system which allows the
creation of plasma from common gases, pure liquids and
any desired gas-liquid mixture was presented. APPJ
treatment with different plasma fluids has been
successfully applied to increase the adhesion properties of
six different materials in combination with an epoxy-based
and a PU-based adhesive. Optimization of the air-water
mixture used as the working fluid for APPJ generation
allowed to tune the surface chemistry of materials to
improve the adhesion properties and to widen the process
windows (i.e. with regard to the working distance).
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Modelling of a Helium Atmospheric Pressure Jet with N2 Admixture
Yashuang Zheng1, Lijun Wang1, Dan Wang1 and Shenli Jia1
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Abstract: In this paper, using a 2D axisymmetric plasma fluid model the effect of the

level of N2 admixture on the discharge structures and the ionic composition outside
the dielectric tube of a He atmospheric pressure plasma jet has been studied. The
working gas is He, He/N2=99.85/0.15, He/N2=99.7/0.3, and He/N2=99/1. The N2
admixture in the working gas enhances the discharge for plasma jets, and the
discharge for the plasma jet in He with 0.3% N2 admixture is the strongest. The
role of the Penning ionization reactions is considered to be prior to the electron
excitation reactions of N2 molecules. However, the energy consumed by the
vibration and excitation reactions of N2 is also important for the plasma jet in He
with 1% N2 admixture. The N2 admixture accelerates the transition from annular
structure to circular shape of the plasma bullet outside the dielectric tube. The ionic
composition of plasma jet outside the dielectric tube is strongly dependent on the
N2 concentration.
Keywords: He atmospheric pressure plasma jet, Modeling, Simulation, Admixture
1. Introduction
Recent decades have witnessed strong research interest
in atmospheric pressure plasma jets (APPJs) for their
promising applications in materials processing as well as
in biomedicine. The benefit of their use lies in their
simple technique, low cost and friendly environmental.
Their discharge is typically homogeneous and provides
reactive effluents containing numerous reactive oxygen
and nitrogen species (RONS). In many cases APPJs are
not realistic to be operated in pure gas and the intrusions
of ambient air molecules are inevitable. This may have
great influence on the discharge instability and the
reactive species concentration. Therefore, it is important
to investigate the effects of various amounts of impurity
on the discharge characteristics of APPJs. In this work
however, only the influence of N2 admixture on a He
APPJ was studied.
In the early years, numerous achievements were
published about the influence of N2 concentrations on the
processes that occur in a He parallel plate dielectric
barrier discharge (DBD). Two main concerns were
proposed in the above literature. On one hand, the
dominant ions in discharge were strongly dependent on
the amount of N2 impurities. The dominant ions are He2+,
N2+, and N4+ in turn with raising N2 concentrations, and
the boundary N2 content differed from the specific
experimental and simulation conditions. In recent years,
some works about the influence of N2 admixture on the
discharge dynamics in He APPJs have been reported.
Above all, the influence of the N2 concentrations on
the processes that occur in a He DBD has been well
understood, both on the ionic composition and the
discharge characteristics. For the effect of N2 admixture
on He plasma jets, more attention has been paid on the
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propagation speed of plasma jet as well as the discharge
dynamics inside the dielectric tube. However, how the
level of N2 admixture affect the ionic composition in an
APPJ outside the dielectric tube needs further research. In
this paper, the effect of using He with different N 2
admixture concentrations (N2 admixture content 0, 0.15%,
0.3%, 1%) on the discharge structure and the ionic
composition of plasma jets outside the dielectric tube
were studied using a 2 dimensional fluid model.
2. Model Description
The computational model is composed of two
components: a neutral gas flow component and a plasma
dynamic component. The flow component provides the
steady state mole fraction profile of the background gas
(He, N2, and O2) to the plasma component as inputs. The
Navier-Stokes equation, the continuity equation, and the
convection-diffusion equations are solved in the gas flow
component, and they are similar to those describing the
helium-air mixture in Ref. [1].The binary diffusion
coefficients (diffusion coefficients for one species
diffusing into another) used in the gas flow component
are computed using the Chapman–Enskog theory, then the
effective diffusion coefficients (diffusion coefficient for
one species diffusing in the mixture) are computed using
a mixture-averaged diffusion formulation [2]. The fluid
model used in the plasma component is a standard driftdiffusion-Poisson model [3], including the electron and
ion continuity equations, the momentum equations, and
Poisson’s equation. The electron transport coefficients
(mobility and diffusion) are supposed to depend on the
mean electron energy and the He mole fraction. The
model is implemented using COMSOL Multiphysics, in
which the two components are solved independently.

ISPC23, Montreal, Canada

Non-equilibrium effects and atmospheric pressure plasma proces

In this study, we consider either pure He or He-N2
mixtures. The modeled species are the background gases
(He, N2, and O2), the electrons (e), the ions (He +, He2+,
N2+, N4+, O2+, O2-, and O-), atomic oxygen (O), the
metastable helium atoms (He*), and the helium excimers
(He2*). Because N+ is very quickly converted into N2+
through N++N+He→N2++He and the degradation of N3+
by N3++N→N2++N2 is about 6.5 times faster [4] than the
equivalent degradation reaction of N4+, i.e., N4++N →
N2++2N2, the ion N+ and N3+ and the chemically related
atomic N are not taken into account for matters of
simplicity. The chemical reactions taken in the plasma
component are listed in Table I. For reactions involving
electron impact with heavy species, the reaction rates are
functions of the average electron energy εe and the air
mole fraction x, which are determined with the zerodimensional Boltzmann equation using Blosig+ with the
collision cross section data obtained from the Lxcat
database.
The geometry of numerical model shown in Figure 1
is similar to that reported in Ref. [1], however with
different discharge conditions. The working gas is He, He
with 0.15% N2 admixture, He with 0.3% N2 admixture,
and He with 1% N2 admixture. The working gas flows
through a 2 mm diameter dielectric tube at 2 slm. The
power electrode (0.2 mm thick and 2 mm long) is
embedded in the dielectric tube 0.5 mm away from the
tube surface. The plasma jet is driven by a 3 kV positive
voltage, whose peak voltage is applied within 50 ns and
remains constant for the simulation duration. The voltage
has been chosen as such because it allows us to obtain
discharge breakdown for every N 2 admixture level under
study. The far-field of the air ambient (B4 and B5 in
Figure 1) and the back of the target dielectric (B6 in
Figure 1) are electrically grounded. The neutral gas flow
component is computed in a larger space with 50 mm in
the radial direction and 100 mm in the axial direction. No
slip conditions are used on the dielectric walls, and open
boundary are used on the far-field of ambient air. For the
species continuity equations, the solid surface flux
boundary conditions are imposed on the dielectric
surfaces (B2 and B3 in Figure 1) with the secondary
electron emission coefficients set to 0.1. All ions,
electrons, and metastable species are assumed to quench
upon impact with the dielectric surface. A spatially
uniform initial electron density of 10 15 m−3 is assumed in
the computational domain. All ions and neutrals are
assumed to be in thermal equilibrium with each other and
characterized by a single temperature T=300 K.
2. Simulation results and discussion
In each case, the flow governing equations are first
solved without the plasma and the steady state flow field
is established. Figure 2 shows the steady-state mole
fractions of (a) He, (b) N2 and (c) O2 at the axis for a flow
rate of 2 slm He-N2 mixtures through the tube. The N2
mole fraction at the inlet varies among 0, 0.15%, 0.3%,
and 1%. The peak speed of the flow at the dielectric tube
exit is about 21 m/s, indicating laminar flow [5]. An
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increase of N2 admixture at the inlet results in a decrease
of the He mole fraction and an increase of N2 mole
fraction at the axis. Because the binary diffusion
coefficient between N2 and O2 is much smaller than that
between He and N2, the level of N2 admixture has
negligible effect on the O2 mole fraction profile.

Fig.1 The geometry used in the model

(a)

(b)
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streamer head. The discharge for plasma jet in He-N2
mixtures is stronger than that in He. However, there also
exists an optimum range where the magnitude of the
electric field reaches its maximum.

(a)
(c)
Fig. 2 (a) He, (b) N2, and (c) O2 mole fractions at the axis
for a flow rate of 2 slm He-N2 mixtures through the tube.
The mole fractions of N2 at the inlet (z=0 mm) are 0,
0.15%, 0.3%, and 1%.
Figure 3 shows the dependence of the electron
density distribution on the level of N2 admixture at 100 ns
(see Figure 3 (a), (b), (c), and (d)) and at 150 ns (see
Figure 3 (e), (f), (g), and (h)). The N 2 concentration in the
working gas varies among 0, 0.15%, 0.3%, and 1%. The
diameter of the plasma jet shrinks once the plasma bullet
moves out of the tube. The peak electron density is
located off axis along the streamer body with less electron
distributed at the axis for plasma jets. The admixture of
N2 leads to a more homogeneous radial profile of the
electron density. Figure 3 also shows that the average
velocity outside the tube in He with no N2 admixture,
with 0.15% N2 admixture, with 0.3% N2 admixture and
with 1% N2 admixture is 89.2 km/s, 91 km/s, 119.2 km/s,
and 96 km/s respectively. The calculated plasma bullet
velocity is consistent with the bullet velocity of 104–105
m/s reported in Ref. [6]. It also confirms that the right
amount of N2 admixture accelerates plasma bullet
propagation, which is consistent with the experimental
results reported by S Wu et al [7] that the diffusion of N2
leads to the acceleration of the plasma bullet in the open
air. In addition, the mean velocity reaches its maximum
value outside the tube when the ratio of He/N2 in the
working gas is 99.7/0.3. The subgraph in Figure 3
represents the ionization rate, which is used to predict the
plasma bullet propagation. The plasma bullet is annular
with the maximum located off axis at 100 ns for all cases.
At 150 ns the plasma bullet is circular for cases in He
with 0.3% N2 and in He with 1% N2, while it is annular
for cases in pure He and in He with 0.15% N2. S Wu et al
[13] observed in experiments that the plasma bullet
showed a solid disk shape in He with 1.5% N2 admixture.
We can infer that the N2 diffusion plays a crucial role in
the ring structure of plasma bullet, and the excess N2
diffusion makes the ring plasma bullet disappear. The
magnitude of the electric field at 150 ns for plasma jet in
He and He-N2 mixtures is shown in Figure 4. The yellow
font in Figure 4 presents the peak electric field in the
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(c)
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(f)

(g)

(h)
Fig. 3 Electron density (1/m3) of an APPJ in He with
different levels of N2 admixture at 100 ns for (a) (b) (c)
(d) and at 150 ns for (e) (f) (g) (h). The subgraph in each
figure represents the ionization rate. The working gas is
marked in each figure.
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(c)

(d)
Fig.4. Electric field (V/m) of the plasma jet at 150 ns in
He with different levels of N2 admixture. The working gas
is marked in each figure. The yellow font represents the
peak electric field in the streamer head.
3. Conclusions
In this paper, the effect of the level of N2 admixture
on the discharge structures and the ionic composition
outside the dielectric tube of a He APPJ has been using a
2D axisymmetric plasma fluid model. The concentration
of N2 admixture in the working gas was 0, 0.15%, 0.3%,
and 1%. The N2 diffusion reduces the He mole fraction
and increases the N2 mole fraction at the axis, while it has
negligible effect on the O2 mole fraction distribution. The
magnitude of the electron density and the electric field
and the propagation velocity for plasma jets in He-N2
mixtures are larger than those for plasma jets in He.
However, the discharge for the plasma jet in He with 0.3%
N2 admixture is the strongest.
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Characterization of a surface-wave sustained argon plasma column
at atmospheric pressure under axial and tangential (vortex) gas injection
at different gas flows
M. Moisan and P. Levif
Groupe de physique des plasmas, Département de physique, Université de Montréal, Montréal, Québec
Abstract: Using tangential instead of axial gas injection for feeding a discharge has a
priori some advantages: introducing the gas as a non-rectilinear flow raises the distance
traveled by a given particle, increasing its interaction with the plasma column; it prevents
the discharge tube wall from being damaged by overheating or pierced/broken by the
sticking of the plasma at a fixed position along it [1]. Electron density and gas temperature
are examined to assess the interest of a plasma column supplied with a vortex flow.
Keywords: vortex, tangential gas injection, surface-wave discharge, atmospheric pressure.
1. Introduction
An increase of more than 20% of the destruction and
removal efficiency (DRE) of SF6 molecules (5000 ppmv)
in presence of oxygen ([O2/SF6] = 1.5) as diluted1 in
nitrogen (50 standard liters per minute (slm) of N2) was
observed [2] when the whole gas mixture was vortexed in
the discharge cylindrical tube instead of being simply
injected as an axial gas flow (see Fig. 1). The discharge
was sustained by the propagation of an electromagnetic
surface wave at 2.45 GHz. A proposed explanation for
such a higher DRE, at that time, was that it resulted from
a corresponding increase of the electron density when the
gas is vortexed, considering that SF6 dissociation occurred
essentially by electron collisions [2].
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1.3kW
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DRE (%)
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24%
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with swirl flow
without swirl flow
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P (kW)
Fig. 1. Observed SF6 DRE as a function of microwave
power, with and without vortex flow with 50 slm of N2 as
the carrier gas. The surface-wave discharge is sustained at
2.45 GHz, at atmospheric pressure in an 8/10 mm id/od
tube.
1

For safety reasons, a large N2 gas flow is added at the
pumping exhaust of microelectronic fab plasma reactors.
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To examine this assumption, we have determined the
axial variation of the electron density of an argon plasma
column sustained by a surface wave at 2.45 GHz under
atmospheric pressure in a 6/8 mm id/od fused silica tube,
with and without a vortex flow. The gas flow rate vas
varied between 5 and 60 slm, and two inlet ducts,
positioned 1800 apart and each tangential to the discharge
tube wall, ensured the vortex flow. To determine the axial
distribution of the electron density of the plasma column,
we relied on the Stark broadening of two argon lines as
well as on the phase variation of the surface wave. We
have also obtained the temperature of the discharge gas,
assuming it is given by the rotational temperatures of
given OH and N2+ molecular bands.
2. Electron density measurements from Stark
broadening
Initially, we tried obtaining the electron density ne from
the Stark broadening of the H line after having added a
small amount of water in the discharge: the random
motion of the plasma, sometimes filament-like (single or
multiple, depending on axial position and gas flow)
precluded obtaining a workable line spectrum width. We
thus turned to the second order (quadratic) Stark
broadening obtainable from two argon lines, the 549,6 nm
(6d-4p) and 603,2 nm (5d-4p) lines, the first one
depending on gas temperature, but not the second one [3].
These spectral lines were recorded with a HR-1000 (2400
grooves/mm) spectrophotometer, and averaged six times
on each recording, and the line profile was then
deconvoluted (Origin) to withdraw its Gaussian
contribution. Next, the Van der Waals contribution is
determined using the gas temperature (sect. 4) and
withdrawn from the Lorentz profile, yielding the Stark
broadening that provides the electron density. Values
obtained from these two lines definitely converge,
yielding a satisfactory accuracy on the ne measurements.
Fig. 2 shows the corresponding measured axial
variation of ne at different gas flows, with a vortex gas
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Fig. 2. Variation of the electron density, obtained from the
Stark (quadratic) broadening of the 549.6 and 603.2 nm
argon lines, as a function of axial position at five different
gas flows, with a vortex (full lines) and an axial gas flow
injection (dashed lines, open symbols).

3. Electron density measurement by determining the
axial variation of the surface wave phase
Determining the wave phase is achieved with a phase
comparator that yields the difference in phase between, in
this case, the signal at the generator reference output and
that at the axial position z. A phase shifter (e.g. a variable
length transmission line) is inserted in one of the two
lines (generator reference output), which allows varying,
by a known value, the phase difference. Figure 4 shows a
typical phase recording obtained under given discharge
conditions for different given phase shifts in order to
2
The plasma filaments generated at 5 slm under an axial
gas flow are moving randomly while vortexing the gas
flow as well as increasing the gas flow has a stabilizing
effect.
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achieve better axial resolution when determining the
wavelength and then the wavenumber  = 2/.

Gas pressure relative
to atmospheric pressure

1.15

1.10

1.05

1.00
0

10

20

30

40

Gas flow (slm)

Fig. 3. Gas pressure relative to atmospheric pressure as a
function of the gas flow measured at the discharge tube
entrance.
Such a phase recording do indicate that an
electromagnetic travelling wave is propagating. No
difference is observed between such phase recordings
when taken under axial or vortex flow. However, owing
to the relatively high values of ne (more specifically
because of the equivalent very low values of / pe in the
phase diagram), the corresponding values of the axial
wavenumber  in the phase diagram happen to be on an
almost vertical line3 [5]: there results that significant
variations of ne yield no detectable variations of . The
phase method is actually convenient with reduced
pressure surface-wave discharges where the wave phase
velocity is lower.
10

Intensity (arb. units)

flow (full lines) and an axial flow injection (dashed lines).
The axial position of the launching gap of the surfaguide
[4] is located at z = -2.5 cm. Starting our measurements at
z = 0 avoids recording the electron density generated by
the wave launching process (a radiative field from the
wave launcher), as the surface wave is not formed yet.
From fig. 2, we note, in both cases, that: i) the value of
electron density decreases as a function of z, as expected
since the surface wave loses power as it propagates; ii) the
electron density increases as the gas flow is raised. This
increase is attributed to a corresponding increase in gas
pressure, as depicted in Fig. 3; iii) finally, comparison of
the density values obtained with and without vortex,
taking into account the uncertainty bars2, lead to conclude
that vortexing the gas flow does increase the electron
density over that of an axial gas flow injection. As a
further argument, we add that, for a given power and a
given gas flow, the plasma column length is shorter in the
vortex flow case (11 cm instead of 12.75 cm at 60 slm).
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Fig. 4: axial phase variation of the travelling surface wave
recorded at different given values of the phase shifter.
3

The wavelength of the surface wave according to
figure 4 is 10  1 cm, i.e., the velocity of the wave is 80%
of that of the speed of light in vacuum.
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4. Gas temperature of the discharge through
measurements of the rotational temperatures of N2+
and OH molecular bands
The axial variation of the rotational temperature
obtained from the N2+ molecular band (band head at 391.4
nm) is displayed in figure 5. With the exception of the
z = 0 value with vortex flow at 5 slm (see comment with
figure 8(b)), there is no difference in the rotational
temperature of N2+ between the vortex and the axial
flows, taking into account the uncertainty bars. The
temperature recorded is that close to the tube axis where
the electron (and ion) density is maximum.
The situation is different when considering an OH
molecular band (306-311 nm, Q1 branch). Figure 6(a)
indicates that, in the case of an axial flow, TOH varies
between approximately 1150-1500 K, presenting no
definite pattern in terms of gas flow. In contrast, figure
6(b) shows, on the one hand, a more regular overall axial
distribution of rotational temperatures (the vortex flow
has a stabilizing effect on the plasma column), and, on the
other hand, lower rotational temperatures obtained along
the first ten centimeters or so compared with the axial
flow case. Also, the rotational temperature starts to
decrease as the gas flow is increased to 20 slm and,
markedly, when reaching 40 slm. In a paper [6] dealing
with a high-pressure surface-wave (surfatron) discharge in
argon, it is shown that the radial distribution of the
emission coefficients of the N2+ molecular band is
maximum on the tube axis while that for the OH bands is
at mid-distance between the axis and the tube wall (since
the gas temperature decreases from the axis to the wall,
the measured rotational temperature of N2+ is higher than
that given by the OH bands. The exact position of the
maximum of emission of the OH bands depends on the
tube diameter). We thus conclude that the vortex flow
tends to cool off the discharge as the gas flow is
increased, past a certain threshold value (20 slm).
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Fig. 6. Rotational temperature of the OH molecular band
as a function of axial position: (a) under axial gas flow
injection; (b) under tangential gas flow injection (vortex).
5. Electron temperature Te inferred from a collisionalradiative plasma code considering the collisional and
radiative excitation-deexcitation cross-sections in an
argon discharge at atmospheric pressure, assuming a
Maxwell-Boltzmann electron energy distribution
Figure 7 shows the axial variation of Te deduced from
the recording of specific argon lines using a plasma code,
comparing both types of gas injection. The observed
tendency is a slow decrease of Te from 1.3 eV at z = 0 to a
1.1 eV absolute minimum toward the end of the column.
Along the first 10 cm the value of Te is lower under
tangential gas flow injection than under axial gas flow
injection.

20

z (cm)

Fig. 5. Rotational temperature of the N2+ molecular band
as a function of axial position under different gas flows:
vortex injection (full lines) and axial injection (dashed
lines).
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Fig. 7. Axial distribution of the electron temperature
obtained with a collisional-radiative plasma code taking
into account the excitation and deexcitation coefficients
of specific levels in an argon discharge at atmospheric
pressure, considering the measured intensities of given
argon lines. Vortex gas flow injection (solid symbols) and
axial gas flow injection (open symbols).
6. Axial variation of the radial component of the
surface wave power flow
Figure 8(a) shows the axial variation of the radial
component of the wave power flow under tangential gas
injection. The wave power flow decreases with z as
expected since the wave expends its power as it
propagates. However, past a few cm, some "shoulder"
develops with z for the 5, 10 and 20 slm distributions,
which is not the case at 40 slm.
Figure 8(b) presents again the axial distribution of the
radial component of the surface wave power flow, this
time in the case of an axial flow injection: a "shoulder"
more clearly shows up at 10 slm while a horizontal
plateau appears at 5 slm, which we attribute in the latter
case to radiation from the launching area.
7. Conclusion
We observe that there is a gas flow threshold value (20
slm for the 6/8 mm id/od tube in argon gas) before the
vortex flow starts showing some distinct plasma behavior
from that observed with the axial injection flow: the
electron density is then seen to be higher and the cooling
off of the discharge tube wall becomes more efficient as
the gas flow is increased. The increase in electron density,
at least for the first 10 cm, under a vortex flow is
consistent, in terms of power balance, with the decrease in
electron temperature over the same axial range. Using a
vortex flow to supply a gas discharge has thus definite
advantages, provided the gas flow is above 20-30 slm.
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Fig. 8 (a) Axial distribution of the radial component of the
surface wave power flow in the case of a vortex gas flow
injection. (b) Axial distribution of the radial component of
the surface wave power flow in the case of an axial gas
flow injection. Note then the plateau at 5 slm.
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Study of the Fine Structures of Streamer with Hydrodynamics in Nanosecond
Surface Dielectric Barrier Discharges
Y. Zhu1, S. Shcherbanev1 and S. Starikovskaya1
1

Laboratory of Plasma Physics (CNRS, Ecole Polytechnique, Sorbonne Universities, University of Pierre and Marie
Curie-Paris 6, University Paris-Sud, Observatoire de Paris), Palaiseau, France
Abstract: A 2D parallel code coupling plasma and hydrodynamics is developed to study
the fine structure of streamer and hydrodynamics of nanosecond surface dielectric barrier
discharge (nSDBD). A detailed kinetics of 17 species and 34 reactions for fast gas heating
is taken into consideration. The structure and propagation of streamers along dielectric
surface are studied for positive and negative polarities. The results of calculation are in
good agreement with experimental data.
Keywords: SDBD, nanosecond discharge, hydrodynamics, simulation.

1. Introduction
Nanosecond pulsed surface dielectric barrier discharge
(nSDBD) is one of the most promising tools for a lot of
plasma applications. Production of active species (excited
species, radicals, high energetic photons) is important for
gas pollution control, surface treatment, plasma actuators
for aerodynamics and combustion/ignition. Thus, nSDBD
has been studied intensively both experimentally and
numerically in recent years.
Experimental study of nSDBD is a challenging work,
the fineness of the plasma layer and presence of the
dielectric surface in a close proximity to the discharge
complicates the diagnostics of SDBD plasma. As a result,
most experimental works concerning nSDBD focus on
discharge morphology and induced hydrodynamics [1-3].
Numerical simulation, has become another important
tool for studying evolution of nSDBD. Many high quality
simulation papers [4-6] and new techniques including
adaptive mesh [4], fluid/MC coupled method [6] have
been presented in recent years. However, most
simulations of nSDBD are either lack of enough support
and validation from experimental part, or taking too much
time with detailed kinetics (weeks to month) when it
comes to 2D/3D simulation.
In the present work, a discharge/hydrodynamics
coupled model is proposed for detailed and fast
simulation of nSDBD. 17 species and 34 reactions are
taken into consideration. Recent experimental results of
nSDBD have been used for validation and discussion.
2. Model and schemes
The model used in present work, is a combination of
plasma part and hydrodynamics part. For the plasma
modelling, a set of transport equations for charged
particles in the drift diffusion approximation and local
field approximation are solved for charged species and
neutral species, respectively:

302

ni
    i  Si
t

(1)

i  i ni E  Di ni

(2)

Si 

num _ reactions


k 1

kk ni nother

(3)

where ni is the number density of species i, μ and D are
mobility and diffusion coefficients of corresponding
charged species. Si is the source term from kinetics. It is a
challenging work to involve a complete set of plasma
kinetics into a 2D model, thus in this work the kinetics are
mainly selected for streamer propagation and fast gas
heating, based on the detailed works of [7] and [8]. EEDF
is calculated by BOLSIG+ package [9], with dataset from
[10] for oxygen and [11] for nitrogen.
Poisson equation is solved together for electric field in
presence of dielectric and surface charge accumulation:

  (  0 r  )  qe (n p  ne  nn )

(4)

Photoionization that provides seed electrons for
streamer propagation is described using the 3 term
Helmholtz equations instead of classical integral model:
j
j
2 S ph
(r )  ( j pO2 )2 S ph
(r)   Aj pO22 I (r ) (5)

where Sph(r) is the source term of electron and ions from
photoionization. PO2 is the partial pressure of O 2 and I(r)
the ionization intensity term. The values of fitting
coefficient, λj and Aj can be found from [12].
For hydrodynamics part, reactive Euler equations are
sovled taking into account thermal conductivity and multi
species diffusion:
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As the hydrodynamics during and after discharge are
dominated by drift processes, thermal and density
diffusion are calculated as independent source terms in
the Euler equations. Corresponding coefficients are
calculated based on classical kinetic theories.
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The performance of the code depends on the implicity,
the fast solution of Poisson/Helmholtz matrix, and the
complexity of kinetics. To gain high performance, the
time integration of transport equations is done explicitly
while elliptic equations are solved semi-implicitly. A
preconditioned Conjugate-Gradients solver is used for
solving matrix from Poisson/Helmholtz equations, and a
RKC stabilized ODE solver is used to solve kinetics. To
make it possible solving larger kinetics in 2D domain, a
MPI-OpenMP hybrid approach is used, by solving
kinetics on distributed memory HPC structures.
3. Results
Numerical simulation is conducted for atmospheric
pressure and for the geometry shown in Fig.2 (b), with
input voltage plotted in Fig.2 (a). A voltage pulse of
±24kV with rising time 2ns is applied on the exposed
electrode, leading to the start and propagation of a
discharge along the dielectric surface.

Instead of the loose coupling method (calculate plasma
model to obtain heat energy and put into hydrodynamics
model as initial condition) widely used in most
calculation, our model fully couples the plasma equations
and Euler equations and solves them together, which is
necessary at near electrode region and at elevated
pressures. The close loop coupling between plasma and
hydrodynamics can be described as Fig.1:
Plasma

kreactions

Photoionization

E/N

Temperature

Pressure

Density

Fast gas heating energy

Hydrodynamics

Fig.1 Coupling loop between plasma and
hydrodynamics.
Fast gas heating is calculated by plasma equations and
play as a source term for Euler equations. Then Euler
equations update density, pressure and temperature,
changing the E/N, photoionization and kinetics rates of
plasma model in next time step.
The accuracy of the code depends mainly on numerical
schemes for flux in finite volume method. To keep high
accuracy, an Non Oscillation Improved Scharfetter
Gummel (NOISG) method [13] is used to solve transport
equations in plasma code, and a flux vector splitting
method (Z/B method) [14] is used together with MUSCL
reconstruction and a Van Leer flux limiter in
hydrodynamics code.
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Fig.2 Configuration of an experimental SDBD electrode
system.
Discharges driven by opposite polarities shows
different properties in morphology, propagation and in the
spatial and temporal distribution of charged species and
electric field.
Fig.3 shows the calculated temporal-spatial propagation
of a positive streamer, with corresponding longitudinal
electron density and electric field along OX axis 20 μm
above dielectric surface shown in Fig. 4 a) and b).
Electron density in a positive streamer is rather uniform
(~ 1015 cm-3), while electric field relative low (~25 Td)
along the discharge channel. There is a high peak electric
field at streamer head, which results in strong
photoionization and high propagation velocity of 2.2
mm/ns.
Similar calculations were done for negative streamers in
Fig.5 and Fig.6 a) and b). Significantly different from a
positive streamer, electron density is more concentrated
near the exposed electrode and decrease quickly during
propagation due to constantly loss of electrons on the
surface. Electric field within negative streamer channel is
higher and more uniform than in a positive streamer.
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m-3

m-3

Fig.3 Spatial & temporal distribution of electron density
in a positive streamer.

Fig.5 Spatial & temporal distribution of electron density
in a negative streamer.
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Fig.4 Longitudinal plot for positive streamer along OX
axis, a) Electric field and b) Density of negative charged
species
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Fig.6 Longitudinal plot for negative streamer along OX
axis, a) Electric field and b) Density of negative charged
species
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Fig.7 Propagation of positive and negative streamer
head in experiment and calculation.
The velocity of propagation for both polarities in
experiments and simulation are plot together in Fig. 7,
which shows a good agreement between calculation and
experiment. Both positive and negative streamer
propagates fast at initial stage when voltage is rising, and
then slows down when voltage reaches plateau, but
negative streamers propagate much slower than that of
positive ones. Numerical results and experimental data
show a good agreement.
4. Conclusions
A fully coupled plasma/hydrodynamics code based on
fluid method and hybrid parallelization for nanosecond
discharge is proposed and validated by detailed
experiments. Discharge characteristics are studied for
SDBD under atmospheric pressure. The different
discharge morphology, propagation velocity together with
detailed distribution of species and electric field are
obtained in calculations and are in good agreement with
the experiments.
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Microbial Inactivation of Raw Produce by Cold Atmospheric Pressure Plasma
(CAP) sources: Correlation of Bacterial Disinfection to Etching and Surface
Modifications
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Abstract: Two atmospheric pressure plasma sources, surface micro-discharge (SMD) and
radio-frequency (RF) plasma jet, were applied for disinfecting pathogenic microorganisms
on raw produce in controlled environments. Antibacterial tests were performed on
Escherichia coli O157:H7 (Gram-negative) and Listeria innocua (Gram-positive) on agar
plates and green leaf (spinach) surfaces and compared with material removal rate and
surface moieties measured on polymers/biomolecules with comparable plasma exposures.
Keywords: Atmospheric pressure plasma, microbial inactivation, fresh produce,
biomolecules, surface micro-discharge, atmospheric pressure plasma jet (APPJ), etching,
surface modification, Escherichia coli, Listeria innocua.

1. Introduction
Cold atmospheric pressure plasma (CAP) source
treatments have recently shown promise as a potential
solution for microbial decontamination on solid and liquid
food systems by overcoming limitations of conventional
techniques such as high temperature, chemicals and
wasting water [1]. While a wide variety of plasma sources
have been successfully demonstrated to disinfect a broad
range of micro-organisms such as bacteria, viruses and
fungi, many fundamental questions still remain to be
answered, including which plasma-generated reactive
species are responsible for decontamination, what types of
foods can be efficiently processed with a certain plasma
source and what are the sensorial and nutritional side
effects of plasma treatments. Plasma sterilization effect
comes from the synergy of two completely different
pathways: (1) removal/etching of contaminants and (2)
irreversible modification on the structure or biological
functionality of the contaminants. In our previous work,
we have observed intense etching of polymers when
exposed to a radio-frequency (RF) plasma jet [2] and
dramatic surface modifications of polymers and
biomolecules when they are exposed to a kHz surface
micro-discharge (SMD) [3]. We found that atomic O and
hydroxyl radicals (OH) are responsible for initiating
organic material etching whereas the abundance of other
longer-lived species such as singlet delta O2 and NOx are
beneficial to the accumulation of newly formed surface
moieties such as NO3 which can be correlated to the bioinactivation efficiency of lipopolysaccharide (LPS) [4].
In this work we use these well-characterized plasma
sources, i.e. SMD and RF jet, to investigate the
disinfection of microorganism on raw produce under
conditions comparable to our prior. Plasma efficacy of
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SMD and RF jet is directly compared using the same
microbiological protocol. Organic material etching rate
and surface modification results are correlated to bacterial
inactivation efficiency. Generic effect of important
plasma species on polymers, biomolecules and bacteria is
discussed. Sensorial side effects and residues from plasma
sources are also evaluated. Besides, transport effect of key
reactive species to food surfaces is studied to address
concerns in industrial applications.
2. Experimental
The RF plasma jet [5] is composed of a RF driven
tungsten needle, a grounded copper ring and a quartz
dielectric tube in between them. A total flow of 1.5
standard liters per minute (SLM) feed gas is fed through
the quartz tube. The plasma is generated using a kHz time
modulated RF (~13.56 MHz) signal with 20% duty cycle.
The Surface Micro-Discharge (SMD) [4] has a
“sandwich” configuration – a square copper plate as the
powered electrode, a stainless steel (SS) woven mesh as
the ground electrode and a quartz plate as the dielectric.
The device is driven by a kHz RF power supply with
several kVs peak-to-peak (kVpp) voltage.
To correlate bacterial disinfection with material removal
and modification, attenuated (bio-safety 1) Escherichia
coli O157:H7 (gram-negative) and Listeria innocua
(Gram-positive) were inoculated on Plate Count Agar
plates (Difco, Becton Dickinson, Sparks, MD) whereas
model polymers (polystyrene, poly(methyl methacrylate),
polyvinyl alcohol) and biomolecules (lipopolysaccharide,
LPS) were used to study etching and surface alteration by
ellipsometry and XPS, respectively. Spinach, cocktail
tomato and baby carrots, inoculated by immersion to
bacterial suspensions, were used to study the bacterial
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efficacy of plasma treatment on different raw produce
surfaces.
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composition. We also studied the biological activity of
SMD treated LPS using enzyme-linked immunosorbent

Scanning Electron Microscopy (SEM) was used to
observe the plasma effect on bacterium topography. The
color change of raw produces after plasma treatment was
assessed by colorimeter with measuring the L
(brightness), a (green-red axis) and b (blue-yellow axis)
values. For evaluating transport effect of plasma species,
multi-layer stack of green leaves was treated by plasma
sources with separate measurement of bacterial efficacy
on each green leaf layer. Special designed mesh-inserts
with variable opening rates was also applied to mimic
produce piles such as salad mix.

Figure 2 – Correlation of lipopolysaccharide (LPS)
biodeactivation with the LPS surface density of NO3
composition.
assay (ELISA) which showed strong correlation between
the surface NO3 formation and bio-deactivation efficiency
of LPS, as shown in figure 2. Correlation between
etching, surface modification data suggests that bacterial
inactivation from cold temperature plasma sources might
predominently come from intermediately reactive neutral
reactive species such as singlet delta O2 and NOx.
Figure 1 – Bacterial inactivation efficacy of SMD
treatment measured in N2/O2 gas mixtures. E. coli is
inoculated on 3 cm diameter agar plates. Total treatment
time 1 minute with treatment distance 3 mm.
3. Results and discussions
As shown in figure 1, SMD is very effective on sterilizing
lage area of contaminated surfaces. When the working
environment contains certain amount of O2, over 2 log
cycles of bacterial reduction was observed within 60
seconds of treatment. For pure N2 environment, however,
no bacterial reduction was seen which implies that
reactive oxygen neutral species play a dominant role on
bacterial disinfection. RF jet treatment on the same
bacterial coating showed less culture count reduction than
SMD treatment.
Thickness change evaluation of model polymers and
biomolecues measured by in-situ ellipsometry suggests
that RF jet removes organic material intensively whereas
SMD does not etch organic material even in extreme
conditions such as long treatment time (> 7 minutes) and
close treatment distance (< 1 mm). Surface modification
of these model materials after SMD treatment was
characterized by XPS, and the results indicated that SMD
introduced large amount of surface O uptake and NO 3
formation. Interestingly, the amount of these oxidation
and nitridation strongly depends on the environment gas
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Change of Components in Dry-air Bubbling Water treated by Plasma
due to Change of Input Energy to Dielectric Barrier Discharge Device
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Abstract: We investigated change of components in dry-air bubbling water treated by
dielectric barrier discharge (DBD). In order to clarify why the characteristics of dissolved
ozone and nitrate ion show different dependency to the input energy, we investigated the
absorbance spectra of the exhaust gas from the DBD device and gas temperature in the DBD
zone. As the results, we confirmed that ozone quenching by reacting NO and NO2 is the cause
of different dependency of dissolved ozone and nitrate ion concentrations.
Keywords: Dielectric barrier discharge, ozone, nitrate ion, nitrogen oxide, FTIR
1. Introduction
Atmospheric pressure non-thermal plasmas are a
promising technology for the generation of reactive species.
Recently, plasma treated water is going to be applied to
medical and agricultural fields [1]. Because it includes O
radical, OH radical, ozone, H2O2, nitric monoxide (NO),
peroxynitrous acid (HNO3) and so on [2]. One of the
plasma treated water including reactive oxygen species
(ROS) is the ozone dissolved water. Since ozone has high
oxidizing power and self-decomposition property [3], it is
used for the sterilization of hydroponic culture solution, the
inactivation of bacteria, the decolourization of organic dye
and so on [4, 5, 6]. The other plasma treated water
including reactive nitrogen species (RNS) is nitrate ion
(NO3-) water. When NO3- is absorbed from plant roots,
ammonium ions (NH4+) generate in the plants. Because
these ions assimilate into amino acid and protein, it is
useful for plant growth [7]. Therefore, NO3- water was used
to accelerate the growth of plants [8]. Therefore, if we can
provide plasma treated water with ozone and nitrate ion, it
can be used as an agent for both sterilization and plant
growth acceleration.
In the previous work, we investigated concentrations of
dissolved ozone and nitrate ion in non-thermal plasma
treated dry-air bubbling water [9]. The results showed that
although the concentration of the dissolved ozone
increased with the increase of the discharge power until a
certain value, it drastically decreased with the further
increase of discharge power. On the other hand, the nitrate
ion concentration increased with the increase of discharge
power without a limit. In this paper, in order to clarify why
characteristics of dissolved ozone and nitrate ion show
different dependency to the discharge power, we measured
concentrations of ozone gas and NOx in dielectric barrier
discharge (DBD) treated dry-air by an UV absorption type
ozone gas monitor and an FTIR with a gas cell.

formation (R4-15) occur by the following reactions [2, 10,
11, 12].

2. Mechanism of generations of O3 and NO32.1 Generation of O3 and NOx by air DBD
Dissociation of O2, N2 and H2O by electron impact (R1R3), and subsequent O3 (R4), NOx and nitric acid

HNO2 → H+ + NO2- ······················· (R21)
HNO3 → H+ + NO3- ······················· (R22)

ISPC23, Montreal, Canada

e + O2 → e + 2O ··························· (R1)
e + N2 → e + 2N ··························· (R2)
e + H2O → e + OH + H ··················· (R3)
O + O2 + M → O3 + M···················· (R4)
N + O → NO ······························· (R5)
NO + O3 → NO2 + O2 ····················· (R6)
NO + O → NO2 ···························· (R7)
NO2 + O3 → NO3 + O2 ···················· (R8)
NO2 + O → NO3 ··························· (R9)
NO2 + O → NO + O2 ······················ (R10)
NO3 + O → NO2 + O2 ····················· (R11)
NO2 + NO3 + M → N2O5 + M ··········· (R12)
NO + NO2 → N2O3 ························ (R13)
NO + OH + M → HNO2 + M ············ (R14)
NO2 + OH + M → HNO3 + M ··········· (R15)
Here M is third collision partner.
2.2 Generation of nitrate ion in the water
Although HNO3 is generated in plasma zone, it is also
generated by reacting NO2 and N2O5 with H2O in the water
(R16-R20).
2NO2 + H2O → HNO2 + HNO3 ·········· (R16)
3HNO2 → HNO3 + H2O + 2NO ········· (R17)
3NO2 + H2O → 2HNO3 + NO ··········· (R18)
N2O5 + H2O → 2HNO3 ··················· (R19)
N2O3 + H2O → 2HNO2 ··················· (R20)
HNO2 and HNO3 are then ionized to NO3- and NO2- in
the water (R21, R22).
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Fig. 1. Dissolved O3 concentration and NO3concentration as a function of specific input energy.

Fig. 3. Time change of ozone gas concentration.
Table 1. Ozone gas concentration characteristics.
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Fig. 2. Experimental setup.
3. Dissolved O3 and NO3- characteristics by DBD
treated air bubbling
In the previous research [9], we investigated
concentrations of dissolved ozone and nitrate ion in the
DBD treated dry-air bubbling water. In the experiment, the
dissolved ozone concentration and the nitrate ion
concentration were plotted against a specific input energy
(SIE). Here, the SIE is the energy input to a unit gas volume,
namely it is the ratio of discharge power (W) to a flow rate
(L/s). Figure 1 shows one of the experimental results [9].
The dissolved ozone concentration increased with the
increase of SIE. However, when the SIE exceeds 600 J/L,
it started to decrease and became 0 mg/L at the very end.
On the other hand, the nitrate ion concentration increased
with the increase of discharge power without a limit. In
order to clarify the difference, we measured ozone gas
concentration and gas temperature in the DBD zone, and
analysed NOx in the exhaust gas from the ozone generator.
4. Experimental setup
Figure 2 shows the experimental setup. This system
consists of a high voltage supply, a DBD type ozone
generator and several measuring devises. AC high voltage
was applied to the ozone generator by an inverter power
source and a step-up transformer. The maximum applied
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voltage and the frequency were 19.6 kVp and 250 Hz,
respectively. Flow rate of dry-air (absolute humidity: 119.3
mg/m3) was set to 0.5 L/min by a mass flow controller
(SEC-400MK3, Horiba STEC). Applied voltage (V) was
measured by an HV probe (EP-50K, Nissin Pulse
Electronics). Charge (q) was measured from voltage drop
across integral capacitor (0.1 µF). Discharge power was
calculated from multiplying the area of V-q Lissajous
figure by power frequency. Ozone gas concentration was
measured by an UV absorption type ozone monitor (EG3000B/01, Ebara Jitsugyo). DBD zone temperature in the
ozone generator was measured by a fibre optic
thermometer (FL-2000, Anritsu meter). NOx were
analysed by the FTIR spectrometer (IR Affinity-1,
Shimadzu corp.) with the multi path gas cell (3 m, Gemini
Scientific Instruments).
5. Results and Discussion
Figure 3 shows a time change of the concentration of
ozone gas. In case of the SIE of 120 J/L, ozone gas
concentration reached to 1000ppm, however it gradually
decreased to 800ppm and became constant. In case of 530
J/L, after the concentration of ozone gas reached the
maximum value of 3500ppm, it decreased to 2200ppm. In
case of 2000 J/L, the concentration of ozone gas reached
7800ppm. However, it drastically decreased to 0ppm.
Table 1 summarizes the maximum concentrations and
concentrations after 1500 s operation. In the previous
research [9], since DBD treated dry-air bubbling started
after 30 min of operation, dissolved ozone concentration at
higher SIE became 0 mg/L.
In general, ozone molecule is decomposed above 120°C
(R23). The reaction is as follows,
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Fig. 4. Time change of DBD zone temperature.
O3 + Thermal → O2 + O ·················· (R23)
Next, in order to clarify why ozone concentration became
0ppm at 2000 J/L, we measured DBD zone gas temperature
using the fibre optic thermometer. Figure 4 shows the time
change of the gas temperature in DBD zone. All of the
temperatures increased with time. In case of 2000 J/L,
although the drastic decrease of the ozone gas

poster

concentration started at 100 s, DBD zone gas temperature
was 40°C. In cases of 120 J/L and 530 J/L, since there were
differences in ozone concentration between the maximum
and the value at 800 s, DBD zone temperatures were below
decomposition temperature of ozone. Therefore, gas
temperature is not the cause of decrease of ozone
concentration.
When the reactions of NOx formation is considered,
ozone was consumed to oxidize NO to NO2 and/or NO2 to
NO3. In order to clarify why ozone concentration becomes
zero at 2000 J/L, we measured NOx in exhaust gas from
the ozone generator using the FTIR with the gas cell.
Figure 5(a)-(c) shows the absorbance spectra of the exhaust
gas from the ozone generator. As it is seen in Figure 5(a)
and 5(b), O3 and N2O were detected in the gas. Here,
intensities of the absorbance spectra of O3 increased until
532 J/L. However, N2O increased with the increase of
specific input energy also. From Figure 5(c), it is seen that
NO2, N2O5, NO and N2O were detected in the gas. In the
literature [13], it is reported that O3 formation was
completely suppressed by the existence of 0.1% NO or
NO2. Therefore, the reason why ozone concentration
becomes zero at 2000 J/L is catalytic reactions of O3 and O
radicals (R6, R7, R9 and R10).
In the previous research [9], although NO3concentration in the water increased with the increase of
SIE, HNO3 was not detected in the exhaust gas from the
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Fig. 5. Absorbance spectra of exhaust gas from the ozone generator.
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ozone generator. This result suggested that NO3- was
mainly generated by reactions (R16-R20) in the water.
6. Conclusion
In order to clarify why the characteristics of dissolved
ozone and nitrate ion show different dependency to the
discharge power, we investigated the characteristics of the
concentration of ozone gas, the gas temperature in the DBD
zone and the absorbance spectra of the exhaust gas from an
ozone generator. The conclusions are as follows;
(1) In case of a small SIE region, ozone gas concentration
gradually decreased with time and became constant.
On the other hand, in case of a large SIE region, after
the ozone gas concentration reached the maximum, it
drastically decreased with time and became 0ppm at
the very end. This is a reason why the dissolved ozone
concentration became 0 mg/L at the large SIE region.
(2) The gas temperature measured in DBD zone was
below the decomposition temperature of ozone in all
case. Therefore, gas temperature is not the cause of
decrease of ozone concentration.
(3) Absorbance spectra of NO, NO2, and N2O5 were
detected in the exhaust gas from the ozone generator
at large SIE region. Therefore it is considered that
NO3- was mainly generated by reacting NO2 with H2O
in the water.

[11] D. Yuan, Z. Wang, C. Ding, Y. He, R. Whiddon and
K. Cen, J. Phys. D: Appl. Phys. 49 (2016)
[12] S. Daito, F. Tochikubo and T. Watanabe, Jpn. J. Appl.
Phys. Vol. 39 (2000)
[13] K. H. Becker, U. Kogelschatz, K. H. Schoenbach, R.
J. Barker, Non-Equilibrium Air Plasmas at
Atmospheric Pressure (2004)

This work was supported by JSPS KAKENHI Grant
Number 16K06245.
7. References
[1] T. Nagatomo, T. Abiru, F. Mitsugi, K. Ebihira and K.
Nagahama, Japanese Journal of Applied Physics 55,
01AB06 (2016).
[2] K. Takahashi, K. Satoh, H. Itoh, H. Kawaguchi, I.
Timoshkin, M. Given and S. MacGregor, Japanese
Journal of Applied Physics 55, 07LF01 (2016).
[3] S. Ihara, T. Miichi, S. Satoh, C. Yamabe and E. Sakai,
Jpn. J. Appl. Phys. Vol. 38 (1999)
[4] P. Lukes, M, Clupek, V. Babicky, V. Janda and P.
Sunka, J. Phys. D: Appl. Phys. 38 (2005)
[5] M. J. Pavlovich, D. S. Clark and D. B. Graves, Plasma
Sources Sct. Technol. 23 (2014)
[6] S. Kawano, K. Wada, T. Kakuta, K. Takaki, N. Satta
and K. Takahashi, Journal of Physics: Conference
Series 441 (2013)
[7] J. Takahara, K. Takaki, N. Satta, K. Takahashi, T. Fujio
and Y. Sasaki, Japanese Journal of Applied Physics 54,
01AG07 (2015)
[8] K. Takaki, J. Takahata, S. Watanabe, N. Satta, O.
Yamada, T. Fujio and Y. Sasaki, Journal of Physics:
Conference Series 418 (2013)
[9] R. Ogiso, K.Tanabe, N. Osawa, Y. Yoshioka, The
Papers of Joint Technical Meeting on “Plasmas Science
and Technology”, “Pulsed Power Technology” and
“Electrical Discharges”, IEE Japan (2016)
[10] H. Kuwahata, I. Mikami, e-J. Surf. Sci. Nanotech. Vol.
12 (2014)

312

ISPC23, Montreal, Canada

Non-equilibrium effects and atmospheric pressure plasma proces

poster

Influence of water vapour on the propagation speed and mean energy of an
atmospheric non-equilibrium diffuse discharge in air
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Abstract: We report results on the influence of humidity on the
propagation and the energy of a pin-to-plane nanosecond pulse
discharge at atmospheric pressure. Water vapour only impacts
discharges in high relative humidity gas mixtures, for which
propagation is first slowed down, but accelerates faster than
usual close to the plane. Energy is mostly unchanged.
Keywords: Non-equilibrium atmospheric air plasma,
nanosecond discharges, humidity effects, fast imaging, optical
emission spectroscopy

1. Introduction
This work comes within a research on the fundamental
mechanisms of diffuse electric discharges and the associated
non-equilibrium plasmas in air, at atmospheric pressure. Such
discharges are created at very high over-voltages, several tens of
kV, with sub-nanosecond rise times and without any preionizing system [1]. At those over-voltages, the very structure
of the discharge is modified: it is not filamentary anymore but
diffuse, so the plasma covers a much larger gas volume. In these
conditions, the over-voltage leads to more intense electric fields
than those of the classic streamer discharges by promoting the
Laplacien field as compared with the space charge field. The
very high field values can then promote collisional mechanisms
such as ionization, dissociation and molecular excitation [6], on
much larger gas volumes than in the classical streamers.

large volume discharges, should enable the design of plasma
reactors presenting more homogeneous properties than current
ones.

Various applications are intended for this kind of discharges,
among them air treatment, plasma-assisted combustion or other
energetic applications [3-4]. These applications use gas mixtures
containing different components such as water vapour or
combustible and polluting molecules. Therefore, it is necessary
to better understand the influence of such components on the
development of the discharge. More specifically, this study
deals with the influence of water vapour on the propagation
speed and mean energy of a nanosecond pin-to-plane discharge
in air at ambient temperature. Water is always present in
uncontrolled environments and it is proved to have great
influence on the discharge kinetics [5-6-7], notably for the
production of potentially high amounts of radicals like OH and
O [8]. Better understanding of the physical and chemical
processes of these discharges are aimed to develop advanced and
high energy efficiency reactors. The high field values that make

2. Experimental method
The diffuse nanosecond discharge is created in a pin-to-plane
configuration of electrodes being separated by a gap of 19 mm.
The pin is made of titanium with 100 µm curvature radius. The
plane is an 8 cm radius copper plate. Positive high voltage
nanosecond pulses, created by a FID-type technology power
supply are applied to the pin (cf. figure 1). The plane is
connected to the ground. The voltage rise time is 2 ns. Each
experiment is done for three voltage amplitudes: 65, 75 and
85kV. The experiment is run at 5 Hz. A complete description of
the device is presented in [10]. The electrodes are placed in a
1L/min flow of synthetic air into which water vapour is added
through a controlled temperature water evaporator followed by
a dilution system in order to reach the following relative
humidity amounts: <1%, 18%, 25%, 34%, 47%, 54% and 72%.
To reach high concentrations of water vapour without any
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The main aim of the present study is to demonstrate the effect
of the presence of water vapour on the dynamics and energy of
the discharge. Section 2 presents the experimental setup, the
operating conditions of the discharge and the experimental
methods applied. In section 3 are analysed the sub-nanosecond
imaging measurements giving the discharge propagation speed
and its energy, for each working condition. It also presents
rotational temperature measurements obtained by emission
spectroscopy of diatomic excited probe molecules. The
experimentally determined plasma temperature will support
kinetic models and it will help to reveal fundamental
mechanisms (like the hydrodynamic expansion to be
confirmed). The obtained results are discussed in section 4.
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precautions were taken: first, it was ensured that the evaporator synchronized in time by paying special attention to the
(placed in a temperature controlled bath) at least 5 degrees capacitive current (without discharge), based on the relation (1):
below the ambient temperature (about 26.5 °C). Second, the
𝑑𝑉
(1)
humid air flow was diluted at the exit of the evaporator.
ic = 𝐶
𝑑𝑡

Fig. 1. Experimental setup and discharge visualisation.
To measure the propagation speed of the discharge, we used
optical emission measurements based on fast imaging 4-Picos
Stanford ICCD camera. The light was integrated in terms of the
wavelength over the UV-visible spectrum, and integrated
spatially over the whole discharge volume. However, it was
temporally resolved. Hereafter, the imaging measurements
characteristics: 200ps exposure time gate, images were recorded
every 100ps or 300 ps. The time jitter was about 300ps [1]. Each
image was averaged over 20 discharges. To get the speed of
propagation, we need to define the position of the front of the
discharge for each image. As the images are integrated on the
line of sight of the camera, we ideally need to reconstruct the
emission on the axial plane of the discharge. The Abel inversion
is a relevant method in our case as the discharge is symmetric
around the pin-to-plane axis. Based on this symmetry, the Abel
treatment is able to reconstruct the profiles of the discharge in a
plane including the symmetry axis [9], therefore the treatment is
able to get to the local emission. However, as the front is located
at the very tip of the discharge, where very little emission is
integrated on the line of sight of the camera, the Abel inversion
appeared in fact not necessary. We get the same propagation
speed values before and after Abel processing. As the Abel
processing requests a sophisticated treatment, the results
presented herein were obtained without the Abel treatment. To
define the precise location of the discharge front on the central
axis, we choose an intensity threshold criterion. The same
intensity threshold is used for each condition to get relevant
interpretations.
The propagation speed uncertainties presented in the graphs
are obtained using a linear regression method. They range
between ± 0.07 and ±0.3 mm/ns. They are similar to the
experimental uncertainties estimated on repeatability
measurements, which range between ±0.1 and ±0.3 mm/ns.
The mean energy of the discharge is obtained by integrating
the product of the current and the voltage over the discharge
duration. The corresponding signals are plotted in figure 2, for a
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Fig. 2. Voltage, current and energy profiles for a typical voltage
pulse of 85 kV.
Optical emission spectroscopy (OES) measurements have
been carried out also to determine the mean rotational
temperatures of the second positive system (C-B) of N2. To get
the temperature of the gas, we could not refer to the frequently
used hypothesis that the rotational relaxation time of N 2(C) is
very small compared to its life time. Indeed, in our discharges
the life time of N2(C) is about 0.7ns while its relaxation time is
about 0.4ns. Both characteristic times are too close to conclude
on the thermalization of N2(C). Another case allows the use of
OES measurements of N2(C) which relies on the double
equality: Trot(N2(C)) ≈ Trot(N2(X)) ≈ Ttrans(N2(X)) [13,18]. To
assure the first equality, the electric field needs to be sufficiently
high to consider that N2(C) is mainly created by electronic
impact: N2(X) + e  N2(C) + e. This is the case for our discharge
[16]. This field condition is related to the work of Park [17]
which demonstrates that if an excited species is created by
electronic impact, the quantum number J is unchanged.
Therefore, the rotational distribution of N2(C) is representative
of the distribution of N2(X). In these high field and discharge
conditions, we consider that: T rot(N2(C)) = 0.92*Trot(N2(X))
[13]. The second equality is confirmed as the rotationtranslation time of N2(X) is about 0.4ns, which is much faster
than the 10ns time of measurement. With these statements, we
assimilate the measured rotational temperature of N2(C-B) to the
gas temperature. Then, we compared the experimental rotational
distributions with the corresponding simulated ones, generated
with a home-made code [11, 12].
Experiments were conducted using a 75 cm focal length
imaging spectrometer (Acton SP 2750 PI) equipped with an
ICCD camera (PI-MAX 2 of Princeton instruments) with a time
gate resolution of 10 ns. A UV optical fibre is located near the
quartz window of the reactor to collect light perpendicularly to
the plasma. We mainly use a 2400groove.mm-1 grating to
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nm). For
rotational temperature determination, we use the emission of the
(0,0) and (0,1) vibrational bands of N2 (C-B), corresponding to
the λ=337.13 nm and λ=357.69 nm transitions with a fitting
procedure given by [13].
3. Results
Figure 3 depicts the positions of the discharge front on the
central axis at different times and for three voltage amplitudes.
The beginning of the discharge is chosen to coincide with the
time when light emission is detected at the pin, while the end of
the discharge coincides with the time when the discharge
reaches the plane. For each characteristic pulse, the front
positions are shown in dry air and for two or three relative
humidity conditions: <1%, 47% and 72%. We observe a linear
propagation of the fronts during most of the discharge
propagation time. Hereafter, we therefore consider the speed of
the discharge to be constant on this time range and the speed
values presented will only characterize this time range. Then,
the propagation accelerates dramatically, until the discharge
reaches the plane.

Fig. 3. Positions of the discharge front in time. The gas mixtures
are dry air, air-water unsaturated mixtures with relative
humidity reaching 47% and 72%.
Independently of the amplitude of the voltage, the
experimental results show no modification of the discharge
speed with the presence of water vapour if relative humidity is
below 30%. Beyond this threshold, the speed of the discharge is
significantly lowered. Also to be noticed, the final acceleration
of the discharge is quicker in high humidity gas mixtures.
Figure 4 depicts the influence of water vapour on the
discharge propagation speed for different voltage amplitudes.
The propagation speed is determined using a linear regression
method, for a given gas mixture. Each point of the graph is an
average over 2 to 5 experiments which determine the
propagation speed as detailed in figure 3. The black / red/
straight/ dashed/ curve represent the propagation speed for each
voltage amplitude in dry air /18%/ 25%/ 34%/ 47%/ 57%/ 72%
of relative humidity as indicated on the legend.
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Fig. 4. Propagation speed of the discharge versus the peak
voltage in dry air, in air-water vapour mixtures (<1%, 18%,
25%, 34%, 47%, 57%, 72% of relative humidity).
The increasing uncertainty on the speed values with the
voltage is due to the experimental method used: we kept the
same 0.1 ns time interval between each acquisition, while the
time of the discharge decrease at higher voltages. This resulted
in fewer measures along the propagation which were accounted
for the linear regression.
Electrons are the major species contributing to the propagation
and the light emission of the discharge through the ionizing
wave phenomena. Therefore, in a first approach, this work is
limited to the study of electronic coefficients that could
influence the discharge’s propagation: electronic attachment,
mobility and drift and diffusive coefficients. Simulations made
with the BOLSIG+ tool [14] in unsaturated humid air show no
significant modification of the three last coefficients for our
estimated range of values of the reduced electric field (from 100
to 1000 Td). The electronic attachment increases significantly in
humid air, but at fields higher than 100 Td it is negligible
compared to the ionization coefficient. Then, the effective
ionization coefficient, does not depend on humidity. Indeed, we
observed no modification of the discharge propagation with
humidity in the case of low relative humidity. Now, at high
relative humidity, another mechanism is probably to consider.
In these conditions, LIF experipments, previously made at the
LPGP under similar discharge conditions, revealed the presence
of water molecule agregates. It is possible that the propagation
of the discharge is modified due to the presence of this water
agregates. Studies have already reported on the propagation of
streamers in gases containing dust particles [15]. An increase of
the propagation speed of the streamer in presence of dusts was
measured. In our experiment however, the propagation speed is
lowered in presence of water agregates. This is not necessarily
contradictory. In reference [15], the size of the dusts ranges
between 25 and 80 µm, while the size of the water agregates is
expected to be of the nanometric scale. Furthermore, the dusts
in reference [15] are dielectrics that strenghten locally the
electric field. It might not be the case with the water agregates.
Several lines of inquiries are on study. For instance, the
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agregates, or the possibility of significant energy transfer during
the collision of an electron and an agregate, which could lead to
the break up of the agregate.
The results obtained on the mean energy of the discharge for
a single voltage pulse, are presented in figure 5. We observe that
the mean energy does not vary with water vapour concentration
even for a saturated water-air mixture. At voltages close to
65kV, the mean energy is about 4.3mJ (±0.9mJ). At 75kV, it
reaches at 15.6mJ (±0.7mJ) and at 85kV, 31.8mJ (±3.6mJ).
Even if the currents and the energies are high, the gas
temperature remains low around 330 K. Figure 6 displays
results of OES measurements on rotational temperatures of the
(0,0) and (0,1) bands of the N2(C-B) system.
Fig. 6. Rotational temperatures of the (0,0) and (0,1) bands of
the N2(C-B) (λ=337.13nm and λ=357.69nm) in humid air and
for different voltages (65, 75, 85 kV). The error is estimated to
be ±20 K at 85 kV and 75 kV where the signal-to-noise ratio
(S/N) is high and ±40 K at 65 kV, where the S/N ratio is low.

Fig. 5. Energy of the discharge versus water vapour
concentration in the gas mixture for three voltages: 65kV, 75kV
and 85kV.
We observe that, for spatial integration and 10 ns time
average, there is no heating of the gas: its temperature remains
close to 330 K ± 20 K independently of the water vapour
concentration.
4.Conclusion
The present work provides preliminary data on the influence of
up to 72% relative humidity in air. Unless the relative humidity
reaches at least 30%, there is no significant modification neither
on the propagation speed of the discharge nor on the mean
energy. However, above this threshold, the speed is significantly
lowered, while the energy remains similar. Hypothesis about the
modification of the electronic attachment in saturated air, or the
possibility of energy transfer during electron and water
aggregate collisions, can be evoked. Also, the acceleration of the
propagation at the end of the discharge, seems to be faster under
high relative humidity conditions.
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Abstract: Our study focuses on a remote atmospheric pressure plasma for the improvement
of polymer surface reactivity. From the perspective of linking surface modifications to
adhesives performances, wettability measurements are made using two models (OwensWendt-Rabel-Kaelble and Van Oss-Good-Chaudhury). This study is a contribution to
correlate wettability with adhesion results obtained with three-point bending test. Acid-base
properties of the treated polymeric surfaces are discussed according to the Lewis’s theory.
Keywords: APPJ, polymer, acid-base interactions, wettability, adhesion improvement.
1. Introduction
The increasingly widespread use of Carbon Fiber
Reinforced Polymers (CFRP) in structural engineering
could be explained by their low weight coupled with high
mechanical properties [1]. Poly-EtherEtherKetone
(PEEK) matrix composites are particularly appreciate in
aeronautic applications because of their high thermal
stability and chemical resistance associated to a good
ability to withstand high mechanical loads [2]. However,
literature shows several studies aiming to reduce surface
energy to obtain high and durable adhesive properties [3–
5]. In this context, knowledge about adhesion
mechanisms is a fundamental point for the control of the
interface and the future paint interphase which depends on
the surface quality of materials and the bonding
conditions.
In this study, industrial PEEK composites are
characterized prior to and after activation by a remote
atmospheric pressure cold plasma. Wettability
modifications are studied using two different models as
OWRK (Owens-Wendt-Rabel-Kaelble) and VOG (Van
Oss-Good-Chaudhury). Physicochemical properties of
plasma-treated substrates are discussed with respect to
adhesion performances of a PEEK/coating interface. The
aim is to characterize effect of process parameters on the
acid-base properties and hence, to forecast the strength of
the interface.
2. Experimental part
The substrate studied is a CFRP with a PEEK matrix.
The composite shows a visually planar surface, slightly
rough and is around 2 mm thick. The samples are cleaned
three times by moistened wipes before any treatment or
characterization. The coating used in this study is an
industrial polyurethane paint employed in external
aircrafts. It is a bicomponent product applied with
traditional spraying techniques. Dry thickness measured
after complete polymerization is around 40 ± 7 µm.
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Fig. 1. Schematic of the experimental device UL-SCAN
and process parameters.
A remote atmospheric pressure cold plasma (ULSCAN) from AcXys Technologies is used to activate the
CFRP substrates [6]. The process is operated with either
dry air or pure nitrogen (Alphagaz 1 from Air Liquide) at
a flow rate ranging from 30 to 60 slm. The system is
driven by an alternating current power supply with
frequency ranging from 80 to 200 kHz. Created arc
between the inner and the coaxial outer electrode is
blowing out from the torch. An afterglow region over a
few tens of millimetres, namely the post-discharge, is
created and contains reactive and excited species
(metastables, neutrals, and radicals). Displacement of the
torch is ensured by a directional nozzle mounted on a 3axes robot that scans the surface to be treated line by line.
Activation performances can be promoted by tuning
different parameters listed in Fig. 1. They allow operator
maximizing the effect of the treatment while preventing
some degradations on the sample surface.
Acid-base surface properties are explored by contact
angle measurements using static sessile drop. In the
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OWRK theory [7], surface free energy γS is expressed as
follow:

3. Results and discussions
At initial state, PEEK composites used in this study
have a poor total surface free energy (53mN/m±)
associated to a rather high water contact angle (68°±).
𝑝 𝑝
𝛾𝐿 (1 + cos 𝜃𝑎 ) = 2√𝛾𝑆𝑑 𝛾𝐿𝑑 + 2√𝛾𝑆 𝛾𝐿
(1)
This is in accordance with other authors who consider that
PEEK matrix is quite inert when applying a coating
with γSD and γSP respectively the dispersive and the polar
without activation [11-12]. Surface free energy γS of
component.
PEEK substrates activated by air plasma according to the
device power are shown in Fig. 3. It is calculated from the
In the VOGC theory [8], the surface free energy is water and diiodomethane contact angle using the OWRK
decomposed as follow:
theory. This approach reflects both dispersive interactions
as the Van Der Waals ones through γ SD and polar
𝛾𝐿 (1 + cos 𝜃𝑎 ) = 2√𝛾𝐿𝐿𝑊 𝛾𝑆𝐿𝑊 + 2√𝛾𝐿+ 𝛾𝑆− + 2√𝛾𝐿− 𝛾𝑆+ (2) interactions through γSP. One can see a significant
increase of the polar component γSP after air plasma while
with γSLW, γSAB, γS+ and γS- respectively the Lifshitz-Van Der no changes in the dispersive component γ SD. This give
Waals (LW), Acid-Base (AB), acidic and basic components. rise to the total surface free energy γ S which indicate a
more wetting property of the PEEK surface. Previous
The surface free energy components in both theories are
chemical analyses made on the top layer of the PEEK
D
determined using several reference liquids of known γL ,
matrix (not shown here) are in accordance with this
LW
+
γL , γS and γS (see table 1). For each individual sample,
results since they notice a greater oxygen grafting ratio.
repeatability is checked by analysing 3 drops with each
This tendency is also observed in the literature [12-13].
liquid at room temperature, 5 seconds after deposition of
Despite the increase of the surface polarity after air
the drop.
plasma, Fig. 3 illustrates that it is impossible to provide a
significant trend about the influence of the device power.
γL
γLLW
γAB
γ+
γ72.8

21.8

51

25.5

25.5

80

SP

Diiodomethane

50.8

50.8

0

0

0

70

SD

Formamide

58

39

19

2.28

39.6

Table 1. Wettability characteristics of liquids used in the
study in (mN/m) [9].
Adhesion performances of the coating/substrate
interface prior to and after plasma activation are evaluated
by three-point bending test. According to the standard
NFT 30-010 [10], test specimens are made up of PEEK
composite coated with an industrial polyurethane external
paint. An epoxy stiffener is formed on the latter in order
to create a discontinuity of the strains and focus the
failure initiation along the stiffener (see fig 2). Bold black
arrow represents the bending stress of the specimens
between supports (in blue). The strength of the tested
system is achieved under the conditions of 0.5 mm/sec
loading rate, 35mm distance between supports, and with a
5 kN load sensor. The maximum tensile strength value of
each interface is calculated from the average of 8
specimens.

Fig. 2. Diagram of the specimen’s position during threepoint bending test.
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Fig. 3. Surface free energy discriminates in polar and
dispersive components according to OWRK theory.
Although the OWRK is a widespread method to
calculate the surface free energy, it seems to present some
shortcomings for this materials. Indeed, Lavielle also
noticed that this method is not sufficient to explain the
whole surface interactions when a droplet is deposited on
a substrate [14]. She attributed these observations to the
polar initial character of her substrate before treatment. In
order to overcome this problem, she used the VOGC
method that consider interactions as electron exchanges
between an acidic substrate and a basic liquid or viceversa. The two components γS+ and γS- in (2) express this
acid-base potential.
Values of surface free energy included AB and LW
components are summarized in Fig. 4(a) whereas basic γSand acidic γS+ components are illustrated in Fig. 4(b). As
can be seen, untreated substrate present a basic monopolar
character whereas plasma activation makes it an
amphoteric character, i.e. both acidic and basic properties.
The decomposition of the AB component indicates an
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increase of basic properties of treated surface through γ S-.
At initial state, the basic monopolar character is due to the
presence of oxygen atoms in the PEEK monomer which
are Lewis-base [15]. The constant increase of γ S- with the
power arises from the constant oxygen incorporation onto
the surface, not fully understood with the OWRK theory.
These data predict a strong interaction with a Lewis-acid,
as OH- molecules, NH3 or polyurethane product [16].

poster

chemical information about the surface interactions,
attractive as repulsive ones, through both components γSand γS+. Bending three-point test is also a meaningful way
to get both qualitative and quantitative characterization of
the interface through the maximal tensile strength and
optical analysis of the failure face.
This approach seems to be suitable for better
understanding of adhesion phenomena and interface
ageing mechanisms.
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Vibrational and electronic branching ratios of O2+ produced in collisions
between atmospheric O2 and solar wind ions
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Abstract: In order to study the interaction of the ionosphere with the solar wind, we
measured the vibrational and electronic branching ratios of dioxygen ions produced by
proton and alpha impact ionization of molecular oxygen as a function of collision energy.
This study shows that the vibrational population follows the Franck-Condon factors. It also
reveals that the electronic branching ratio strongly depends on the speed of the solar wind.
Keywords: airglow, ion-molecule reactions.

1. General
Several atmospheric processes (e.g. airglows) are due to
the dissociative recombination of O2. The influence of the
initial O2+ (X 2Πg) vibrational population on the electronic
states produced by its dissociative recombination with
slow electrons has already been demonstrated by storage
ring experiments [1]. It has also been shown that the solar
wind could enter the magnetosphere through the poles [2].
The aim of this study is to measure the vibrational and
electronic branching ratios for the ionization of O2 by
protons and alpha particles, in order to gauge the effect of
the solar activity on the dissociative recombination of O2
and the airglow it triggers. The solar wind ions are mainly
protons (92%) and alpha particles (8%) [3]. Their velocity
distributions depend on the Sun’s activity, which leads to
the fast (660km/s) and the slow solar wind (350km/s) [4].

microchannel plate detectors operating in coincidence.
These allow us to determine the total kinetic energy
release (KER) of the DCE reaction, and to retrieve the
electronic and vibrational state of O2+ before its
neutralization, as explained below.
3. Data Analysis
In order to obtain the O2+ electronic and vibrational
state before its neutralization from the KER spectra, we
need to understand the two DCE processes (Fig. 2).
Let us first consider the direct DCE, when the ion is
directly neutralized into a dissociative state. This state
dissociates with a KER given by the internuclear distance
of the molecular ion. The associated KER peak is indeed
a reflection of the square of its vibrational wave function
on the repulsive potential. This leads to a relatively broad
peak, around 1 eV wide in this study.

Fig. 1. Experimental Setup. AE: asymmetric einzel
lens; RG: resistive glass tube; FC: Faraday cup; PSD:
position sensitive detector.
2. Experimental Setup
An H+/He++ beam is produced in a duoplasmatron
source and accelerated to several keV. After deceleration
to the desired kinetic energy (Fig. 1), the ions enter the
interaction cell where they ionize an effusive jet of O2 at
room temperature. The O2+ ions produced are extracted
from the interaction cell and accelerated to a kinetic
energy of 2000 eV. The secondary O2+ beam is
neutralized in a K effusive jet where it undergoes
dissociative charge exchange (DCE). The two oxygen
atoms formed are collected by a pair of position sensitive
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Fig. 2. Schematic representation of DCE. Direct
DCE (1): The ion (thick blue line) is neutralized
to a valence state. Indirect DCE (2): The ion is
neutralized to a Rydberg state (2a) (thin blue
line). Coupling to a valence state (dash-dotted
blue line) leads to dissociation (2b).
The other process is the indirect DCE. The ion first
neutralizes to a metastable state – quasi resonant with the
K ionization potential – coupled to a dissociative state
associated to a dissociation channel. In this case, the peak
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sharpness is mostly limited by the O2+ beam kinetic
energy spread and the length of the K target, and allows
us to differentiate the vibrational levels of the metastable
state before its dissociation. The peaks between 0 and 2
eV are due to the X 2Πg state and those between 6.5 eV
and 9 eV are due to the a 4Πu state [6].
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switches to higher vibrational states, with a maximum at
the v’ = 2 state. At low collision energy, only the ground
sate of the ion is formed, but the fraction of the O2+ (a
4
Πu) state increases with the collision energy, starting at
330 km/s incoming ion speed. This speed is similar to the
slow solar wind mean speed. It goes up to 30% of the
products at 2500 eV.

Fig. 3. KER spectra illustrating the method used
to obtain the electronic branching ratio between
the X 2Πg and a 4Πu of O2+ (see text).
Below 500 eV for protons, the KER distribution is only
due to the neutralization of the ion in its ground state. As
the shape of the KER spectrum due to each electronic
state remains the same through the incoming ion kinetic
energy range, it may be used to extract the a 4Πu part of
the spectrum by subtracting one obtained at low collision
energy. This method is illustrated in figure 3.
4. Results
Vibrational branching ratios for ground state O2+
production, and electronic branching ratio between
ground and metastable states are shown in Figs. 4 and 5
for H+ and He++ collisions, respectively.

Fig. 5. He++ + O2 → O2+ branching ratios versus
incoming ion speed. Top: solar wind
distribution; middle: vibrational branching ratio
for the X 2Πg state; bottom: electronic branching
ratio for the X 2Πg and a 4Πu states.
For He++ + O2 collisions, no vibrational effect was
observed (Fig. 5). However, unlike the H+ + O2 case, the
O2+ (a 4Πu) state is always produced here, even at low
collision energies (around 10%), and its fraction increases
with collision energy to reach 30% at 9.3 keV (670 km/s).
5. Conclusion
The aim of this work was to determine how solar
activity may affect the products of the ionization of the
molecular oxygen by the solar wind. The vibrational
population of ground state ions was found to be rather
independent of the ions’ speed. However, the electronic
branching ratio varies between the two types of solar
wind, with up to 30% of the first excited state produced
for speeds typical of the fast solar wind instead of nearly
none for the slow solar wind. Consequences of this
electronic excitation for the airglow emission are still
unknown, and will be the subject of further investigation.

Fig. 4. H+ + O2 → O2+ branching ratios versus
incoming ion speed. Top: solar wind
distribution; middle: vibrational branching ratio
for the X 2Πg state; bottom: electronic branching
ratio for the X 2Πg and a 4Πu states.
For H+ + O2 collisions (Fig. 4), the vibrational
distribution remains the same from 200 km/s to higher
collision speeds, with mostly the v’ = 1 state produced.
But at lower collision energy, the vibrational population
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Improvement of Adhesiveness of Polytetrafluoroethylene
by Heat Assisted Atmospheric Pressure Glow Plasma Treatment
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Abstract: We researched improvement of adhesive strength of PTFE by plasma treatments at
high temperature. When measured temperature was 177°C, adhesive strength between treated
PTFE and epoxy glue reached 1558 Nm-1. This was more than twice value of treated PTFE
at room temperature. It was considered that plasma treatment at high temperature
strengthened cross-linking, which led to improvement of adhesive strength.
Keywords: polytetrafluoroethylene, atmospheric pressure glow plasma，sample heating.

1. Introduction
The most typical fluorinated polymer, PTFE has many
useful characteristics: high heat resistance, high chemical
resistance, low coefficient of friction, high insulation, etc.
Thus, PTFE is used for chemical plants, coating electric
wires or cookware. However, PTFE’s application is limited
because of its poor adhesiveness. Although agents
containing metallic sodium are used to solve this problem
currently, this treatment needs a large amount of washing
water and produces much waste liquid. Besides, PTFE
surfaces treated with the agents become blackish.
Therefore, a new dry process has been desired instead of
the wet treatment.
In our previous studies, the APG plasma treatment was
found to be able to improve the adhesive strength between
some kinds of fluorinated polymer films and epoxy glue
[1-4]. However, the adhesive strength over 900 Nm-1 had
not been obtained. Recently, a new surface treatment
method for improvement of PTFE adhesiveness, He
plasma treatment at high temperature was reported [5].
Therefore, we tried to examine the effect of the heat
assisted He APG plasma treatment for the improvement of
the adhesive strength between PTFE and epoxy glue in this
study.
2. Experimental
Fig.1 shows the standard dielectric barrier discharge
chamber with the shower head electrode. The dimension of
PTFE sheet is 20 mm × 90 mm × 0.2 mm, and it was
washed with trichloroethylene and deionized water in an
ultrasonic cleaner before treatment. A PTFE film was put
on the power electrode. A rotary pump first evacuated the
chamber, and then the pressure was restored with helium
gas at atmospheric pressure. The plasma was generated
with a 13.56 MHz power supply. Table 1 shows the plasma
treatment conditions. Temperature of PTFE film and
power electrode were increasing by discharge.
Temperature was measured before and after plasma
treatment. The former was about 30°C. The latter is
described in figures.
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The samples for the peel test were prepared as follows:
first, a treated PTFE sheet was glued on a stainless steel
plate with an epoxy glue (NICHIBAN Inc. Araldite), and
was pressed for 24 hours. The adhesive strength was
measured by 180° peel tester at 30 mm min-1 peel speed.

Fig. 1 Schematic diagram of the discharge chamber.
Table 1 The plasma treatment conditions.

Discharge frequency
Discharge power
Discharge gap
Treatment time
He, Ar flow rate
H2, O2 flow rate

13.56 MHz
200 W
3(He), 2(Ar) mm
0 ~ 5 min
2 slm
10 sccm

3. Results and Discussions
Fig.2 shows relation between discharge power of
plasma treatment and adhesive strength value. Treatments
of higher discharge power caused higher adhesive strength
values. The value of 200W (1558 Nm-1) was more than
twice value in our previous study [4] (727 Nm-1). It was
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4. Conclusion
He plasma treatment at high temperature improved
adhesive strength of PTFE significantly. It was considered
that hydrogen gas restrained cross-linking.
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thought that this change was attributed to heat effect.
Discharge power was fixed at 200 W since a treatment of
250 W blackened a PTFE film (temperature after the
treatment, 218°C).
Fig.3 shows relation between treatment time and
adhesive strength value. Adhesive strength value increased
as increasing treatment time. Treatment time was fixed at
5min since a treatment of 7 min blackened a PTFE film
(temperature after the treatment, 195°C).
It was expected that addition of activated gases led to
surface modification and improvement of adhesive
strength. Therefore, we performed H2/He plasma and
O2/He plasma treatments. As a result, while H2/He plasma
treatment improved adhesive strength a little, O2/He
plasma treatment caused almost no improvement. However,
adhesive strength value of H2/He plasma treatment was
near to a value of same plasma treatment in previous study
[4] (not ‘heat assisted plasma’). This results indicated that
we could not confirm heat effect with hydrogen gas. Thus,
we considered hydrogen atoms combined with radical site,
thereby cross-linking was restrained. Considering this
result, improving adhesive strength of PTFE depends on
both of temperature and treatment gas.
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Antimicrobial NOx generated by transient spark in atmospheric dry air
and air with water electrospray
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Abstract: Generation of nitrogen oxides (NOx) was studied in a self-pulsing transient spark
(TS) discharge in atmospheric pressure dry air and air with water electrospray. The
precursors of NOx production and the TS characteristics were studied by nanosecond timeresolved optical diagnostics. Thanks to the short (~10–100 ns) high current (~1 A) spark
current pulses, highly reactive non-equilibrium plasma is generated. The NOx production
rate of ~7×1016 molecules/J was achieved in dry air, dependent on TS repetition frequency,
i.e. power, which is related to the complex frequency-dependent NO2/NO generating
mechanisms. With water electrosprayed through the TS, gaseous NOx formation was
lowered but induced chemical changes in water make it of biomedical importance.
Keywords: non-thermal air plasma, nitrogen oxides, RONS, time-resolved optical
diagnostic.
1. Introduction
In recent years, plasma science community largely
focuses on novel biomedical applications of non-thermal
(cold) atmospheric plasmas. Cold plasmas provide
multiple agents that can efficiently kill bacteria and other
hazardous microbes, and cause multiple biomedical and
therapeutic effects in higher organisms. It is very
important to assess the roles of the plasma agents
involved in these processes. The major role in
atmospheric pressure plasmas generated in air is typically
attributed to reactive oxygen and nitrogen species
(RONS) [1, 2].
When air plasmas interact with water, nitrites, nitrates,
hydrogen peroxide and peroxynitrites are formed in this
plasma activated water (PAW), which demonstrates
strong antibacterial properties [2]. The aqueous RONS
are formed from dissolved NO, NO2, O3, and OH radicals
generated by plasma in the gas phase. Better
understanding of the NO and NO2 generation in the gas
phase and its relation to the liquid phase are of great
importance. This problem has already been partially
addressed in exhaust gas cleaning applications by
electrical discharges [3-5] who mostly studied NO
reduction, or its oxidation to NO2, and finally to HNO3. A
recent paper [6] investigated the NO and NO2 formation
related to their bactericidal effects in hybrid glow-spark
discharges in air. Here we present a study focused on the
synthesis of NO, NO2 and their precursors (O and N
radicals) by the transient spark (TS) discharge in dry air
and air with electrosprayed water.
2. Experimental set-up
The experiments focused at optical diagnostics of TS
were carried out in ambient air with the air flow velocity
about 0.2 m.s-1, perpendicular to the inter-electrode axis.
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The distance d between the steel electrodes (point-topoint configuration with anode at the top) was varied
between 4-7 mm. The radius of curvature of the sharp
anode tip was of the order of 100 μm and that of the blunt
cathode was of the order of a millimeter.
For the experiments focused at the NOx production,
the electrodes were placed in a closed tube with two
valves for the gas inlet and outlet. These experiments
were carried out in 1.3-2.6 l.min-1 flow of synthetic air
from the pressure tanks (N2:O2 = 4:1, N2: 99.99% purity,
O2: 99.5% purity). We used a gas analyzer Kane KM9106
Quintox (to detect 0-1000 ppm NO and NO2 with the 3
%accuracy) and Fourier-transform infrared (FTIR)
spectrometer Shimadzu IRAffinity-1S (spectral resolution
0.5 cm-1) to measure the gas composition after passing
through the discharge reactor. In the experiments with
water electrospray, deionized water was supplied by the
syringe pump New Era through the high voltage needle
electrode at flow rate 0.5 mL/min.
A dc HV power supply connected to the anode via a
series resistor (R = 9.84 MΩ) was used to generate a
positive TS discharge. The discharge voltage was
measured by a HV probe Tektronix P6015A and the
discharge current was measured on a 50 Ω or 1 Ω resistor
shunt. Electric signals were recorded by a 200 MHz
digitizing oscilloscope Tektronix TDS2024.
The time-resolved emission spectra were obtained
using a 2-m monochromator Carl Zeiss Jena PGS2
(spectral resolution 0.04-0.09 nm, depending on the
entrance slit opening), covering the UV and VIS regions
(200-800 nm), coupled with an intensified CCD camera
Andor Istar (2 ns minimum gate).
The iCCD camera was triggered by a 5 V rectangular
pulses generator with less than 5 ns rise time. This
generator was triggered directly by the discharge current

ISPC23, Montreal, Canada

Non-equilibrium effects and atmospheric pressure plasma proces

signal, causing an additional delay of less than 10 ns. This
delay, plus the delay caused by the transmission of the
signal by BNC cables, was compensated by using a 10 m
long optical cable (Ocean Optics P400-10-UV-VIS).
During the measurements with the iCCD camera, an
additional small resistor r = 1 kΩ was attached directly to
the anode. Its role was to eliminate the electric signals
oscillations causing problems with the iCCD camera
triggering (more details in [7]).
For fast measurements of the emission intensity
evolution, we used a PMT module Hamamatsu H955 (2.2
ns rise time). In order to isolate a specific spectral
transition for PMT measurements, a bandpass
interference filter (e.g. Melles Griot 03 FIU127 for the N2
(C-B, 0-0) transition), was inserted into the optical path.
The PMT module signal was recorded using the
oscilloscope. The experimental set-up is depicted in
figure 1.

Figure 1. Simplified schematic of the experimental set-up.
3. Results and discussion
Transient spark is initiated by a streamer when the
potential on the stressed electrode V reaches voltage VTS,
characteristic for the TS (figure 2). The streamer forms a
relatively conductive plasma bridge between the
electrodes leading to the transition to spark. During the
spark phase, the electric circuit internal capacity
discharges completely and the voltage on the HV
electrode drops to almost zero (figure 2). The discharge
current reaches a high value (~1-10 A). Transition to an
arc after the spark phase is restricted by the large ballast
resistor R. As a result, the plasma decays after the spark
pulse. Eventually, the potential V on the anode gradually
increases, as the capacitor C recharges. A new TS pulse,
initiated by a new streamer, occurs when the potential V
reaches the breakdown voltage VTS again. The TS is thus
based on repetitive charging and discharging of C with
the characteristic repetition frequency f in the range 1-10
kHz.
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Figure 2. Typical TS voltage and current waveforms.
The time-integrated emission spectroscopy study
confirmed that TS pulses generate highly reactive nonequilibrium plasma with excited atomic radicals (O*, N*),
excited molecules N2* and ions N2+*. The TS
characteristics change with increasing f, the spark pulses
become smaller and broader. The emission characteristics
reflect these changes. Below ~3 kHz, the atomic line
emission (O*, N*) and molecular N2 2nd positive system
dominates in the spectra, but at higher frequencies the
atomic lines almost disappear. This might be interpreted
as a decrease of the TS ability to produce radicals and to
induce chemical changes at higher frequencies, but as we
show in the following, it was not confirmed by the
measurement of the nitrogen oxides densities.
Due to the increasing input power, the densities of
both NO and NO2 increase with f (figure 3). However,
based on the NO and NO2 generation rate in molecules
per J energy delivered (figure 4), the NO generation
efficiency tends to improve with increasing f, while the
efficiency of the NO2 generation decreases. The total
NOx, i.e. the sum of NO and NO2 densities does not
change significantly. These results show that the ability of
TS to induce chemical changes cannot be evaluated using
the total NOx densities. The NOx synthesis mechanism
changes with the increasing TS repetition frequency.
Despite the fact that TS generates 'cold' nonequilibrium plasma, there is some gas preheating between
the electrodes due to increasing f [8]. We therefore have
to consider the Zeldovich thermal mechanism of the NOx
generation. This mechanism is initiated by the thermal
decomposition of N2 and O2 into their atomic states at
high temperature (above ~1500 K). Next, both N and O
atomic radicals are able to produce NO.
The temperature at which the initiating streamer starts
(Tstr) was only ~600 K at f ≈ 10 kHz (figure 5).
Temperature high enough to induce thermal
decomposition of N2 and O2 is achieved only during the
spark phase of the TS (Tspark, figure 5). However, the
thermal decomposition of N2 and O2 could play an
important role only if the temperature remained high
enough for longer time after the spark.
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Figure 3. The NO and NO2 densities produced by TS as
functions of f.

Figure 5. Temperature at the beginning of the streamer
phase and the highest temperature during the spark phase
of the TS as functions of f.

Figure 4. The NO and NO2 generation rate [molecules/J]
as a function of TS repetition frequency, d ≈ 6 mm, C ≈
35 pF, R = 9.24 MΩ, r = 0 kΩ, averaged for flow rates
1.3-2.6 l.min-1.

Figure 6. Typical PMT signals of the optical emission
during the streamer phase of TS, f ~ 2 kHz.

We approximated Tstr and Tspark by the rotational
temperature Tr of the N2(C) species. The Tr was obtained
by fitting the time-resolved (5-20 ns time window)
experimental emission spectra of the N2 2nd positive
system (0-0 transition) with the simulated ones, using
Specair program [9]. However, this emission can be
observed only for a short time after the streamer and
spark current pulses (see figures 6 and 7, respectively), so
we cannot measure the entire temperature evolution
between two successive TS pulses. Thus, we cannot
definitely asses the role of the thermal decomposition of
N2 and O2, but we assume that other plasma processes are
more important, since the electron density is very high
during the spark phase of the TS [10].
Further details about these processes can be deduced
from the emission profiles obtained by the PMT. The
N2(C) emission starts with the beginning of both streamer
and spark current pulses. During the rising slope of the
current pulses, the electrons must have enough energy to
ionize N2 and O2. We therefore assume that the majority
of the N2(C) states are created by high energy electrons.
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Figure 7. Typical PMT signals of the optical emission
during the spark phase of TS, f ~ 2 kHz.
The quenching of excited N2* molecules, such as
N2(C) with molecular oxygen is probably one of the
major sources of atomic oxygen. We should mention that
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atomic O production need not be correlated with the O*
emission intensity. The emission from the excited O*
atoms can be observed almost exclusively during the
spark phase, and its peak is slightly delayed with respect
to the current rising edge (figure 7). The electron mean
energy after the spark current pulse is around ~1 eV
corresponding to the electron temperature ~10000 K [9].
We therefore suppose that O* atoms are not produced by
high energy electrons, but via stepwise processes thanks
to the high density of relatively low energy electrons.
This can explain why there is almost no O* emission
during the streamer – the degree of ionization is much
lower compared to spark. For the same reason, the atomic
line emission intensity weakens at higher TS frequencies
– spark current pulses are smaller and broader, and the
electron density is lower [10]. It could also explain the
increase of the NO/NO2 ratio with increasing f. Thanks to
the dissociative recombination, there might be enough O
to produce not only NO, but also further oxidize it to
NO2.
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pressure air. In dry synthetic air, the sum of NO and NO2
densities more than 600 ppm was achieved with the
power input below 6 W (~7×1016 molecules/J) [11].
The TS characteristics change with the increasing TS
repetition frequency. These changes also influence the
generation of excited atomic species and nitrogen oxides.
The atomic lines emission intensity decreases and the
NO/NO2 ratio increases with increasing TS repetition
frequency. We attempted to explain these changes using
temporal emission intensity profiles measured by
photomultiplier tube.
The excited N2* molecules are produced by high
energy electrons during the rising slope of the current
pulses, both streamer and spark. These excited nitrogen
molecules can lead to the sufficient atomic oxygen
production necessary for the synthesis of NO. The excited
atomic oxygen species are mostly produced during the
spark current decreasing slope, probably via dissociative
recombinations of O2+. This provides additional atomic
oxygen for the NO oxidation to NO2. Since the TS spark
pulses are getting broader and smaller with increasing
frequency, this would explain why atomic lines weaken
and NO/NO2 ratio increases with the increasing TS
frequency. Further research including kinetic modelling
and measurement of O species in the ground state is
required to prove this hypothesis.
In TS in air with electrosprayed water, gaseous NOx
formation was lowered but chemical changes induced in
water make it a strong antimicrobial agent.
5. Acknowledgement
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Figure 8. NO and NO2 generation in TS in dry air vs. air
with water electrospray in dependence of discharge
power.
Due to their easy dissolution in the water and possibly
also due to the discharge cooling by water and thus lower
NOx formation, the NOx densities generated by TS were
found considerably lower in air humidified by the water
electrospray (Fig. 8). On the other hand, electrosprayed
water activated by TS discharge demonstrated strong
antibacterial effects, especially due to the interacting
nitrites (formed from gaseous NOx), hydrogen peroxide
(formed from H2O molecules dissociating to OH radicals)
and acidic milieu (due to formed nitric and nitrous acids)
[2]. The effect of ozone potentially depleting NO in these
lower temperature conditions has to be investigated in
future.
4. Conclusions
We investigated the generation of NO and NO2,
significant biomedical and biocidal agents, by the selfpulsing Transient Spark (TS) discharge in atmospheric
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A plasma process in the preparation of Li2S for lithium-ion battery applications
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Abstract: Plasma technologies are nowadays considered for the development of better
performing and more affordable energy storage devices such as the lithium- ion batteries
(LIB). Their versatility allows the synthesis of nanostructured electrodes with different
morphologies and coatings of carbon or metal oxides, thin films, etc. Herein, we highlight
the key advantages of their use in LIB technology and we introduce the synthesis of the
promising cathode material Li2S by means of inductively coupled thermal plasma.
Keywords: plasma, lithium- ion batteries, lithium- sulfur batteries, cathode.

1. Introduction
Lithium-ion batteries (LIB) have succeeded as energy
storage devices owing to the versatility of their chemistry
that allows for an efficient conversion of chemical energy
into electrical energy [1, 2]. They have been largely used
as power sources in portable electronics and, more
recently, in hybrid and electric vehicles as well as in
massive storage devices for the grid. In a battery, three
key components participate in the energy conversion: one
positive electrode (cathode) and one negative electrode
(anode) that are separated by an electrolyte. During a
typical discharge process, the negative electrode
undergoes an oxidation reaction where electrons are
removed and flow through the external circuit to the
positive electrode to generate the corresponding reduction
reaction. The electroneutrality of the electrodes is kept by
the transfer of Li+ through the electrolyte from the
negative to the positive electrode.
Most commercially available batteries are constituted of
lithium transition metal oxides (e.g. LiCoO2) or lithium
transition metal polyanions (e.g. LiFePO4) for the positive
electrode, and of graphite as the negative electrode.
LiCoO2 is a layered oxide that intercalates 1 mol of
electrons per mol of compound, yielding a theoretical
capacity of 274 mAhg-1, while LiFePO4 presents an
olivine structure with a theoretical capacity of 170 mAhg1
. Other compounds have been largely studied such as the
spinel LiMn2O4 which is less toxic and cheaper due to the
use of Mn, but which has poorer electrochemical
performances caused by parasitic reactions with the
electrolyte [3]. More recently, Li-S batteries have
attracted great attention since the theoretical capacity of S
(1672 mAhg-1) and of Li2S (1166 mAhg-1) largely surpass
that of LiFePO4 and LiCoO2 and because they are also
significantly cheaper [4, 5]. However, difficulties
associated with the low conductivity of Li-containing
electrodes and with the fast capacity fading are yet to be
overcome. In the case of Li2S, efforts to address the poor
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electrochemical performance include the formation of
carbon coatings on the surface of the particles, polymeric
encapsulation, the use of polymeric nanocomposites and
porous polysulfide reservoirs [5], among others.
The use of Li2S presents other challenges regarding its
manipulation in air since it is very sensitive to moisture:
when in contact with water, H2S is formed. To date and to
the best of our knowledge, there is no common procedure
to prepare Li2S for battery applications and most reports
in the literature use commercially available Li2S as
precursors of nano- or microsized Li2S particles [6–8],
mainly due to the fact that the synthesis of lithium sulfide
usually involves the use of lithium metal as precursors or
the emission of dangerous gases as reaction byproducts.
Such is the case of the synthesis of Li2S using sulfur and
triethylborohydride in tetrahydrofurane (THF), where H2
is produced [4, 9, 10]. Also, Li2S nanocomposite has been
prepared by reacting sulfur/C composite with nbutyllithium, which is an air-sensitive compound [11].
Vapor layer deposition has been considered as an
alternative approach, where lithium ter-butoxide and H2S
(toxic gas) were used as precursors to produced nanosized
Li2S [12]. Moreover, the use of commercial Li2S is
followed by grinding, ball milling or recrystallization in
ethanol, which is not efficient in terms of particle size
control, crystallinity, purity and costs.
In the search of new methods to prepare nanostructured
Li2S, we propose the use of plasma technologies. It is well
known that plasma-based procedures have been
developed to synthesize or to modify materials for
applications in microelectronics, inorganic nanoparticles
and carbonaceous compounds synthesis (e.g. graphene,
carbon nanotubes), thermal barrier, wear-resistant and
corrosion-resistant coatings and solid oxide fuel cells,
among others. They are now also considered for the
synthesis of nanostructured electrode materials and
separators with controlled composition, size and
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morphology for LIB [13]. Our group recently reported the
synthesis of LiFePO4 powders and of binder free coatings
by means of inductively coupled thermal plasma using the
same precursors used in a conventional synthetic routes
(e.g. sol-gel) [14]. Although most published studies on
plasma-produced electrode materials lack extended
electrochemical characterization tests (which usually
comprehend cyclic voltammetry, charge-discharge
profiles and impedance analysis), great advances have
been made in the preparation of nanostructured electrodes
with controlled size, morphology and preferred crystal
growth, which are critical to shorten Li+ diffusion paths,
increase the electrode/electrolyte contact area and
mitigate the volumetric changes of the electrode materials
upon cycling. Additionally, the use of plasma
technologies often reduces the number of experimental
steps required to produce LIB electrodes and almost
eliminates the solvent consumption otherwise required to
obtain crystallized and purified materials.
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Table 1. Experimental parameters for the plasma
synthesis of Li2S nanoparticles.
Parameter
Sheath
Central
Powder

Gas (Lmin-1)
Ar (80)
H2 (1.7)
Ar (23)
Ar (20)

Considering the many possibilities foreseen for the
preparation of LIB electrode materials by plasma
processes and the opportunity our research group sees in
contributing to this topic, herein we explore the synthesis
of nanostructured Li2S by means of inductively coupled
thermal plasma using a controlled atmosphere reactor
adapted with a glovebox and powdered precursors. With
this first attempt, we hoped to produce pure Li2S and to
collect it from the reactor in a controlled environment free
of moisture. Once the resulting powder was characterized,
preliminary electrochemical tests were performed, as
reported in this work.
2. Investigating ICP synthesis of Li2S
2.1. Experimental
The synthesis of Li2S was performed using an inductively
coupled thermal plasma torch (Tekna PL50) equipped
with a subsonic nozzle and mounted onto a controlled
atmosphere reactor, as illustrated in Figure 1. The reactor
pressure was 200 torr, the torch power was 33 kW and the
gas flow rates are shown in Table 1. The powdered
precursors were axially injected in the plasma at a rate of
1 gmin-1. The precursors LiOH·H2O and S were mixed in
stoichiometric ratio, ground for 15 minutes and later
placed in a powder feeder that is connected to the
injection probe. As sheath gas, a mixture of argon and
hydrogen was used while the central gas consisted on
pure argon. The use of a reductive plasma flame is key for
the reduction of S to S2- and to promote the formation of
Li2S. The plasma reactor used is adapted with a glovebox
filled with argon that allows recovering the products of
the synthesis in a controlled environment. It is worth
noting that all syntheses were carried out using personal
protective equipment to prevent contamination when
dealing with nanomaterials and possible exposure to
highly toxic H2S.
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Figure 1. Inductively coupled thermal plasma reactor
used for the synthesis of Li2S powders from powdered
precursors. *Glovebox image was taken from www.terrauniversal.com
2.2. Characterization of the plasma- synthesized Li2S
An X-ray diffraction (XRD) pattern was acquired using a
PANalytical X’pert Pro MRD diffractometer while the
sample was covered with a Kapton film (PANalytical) to
prevent Li2S decomposition during measurements. Figure
2b depicts the XRD pattern characteristic of Li2S. Indeed,
the main peaks were indexed in the cubic system of space
group Fm3m (PDF: 01-071-4841), allowing to confirm
the plasma synthesis of Li2S. Small amount of impurities
were found to consist of LiOH and S, most likely formed
due to the decomposition of Li2S when exposed to air.
The morphology of the plasma-produced powder was
observed by SEM and was found to consist of
agglomerates of spherical particles of tens of nanometers,
as illustrated in Figure 2a. Better image acquisition was
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prevented due to the high insulating character of Li 2S that
increases the brilliance when the beam hits the sample
and decreases the quality of the images.
In order to test the electrochemical performance of
plasma-produced Li2S, the electrode was prepared inside
a glovebox by mixing 50% of plasma-produced Li2S,
40% of carbon black and 10% of PDVF with N-Methyl-2pyrrolidone to prepare a slurry. Subsequently, the slurry
was casted on an Al foil and dried at 70C, also in a
controlled atmosphere. A 1 cm2 disk containing 0.9 mg of
Li2S was cut and assembled to a coin cell using 1.0 M of
lithium bis(trifluoromethanesulfonyl)imide in a mixture
of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME)
(1:1, v/v) as the electrolyte (without additives), and Li
metal as negative electrode.

is most likely related to the formation of byproducts due
to the absence of a stable SEI layer. When compared to
the cyclic voltammetry of carbon-coated samples reported
in the literature, it is clear that, by protecting the surface
of the nanoparticles with carbon, larger cycleability would
be obtained most likely due to the suppression of parasitic
reactions [15]. Moreover, the electrolyte used for this
preliminary test does not contain additives (e.g. LiNO3 or
P2S5) that have been reported to help stabilizing the SEI
layer and to passivate the Li electrode [16].

Figure 3. Cyclic voltammetry of Li2S electrode against
Li/Li+ at scan rate of 0.1 mVs-1.
3. Conclusions

Figure 2. a) SEM image of plasma-synthesized Li2S and
b) its XRD pattern.
Figure 3 depicts the typical cyclic voltammetry of Li2S.
The first cycle shows a single charge (or anodic) peak at
3.6 V related to the kinetic barrier that has to be overcome
in order to achieve the lithium extraction. At this
potential, Li2S is oxidized to lithium polysulfides and
sulfur (for most C-coated Li2S, this oxidation takes place
around 2.4 V). Two discharge peaks are observed at 2.02
V and 2.34 V and represent the electrochemical reduction
of lithium polysulfides to short-chain polysulfides and to
Li2S. Subsequent cycles show a sharp peak below 2.5 V
that indicate the fast Li+ diffusion at the given potential,
mostly attributed to the small particle size. Furthermore,
as the number of cycles increases, the area of the peaks
decreases and so does the capacity of the material, which
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Although the synthesis of Li2S was successfully achieved
by means of inductively coupled thermal plasma, the
electrochemical stability of the positive electrode material
is yet to be improved. In this sense, next steps include the
use of electrolyte additives such as P2S5 and LiNO3 that
would help preventing the formation of parasitic reactions
with the electrolyte while cycling. Furthermore, addition
of a carbon coating that would increase the electronic
conductivity and, at the same time, passivate the surface
reactivity of the Li2S nanoparticles, is expected to
improve its stability and electrochemical performance.
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Abstract: L605 alloy is widely applied for cardiovascular stents manufacture, however its
high content of Ni is a health concern. The aim of the present work was to study the potential
of oxygen plasma immersion ion implantation, using different parameters (bias voltage and
gas pressure), on the passivation of the L605 surface. Changes on chemical, physical,
electrochemical and mechanical properties were evaluated. Surface chemical composition
changed and corrosion rate decreased after plasma treatments.
Keywords: L605, oxygen plasma immersion ion implantation, bias voltage, gas pressure.

1.Introduction
L605 is a non-ferromagnetic Co-Cr-W-Ni alloy widely
applied for cardiovascular stents manufacture because of
its excellent properties: good corrosion resistance;
radiopacity; and high radial strength and ductility, which
allow the fabrication of stents with ultra-thin struts [1,2],
improving flexibility, deliverability and clinical
performance (lower restenosis rate) [3]. However, the
presence of high amount of Ni in this alloy is a health
concern, since this element has potential for
carcinogenicity and can cause toxic reactions [4]. It is
known that surface modification treatments capable of
forming stable passive coatings on metal surfaces can be
an alternative to reduce toxic metal ions release [5]. Plasma
immersion ion implantation (PIII) is a method of surface
modification that implant energetic ions on the surface of a
solid substrate, modifying its chemical, physical and
mechanical properties [6]. Oxygen PIII treatments of
commercially pure Ti was demonstrated to increase the
thickness of Ti-oxides on its surface, improving corrosion
resistance and blood compatibility [7,8]. For this reason, in
the present work, L605 was submitted to oxygen plasma
immersion ion implantation, with different bias voltages
and gas pressures. Changes in chemical, physical,
mechanical and electrochemical properties; and the
potential of these treatments to passivate the surface of the
L605 alloy were investigated by applying different surface
characterization techniques.
2. Materials and Methods
L605 flat samples were first electropolished to minimize
micro roughness and to have a more uniform surface.
Subsequently, oxygen plasma immersion ion implantations
were performed using gas pressures and pulsed negative
bias voltages in the range of 5 - 50 mTorr and 0.1 - 10 kV,
respectively; Tables 1 and 2 present the experimental
parameters used in this study. Atomic force microscopy
(AFM) and contact angle measurements were respectively
used to evaluate surface roughness and energy. Surface
morphology and chemical composition were assessed by
scanning electron microscopy (SEM) and X-ray
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photoelectron spectroscopy (XPS). Corrosion resistance
was investigated by potentiodynamic polarization tests in
saline solution (NaCl 0.152 M) at 37°C. The mechanical
properties of the modified surfaces were assessed by
nanoindentation, through a diamond cube corner tip
appropriately calibrated up to a penetration depth of ~ 60
nm.
Table 1. Experimental parameters used for all the
samples.
Antenna power
Pulse frequency

W = 300 W
f = 100 Hz

Pulse duration

tpulse = 50 μs (duty cycle 5 ‰)

Intake flow

v = 10 sccm

Base pressure

Pbase = 10-7 torr

Working pressure

Pworking = 5·10-3 torr

Atmosphere

O2

Implantation time

timpl = 60’

Table 2. Experimental parameters studied in the present
work. Sample C3 and D3 surfaces are the same.
Substrate
bias, Ubias

Group

Sample
name

(kV)

Working
pressure, PW
(× 10-3 torr)

Reference

EP

n. a.

n. a.

C1

- 0,1

50

C2

- 1,0

50

C3

- 10

50

D1

- 10

5

D2

- 10

10

D3

- 10

50

Group C
(bias
series)
Group D
(pressure

series)

3. Results and Discussions
Fig. 1 shows the 2D images of the electropolished and
plasma implanted (D3/C3 condition) surfaces obtained by
AFM. The electropolishing process applied in this work
was satisfactory, since it reduced the root mean square
roughness of the L605 surface from ~100 nm to ~10 nm.
Roughness after plasma implantation stayed in the range of
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10 - 14 nm and did not significantly change with bias
voltage and gas pressure variations.

Fig. 1. AFM 2D images of the surface of the L605 (a)
electropolished and (b) plasma implanted with a pressure
P = 50 mTorr and a substrate bias Ubias = -10 kV.
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since it resulted in a more uniform surface when compared
to the as received condition. Contact angle measurements
showed that plasma implantation increased the contact
angle (angles stayed in the range of 50 - 80°), in other
words, decreased the surface energy when compared to the
electropolished condition.
The implantation process affected the surface chemical
composition, compared to that of the bare electropolished
(EP) sample. The EP condition presents a surface which is
mainly composed of C, O and Cr. In particular, C is ~30 at.
%, O is ~ 50 at. % and ~ Cr is ~ 5 at. %. Co is present for
all the implanted conditions considered in this work; its
amount changes in the range of 5 to 10 at. %, depending
on the used parameters, while Cr is decreased to ~ 1 - 3 at.
%. Some Ni and W are present in very low amounts; traces
of N coming from atmospheric contamination and Na from
the electropolishing processes are only present in the EP
samples, and they are removed by the implantation process.
The presence of F can be attributed to external
contamination during the analysis or to the preliminary
surface treatment processes. The chemical compositions of
the surface do not correspond to that one of the bulk
material, since oxidation under low pressure and energetic
ion bombardment promotes the oxidation of certain
preferential elements instead of others [9].
The high resolution analysis shows the chemical state of
the main surface elements. Fig. 3 shows typical resolved C,
O, Co and Cr peaks for the C3/D3 condition (Table 1). C
presented three components (respectively ~285, ~ 286 and
~288 eV), which are present both for the EP condition and
for the implanted ones; the area associated to each of these
components changes depending on the considered
condition. O peaks were formed by three components, at ~
530, ~ 531 and ~ 533 eV, respectively corresponding to
metallic oxide, hydroxides and adsorbed water. Co2p1 was
resolved with several peaks, corresponding to Co oxide
(Co3O4 and CoO) and hydro-oxide (CoO(OH)), and
respectively situated at ~ 780, ~781, ~783 and ~786 eV. Cr
2p1 was formed by two peaks corresponding to two
different oxides, positioned at ~ 576 and ~ 578 eV.

Fig. 2. SEM micrographs of the surface of the L605 (a) as
received, (b) electropolished and (c) plasma implanted
with a pressure P = 50 mTorr and a substrate bias Ubias = 10 kV
The surface morphology, as well, was not considerably
changed after plasma implantation as can be seen in the
Fig. 2. The only difference that can be noticed when
comparing the micrographs of electropolished (Fig. 2b)
and plasma implanted (Fig. 2c) surfaces is that, after
plasma implantation, it is not possible to see the grain
boundaries, probably because of the amorphization
produced by the high fluence implantation [9]. Fig. 2 also
confirms the efficiency of the electropolishing process,
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Fig. 3. XPS HR spectra for (a) C1s, (b) O1s, (c) Co2p1
and (d) Cr2p1. The curves here represented are typical for
a sample implanted with a pressure P = 50 mTorr and a
substrate bias Ubias = -10 kV.
The potentiodynamic tests showed that the corrosion rate
decreased after plasma implantation when compared to the
electropolished condition. The plasma implantation with a
pressure of 50 mTorr and a bias voltage of -10 kV (C3/D3
condition) was the one that presented the lowest rate,
around 10 times smaller than the electropolished condition.
Due to amorphous nature and relatively high thickness and
density, the layer can have an active role in decreasing
surface defects, so it decreases the number of surface sites
triggering pitting corrosion [10].
Nanoindentation was used to assess both the reduced
Young’s modulus, Er (GPa) and the hardness H (GPa) of
the material. Because of the thinness of the modified
surface layer, and the penetration range used in the present
work, the mechanical properties are related to the system
composed by both the oxide layer and the substrate. C
group shows a H value of ~ 7 GPa, and a decreasing Er for
increasing working pressures, in the range 210 - 170 GPa.
D group showed a constant Er of around ~ 170 GPa, and H
decreasing in the range 9 - 8 GPa for decreasing applied
bias voltages. The change in elastic properties suggests a
structural modification of the oxide layer, that could be
affected by porosity [10].

[5] B. O’Brien et al., Annals of Biomedical Engineering,
44, 2 (2016).
[6] D. Vempaire et al., Plasma Physics and Controlled
Fusion, 47, 5A (2005).
[7] C.H. Yang et al., Clinical Oral Implants Research, 22,
12 (2011).
[8] W.C. Hung et al., Materials Science and Engineering
C, 68, 12 (2016).
[9] M. Dorri et al., Microscopy and Microanalysis, 22,
997 (2016).
[10] M. Cloutier et al., Advanced Materials Research, 409,
117 (2012).

4.Conclusions
The electropolishing process applied in this work was
satisfactory to reduce surface roughness and resulted in a
more uniform surface. The surface roughness and
morphology did not change significantly after plasma
implantation treatments; on the other hand, the surface
energy decreased after these treatments. Surface chemical
composition was affected by implantation process,
promoting oxidation of different elements and the
formation of an amorphous layer. This can be the reason
why the corrosion rate decreased after plasma implantation
treatments. The use of different parameters, bias voltage
and gas pressure, affected the mechanical properties of the
L605 surface.
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Synthesis of Core-shell Si/SiNx Nanoparticles Using a Dual-Stage Plasma
Reactor
R. Mandal and R. J. Anthony
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Abstract: Engineering core-shell nanocrystals presents the most effective strategy to date for
bandgap engineering and controlling optoelectronic properties of nanocrystals used in
devices like LEDs and solar photovoltaics. Growth of inorganic shells around individual
silicon nanocrystals has been experimentally challenging, though, limiting their deployment
in devices. Here we present on core-shell Si/SiNx nanoparticles synthesized using a multistage flow-through nonthermal plasma reactor. We examined the SiNx shell quality
composition and spectroscopic methods, revealing the optimal reactor parameters for SiNx
shell growth on Si nanocrystals using this reactor. Despite demonstrating shell growth, low
PL yields indicate that more work is needed to engineer an optimal shell in terms of chemical
composition and thickness.
Keywords: nonthermal plasma, nanocrystals, core-shell
standard cubic centimeters per minute (sccm) and 30 sccm
1. Introduction
In many nanocrystal (NC) materials, the solution to for the SiH4 (1% bal. Ar.) and Ar, respectively. RF power
achieving high performance in devices like LEDs and solar (13.56 MHz) at 25 W was supplied via a ring electrode
photovoltaics is to control NC surfaces and energy band through a house-built matching network, and coupled to a
alignment in the devices using core-shell morphologies. grounded electrode downstream. Subsequent to the Si NC
For example, commercial deployment of luminescent Cd- synthesis plasma, an additional gas injection arm supplied
based NCs for LEDs and displays was made possible by N2 gas to create the SiNx shell around the Si NCs as they
growing graded shells on the NCs, reducing surface defects passed through this zone. We explored two routes to
and protecting the NCs from environmentally-induced creating the SiNx shell: first, we shifted the grounded
degradation[1–6]. Silicon (Si) NCs are attractive alternative electrode for the primary plasma to just below the injection
emitters compared to Creating high-quality freestanding arm, extending the plasma to include N2 excitation
core-shell Si NCs could improve their promise in devices, (Configuration A, Fig. 1a). Second, we used two separate
as Si is abundant and relatively nontoxic – and plasma- RF power sources to generate two plasmas: one for Si NC
based routes to high-quality Si NC synthesis have been synthesis alone and one for SiNx shell growth
very productive[7–11]. The challenge is to grow protective (Configuration B, Fig. 1b). The reactor pressure was kept
shells on the Si NCs in a way that preserves the quality of between 2.7-3.4 Torr using a slit-shaped orifice. NC
the Si NC core and allows the same stability and bandgap samples were collected via inertial impaction onto
engineering that have promoted the success of Group II-VI substrates mounted to a push rod which was placed beneath
NCs.
the
orifice.
Work by the Kortshagen group has shown the capability
of growing Si shells around Ge core NCs, as well as using
plasmas for attachment of carbon chains to Si NC
surfaces.[12–14] In addition, Weeks et al. recently published
on growing SiNx shells on Si NCs using a flow-through
nonthermal plasma reactor, with promising results. [15] In
our approach, we build on this work to demonstrate growth
of Si/SiNx core-shell NCs using a dual-stage reactor with
the goal of creating an environmentally-stable wide bandgap shell around the Si NCs. Our results indicate that this
dual-plasma approach successfully grows SiNx shells
around the Si NCs and does hinder oxidation of the Si NC
cores.
2. Experimental Details
All samples were synthesized in a single flow-through
pyrex reactor with distinct gas injection zones (see Figure
1). Si NCs were produced in the first stage as described
Fig. 1: Configuration A (a) and Configuration B (b) for
previously using silane as precursor and additional Ar
synthesizing Si NCs with SiNx shells.
flown as a background gas.[7,8] The gas flowrates were 80
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We analyzed the SiNC/SiNx nanocrystals using FTIR
spectroscopy, photoluminescence (PL) spectroscopy,
electron paramagnetic spin resonance (EPR), transmission
electron microscopy (TEM), and x-ray photoelectron
spectroscopy (XPS).
3. Results
Our initial experiments, using Configuration A, revealed
growth of a partial SiNx shell around the Si NC cores as
evidenced by FTIR spectroscopy (Fig. 2a). We compared
Si NCs with N2 injection to Si NCs with H2 injection as a
reference.[7]

FTIR spectra pointed towards formation of SiNx around the
Si NC cores. The XPS data indicated a slightly improved
stoichiometric ratio for the core-shell NCs produced in
Configuration B compared to Configuration A, with the
Si:N ratio at 1:1.28.
As an indicator of the SiNx shell’s protective nature
regarding oxidation of the Si NC core, we performed EPR
measurements on the NCs immediately after deposition

Fig. 2: FTIR spectra from Si NCs with H2 injection (red)
and with N2 injection (green) as produced using
Configuration A.
The additional presence of Si-Nx bonding configurations
for the N2 injection sample indicate at least partial growth
of SiNx around the Si NC cores. TEM imaging reveals that
the nanoparticles remain crystalline, although it is difficult
to resolve the SiNx shell distinctly (Fig. 3). XPS results also
confirm SiNx growth, with a Si:N ratio of 1:1.22. A
stoichiometric Si3N4 layer should have a compositional
ratio of 1:1.33. PL measurements indicated that the coreshell NCs had diminished PL intensity compared to NCs
without a shell, which we suspected may be the result of an
incomplete shell coverage and increased dangling bond
density.

Fig. 3: TEM images of core-shell Si:SiNx NCs produced
using Configuration A.
To try to improve the SiNx shell thickness and coating, we
redesigned our process for Configuration B (show in Fig.
1b). In this scheme, we added a secondary 13.56 MHz RF
plasma (20 W) to extend the reaction zone and grow a
thicker and more stoichiometric SiNx shell. Again, our
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Fig. 4: Normalized EPR data from Si NCs coated
with SiNx in Configuration B (blue) and uncoated
(red). (a) Immediately after synthesis, the both
samples exhibit a small defect density. (b)
Following 7 days of air exposure, both signals
have increased in amplitude. However, the
asymmetric shape attributed to the formation of a
defect at the Si/SiOx interface is more pronounced
for the Si NCs without SiNx shells, and the
change in signal amplitude is increased for the
uncoated samples.
and following 7 days of air exposure. All of the EPR
spectra were normalized to the weight of the NCs inside
the measurement cavity. Immediately following
deposition, we observed the symmetric D-defect in Si NC’s
coated with SiNx (Fig. 4a) as well as in the reference
sample (Si NCs without any gas injection or secondary
plasma). Following a week of air exposure, the Si NCs
coated in SiNx exhibited a diminished increase in signal
amplitude and reduced contribution of the asymmetric Pb
defect (oxide-associated defect) as compared to the Si NCs
without nitride shells (Fig. 4b).[16] This indicates reduced
oxidation of the core-shell Si/SiNx NCs as compared to
uncoated NCs. This protective effect can also be observed
in the PL data, for which the core-shell Si NCs exhibited a
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peak PL shift of around 60 nm after a 39-day aging period
compared to the >100 nm shift observed for Si NCs with
no surface treatment.
4. Conclusions
We used a dual-stage plasma reactor to grow SiNx shells
around Si NC cores in two configurations: one with a single
plasma source and another with two independent plasmas
for core NC synthesis and shell growth. Our results show
clearly that a SiNx layer is grown around the Si NC cores
using both configurations, although the dual-plasma
technique leads to a more ideal stoichiometric ratio for the
SiNx shell. PL and EPR measurements point toward
increased environmental stability of the Si NCs when
coated with SiNx shells as grown in the dual-plasma case.
Our future work will expand on these experiments to
further improve the thickness and protective nature of the
SiNx shell as well as exploring other shell materials as
grown on the NC cores in-flight using these dual-stage
plasma reactors.
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Role of hydrogen in high-yield growth of boron nitride nanotubes at
atmospheric pressure by induction thermal plasma
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Abstract: Recently, we demonstrated scalable manufacturing of boron nitride nanotubes
(BNNTs) directly from h-BN powder by using induction thermal plasma with a high-yield
rate approaching to 35 g/h (Kim et al., ACS Nano 8. p.6211, 2014). The main finding was
that the presence of hydrogen is crucial for the high-yield growth of BNNTs at atmospheric
pressure. Here we investigate the detailed role of hydrogen using numerical modelling and
in-situ optical emission spectroscopy (OES) and reveal that, in the presence of hydrogen,
both the thermo-fluidic fields and chemical pathways are significantly altered in favour of
rapid growth of BNNTs.
Keywords: Boron nitride nanotubes, scalable manufacturing, hydrogen-assisted, induction
thermal plasma, optical emission spectroscopy

1. Introduction
Boron nitride nanotubes (BNNTs) are structurally
analogous to CNTs and resemble rolled-up cylinders of
single or few layered hexagonal BN (h-BN) sheets. These
one-dimensional nanomaterials represent a great potential
in science and technology featuring a set of unique
properties distinguished from CNTs, and their scalable
manufacturing has been of great interest, exploring
different synthesis techniques and seeking novel growth
enhancers [1]. Although some methods demonstrated the
gram-quantity production, unlike CNT case, it is still
challenging to produce BNNTs at commercial scales with
structural quality high enough for exploring their practical
applications [2].

BNNTs (i.e., ~35 g/h) even at atmospheric pressure;
however, in the absence of hydrogen, the products are
largely amorphous B, due to the inefficiency of the direct
reaction of B and N2 into BN phase (Fig. 2). Here we
investigate the detailed the role of hydrogen in the
hydrogen-assisted BNNT synthesis (HABS) using
thermo-fluid simulation and in-situ optical emission
spectroscopy (OES).

Fig. 2. Effect of hydrogen on morphological properties
of reaction products in HABS.

Fig. 1. Hydrogen-assisted, high-yield growth of BNNTs
by induction thermal plasma.
In 2014, we reported a very efficient chemical route for
the BNNT synthesis at atmospheric pressure using
induction thermal plasma (Fig. 1) [3]. This new plasma
process makes use of hydrogen as a growth enhancer,
which dramatically increases yield of small-diameter
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2. Results
Figure 3 shows the distributions of the temperature,
velocity, specific enthalpy, and thermal conductivity
calculated in the entire region of the reactor at a plate
power of 50 kW, and reveals that addition of hydrogen
alters the thermo-fluidic fields significantly. The most
notable change is the rapid cooling of the plasma due to
the improved thermal conductivity of hydrogen in a
temperature range between 3500 K and 4000 K which can
enhance the heat exchange with the surrounding at
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downstream as indicated in Fig. 3d. This may affect
nucleation of B droplets which serve as nucleation sites
for the BNNT growth.

Fig. 3. Thermo-fluidic fields calculated inside the HABS
reactor.
In Fig. 4a, temperature contours above B nucleation
(4200 K) and below B solidification (2450 K) were cut
off. In this zone, B particles are in the molten phase and
thus active for the BNNT growth. With hydrogen this
active zone appears early owing to the faster cooling of
the plasma and also extends further downstream by the
latent heat released from the recombination of H atoms at
a temperature around 3700 K. The axial temperature
profiles for both cases are plotted in Fig. 4b. In the
presence of hydrogen, a steep temperature gradient is
established between Z=0.2 and Z=0.5 m with an
estimated cooling rate of 10 5 K/s, due to the enhanced
thermal conductivity at the axial position between Z=0.4
and Z=0.6 m as indicated in Fig. 4c.

oral

homogenous nucleation. However, in the absence of
hydrogen, a gradual cooling rate is observed which will
significantly delay the nucleation of B droplets and limit
the subsequent BNNT growth. Once B droplets are
formed it is also important to maintain the temperature
above the B solidification limit as long as possible in
order to extend the BNNT growth. In Fig. 4b, the
effective BNNT growth zones are marked with shaded
areas for each case and clearly show that an extended
BNNT growth is anticipated in the presence of hydrogen.
To investigate chemical species generated, emissions
from the plasma were measured at Z=0.38 m from the top
of the plasma torch. Our OES measurements clearly show
that, in the presence of hydrogen, NH (A3Π–X3Σ) and BH
(A1Π–X1Σ+) radicals are generated from the dissociation
of the feedstock which are good precursors for formation
of BN-phases at the surface of B droplets providing B and
N elements through the dehydrogenation process (i.e.,
BH+NH→BN+H2). However, in the absence of
hydrogen, main reactive species are relative inert N2
molecules or N2+ ions limiting the BNNT growth (Fig. 5).

Fig. 5. Optical emission spectra measured during BNNT
synthesis.

Fig. 4. Effect of hydrogen on the nucleation of B droplets
and length of the BNNT growth zone.
Quenching of reaction stream results in the
supersaturation of B vapors and leads to their rapid
condensation into nano-sized B droplets through
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3. Conclusion
Our study reveals that, in the presence of hydrogen,
both the thermo-fluidic fields and chemical pathways are
significantly altered in favour of rapid growth of BNNTs.
The numerical simulation indicated improved quenching
rates owing to high thermal conductivity of hydrogen in a
temperature range of 3500–4000 K. This is crucial for
rapid formation of nano-sized B droplets for BNNT
nucleation. The OES study showed that, in the early stage
of the process, H radicals stabilized freed N radicals from
the feedstock dissociation as NH (A3Π–X3Σ) and BH
(A1Π–X1Σ+) and suppressed the formation of N2 or N2+
species. Compared to relative inert N2 or N2+, such
radicals can provide faster chemical pathways to the
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BNNT formation due to their relative low bonddissociation energies (BDE). Those findings will provide
critical insights into the further process optimization and
development of new BNNT synthesis methods by other
plasmas.
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Efficient and low-damage nitrogen incorporation in graphene
films by nitrogen microwave late-afterglow plasma treatment
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Graphene films grown on copper by chemical vapour deposition were exposed to a new
plasma environment: the reduced-pressure late-afterglow nitrogen plasma sustained by
microwave electromagnetic fields. X-ray photoelectron and Raman spectroscopies reveal
the presence of an important density of nitrogen incorporation (up to N/C = 29.4%) while
maintaining an unprecedentedly low-damage generation.
Keywords: graphene, N-incorporation, nitrogen late-afterglow, XPS, Raman
1. Introduction
Graphene already shows promises for the next
generation of electronics and optoelectronics devices [1]
but these applications require graphene to function as a
semiconductor [2]. Therefore, the availability of versatile
post-growth processing techniques is primordial to adapt
the graphene for implementation in technologies where
band gap or magnetic response are necessary, especially
in the domain of large-area films grown by chemical
vapour deposition (CVD).
Various nitrogen post-treatments and as-grown sample
synthesis methods have been explored to tune the Ndoping of graphene in order to increase its electron
density and to induce a band gap [3]. An ideal efficient
nitrogen doping would maximise (or precisely tune) the
N-doping and keep a minimal defect density. X-Ray
photoelectron spectroscopy (XPS) is commonly used as a
way to probe the N/C ratio. Overall, incorporation in
literature ranges from 1% to 16% [3-7]. On the other
hand, Raman spectroscopy has proven to be a powerful
tool to assess the lattice defect density using the intensity
ratio of the D over the G band. D/G ratios reported in the
literature usually varies from 0.5 to 2.5 [8-10].
This study deals with an innovative post-growth
treatment of graphene in a nitrogen late-afterglow
microwave plasma. This plasma environment offers a low
number density of ions while providing high density of
reactive neutrals N and metastable N2(A) species that may
act as an energy reservoir in the activation and/or
incorporation dynamics. This radical departure from
conventional plasma processing methods represents a
promising candidate for efficient and low-damage
nitrogen incorporation in graphene films.
2. Experimental details
The experimental setup is shown in Fig. 1 and
thoroughly detailed in a previous paper [11]. Briefly, a
2.45-GHz surface-wave launcher (namely, surfatron [12])
sustains a plasma in a fused silica tube. The injected
power is set to 30 W, resulting in a plasma length of 3 cm.
Downstream of the main plasma, two other bright regions
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are visible: the early afterglow and the late afterglow [13].
The afterglows expand first into the bent fused silica tube
then into the stainless steel processing chamber. The
number densities of plasma-generated N atoms, N2(A)
metastable species, and positive ions in the downstream
region were determined in a previous paper [11] by
optical emission spectroscopy and Langmuir probe
measurements.

Fig. 1 - Treatment of graphene films in surfacewave plasma late afterglow. Schematic of the
plasma system, where 1-4 show the location of the
different zones of the discharge and 5 is the
position of the graphene sample in the downstream
flow. The figure also shows various Nincorporation sites: graphitic, pyrrole and pyridine.
For all experiments reported in this work, the system
was operated at 6 Torr with a mass flowrate of 100 sccm
(standard cubic centimeters per minute), resulting in a late
afterglow plasma treatment at the sample position.
Measured atomic nitrogen and metastable N2(A) number
densities are respectively 1014 cm-3 and 1010 cm-3. Positive
ion densities in this region are less than 107 cm-3, much
lower than the values observed in the main plasma region
(>1011 cm-3) and in the early afterglow (109 cm-3). The
heavy species temperature is close to 300K in the late
afterglow, which further eliminates flux-induced heating
during the treatment [14].
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The graphene sample was synthetized by a CVD
process on a 25-µm copper foil, as detailed elsewhere
[15]. The unavoidable exposition to air in ambient
conditions lead to the presence of numerous cuprous
oxide (Cu2O) islands throughout the sample. The latter
received five subsequent treatments of 30 seconds
(treatment time = {0, 30, 60, 90, 120, 150} s) between
which XPS and Raman spectroscopy were carried out.
XPS was performed on an ESCALAB 3 MKII device
using the 300 W Al Kα source. The beam size was set at
2x3 mm2. To account for the metallic properties of the
graphene lattice, an asymmetric Doniach-Sunjic [16] peak
(asymmetry factor alpha = 0.06 [17]) convoluted with a
Lorentzian-Gaussian product (1:1) is used for the sp2 C-C
band. All other bands are fitted with a LorentzianGaussian product (1:1).
Raman spectroscopy of CVD-grown graphene on Cu
foil is usually performed after transfer on Si/SiO2.
However, the transfer to SiO2/Si is commonly performed
using Poly(methyl methacrylate) (PMMA) and leaves
PMMA residue, adsorbed O2 and trapped H2O that may
desorb during plasma treatment and lead to unwanted
chemical etching. Moreover, the removal of these
residues requires thermal treatment under vacuum that
induces irremediable defects to graphene [18]. Since our
study focuses on plasma-induced defects and knowing
that the D/G band ratio (related to the disorder or defects)
does not depend on the substrate [19], the transfer has
been avoided in favour of the use of a 488-nm laser
wavelength (2.54 eV) promoting easy baseline subtraction
and good signal-to-noise ratio. The measurements were
done using a x50 objective (numerical aperture of 0.55)
leading to a spot size of about 1 µm (verified by scanning
electron microscopy after irradiating amorphous carbon).
In order to avoid heating of the substrate, the power was
set to 0.7 mW and the acquisition time to 30 s. Repetitive
measurements confirmed that the sample were not
damaged by the laser exposition. Multiple spectra (7)
were taken at the same exact locations (with a spatial
resolution of 0.2 µm) representing the evolution, by 30-s
plasma treatment steps, of 4 different areas for graphene
over Cu and 3 over Cu2O.

Fig. 2 – XPS a) C1s and c) N1s spectra of graphene
on copper foil taken for 0, 30 and 150 seconds of
plasma exposure. b) XPS survey spectra for (i) 0,
(ii) 30 and (iii) 150 seconds.
C1*: π-π* shake up (291.3eV), C2: sp2 C=N
(285.45±0.1eV), C3: C-OH (286.3±0.1eV), C4: sp3 C-N
(287.5±0.1eV) and C5: C=O and O=C-O (288.4±0.2eV).
Nitrogen species reveal both aromatic configuration and
nitrogen on boundaries; N1: pyridine (398.5±0.1eV), N2:
amine, nitroso, pyrrole (399.7±0.1eV), N3: graphitic
(401±0.1eV). The associated peaks for oxygen-carbon
and oxygen-nitrogen binds have been studied in O1s to
avoid any inconsistencies and strengthen the
interpretation. We used; O1: ad-O, O*=C-OH, Cu2O
(530.5±0.2eV), O2: C-OH, C-O-C, C=O (532.0±0.2eV)
and O3: O=C-O*, nitroso (533.2±0.2eV).
The relative atomic percent of each nitrogen
incorporation are reported in Fig. 3 as a function of the
total treatment time. Overall, the N-incorporation
monotonically increases, reaching a N/C ratio of 29.4%
(N1s/(C1s+N1s+O1s) = 18.18%) for a 150-s late
afterglow plasma treatment. The graphitic incorporation
(N3) increases towards a saturation (N/C = 4.3%). The
latter could corroborate defect limited incorporation of

3. Experimental results and discussion
Fig. 2 shows the influence of the plasma exposure time
on the graphene sample by displaying the survey and the
carbon C1s and nitrogen N1s high resolution XPS scans.
C1s band arises around 284.6 eV and reveals a series of
sub-peaks at higher binding energies (285.5-290 eV).
Nitrogen N1s peak is found at 400±2 eV and composed of
three distinct sub-peaks. Oxygen O1s HR-spectra (not
presented) also reveals an asymmetric peak around 532±3
eV fitted with three different contributions.
C1s spectra are fitted with five sub-peaks and the π-π*
shake-up of the main C1s peak; C1: sp2 C-C (284.6eV),
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Fig. 3 – Relative atomic percentage (C1s+O1s+N1s)
of different nitrogen incorporation as a function of
treatment time. Lines are guides to the eye only.
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nitrogen species. Furthermore, angular resolved XPS
measurements (not shown) reveal that the oxygen is the
predominant species on the surface and that nitrogen is
more concentrated in depth. This indubitably confirms the
N-incorporation into the graphene lattice.
Raman spectroscopy is a powerful tool to investigate
carbon materials, especially graphene. Raman spectra of
defect-free single-layer graphene possess several
distinctive features, mainly the peaks G (~1580 cm-1) and
2D (dispersive, ~2700 cm-1 at laser wavelength = 488
nm, also called G’). The D peak (~1350 cm-1) is observed
in disordered graphene. Thus, the defect density
throughout the graphene lattice may be assessed by the
value of the ratio of D over G peak intensities. The latter
is indeed directly linked with the crystallite size La
[20,21]. In this study, we will mainly focus on the value
of the D over G band intensity ratio to assess the damage
undergone by the graphene lattice.
The Fig. 4 presents the evolution of the Raman spectra
of graphene on copper (GrCu) and graphene on cuprous
oxide (GrCu2O) for subsequent 30-s treatments. It is
worth noting that the modification induced by the
treatment is different for the two set of points. On Cu2O,
the 2D and G bands both show an important blue-shift
(+15 and +7 cm-1, respectively) that may be explained by
the relaxation of a tensile strain [22, 23]. The G band
position is also known to be affected by the crystallite size
(blue-shift when La decreases) and the doping (blue-shift
for n- or p-doping). On GrCu, the position of G is slightly
constant up to 60 s before a blue-shift appears (+4 cm-1).
Because the graphene Fermi level is shifted by the
interactions with the underlying Cu (or Cu2O) substrate
[22], it is difficult to conclude on the possible n-doping
induced by such a plasma treatment.

Fig. 4 – Raman spectra as a function of treatment
time for graphene on Cu and Cu2O.
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The D/G ratios for both sets of positions are shown in
Fig.5. The defect density steadily increases for graphene
on copper while graphene on cuprous oxide suffer a rapid
increase of D/G ratio followed by a minor decrease. The
former supports the steady N-incorporation measured by
XPS. The difference in contact doping effect [22], the
additional strain-induced doping [22] and the defect-like
morphology for graphene on Cu2O is what most probably
leads to the different behaviour observed. Note that n- or
p-doping is known to induce a decrease in the Raman D
band intensity [23]. D/G ratios for both graphene on
copper and graphene on Cu2O treated for 150 seconds in
the early afterglow are also shown in Fig.5. The higher
density of energetic species leads to more damaged
samples and supports the relevance of the late afterglow
treatments in achieving low-damaged N-doped graphene.

Fig. 5 – Ratio of Raman D over G bands as a
function of treatment time for late afterglow (LA)
and early afterglow (EA) treatments of both
graphene on copper and graphene on cuprous oxide.
Lines are guides to the eye only.
4. Conclusion
Graphene CVD-grown on copper foils were exposed to
the late afterglow of a reduced-pressure nitrogen plasma.
XPS measurements reveal N-incorporation in both
aromatic and out-of-plane configurations with an N/C
ratio reaching 29.4%. Graphitic incorporation reaches a
saturation (at 90 s) that is believed to be linked to defect
limited incorporation. Moreover, Raman spectroscopy
reveals the change in the treatment dynamics for graphene
on copper and graphene on cuprous oxide. Both reveal
very low D/G ratios for such high values of Nincorporation. More damage were observed for the early
afterglow. The low ion density and the high density of
reactive neutral and metastable species of the nitrogen
late-afterglow is possibly the key of such tunable and
low-defect N-incorporation in graphene.
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Plasma deposition of nanocomposite thin film
by using a reactor-injector of nanoparticles
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Abstract: Nanocomposites are really innovating materials formed of at least 2 phases that allow obtaining
multifunctional properties - the concentration, size, shape and distribution of nanoparticles together with the
characteristics of the matrix contributing to the overall properties. A new method to plasma deposit
nanocomposite thin films based on small (<10 nm) and isolated (i.e. non-aggregated) nanoparticles finely
dispersed in the matrix, using a reactor-injector, is reported.
Keywords: nanocomposite thin films, nanoparticles injection, plasma deposition.
1. Introduction
Nanoparticles (i.e. materials with at least one dimension
less than 1 µm) are developing unique physical and/or
chemical properties. Embedded in a matrix, they are
forming so-called nanocomposite that exhibit multifunctional properties.

a)

b)
Fig. 1. Evolution of the ratio between the surface and the
volume of nanoparticles with a) their radius and b) their
number in a linear or compact aggregate for 1 nm in
radius.
It is obvious that the nanoparticle size significantly
influences the final properties of the nanocomposite
material [1]. For example, for the properties directly to
the number of atoms in contact with the matrix, directly
related to the ratio between the surface and the volume of
nanoparticles and considering spherical nanoparticles, the
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less the size is, the more the properties due to nanoparticle
surfaces are as schematized in Fig. 1.a.
The very simplest method to plasma deposit
nanocomposite thin films is based on the injection of
suspensions composed of ex-situ preformed nanoparticles
with the matrix precursor(s). Aerosols can be injected
using a nebulizer or a Direct Liquid Injection (DLI)
devices [2]. For example, aerosol assisted plasma
processes at atmospheric pressure has been developed to
deposit a large variety of nanocomposite thin films [3].
However, in almost all experiments the size of the
nanoparticles embedded in the matrix is bigger than those
in the initial solution. This phenomenon is attributed to
the small stability of the suspensions that induce
aggregation and sedimentation of nanoparticles in the
solution [4] and/or to the spray, the nebulization
producing droplets where nanoparticles agglomerate
during the evaporation of the solvent [5]. Hence, it
considerably modifies the resulting properties of the
deposited nanocomposite thin film as schematized in
Fig.1.b. In contrast, to the best of our knowledge, aerosol
assisted methods are not really used in low-pressure
plasma processes.
In addition, to the difficulty to meet specifications on
the nanoparticles (size, concentration), processing of
nanocomposite thin films meets two other hard points,
namely, (i) the implementation of processes with a high
degree of control and reproducibility, and (ii) the
environmental and safety constraints related to the
manipulation of nano-objects. Indeed, though the norms
and regulations such as REACH are not restrictive for the
moment for nanomaterials, the manipulation of
nanoparticles and their potential health and safety risks
can limit their use.
We recently patented a reactor-injector [6] where
nanoparticles are in-situ synthesized from liquid
precursors prior to their injection in process chambers
(Fig. 2). This method relies on the development of a safe

345

oral

Plasma processing of nanomaterials and nanostructures

processing route for nanocomposite thin films deposition
i.e. without any manipulation of nanoparticles by users.
This method is quite versatile, as various nanoparticles
can be synthesized, and compatible with wet or dry
processes at low or atmospheric pressure [6].

nanoparticles are synthesized in the reactor-injector with
an average diameter of 6 nm similar to that obtained in
solutions [7]. The spray is a mixture of nanoparticles with
pentane. The concentration of ZnO nanoparticles injected
with pentane is equivalent to 5×10-2 mol.l-1.
The DLI device is connected to the shower electrode of
a 300 mm in diameter RF capacitive discharge. By
adjusting the pumping speed, the average pressure in the
reactor is set at 270 Pa with an amplitude of oscillations
of 3 Pa. The plasma is ignited by injecting 100 W from a
Cesar Power Supply on the bottom electrode.

Fig. 2. Schematic description of the reactor-injector.
Here, we report examples of nanocomposite thin films
based on ZnO nanoparticles embedded in an
hydrogenated amorphous carbon matrix deposited in lowpressure RF plasma. These films are deposited from
different processes, i.e. by injecting a colloidal solution or
by using the reactor-injector, and compared.

Silicon samples as well as copper grids are fixed during
the process on the biased electrode. They are respectively
used to estimate the deposition rate by profilometry and
the characteristics of nanoparticles Transmission Electron
Microscope using a JEOL 1011 microscope operating at
100 kV. For different images, the size distribution,
characterized by the average diameter and the FWMH, is
determined.
3. Plasma deposition process with colloidal solutions
Nanocomposite thin films were first deposited by
injecting a solution of preformed ZnO nanoparticles in
pentane. Note that the concentration of the suspension
must be lower than 2.4×10-3 mol.l-1 to prevent
nanoparticles aggregation in the solution, i.e. 20 times
less than in the reactor-injector mode.

2. Material and Methods
ZnO nanoparticles has been formed through the
hydrolysis of dicyclohexylzinc, Zn(Cy)2, in the presence
of dodecylamine ligand (DDA) used as stabilizing agent
[7]. In this chemical reaction, the isotropic nanoparticles
are crystalline, in the wurtzite phase, with an average
diameter of 6 nm.
0
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Fig. 3. TEM image and size distribution of ZnO
nanoparticles formed and sprayed from the reactorinjector.
An Atokit DLI device from Kemstream was used (1) in
a classical mode, i.e. the direct injection of ex-situ
preformed ZnO nanoparticles charged suspensions in
pentane under an argon stream or (2) as a reactor-injector
mode with pentane co-injected with Zn(Cy)2 and DDA as
the liquid phase and water vapor as the reactant under an
argon stream. As shown in Fig. 3, isotropic ZnO
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Fig. 4. TEM images of nanocomposite thin film deposited
in a RF capactively coupled plasma and size distribution
of ZnO nanoparticles obtained a) from a solution of
preformed ZnO nanoparticles in pentane and b) using the
reactor-injector.
As shown in Fig. 4.a, it consists in an hydrogenated
amorphous carbon matrix with about 1 vol% of ZnO
nanoparticles embedded in. The deposition rate is of
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about 8 nm.min-1. Most of the ZnO nanoparticles are
found isolated with an average diameter of 6 nm but, as
previously mentioned, some are agglomerated (10%). It
means that aggregation takes place in the solution, in the
injection process and/or in the plasma chamber limiting
the deposition of isolated nanoparticles in the matrix.
4. Plasma deposition process with the reactor-injector
Nanocomposite thin films were deposited by using the
reactor-injector, i.e. ZnO nanoparticles were formed in the
DLI through the controlled hydrolysis of Zn(Cy)2
precursors in presence of DDA. It consists in an
hydrogenated amorphous carbon matrix with deposition
rate is still of about 8 nm.min-1. However, as shown in
Fig. 4.b, nanoparticle are well dispersed in the matrix
without agglomeration as observed on the size
distribution centered around 6 nm with about 3 vol% of
ZnO nanoparticles embedded in the matrix.. Hence, the
reactor-injector leads to the deposition of isolated
nanoparticles in the matrix.
First, the production as close as possible from the
injection limits the aggregation processes due to the
suspension. However, the formation of droplets is
inherent to the use of DLI. This suggests that, in this
mode, the solvent is in vapor phase outlet the reactorinjector.
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Fig. 5. Optical emission spectra in a plasma produced in
a) argon and b) in argon + pentane + ZnO nanoparticles
produced in the reactor-injector. A zoom in the 450700 nm range is reported inset. The red curve corresponds
to the fluorescence of ZnO nanoparticles.
Aggregation seems to do not take place in the plasma
phase. This point can be attributed to the nanoparticles
velocity at the outlet of the reactor-injector. Indeed, if the
latter is fast enough, the transit time of nanoparticles
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would be slow enough to limit their charge and then their
aggregation in the gas phase. However, by injecting 20
times more concentrated ZnO nanoparticles, only 3 times
more are found in the matrix. It means that nanoparticles
can be efficiently confined in the plasma (due to their
charge) and transported elsewhere than on the bottom
electrode.
The charging process of nanoparticles implies that
plasma characteristics are modified by the injection of
ZnO nanoparticles. Optical emission spectroscopy has
then been performed as reported in Fig. 5.a. A plasma
produced with argon is used as a reference: very strong
emission lines from the 2p-to-1s (Paschen notation)
transitions of argon are observed in the 750–900 nm range
with a main feature of the 811.5 nm line and of the one at
750.3 nm. In comparison, Fig. 5.b presents the optical
emission spectra in a plasma in the presence of ZnO
nanoparticles. In this case, the argon lines intensities are
highly affected: the 811.5 nm line is highly reduced in
comparison with the 750.3 nm one suggesting that the
electron energy distribution is modified. Hence, ZnO
nanoparticles are not “transparent” to the plasma. They
can be charged during their transit but their concentration
in the plasma volume is small enough to limit aggregation
processes.
In addition, a broad band in the 450-700 nm range
appears in the presence of ZnO nanoparticles. This
continuum is in good correlation with their fluorescent
spectra (red line in Fig. 5.b) suggesting that ZnO
nanoparticles are absorbing and emitting light during their
transit in the plasma volume. Considering a relaxation
time of fluorescence of the order of 1 µs [ref], it
evidences that the ZnO nanoparticles lifetime is long
enough to be charged hence affecting the plasma
characteristics.
5. Conclusion
A new method for the plasma deposition of
nanocomposite thin film is reported. It deals with the use
of a reactor-injector where nanoparticles are synthesized
in-situ and injected with the matrix precursor in the
plasma volume. This method allows depositing
nanocomposite thin films with really small nanoparticles
(for ZnO, 6 nm in diameter), isolated and highly dispersed
in the matrix.
The versatility of the chemical route for the synthesis of
nanoparticles combined with plasma process allows
depositing a large variety of nanocomposite thin films. In
addition, the process is safety by design as no
manipulation of nanoobjects is necessary.
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Abstract: Pulsed inductively coupled plasmas (ICPs) are used to customize reactant fluxes
and ion energy distributions (IEDs) to surfaces in materials processing. IEDs in these systems can have lower average energy. However, during the turn-on transient of the pulsed
power when the plasma density is low, capacitive coupling from the antenna can occur, increasing the plasma potential and energy of ions striking surfaces. This work discusses results from a computational investigation quantifying this non-ideal behavior in pulsed ICPs.
Keywords: pulsed inductively coupled plasma, E-H transition, ion energy distribution
1. Introduction
Inductively coupled plasma (ICP) reactors are widely
used for surface modification of materials such as etching
and thin film deposition in microelectronics fabrication.
Additional control of plasma parameters is often desired
to customize reactant fluxes to address the increasing
complexity of modern features. Pulsing the source power
provided by the antenna in ICP reactors is an important
parameter in customizing fluxes in high precision
processes such as atomic layer etching and deposition.
Pulsing the power enables operation in parameter spaces
that would otherwise be inaccessible when using
continuous wave power deposition [1]. Specifically,
pulsing allows, on average, extraction of lower energy
ions to a substrate for a given time averaged power
deposition.
To achieve these positive outcomes in a controllable
manner, practical challenges must be met. When the
power is initially turned on during the late afterglow of
the previous pulse, the initial potential on the antenna can
be many hundreds to thousands of volts. If the density of
electrons is low, the plasma may reignite aided by
electrostatic coupling from the antenna [2]. These
conditions are a mix of E-mode (capacitive coupling) and
H-mode (inductive coupling) since the low electron
density produces a thick sheath that maximizes capacitive
coupling at the surface adjacent to the antenna, and a long
electromagnetic skin depth that minimizes inductive
coupling. The electrostatic coupling with radio frequency
(rf) voltages produces large oscillations in the plasma
potential. As the plasma density increases during the
pulse, the power delivery progressively becomes more Hmode, as both the sheath and skin depth shrink. This
transition produces perturbations in most of the properties
of the plasma, and the consequences of these
perturbations on material processing are largely unknown.
In the absence of ideal Faraday shields, there will always
be some capacitive coupling from the antenna to the
plasma (mixed E- and H-mode) due to the high voltage on
the antenna. The transient during pulsing exacerbates the
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issue due to large impedance changes in the plasma.
Another practical matter, not addressed here, is the
manner of impedance matching the power supply to a
load – the plasma filled reactor – when the impedance of
the load may undergo large changes (reactance from
capactive to inductive, resistance decreasing by large
amounts) in only tens of microseconds.
In this work, the consequences of pulsing the power in
ICPs was computationally investigated with a particular
focus on resolving the effects of capacitive coupling from
the coil antenna. Results will be discussed for ion energy
and angular distributions (IEADs) delivered to the
substrate during the transient between E- and H-modes
during pulsing of ICPs.
2. Modeling platform and simulation conditions
The Hybrid Plasma Equipment Model (HPEM), a 2dimensional plasma fluid hydrodynamics model for low
temperature plasmas, was used in this work and a detailed
description can be found elsewhere [3]. One important

Fig. 1. Schematic of the cylindrically symmetric ICP
reactor used in this work.
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Fig. 2. IEAD for Ar+ incident onto the wafer at times
during a pulse considering no capacitive effects, (2
decade log-scale).

Fig. 3. IEAD for Ar+ incident onto the wafer at times
during a pulse with capacitive coupling, (2 decade logscale).

module of the HPEM used in this work is the Plasma
Chemistry Monte Carlo Module, which tracks the trajectory of particles under the influence of electric fields and
collisions to produce the energy and angularly resolved
fluxes of ions and neutrals to surfaces. Capacitive coupling from the antenna is addressed by including the voltage on the antenna in the solution of Poisson’s equation
which extends through the entire computational domain.
The resulting electric fields penetrate into the plasma and
are naturally included in the plasma transport equations.
The resulting collection of charge on dielectric surfaces
feeds back through solution of Poisson’s equation. A
circuit model is used to generate the currents and voltages
on the antenna. The capacitive currents to the antenna are
directly computed by Fourier analysis of the displacement
current entering the antenna.
The geometry used in this work is based on a typical
industrial ICP tool for 300 mm wafer processing. The
reactor has a wafer to dielectric window height of 16 cm
and a chamber radius of 27 cm. The three-turn coil is
located towards the reactor edge and is powered from the
center. Ar gas (1,000 sccm) flows into the reactor from
the center of the dielectric window, and outlet flow is
controlled to keep the pressure approximately 20 mTorr.
The only source of power applied to the plasma is the
planar coil antenna – that is, there is no substrate bias.

tive power are shown in Fig. 2. When the power is first
turned on in the afterglow of the previous pulse, ions are
extracted with low energy (12 eV) due to the time delay
for electron temperature and plasma potential to increase
as power is applied. When the peak power is reached, the
electron temperature increases to 3.9 eV and the plasma
potential increases to 35 V. Ions arrive at the wafer with
energies of 30 eV. Late in the afterglow only low energy
ions hit the wafer (5 eV or less) as the plasma potential
relaxes to less than 10 V.
The IEADs when including capacitive coupling are
shown in Fig. 3. When the initial power is turned on, there
is a spike in the IEAD to the wafer, with the highest energy ions reaching almost 90 eV. The voltage on the antenna at this time is 2,300 V on the powered side, which
produces a maximum in the plasma potential of 132 V. As
the plasma density increases, the impedance of the load
decreases and so the voltage on the antenna decreases.
When the maximum inductive power is reached, the IEAD has a semi-dual peaked distribution expected from the
oscillating plasma potential with peak energy of 55 eV.
At this time, the voltage on the antenna is 1,400 V. In the
late afterglow, a similar IEAD is found as without capacitive coupling since the antenna voltage is zero in both
cases. The majority of the power deposition due to capacitive coupling is expended in the sheaths in ion acceleration. The addition of capacitive coupling has a marginal
impact on the plasma properties except for the sheath
potentials and energy of ions extracted.
With the pulsed period only 50 s long, the energydependent surface processes likely respond to the cycle
averaged IEADs. The IEADs averaged over the pulsed
period are shown in Fig. 4 for both H-mode and mixed Eand H-mode cases. With capacitive coupling, the energy
of ions incident onto the wafer reflects the oscillation of
the rf potential, which dominates during the initial appli-

3. Capacitive coupling in pulsed ICPs
The effects of capacitive coupling for a 20 kHz pulsed
Ar plasma were investigated by comparing to model results without capacitive coupling. Power is applied to the
antenna at 10 MHz – 500 W cycle averaged inductive
power deposition with a 30% duty cycle. This latter case
might be for conditions with an ideal Faraday shield. The
power dissipated by capacitive coupling is in addition to
that for inductive coupling.
The IEADs onto the wafer for the case with only induc-

350

ISPC23, Montreal, Canada

Plasma processing of nanomaterials and nanostructures

oral

4. Concluding remarks
Pulsed inductively coupled plasmas can be an effective
way to achieve ions with a low cycle-averaged energy
onto the wafer. Capacitive coupling from the coil upon
application of power resulting in a mixed E- and H-mode
will produce excursions of the plasma potential that increase the ion energy incident onto the wafer. The mixed
mode also complicates impedance matching to the power
supply during the transient.
5. References
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Fig. 4. Ar+ IEAD averaged over the pulsed period for
inductive power only and when including capacitive
effects, (2 decades linear scale).
cation of power.
When considering capacitive coupling which produces
a mixed E- and H-mode, the plasma potential oscillates
with the coil frequency (10 MHz). The plasma potential
with and without capacitive coupling during a pulsed
period is shown in Fig. 5. At the beginning of the power
on phase, the maximum plasma potential spikes to over
130 V due to the high coil voltage (2,300 V) required on
startup. As the electron density increases, inductive power
deposition becomes more efficient (lower impedance) and
a lower voltage is required to drive the current. This leads
to a decrease in the plasma potential and a decreasing
energy of extracted ions throughout the power on phase.
When the power is turned off, the plasma potential relaxes
to the same value as without capacitive coupling and the
IEADs become similar in the afterglow. Although the
plasma potential spikes to a high value, the maximum ion
energy hitting does not exactly correspond to the maximum plasma potential occurring underneath the coils.
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Fig. 3. Maximum plasma potential in the plasma when
considering capacitive coupling from the antenna (red)
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Anna Liguori1, Tommaso Gallingani2, Dilli Babu Padmanaban3, Romolo Laurita2, Tamilselvan Velusamy3,
Gunisha Jain3, Manuel Macias-Montero3, Vittorio Colombo1,2, Davide Mariotti3, Matteo Gherardi1,2,
Alma Mater Studiorum-Università di Bologna, Bologna, Italy
Industrial Research Centre for Advanced Mechanics and Materials
2
Department of Industrial Engineering

1

3

Nanotechnology & Integrated Bio-Engineering Centre (NIBEC), Ulster University, UK

Abstract: An environmentally friendly, surfactant free process for the synthesis of copper
based nanostructures assisted by non-equilibrium atmospheric plasma is presented. The
synthesis was performed in two different solutions, containing NaCl and NaOH+NaCl. The
plasma jet was used as cathode of the electrochemical cell in which an anode copper foil
was dipped in the solution. CuO crystalline structures were produced from NaCl solution,
while CuO and CuCl2 were synthetized in a solution of NaOH and NaCl.
Keywords: nanostructure synthesis, CuO, nanopulsed plasma jet, plasma-liquid interaction.
1. Introduction
Recently, the interaction of non-equilibrium
atmospheric plasmas and liquids has been deeply studied
and used in a wide range of applications, such as plasma
medicine and nanomaterial synthesis. Radicals, ions and
electrons in the plasma discharge interact with the liquid
environment and promote several reaction pathways,
depending on the setup configuration. Nanostructure
synthesis can occur directly in the liquid phase, when
specific setups for plasma-induced synthesis are used. As
reported by Sankaran et al.[1], using plasma as a
contactless cathode of an electrochemical cell induce the
nanostructures to nucleate, grow and disperse freely in the
liquid phase, avoiding contamination of the solid phase
from the cathode. The possibility of using microplasmas
to reduce Au salts dissolved in aqueous solution,
synthetizing and controlling nanoparticles size and
morphology of Au is demonstrated by Mariotti et al. [2].
Du et al. [3] demonstrated that the cathodic microplasma
configuration together with an anodic copper foil
immersed in an electrochemical solution can lead to the
synthesis of CuO2 nanostructures without metal
containing precursors in the liquid phase. Also Chiang et
al. [4] investigated the plasma induced synthesis of Ag
nanoparticles in liquid environment: the authors also
proposed the reaction pathways and localized the
nanoparticles nucleation and growth under the cathodic
microplasma. Still the interaction between plasma and
liquid environment needs to be further examined in order
to better understand the process with the aim of increasing
the yield, controlling the morphology and reducing the
impurities of the synthetized nanostructures.
In this work the Authors focus on the influence of the
liquid environment on the chemical and morphological
characteristics of copper based nanostructures produced
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using a plasma assisted synthesis process. The process
was performed in two electrolyte solutions, containing
NaCl+NaOH and NaCl dissolved in distilled water
without the use of surfactant and capping agents. A nonequilibrium atmospheric plasma jet was used as a
contactless cathode, while a copper foil, dipped in the
solution, was used as an anode and connected to a high
voltage nanopulsed DC generator. The characterization of
the nanostructures was performed by means of XRD and
XPS in order to obtain information on the chemical
characteristics of the sample and through TEM to
investigate their morphology.
2. Materials and Methods
The atmospheric non equilibrium plasma source
adopted in this work is a single electrode plasma jet,
already used by the Authors for different applications [57]. The high voltage electrode is a stainless steel needle
19.5 mm long and with a diameter of 0.3 mm. The plasma
plume is ejected from the source through a 4 mm orifice.
The plasma source was driven by a commercial
nanopulsed DC generator (FID GmbH - FPG 20-1NMK)
producing high voltage pulses with a slew rate of few
kV/ns, pulse duration around 30 ns, a peak voltage (PV)
of 7-20 kV. Two different electrolyte solutions were
prepared to perform the synthesis. The first solution
(SOL1) was composed of 6 ml of distilled water
containing NaCl (0.075mg/ml) and NaOH (0.005mg/ml).
The second solution (SOL2) consisted in 6 ml of distilled
water containing only NaCl with a concentration of 0.15
mg/ml. Salts were added to distilled water in order to
increase the electrical conductivity of the solution and to
allow the current flow from anode to cathode. Due to the
presence of NaOH, SOL1 resulted extremely basic (pH
12.81±0.03) while SOL2 showed a weak acid state (pH
5.91±0.25).
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A copper foil 2cmx2cm dipped in the electrolyte
solution was used as an anode. The plasma jet, used as a
cathode, was fed by 3 slpm of Ar and its outlet orifice was
positioned 1mm above the liquid surface; a schematic of
the experimental setup is shown in Figure 1. The peak to
peak voltage and pulse repetition frequency of the
nanopulsed generator were respectively set to 7 kV and
320 Hz. The plasma treatment of the liquid solution
lasted 30 min.
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those produced from SOL2. Futhermore, nanorods
synthetized in SOL1 exhibit a polycrystalline nature,
while a single cristal phase can be observed for nanorods
produced in SOL2 .

Fig. 2. Photos of SOL1(a,b) and SOL2(c,d) before and
after 30 min of plasma treatment

Fig. 1. Schematic experimental setup
The solutions and the colloids were characterized using
UV-vis spectroscopy (Fulltech Instrument), pH
measurement (InLab Micro Pro) and a semi quantitative
analysis of Cu ions, hydrogen peroxides, nitrates and
nitrites concentration were performed using test strips
(Analytic Quantofix).
The chemical properties of the synthetized
nanostructures were performed using XRD (XRD, Bruker
D8 Discover) and XPS (Kratos Anlytical, Japan).
The morphology of the samples was analysed using
TEM (JEOL JEM-2100F).
3. Results
After 30 min of plasma treatment SOL1 and SOL2
changed their colour, becoming respectively brown and
green (Figure 2) due to the formation of copper based
nanostructures. After plasma treatment, SOL1 showed an
increase in the concentration of Cu ions, nitrates and
nitrites, while no variation is observed regarding pH. As
observed for SOL1, also in SOL2 the concentrations of
Cu ions, nitrates and nitrites rised after plasma treatment,
but pH drastically increased (from 5.91±0.25 to 10.35±0.
22).
After plasma assisted synthesis of copper nanostructure,
samples for TEM analysis were washed 4 times in water
and 4 times in ethanol and then drop-casted on carbon
coated Au grids. TEM images of nanostructures, reported
in Figure 3, highlight the presence of nanorods and
nanoparticles, both dispersed and aggregated, in the
plasma treated solutions. While nanoparticles produced in
both solutions had a mean diameter of 10 nm, the
chemical composition of the electrolyte solution appeared
to affect the morphology of the nanorods: nanorods
produced from SOL1 appeared larger and longer than
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Fig. 3. TEM images of synthetized nanostructures in
SOL1(a,b) and SOL2(c,d)
The formation of CuO nanostructures presenting a
monoclinic pure phase was confirmed by XRD analysis.
The presence of CuO phase is confirmed also by XPS
both for SOL1 and SOL2. Moreover, the XPS analysis
showed that limited quantity of metallic Cu and CuOH2
are present in sample of SOL1. Regarding SOL2, the
contextual presence of CuO and CuCl2 was detected by
XPS.
4. Conclusion
In this work, a study on the influence of the liquid
environment in which synthesis of copper based
nanostructure assisted by non-equilibrium atmospheric
plasma takes place is presented. A plasma jet was used as
a contactless cathode to reduce the copper ions originated
from the oxidation of a copper foil dipped in the solution
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and used as an anode. The influence of two electrolyte
solutions used for the process on chemical and
morphological properties of the nanostructure has been
studied. The production of copper oxide nanostructures is
proved for both the electrolyte solution. The TEM
analysis of the nanostructures highlight the formation of
nanoparticles having a mean diameter of 10 nm. The
chemical characteristic of the liquid environment used for
the synthesis process influences the crystalline properties
and the dimensions of the produced nanostructures. The
formation of CuO and CuOH2 nanostructures in SOL1
and of CuO and CuCl2 nanostructures in SOL2 is outlined
by XPS and XRD analysis. Based on the obtained results,
reaction pathways are proposed in order to explain the
synthesis of different chemical compounds in the two
electrolyte solutions; as next step, further efforts will be
dedicated to confirm the chemical pathways leading to the
plasma assisted synthesis and growth of nanostructures in
liquid environments.
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Abstract: We demonstrate a method of fabrication of colloidal solutions which involves
direct deposition of nanoparticles (NPs) into vacuum-compatible liquid poly(ethylene
glycol) (PEG). Copper and silver NPs are produced by magnetron sputtering of
corresponding targets whereas polymeric NPs – by plasma polymerization of n-hexane
(with optional addition of N 2) in the configuration of Gas Aggregation cluster Source.
Peculiarities of the NP mixing or phase separation with liquid PEG are discussed.
1. Introduction
Application of Gas Aggregation cluster Sources (GAS)
for the production of NPs has been expanding over the
last decade [1]. DC magnetron-based GASes take
advantage of sputtering of metals under elevated pressure
with subsequent condensation of metallic vapors in a
cooled buffer gas. Starting from metallic NPs, the
research proceeded to polymeric NPs, which can be
created in result of either plasma polymerization of
volatile organic precursors or of magnetron sputtering of
solid polymer targets [2]. For both metals and polymers,
NPs are transported from the aggregation zone by the gas
flow and then deposited onto solid supports. Certain
applications, however, require the fabrication of colloidal
solutions, in which NPs are dispersed in a liquid medium.
These are typically prepared by ‘wet’ chemistry methods
often involving multiple and complex processing steps.
Removal of chemicals from final NP solutions represents
an additional challenge for the ‘wet’ chemistry approach.

2. Experimental
The GAS consisted of a water cooled, stainless steel
cylinder aggregation chamber equipped either with a dc
planar magnetron with Cu or Ag targets, or with a
stainless steel rf electrode for the production of plasma
polymer NPs (Fig. 1). A conical lid with an orifice was
installed between the GAS and the deposition chamber.

A limited number of works has been dedicated to direct
magnetron sputtering of metals onto the surface of liquids
with the purpose of single-step creating of colloidal
solutions [3,4]. In this case, obviously, the choice of
liquids is limited by the saturated vapor pressure which is
required to be sufficiently low to allow such processing.
Nevertheless, ionic liquids, vegetable oils, glycerol and
PEG were found to be suitable candidates. It was argued
that metallic atoms nucleate on the liquid surface with the
formation of NPs, which then penetrate the bulk via
diffusion mechanisms.
In this work, we aim to demonstrate that GAS can be
used for the direct deposition of NPs onto liquid
substrates as well. In our approach, the NPs are preformed in the gas phase of the GAS and then their beams
are directed onto the surface of a vacuum-compatible
liquid. Thus, the method does not rely on the surface
nucleation but introduces the ready-made NPs directly
into the liquid phase.
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Fig. 1.Experimental scheme of the GAS used for direct
deposition of NPs into liquid PEG.

Sputtering of metals was performed in pure Ar with
different electric current and pressure in the aggregation
zone. Polymeric NPs were produced by plasma
polymerization in a 10/1 Ar/n-hexane mixture. A number
of experiments were performed with the addition of the
variable amount of N2 to the Ar/n-hexane mixture. In both
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cases, the total pressure in the GAS was fixed at 88 Pa
and constant 40 W rf power was delivered to the
electrode. Poly(ethylene glycol) (Sigma-Aldrich) with
molecular weight of 400 g/mol was used as a liquid
substrate for the deposition of the NPs. A Petri dish with
10 ml of PEG was placed onto a holder inside the
deposition chamber and below the exit orifice of the GAS.
No stirring was applied. The PEG vapor pressure of <0.01
torr (20 C) claimed by the manufacturer was found to be
sufficiently low to allow pumping the deposition chamber
down to a base pressure of 10-4 Pa without any visible
transformation of the liquid. After the pumping, Ar flow
was switched on in the GAS and the pressure in the
deposition chamber was adjusted to 1 Pa by a throttling
valve placed between the chamber and the diffusion
pump. The NP deposition rate was monitored by quartz
crystal microbalance (QCM) placed beside the Petri dish.
The amount of the NPs in PEG was adjusted by varying
the deposition time.
3. Results and Discussion
Preliminary tests were performed with the deposition of
Ag and Cu NPs on Si to find the conditions for obtaining
their similar size distribution. Fig. 2 shows the SEM
images of the 25 nm mean size Ag and Cu NPs and
provides the information on the experimental conditions.
Furthermore, the image of the 40 nm sized C:H NPs
prepared by the GAS in pure Ar is also shown in Fig. 2
for comparison.

Having chosen the experimental conditions, we
attempted to repeat the depositions with liquid PEG used
as substrate instead of Si. Simple variation of the
deposition time allowed us to prepare the colloidal
solutions with different concentration of NPs. The highest
concentration of 30 g/ml (51011 NPs/ml) was obtained
for the 30-min deposition, which is comparable with the
concentration of commercially available metal NP
dispersions in aqueous buffers [5].
Immediately after the preparation, the solutions
appeared opaque grey with opaqueness increasing with
the amount of the entrained NPs. In the time scale of
days, the solutions became cleared up with the appearance
of distinct green (Cu) or pink (Ag) shade in transmitted
light. Clarification of the solution was accompanied by
the deposition of sediment at the bottom of the vial. The
phenomenon is obviously associated with the aggregation
of the NPs followed by the formation of heavier
agglomerates that settle slowly to the bottom upon the
action of gravity. The sedimentation kinetics was found to
be faster for Cu NPs. Nevertheless, prolonged
unperturbed storage allowed obtaining stable dispersions
for both types of the NPs. Fig. 3 shows the examples of
the colloidal solutions of Cu and Ag NPs in liquid PEG
with 15 g/ml of initial concentration photographed 1
week after the preparation. Optical density of these
solutions stayed almost constant for more than a month of
the storage time. Stability of the solutions provides
evidence that the gravitational and van der Waals forces
acting on and between the NPs become overcome by their
Brownian motion at certain moment.

Fig. 3.Photos of the vials with Ag and Cu NP colloidal
solutions in PEG prepared by GAS. Initial concentration
of both solutions is 15 g/ml. Deposition time 16 min.
Fig. 2.SEM images of Ag (Ar 100 Pa, dc 460 mA), Cu
(Ar 70 Pa, dc 70 mA) and C:H (Ar 88 Pa, rf 40 W) NPs
deposited by GAS on Si substrates.
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The colored nature of the solutions points at the local
particle plasmon resonance effect which is typical for Cu
and Ag NPs dispersed in a dielectric medium. Fig. 4
shows the UV-Vis spectra corresponding to the solutions
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shown in Fig. 3. Characteristic plasmonic absorption at
about 400 nm is responsible for the pink shade of the Ag
NP/PEG dispersion whereas absorption at >550 nm
results in the green color of the Cu NP/PEG dispersion.
Broadness of the absorption bands, especially in the case
of Cu, indicates that the size dispersion of the NPs is
large, most probably due to the agglomeration described
above. This hypothesis is further supported by performing
the ultrasonic treatment of the dispersion and acquiring
the UV-Vis spectra afterwards. For example,
ultrasonication of the Cu NP solution results in significant
narrowing of the plasmonic band and can be explained by
disintegration of larger agglomerates with the release of
the NPs with the original size distribution.

Cu NPs
after ultrasound
0.8

Absorbance

tension and penetrate into the bulk of PEG producing the
chemical-free colloidal dispersions. The NPs dispersed in
PEG are prone to the agglomeration followed by the
sedimentation of larger aggregates that lasts for several
days. Stable NP dispersions are then produced which
exhibit optical plasmonic features characteristic for Ag
and Cu NPs. In the case of plasma polymer NPs, phase
separation occurs which prevents the formation of
colloidal solutions. Instead, both C:H and C:H:N NPs
create layers that float on top of liquid PEG.
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Fig. 4.UV-Vis spectra of Ag and Cu NP colloidal
solutions in PEG prepared by GAS. The Cu spectrum is
shown before and after ultrasonication of the solution.
Initial concentration of both Cu and Ag NP solutions is 15
g/ml. Deposition time 16 min.

The deposition of the plasma polymer NPs onto liquid
PEG was also performed but with the different outcome.
The C:H NPs did not penetrate into the liquid but
produced a buoyant layer on top of it, obviously because
of immiscibility of hydrocarbons and PEG. In an attempt
to improve the miscibility, we tried to change the
chemical composition of the NPs by adding N2 to the
Ar/n-hexane mixture. Indeed, the XPS analysis showed
that the concentration of nitrogen in the NPs gradually
increased up to 11 at. % with the composition of the
working mixture changing to 5/5/1 of N2/Ar/n-hexane.
Nevertheless, the achieved changes were not sufficient to
overcome the energetics of the phase separation and the
C:H:N NPs also created a compact layer floating on top of
PEG.
4. Conclusion
Gas Aggregation cluster source was successfully
adapted for the production of Ag, Cu, C:H and C:H:N
NPs, and for their direct deposition onto the surface of
liquid PEG. Ag and Cu NPs overcome the surface

ISPC23, Montreal, Canada

357

oral

Plasma processing of nanomaterials and nanostructures

Non-Thermal Plasma Processing of Plasmonic TiN Nanoparticles
A. Alvarez Barragan1, L. Mangolini1, 2
1

Department of Mechanical Engineering, University of California Riverside, Riverside, CA, USA
Materials Science and Engineering Program, University of California Riverside, Riverside, CA, USA

2

Abstract: The non-thermal plasma synthesis of nanoparticles has gained interest within the
community. In this contribution, we present the fabrication of plasmonic TiN nanoparticles
by this method. We were able to control the particles properties as a function of varying
process parameters. Oxidation control is essential in the final properties of the material. The
nucleation and growth mechanisms of the particles within the plasma are also discussed.
Keywords: plasmonic nanoparticles, titanium nitride, non-thermal plasma
1. Introduction
The search for plasmonic materials other than silver and
gold has intensified in the last few years.[1,2] Special
interest has been given to TiN due to its high hardness, high
melting point, and localized surface plasmon resonance
(LSPR) located in the near-infrared (NIR) region.[1,3] It
has also been shown that TiN nanoparticles have a higher
absorption efficiency as compared to gold.[1] These
properties are of special importance for biomedical and
photocatalytic applications.
The plasmonic response of a nanoparticle is closely
related to particle size as stated by the Mie Theory’s dipole
approximation.[4] This constraint makes most of the
current free-standing TiN nanoparticles synthesis methods
inadequate for plasmonic applications due to their lack of
control in particle size.[5–9] The use of non-thermal
plasmas for nanoparticle processing stands out as a
possible solution to this problem. The inherent nonequilibrium present in non-thermal plasmas leads to the
unipolar negative charging of nanoparticles dispersed
within their volume.[10,11] Unipolar charging of
nanoparticles prevents agglomeration and maintains a
narrow particle size distribution. Moreover, particles can
reach their crystallization temperature by energy transfer
from electron-ion recombination at the surface while the
background gas remarkably remains close to room
temperature.[11,12] Most of the advances in materials
processing by low pressure non-thermal plasmas are
derived from the synthesis of silicon quantum
dots.[11,13,14] In the last few years, however, the
synthesis of two-element semiconductors has expanded the
scope of this approach by introducing two precursor gases
in one or more plasma reactors.[15–17] In this
contribution, we present the non-thermal plasma synthesis
of crystalline TiN nanoparticles with narrow size
distribution. Characterization of this material brings up
new questions that have been previously disregarded by
theoretical models,[1,2] specifically with respect to the
effect surface oxidation has over the plasmonic properties
of the particles. We also propose the use of in situ Fourier
transform infrared (FTIR) spectroscopy and optical
emission spectroscopy (OES) as tools to better understand
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the nucleation and growth process that particles undergo
within the plasma.
2. Experiment
The experimental setup is shown in Figure 1. Titanium
and nitrogen precursor gases (TiCl4 and NH3, respectively)
are supplied through independent lines into a 2.54 mm
diameter and 30 cm long quartz reactor. TiCl4 is delivered
using a bubbler kept at atmospheric pressure and in a water
bath at 22°C. Ar is used as a carrier gas. A cylindrical
copper electrode —25.4 mm diameter, 25.4 mm width— is
wrapped around the reactor and connected to a 13.56 MHz
(RF) power supply. The distance between the electrode and
the vacuum flange upstream is 50 mm. TiN nanoparticles
are collected downstream on a stainless steel mesh filter.

Figure 1. Non-thermal plasma synthesis of TiN
nanoparticles. Precursor gases flow independently into a
quartz reactor, where particles nucleate and grow.
3. Results and Discussion
Figure 2 shows a TEM image of TiN nanoparticles
synthesized at 180 W, 3 Torr, and 1.5 sccm of NH3 flow
rate. The particles have a characteristic cubic morphology
that has been reported for TiN nanoparticles synthesized by
different methods.[3,6,7] The area diffraction pattern in the
inset of Figure 2 corresponds to the cubic structure of TiN.
It is worth noting from the particle size distributions shown
in Figure 3 that higher NH3 flow rates yield smaller
particles. A discussion on the correlation of particle size
with particle composition and oxidation is presented
below.
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NH3 conditions) may facilitate the diffusion of oxygen
atoms from the surface to the core. On the other hand,
particles closer to stoichiometry will just grow the native
oxide layer previously seen on TiN thin films without
allowing further oxidation.

Figure 2. TEM micrograph of big particles (synthesized at
1.5 sccm of NH3 flow rate). Selected area diffraction
pattern —in good agreement with that of cubic TiN— is
shown in the inset.
Figure 4. Extinction spectrum of TiN nanoparticles
synthesized at low NH3 flow rate (1.5 sccm).

Figure 3. Particle size distributions of particles made with
high and low NH3 flow rate.
The extinction spectrum of our plasma-synthesized
nanoparticles is shown in Figure 4. The plasmon peak is
located at ~770 nm, which is in good agreement with
previous experimental work on TiN nanoparticles.[3,18]
Theoretical models, on the other hand, report peak
positions close to ~700 nm or even within the visible
regime.[19,20] The disagreement between theory and
experiment calls for more rigorous studies to better
understand this material system. It is well-know from
investigations on thin films that TiN grows a native oxide
layer upon exposure to air.[21,22] To the best of our
knowledge, there are no extensive reports on the plasmonic
properties of TiN@TiO2 core/shell nanostructures. EDS
characterization of our nanoparticles shows that samples
produced at higher NH3 flow rates have a lower N-to-Ti
ratio (~0.6) as compared to particles made under lower
NH3 flow rates (~0.9). This data suggests that the higher
vacancy density in smaller particles (produced under rich

ISPC23, Montreal, Canada

The studies presented above contribute to a better
understanding of the optical properties of TiN
nanoparticles. However, there is still no formal explanation
to how the various process parameters used in the nonthermal plasma system affect the nucleation of the
nanoparticles. Based on the model proposed by Bouchoule
and Boufendi on nanoparticle formation in non-thermal
plasmas,[23] we hypothesize that hydrogen radicals from
NH3 play an important role on the reduction of TiCl4 and
the subsequent formation of TiN nuclei. High NH3 —and
therefore hydrogen— content likely leads to a faster
nucleation process and to a higher nanoparticle density in
the early stage of growth. Lower NH3 content, on the other
hand, leads to a lower nuclei density that results in a slower
and more orderly growth of TiN particles. We propose the
use of in situ FTIR and OES measurements to test this
hypothesis by tracking the precursor consumption and
hydrogen radical density as a function of plasma length.
Similar methods have been used to investigate the growth
of Si particles in continuous flow non-thermal
plasmas.[11,24] By shining IR radiation across a
cylindrical reactor at different plasma lengths, Lopez et al.
discovered that the precursor gas (SiH4) was consumed just
a few milliseconds after entering the plasma.[11]
Crystallization took place afterwards, presumably as a
consequence of the recombination of plasma-produced
species at the nanoparticle surface.[11] The same group
used OES to successfully measure the atomic hydrogen
density in a SiH4-H2 plasma by calculating the ratio
between the 656.27 nm Hα and the 811.53 nm Ar emission
lines.[24] These and other studies have successfully
addressed the nucleation mechanisms of Si particles in a
non-thermal plasma, and could certainly be extrapolated to
the unexplored physics that lead to the formation of TiN.
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4. Conclusion
In summary, we present the synthesis of TiN
nanoparticles from partial ionization of precursor gases in
a low pressure environment. Negative charging —due to
high electron mobility— and fast heating —due to
electron-ion recombination at the particle surface—
provide considerable control on the nucleation of
crystalline samples with narrow particle size distribution.
We show that the NH3-to-TiCl4 precursor ratio holds an
important role in the plasmonic properties of the
nanoparticles, producing variations in particle composition
that go from TiN0.6 to TiN0.9. The degree of oxidation is
higher for nitrogen-poor particles, which facilitate oxygen
diffusion from the surface due to a higher vacancy density.
We also propose future in situ studies in order to
understand the role of precursor gases on the formation and
final properties of TiN nanoparticles.
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Synthesis and/or grafting of noble metal nanoparticles by microplasma and by
atmospheric plasma torch
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Abstract: Plasmas at atmospheric pressure are presented as a simple, fast, and versatile tool
for the synthesis or/and the grafting of noble metallic NPs (Au, Pt) on substrates. In this
study, noble metal NPs are generated either by the reduction of a gold salt in an aqueous
medium by microplasma or either by the decomposition of a platinum or gold
organometallic in the post-discharge of an atmospheric plasma torch. The latter can also be
used for the grafting of NPs from a commercial colloidal solution.
Keywords: Microplasma, RF plasma torch, NPs synthesis, NPs grafting
1. Introduction
Nanoparticles have attracted a great scientific attention
as they are widely used due to their particular properties
in new nanoscaled technologies including medicine,
physic, optic and electronic domains [1]. Many
techniques such as chemical synthesis by using reducing
and capping agent [2], sonochemistry [1], ultravioletvisible (UV-vis) irradiation [3], flame pyrolysis [4] and
laser ablation [5] are developed to produce particles and
control their size, shape and aggregation. More recently,
the generation of plasma at atmospheric pressure has
known a growing interest in a wide range of
applications [6,7] such as organic or inorganic plasma
deposition, etching, grafting, pollutant removal and,
especially for the synthesis of NPs. We present plasma
at atmospheric pressure as a simple, fast and versatile
tool for the synthesis, or/and grafting of noble metal
NPs on desired substrates. Microplasmas present
specific advantages for the synthesis of nanomaterials
due to their unique characteristics: stability and nonthermal operations under atmospheric pressure due to
the confinement. More recently, they were coupled with
liquids, enabling applications in water treatment,
medicine and material synthesis [8, 9]. In this study,
NPs were synthesized on the one hand by microplasma
from the reduction of a gold salt in aqueous medium,
and on the other hand by the decomposition of a gold or
platinum organometallic in the post-discharge of a RF
plasma torch. The torch enables also to graft NPs from a
colloidal solution while maintaining the size of the NPs
of the starting solution [10-13]. Au as Pt NPs exhibit
some interests in sensor [14], actuation [15] and
catalysis [16] domains. Moreover gold has a remarkable
antimicrobial activity [1].
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2. Experiments and results
2.1 Au NPs synthesis by microplasma
A micro-scale plasma [17], as depicted in Fig. 1, was
generated between a DC hollow capillary (0.6 mm inner
diameter) and the surface of an aqueous solution. A
platinum foil immersed in the solution served as a
counter-electrode (mass electrode) and the tip was
positioned about 1 mm above the aqueous surface. The
reduction of the metal cations from tetrachloroauric acid
at the plasma-solution interface, in the presence of a
stabilizing agent (polyvinyl alcohol- PVA, 1%m) was
immediately observed (strong color change due to the
formation of Au NPs).

Fig. 1. Representation of the experimental device with the
composition of the treated aqueous solution.

The as-synthesized NPs concentration in processed
solutions was characterized by UV–vis absorbance
spectroscopy, showing intense plasmon bands
associated to spherical nanoparticles at 530 nm.
According to the Mie theory [18], the bands of Surface
Plasmon Resonance (SPR) bring information regarding
the size, size distribution, shape, and agglomeration of
the NPs. Those results were confirmed by Transmission
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Electron Microscopy (TEM). TEM pictures (Fig.2)
attest that decreasing the concentration of metallic salts
lead to spherical and unaggregated particles
characterized by a sharp distribution. For example, a
concentration of 0.2 mM of HAuCl4 leads to a large
amount of Au particles of 8 ± 3 nm.

Fig. 2. TEM images of Au NPs synthesized from HAuCl4.3H2O (a)
1.0 mM and (b,c) 0.2 mM solutions in presence of PVA stabilizing
agent (1%m).

X-ray photoelectron spectroscopy (XPS) allows
pointing out the metallic nature of the NPs (double
peaks at 83.6 and 87.1 eV corresponding to Au 4f7/2 and
Au 4f5/2, respectively). The dependence of the charge
injected by the microplasma by varying the discharge
current (from 2 to 10 mA) and process time (5 to 15
min) was studied monitoring the UV-vis absorbance of
the solution after plasma treatment. Fig. 3 reveals a near
linear dependence of the NPs concentration with the
injected charge.
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The colloidal solution generated by microplasma could
be used for the subsequent grafting of the NPS on
desired substrate using a plasma torch as described in
2.4.
2.2 Au NPs synthesis and grafting from organometallic
by RF plasma torch
Au NPs were synthesized from the decomposition of
gold acetate (Au(O2CCH3)3) in the post-discharge of an
RF plasma torch using Ar as the vector gas (30 L/min)
in an open air environment. A gold acetate solution of
0.6 mM in acetone was nebulized out of the postdischarge on silicon and on carbon black substrates
(pressed on a copper tape) after an activation phase to
generate anchoring sites (oxidation, structural surface
defects, etc.) for the NPs nucleation. The sample is
exposed
to
the
post-discharge
after
each
pulverization(up to 30 pulverizations). The XPS surveys
on treated Si wafers point out up to 14% of gold on the
surface. As expected, the content of gold increases with
the number of pulverizations of the solution nebulized
on the substrate. The narrow spectra on the Au 4f region
highlight that the gold is under metallic form. After
ultrasonication in an acetone bath, 12% of (metallic)
gold is still present on the Si surface, as shown in Fig.4,
indicating that Au NPs are well grafted on the surface.

Fig. 4. (a) XPS (non-monochromatic Al anode) survey and (b) Au
4f spectra of gold NPs grafted on Si wafer (30 pulverizations), after
ultrasonication in an acetone bath.

The morphology, the size and distribution size of Au
NPs are observed by electron microscopy (SEM and
TEM).
2.3 Pt NPs synthesis and grafting from organometallic
by RF plasma torch

Fig. 3. (a) UV–vis absorbance spectra of solution of HAuCl4 reduced
by a microplasma electrode at different times (5–15 min) and
discharge currents (2–10 mA) and (b) maximum absorbance peak
intensity of the SPR band at ~530 nm versus the total charge injected,
Q.
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Pt NPs were generated from the decomposition of
Platinum (II) acetylacetonate [(C5H7O2)-2 Pt2+], named
‘‘[Pt(acac)2], in the post-discharge of the previously
described atmospheric plasma torch. The NPs were
produced either by using nebulization (after an
activation step) on silicon or carbon substrates, either by
treating a powder mixture of carbon black and
[Pt(acac)2] by the post-discharge. The dried powder
mixture (with a platinum weight ratio of 16 wt%) was
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pressed on a copper tape for a fundamental study
[19].The optimal treatment time of the powder mixture
to produce a significant amount of Pt NPs on the
substrate, while minimizing the quantity of plasmagen
gas, was evaluated by means of XPS. This study was
also performed to investigate whether the exposure time
could influence the oxidation state of the NPs. Table 1
reports the relative elemental composition after
exposition of the samples to the active species emerging
from the torch.
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Electrodes for PEMFC applications showing correct
electrochemical properties can be realized by treating
the powder mixture overlaid (by spreading an ink) on
gas diffusion layers (GDL) playing the role of water
management [19]. SEM micrographs in Fig. 6 highlight
the presence of NPs (average size close to 7 nm) grafted
on carbon particles (forming micrometric aggregates
presenting a bean shape with a typical diameter of 50
nm) overlaid on gas diffusion layers.

Table 1. Elemental composition after exposition of the samples
function of the treatment time.

The XPS composition of the native mixture is close to
the native carbon black (93.4% C and 6.6% O). The
native powder mixture presents an amount of Pt as low
as 0.3% while it increases to 6.1% after 30 s and up to
13.3% after 600 s of plasma exposure. According to the
fitting of the Pt XPS peaks (Fig. 5), no Pt under metallic
form is detected for the untreated mixture of
CB/[(Pt(acac)2], while the most intense component of
the Pt for the sample treated by plasma is the Pt(0). 70%
of the Pt is under its metallic form after 30 seconds of
plasma treatment, and 78 % after 600 seconds.

Fig. 6. SEM pictures of (a) the native Paxitech GDL (without
catalyst), (b) the reference electrode (GDL with catalyst) and (c, d)
the plasma electrode.

2.4 Pt and Au NPs grafting from a colloidal solution by
RF plasma torch
Carbon substrates (carbon black and porous carbon
Toray paper) and Si wafers were decorated by spraying
a commercial platinum or a commercial gold colloidal
solution after an activation step in the argon postdischarge of the atmospheric plasma torch [10-13].

Fig. 5. Pt 4f XPS peaks for (a) CB/[Pt(acac)2] untreated mixture (0 s),
(b) mixture treated for 600 s.

In order to favor the degradation of the [Pt(acac) 2]
organic component by a synergetic effect of the
temperature during the plasma process, the influence of
the temperature on the elemental composition was
investigated. According to XPS results, for a surface
temperature ranging from 333 K to 383 K, the Pt
content increased from 9.9% to 18.0%, while it
decreased to less than 0.7% for a temperature as high as
543 K (sublimation of Pt(acac)2).

ISPC23, Montreal, Canada

Fig. 7. SEM micrographs of Pt NPs grafted on (a,b,c) grains of
CB (d) a fiber of a porous carbon Toray paper, by nebulization of
a colloidal solution.
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The NPs are still under metallic form and well grafted
on the surface of the substrate as confirmed by the XPS
results after ultrasonication in a methanol bath. SEM
micrographs of Pt NPs grafted on carbon black and on
carbon Toray Paper from the nebulization of a
commercial colloidal solution have permit to observe
the size and the size distribution of the NPs. As
evidenced in Fig.7, NPs are well visible and
homogeneously distributed on the surface. Moreover,
they are sparsely or no agglomerated and their mean
size is about 4 nm. The size of the NPs from the
colloidal starting solution is preserving.

3. Conclusions
Plasmas at atmospheric pressure are of a tremendous
interest since they are cheaper and easier to implement
than plasma under vacuum. They are here introduced as
a simple, multi-purpose, low-cost and rapid technique
for the synthesis and/ or grafting of nanomaterials.
Noble metal NPs were generated by means of different
methods.
1) Microplasmas were used to reduce a gold salt at the
surface of an aqueous solution. The gold salt
concentration, the presence of a stabilizing agent
(PVA), and the charge injected play a primordial role on
the concentration, the diameter and the size distribution
of the metallic NPs. Although the Au NPs can be
generated without stabilizing agent, it permits to obtain
smaller NPs and a sharp distribution size. By decreasing
the salt to a concentration of 0.2 mM, NPs of about 8
nm can be created.
2) NPs were also synthesized by the decomposition of a
platinum or gold organometallic in the post-discharge of
an atmospheric plasma torch by nebulization of an
organometallic solution or by treating a powder mixture
CB/organometallic in one-pot. By these methods, the
NPs are synthesized but also grafted on the support
contrarily to the microplasma method. Pt NPs, mainly
under metallic form, of about 7 nm were anchored on
various supports (CB, Si wafers, etc.) and present a
good quality of grafting as confirmed by XPS after
ultrasonication of the hybrid materials. By varying the
treatment time and the temperature for the powder
mixture, the Pt content can be tuned. The grafting of Pt
NPs on CB are of a huge interest for fuel cells
applications.
3) The torch is also appropriated for the anchoring of
NPs from a colloidal solution while maintaining the size
of the NPs of the starting solution. This could be applied
to the colloidal solutions obtained by microplasma.
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Atmospheric dielectric barrier discharge synthesis of TiO2 films with
controllable morphology and enhanced photocatalytic activity
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Abstract: Photocatalytic TiO2 films of controlled different morphologies were synthesized
by atmospheric dielectric barrier discharge. The effect of flow rates on the formation of TiO2
films was studied. The TiO2 films were characterized by SEM, XRD and XPS. The
photocatalytic activity was investigated by degrading MB under UV light. The degradation
rate of the annealed TiO2 film deposited at low flow rate appears to be about 8.5 and 15 times
higher than the one of commercial TiO2 film and TiO2 as-deposited, respectively.
Keywords: TiO2 films, atmospheric dielectric barrier discharge, photocatalytic activity.
1.

Introduction
TiO2 thin films become of great interest because of their
unique properties, which can be used in several
applications, such as photocatalytic materials, optical glass
and antireflection coating in solar cells [1]. There exist
many ways of TiO2 films deposition such as sol-gel [2],
hydrothermal [3], electrophoretic deposition [4] and spray
pyrolysis [5]. Although these methods have their own
advantages, they can be limited by harsh reaction
conditions. On the other hand, as an eco-friendly and
energy-saving method, atmospheric dielectric barrier
discharge (DBD) characterized by high electron
temperature and low gas temperature, has recently been
proved to be a suitable method for material synthesis and
surface pre-treatment. In the plasma phase, a large number
of
strongly
oxidizing
free
radicals,
excited
atoms/molecules, and other active particles are produced
by high-energy inelastic electron collisions, which cause
excitation, dissociation, or ionization of gas molecules.
The main drawback of atmospheric pressure processes is
the production of powder in the plasma phase, which is
obviously detrimental to the film growth [6]. To the best of
our knowledge, few studies show dense TiO2 films by
atmospheric plasma.
Therefore, in this study, we focus on the synthesis of the
TiO2 films with a good control of the surface morphology
by atmospheric DBD processes using titanium
tetraisopropoxide (TTIP) as a precursor. The effect of the
total flow rate is investigated, a low flow rate at 2.5 slm
and a high flow rate at 10 slm. The morphology, crystal
structure, chemical composition and photocatalytic activity
are investigated.
2.

Experimental setup
The schematic diagram of DBD setup used in our
experiments is shown in Fig. 1. The effect of the plasmagen
gas flow rate, and the post-deposition annealing are
investigated. Two total flow rates (plasmagen gas flow rate
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+ carrier gas flow rate + O2 flow rate) are used: a low flow
rate (2.5 slm) and a high flow rate (10 slm). An annealing
of 2 hours in air at 673 K is performed on some films.
Scanning Electron Microscopy (SEM), Grazing-Incidence
X-ray Diffraction (GIXRD) and X-ray Photoelectron
Spectroscopy (XPS) are used to characterize the films.
SEM is used to evaluate the morphology whereas GIXRD
is used to determine the TiO2 phase (anatase or rutile). XPS
analysis is dedicated for the chemical composition. The
photocatalytic activity is studied by degrading a methylene
blue (MB) solution under UV light. The deposition
parameters are listed in Table 1.

Fig.1. Scheme of the atmospheric-pressure DBD system.
Table 1. Deposition parameters of TiO2 films.
Parameters
Total flow rate

Plasmagen gas (Ar) flow
TTIP flow rate
O2 flow rate

Power
Deposition time
Substrate temperature

Values
2.5, 10 slm
0, 7.5 slm
2 slm
0.5 slm
15 W
5 min
423 K
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3.

Results and discussions
The morphology of the films before and after annealing
is studied. The SEM images of TiO2 films deposited with
low flow and high flow rates are shown in Fig. 2a and 2b,
respectively. Going from a low to a high flow rate, one can
observe that the morphology of the TiO2 films changes
from granular to dense. The morphology of the films after
annealing is also shown in Fig. 2c and 2d. One can clearly
notice that annealing the samples does not change the
morphology except the thickness, which is decreasing
because of the decomposition of the organic residues.
(a)

Ti 2p peaks shows the presence of two sets of Ti 2p3/2 (at
458.5 and 456.7 eV) and Ti 2p1/2 (at 464.2 and 462.4 eV)
lines which can be attributed to the contribution of Ti4+ and
Ti3+ valence states. It is reported that oxygen vacancies can
be generated by heavy ion bombardment of Ar+ or Ne+ on
TiO2 surfaces [10, 11]. The presence of Ti3+ centers and/or
oxygen vacancies in TiO2 films could be formed by the
high energy species in DBD. After annealing, only one
unique component remains for both peaks Ti 2p3/2 at 458.5
eV and Ti 2p1/2 at 464.2 eV, corresponding to Ti4+. We
suggest that this is due to oxidation of Ti3+ towards Ti4+,
because of annealing in air.

(b)
(a)

Anatase

(c)

Intensity / a.u.

Rutile

(d)

With annealing
Without annealing
30
40
50
2 degree
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1/2

Without annealing
Ti 2p

Fig. 3a shows the XRD patterns of TiO2 films deposited
at high flow rate before (black curve) and after (red curve)
annealing. According to those results, the TiO2 film is
amorphous, while the annealed TiO2 film is crystalline.
Four diffraction peaks can be observed on the red curve of
Fig. 3a at 2θ values of 25.3 o, 36.3 o, 46.1 o and 48 o
corresponding to the diffraction peaks reflections of
anatase (JPCDS: no. 21-1272) [7]. A small peak at 27.5 o
(clearly shown in the insert pattern) is also observed, which
could correspond to the rutile phase (JPCDS: no. 21-1276)
[7]. Bessergenev et al. [8] explain that the transition of
nano-crystalline TiO2 powders from the anatase to the
rutile phase becomes irreversible at a temperature between
873 and 1073 K. In the present work, the transition from
anatase to rutile phase is obtained after annealing at 673 K,
which is quite low temperature compared to the literature.
Indeed, the non-equilibrium plasma could promote the
metastable and the crystal formation [9].
XPS is performed to investigate the chemical
composition of TiO2 films deposited with high flow rate
(10 slm). Fig. 3b shows the corresponding normalized Ti
2p core level XPS spectra. It is clear that two broad peaks
(one for Ti 2p1/2 and the other for Ti 2p3/2) are detected for
the samples with and without annealing. High-resolution

Intensity / a.u.

Fig. 2. Cross-sectional and plan-view (inset) SEM images
of the TiO2 film deposited at low flow rate with (a) and
without (c) annealing, and of the TiO2 film deposited at
high low rate with (b) and without (d) annealing.

Ti 2p

Ti

3+

3/2

(b) With annealing

60

Ti 2p

20

468 466 464 462 460 458 456

Binding energy / eV
Fig. 3. (a) XRD patterns and (b) high-resolution XPS
spectra of the Ti 2p binding energy of TiO2 films deposited
at a high flow rate (10 slm) with and without annealing
process.
4.

Photocatalytic activities
The photocatalytic activity of all TiO2 films under UV
light is investigated by degrading MB solution.
Fig.4a displays the absorbance of MB under UV irradiation
as a function of time under different conditions. It can be
observed that, in absence of the catalyst, MB is subjected
to photolysis, resulting to less than 10% of decomposition
by UV irradiation. The TiO2 film deposited with low flow
rate already exhibits a catalytic activity, showing a 37%
degradation of MB after 100 min, while TiO2 film
deposited with high flow rate degrade by 25% the MB
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5. Conclusions
In this study, TiO2 films with controllable surface
morphology are synthesized by atmospheric DBD
processes. The effect of the flow rate of plasmagen gas is
investigated, which shows a significant influence on the
morphology of the TiO2 film. SEM, XRD and XPS are
used to characterize the TiO2 films. From the results one
can know that amorphous TiO2 films with different
morphologies are acquired. After annealing at 673 K, the
TiO2 film shows bi-phase crystallographic forms,
containing both anatase and rutile phase. The
photocatalytic activity is investigated by degrading MB,
the results show that the degradation rate of the annealed
TiO2 deposited at low flow rate is about 8.5 and 15 times
higher than the one of commercial TiO2 film and TiO2 film
as-deposited, respectively.
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solution for the same time. In the case of the annealed TiO2
film, the photocatalytic property is greatly improved. The
degradation of MB solution is almost complete for the
same experiment time. A commercial anatase TiO2 film is
used as a reference and prepared by dropping 1 mL 5 g/L
commercial anatase TiO2 (32 nm, anatase, Sigma-Aldrich)
suspension on the Si wafer and dried at 333 K during 5h.
The commercial TiO2 is used to degrade the MB solution
under the same process and exhibited a lower
photocatalytic activity compared to our annealed films.
The photocatalytic activity rates are calculated and shown
in Fig. 4b. The one of the annealed TiO2 film deposited at
low flow rate (rate constant of 4.1 /h) is found to be about
8.5 and 15 times higher than the one of commercial TiO2
(rate constant of 0.48 /h) and the one of TiO2 deposited at
low flow rate without annealing (rate constant of 0.28 /h),
respectively.
It is generally accepted that the activity of
TiO2 photocatalysts depend on a large number of
parameters, including phase structure, specific surface area
and crystalline size [1, 12, 13]. Combined with the results
presented in Fig. 2 and Fig. 3, the different photocatalytic
activities of these TiO2 films can be attributed to their
phase structures and specific surface areas. Previous
reports indicate that composite photocatalytic materials
with mixed crystalline structures have higher activities
than the pure anatase TiO2. Indeed because their specific
crystalline structures lead to a suppressed recombination of
electron–hole pairs [14]. As indicated above, the annealed
TiO2 films are bi-phase (anatase and rutile) and thus present
higher photocatalytic activities due to their larger band
gaps
and
more
powerful
oxidation-reduction
capability. Besides
the
intrinsic
properties
(crystallographic structure), the morphology of the TiO2
films also play a significant role in the performances and
the applications. The larger specific surface areas of TiO2
films deposited at low flow rate (SEM images Fig. 2)
before and after annealing can explain the reason why they
demonstrate correspondingly higher photocatalytic
activities than the films deposited at high flow rate.
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Fig. 4. (a) Photocatalytic degradation of MB over
different samples under UV light irradiation versus time (A:
blank, B: commercial TiO2 film, C: TiO2 film deposited at
low flow rate (2.5 slm), D: TiO2 film deposited at high flow
rate (10 slm), E: annealed TiO2 film deposited at low flow
rate and F: annealed TiO2 film deposited at high flow rate
- (b) MB degradation rate (K in h-1) under UV light
irradiation for different samples correspondingly.
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Anisotropic plasmonic nanostructures from alternative materials through gasphase deposition
Y. Qin, U. Kortshagen
Department of Mechanical Engineering, University of Minnesota, Minneapolis, Minnesota, USA
Abstract: Plasmonic nanostructures feature resonantly enhanced light absorption and are
intensively studied for applications such as in medicine, cancer treatment and
photocatalysis. Gold and silver are the most common plasmonic materials, but they are rare
and expensive. In this study we explored a gas-phase growth method for anisotropic
nanostructures, namely nanorods and nanocups for their superior plasmonic properties,
from inexpensive and abundant alternative materials: aluminum, copper and metal nitrides.
Keywords: Anisotropic plasmonic nanostructures, gas-phase, alternative materials.
1. Introduction
Plasmonics is a branch of photonics that deals with the
coupling between electromagnetic fields and collective
oscillations of conduction electrons in metallic
nanostructures or at metal-dielectric interfaces. When
light interacts with a metal, the free electrons in the metal
oscillate resonantly in response to the incident light, a
phenomenon known as surface plasmon polariton for
interactions involving metal-dielectric interfaces and
localized surface plasmon resonance (LSPR) for metallic
nanostructures. With surface plasmons, near-field
enhancement by several orders of magnitude and far-field
extinction at resonance wavelengths can be achieved.
These two attributes contribute significantly to the
advancement of applications like medicine, cancer
treatment and photocatalysis [1, 2].
The vast majority of the research in plasmonic
nanomaterials has been focused on nanostructures made
of gold [3-5] and silver [6-8], both of which have a strong
plasmon resonance in the visible range and can be readily
fabricated into different nanostructures using solution
phase synthesis. More recently, there has been a strong
increase in attention to alternative plasmonic materials,
both to gain access to lower cost and more abundant
materials and also to broaden the spectral range of
nanomaterial plasmonics. Metals such as aluminum and
copper are investigated as plasmonic materials in the
visible and transition metal nitrides in the visible and
near-infrared (NIR) region. When heavily doped, oxide
plasmonic materials like zinc oxide and indium oxide can
exhibit metallic properties in the NIR region.
Degenerately doped group IV semiconductors extend the
range of plasmonic materials to the infrared region around
5 µm.
Beyond the material's carrier density, the nanomaterial
shape offers great control over the LSPR spectral
behavior. While spherical nanoparticles exhibit a single
dipolar LSPR absorption peak, anisotropic nanostructures
like nanorods and nanocups possess multiple dipolar
plasmon peaks associated with collective oscillations of
free electrons in different directions and offer greater
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tunability via geometry and size. Both theoretical [9] and
experimental [10] results have shown that nanorods
exhibit two dipolar plasmon peaks corresponding to
collective oscillations of free electrons in the transverse
and longitudinal directions, respectively. Nanocups have
large near field enhancement and multiple LSPR
absorption peaks that are significantly red-shifted
compared to those of nanoshells with concentric cores
[11].
In this study, we combined glancing angle deposition
(GLAD) [12] with magnetron sputtering on templated
substrates, to introduce a new paradigm for the synthesis
of anisotropic nanostructures of alternative plasmonic
materials. Specifically, we focused on nanorods made of
copper and titanium nitride (TiN). While the TiN
nanorods have yet to show plasmon resonances at this
point due to oxidation problems after synthesis, Cu
nanorods exhibit plasmon resonance at around 680 nm.
Preliminary attempts were also made to transform
nanorods into nanocups by inductively coupled plasma
(ICP) annealing. In addition, by adjusting the deposition
angle of magnetron sputtering, nanocups of Cu and Al are
also successfully synthesized. It should be noted that
similar methods have been reported before [13, 14] for the
fabrication of nanocups but our nanocups exhibit multiple
plasmon resonances that are either missing or much less
resolved in nanocups reported elsewhere. We attribute the
high quality of our nanocups to the highly ordered nonclose-packed templates that subsequently lead to well
defined and separated nanocups. We hypothesize that the
proposed methods can be applied to other alternative
materials such as metal oxides and nitrides. The current
study fills a knowledge gap, as for many plasmonic
materials, other than gold and silver, there are few
developed approaches to synthesize well defined
anisotropic nanostructures such as nanorods or nanocups.
Our approach offers the high purity of gas phase methods.
For some materials that are not amenable to liquid phase
synthesis, such as metal nitrides, it may be the only
practical synthesis option.
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2. Experimental section
We combined modified glancing angle deposition
(GLAD) with magnetron sputtering, schematically shown
in Fig. 1 for the specific case of TiN, to introduce an
improved paradigm for the synthesis of anisotropic
plasmonic nanostructures of alternative materials.

shown in the inset of Fig. 2(b), indicates that the nanorods
are connected to their neighbors at their side surfaces.
They resist being dispersed easily, and even when
successfully dispersed would appear in large connected
bundles, both of which are detrimental to their plasmonic
properties.

Fig. 1. Schematic of the modified GLAD for the synthesis
of anisotropic plasmonic nanostructures. For nanorod
synthesis a is greater than 80o while for nanocups a can
be well below 60o.
Polystyrene latex (PSL) particles or silica beads
dispersed in deionized water are spin-coated onto silicon
wafers or quartz substrates pre-cleaned with piranha
solution. Piranha solution not only removes organic
residuals from the substrate but also renders it
hydrophilic, and thus allows a more even spread of the
dispersion during spin-coating, enabling a uniform
monolayer of close-packed PSL or silica beads across an
entire 4’’ wafer. Following the spin-coating, reactive ion
etching (RIE) is applied to the close-packed template to
create a non-close-packed one. As will be discussed in
detail later, these two steps are essential to achieve well
defined and well separated nanostructures, which in turn
exhibit sharp and resolved plasmon resonances. After the
RIE process, the non-close-packed template is placed in a
magnetron sputtering chamber for gas-phase deposition.
For pure metal nanostructures, such as Cu and Al,
corresponding targets are sputtered in an argon
environment. For metal nitrides, such as TiN,
corresponding metal targets are sputtered in an
argon/nitrogen mixture.
As the name suggests, GLAD utilizes a very small
deposition angle with respect to the substrate parallel (i.e.,
large a in Fig. 1), and introduces the effect of ballistic
shadowing that favors the growth of some initial nuclei
while suppressing others, eventually leading to the
formation of nanorods or nanocolumns. Focusing on the
effectiveness of the GLAD process, we found that, when
depositing on a bare silicon wafer, GLAD grows
columnar nanostructures that tend to be interconnected
and have a broad size distribution, shown in the side view
scanning electron microscopy (SEM) image in Fig. 2(a).
In comparison, a highly ordered array of monodisperse
nanorods can be achieved by templating the silicon wafer
with monodisperse particles such as silica and PSL beads,
shown in Fig. 2(b). However, while the nanorods
deposited on close-packed templated substrates are well
defined and much more monodisperse than for the nontemplated substrates, observation of large bundles of
nanorods in transmission electron microscopy (TEM),
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Fig. 2. Side view SEM images for GLAD (a) on a bare
silicon wafer and (b) on a close-packed templated silicon
wafer. Inset is a TEM image that shows the top surfaces
of a large bundle of nanorods that are connected on the
side surfaces. For TEM measurements, the nanorods are
released from the substrate by sonication in toluene.
To overcome the problem of the nanorods fusing at the
sidewalls, we attempted to increase the spacing between
the PSL template spheres. Well separated PSL templates
can be conveniently prepared by etching their closepacked arrays in an O2/CF4 reactive ion etcher. Figs. 3(a)
and 3(b) show the top view SEM images for PSL particles
spin-coated onto a silicon wafer before and after reactive
ion etching (RIE). Smaller PSL particles and larger
spacing can be achieved by a longer RIE duration.

Fig. 3. Top view SEM images of PSL particles (a) before
and (b) after RIE etching. Scale bars are 100 nm.
As will be shown in the next section, well defined and
well separated nanorods and nanocups can be synthesized
on these non-close-packed templates. By decreasing the a
angle in magnetron sputtering to below 60o, i.e., tilting the
sputtering gun in a less inclined direction, nanocups
instead of nanorods are synthesized.
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Finally, an inductively coupled plasma (ICP) tube
reactor was built for post-synthesis annealing of the
oxidized TiN nanorods. Surprisingly, it was revealed that
ICP was capable of transforming nanorods into nanocups.
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toluene and the voids they left behind appear as the lighter
contrast in TEM images. The Cu nanocup in the TEM
inset happens to be positioned sideways and therefore a
clear void with lighter contrast can be observed.

3. Results and discussion
We have made preliminary attempts to synthesize Cu
nanorods on silicon wafers templated with RIE-etched
PSL particles. Fig. 4(a) shows the side view SEM image
of the Cu nanostructures. Each Cu rod has a PSL particle
on the bottom which cannot be distinguished from the
copper nanostructure sputtered on top of it due to low
contrast in SEM. These Cu nanorods were then dispersed
in toluene and cast onto a TEM grid, as shown in the inset
of Fig. 4(a). The PSL spheres dissolved in toluene and the
voids they left behind appear as the lighter contrast at one
end of the rods.

Fig. 4. (a) Side view SEM images of Cu nanorods
deposited on a non-close-packed template. Inset shows
the TEM image of two Cu nanorods. (b) Extinction
spectrum of the Cu nanorods dispersed in toluene and
acetic acid. Scale bar is 100 nm.
The extinction spectrum of these nanostructures has
been measured between 400 nm and 900 nm, as shown in
Fig. 4(b). To prepare the nanostructure dispersion for the
extinction measurement, as-synthesized samples are
sonicated in a mixture of toluene and acetic acid for a few
minutes to create a temporary dispersion. Acetic acid
removes copper oxides from the copper nanorods [15].
An encouraging plasmon peak can be observed around
680 nm despite the high background level due to the onset
of interband transition of Cu around 600 nm. Further
studies will be conducted to synthesize Cu nanorods with
a wide range of aspect ratios and thus tunable plasmon
resonance. To this end, different combinations of PSL
particle diameter, PSL particle spacing and Cu sputtering
time will be explored. As can be seen in Fig. 4(a), the
nanostructures have roughly the same width as the PSL
particles, while the length of the Cu nanostructures can be
controlled by the sputtering time.
By using a smaller a angle (see Fig. 1) during
magnetron sputtering, Cu and Al nanocups instead of
nanorods are synthesized. Top view SEM images and
TEM images are shown as the upper left and lower right
insets, respectively, in Fig. 5. For TEM imaging the
nanocups were released from the substrates through
sonication in toluene. The PSL spheres dissolved in
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Fig. 5. Extinction spectra of Cu and Al nanocups. Insets
are top view SEM images (left) and TEM images (right)
of the nanocups. Scale bars for SEM are 100 nm.
The extinction spectra of the nanocups are shown in
Fig. 5. For the Cu nanocups dispersed in toluene and
acetic acid, extinction peaks can be observed around 600
nm, 760 nm and 1000 nm. For the Al nanocups dispersed
in toluene, the extinction peaks are around 600 nm and
1000 nm. The exact nature of the peaks has yet to be
investigated by simulation.
It should be noted that similar methods [13, 14] have
been explored before by other authors to synthesize Cu
and Al nanocups. We note, however, that our nanocups
exhibit sharp and resolved plasmon resonances that are
either missing or much less resolved in other reports. We
attribute the high quality of our nanocups to the highly
ordered non-close-packed template, which subsequently
results in well defined and well separated nanocups from
magnetron sputtering deposition.
Preliminary attempts also were made to synthesize TiN
nanorods and nanocups. A side view SEM image of the
deposited nanorods is shown in Fig. 6(a). X-Ray
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diffraction (XRD) and X-Ray photoelectron spectroscopy
(XPS) results (not shown here) indicate that the chemical
composition is titanium oxynitride rather than titanium
nitride, which is attributed to the oxidation of an initially
nitrogen-poor TiNx<1 deposition due to the difficulty of
breaking the triple bonds in nitrogen gas during the
reactive sputtering deposition. No plasmons are observed
for these TiON nanorods at this time.
We hypothesize that TiN may be produced by adjusting
the reactive sputtering process. One option we will
explore is to operate at higher magnetron power in order
to increase the dissociation rate of N2. It was also pointed
out that the nitrogen pressure has a large impact on the
conductivity of sputtered TiN [16], which we still need to
explore. We should note that due to the very high melting
point of TiN, 2930 oC, the substrate may need to be
heated by a cartridge heater during the deposition to
produce crystalline materials and therefore may require a
silica template rather than a PSL template.
Post-synthesis annealing in an inductively coupled
plasma (ICP) maintained in argon and nitrogen was tried
in order to transform the TiON nanorods into TiN.
Surprisingly, the nanorods morphed into nanocups after a
20 minute ICP annealing. Fig. 6(b) and its inset show the
top view and side view SEM images, respectively, of the
nanocups after ICP annealing. A clear opening can be
observed at the bottom of the top nanocup in the inset.
The PSL particles are etched away by the ICP. Energetic
surface reactions such as electron-ion recombinations are
hypothesized to be the cause of this transformation.
Further research will be conducted to study the effects of
ICP annealing on chemical composition and crystallinity
of the nanostructures. Beyond TiN, we will also extend
our studies to ZrN, which is also hypothesized to be a
good plasmonic material.

Fig. 6. (a) Side view SEM of TiON nanorods. (b) Top
view and side view (inset) SEM images of the TiON
nanocups after ICP. A clear void can be observed at the
bottom of the nanocup. Scale bars are 100 nm.

resolved plasmon resonances that are either missing or
less resolved in previous reports by other authors. It was
also found that ICP was capable of transforming nanorods
into nanocups.
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4. Conclusions
In summary, we proposed a gas-phase synthesis method
for anisotropic plasmonic nanostructures, namely
nanorods and nanocups, of low-cost and earth-abundant
alternative materials, including Cu, Al and metal nitrides.
The highly ordered non-close-packed templates are
essential to achieve well defined and well separated Cu
and Al nanostructures, which in turn exhibit sharp and
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Hydration of Hydrophobic/Hydrophilic Plasma Polymer Films
Affecting Protein Adsorption
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Abstract: The control of protein adsorption – the first step at material surfaces that are
exposed to a biological medium – is crucial for all biomaterials. In addition to the common
surface-related interaction forces (surface energy, charging, hydrogen bonding, molecular
forces), a plasma polymer film comprising a hydrophobic/hydrophilic vertical chemical
gradient nanostructure was found to affect the interaction forces due to water penetrating its
subsurface. As a result, reduced protein adsorption was observed for BSA.
Keywords: plasma polymerization, subsurface effect, water structuring, protein adsorption

1. Introduction
The common definition of “surface” includes surface
atoms and molecules, practically extending at the most
some three layers – typically one nanometer. This
definition is justified by the fact that many surface
properties related to symmetry breaking, such as
chemistry, wettability or charge density are determined by
the top most surface layer. The common understanding is
that this thin surface region also determines how
molecules adsorb onto it.
Far less explored are effects due to interactions with
deeper subsurface layers, i.e. the region extending over
several nanometers underneath the “surface”. This
subsurface region, however, might significantly
contribute to molecular adsorption via long-range (i.e.
few nm) interaction forces; mainly interactions with fixed
dipoles, water structuring and Van der Waals interactions
[1]. A key factor to make use of these interaction forces
thus lies in the hydration of the subsurface region.
Therefore, stable plasma polymer films made of siloxanes
were designed that contain a hydrophilic nanoporous base
layer terminated by a hydrophobic top coating, nominally
2-8 nm thick (Fig. 1) [2]. As a model molecule, bovine
serum albumin (BSA) was selected and its adsorption was
studied on gradient coatings as well as reference coatings
immersed in water or phosphate buffered saline (PBS).

Fig. 1. Schematic drawing of the examined
hydrophobic/hydrophilic plasma polymer films with
vertical chemical gradient nanostructure.
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2. Experimental
Hexamethyldisiloxane
(HMDSO),
(CH3)3Si-OSi(CH3)3, was used as starting molecule (monomer) with
a gas flow rate of 4 sccm with or without addition of
oxygen (40 sccm) in the discharge. Argon was used as
carrier gas (20 sccm). The RF plasma (13.56 MHz) was
capacitively generated by a steel electrode (21 x 70 cm2)
mounted inside a vessel with a volume of 40 l [2]. The
pressure was fixed at 7 Pa, while power input was 50 W
for HMDSO/Ar discharge without oxygen and 100 W for
oxygen addition [3]. Beside the deposition of reference
coatings using such fixed deposition condition (50 nm
thick), vertical chemical gradient films were deposited by
using the experimental conditions with O2 addition as
base layer (50 nm) and the conditions without O2 as top
layer with varying thickness of 2, 4, and 8 nm. All films
were smooth with a rms roughness of about 0.3 nm (1 x 1
µm2) as measured by AFM. Protein adsorption was
examined using a white light interferometric method
called Transmission Interferometric Adsorption Sensor
(TInAS) on plasma-coated sensors measuring the
(average) thickness of an adsorbate [2,4]. Bovine serum
albumin (BSA) served as model protein which was added
at 5 mg l-1 in distilled water or phosphate buffered saline
(PBS).
3. Results and Discussion
Using plasma polymerization, either hydrophobic or
hydrophilic plasma polymer films (PPFs) can be
deposited from HMDSO discharges mainly depending on
the admixture of an oxidizing agent such as oxygen.
While highly oxidized, dense quartz-like films can be
achieved as used for barrier coatings, the PPF properties
can also be tuned by the residual hydrocarbon content as
well as the densification of the films within the nonequilibrium plasma environment. Nanoporous plasma
polymers (ppSiOx) can thus be observed, where water
molecules are able to penetrate this moderately
hydrophilic nanostructure [5]. Without oxygen admixture
PDMS-like plasma polymers (ppHMDSO) can be
deposited which are hydrophobic due to their high
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number of residual CH3 groups bound to a stable,
branched Si-O backbone. Both PPFs were used as
reference coatings (50 nm thick).
Furthermore, the 50 nm ppSiOx film was used as base
layer coated by a 2, 4 or 8 nm thick adlayer of
ppHMDSO. Interphase formation in plasma polymer
deposition yields the formation of vertical chemical
gradient structures, while the ppHMDSO layer entirely
covers the base layer as indicated by water contact angle
(WCA) and topographical (roughness) measurements
(Fig. 2).

Fig. 3. Adsorbed BSA thickness for the studied siloxane
films as measured by TInAS with water. Note that 1 nm
corresponds to a deposited mass of ~140 ng cm-2 for BSA.

Fig. 2. Water contact angles measured on reference
coatings (ppSiOx, ppHMDSO) and vertical gradients
(with nominally 2, 4, and 8 nm hydrophobic adlayer).
Water penetration into such PPFs was investigated by
neutron reflectometry (using D2O) showing that water
readily penetrates ppSiOx films [5]. Moreover, water was
also found to slowly diffuse into ppHMDSO films, up to a
depth of 10 nm over a period of 4 hrs immersion.
For a typical adsorption measurement with BSA, the
siloxane PPFs were deposited on optical sensors and preimmersed in water or PBS for 10 hrs. The optical method
TInAS allowed to follow adsorption kinetics of BSA [2].
A stable base line was observed for all cases proving the
stability of the PPFs in aqueous environments.
Interestingly, the protein adsorption on all vertical
gradient films was found to be reduced – even below the
adsorption on ppHMDSO (Fig. 3). Note that also BSA
adsorption on ppSiOx is noticeably reduced compared to
quartz surfaces that typically show full coverage with
BSA of about 4 nm thickness. The same values of
adsorbed BSA have also been obtained with PBS instead
of water showing a negligible influence of ions (for the
used concentration).

To prove the hypothesis that hydration of the vertical
gradient nanostructures is a crucial factor affecting the
observed protein adsorption, a 4 nm vertical gradient film
was prepared without pre-immersion, i.e. starting the BSA
addition immediately after immersion within the TInAS
device. Different to the pre-immersed samples, the “dry”
gradient PPF revealed the same adsorption as on
ppHMDSO (Fig. 4). Hence, BSA adsorption is mainly
governed by surface energy on siloxane films as long as
subsurface effects are absent. The immersion time, on the
other hand, enables water to penetrate through the
hydrophobic top coating reaching the hydrophilic base
layer, where water can get trapped in the subsurface
forming water structuring throughout the vertical
gradient. It can be assumed that the density of water
molecules at the surface, which is low for hydrophobic
surfaces, is thus increased by hydrogen bonds between
water molecules at the interface enabling a different
conformation of adsorbed proteins [6,7]. Moreover,
hydration of the subsurface might result in fixed dipoles
and a change in polarity affecting the long-range
interaction forces [8].

Fig. 4. Adsorption curves for pre-immersed and dry
vertical gradient films compared to ppHMDSO.
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Another experimental series using the 4 nm thick
gradient layers has been conducted, this time in PBS, by
introducing a short drying cycle for 3-15 min, i.e. PBS
was removed, directly before re-immersion and BSA
addition (Fig. 5).

Fig. 5. Adsorption curves for pre-immersed vertical
gradient films. PBS was removed for certain periods
shortly before the addition of BSA.

poster

exerted by the subsurface, was revealed in addition to
known surface-related forces, which is an important
finding for the biomedical and related fields.
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By examining the effect of the different drying cycles,
it was found that already a 3 min drying period before reimmersion resulted in enhanced BSA adsorption
compared to the permanently immersed sample. Longer
drying periods yielded a further increase in BSA
adsorption reaching the properties of ppHMDSO films for
10 min or longer periods.
It can thus be assumed that the water structuring
through the hydrophobic adlayer is delicate and can be
interrupted by drying within several minutes.
Interestingly, the BSA adsorption remains stable
(saturated) although a re-hydration might be expected.
Most likely, BSA proteins become denatured at (nonhydrated) hydrophobic surfaces being a non-reversible
process [9]. The intermediate behavior for 3 and 5 min
drying periods would thus indicate partly denaturation. It
might further be inferred that less denaturation is
observed on the hydrated vertical gradient structures.
Hydration of hydrophobic/hydrophilic plasma polymer
films can thus be further exploited to control protein
adsorption and activity.
4. Conclusion
Plasma polymer films comprising a hydrophobic/
hydrophilic vertical nanostructure based on siloxane film
chemistry using HMDSO discharges were investigated
which are exceptionally stable in aqueous environments.
Protein adsorption with BSA can thus be observed using a
sensitive, optical method, TInAS, for dry and hydrated
gradient PPFs. Water penetration into the gradient
structure was found to affect protein adsorption as long as
water structuring, presumably by hydrogen bonding,
between the trapped water in the subsurface and the
aqueous environment persists. Hence, an additional factor
to control protein adsorption, namely interaction forces
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Plasma polymerization on electrospun polymer nanofibers
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Abstract: Two types of plasma polymers, low-pressure amine and atmospheric-pressure
anhydride/carboxyl films, were prepared on electrospun polymer nanofibrous membranes.
Nanofibers were coated uniformly and the membrane nanostructure was not corrupted by
the process when choosing proper conditions. Plasma polymerization penetrated through
the membranes by several tens of micrometers. Mechanical properties and degradability of
nanofibers was influenced by the plasma polymer films. Optimized polymer coatings had
positive effect on the cell proliferation and viability on nanofibrous membranes.
Keywords: plasma enhanced CVD, amines, carboxyls, electrospinning, cell cultivation.
1. Introduction
Plasma polymerization of functional thin films is the
method of choice for adjusting surface chemistry of
artificial polymers without affecting their bulk properties
because it can be efficiently used for the modification of
heat sensitive materials [1]. Additionally, it provides a
large variety of solutions for surface chemistry that can be
tuned to intended applications. Amine, anhydride or
carboxyl functional groups present in the plasma
polymers bring necessary surface functionalities for
applications in adhesion, immobilization of other
molecules and tissue engineering.
Plasma polymerization can be used for the modification
of 3D structured polymeric scaffolds [2] in order to solve
the problem of bioinertness of articial polymers. The
advantages of plasma polymerization has been also
demonstrated on the modification of delicate structure of
polymer nanofibers prepared by electrospinning [3,4].
In this work, we concentrate on the plasma modification
of electrospun polymer nanofibrous membranes that are
made of bio-resorbable polymers (polycaprolactone –
PCL and polyethyleglycol – PEG) aiming to improve
their biocompatibility by plasma polymers with either
amine or anhydride/carboxyl groups.

was operated either in continuous wave (cw) or pulsed
modes (duty cycle 33 or 10 %).
Anhydride/carboxyl plasma polymers were deposited
by plasma co-polymerization of maleic anhydride (MA)
and acetylene (C2H2) in dielectric barrier discharges (46 kHz) at atmospheric pressure. The MA and C2H2 were
mixed with Ar that served for delivery of MA vapors and
also as diluting agent. The gas delivery system at the top
electrode was optimized in the previous work [5,6].

Fig. 1. Sketch of RF CCP set-up used for the low pressure
plasma polymerization of cyclopropylamine.

2. Experimental Details
Amine plasma polymers were deposited in
cyclopropylamine (CPA)/Ar low pressure radio frequency
(13.56 MHz) discharges with capacitive coupling. The
substrates were placed at the bottom RF electrode. The
top showerhead electrode was grounded and used to
distribute uniformly the gas mixture. The sketch of the
configuration is in Fig. 1. The flow rates of CPA and Ar
were kept fixed at 2 and 28 sccm. The pressure was 50 Pa.
The RF power varied from 30 to 250 W and the discharge
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Fig. 2. Scheme of DBD set-up used for the atmospheric
pressure plasma polymerization of MA and C2H2.
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Fig. 3. Relative thickness change of amine films when
immersed in water for 216 hours in dependence on
nitrogen-to-carbon ratio in the films.

Fig. 4. PCL nanofibrous membrane coated by
anhydride/carboxyl films: a) optimized conditions, b) too
thick film together with production of dust particles.
The PCL, PEG and PCL/PEG electrospun nanofibers
were prepared by electrospinning of the solutions
dissolved in mixture of acetic acid (2 weight parts) and
formic acid (1 weight part). The electrospinning process
was carried out with the Nanospider™ NSLAB 500
(ELMARCO) using 20 cm long wired electrode, voltage
40 – 60 kV and the interelectrode distance 100 – 120 mm.
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The films on silicon substrates were characterized by
infrared (IR) spectroscopy, X-ray photoelectron
spectroscopy (XPS) and ellipsometry for determination of
film thicknesses. The films on nanofibers were
investigated by electron scanning microscopy and
dynamic secondary ion mass spectroscopy (SIMS).
The proliferation and viability of mouse myoblast cells
were tested on cultivation dishes coated by plasma
polymers and also directly on plasma modified
nanofibrous membranes using Cell CrownTM inserts for
cultivation 6-well plates.
3. Results and Discussion
The chemical structure of the amine polymers varied as
the energy invested into the plasma was increased. These
changes were previously reported as the function of
averaged power calculated as input RF power multiplied
by the duty cycle [7]. Here, we want to emphasize the
relation between the chemical composition, namely
nitrogen-to-carbon ratio (N/C) and film stability in water
(Fig. 3). Despite of different process, continuous wave or
pulsed discharge, the film stability in water (216 hours of
immersion) is inversely proportional to N/C ratio. The
exceptions can be found for very low average power, 9.6
and 5 W (30 W and 33 % duty cycle and 50 W and 10 %
duty cycle, respectively). In this case, the simplification
of film composition to N/C ratio is too crude and the film
chemical structure as observed either by fitting of XPS
atomic signals or IR spectroscopy has to be discussed.
As shown before, the films deposited from
MA/C2H2/Ar contained anhydride groups just after the
deposition [8]. These groups spontaneously hydrolysed
into carboxyl groups. The film stability in water was
influenced by the ratio of MA and C2H2 flow rate. The
films containing higher amount of functional groups
dissolved in water.
In both the plasma polymerization processes it was
possible to find conditions enabling to coat the
nanofibrous membranes by a stable plasma polymer
without their damage and change of microstructure. The
atmospheric pressure process had to be carefully
optimized to avoid dust formation and clogging of
membrane pores (Fig. 4).
Investigation of plasma-polymer coated membranes by
dynamic SIMS in combination with the derivatization
procedure of amine or anhydride groups, i.e. introduction
of fluorine atoms [9,10], revealed that plasma polymers
coated uniformly the nanofibers and the process
penetrated through the membranes by several tens of
micrometers. Mechanical properties and degradability of
nanofibers was influenced by the plasma polymer films.
Optimized polymer coatings had positive effect on the
cell proliferation and viability on nanofibrous membranes.
4. Conclusion
The PCL, PEG and PCL/PEG nanofibrous membranes
were prepared by electrospinning and successfully coated
by amine or anhydride/carboxyl plasma polymers.
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Nanofibers were coated uniformly and the membrane
nanostructure was not corrupted by the process when
choosing proper conditions. Plasma polymerization
penetrated through the membranes by several tens of
micrometers. Mechanical properties and degradability of
nanofibers was influenced by the plasma polymer films.
Optimized polymer coatings had positive effect on the
cell proliferation and viability on nanofibrous membranes.
Acknowledgement
The research was carried out under the project CEITEC
2020 (LQ1601) with financial support from the Ministry
of Education, Youth and Sports (MEYS) of the Czech
Republic. Part of the research was carried out in the
research infrastructure CEITEC Nano, Brno University of
Technology supported by the MEYS of the Czech
Republic under the project ID LM2015041 (2016–2019).
References
[1] R. d’Agostino (ed.), Plasma Deposition, Treatment
and Etching of Polymers, Academic Press, New York
(1990).
[2] F. Intranuovo, R. Gristina, L. Fracassi, L. Lacitignola,
A. Crovace, P. Favia, Plasma Chem Plasma Process 36,
269 (2016).
[3] E. Kedroňová, L. Zajı́čková, D. Hegemann, M. Klı́ma,
M. Michlı́ček, A. Manakhov, Plasma Process. Polym. 12,
1231 (2015).
[4] A. Manakhov, D. Nečas, J. Čechal, D. Pavliňák, M.
Eliáš, L. Zajíčková, Thin Solid Films 581, 7 (2015).
[5] A. Obrusník, P. Jelínek, A. Obrusník, Surf. Coat.
Technology (2017) DOI: 10.1016/j.surfcoat.2016.10.068
[6] L. Zajíčková, P. Jelínek, A. Obrusník, J. Vodák, D.
Nečas, Plasma Phys. Control. Fusion 59, 034003 (2017)
[7] A. Manakhov, M. Lanodová, J. Medalová, M.
Michlíček, J. Polčák, D. Nečas, L. Zajíčková, Plasma
Process. Polymers (2017) DOI 10.1002/ppap.201600123
[8] A. Manakhov, M. Michlíček, D. Nečas, J. Polčák, E.
Makhneva, M. Eliáš, L. Zajíčková, Surf. Coat. Technol.
295, 37 (2016).
[9] P.-L. Girard-Lauriault, P.M. Dietrich, T. Gross, T.
Wirth, W.E.S. Unger, Plasma Processes Polym. 10, 388
(2013).
[10] G. Mishra, S. L. McArthur, Langmuir 26(12), 9645
(2010).

378

ISPC23, Montreal, Canada

Plasma processing of nanomaterials and nanostructures

poster

Ultra-Shallow Junction Formation on 3D Si &
Ge Devices Structures by Ion Energy Decoupled
Plasma Doping
*

YS Kim and Hyukjun Kown
Lam Research Corp.

4650 Cushing Parkway, Fremont CA 94538, USA

*

YS.Kim@lamresearch.com,
Abstract
Advanced inductively coupled plasma techniques and surface treatments have been used to demonstrate 5 nm conformal
shallow junctions at low energy with no structure damage for both Si and Ge. N-type PH3 plasma-assisted doping was
characterized by dopant diffusion and electrical activation with increasing wafer temperature. Plasma-assisted doping at
high wafer temperature showed no structure damage even at a high incident energy condition with a bias power applied to
the wafer, while a shallow junction of less than 5 nm of Xj formation was achieved with low incident energy condition
without bias power. Adding Antimony (Sb) in plasma assisted doping step when using the decoupled plasma condition was
found to enhance the P dopant level and the activation level dramatically. Various annealing techniques were compared to
understand the impact to dopant activation and levels to form shallow junctions of less than 5 nm.

I.

INTRODUCTION

Increasing demands for information technology (IT) are
driving demand for high density memory and logic. To meet
these demands and to continue scaling, 3D structures have
been introduced in NAND and logic FEOL1.2). Based on
device technology roadmaps, shallow junction depths of
less than 10 nm are required for the less than 14 nm node
logic3) device, therefore, various doping techniques have
been considered to meet the requirement shown in Figure 1.

Fig. 1: For comparison, an industry target by ITRS on device junction
depth is overlaid with the roadmap 3) .
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A. Beamline Implantation vs. Plasma Doping
Conventional beam-line ion implantation has challenges
forming shallow junctions conformally in high aspect ratio
features, such as 20 nm FinFET. The primary limitation
with conventional beam-line implantation of 3D structures
is related with the directionality of ions. As shown in
Figure 2, the pitch of fin arrays is too small to inject ions on
the sidewall surface with uniform depth control. Ion
implantation involves both ions shading and penetrating the
surface at the same time as ions traverse with fixed incident
angle. This results in a non-uniform doping depth on the fin
sidewall, leading to unreliable source/drain current.
Plasma doping using high density plasma reactors such as
hollow cathode or inductively coupled plasma (ICP) has
demonstrated the formation of shallow junction by low
energy (<500 eV) with high dose for fabricating ultrashallow junctions4). It can be used effectively on high aspect
ratio features with ion directionality control 5). However,
even though plasma doping appears to be a promising
technology, it has experienced limited utilization in critical
applications6). The stringent requirements for controllability
of junction depth on 3D structures, requires alternative
approaches such as monolayer doping technologies
including ALD7,8), spin-on9), gas phase10), and optimized
plasma doping11, 12).

Plasma processing of nanomaterials and nanostructures

over beam-line implantation. However, concern over
incident ion direction control has limited its use in the
formation of shallow junctions with uniform doping on 3D
structures such as FinFET, since plasma doping often uses
bias power to generate enough ion energy to implant ions
and increase dopant levels at the Si substrate. As shown in
Figure 3, even though plasma doping could minimize the
depth penetration of ions by reducing ion energy, it is
difficult to fully avoid the issue of directionality due to its
sheath on the wafer surface.

Figure 3: Illustration of expected dopant distribution by various doping
techniques. (From left, conventional I2P, conventional plasma doping,
modified plasma-assisted doping, and monolayer doping, respectively.)

C. P doping in Ge
It is well known that the most of n-dopants diffuse too fast
in Ge to control the junction depth as it is annealed and
activated electrically, thus n-dopant level such as P can
hardly be exceeded to more than 3e19. Most of common
suggestion to constrain the n-dopants in Ge is using short
time annealing to minimize the diffusion and shorten the
junction depth at last. However, additional thermal
processes move the dopants further and degrade the
electrical performance gradually along with the device
fabrication flow. Another technique of the shallow junction
formation on Ge is adding secondary atoms during P doping
to hinder the diffusion of P and increase its level by such as
‘Sb co-doping’. This method, however, has been attempted
using I2P which cannot control the shallow depth and
conformality efficiently on 3D structure so far.

Figure 2: a) Beam-line implantation generates a non-uniform depth
profile on FinFET channel due to ion shading and penetrating. b) Control
of ion beam incident angle with multiple doses to form shallow junctions is
a challenge in HAR features.

B. Shallow Junction Doping Processes
As the scaling down of MOS devices continues, ultra
shallow S/D junction depth is required to reduce the short
channel effect and to increase the device performance.
Plasma doping technology has been developed due to its
high dose capability with low ion energy, high activation
efficiency, doping profile control and relatively low damage
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Figure 4: Diffusion coefficients of the n-type dopants (red lines):
phosphorus (P),47 arsenic (As),47 and antimony (Sb)47 in Ge compared
to Ge selfdiffusion(black line)14 and to the p-type dopants (green lines):
boron (B),86aluminum (Al),42 gallium (Ga),85 and indium (In).45

It has been suggested broadly that adding dopants on either
silicon or germanium surface to form the ultra-shallow
junction after activating and driving in the dopant thermally
is an alternate method to plasma doping due to its simplicity
and expectation of no structural damage on the surface
during process13). In this approach, the dopant atoms are
deposited on the silicon surface through the thermal
decomposition of either solid or gaseous precursors such as
B2H6, PH3 and AsH3.
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Abstract: In the present work, we report the fabrication of ferroelectric tunnel junction
memory devices based on a CMOS (complementary metal oxide semiconductor process)
compatible tunnel barrier Hf0.5Zr0.5O2 (6 unit cells thick) on an equally CMOS compatible
TiN electrodes. Such a device will give rise to the new generation of memory devices, CMOS
compatible and highly scalable.
Keywords: Ferroelectric Tunnel Junctions; CMOS process; Nanoscale characterization;
Tunneling electroresistance effect; Electronic band alignment.
1. Introduction
Semiconductor memories are the key component of any
data processing system. Historically, the ability of the fast
volatile solid state semiconductor memories, together with
compact nonvolatile hard disk drives enabled the
introduction of the personal computer [1]. As it can be seen
in fig. 1 semiconductor memories can be classified either
into random access memories (RAMs) or read-only
memories (ROMs). In RAMs, as the name suggests,
information can be written or read from any cells for
multiple times [1]. RAMs can be further classified based
on the retention of the stored information into volatile
memories and nonvolatile memories (NVMs). Dynamic
RAMs (DRAMs) and static RAMs (SRAMs) are examples
of volatile memories. SRAMs are very fast (write/erase
time: 0.3 ns/0.3 ns) compared to DRAMs (write/erase time:
<10 ns/<10 ns), but the density is very low due to the large
unit cell size. Nowadays SRAMs memories are used as
cache memories where the access time is critical, while
DRAMs are used as main memories where the capacity is
critical for temporary information storage and processing
[2].

Fig. 1. Semiconductor memories classification.
DRAM has been the technology of choice for main
memory systems for the past four decades [1]. Nowadays
semiconductor memories represent 21% of the total
semiconductor market, although a large variety of memory
types is available, the market is dominated by DRAM
(which makes up 48% of the memory market) [2]. The
information storage mechanism of a DRAM is based on
charge storage and the reading mechanism relies on the
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detection of the residual charge stored [3]. DRAM features
a capacitor in which a certain amount of charge is stored
and retained for a certain period of time. It also has a
transistor which allows fast programing. DRAM does not
guarantee a long data retention because of the leakage of
the capacitor and the transistor and also it has to be
frequently refreshed (every 64ms) due to its volatile
character [4].
System memory power (DRAM power) and disk power
contribute as much as 40% to the overall power
consumption, the energy efficiency therefore becomes a
critical aspect. Replacing DRAMs with NVMs will
considerably improve the energy efficiency. Also, high
density DRAM memory technologies will touch the
miniaturization limit when the lateral feature size of
DRAMs memories shrinks down to 14 nm [1]. Fortunately,
there are emerging memories in the technology pipeline
that may address these concerns, by being nonvolatile and
scalable. However, it is a big challenge to develop a
memory technology, which combines the best features of
the current DRAMs while being compatible with the
complementary-metal–oxide– semiconductor (CMOS)
process flow used in the semiconductor industry.
There are more than a dozen noticeable types of memories,
based on different physical concepts (fig.1). However,
among these memories, ferroelectric RAM (FRAM),
resistive RAM (RRAM), magnetic RAM (MRAM) and
phase-change RAM (PRAM) have been considered as
emerging memories to potentially overcome the limitations
of DRAMs and FLASH memories. Thought the present
study FTJ memories are discussed as promising high
density and ultrafast memories.
A ferroelectric tunnel junction memory can be seen as two
metal electrodes separated by a nanometer-thick
ferroelectric layer (thickness layer below ~3 nm). The
physical concept of this memory type exploits the
Tunneling Electroresistance Effect (TER), which brings
many advantages like: i) high fatigue resistance (endurance
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~ 106 cycles) due to its non-destructive readout operation,
ii) high speed (“ON/OFF” states can be written with pulses
down to 10 ns), iii) high scalability, and iv) simple
architecture [5]. A key challenge to overcome in a
Ferroelectric Tunnel Junction memory is to find an
adequate material that, in ultrathin film form, presents
ferroelectric properties. It is well known that
ferroelectricity is a collective phenomenon and therefore
thin films are expected to be ferroelectric only above some
critical thickness, in the range of 10–100 nm [6]. In
particular, strain engineering studies have shown that the
ferroelectric properties of a film might be enhanced by
taking advantage of the strain imposed by coherent epitaxy
between the film and the substrate [6]. This has led to the
successful experimental demonstration of ferroelectricity
in ultrathin films of conventional perovskite materials
(e.g., BaTiO3, PbZr0.2Ti0.8O3 and BiFeO3) [7-9]. Those
results attracted the attention of the semiconductor memory
community due to the possibility of realizing ultrafast and
high density non-volatile memories, however, these
perovskite materials suffer from lack of CMOS
compatibility due to poor interfacing with silicon, an
elevated crystallization temperature, and electrical
degradation under forming gas treatment. These issues,
along with the inability to further scale down, prevent their
use in high density memories [10]. The urgency and
importance of this issue demands appropriate candidate
materials to be identified and recent studies show that the
ferroelectricity of HfO2-ZrO2 films may provide the
solution to this problem, given their compatibility with
CMOS technology [11]. Incorporation of ZrO2 into HfO2
results in the formation of a ferroelectric material in thin
film form, HfO2 resembles its ‘’twin’’ oxide (Zirconia,
ZrO2), in many physical and chemical properties. The
resemblance is attributable to the structural similarity
between the two oxides, which can be explained by the
chemical similarity of Hf and Zr, which have similar
atomic and ionic radii (i.e., ionic radii for Hf4+ and Zr4+ of
0.78 and 0.79 Å, respectively). Both solid solutions ZrO 2
and HfO2 have a stable monoclinic phase at room
temperature
under
atmospheric
pressure.
The
crystallization temperature followed by the cooling due to
the initial nucleation gives place to a tetragonal phase
formation however, the mismatch along c-axis allows the
tetragonal – orthorhombic transformation. Orthorhombic
Hf0.5Zr0.5O2 has a space group Pbc21 which is noncentrosymmetric and, therefore, allows ferroelectricity
[11]. The observation of ferroelectricity in capacitors based
on hafnium-zirconium-oxide (TiN/Hf0.5Zr0.5/TiN) has been
reported recently. Hf0.5Zr0.5O2 thin films of 7.5 to 9.5 nm
thickness were successfully produced by pulse layer
deposition (PDL) [12]. Although PLD is good for
maintaining complex stoichiometries in oxides, the process
is not yet scalable, on the other hand, RF-on axis
Magnetron Sputtering is a widely used deposition
technique for large-scale production. The production of the
appropriate atomic Hf0.5Zr0.5O2 species and the transferring
process to the substrate in order to allow the species
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condensation on the substrate represents a challenge due to
the instability of the non-centrosymmetric Pbc21
orthorhombic phase (ferroelectric phase).
2. Objective
Given the vast industry experience accompanying ZrO2
and HfO2 based systems, ferroelectric Hf0.5Zr0.5O2 thin
films are considered promising candidates for future lead
free ferroelectric memory technologies. Therefore this
communication is aiming at the synthesis of ultrathin
Hf0.5Zr0.5O2 films by radio frequency sputtering for
ultrafast and nonvolatile memory applications.
3. Experimental set up
The Hf0.5Zr0.5O2 thin films were deposited on
Pt/Al2O3/SiO2/Si substrates by on-axis RF magnetron
sputtering. The sputtering unit used in this study was a
computer-controlled table top deposition system from
Plasmionique Inc. (SPT310 model). A polycrystalline
Hf0.5Zr0.5O2 ceramic disc (2.54 cm in diameter and 0.317
cm thickness) was used as a sputtering target. Prior to
deposition, the chamber was evacuated at base pressure of
at least 10–5 Torr using a dry pumping station. The
sputtering medium used was a mixture of Ar and O 2
(oxygen partial pressure, Po=O2/(Ar+O2)= 50%) with an
operating pressure in the range of 5 – 30 mTorr. The RF
power was fixed to 20 Watts on 1” target and the substrate
temperature varied from 400 oC to 650 oC (thermocouple
was fixed to a heater block). The target surface was cleaned
for 15 minutes by pre-sputtering prior to all depositions
while keeping the shutter on the substrate surface closed.
In order to eliminate contamination and to maintain
homogeneity of the target composition, the target substrate
distance was kept constant at 110 mm.
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Abstract: In this study, we suggest the process to coat metal nanoparticles on flexible
polymer film using underwater plasma. The suggested process has advantages of fast
fabrication time and simple system because it can synthesize and coat metal nanoparticles at
one time. We measured thickness and shape of coated copper nanoparticles in order to
analysis of coated copper nanoparticles according to precursor and discharge time. And, we
confirm that the process successfully coat copper nanoparticles on flexible PVC film.
Keywords: nanoparticles coating, underwater plasma, flexible film
1. Introduction
In recent years, serious electromagnetic (EM)
interference pollution is arising from the rapidly expanding
business of communication devices, such as mobile
telephones, local area network systems and radar systems.
The EM shielding technology have been highly considered
in electrical and electronic industries due to the increasing
concern about health issues caused by human exposure to
EM wave. Textiles and polymer films have been highly
considered for EM shielding applications due to their
desirable properties in terms of flexibility, low mass and
low cost. Textiles and polymer films are intrinsically non
EM shielding materials. However, they can successfully
turn to be EM shielding after raw-material changes, new
production process or process adaptions that make them
electrically conductive.
Some of methods to obtain conductive fabrics are the use
of metallic fibers and yarns, such as stainless steel,
aluminium or copper yarns. However, these types of yarns
tend to have uncomfortable characteristics such as low
flexibility, heavy weight, and stiffness. To overcome these
problems, many researchers have developed process to
produce conductive textile or films using vacuum
deposition, sputtering, and electro-less plating [1-3]. In
general, the techniques are time-consuming, complex and
require the utilization and know-how of the processing.
In this work, we suggest novel process to coat metal
nanoparticles on polymer films using underwater plasma.
The suggested process has advantages of fast fabrication
time and simple system because it can synthesize and coat
metal nanoparticles at one time.
2. Experimental
Figure 1 shows a schematic of the experimental set-up
for coating Cu-NPs (copper-nanoparticles) using an
underwater plasma. The system consists of power control
module and reactor module. The power control module has
three components; a commercial voltage regulator, high
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voltage transformer operated with a 60 Hz sinusoidal wave,
and half-wave rectifier circuit. A voltage adjustor regulates
the secondary voltage by controlling the primary voltage of
the transformer. This arrangement drives the rectified
voltage waveform to the electrode.
The reactor module has two components; a cylindrical
reactor and two electrodes. The volume of the cylindrical
reactor used in this experiment is about 600 ml. The
Venturi-type support reactor is located in inside of
cylindrical reactor for circulating the Cu precursor in order
to enhance the reaction by the underwater plasma. The
diameter of the top of the Venturi-type support reactor is
50 mm, but it slopes down to 20 mm at the bottom of the
reactor. The height of the Venturi-type support reactor is
130 mm. To inhibit oxidation of synthesized Cu-NPs,
nitrogen gas is injected into the cylindrical reactor. The
capillary electrode is used for generating plasma in liquid
[4]. The tungsten cathode with a diameter of 1.6 mm is
inside the alumina tube to fabricate capillary electrode. The
polymer film for Cu-NPS coating is locate on ground
electrode. The synthesized Cu-NPs is accelerated to
polymer film by electric filed between capillary and ground
electrode as shown Fig. 2.

Fig. 1. Schematic view of experimental set-up for Cu-NPs
coating and configuration of capillary electrode.
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Fig. 2. The mechanism of Cu-NPs coating on polymer
film by underwater plasma.
In this work, we use Cu(OH)2 (copper hydroxide), CuCl
(copper(I) chloride), and Cu(CH3COO)2 (copper acetate)
as Cu precursor in order to analysis the characteristics of
coated Cu-NPs according to precursor type. We prepare the
liquid solution containing 3 g of copper precursor, 700 ml
of deionized water, and 20 ml of hydrazine monohydrate.
In order to mix copper precursor with the de-ionized water
and hydrazine monohydrate, we use a magnetic stir plate
with a magnetic stir bar spinning constantly at 350
revolutions per minute.
3. Results and discussion
In order to analysis characteristics of Cu-NPs coating by
underwater plasma, we measure the thickness and shape of
coated Cu-NPs on glass substrate according to discharge
time.
Figure 3 shows the results of coated Cu-NPs thickness
according to precursor and discharge time. The thicknesses
of coated Cu-NPs are increased with discharge time
because the size of Cu-NPs are increased by plasma as
shown Fig. 4 and more Cu-NPs are coated on substrate by
electric field in proportion as increase of time. Among the
three types of precursor, the Cu(CH3COO)2 have the most
thickest coating layer about 1μm. When the Cu-NPs are
synthesized using Cu(CH3COO)2, the acetic acid
(CH3COOH) is produced as by-product and it react with
Cu-NPs to form copper thin film [5]. Therefore, the reason
that the Cu(CH3COO)2 have the most thickest coating layer
is related to the reaction of acetic acid and Cu-NPs.

Fig. 4. The SEM image of coated Cu-NPs according to
precursor and discharge time.

Fig. 5. The photo image of flexible PVC film coated
Cu-NPs
The Cu-NPs coating on flexible PVC film is performed
in order to certify that the process can be applied to
fabricate EM shielding textile and film. As shown Fig. 5,
the Cu-NPs are successfully coated on flexible film using
underwater plasma.
4. Conclusions
In this study, we suggest the Cu-NPs coating process
using underwater plasma. The thickness of coated Cu-NPs
is increased with increase of discharge time, and most
thickest when using the Cu(CH3COO)2 as precursor. In
addition, we confirm that Cu-NPs are coated on flexible
polymer film. In near future, the suggested process will be
applied to fabrication of EM shielding textile and film.

Fig. 3. The results of coated Cu-NPs thickness according
to precursor and discharge time.
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Abstract: We present a novel technique for the synthesis of zirconium nitride (ZrN)
nanoparticles using a scalable non-thermal plasma process. The system employs a solid
zirconium tetrachloride precursor, which is heated at moderately high temperatures to
increase its vapor pressure and to deliver it to a non-thermal plasma reactor. Ammonia is
used as nitrogen precursor. The synthesized ZrN particles exhibit a plasmon-resonance
absorption peak well within the visible spectrum. Depending on the flow rate of ammonia,
the absorption peak is controllable from ~640 nm to ~780 nm. XRD and TEM suggest that
we synthesize crystalline ZrN particles with a cubic rock salt structure and a fairly
monodisperse size distribution centered at ~5 nm. In XRD, we also observe the presence of
sharp peaks that may indicate the presence of contaminant ammonium salts, which can form
when gaseous ammonia reacts with gaseous ZrCl4. The formation of this contaminant reduces
throughput in the system, but the product can be cleaned by annealing or by solvent rinsing.
Understanding the processing parameters associated with synthesizing ZrN nanoparticles
will allow further study into replacing rare-earth metal plasmonic nanoparticles like gold or
silver.
Keywords: Zirconium nitride, plasmon, nanoparticles, non-thermal plasma.
1. Introduction
Localized surface plasmon resonance (LSPR) is a
phenomenon that has garnered interest in a variety of fields
recently, such as photocatalysis1, photovoltaics2,
biophotonics3, spectroscopy4, sensing5, and waveguiding6.
The phenomenon has been observed and well-studied in
noble metal nanoparticles, like gold, silver, copper, and
platinum7-9. Doped semiconducting nanoparticles have
also been observed to exhibit LSPR behavior, though not
in the visible spectrum.
Luther et al. correlate the LSPR frequency with the
density of free charge carriers in nanoparticle materials10,
so metals tend to have the highest LSPR frequency, with
LSPR peak position well within the visible spectrum. Due
to the difficulties with synthesizing pure metallic
nanoparticles and the cost associated with noble metals,
alternative materials exhibiting plasmonic behavior in the
visible spectrum are highly desirable. Group IV transition
metal-nitrides have been proposed as potential plasmonic
materials to compete specifically with gold-based
plasmonic nanomaterials11,12. In addition, the ceramic
properties of these nitrides allow for high thermal
stability13, and the LSPR frequency can be tuned according
to stoichiometry11.
Our group has previously reported the synthesis of
tuneable plasmonic TiN nanoparticles using a nonthermal
plasma synthesis technique14. These particles exhibit
plasmonic behavior with an optimal absorption peak
around 790 nm. The peak was shown to be tuneable based
on oxide content, with an increased surface oxide
associated with red-shifting and diminishing the LSPR
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peak strength. Replacing the titanium anion with zirconium
causes the plasmonic resonance peak to blue shift into the
visible spectrum11,15.
Herein, we outline a scalable non-thermal plasma
technique used to synthesize ZrN nanoparticles using
anhydrous solid zirconium tetrachloride and ammonia gas
as precursors. We show preliminary results that indicate
plasmonic behavior from crystalline nanoparticles.
2. Experiment
A schematic of the experiment apparatus is shown in Fig.
1. The system is based on the continuous flow non-thermal
plasma reactor described by Mangolini et al.16 In order to
synthesize ZrN, we use solid ZrCl4 and gaseous NH3 as
precursors. Solid ZrCl4 has a vapor pressure of ~0.01 torr
at room temperature17, so to increase the concentration of
reactants in the system the precursor is heated to 180 ºC in
an alumina boat situated near the downstream end of a tube
furnace. The flow of the heated argon over the solid
precursor provides an estimated ZrCl4,(g) flow rate of ~10
sccm for an argon flow rate of 70 sccm and the
aforementioned temperature17. It is crucial to inject
ammonia into the system as close to the plasma plume as
possible, as NH3 and ZrCl4,(g) will react in the vapor phase
to form ammonium salts18, which are expected to be nonreactive within the plasma.
The plasma reactor is a 2.5 cm OD quartz tube with a
thin copper plate wrapped around it as RF electrode. The
electrode is ~5 cm in width and the plasma, under optimal
conditions, couples to the grounded stainless steel flange
downstream of the reaction volume. The RF power
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Fig. 1. Schematic diagram of non-thermal plasma apparatus used to synthesize ZrN nanoparticles. Solid ZrCl4 is heated
and vaporized under steady flow of argon, and ammonia is introduced to the stream just prior to the plasma plume.
supplied to the electrode is 180 W, which we have found
necessary to use in order to synthesize crystalline particles.
During particle synthesis, the pressure within the reactor is
maintained at 3 torr using a butterfly valve. ZrN particles
are collected downstream of the plasma using a stainless
steel mesh filter.
Optical absorption measurements have been carried out
using a Varian Cary 500 UV/Vis/NIR spectrophotometer
with the particles dispersed in a methanol solvent.
Diffraction spectra have been generated using a
PANalytical Empyrean X-Ray Diffractometer using a
CuKα radiation source with a wavelength of 1.54 Å.
3. Results & Discussion
Using the apparatus displayed in Fig. 1 and the
methodology listed above, we are able to synthesize
crystalline ZrN nanoparticles with an average size of 5 nm.
TEM (not shown) confirms the production of highly
monodisperse crystalline nanoparticles. The diffraction
pattern aligns well with crystalline rock salt-structured ZrN
at 33.9º (111), 39.5º (200), and 56.3º (220) (Fig. 2).
In the diffraction spectrum (Fig. 2), we also observe
sharp peaks at 32.5º, 46.9º, and 58.1º. We attribute these
peaks to ammonium salts that form when NH3 reacts with
ZrCl4 in the vapor phase. Using a simple solvent rinsing
process or a low temperature annealing process in inert
atmosphere, these contaminating salts can be eliminated.
This is demonstrated by Alvarez-Barragan et al. with
TiN14.
The produced particles disperse well in methanol, and
the color of the dispersion ranges from deep blue/indigo to
yellow, depending on the synthesis parameters. We have
found that by varying the ammonia flow rate relative to that
of argon (and in turn of ZrCl4), we can produce particles
throughout this optical range (deep blue/indigo, blue,
green, and yellow). UV/Vis/NIR spectroscopy confirms

Fig. 2. Normalized diffraction spectrum of synthesized
ZrN nanoparticles.
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that the absorption peak for these samples correlates with
characterization by the naked eye. In Fig. 3, the blue line
(peak at 640 nm) corresponds to a sample produced with a
low ammonia flow rate that appeared deeply blue, and the
green line (peak at 780 nm) corresponds to a sample
produced with a high ammonia flow rate that appeared
yellow-green.
Alvarez et al. observed a similar result in the synthesis
of TiN nanoparticles using a similar non-thermal plasma
processing technique14. Specifically, he noted that both the
size and the absorption peak of the produced TiN
nanoparticles could be controlled by varying the NH3 flow
rate in the system. Upon further investigation, the group
observed that the size of the particles correlated with the
amount of oxygen relative to nitrogen – smaller particles
had a much higher oxide content, which contributed to a
red-shift in the absorption peak. The larger particles more
closely approximated the plasmonic behavior associated
with TiN with an absorption peak at near 800 nm.
We expect a similar effect in these ZrN particles – they
will oxidize at the surface upon exposure to atmosphere.
However, preliminary TEM data suggests that we do not
produce such a large range of particle sizes. Further
experimentation and characterization is required to
determine how oxygen may play a role in breadth and
position of the absorption peak, but we expect a similar
trend in the ZrN as is seen in TiN. Namely, a higher oxide
content will lead to a red-shifted and broadened peak14.

Fig. 3. Normalized absorption spectrum of two
different ZrN samples. Sample produced with lower
NH3 flow rate exhibits absorption peak at 640 nm (blue
line), sample produced with higher NH3 flow rate
exhibits absorption peak at 780 nm (green line).
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This is inferred to be the primary difference between the
two samples shown in Fig. 3. If excessive oxidation is
observed, the effect can be reduced by alloying silicon into
the material system, to act as an “oxygen sink” in the
structure19.
4. Conclusion
We have described a novel technique for the synthesis of
plasmonic ZrN nanoparticles using a non-thermal plasma
process. Diffraction and TEM characterization show that
we produce monodisperse particles with a typical size 5
nm. Further, the particles are crystalline and diffraction
peaks align with the cubic ZrN structure. Optical
characterization of the produced material suggests a
plasmonic effect ranging from ~640 nm to ~780 nm,
though further characterization is required to conclude
whether we are tuning an absorption peak or we are
observing an oxidation effect.
5. References
[1] L.R. Hirsch, Stafford, R.J., et al. Proc. Natl. Acad. Sci.,
100 (2003), 13549-54.
[2] C. Clavero. Nat. Photon., 8 (2014), 95-103.
[3] M.J. Kale, Avanesian, T., Christopher, P. ACS Catal.,
4 (2013), 116-28.
[4] S. Nie, Emory, S.R. Science, 275 (1997), 1102-6.
[5] H. Liao, Nehl, C.L., Hafner, J.H. Nanomedicine., 1
(2006), 201-8.
[6] S. Lal, Link, S., Halas, N.J. Nat. Photon., 1 (2007), 6418.
[7] M.-C. Daniel, Astruc, D., Chem. Rev., 104 (2004), 293346.
[8] G.H. Chan, Zhao, J., et al. Nano Lett., 7 (2007), 194752.
[9] J.J. Mock, Barbic, M., et al. J. Chem. Phys., 116 (2002),
6755-59.
[10] J.M. Luther, Jain, P.K., et al. Nat. Mater., 10 (2011),
361-6.
[11] G.V. Naik, Kim, J., Boltasseva, A. Opt. Mater.
Express, 1 (2011), 1090-9.
[12] A. Lalisse, Tessier, G., et al. Sci. Rep., 6 (2016),
38647.
[13] S. Yu, Zeng, Q., et al. RSC Adv., 7 (2017), 4697.
[14] A. Alvarez-Barragan, Ilawe, N.V., et al. J. Phys.
Chem. C, 121 (2017), 2316-22.
[15] A. Reinholdt, Detemple, R., et al. Appl. Phys. B, 77
(2003), 681-6.
[16] L. Mangolini, Thimsen, E., Kortshagen, U. Nano
Lett., 5 (2005), 655-9.
[17] H. Schäfer, Binnewies, M. Z. Anorg. Allg. Chem., 410
(1974), 251-68.
[18] K.-E. Elers, Saanila, V., et al. Chem. Vap. Depos., 8
(2002), 149-53.
[19] Y.-I. Chen, Chang, S.-C., Chang, L.-C. Surf. Coat.
Technol., (2017, In press).

ISPC23, Montreal, Canada

389

poster

Plasma processing of nanomaterials and nanostructures

A Density Functional Theory Study of the Interface between Hydroxyapatite
(001) and Rutile (110) Surfaces
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Abstract: To gain insights into the nature of adhesion mechanism, the affinity between the
hydroxyapatite (HA) and rutile (Ru) surfaces was systematically studied using density
functional theory (DFT). The systematic study has been performed, from the bulk and
surface of HA and Ru, to the interfacial bonding mechanism of amorphous HA (001)
surface onto Ru (110) surface in stoichiometric, non-stoichiometric and amorphous
forms.
Keywords: hydroxyapatite, HA/Ru interface, work of adhesion, density functional theory.

1. Introduction
Hydroxyapatite [Ca10(PO4)6(OH)2, HA] ceramics
known for its bioactive nature is the most stable calcium
phosphate (CaP) mineral in the human body with a Ca/P
ratio of 1.66 [1], applied as a coating on a metallic
substrate for enhancing the bone formation process
around the implant [2]. The most commonly used
substrates for HA coating deposition are titanium (Ti) and
its alloys, which are clinically used this time as metal
implants due to their good mechanical properties and a
high corrosion resistance [3-5].
Although a large number of experimental studies have
been carried out and provided valuable results, the
mechanism of the HA interaction with Ti at the
coating/substrate interface is still far from being fully
understood. Thus, the complexity of the interactions at
HA / Ti interface encouraged us to investigate that
phenomenon with the detailed theoretical analysis using
density functional theory (DFT) method, that can help us
to understand the interactions at the atomic- and
molecular-scale level, which cannot be investigated
directly from the experiments.
In the present paper, the interaction (work of adhesion
and electronic structure) at the interface of amorphous HA
(001) / crystalline Ru (110) with and without vacancies
and amorphous Ru (110) are investigated using a DFT
approach.
2. Methods of Calculation
The calculations employ DFT approaches as
implemented in the VASP code [6-10]. The exchange–
correlation interactions are treated by GGA with PBE
functional [11, 12]. The PAW pseudopotentials are used
for describing the interaction between ions and electrons
[13, 10]. The valence configurations of the
pseudopotentials are 1s1 for hydrogen, 3s23p3 for
phosphorus, 3s23p64s2 for calcium, 2s22p4 for oxygen, and
3d34s1 for Ti. A plane-wave cutoff of 600 eV is used in all
calculations containing HA, for the pure Ru cell
calculations the energy cutoff was sets to 500 eV. The
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Brillouin zone integration is done using a 4 × 4 × 4 and 8
× 8 × 8 Monkhorst-Pack k-point mesh [14] for HA and
for Ru, respectively. A 2 × 2 × 1 Γ-centered k-point grid
is used in the relaxation of the HA (001) / Ru(110)
interfaces, while 6 × 6 × 1 grids are used for final energy
calculation. The total energy is converged to within
0.01 eV/Å. Amorphization of HA is performed using the
serial version of ReaxFF. [15-16]. We combined the
phosphate force field parameters from ref. 17 with the
Ca/O/H parameters of ref. 18. The parameterized force
field for TiO2 [19] is used for the amorphization of
Titanium Dioxide surface. The atomic structures are
visualized by the VESTA 3 [20].
3. Results and Discussion
The systematic study of the bulk and surface of HA
and Ru is not presented in the paper. The data discussed
here include six interface models of HA (001) and Ru
(110)
surfaces:
аHA / cRu,
аHA / Ru(Vo1),
аHA / Ru(Vo3), аHA / aRu1, аHA / aRu2, аHA / aRu3
(аHA и aRu (1-3) – amorphous HA and Ru, respectively,
cRu –, Ru(Vo1) and Ru(Vo3) - crystalline Ru with
bridging (Vo1) and sub-bridging (Vo3) oxygen vacancies,
respectively).
To identify the possible structure arrangements at the
constructed interfaces, the scanning one surface to another
was done in ReaxFF. During the scanning, all atoms were
fixed, and the amorphous HA (001) surface scans over the
different surfaces of Ru (110) in three directions (xdirection: 10 points (stepsize: 0.066 Å); y-direction: 10
points (stepsize: 0.089 Å); z-direction: 40 points (stepsize:
0.065 Å)). The relation between amorphous HA (001)
surface and different surfaces of Ru (110) at various
positions was analyzed: stacking positions with the
minimum values of total energy for all systems were
selected for subsequent interfacial calculations.
Thus, six interface models were constructed with the
different stacking positions of HA (001) to Ru (110)
defined by ReaxFF. After that, all interface models were
relaxed in VASP and the optimization of geometrics and
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separation between two slabs were done. The full
relaxation of all models is time consuming, however, it is
precise and reliable. The mean values of calculated values
for all interface systems with the different stacking
positions are listed in Table 1.
Table 1. Calculated work of adhesion and integral charge
transfer value for the different interface systems.
Interface system

Wad (J/m2)

aHA / cRu
aHA / Ru(Vo1)
aHA / (Vo3)
aHA / aRu (1-3)

-0.335±0.115
-0.538±0.0904
-0.231±0.059
-1.442±0.409

Integral charge
transfer
(ICT)
(electron)
-0.214±0.041
-0.124±0.027
-0.171±0.077
-0.405±0.054

Using optimized interface structures allowed us to
reveal that the typical pattern of HA / Ru interfaces was
the formation of different Ti−O bonds between the Ti
from slab of Ru and O from PO4 groups in HA at the
interface. After relaxation the bottom Ti layers have
shown a zigzag structure in the cases of crystalline Ru.
Moreover, the strong distortion of atomic positions
occurred in the HA side due to its amorphous structure.
Another character of distortion of atomic positions was
observed in the cases of аHA / aRu (1-3) interfaces.
Unfortunately, from the obtained pattern for all models it
is difficult to determine the presence of any repulsion of
Ca atoms from the Ru slabs and interaction between the
Ca atoms of the HA slabs and atoms of Ru slabs at the
interfaces.
The calculations of the adhesion work were performed
using the following equation [21].
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The next step was to study the electronic structure and
relationship between аHA / Ru at the interface for better
understanding of the nature of the bond interaction via
calculation of total and partial densities of states (DOS) of
most stable models (for the atoms at the interface: six Ti
atoms, eight oxygen atoms of Ru, PO4 molecule, three
calcium atoms). It was revealed that the interaction at the
interface leads to significant changes in the DOS at the
Fermi level for the HA, indicating a significant change in
the character of relations before and after the interaction.
The total DOS for all interface systems have shown a
~2.30 eV energy gap between the valence and conduction
bands. Although PBE is known to yield inaccurate band
gaps, we here focus on the change in electronic structure
due to the interface interaction rather than on the exact.
The analyse of obtained graphs revealed the presence of a
mixed zone in the valence band which made analysis
more difficult. It was observed that the p orbital of PO 4
unit contributes the mainly bonded interaction at the
interface. Moreover, it is worth noting that maximal
bonding peaks of PO4 are appeared at -9.7, -7.9, -7.4 eV,
however, the main part of DOS concentrated in the energy
range from -7 eV to -2.5 eV. Moreover, p orbital of Ca
has also an influence on the interaction at the interface,
but the amplitude value of partial DOS of Ca is relatively
lower than others implying the weak interaction between
Ca and other atoms of interface system (DOS graphs are
not presented).
The charge density difference (CDD) was calculated for
giving an intuitional insight into the electronic
interactions between amorphous HA (001) and different
structures of Ru (110). CDD was defined as [22]:

(1)

Δρ(r) = ρHA/Ru(r) − ρHA(001)(r) − ρRu(110)(r), (2)

where
is the total energy of the interface
system in its optimized geometry,
and
are the total energies for the corresponding isolated
subsystems with the same geometry as that of the
optimized interface system, and A (A=a*c=
6.57945*8.89848=58.5471 Å2) represents the interface
surface area.
Table 1 presents the calculated work of adhesion for all
interface systems. The more negative value of obtained
, the greater the bonding strength at the interface was
observed. The investigation of adhesive energy between
Ru (110) and amorphous HA have shown that subbridging vacancies have extremely weak influence on the
interfacial adhesion values (Table 1). Comparison of the
results obtained for crystalline Ru (110) with or without
vacancies and amorphous Ru (1-3) revealed the strong
interaction only in the case of amorphous Ru models. It
should be noticed that the stacking position also has an
influence on the resulted work of adhesion values. Rather
similar values of the work of adhesion, falling in the
ranges -0.01 J m−2 and -1.99 J m−2, were obtained for
HA(0001) / Ti(0001) interface system using DFT by Jin
P. Sun et al. [22].

where ρHA/Ru(r) is the charge density of the total
HA(001) / Ru(110) interface system, and ρHA(001)(r)
and ρRu(110)(r) are the charge densities for the isolated
HA(001) and Ru(110) slabs, respectively.
The display of the CDD figures with different
isosurface values of ±0.01 and ±0.001 e/Å3 contributed to
an understanding of the chemical bonding mechanism at
the HA / Ru interface (Fig. 1) [23]. The blue and the
yellow areas represent the depletion and accumulation
electrons, respectively.
As shown in Fig. 1 (a, c, e and g) the electron charge
rearrangements are mainly located in two near boundary
layers. Thus, the O and Ti sites are intermediate to build
the interface, and possess different charge density
difference. The ionic bonds between O and Ti atoms at
the interface were detected [22]. Ti atoms act as electron
donor (Lewis base) for all types of interfaces.
Furthermore, Ca atoms that interact with neighboring O
atoms from the Ru surface also act as basic sites, and CaO ionic bonds are formed.
Rare electron transfer was observed as the isosurface
value is set to ±0.01 e/Å3, indicating that the weak
interactions between the amorphous HA (001) and Ru

,
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(110) with Vo3 defects occurred (Fig. 1d). The interfacial
interactions are more obvious for the interfaces between
the amorphous HA (001) and crystalline Ru (110) with
the Vo1 type of vacancies and without any vacancies than
for HA (001) / Ru (110) with the Vo3 vacancies type (Fig.
1 (b, f)).
a

b

c

d

e

f

g

h

Fig. 1. CDD between amorphous HA and stoichiometric
(a-b), defected (c-d and e-f, for Vo3 and Vo1,
respectively) and amorphous (g-h) Ru (110) projected
on (100). The isosurface value is set as ±0.001 e/Å3 (a, c,
e, g) and ±0.01 e/Å3 (b, d, f, h). Light blue shading
(yellow) indicates negative (positive) isosurface value.
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Yellow regions show electron accumulation, and blue
regions represent electron loss.
The most intensive interactions between the interfacial
atoms were observed in the case of interface between the
amorphous structures (Fig. 1 (g, h)). This is also well
consistent with the fact that the adhesion of that interfaces
are much higher than for others.
In summary, the aHA / aRU interface has more
preferable interaction and is more stable in
thermodynamics than aHA / cRu interfaces. The dominant
bonds are the ionic interactions between interfacial atoms,
especially the Ti−O bonds.
The bonding strength at the interface, measured by the
work of adhesion, can be correlated with the integral
charge transfer. The Bader charge analysis was used to
estimate the charge transfer in the simulations. For the
Bader analysis we used Bader code created by Henkelman
Group, in which the total charge is calculated as an
integral of the charge density over the grid points.
Thus, the integral charge transfer represents for the
exchange electrons between one molecule to its nearest
neighbour molecule, and strongly affected by the
intermolecular distance, the shorter the distance, the
stronger orbital overlaps giving a rise in integral charge
transfer [24].
Table 1 represents the calculated integral charge
transfer for different systems. The obtained data reveal
that aHA becomes more negatively charged after
interaction for all models. The correlation character
between the work of adhesion and the integral charge
transfer for interface models of crystalline Ru was linear
(Table 1). The charge transfer is very small, due to the
small value of adhesion.
In the case of amorphous Ru surface, the observed
charge transfer is slightly larger, and the work of adhesion
has a more negative value, which means the interfacial
adhesion becomes stronger.
4. Conclusion
In conclusion, we have attempted to make a DFT
modeling of adhesion strength at the interface between the
amorphous HA (001) and Ru (110) in crystalline and
amorphous states to get an atomistic insight of implant
protection from failure. Six interface models with
different stacking positions have been considered. We
have carried out the structural optimizations and atomic
relaxations of the bulk, surfaces, interfaces, and obtained
the structural information and energetics. It was
concluded that after relaxation, the bottom crystalline Ti
layers have shown a zigzag structure and strong distortion
of atomic positions occurred in the HA side due to its
amorphous structure. Another character of distortion of
atomic positions was observed in the cases of amorphous
Ru slabs. Significant distortion on atomic positions
occurred in the Ti side during the optimization. It was
observed that the Ti−O bond is preferentially formed
across the interface for all models. The analysis of the
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obtained electronic structure results revealed that the p
orbital of Ca, d orbital of Ti and p orbital of PO 4 in the
valence band made the main contribution to the
interaction at the interface. The investigation of adhesive
energy between the Ru (110) and amorphous HA (001)
surfaces have shown that vacancies have extremely weak
influence on the bonding strength at the interface.
Comparison of results obtained for crystalline Ru (110)
with or without vacancies and amorphous Ru revealed the
strong interaction only for the latter.
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Nonthermal plasma synthesis of highly luminescent silicon quantum dots for
efficient luminescent solar concentrators
S. Ehrenberg1, J. Hollinger2, M. A. Hillmyer2, U. Kortshagen1
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Abstract: Nonthermal plasma synthesis can produce silicon quantum dots with control
over their size and surface, enabling low defect densities and efficient, size tunable
emission. These ideal qualities can be leveraged to fabricate silicon quantum dot
luminescent solar concentrators, which are semitransparent polymer slabs doped with
photoluminescent silicon quantum dots. Unlike reflecting concentrator devices, luminescent
concentrators have exceptional versatility in terms of shape, color, and transparency.
Keywords: Plasma synthesis, silicon, quantum dot, luminescent solar concentrator.

1. Background
Quantum dots are a class of nanocrystalline
semiconducting materials whose crystal size is smaller
than the Bohr exciton radius, which is the average
distance between electron and holes paired through
Coulombic attraction in the bulk material [1]. When
carrier interactions are spatially confined, quantum
confinement effects produce an effective increase in the
semiconductor’s bandgap with decreasing particle size.
Relative rates of electron-hole recombination also change
under quantum confinement, frequently producing
efficient radiative recombination pathways. The unique,
size-tunable properties and bright photoluminescence of
quantum dots have made them interesting materials to
study in a variety of optoelectronic applications, including
luminescent solar concentrators (LSCs) [2], [3].

Fig. 1. Schematic of a luminescent solar concentrator
LSCs are made up of a material, usually a plastic, with
an index of refraction higher than that of air. This material
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is also doped with a photoluminescent species, see figure
1. The lumiphore dopants absorb some fraction of solar
light and reemit it at a new, usually longer, wavelength. A
majority of the emitted light is guided to the LSC slab
edges via total internal reflection, concentrating this light
to a small area. Here, a small solar cell can convert the
concentrated light to electricity. Since LSCs do not rely
on line-of-sight geometries, they have significant
flexibility in terms of aesthetic design. Depending on the
dopant material and polymer matrix, they can be colored
or transparent, rigid or flexible. As a result, they are aptly
suited for building integrated photovoltaics and expanding
energy harvesting to point of use applications [4].
2. Silicon quantum dots for LSCs
Various materials and types of quantum dots have been
considered for LSC applications, but the requirements for
effective photoluminescent dopants are stringent [5]. We
have identified plasma synthesized silicon quantum dots
to suitably meet the requirements for use in LSCs [6].
First, the high purity of the plasma synthesis method has
enabled very low defect densities in the crystals, enabling
quantum yields exceeding 60% upon solution phase
passivation [7]. The quantum yield of the LSC
photoluminescent dopant is directly related the final LSC
device efficiency.
Furthermore, these silicon quantum dots experimentally
appear to retain properties characteristic of silicon’s bulk
indirect bandgap [8]. That is, the absorption onset of
plasma synthesized silicon nanocrystals is typically
gradual and appears prominently far from the peak of the
quantum dot emission, see figure 2. This is an uncommon
property which will enable exceptionally large LSC
devices. When lumiphore reabsorption strongly overlaps
with emission, the likelihood that trapped photons are
absorbed and lost to neighboring dopants in LSCs
increases. If such reabsorption effects are prevalent,
additional LSC collection area will yield only diminishing
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power output returns. The minimal overlap between the
primarily blue absorption and near infrared emission of
plasma synthesized silicon quantum dots makes them
suitable for large area, semi-transparent LSCs paired with
low-cost silicon photovoltaics that efficiently convert near
infrared light into electricity. Lastly, the high abundance
and low toxicity of silicon make silicon quantum dots
attractive for use in consumer and building products.
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network at a frequency of 13.56 MHz. The electrodes
were placed 4 cm above the expanded afterglow region.
As illustrated in figure 3, silane decomposes early during
its passage through the reactor and subsequently nucleates
and grows into highly spherical silicon nanocrystals.
These quantum dots were kept under an inert nitrogen
environment during handing, surface functionalization,
and storage until they were incorporated into matrix of
poly(methyl methacrylate) (PMMA) using a bulk
polymerization process.
While the exact details of LSC device architecture may
be diverse, practical fabrications generally require a nonscattering dispersion of the photoluminescent dopants in a
polymeric matrix. Plasma synthesized silicon quantum
dots have long been processed ex situ to achieve high
solubility through the grafting of simple alkenes to their
surface [7]. Completely nonpolar ligands, like 1dodecene, have previously been studied, but the range of
compatible is limited. To this end, we have begun
investigations to employ bifunctional, ester-capped
ligands to improve solubility in desirable monomers like
methyl methacrylate (MMA), the precursor to the
extensively used structural polymer, PMMA, also known
as Plexiglass® or Lucite®.

Fig. 2. Absorption (blue) and emission (red) typical of
plasma synthesized silicon quantum dots
3. Silicon quantum dot LSC fabrication

Fig. 4. Bulk polymerized PMMA slab doped with silicon
quantum dots. Lateral scale is 2.7 cm. Left: under ambient
light. Right: Under ultraviolet light showing the
concentration effect.

Fig. 3. Schematic of plasma reactor adapted from ref [9]
alongside a photograph of the plasma during synthesis
and a pictogram illustrating silane decomposition,
nucleation, and growth.

Specifically, we thermally grafted methyl 10undecenoate onto the surface of plasma synthesized
silicon quantum dots to produce nanocrystals with
quantum yields of ~50% that can be well-dispersed in
MMA. Following bulk polymerization of the monomerquantum dot solution using azobisisobutyronitirile
(AIBN) as the radical initiator, the quantum dots
remained well dispersed, as evident in figure 4 by the lack
of light scattering in the slab.

For this work, the silicon quantum dots were
synthesized in a flow through capacitively coupled tube
reactor, as appears in figure 3. The precursor gas, silane,
runs through the entire length of the reactor at a rate of 14
sccm. Argon, the background ionizing gas, was flown at
30 sccm while 100 sccm of hydrogen was injected in the
afterglow region to improve surface passivation. A
nominal power of 45W was applied through a matching

4. Conclusion
Study of these PMMA and silicon quantum dot LSCs is
ongoing. Based on Monte Carlo simulations, their optical
efficiency (defined as the ratio of concentrated power to
input power) may reach ~3% for a 1 m2 device, a
performance which has never previously been
demonstrated but may be efficient and large enough for
commercialization and implementation as colored
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architectural elements [6]. This work is an example of
nonthermal plasma synthesis uniquely enabling advances
in solar energy technologies.
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Synthesis of tungsten-based nanoparticles by RF thermal plasma
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Abstract: RF induction thermal plasma technique has been adopted to prepare the
tungsten-based nanoparticles, metallic tungsten, tungsten-based metallic oxides WO3 and
WO2.72, using the APT (ammonium paratungstate) as the precursor. The detailed structures
of the synthesized nanoparticles are characterized by XRD, EDX, FESEM, SAED and
HRTEM. The results showed that the produced metallic tungsten nanoparticles with a
particle size of less than 50 nm and obtained regular octahedral WO3 nanoparticles with
good gas sensing properties to benzene gas.
Keywords: RF thermal plasma, Nanoparticles, Tungsten, WO3, Gas sensing property.

1. Background
In traditional methods for preparing metallic tungsten
(W), APT (ammonium paratungstate), which is an
important kind of high purity tungsten compound, is often
used as the precursor. However, the reduction process
from APT to metallic tungsten which involves several
different steps accompanied with different operational
atmospheres and temperatures is very complex. Generally,
this process can be divided into two steps, mainly
according to the changes of phase composition. In the first
step, APT was decomposed completely to WO3 at nearby
450 °C in air; in the second step, WO3 was reduced to
metallic tungsten by hydrogen, carbon, calcium, or
aluminium in high-temperature (1000 °C) conditions. In
addition, these high-temperature methods usually failed to
produce ultrafine or nanoparticles. These products are
always amorphous and easy to aggregate into large and
polydisperse particle mixtures[1].
In the past 30 years, thermal plasmas at atmospheric
pressure have been used more extensively for fabricating
nano-materials, spheroidization and pyrolysis of
chemicals. For the characteristics of ultra-high
temperature up to 104 K in the flame, high density of the
active species, high reaction ability and the fast quenching
rate (105-106 K/s), thermal plasma is very suitable for the
synthesis of well-dispersed nanoparticles in a continuous
and scalable process. Among various kinds of thermal
plasmas, radio frequency (RF) thermal plasma is the
most-used type of thermal plasma, which can offer longer
residence/reaction times, by virtue of larger volume and
lower velocities. Furthermore, RF thermal plasma is very
suitable for synthesis of high purity products since they
are generated without electrodes and no evaporation of
electrodes in the plasma system[2-3].
In present work, we proposed RF thermal plasma to
prepare the tungsten-based nanoparticles, metallic
tungsten, tungsten-based metallic oxides WO3 and WO2.72.
The parameters of the thermal plasma process are showed
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in the Table 1. Powder XRD, EDAX, SEM, TEM and
BET analyses were used to characterize the products. The
results showed that the produced metallic tungsten
nanoparticles with a particle size of less than 50 nm and
obtained regular octahedral WO3 nanoparticles with good
gas sensing properties to benzene gas.
2. Experimental setup and methods
The synthesis of tungsten-based nanoparticles carried
out in an RF thermal plasma system under atmospheric
pressure which was reported in our series works [4-8]. The
experimental setup consists of an RF generator (30 kW,
4MHz), a plasma generator with a downward plasma
torch, a cylindrical reactor, a quenching chamber, a
precursor feeding system, a powder-collecting filter, a gas
delivery system, and an off-gas exhaust system. The
plasma torch consists of three main elements: a four-turn
water-cooled induction coil, a confinement tube, and a
water-cooled injection probe. The reactor consists of a
vertical quartz tube of 6 cm inner diameter and 25 cm
length. The quenching chamber connected to the bottom
of the reactor is a water-cooled two-layer stainless-steel
box which cools the outgoing gas. The homemade screw
feeder can feed the APT precursor with a controlled
feeding rate into the plasma flame. The final products are
collected at the bottom of the chamber. The detailed
structures of the synthesized nanoparticles are
characterized by XRD, EDX, FESEM, BET, SAED and
HRTEM.
Table 1. Parameters of the thermal plasma process.
Parameters

Values

Plasma power, kW

30

Central gas, argon, m3/h

2

Sheath gas, argon, m3/h

4.5

Carrier gas, hydrogen/oxygen/ammonia m3/h

0.5~2

Negative pressure, mmH2O

50~100

Feeding rate, g/min

10~40

397

poster

Plasma processing of nanomaterials and nanostructures

3. Results and discussion
Tungsten nanoparticles could be easily obtained in one
step by a hydrogen RF thermal plasma using APT as the
precursor[1]. Compared with traditional methods used to
reduce WO3 in a static state generally for several hours, it
only takes several seconds to reduce APT in the plasma
flame, and the products are in a dynamic state, which can
help prevent their growth and aggregation. And then the
produced tungsten nanoparticles all with a uniform
particle size of less than 50 nm, are approximately
spherical, as shown in the Fig 1a-c.
When air was used as the plasma working gas, the
products obtained were yellowish powders, as shown in
the Fig. 1d. The typical SEM (Fig 1e) and XRD pattern
(Fig 1f) illustrates that the products with octahedron
morphology and is monoclinic WO3. Special emphasis is
placed on its amazingly well-defined uniform octahedral
structure with a highly symmetric, regular shape
containing 8 facets, 6 vertices, and 12 edges, which
exhibit sharp edges and corners as well as smooth
surfaces. The gas sensing properties of octahedral WO3
have been measured and showed good performances,
which might due to its highly exposed {111} planes and
regular octahedral shape[4].
In order to obtain a plasma with a weak reducing
atmosphere, ammonia was directly adding into the plasma
arc in the form of carrier gas. The apparent colour of the
product is blue, as shown in the Fig 1g, and with nanorod
morphology. The XRD pattern (Fig 1i) shows that the
products are mainly low valent tungsten oxide WO2.72.

thermal plasma using APT as the precursor. The phase of
the synthesized products could be controlled well by
varying the working atmosphere, feeding rate, and the
quenching rate. The synthesized tungsten nanoparticles all
with a uniform particle size of less than 50 nm, are
approximately spherical, and the crystalline monoclinicstructured WO3 octahedron was nearly perfect with a
highly symmetric, regular shape containing 8 facets, 6
vertices, and 12 edges, which exhibited sharp edges and
corners as well as smooth surfaces. The gas sensing
properties of octahedral WO3 have been measured and
shown good performances. We believe that this RF
thermal plasma technique provides a straightforward way
to synthesize tungsten-based nanoparticles and possibly
other similar nano-materials, in a scalable and continuous
way.
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Fig. 1 Typical apparent morphology, SEM picture and the
corresponding XRD pattern of the products prepared by
the RF thermal plasma in different working gas
4. Conclusions
In summary, tungsten-based nanoparticles have been
successfully synthesized in one step by an RF induction
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Plasma-synthesized carbon-supported nano-catalysts for Fischer-Tropsch
synthesis
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Abstract: In this work, we present novel plasma synthesized catalysts ranging from single
metal (Fe/C, Co/C) to bimetallic (Co-Fe) and ternary (Mo-Co-Fe, Ni-Co-Fe) formulations.
Since the preparation of nanometric carbon-supported catalysts by plasma is a relatively
new phenomenon, it offers the commercial production of synthetic fuels through FischerTropsch synthesis (FTS) new prospects of future commercial applications because the
materials do not require development of complicated pre-treatment procedures before use.
Keywords: Fischer-Tropsch, plasma-synthesized, carbon-supported catalysts
1. Introduction
Fischer-Tropsch synthesis (FTS) is the process used in
the commercial production of synthetic fuels. A number
of critical to lowering the overall effectiveness of the FTS
process still need attention and include depressing H2O
production as well as minimizing the selectivity towards
the undesired products such as CO2 and CH4. There is
need also for the development of less complex, but
effective catalyst synthesis approaches, which we have
found in the use of plasma technology. This is in addition
to addressing issues of catalyst longevity, regeneration
and deactivation due to fouling, metal agglomeration,
oxidation or poisoning and change of support properties
such as loss of surface area due to pores collapsing [1].
Sufficient evidence has indicated that the mechanism of
Fischer-Tropsch reaction using Fe-based catalysts
depends on the presence of Fe carbides [2]. The current
approach applied in industry to generate these Fe carbides
in the catalyst is to carburize Fe oxides with CO to
enhance the FTS activity [3]. The most common source of
the commercial Fe-based catalyst is the nano-hematite
(Fe-NanoCat®).
Today, suspension plasma-spray (SPS) technology
stands as an alternative method to carburization in catalyst
synthesis. It is perceived as an attractive method because
it can easily generate these carbides at temperatures just
above 727oC [4]. However, in the Co-based catalysts, the
carburization process can act as a catalyst poison [5],
since Co-carbides are inactive for FTS reaction and their
presence lead to catalyst deactivation. Although the
carbides may seem to be spectators in the FTS catalyst,
they may constitute a crucial phase that could be
necessary for catalyst regeneration. In case of catalyst
deactivation as a result of metal oxidation, the carbides
present great potential for in situ catalyst regeneration,
achieved through carburization, followed by reduction in
H2 [6], as given in the Equation:
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In this work, we show that all catalysts produced
through SPS technology were both nanometric and nonporous, with a myriad of phases ranging from metallic to
carbidic species. Since nanometric catalysts are
imperative in overcoming mass transfer limitations in
FTS, we aimed at producing both the active phase
(containing the metallic moieties) and the carbon support
in the nanometric range. The use of plasma is therefore an
attempt to produce high quality catalysts by means of a
less complex method, and it is hoped that plasmasynthesized catalysts will find a marketable application in
the FTS process, particularly when supported on carbon.
Although catalyst deactivation by carbon deposition is a
major challenge when using non-carbon supported FTS
catalysts, not all forms of carbon lead to deactivation [7].
In our case, since the catalysts were supported on
nanometric carbon, no adverse effects have been observed
in the catalyst performance so far [1].
We are convinced that our highly active nanometric Coand Fe-based catalysts are best suited for low-temperature
Fischer-Tropsch synthesis (FTS), and the production
method of choice is through the induction suspension
plasma spray (SPS) technology. Plasma synthesis has
been found to preserve the distinct qualities of these
catalysts despite its application in the production of
materials with different metals and composition(s). We
therefore present this unique way of the catalyst
production and their performance in FTS ranging from the
single metal (Fe/C, Co/C) to bimetallic (Co-Fe) and
ternary (Mo-Co-Fe, Ni-Co-Fe) formulations[8].
2. Experimental Methods
The SPS system operates at 3.2 MHz alongside other
system parameters, using the PL-50 plasma torch supplied
by Tekna Inc. Using the method already described [9], a
homogeneous mixture of 60 g of the metal (particle size
range 1-10 μm) in 300 ml of mineral oil was introduced
directly into the plasma using an atomization probe at a
flow rate of 8.2 cm3.min-1 while maintaining the triode
plate power at 29 kW [10]. After reaction, the catalyst
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material were harvested and stored before being tested in
FTS reaction.
For a comparative study, the catalyst materials were
tested in a high-pressure, stainless-steel vessel supplied by
Autoclave Engineers (Erie, PA, U.S.A), which acted as a
three-phase continuously-stirred tank slurry reactor (3-φCSTSR). This was isothermally operated at 260°C, 2 MPa
pressure, agitated with a stirring speed of over 2 000 rpm.
About 5 g of the catalyst was used with a gas feed stock
ratio of H2:CO = 2, flowing at 300 cm3.min-1 in order to
give a gas hourly space velocity (GHSV) of about 3 600
cm3.h-1.g-1 of catalyst. Since these nanometric materials
have been observed to be pyrophoric, great care was taken
when handling and the catalysts were pre-treated in situ
(before the FTS reaction ensued) at 400°C for 24 h under
reducing conditions of pure H2 or CO flowing at 250
cm3.min-1. Both catalyst activity and selectivity were
determined by GC analyses [11].
In this work, the following catalysts were tested: The
single metal (Co/C, and Fe/C catalysts), three bimetallic
(30%Co-70%Fe/C, 50%Co-50%Fe/C, 80%Co-20%Fe/C)
formulations, and the ternary 10%Mo-70%Co-20%Fe/C
and 10%Ni-70%Co-20%Fe/C (abbreviated respectively as
Mo-Co-Fe/C and Ni-Co-Fe/C in this discourse).
3. Results and Discussion
Catalyst characterization by BET specific surface area
indicated values in the range of 35 – 93 m2.g-1 for all the
catalysts, although it was observed that the single-metal
Co/C and Fe/C catalysts had relatively lower surface area
values than the bimetallic and ternary formulations. All
the catalysts were found to be typically non-porous, a
characteristic that is most advantageous to FischerTropsch reaction because it would lend process operation
away from mass transfer limitations.
Scanning Electron Microscopy (SEM) coupled with
Energy Dispersive X-ray Spectroscopy (EDX) and X-ray
mapping indicated high dispersion and uniform
distribution of the metal moieties throughout the carbon
matrix. Figure 1 is a sample EDX map by SEM imaging
for the Ni-Co-Fe/C catalyst indicating the even
distribution of all the elements in the carbon matrix and
this was found to be true for all the plasma-synthesized
samples. The inset shows the atomic mass loading of each
element in the sample, and it roughly provides proof that
the actual mass loading of the metals was close to the
intended one. Transmission Electron Microscopy (TEM)
on the other hand indicated that there were no signs of
nanoparticle agglomeration both in the fresh and used
plasma synthesized samples as exemplified in Figure 2.
Both Raman and X-ray Photoelectron Spectroscopy
(XPS) characterized the support as highly graphitic,
mixed with amorphous carbon arising from substantial
defects in the graphite. Evidence from X-ray Absorption
Spectroscopy (XAS) using X-ray Absorption Near Edge
Structure (XANES) analysis confirmed that plasma
synthesized Co/C catalyst contained some carbides
(possibly the Co3C), which went undetected by XPS [10].
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This kind of multi-dimensional analysis shows the
importance of using various analytical techniques to
ascertain the findings.

Figure 1: Elemental analysis of 10%Ni-70%Co-20%Fe/C
catalyst by EDX mapping through SEM imaging.

Figure 2: A TEM image of 10%Ni-70%Co-20%Fe/C
catalyst displaying the metal moieties implanted in the
carbon matrix support.
When tested for activity and selectivity, it was observed
that all catalysts were highly active for FTS, producing
both gasoline and diesel fractions, but selectivity
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Figure 3: Activity plots for all the plasma-synthesized
catalysts.
Overall, 5 catalysts out of 7 were selective towards
diesel production, that is, the single metal Fe/C catalyst,
the 80%Co-20%Fe/C bimetallic, and the ternary Mo-CoFe/C formulation (with ~55%), as well as the 30%Co70%Fe/C bimetallic with 45% and the Co/C catalyst
although with poor selectivity of 19%, see summary in
Figure 4. However, only the 50%Co-50%Fe/C bimetallic
and the Ni-Co-Fe formulations produced more gasoline
than diesel. This means that plasma synthesis has capacity
to manipulate catalysts with various formulations to
selectively produce diesel-rich synthetic fuels.
Since diesel fraction (C13 – C20) was the target product
in this work, when the effect of pre-treatment medium
was investigated, it was observed that the CO-reduced
catalysts showed enhanced selectivity for diesel fraction
(50 – 67%) than catalysts reduced in H2 (45 – 55%). In
addition, it was also observed that more H2O was
generated by catalysts that were reduced in H2 than those
reduced in CO catalysts. Similarly, Co-rich catalysts were
seen to produce more H2O, implying that the presence of
Fe in the catalysts was favorable towards the suppressing
H2O formation [12].
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depended on the amount of metal in the catalyst or the
reaction conditions. The Co/C catalyst was the most
active low-temperature FTS catalyst in the family of the
plasma-synthesized materials. At 260oC it generated
excessive CH4 (46%) and CO2 (19%) prompting the
development of the Co-Fe/C bimetallics, which exhibited
less than 10% selectivity towards CH4 or CO2 at 40+%
CO conversion.
Similarly, the Ni-containing catalyst (Ni-Co-Fe/C) was
relatively more active than the Co-Fe bimetallics,
exhibiting ~50% CO conversion, which was comparable
to that of the Fe/C catalyst, but the Ni-based catalyst
exhibited higher selectivity towards the gasoline fraction
(50%) than towards diesel (22%). In addition, the Ni-CoFe/C catalyst also produced excessive CH4 (14%) and
CO2 (8%), than the Co-Fe/C bimetallics. The Mo-CoFe/C formulation was the least active catalyst with less
than 40% CO conversion, probably due to a protracted
induction period as shown in Figure 3.
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Figure 4: Catalyst selectivity plots using FTS product
distribution by fractions.
4. Conclusion
Highly active carbon-based Fischer-Tropsch catalysts
consisting single metal (Fe/C, Co/C), bimetallic (Co-Fe)
and ternary (Mo-Co-Fe, Ni-Co-Fe) formulations are
presented in this work. By using plasma technology, high
quality catalysts have been synthesized to produce
materials with varying compositions, but with identical
catalytic attributes. The catalysts can selectively produce
diesel-rich fractions of synthetic fuels and this finding
presents potential for commercial applications in future.
These materials have been found to be both nanometric
and non-porous with high BET specific surface area in the
range of 35 – 93 m2.g-1. The catalysts show high metal
dispersion and uniform distribution of metal nanoparticles
in the carbon matrix support. The average metal particle
size is about 11 nm. In a single reaction step, SPS
technology concomitantly generates both the nanometric
carbon support matrix in the plasma and the active
catalytic phases (metallic for Co-based catalysts and of
carbidic nature for Fe-based catalysts). This approach
shortens the catalyst synthesis process and it equally
makes it easier.
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Production of active carbon-supported Fischer-Tropsch nano-catalysts using
induction suspension plasma-spray (SPS) technology
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Abstract: In this work, we present a successful synthesis method of producing very
effective low-temperature Fischer-Tropsch catalysts supported by in situ generated carbon
matrix through SPS technology. Contrasting sharply with the traditional multi-step
approaches of catalyst synthesis (e.g. impregnation and precipitation), we have in a single
reaction step created both the active metallic phase and the carbon support matrix both of
which exist in the nanometric range, alongside the catalytically active Fe carbides that drive
Fischer-Tropsch catalysis.
Keywords: Fischer-Tropsch, plasma-synthesized, carbon-supported catalysts
1. Introduction
Interest in plasma technologies is currently on the rise
because of its potential for application in the commercial
production of Fischer-Tropsch catalysts that are used to
produce synthetic fuels [1]. When compared to traditional
catalyst synthesis methods such as impregnation, ionexchange, precipitation or co-precipitation, catalysts
produced by plasma have been found to be better in
performance. Generally, proposed advantages of catalyst
synthesis through plasma include superior catalyst
performance [2], shortened preparation time, production
of highly distributed active species, enhanced catalyst
lifetime, and overall lower energy requirements,
especially with cold plasma applications [3].
Typical Fischer-Tropsch catalysts have the active metal
phase supported on pristine metal oxides like alumina,
silica, or titania. In order to improve catalytic
performance, the use of mixed metal-oxide supports such
as SiO2-TiO2, ZrO2-Al2O3 or ZrO2-SiO2 has also been
reported. Nevertheless, the use of metal oxides is not ideal
due to the formation of irreducible metal-support
compounds with well-defined phases such as cobalt
silicate (Co2SiO4), aluminate (CoAl2O4), lanthanate
(LaCoO3), or titanate (CoTiO3), arising from the chemical
incorporation of CoO into the supports [4].
Today, carbon supports are receiving substantial
attention because of their inertness and capacity to be
modified to form diverse porous microstructures such as
activated carbon, carbon nano-tubes, graphitic nanofibres, carbon nano-filaments, carbon nano-spheres,
carbon black, glassy carbon, ordered mesoporous carbon,
graphene nano-sheets, or reduced graphene oxide. Since
the active metal phase of the catalyst does not interact
strongly with the carbon support, many authors have
observed higher activity in carbon-supported catalysts
than in those supported on metal oxides [5].
In this work, highly active nanometric Co-only and Feonly catalysts for low-temperature Fischer-Tropsch
synthesis (FTS) were produced through induction
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suspension plasma spray (SPS) technology. The metal
moieties were found to be encapsulated by the in situ
generated carbon support matrix, with the ensuing
catalysts existing in a form that is ready for use and does
not require the development of further elaborate pretreatment methods before application in FTS.
2. Experimental Methods
The SPS system operates at 3.2 MHz alongside other
system parameters, using the PL-50 plasma torch supplied
by Tekna Inc. Using the method already described [6], a
homogeneous mixture of 60 g of the metal (particle size
range 1-10 μm) in 300 ml of mineral oil was introduced
directly into the plasma using an atomization probe at a
flow rate of 8.2 cm3.min-1 while maintaining the triode
plate power at 29 kW [7]. A number of parameters were
varied in order to assess their influence on the nature of
the plasma products, and these included: (i) changing the
residence time of the suspension in the plasma by altering
the initial reactor pressure; (ii) testing the effect of
applying either a reducing (H2) or an oxidizing (O2)
atmosphere on the plasma product; and (iii) synthesizing
catalysts with various catalyst compositions using pure
metals (Fe or Co), the metal oxide such as nano-hematite,
mixing pure metals or the pure metal with the and oxide
in various mass ratios.
3. Results and Discussion
Since the FTS reaction depends on metallic Co
nanoparticles, plasma is an ideal method of catalyst
production. In addition, at temperatures above 1 000 K
(727oC), plasma generates Fe-carbides [8], on which the
Fe-catalyzed FTS reaction mechanism depends [9]. The
catalysts presented in this work, which are based on Co
and Fe formulations were found to be both nanometric
and non-porous with high Brunauer-Emmett-Teller (BET)
specific surface area of 56 and 72 m2.g-1 respectively. One
of the benefits nanometric catalysts have is that they
easily overcome diffusion limitations during FTS.
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Image analysis by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) indicated
uniform distribution of the metal nanoparticles in the
carbon matrix for all the samples. An analysis of 750
metal nanoparticles by TEM imaging, as seen in Figure 1
indicated no substantial differences in their mean
nanoparticles size with Co/C catalyst having an average
particle size of 11.0 nm, while that of the Fe/C catalyst
was 11.3 nm. A sample particle size distribution for the
Fe/C catalyst is given in Figure 2.

ring fencing each particle from possible contact with its
neighbors [10].

Figure 3: A TEM image of the plasma-synthesized Febased catalyst prepared in the oxidizing atmosphere.

Figure 1: A TEM image of the plasma-synthesized Co/C
catalyst displaying the metal moieties implanted in the
carbon matrix support.
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Both the Co/C and Fe/C catalysts tested for FTS were
synthesized in reducing atmosphere using H2 and the
materials did not show any appreciable degree of metal
particle agglomeration after FTS reaction. This was in
direct contrast when benchmarked with the commercial
nano-hematite catalyst, which indicated massive sintering
after 24 h on stream [11].
Analysis by X-ray photoelectron spectroscopy (XPS)
indicated the presence of both graphitic and amorphous
carbon, an observation that was confirmed by X-ray
diffraction (XRD) analysis, which further revealed the
presence of both metallic and carbidic species in the Co/C
and Fe/C samples [11]. Figure 4 presents the XRD pattern
of the fresh Co metal, which was injected into the plasma
alongside those of the fresh and used Co/C catalyst.

(b) Co/C
Fresh catalyst

2000

Figure 2: The particle size distribution plot for the
plasma-synthesized Fe/C catalyst by TEM imaging.
A change in pressure and hence the particles’ residence
time in the plasma did not affect the nature of the
catalysts, and morphologically they were all similar.
Catalysts prepared in oxidizing atmosphere showed
significant particle growth as seen in Figure 3, with
considerable formation of oxides (identified from the
polygon shapes), and such oxidic phases are not
beneficial to the FTS reaction because they lead to
catalyst deactivation. In the reducing environment, the
mineral oil provided the carbon matrix that encapsulates
the metal particles, thereby preventing agglomeration by
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Figure 4: Sample XRD patterns of the plasma-synthesized
Co/C catalyst before and after reaction [12].
Curve fitting by Rietveld quantitative analysis (RQA)
modelling showed that the plasma feedstock comprised
two phases of approximately 62% face centred cubic
(FCC) crystal structure, and 38% hexagonal closed
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packing (HCP) crystal structure. After plasma synthesis,
the Co metal existed in the FCC structure only, and it
persisted in the catalyst even after FTS reaction. The
Co/C catalyst contained 39.2% Co0, 6.7% Co3C and
54.1% graphite. In the Fe-based catalyst, RQA revealed
presence of Fe0 (34%), some carbides, mainly the
cohenite (Fe3C) phase (26.2%) with a possibility of it coexisting with others such as Fe2C and Fe5C2 in the
presence of carbon (39.8%) [11].
4. Conclusion
We present highly active Co- and Fe-based FischerTropsch catalysts that are both nanometric and nonporous, having the advantage of overcoming diffusion
limitations during application in the low-temperature
FTS. The materials have high BET specific surface area
of 56 and 72 m2.g-1 for the single metal Co/C and Fe/C
catalysts respectively. In a single reaction step, SPS
technology concomitantly generates both the active phase
(metallic and carbidic) and the carbon matrix support in
situ, and this method contrasts sharply with the traditional
multi-step approaches of catalyst synthesis such as
impregnation and precipitation.
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Synthesis of boron-nitride nanostructures in plasma volume
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Abstract: We report on a new channel for direct nanosynthesis of boron-nitride (BN)
nanostructures from a mixture of BN diatomic molecules in arc plasma at high pressure.
Using the quantum-classical molecular dynamics, we were able to synthetize BN fullerenes,
nanocages, nanococoons and nanotubes of various size. No catalyst is neccessary for this
synthesis, however the conditions for the synthesis of each of the nanostructures, such as
temperature and flux of the BN precursors, were identified. We also report on the experiments
for synthesis of boron nitride nanotubes (BNNTs) by a dc arc discharge.
Keywords: boron-nitride, nanosynthesis, plasma volume.
1. General
Boron-Nitride (BN) Nanostructures (BNS) can be
synthetized in various forms like fullerenes, nanocages,
nanococoons, nanoflakes and nanotubes, similarly to the
carbon nanostructures. Synthesis of BN nanotubes
(BNNTs) is carried out experimentally by a number of
methods, with ultimate goals to reach high-rate production
of impurity and defect free nanostructures. However,
complete understanding of the BNNT nanosynthesis
process at the atomic level has been missing so far.
2. Theory
Most of the models invoke self-assembly pro-cesses
through interaction of atomic nitrogen with the boron
nanodroplets, similarly to modeling of the root-growth
synthesis of carbon-nanotubes from catalysts. In this work
we present quantum-classical molecular dynamics
(QCMD) simulations based on DFTB which show that all
BNS can be built by self-organization from a mixture of
BN diatomic molecules (Fig. 1a) at high temperatures (~
2000K) and concentrations, consistent with the conditions
in the volume of an electric arc plasma.
Most interestingly, we have succeeded to grow a BNNT
from a short BNNT template (Fig. 1b). Growth of BNNT
is completed by self-organization of a BN side chains,
which migrated and accumulated at the top end of the tube.
We observe several similarities between SWBNNT
formation and SWCNT simulations. In agreement with
SWCNT formation simulations, the feedstock supply times
are crucial: The slower feedstock is added, the higher the
chances for defect healing and the growth of ordered
structures.
Irradiation of boron cluster with hydrogen rich
compounds (e.g. ammonia molecules, NH3) leads to
synthesis of nanoflakes (Fig. 1c). Hydrogens prevent the
structure closing.
The simulation results could serve as guideline for the
future efficient arc and laser plasma-based synthesis of BN

406

nanostructures, accomplished by the self-organization of
feedstock of BN molecules at high density and
temperature [1].

Fig. 1. Predicted evolution of BN nanostructures: (a)
nanocage formation, (b) SWBNNT growth from BN
molecules, and (c) nanoflake formation from a boron
cluster and NH3 molecules.
3. Experiment
We successfully synthesized BNNTs by a dc arc
discharge using a boron-rich anode as synthesis feedstock
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in a nitrogen gas environment at near atmospheric pressure.
The synthesis was achieved independent of the cathode
material suggesting that under such conditions the arc
operates in so-called anodic mode with the anode material
being consumed by evaporation due to the arc heating.
Stable and reliable arc operation and arc synthesis were
achieved with the boron-rich anode and the cathode made
from a refractory metal which has a melting temperature
above the melting point of boron. Ex-situ characterization
of synthesized BNNTs with electron microscopy and
Raman spectroscopy revealed that independent of the
cathode material, the tubes are primarily single and double
walled. The results also show evidence of root-growth of
BNNTs produced in the arc discharge [2].
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Transport properties of Ar+ in Ar/CF4 mixtures
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Abstract: In this work we present a cross section set for Ar+ in Ar/ CF4 mixtures where
existing experimentally obtained data are selected and extrapolated. Monte Carlo
simulation method is applied to accurately calculate transport parameters in hydrodynamic
regime. We discuss new data for Ar+ ions in Ar/ CF4 mixtures where mean energy, flux and
bulk values of reduced mobility are given as a function of E/N (E-electric field, N-gas
density).
Keywords: Monte Carlo simulations, transport parameters, Ar+, Ar/CF4 mixtures.
1. Introduction
Transport of Ar+ plays significant role in various
etching and deposition processes [1], in dark matter
detection [2] and many more applications. Transport
parameters in the presence of exothermic reactions
(recombination energy of the ion is higher than the
ionization potential of the gas particles) are generally less
studied than the other. In our selected case reason is a
large rate coefficient for exothermic reactions (resonant
[3]) that limits number of ions necessary for
determination of mobility. By using Monte Carlo
simulations one may calculate transport parameters for
the cases that are out of the reach of experimental efforts
provided complete cross section set is known. Transport
parameters of Ar+ in Ar/CF4 are shown [4] to be
significantly affected by exothermic collisions. Reduced
mobility data as a function of E/N, both flux and bulk
values are expected to be significantly affected by the
presence of exothermic reactions in the case of Ar+
transport in the Ar/CF4 mixtures.
2. Cross section sets
Complete cross section sets for ion transport are scarce
in spite of a broad range of specific methods relevant for
quantification of particular cross sections. The main
problem in heavy particle scattering, precisely selecting
the state of the projectile and target before the collision, is
still very complicated so databases for ion scattering [5, 6]
are still devoid of such data. Phelps established the first
worldwide accessible database with cross section sets [7]
tested for each particular case either for swarm conditions
of spatially resolved measurements of emission or ion
mobility values. Another range of cross section sets was
established by measurements of ionic transport
coefficients [6] and this work is ongoing. In all cases only
the most important cross sections may be established
from the transport data. In the following section we will
establish a complete cross section set for Ar + scattering on
Ar and CF4 from 0.1 meV to 1000 eV which will be used
to calculate transport properties. Generally one may
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distinguish three characteristic energy ranges: low energy
regime where polarization scattering is dominant, medium
energy regime where polarization scattering is gradually
replaced by hard sphere repulsion, and high energy
approximation regime.
At the lowest presented energies polarization scattering
is dominant as also observed in guided beam experiment
[8]. Thus one may use simple scattering models [1, 9] if a
reliable value of the average polarizability of CF4 is
provided [10, 11]. Stojanović et al. [10] found excellent
agreement for mobility of CF3+ ions in CF4 by using value
of 3.86 A3 [11] as an acceptable value for average
polarizability of CF4. A similar value was previously
found appropriate by Jarvis et al. [12]. It is also generally
accepted that dipole and quadruple moments are
negligible (see for example [8]) in the analyses with CF4.
Fisher et al. [8] by measuring fast charge transfer reaction
for CF3+ production proved that internal states of the
target which are populated, are those closest to the
recombination energy of the projectile [12, 3].
Accounting for all details of Ar+ scattering on CF4 in ref.
[4] a complete cross section set is presented that is also
used in this work.
Extensive discussion about transport properties of Ar +
ions scattering in Ar gas applied to plasma physics
problems was presented by Phelps [13] and Petrović and
Stojanović [14]. Analytical expressions were offered in
[13] to express apparently isotropic and anisotropic
components of the cross section set (see Fig. 1). In order
to focus on effects of reactive processes introduced by
CF4 we neglected all but these two components of the Ar +
+ Ar cross section set. Complete cross section sets used
in this work are shown in Fig. 1.
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Fig. 1. Cross section sets for Ar+ + Ar and Ar+ + CF4
as a function of collision energy.
3. Calculation of transport parameters
Monte Carlo simulation code appropriate to calculate
transport parameters [15, 16] of Ar+ ions in Ar/CF4
mixtures at non-zero temperature [17] has been used. In
Monte Carlo simulations exothermic reactive collisions
are followed in a similar way as all non-conservative
collisions i.e. the swarm particle dissappears from the
ensemble after exothermic collisions. This results in
changes of the swarm particle number in the entire energy
range introducing nonconserve effects in kinetic equations
and thus division of transport parameters to flux and bulk
ones [15].
In Fig. 2 we show results for mean energy as a function
of E/N (E- Electric field and N-gas density). Significant
reduction and uniform control of mean energy of Ar+ is
obtained for argon content below 90 %. For Ar content
below 10 % largest variations of mean energy are
obtained for E/N>100 Td (1Td=10-21Vm2). These
variations are the consequence of a reduced momentum
transfer cross section for Ar+ scattering with CF4 (see Fig.
1) as compared to the scattering with Ar. At a high
content of Ar charge transfer collisions dominate and
make variation of mean energy with Ar content more
uniform. Note, that for transport coefficients of Ar + in
pure Ar one may find benchmark data presented in tabular
form by Ristivojević and Petrović [17].

100
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E/N [Td]

3

Fig. 2. Mean energy as a function of E/N for Ar+ in
Ar/CF4 mixtures at 300 K.
In Fig. 3 variations of reduced mobility as a function of
E/N are shown. Behaviour of reduced mobility
significantly changed with E/N with small additions of
Ar, up to about 10 %. Especially intriguing are variations
of flux reduced mobility which points to particle flux
variations of Ar+ ions as a function of their mean energy.
On one side, small additions of Ar cause significant
variations of particle flux at E/N close to 200 Td and on
the other in that region we obtain significant difference of
the flux and bulk drift velocities due to the CF4 reactive
processes [see also 4] which also significantly reduce Ar+
density in favour of fast Ar [14]. Control of fast Ar flux
at the surface thus can be easily achieved by small
variations of Ar contents in Ar/CF4 mixture.
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Fig. 3. Reduced mobility for Ar+ in Ar/CF4 at 300 K.
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4. Conclusion
Data for swarm parameters for ions are needed for
hybrid and fluid codes and the current focus on liquids or
liquids in the mixtures with rare gases dictates the need to
produce data compatible with those models.
In addition to presenting the data we show here the
effects of non-conservative collisions to ion transport.
Due to exothermic cross sections that are dominant at low
energies, for small abundances of Ar (<10 %) exothermic
process may be larger than the elastic scattering cross
section. Then differences between flux and bulk transport
coefficients are quite large, - comparable to the strongest
cases of non-conservative transport observed for electrons
[18], even positrons [19].

[18] J. Mirić, D. Bošnjaković, I. Simonović, Z. Lj.
Petrović and S. Dujko, Plasma Sources Sci. Technol. 25,
065010 (2016).
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and Z. Lj. Petrović, Eur. Phys. J. D 68, 127 (2014).
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Effect of nanofluid stability on heat transfer enhancement
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Abstract: We prepared nanofluids of varying degree of stability using plasma functionalized
multi-walled carbon nanotubes (MWCNTs) in water and ethanol; as synthesized MWCNTs
dispersed in water with and without the aid of surfactants. To assess the effect of nanofluid
stability on heat transfer enhancement we checked the cooling rate of a heated copper disc
when each of these nanofluids were used to quench the surface. Ethanol-based nanofluid
showed a 5 °C/min higher cooling rate than pure ethanol, and this nanofluid remained stable
even after being boiled during the heat transfer experiment. However, all the aqueous
nanofluids, even the ones that remained stable on storage gave similar or lower cooling rates
compared to that of pure water, and all destabilized as they cooled the heated copper disc.
Keywords: plasma functionalization, MWCNTs, nanofluids, stability, heat transfer

1. Introduction
Nanofluids are colloidal dispersions of nanoparticles
(metals, metal oxides, metal nitrides, carbon nanotubes, etc)
in base liquids. Thermal conductivity enhancement of a
base liquid with the addition of nanoparticles was first
proclaimed in 1995 [1]. Over the past two decades,
researchers have been working on testing different types of
nanofluids as coolants for single-phase and two-phase heat
transfer applications. Some researchers have reported an
increase of up to 125 % in critical heat flux, but at the same
time, some reported heat transfer deterioration with
nanofluids [2, 3]. We noticed several contradictions in the
literature as to whether nanofluids enhance or deteriorate
heat transfer compared to pure base liquids. In some review
articles, it is pointed out that agglomerates that may form in
nanofluids can either enhance or deteriorate heat transfer [4,
5]. The question of nanofluid stability upon long-term
storage and when exposed to boiling has not received the
attention it deserved so far. Additionally, we observe that
the most nanofluids used for these experiments were
stabilized by the addition of surfactants. We know that
surfactants degrade at temperatures higher than 60 °C, so
surfactant-stabilized nanofluids destabilize when heated to
temperatures above this threshold [6]. So, we suspect that
the contradictions we notice in the literature are due to the
presence of agglomerates or instability of nanofluids used in
the experiments. To verify our hypothesis, we measured the
cooling rate of a heated copper disc surface using waterbased and ethanol-based multi-walled carbon nanotube
nanofluids prepared by different methods and ranging from
high to low degree of stability.
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2. Materials and methods
All multi-walled carbon nanotubes (MWCNTs) were
grown in-house using a stainless steel mesh as catalyst and
growth surface. To prepare very stable nanofluids in polar
base fluids (water and ethanol), we added oxygen
functionalities by plasma functionalization to the surface of
MWCNTs using a procedure developed in our laboratory
(Plasma Processing Laboratory) [7]. We also dispersed assynthesized (i.e. non-functionalized) MWCNTs in water to
produce unstable nanofluids (NF-W). Surfactant-stabilized
nanofluids (NF-SS1-W and NF-SS2-W) were prepared by
dispersing the as-synthesized MWCNTs in water containing
2,000 and 20,000 ppm of the surfactant sodium dodecyl
sulfate. Plasma functionalized MWCNTs were dispersed in
water and ethanol to synthesize stable nanofluids F-W and
F-E, respectively. We evaluated the stability of F-W and FE nanofluids by comparing the UV-Vis absorption spectra
(using Evolution 300BB spectrometer) and particle size
diameter by dynamic light scattering method (using
Malvern Zetasizer (Nano ZS, ZEN 3600) over a period of
2 months. We carried out the measurement as described in
our previous work [8].
The heat transfer ability of the different nanofluids was
tested by determining the cooling rate of a heated copper
disc (from 170 to 90 °C) when quenched with 15 ml of the
respective fluid sample using the experimental setup shown
in Figure 1.
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breaks at temperatures higher than 60 °C as mentioned
before.

Figure 1: Heat transfer experimental setup.
3. Results and Discussion
The stability of F-W and F-E nanofluids was ascertained
by comparing the UV-Vis absorption spectra of the
nanofluid immediately after preparation as well as after
60 days. Both spectra coincided within measurement error
margins (data not shown) for both F-W and F-E nanofluids,
thus confirming the stability of the nanofluids containing
plasma functionalized MWCNTs. In addition, we can see
from the particle size data (measured by dynamic light
scattering) shown in Figure 2, that there was hardly any
change in the particle size for F-E. This indicates that the
MWCNTs remain well dispersed without the formation of
agglomerates. For the F-W nanofluid, a slight increase in
particle size was found and explained in our previous work
[8]. However, this increase is less than 5 %, and F-W can
still be classified as a very stable nanofluid. We did not
conduct any such measurement for the NF-W and surfactant
stabilized nanofluids as their instability was evident from
visual inspection. From the photograph shown in
Figure 4 (a, b), it is clear that these nanofluids do not
remain stable for extended periods of time without agitation
or frequent ultrasonication. The stability of nanofluids
containing plasma functionalized MWCNTs can be
attributed to the polar interactions and hydrogen bonding
between the oxygen functional groups on the MWCNTs and
the base liquid molecules. However, for non-functionalized
MWCNTs no such interaction exists between the base
liquid molecules and the MWCNTs, and the strong van der
Waals interaction between the MWCNTs leads to
agglomeration. The mechanism of stabilization in surfactant
stabilized nanofluids, is explained in detail in our previous
paper [8]. In short, the hydrophobic head of the surfactant
molecule connects with the MWCNT and the hydrophilic
tail to the base liquid molecule, which reduces the
agglomeration of MWCNTs. However, this connection
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Figure 2: Particle size of F-W and F-E nanofluids over a
period of 2 months.
Interesting results were obtained from the quenching
experiments conducted on a heated copper disc placed in
contact with nanofluids of varying stability. We compared
the rate at which the disc is cooled when contacted with the
nanofluid to the rate obtained when in contact with
respective base fluid. From the results shown in Figure 3,
we see that the cooling rate was higher for the F-E
nanofluid by 5 °C/min compared to ethanol, but the cooling
rate either decreased or remained the same as that of water
in the case of the aqueous nanofluids (F-W, NF-W, and
NF-SS1, 2-W). Additionally, we observed that the the
aqueous nanofluids destabilized, while F-E remained stable
upon boiling.

Figure 3: Cooling rate results for MWCNT nanofluids of
varying level of stability and their respective base liquids
(W: water, E: ethanol).
The increased cooling rate with F-E compared to pure
ethanol can be attributed to the high stability of the
nanofluids i.e. being free of agglomerates even after being
boiled. We hypothesize that when the nanofluid is free of
agglomerates, i.e. when the MWCNTs remain well-
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dispersed, they contribute to faster convection currents
compared to the condition of agglomerated MWCNTs. It
has already been reported in literature that the heat transfer
ability of MWCNT nanofluids is enhanced due to the high
thermal conductivity of MWCNTs and its predominant
convection effects [9-11]. However, it has not been
explicitly stated that these MWCNTs should exist as
individual nanotubes and not as agglomerates.
Eastman et. al. earlier found that freshly prepared
nanofluids gave higher heat transfer enhancement compared
to nanofluids which were stored [12]. This result implies
that the agglomeration of nanofluids left on storage
deteriorated its heat transfer properties. However, no further
investigation is reported in the literature so far. From
molecular simulation researchers have deducted that particle
migration or agglomeration can adversely affect the
physical properties of nanofluids [5].
Table 1: Particle size data of F-E nanofluid
Day

Particle size (nm)

As prepared

389.50 ± 0.60

After 2 months

388.70 ± 0.30

1 day after boiling

389.20 ± 0.50

9 months after boiling

389.91 ± 0.20

Figure 4: Comparison of MWCNT nanofluids immediately
after preparation, after 3 weeks of preparation and after
boiling.
From Figure 4 (a, b) we see that MWCNTs agglomerated
and separated out of dispersion in NF-W, and surfactantstabilized nanofluids. Even though the F-W nanofluid
remained stable for more than two months when stored in
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glass vials, it destabilized upon boiling, as shown in
Figure 4 (c). Hordy et. al. had reported that F-W nanofluid
remains stable when heated up to 85 °C, but its stability was
not checked and reported after boiling [13]. The deposition
of nanoparticle agglomerates on the heater surface is often
proposed as the reason for the enhancement in heat transfer.
But we understand that the deposition of nanoparticle
agglomerates is arbitrary, and we cannot predict the density,
shape or size of the agglomerates or their orientation on the
heater surface. We also infer from our experimental results
that any agglomeration (and settling out of dispersion) or
flocculation of the MWCNT agglomerates does not enhance
the heat transfer, rather it deteriorates it in some cases. Also,
since surfactants degrade at modest temperatures which are
often too low for realistic heat transfer applications, no
improvement is observed when surfactant-stabilized
nanofluids are used, as they destabilize upon heating.
4. Conclusion
From our quenching experiments, we understand that for
MWCNT nanofluids to give an enhancement in heat
transfer performance they should remain stable during the
heat transfer operation. We also observed that MWCNT
nanofluids stabilized using the traditional method (i.e.
surfactants) are not suitable for heat transfer applications
since they destabilize at rather modest temperature. Plasma
functionalization which leads to the addition of high
temperature-stable oxygen functionalities on the MWCNTs
give rise to suitable nanofluids. In particular, ethanol based
nanofluids containing functionalized MWCNTs remain
stable upon boiling.
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Abstract: Low temperature plasmas represent a versatile platform for material surface
modifications. In this work, original approaches based on plasma processes were
investigated in order to enhance surface properties for textiles, thus improving dye-uptake,
abrasion resistance and/or antibacterial properties. The efficiencies of the modifications
were assessed by XPS, contact angle, SEM analyses and also by different screened tests
depending on the targeted application. The results demonstrated that plasma processes are
an effective platform for generating surface modifications in textiles and developing high
added value products.
Keywords: Textiles, plasma modification, DLC-Ag, dye uptake, high added value textiles.
1. Introduction
Recently, there has been a strong interest in providing
fabrics with improved properties: for example, greater
wearing comfort while remaining fresh and odor free,
waterproofing, ease-of cleaning, abrasion resistance or
even antimicrobial properties [1]. The innovative
combination of controllable topographical and chemical
modifications of the material will be a step forward for
surface engineering towards real life application: to make
surfaces less liable to microbial adhesion, or easier to be
cleaned, with the addition of an antimicrobial agent.
Fabric surfaces are not only exposed to abrasion and wear
caused by daily contacts, but also to aggressive laundry
procedures. So far, many different methods have been
studied using approaches such as polymeric grafting or
polymeric coating but usually lack stability [2]. Higher
mechanical and chemical stabilities are mandatory
properties for such materials and need to be taken into
consideration early during the design process. Using
plasma-based process techniques, thereby obtaining
highly stable and homogenous functional surfaces could
be a promising alternative.
The use of plasma processes in the textile domain is
growing at a tremendous rate due to their ability to
modify threads, cords and textiles surface properties [1].
The huge potential to use plasmas lies in the fact that the
modification characteristics can be controlled by changing
numerous plasma parameters such as gas feed, power,
pressure, duty cycle, type of discharge, bias, etc. [3].
Amongst interesting plasma modifications, there are the
surface activation/functionalization and the deposition
processes.
This work aims for the development of low
temperature plasma-based processes as a highly powerful
approach to modify textiles, therefore adding value.
Different strategies were investigated (1) improving
textile dyeability by rendering them more hydrophilic (2)
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improving textile resistance to abrasion by amorphous
carbon based (a-C:H) thin films; and (3) combining with
antibacterial activity, by adding silver during the plasma
deposition process (a-C:H/Ag). The different plasma
strategies have been tested on cotton and polyester (PET)
fabrics.
2. Materials and methods
Cotton and PET fabric samples were cut into squares of
1x1 cm2 size. The cotton samples were cleaned in
successive ultrasonic baths of acetone and diethyl ether
for 10 minutes each before being used, whereas the PET
samples were similarly cleaned but in water and ethanol.
Surface modifications were performed using an
inductively coupled RF (13.56MHz) plasma reactor
(Plasmionique, Varennes, QC, Canada) designed for
plasma enhanced chemical vapor deposition (PE-CVD)
with added PVD sputtering setup. The samples always
remained close to room temperature.
The activation/functionalization of cotton and PET
fabrics to enhance dye uptake was done in hydrogen and
nitrogen (N2:H2) gas precursors, at 50 mTorr and during 5
min. The bias voltage, the power as well as the gas ratio
(keeping the total flow constant at 20 sccm) have been
adapted and optimized depending on the initial fabrics.
The nanocoating deposition process, in order to
improve textile resistance to abrasion, have been
performed on the fabrics using argon then hydrogen for
pre-treatment and methane/hydrogen for deposition [4].
Once again, the plasma parameters have been adapted
depending on the initial fabric (Table 1).
The deposition of biocidal-doped amorphous carbon
(a-C:H/Ag) nanocoating was obtained with the previous
parameters (Table 1), with simultaneous Ag sputtering.
Briefly, silver introduction in the film was achieved
through cathodic sputtering of a silver target, at a negative
bias voltage (-800 V).
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Table 1. Plasma parameters for nanocoating deposition.

Etching:
Ar
Activation:
H2
Deposition:
CH4 / H2

Cotton
100 W /-100 V
50 mTorr /10 min
100 W /-150 V
50 mTorr /10 min
100 W/- 70 V
10 mTorr /30 min

PET
150 W /-100 V
50 mTorr /10 min
100 W /-150 V
50 mTorr /5 min
100 W/-40 V
10 mTorr /30 min

Moreover, the plasma efficiency was clearly evidenced
with a nitrogen incorporation of 19 %, assessed by XPS,
leading to a more hydrophilic behaviour (Figure 1 –
WCA), thus enhancing the cotton wettability, which
should improve dye uptake efficiency. However, only a
slight increase of dye uptake (20%) is noticed, even
though, the washing fastness and the biocide behaviors
were increased compared to the untreated cotton fabrics.

Surface modifications were characterized by X-ray
photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM) for chemical composition and
morphology, respectively. The wettability of the surfaces
before and after treatment has been measured using static
water contact angle (WCA).
The dyeability of the fabrics was evaluated by using
curcumin, as a natural antibacterial dye [5]. Dye uptake
was studied by measuring the percentage of exhaustion by
sampling the dye bath before and after the dyeing process
using UV–vis spectrophotometry. To evaluate the dyeing
fastness, standard tests such as a hospital laundry process
[3] and exposure during 40 hours to UV-irradiation were
performed. The colorfastness grade was visually
evaluated from 5 (no color change) to 1 (extreme color
modification).
The antibacterial activity of the treated fabrics was
estimated against Escherichia Coli (ATCC 11229) and
Staphylococcus Aureus (ATCC 6538) by using the
parallel streaks method, as well as contact killing method
after 24 hours of contact with E. coli (ATCC 25922). For
parallel streak method, the bacteria were suspended in
TSB medium to 1X106 cells/mL. For each bacteria, one
loop full of the diluted suspension was streaked onto a
TSA petri dish in parallel line. The textiles were then
placed and gently pressed transversely across the streak,
and let incubated for 24 hrs at 37°C. For contact killing
method, E. coli was suspended to 4X105 cells/mL in TSB,
50 µL was deposited on the samples and incubated at
37°C in 100 % humidity for 24 hrs. Samples were then
put in 10 mL PBS sonicated and vortex for 1 min each to
recover bacteria, serial diluted and 100 µL of each serial
dilution were plated and incubated 24 hrs. Colony
forming unit were counted and macro-images were taken.

Figure 1 SEM images and time sequence of water drops applied
on the surface of (a) untreated cotton, (b) plasma treated cotton.

N2/H2 plasma treatment has also been performed on
PET fabric, and 9 % of nitrogen was then detected by
XPS, leading to a highly hydrophilic surface (WCA<
10°). Two organic dyes, one red and one grey, have been
tested, and their colorfastness after 40 h of UV-irradiation
were really improved: from 1 for untreated PET to 4 for
plasma-treated samples, whatever the dye. Further
investigations will be done in order to evaluate the
colorfastness after 60 h and 200 h of UV-irradiation, and
also after bleaching.
2) Textile resistance by a-C:H thin films deposition
The deposition parameters have been adapted from
previous work done on metallic substrates [4], and also
the pre-treatments have been adapted depending on the
initial fabrics (Table 1), in order to obtain a well adhered
thin film. XPS survey data clearly exhibited that the
fabrics were fully covered with a hydrophobic amorphous
carbon nanocoating (Table 2).
Table 2. Chemical surface composition assessed by XPS
analyses and WCA results before and after nanocoating
deposition on cotton and PET fabrics.

3. Results and discussion
1) Textile dyeability by activation/functionalization
Surface modification of cotton by N2/H2 plasma
treatment, to maximize the dye amount on the surface, has
been investigated. The plasma treatment did not seem to
damage the fibers, as shown in SEM images (Figure 1). It
was further confirmed by mechanical tests as the strength
of the cotton was unaffected: the Young’s modulus was of
7.2 ± 0.7 MPa before and 6.8 ± 0.2 after treatment [5].
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XPS*
%C
%O

WCA (°)

Cotton
No a-C:H
With
a-C:H

PET
No a-C:H
With
a-C:H

60.5
36.8
110

75.4
21.5
100

95.2
4.8
145

96..5
3.5
140

* Other element detected was nitrogen; 2.7% for untreated
cotton and 2.0% for untreated PET.

Furthermore, XPS high resolution C1s peaks of the aC:H deposits confirmed that the thin films composition
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was as expected, with essentially C-C/C-H bonds at 285
eV: 100% on cotton and 96% on PET. Before plasma
deposition C-O, at 286.5 eV, and O-C=O, at 288.5 eV,
were detected, associated to the chemical structure of the
original fabrics.
Nanocoated cotton samples exhibited a homogeneous
covering all over the fabrics after deposition step, and
after 5 washing cycles, whereas after 10 cycles, some
cracks appeared. Nevertheless, the WCA remained stable,
meaning that the a-C:H thin film was still covering most
of the surface. The same behavior has been obtained with
nanocoated PET fabrics. The next step will be testing the
a-C:H resistance to abrasion.

Figure 2 SEM images of nanocoated cotton fabrics (a) after
deposition, (b) after 5 washing cycles, and (c) after 10 cycles.

3) Textiles with antibacterial activity.
Silver doped nanocoatings could provide a controlled
antibacterial activity for long periods of time, as sub-ppb,
and this amount of silver release has proven to provide a
clear antibacterial effect [3]. The efficiency of a-C:H/Ag
deposition on cotton fabrics has been evidenced by XPS
analyses with ∼10 at. % of Ag detected. Moreover, the
silver doped nanocoated cotton and PET samples showed
a significant decrease of their bacterial colony, as shown
in Figure 3a) and 3b).
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Aureus by using parallel streaks method; (e) untreated PET
fabric and (f) a-C:H/Ag nanocoated PET after 24 h of contact
with E. Coli and S. Aureus by using parallel streaks method.

In order to qualitatively evaluate the antibacterial effect
of a-C:H/Ag deposited on cotton and PET fabrics, a
parallel streak method was used. This simple test allows
us to qualitatively assess the antibacterial activity of aC/Ag cotton fabrics compared to non-treated samples by
evaluating bacterial growth under and around the samples
and identifying inhibition zone where no bacterial growth
is seen. The a-C:H/Ag cotton and PET treated (Figure 3d)
and 3f) respectively) fabrics show less bacterial growth
around and under the samples then non-treated samples.
Figure 3d) and 3f) also exhibit a small inhibition zone
around the samples for Staphylococcus Aureus indicating
a more pronounced antibacterial effect then for
Escherichia Coli.
4. Conclusion
Our results clearly showed the applicability of low
temperature plasma based processes to modify the wetting
behavior and antibacterial properties of cotton fabric. The
silver doped nanocoatings displayed a good potential to
reduce bacterial contamination of environmental surfaces
in healthcare settings. The curcuma dye on N2:H2 plasmatreated samples, as well as a-C:H/Ag act as bactericidal
agents against both gram-positive and gram−negative
bacteria even after laundry cycles. The present work
evidenced that plasma treatments were adapted to the
functionalization of fabrics, as well to deposition of
highly adherent nanocoatings. These procedures can be
applied by the textile industry using ecofriendly and nontoxic agents and processes. Developing a surface
treatment that can provide sufficient stability and
antibacterial properties simultaneously will be beneficial
as a value-added process for manufacturing industries.
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Figure 3 Antibacterial activity of (a) untreated cotton sample
and (b) a-C:H/Ag nanocoated cotton after 24 h of contact with
E. Coli; (c) untreated cotton sample and (d) a-C:H/Ag
nanocoated cotton after 24 h of contact with E. Coli and S.
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Abstract: We report on a growth technique of carbon nano/micro-tubes whose core spaces
were filled with Ni-Cu alloy nanowire using oscillated arc discharge pyrolysis at
solid/liquid interface. SEM image around the carbon-deposited area where are top of sectorshape Ni-Cu foil shows the lot of linearly and long ( 20 µm - 50 µm) CNTs. TEM
observation reveals fully Ni-Cu filled CNTs shows homogeneously, linearly, and clearly
graphene layers.
Keywords:. Ni-Cu filled carbon nano/micro-tube, Solid/liquid interfacial arc discharge

1. Introduction
Metal filled carbon nanotubes (CNTs) are examples of
such novel nano-materials [1]. In particular, synthesis and
manipulation of metal-CNT hybrid structures have been
intensively studied for the applications to the atomic-scale
scanning probe microscopes and atom manipulation in the
surface science and technology [2,3]. Metal-filled CNTs
are CNTs with metallic nanowires in their core spaces.
Such structures were firstly synthesized using the arc
discharge method, and metals used as catalyst became
accidentally incorporated into the CNTs [4,5]. Recently
the authors have developed a growth method in which the
arc discharge at the liquid/solid interface has been
utilized, and have achieved to synthesize CNTs with
single-crystalline Ni nanowires in their cores [6,7].
However, using such a discharge pyrolysis process, the
length of resulting CNTs was less than 300 nm.
In this study, we carried out the growth of the Ni-Cu
filled CNTs using oscillated arc discharge at solid/liquid
interface for linearly and long nano/micro-tube.
2.Experimental methods
Fig. 1 shows a schematic diagram of the experimental
apparatus for the Ni-Cu filled CNT growth. The growth
vessel was filled with ethanol solution (99.5 %) as a
carbon precursor. An n-type Si substrate (5 mm × 30 mm
× 0.525 mm, ρ = 1 - 10 Ωcm) was placed on an insulating
holder. In this study, Ni-Cu filled CNTs are directly
synthesized on the surface of the sector-shaped Ni-Cu foil
cathode. When applying DC power (slew rate was
adjusted to 0.1 A per second.) between the anode and the
cathode, discharge current flowed along the ethanol/Si
substrate interface that results in the heat up of the top of
sector-shaped Ni-Cu foil. In evaluating, we observed the
surface of the sector-shaped Ni-Cu foil under a scanning
electron microscope (SEM, S-3000N, Hitachi) with an
energy-dispersive X-ray spectroscopy (EDS, Gnesis2000,
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Fig.1 Schematic diagram of the experimental apparatus.
EDAX) detector and the structure of Ni-Cu filled CNTs
under the TEM-equipped (HF-2000S, Hitachi, operating
200kV acceleration voltage) EDS (Sigma Kevex) detector.

3.Results and discussions
Voltage-time (V-t) characteristic and Current-time (I-t)
characteristic curve of discharge processes at setting
constant current: ISC = 7 A during 30 seconds were shown
in Fig. 2. The insert figure of Fig.2 shows the strongly
oscillation of current and voltage profile at the region
form I=0.5 A to I=1.0 A. At this time, top of sectorshaped Ni-Cu foil emitted a bright flicking light, which
was synchronized with current oscillation and sputter the
lot of Ni-Cu nano-particles. More over 1 A, drooping
characteristics of arc discharge is confirmed. Fig. 3
shows current-voltage (I-V) characteristics curves of
discharge processes. As shown in Fig. 3, it is thought that
dV/dI<0 shows the grow discharge. After then, circular
profiles are appeared on I-V characteristics, which
suggest parametric oscillation under transition region of
grow and arc discharge.
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V:Voltage [V]
I: Current [A]

Fig.4 Scanning electron microscope image around
the carbon-deposited area.

Fig.2 Voltage-time (V-t) characteristic and Currenttime (I-t) characteristic curve of discharge processes

Fig.5 Transmission electron microscope images at
the top of sector-shape Ni-Cu foil

4.Conclusion
Fig.3 Voltage-Current characteristic curve of discharge
processes
Figure 4 is an SEM image around the carbon-deposited
area where are top of sector-shape Ni-Cu foil, and shows
the synthesis of a lot of linearly and long ( 20 µm - 50
µm) CNTs. Figures5 show TEM images at the top of
sector-shape Ni-Cu foil. Almost CNTs have a spherical
shape cap, and it can be seen that Ni-Cu were fully or
fitfully filled in CNTs. Fully Ni-Cu filled CNTs shows
homogeneously, linearly, and clearly graphene layers.
The CNT’s diameter is about 150 nm, and the length is
approximately 20 µm - 50 µm .
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In conclusion, we have investigated on a growth
technique of Ni-Cu filled linearly and long CNT using
oscillated arc discharge at solid/liquid interface. The
significance of our study, which is synthesized
homogeneously, linearly, and clearly graphene layers.
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Microplasma-Liquid Synthesis of Carbon Based Quantum Dots with
Remarkable Optical Properties
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Abstract: Carbon based quantum dots (CQDs) are synthesized by taking advantage of
microplasma-liquid interactions. The CQDs are formed by the plasma enhanced reactions
between carbon and nitrogen containing precursors. Characterization of the CQDs show
that they are graphitic in nature with inherent surface functionalities allowing them to be
easily dispersed in water. The quantum yield (QY) of the CQDs is determined and an
excitation dependent enhancement is observed, possibly pointing to the occurrence of
carrier multiplication in these QDs. The photoluminescence spectrum is altered as the
temperature is changed.
Keywords: Microplasma, Carbon, Quantum Dot, Quantum Yield, Photoluminescence
1. Introduction
Many of the classical II-VI and III-V quantum dot
materials contain rare and heavy metals, and their toxicity
may affect their use in real-world applications.[1]
Therefore, synthesis of different QDs with good optical
and electrical properties but made from materials with
low toxicities is necessary.
In the last 10 years, carbon nanoparticles have come
into view as viable alternatives. Currently, carbon
nanoparticles include graphene quantum dots, polymer
dots, and carbon dots (CDs/C-dots/CQDs). These
different forms of CQDs have distinctive optical
properties, and structural features, which are normally
dependent by the synthetic route. These materials have
already been utilized in various applications.[2]
Top-down methods for producing C-dots break down
starting materials, like nanotubes or graphite. Bottom-up
syntheses can produce CDs with various surface
functionalities and tuneable properties. Atoms like
nitrogen and sulphur, have been used to dope CQDs,
while boron, phosphorous and even metals like copper
and gadolinium have also been tested. Early results
suggested the favourable effect of nitrogen on the optical
properties of carbon based quantum dots, with high
quantum yields observed. In general, the bottom up
synthesis of doped CQDs involves a molecular precursor
which provides the carbon framework, and another
molecular precursor introduces desired elements into the
structure. The most popular combination to date has been
citric acid as the carbon source, combined with nitrogen
containing molecules, such as ethylenediamine or urea,
while the most prominent formation route has been
solvothermal processing. For example, Peng et al. used
glucose and citric acid as the carbon sources and
dopamine or 4,7,10-trioxa-1,13-tridecanediamine as the
nitrogen sources. Various combinations of these
precursors were heated to form carbon dots with different
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photophysical and electrochemical properties. The carbon
dots produced were used as a sensitizer in solar cells.[3]
Nitrogen doped carbon quantum dots can be rapidly
synthesized on a large scale by simply pyrolyzing
ethanolamine in air.[4]
In carbon based nanoparticles, photoluminescence peak
intensity and peak position are sensitive to the surface
characteristics and depend, for instance, on the extent of
oxygen, nitrogen, sulfur etc. dopants. Carriers in the QDs
can diffuse from the core to the surface or vice-verse,
affecting the transition dynamics. Therefore, the ability to
control carrier life-time and recombination processes is
critical so that desired optoelectronic properties can be
achieved.
In this poster contribution, we demonstrate the use of an
atmospheric pressure microplasma to successfully
produce doped carbon QDs. Their surface contained
numerous different functional groups, allowing easy
dispersability in water. The measured quantum yield
displayed characteristics of carrier multiplication
(CM)/multiple exciton generation (MEG). These results
have provided unique information and insight on carriers
and transitions behaviours. Temperature-dependent
measurements allow the possibility of reducing/enhancing
certain transitions and thus isolating the contribution of
specific carrier population to the photoluminescent
emission. Low temperature photoluminescence spectra
were measured for various QDs with different surfaces
and was found to change shape, position and intensity as
the temperature was varied.
2. Experimental Section
Microplasma synthesis of CQDs
The setup for the reaction consists of a DC source, a
carbon rod as the cathode which was connected to the
current source via a 100 kΩ ballast resistor and a nickel
tube as the anode.
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In a typical synthesis, the carbon source and nitrogen
source were dissolved in 10 mL de-ionized (DI) water to
give a 1:2 molar ratio of COOH:NH2 groups. The carbon
electrode was immersed in the solution while the nickel
tube was brought close to the surface of the liquid. The
microplasma was then ignited between the end of the
nickel tubing and the surface of the water using a flow of
pure helium gas. A constant discharge voltage of 1.3 kV
was maintained.
Characterisation
Transmission electron microscopy (TEM) images were
acquired using a JEOL JEM-2100F electron microscope.
X-ray photoelectron spectroscopy (XPS) and Ultraviolet
photoelectron spectroscopy (UPS) measurements were
carried out using Kratos Axis Ultra DLD photoelectron
spectrometers. Fourier transform infrared (FTIR) spectra
were recorded on a Thermo Scientific Nicolet iS5
spectrometer. Kelvin probe (KP) measurements (KP
Technology Ltd.) were performed at ambient conditions
with a tip operated at 70 Hz . Ambient photoemission
spectroscopy (APS), surface photovoltage spectroscopy
(SPS) was carried out with the same instrument with a
module containing a high intensity deuterium source
coupled with a motorized grating monochromator.
Ultraviolet\visible (UV-Vis) absorption spectra were
recorded using a PerkinElmer Lambda 650 S
spectrophotometer equipped with a 150 mm integrating
sphere. Photoluminescence (PL) spectra were recorded
using an Agilent Cary Eclipse spectrophotometer. For
absolute quantum yield measurements, an integration
sphere attached to a Horiba Jobin Yvon fluoromax-4
spectrometer was used to collect the PL of the CQD film.
For excitation, a Xe lamp with a double monochromator
was used, and the PL was detected by a charge-coupled
detector (CCD) mounted on a spectrograph via coupled
ultraviolet-grade optical fibre. The excitation wavelength
was selected through the monochromator. The emission
spectra from the sample (CQDs on quartz) and the
reference (quartz only) were measured, and the number of
emitted photons was then calculated from spectral
integration. The number of absorbed photons was
calculated using reduction of the excitation spectrum and
comparing the sample and reference. The absolute QY is
obtained as the ratio of the number of emitted photons to
the number of absorbed photons. Measurements were
performed in triplicates and the average value reported
with error bars representing the standard deviation. The
temperature-dependent measurements were carried out on
the same spectrometer with a cryogenic chamber (i.e. a
closed cryostat) attached.
3. Results and Discussion
After 30 minutes of microplasma treatment, the solution
had changed from colourless to yellow/brown, indicating
the rapid formation of CQDs. To investigate the
formation mechanism, various experiments were
performed. With the plasma as the cathode, fewer QDs
were formed which implies that the reaction was sensitive
to the properties of the plasma. When the reaction was
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carried out with a platinum electrode replacing the plasma
anode, the colour of the solution didn’t change meaning
that no CQDs were formed and that the presence of the
microplasma was necessary. The suggested formation
mechanism is the plasma enhanced condensation reaction
between OH containing carbon precursor and nitrogen
precursor containing NH2 groups.[5,6] The carbon
molecules can self-assemble and condensation reactions
occur to form an extended carbon framework. The N
atoms enter the QD framework by forming a pyrrolic
structure (proved by FTIR and XPS) through further
intramolecular dehydroxylation between adjacent
carboxyl and amide groups. The microplasma as the
anode significantly accelerates the rate of this reaction,
and provides unique circumstances for preparing CQDs,
which are different than other reported plasma methods.
TEM imaging of the CQDs showed that they are highly
size and shape monodispersed, with a mean diameter of
5.3 nm ± 1.4 nm. HR-TEM imaging showed lattice
fringes that correspond to a d spacing of 3.2 Å, close to
the (002) spacing reported for graphite (3.3 Å).
The CQD surface chemistry was characterized by FTIR
and XPS spectroscopy. From these measurements, it was
determined that numerous functional groups all give
excellent aqueous solubility to the CQDs without the need
for further modification. Interestingly, analysis of the
C=N FTIR peak intensity showed an increase in the signal
as the amount of nitrogen precursor was increased, while
N atomic percentages obtained from XPS also increased
as the amount of nitrogen precursor was increased.
UV-Vis spectra show an onset in the visible region and
increasing absorption in the UV with peaks observed
between 265-340 nm. These are attributed to aromatic
carbon sp2 core domains (π-π*/σ-π* transitions) and/or
surface mediated transitions (n-π* transitions of C=N and
C=O groups at the surface). The changing positions of
these features suggests that the absorption profiles of the
CQDs depend on different surface states.
The peak photoluminescence wavelength showed a
dependence on the excitation energy; as the excitation
energy was increased, the emission peak redshifted
followed by a blueshift back to lower wavelengths.
However, increasing the excitation wavelength further led
to a large redshift in the emission peak position. This
trend may be indicative of carrier multiplication occurring
in the CQDs. PL can easily be tuned by precise control
over the surface states during the microplasma synthesis.
The quantum yield (QY) of the CQDs was measured in
an integrating sphere connected to a photoluminescence
spectrometer. The QY was measured to be between 10 –
80 % for different CQDs. The maximum value obtained
was found to change depending on the sample. Compared
to many reports on the QY of CQDs, these values are
relatively high. The increasing QY for different samples
can be attributed to more effective passivation of surface
trap states by the nitrogen atoms, leading to more efficient
radiative recombination and better emission. The QY was
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Quantum Yield (%)

also found to depend on the excitation energy chosen, see
Fig. 1.
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Fig. 1. Variation of the quantum yield as a function of
excitation energy.
As the excitation energy was increased, a concomitant
increase in the QY was observed. At low excitation
energy (between 2.2 and 2.5 eV), the QY was measured
to be between 0 and 0.2 % which increased in a step like
fashion to around 7 % (at 2.6 – 2.8 eV) and finally shoots
up to 33 % as the selected excitation energy was increased
to around 2.8 – 3 eV. This step-like enhancement of the
QY could point to carrier multiplication occurring in these
CQDs. [7] This could be beneficial to solar cell
performance, allowing for numerous charge carrier
formation upon absorption of one high energy photon,
thereby improving the efficiency.
Relaxation mechanisms of carriers in QDs are generally
complex and result from the interplay between surface
and defects states as well as quantum confinement. In
order to understand this complex phenomenon,
temperature–dependent PL has been very often applied to
classical compound semiconductor nanocrystals and
silicon nanocrystals. Here, we have measured the
temperature dependent photoluminescence of the CQDs
deposited on quartz. As can be seen in Fig. 2, at low
temperature (15 K) the spectrum is centred in the visible
range.
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then begins to fall rapidly accompanied also by changing
peak positions. These trends point to a contribution from
different recombination pathways to the observed
emission. This is most probably due to different surface
terminations, defects or dangling bonds, surface
roughness and variation in surface stoichiometry all
affecting the emission as the temperature is changed.
4. Conclusions
We have employed a simple, fast and environmentally
friendly method to synthesize doped carbon quantum dots
from readily available precursors. TEM imaging showed
that the CQDs were well dispersed and highly crystalline.
Surface analysis showed various functional groups.
Optical characterization showed an obvious dependence
on the surface of the QDs with shifting absorption and
changing photoluminescence. The quantum yield showed
a dependence on the sample pointing to surface effects
which contribute to enhanced radiative recombination.
The QY also depended on the excitation energy and this
could be due to carrier multiplication. Low temperature
PL measurements showed changes in the intensity and
peak position as the temperature was increased,
suggesting the availability of numerous recombination
pathways in these CQDs. The results demonstrate the
complexity of the optical properties of CQDs and future
effort must try to explain the different mechanisms and
their origins.
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Fig. 2. Change in the photoluminescence shape, peak
position and intensity as the temperature is altered.
As the temperature is increased, an increase in the
intensity of emission along with a change in the peak
position is observed. Upon increasing the temperature
even more (above 190 K) the intensity starts to rise and
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Plasma-deposited interlayers with controlled adhesion to glass fibres
E. Palesch, T. Plichta, M. Branecky and V. Cech
Institute of Materials Chemistry, Faculty of Chemistry, Brno University of Technology, Brno, Czech Republic
Abstract: Functional interlayers were deposited on planar glass and glass fibres from pure
tetravinylsilane and its mixtures with oxygen gas by plasma-enhanced chemical vapour
deposition. The interfacial adhesion of the deposited films was evaluated by nanoscratch
test. We demonstrate that the interlayer adhesion is controlled by power (0.1-10 W) and
oxygen fraction (0-0.71) in the gas mixture. The feasibility of the nanoscratch test was
examined for single glass fibres with a diameter of 19 microns.
Keywords: PECVD, glass fibres, nanoscratch test, adhesion.
During the nanoscratch test, the value of the normal
load at which adhesion failure is detected is known as the
critical load, which is used as a measure of the film
adhesion. The critical load for a-CSi:H interlayers as a
function of effective power is given in Fig. 2. The
adhesion increased significantly with enhanced power and
was 50% higher for the film deposited at 10 W than that
deposited at 0.1 W. We expect that chemical bonding at
the interlayer/glass interface is realized through Si-O-C
and Si-O-Si bonding species due to recombination of free
radicals at Si-OH groups on glass surface. An increased
density of interfacial bonds with enhanced power is
responsible for elevated adhesion. However, the adhesion
can be even improved if oxygen atoms are incorporated
into a-CSiO:H interlayers deposited at a power of 2.5 W
(Fig. 3), where the critical load as a function of oxygen
fraction increased for oxidized films up to the maximum
at 0.33-0.46 due to raised concentration of Si-O-C and SiO-Si bonding species at the film/glass interface.
Therefore, oxidized interlayers can be efficiently
employed as the functional interlayer in GF/polyester
composites, where the vinyl groups at the interlayer
surface are important for chemical bonding with polyester
matrix.

Critical load [mN]

All reinforcing fibres have to be coated with a suitable
interlayer (thin film) to ensure their effective functionality
in fibre-reinforced polymer composites. The interlayer
adhesion on reinforcing fibres is most critical and decisive
for composite performance. In this study, we demonstrate
that interlayer adhesion can be evaluated directly on
single glass fibres with a diameter of 19 microns using the
nanoscratch test. The feasibility of the nanoscratch test,
commonly used for planar specimens, is examined for
glass fibres coated by plasma polymer film with a
thickness of 0.10 microns.
Functional interlayers of pure tetravinylsilane (power
0.1-10 W) and its mixtures with oxygen gas (oxygen
fraction 0-0.71) in a form of a-CSi:H and a-CSiO:H films
with a thickness of 0.10 microns were deposited on planar
glass substrates and single glass fibres (GF) using an RF
(13.56 MHz) helical coupling system operated in a pulsed
regime. The interlayer was damaged at the fibre surface to
demonstrate its presence on the fibre (Fig. 1). Nanoscale
tribological properties of the interlayers were investigated
using a 2D TriboScope (Hysitron) attached to an NTegra
Prima Scanning Probe Microscope, SPM (NT-MDT). A
conical, 90o, diamond indenter (TI-0040, Hysitron) with a
tip radius of 1 µm was used to make scratches on
interlayers under normal loading, which linearly increased
with time from 1 μN to 3 mN. The scratch length was
10 μm and was reached in 30 s.

a-CSi:H interlayer
2.0

1.5

1.0

0.1

1

10

Effective power [W]

Fig. 1. Scanning electron micrograph of plasma coated
glass fibres.
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Fig. 2. Critical load characterizing adhesion of a-CSi:H
interlayer on planar glass substrate dependent on the
effective power.
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We explored the feasibility of the nanoscratch test for
interlayers on single glass fibres. Adjusting the position of
the fibre so that its axis coincides with the axis of
movement of the indenter during nanoscratch tests was
extremely demanding with respect to time and experience
experimenter. Therefore, only two interlayers of
significantly different adhesion (critical load) were
selected and deposited on single glass fibres at an oxygen
fraction of 0 and 0.45 (2.5 W). The lateral force
depending on the normal force for fibrous and planar
samples is compared in Fig. 4 for films deposited from
pure TVS. The critical load corresponding to the first
delamination of the film, evidenced by an abrupt decrease
of the lateral force, is marked as LcF and LcP for the
fibrous and planar specimens, respectively.

The differences between the critical loads for planar glass
and single glass fibres are insignificant with respect to the
magnitude of critical loads for both types of interlayers.
Thus, we can summarize that the nanoscratch test on
fibrous samples used in this study can give reliable data to
distinguish at least greater changes in interfacial adhesion
for different interlayers.

3.0

Critical load [mN]

a-CSiO:H interlayer
2.5

2.0

Fig. 5. Surface topography of scratch pattern
characterized by atomic force microscopy.
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Fig. 3. Critical load corresponding to adhesion of
a-CSiO:H interlayer on planar glass substrate deposited at
2.5 W as a function of oxygen fraction.
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Fig. 6. Comparison of critical loads for two selected
interlayers deposited on planar glass and glass fibre. The
critical loads corresponding to the same film agree for
both planar and glass substrates.
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Fig. 4. Lateral force as a function of normal force during
nanoscratch test measurements on planar glass and glass
fibre. The critical loads for planar glass (LcP) and glass
fibre (LcF) are marked.
Both scratches corresponding to the planar and fibrous
samples had similar character; the scratch pattern was
observed by AFM (Fig. 5). Although the critical loads for
individual scratches on planar and fibrous samples vary
somewhat (Fig. 4), the mean values are both consistent
for the interlayer on planar and fibrous substrates (Fig. 6).
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Our study confirmed the feasibility of the nanoscratch
test for interlayers (thin films) deposited on single glass
fibres. However, the scratch measurements on glass fibres
with a diameter of 19 microns are much more difficult
than those on planar substrates due to experimental
arrangements. Interlayer adhesion is one of the key
parameters controlling composite performance. Thus, the
nanoscratch test for interlayers on planar substrates is
sufficient as an effective tool to develop novel and
functional interlayers with controlled adhesion for highperformance fibre-reinforced polymer composites.
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Energetics in Plasma Polymerization: Behavior of Various Organic Compounds
in Dielectric Barrier Discharges
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Abstract: We report dielectric barrier discharge (DBD)-based atmospheric pressure (AP)
plasma polymerization (PP) experiments using argon carrier gas and a wide variety of
molecules as the precursors (“monomers”). Electrical measurements yield values of Em, the
energy absorbed from the plasma by each monomer molecule. Systematic differences among
families of compounds enable us to draw important conclusions about fragmentation and
polymerization in the DBD plasma environment.
Keywords: Atmospheric pressure, dielectric barrier discharge, energetics, polymerization

1. Energy Measurements in AP-PECVD Processes
The plasma-enhanced chemical vapor deposition
(PECVD) and -polymerization (PP) literature has long
been interested in correlating deposition kinetics, physicochemical and structural properties of films with the amount
of energy absorbed by “monomer” molecules in the
plasma, Em. Before the year 2000, PECVD and PP were
mostly carried out under partial vacuum, but atmospheric
pressure (AP) plasma processing has since then gained
much interest: the absence of costly vacuum installations
promises more economical implementation, even though
required high carrier gas flows counteract this trend [1-3].
Dielectric barrier discharges (DBD) constitute the main
approach for industrial processing [2, 3], such plasmas
being obtained in gaps between two electrode surfaces at
least one of which is covered by a layer of dielectric. Like
LP discharges, they are non-equilibrium (cold) plasmas,
and they can be used in various other plasma-chemical
applications beside PECVD and PP [4].
Until recently, energy measurements mostly pertained to
LP plasmas, where the reagent (monomer) feed is usually
undiluted, and where energy absorbed by the discharge can
nowadays be evaluated relatively simply and precisely
thanks to special dedicated instrumentation. In the case of
AP DBD plasmas this is very different, because the
discharge must be sustained in a flow of (inert) carrier gas,
for example Ar, with typically only parts per thousand (‰)
concentrations of monomer. Accurate determination of
energy, especially the portion absorbed by the reagent
molecules, had not been possible until quite recent work in
this laboratory [1, 5-7].
In various articles, these authors have already presented
the methodology of energy measurements in DBD
plasmas, along with experiments performed on gaseous
elements or families of organic compounds. The objective
here is to illustrate this research for the case of numerous
hydrocarbons, both aliphatic and aromatic, and to
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generalize the observations in terms of molecular structure.
2. PP of Hydrocarbons: Saturated vs Unsaturated
To avoid repeating information presented earlier [1, 6],
we will assume the reader’s familiarity with Em, the energy
absorbed from the plasma per monomer molecule, and the
method used to measure it. Fig. 1 shows plots of (a) Em
versus Fd, the monomer flow rate (in sccm); and (b) Em
versus 1/Fd, both for a series of straight-chain alkanes
ranging from C1 (methane) to C8 (n-octane). As reported
earlier [7, 8], curves in (a) are seen to present the same sets
of common features, namely a sharp rise in Em at small Fd
values, followed by a distinct peak [hereafter referred to as
(Em)max, the highest value for that particular hydrocarbon,
observed at Fd, hereafter designated (Fd)crit] and a smooth
decrease with rising Fd values. The regions in (a) before
and after the peak are respectively referred to as
“monomer-lean” and “monomer-rich”. In (b) we note a
near-linear increase in Em with rising 1/Fd; as pointed out
earlier [5, 7, 8], this slope in the monomer-rich region is
also a characteristic for the particular molecule, and it has
units of power (Watts). We note that all slopes appear to be
quite similar, values summarized in Table 1, where
families of compounds have been listed from top to bottom
(alkanes, alkenes, alkynes, aromatics, in that order). Some
interesting systematic trends can be observed, for example
particularly low (Fd)crit values for most alkanes, and similar
slope wattages among members of any given family, in
general. Along with what was stated in regard to (Em)max,
we believe that these all bear witness to complex plasmachemical mechanisms that take place within these DBD
plasmas.
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Fig. 1. Plots of (a) Em (average energy absorbed per
molecule in eV, see text) versus Fd; (b) Em versus 1/Fd,
for seven straight-chain alkane compounds. Adapted from
ref. [9].

Table 1. Numerical values of slopes (in Watts), (Em)max
(in eV), and (Fd)crit (in sccm) for a series of volatile
hydrocarbons.
Monomer
Methane
Ethane
n-Pentane
Isopentane
n-Hexane
Cyclohexane
n-Heptane
n-Octane
Isooctane
Ethylene
Propylene
1,3-Butadiene
Acetylene
1-Pentyne
Benzene
Toluene
o-Xylene
Styrene

Slope
[W]

(Em)max value
[eV]

(Fd)crit
[sccm]

2.7
8.5
9.4
10.4
11.5
11.4
11.3
14.8
10.8
12.2
12.1
9.3
13.0
11.1
13.6
13.2
12.9
9.9

24.8
32.1
102.1
91.7
114.3
104.2
120.6
151.4
139.3
33.9
41.7
19.2
11.4
55.1
44.6
72.9
69.3
21.7

5
3.5
0.9
1.2
1
1.2
0.9
0.8
0.8
4
3.5
4.8
14
1.2
2.5
2
1.8
5
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Fig. 2. Plots of (a) Em versus Fd; (b) Em versus 1/Fd, for
styrene, toluene and n-octane. Adapted from ref. [9].

Presuming that more information about plasma-chemical
mechanisms can likely be gleaned by examining higher-M
monomers, Fig. 2 presents three such molecules that have
similar high M values, namely (1) styrene [104.1 g/mol];
(2) toluene [92.1 g/mol]; and (3) n-octane [114.2 g/mol].
The latter, of course, is a saturated linear hydrocarbon,
while (1) and (2) both exhibit aromatic rings. Clearly, the
following differences become apparent: (Em)max values
follow the order: n-octane (139.3 eV) ≫ toluene (72.9 eV)
≫ styrene (21.7 eV). In that same order, the transitions
between monomer-rich and monomer-lean regions, i.e.
values of (Fd)crit, become progressively less well defined:
For (1) (styrene), the position of (Em)max can barely be
distinguished, because the peak shape is so extremely
broad, but (Fd)crit (see Table 1) rises in the order (3) → (2)
→ (1).
Finally, Fig. 2(b) and Table 1 reveal quite different
slopes for (1), (2) and (3), namely 9.9, 13.2 and 14.8 W,
respectively. This systematic increase appears to
accompany decreasing unsaturation: comparing styrene
(9.9 W) with toluene (13.2 W), despite having similar
molecular structures, this appears to underline the role of
styrene’s vinyl group that raises its plasma reactivity. To
further examine these important findings, much smaller
(Em)max and smaller slope values for styrene, we prepared
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two series of plasma polymer deposits from the two
monomers and conducted a detailed study of their
respective FTIR (ATR) spectra (not shown here).
Fig. 3 presents AAr/AAl as a function of Fd, where AAr and
AAl are the respective areas under the IR absorption bands
of the C-H aromatic stretching (3100-3000 cm-1) and of the
C-H aliphatic stretching (3000-2800 cm-1) band regions.
One immediately notes that AAr/AAl is significantly higher
for PP-styrene than for PP-toluene. Furthermore, the latter
ratio drops steadily with diminishing Fd, reaching its
lowest value near (Fd)crit [corresponding to (Em)max], while
the ratio for PP-styrene appears to remain constant in the
monomer-rich region, decreasing only when Fd ≤ (Fd)crit
[𝐸m ≤ (Em)max], that is, within the monomer-lean region.
This is felt to constitute additional proof that the vinyl
group in styrene is the preferred reactive site during plasma
polymerization, while for toluene the aromatic ring is
disrupted by the plasma under all present experimental
conditions. For completeness, we also present on Fig. 3
values of AAr/AAl for liquid toluene, and from a reference
spectrum of atactic polystyrene [10]. These confirm, not
surprisingly, that aliphatic features of the corresponding PP
come to dominate on account of the well-known crosslinked and/or branched structures of PPs.
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by breakage of the aromatic rings that may release up to
three highly reactive C=C bonds. When further decreasing
Fd, the monomer-lean region is reached and r suddenly
begins to drop, as noted particularly for styrene (blue
triangles). Considering a fixed monomer flow rate, say Fd
= 0.8 sccm, the r value for styrene, r = 66 nm/min, is
roughly 3 times greater than that for n-octane. The same r
for n-octane would require Fd = 14 sccm, again illustrating
the far greater reactivity of styrene compared with noctane, the linear saturated hydrocarbon of similar mass,
M.

Fig. 4. Deposition rate, r, of PP-styrene, PP-toluene and
PP-n-octane, plotted versus monomer flow rate, Fd. Note
that r is plotted on a logarithmic scale. Adapted from ref.
[9].

3. Behavior of Various Organic Molecules

Fig. 3. AAr/AAl (Area ratio of aromatic over aliphatic CH stretching) versus Fd for PP-toluene and PP-styrene.
The blue and red dotted lines are corresponding pure
toluene and atactic polystyrene ratios, respectively.
Adapted from ref. [9].
On the basis of ellipsometric measurements, deposition
rates, r, for (1) styrene, (2) toluene, and (3) n-octane were
evaluated and plotted as a function of Fd, as shown in Fig.
4. Over the complete Fd range, r values follow similar
trends, but with 𝑟(1) ≫ 𝑟(2) ≫ 𝑟(3) . In the plot for octane, 𝑟
is seen to drop gradually with diminishing Fd, but then it
drops sharply near (Fd)crit [corresponding to (Em)max] to r =
19 nm/min. In contrast, toluene and styrene show local
maxima in r near their respective (Em)max values, namely
𝑟(2) = 169 nm/min and 𝑟(1) = 433 nm/min, respectively. On
the basis of ATR FTIR observations, this can be explained
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Fig. 5. Plot of (Em)max (in eV) versus molecular mass,
M, for a series of simple gases and more complex organic
molecules. Explanation of abbreviations: MMA: methyl
methacrylate; PIB: propyl isobutyrate; n-PMA: n-propyl
methacrylate; AMA: allyl methacrylate; PgMA: propargyl
methacrylate; HMDSO: hexamethyldisiloxane (f = 20
kHz, Va = 2.8 kVrms, F = 10 slm).
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The general trend observed indicates that as molar mass
increases, so does the corresponding (Em)max. Simple (lowM) gases like H2, O2, N2, CO2 merely undergo excitation,
dissociation or ionization reactions, as reflected by (Em)max
≤ 20 eV, while large-M organic compounds display high
(Em)max values.
Now, returning to molecules that incorporate double- or
triple bonds, this study has also revealed some exceptions.
As noted for the hydrocarbons, where unsaturations yield
lower (Em)max, certain other compounds can manifest an
opposite trend, one where greater unsaturation results in
higher (Em)max values.
This is particularly noteworthy in the family of esters,
four of which (all except MMA) possess M values near 130
g/mol. From Fig. 5 one may note similar (Em)max for MMA,
PIB and n-PMA (57.3, 59.9 and 67.1 eV, respectively). For
those three compounds, this is believed to correspond to
near-total breakage of all constituent covalent bonds [5].
For AMA and PgMA, (Em)max is particularly high, roughly
twice (105.5 eV) or threefold (181.2 eV) greater than the
PIB value. The exceptional reactivity of those molecules,
attributed to their additional unsaturations, is believed to
generate heavier fragments in the discharge, possibly
dimers (AMA) and trimers (PgMA) which can also become
subject to fragmentation, hence to the possibility of everlarger measured values of Em. This, in turn, can be
interpreted as a competition between oligomerization and
fragmentation, in which case the former mechanism is
favored for unsaturated hydrocarbons; yet, the addition of
other functional groups, namely esters, can lead to a change
in the overall balance.
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4. Conclusions
On hand of a variety of hydrocarbon monomers and more
complex organic precursors, we have demonstrated the
powerful capabilities of accurate energy measurements per
molecule, Em. In principle, knowledge of Em should enable
plasma process design before evaluating the ensuing
coating properties. This, in turn, can facilitate (i) prediction
of outcomes when using new molecular precursors; (ii)
reactor scale-up for industrial uses, and (iii) comparison of
data from different laboratories. Although the present
results have all be obtained with AP DBD plasmas, the
latter characteristic, item (iii), has even been shown to
apply when comparing AP and low-pressure (LP)
processes [11, 12].
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Micro-patterned plasma polymer film for biological applications
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Abstract: The interaction between material surfaces and proteins is a difficult-to-control
process influenced by the physico-chemical properties of both parties. A micro-patterned
plasma polymer film (PPF) was prepared in a two-step process in which an oxygen-rich
PPF was deposited through a mask onto a layer of amine-containing PPF. Evidence of a
chemical micro-pattern was given by ToF-SIMS analysis. Physisorption of a fluorescent
protein onto the micro-patterned PPF allowed a space-resolved distribution.
Keywords: micro-patterned plasma polymer film, fluorescent protein, bacteria.

1. Introduction
Achieving control over protein and bacterial biofouling
is the target of many research efforts. On one hand, it can
be a beneficial process as it plays a key role in promoting
the biocompatibility of materials and cell attachment
[1,2]. On the other hand, it can also be an undesired
phenomenon hampering the function of biomedical
implants [3], biosensors [4], filtration devices [5] and
marine equipment [6]. Nowadays, there is a growing
interest regarding the spatial controlling of biofouling
properties at the surface of materials. For example, such
surface can finally lead to a controlled distribution of
microorganisms onto material surfaces [7]. One method to
provide such surface consists in preparing a micropatterned coating with a well-defined distribution of the
chemical groups over the surface.
Generally, technologies such as photolithography, ebeam lithography, dip-pen nanolithography, imprinting
and inkjet-printing are used to generate patterns at
micrometre scale [8]. These techniques show, however,
drawbacks such as high fabrication costs and a long-time
processing. New methods involving radiofrequency (RF)
plasma technology were recently developed to provide
micro-patterned coatings for a less expensive and a less
time-consuming processing [8,9]. RF plasma can be
combined
with
another
process,
such
as
electrohydrodynamic jet printing [8]. Indeed, RF plasma
can provide a smooth hydrophobic coating that will be
modified by the electrohydrodynamic jet printing to bring
hydrophilic spots at the surface of the coating. In a recent
work, we reported an approach to achieve surface
patterning at the microscale based on depositing a first
layer of plasma polymer film (PPF) with a well-defined
chemistry, and then a second layer of plasma polymer
film, with a well-defined yet different chemistry, by using
a mask [9].
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This study now focuses on the functionalization of the
previously studied and well-defined micro-patterned
plasma polymer film [9], as well as on the potential
interaction of this coating with bacteria. The micropatterned coating was thus prepared with an aminecontaining plasma polymer film, present in the grid area
that was covered by the mask, and an oxygen-containing
plasma polymer film, forming the square area, i.e. the
mask openings. The difference in the physico-chemical
properties of the grid vs. square areas allowed the spaceresolved adsorption of a supercharged fluorescent protein.
The adsorbed protein will provide conjugation sites for
the immobilization of antifouling molecules and thus
promotes a space-resolved bacterial adhesion (Figure 1).

Fig. 1. Schematic view of the micro-patterned plasma
polymer film functionalized with the fluorescent protein
(in green) and PEG (in red). Bacteria (white with purple
border) colonies are expected to adhere onto the oxygencontaining plasma polymer film (square area).
2. Experimental section
The micro-patterned plasma polymer film was prepared
by a two-step plasma process, in a capacitively coupled
discharge [10], according to our previous study [9].
Firstly, a 5 nm thick layer of amine-containing plasma
polymer film (plasma conditions: NH3/C2H4, 50 W,
0.1 mbar) was deposited onto a glass slide. Afterwards, a
carboxylic acid plasma polymer film (plasma conditions:
CO2/C2H4, 30 W, 0.1 mbar) was deposited through a
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polymeric mesh, used as mask, to provide the micropatterning.
Time-of-Flight Secondary Ions Mass Spectrometry
(ToF-SIMS 5, Iontof) imaging was performed to analyze
the laterally resolved elemental and molecular
composition of the top-most monolayers of the micropatterned sample. Thus, the determination of the chemical
composition is allowed, and evidence of the chemical
pattern can be given. To analyze the surface, a 50 keV
Bi3++ primary ions focused beam was used in high mass
resolution mode (M/∆M ~ 7000). A gentle sputtering with
a low energy Cs+ beam (250 eV, 1000 × 1000 μm2) was
simultaneously used to boost the ionization yield in the
negative polarity. Secondary ions image data, containing
the full compositional spectrum in the mass range 1–
500 mu for each pixel, were acquired with ultra-high
sensitivity (~ ppm) on randomly selected 500 × 500 μm2
areas with a 256 × 256 pixels2 resolution.
A variant of the negatively super-charged fluorescent
protein (-30)GFP (figure 2) was recombinantly produced
in E. coli after mutagenesis of the pET-6xHis-(-30)GFP
plasmid that was a gift from David Liu (Addgene plasmid
#62936) [11]. Purified by affinity chromatography, the
fluorescent protein (FP) was stored in 100 mM Kphosphate buffer pH 7 at -20°C. Adsorption experiments
were carried out by application of a diluted protein
solution to the coated surface for 3 h at room temperature
in the dark. Surfaces were then washed 3 times in distilled
water for 10 min. The surface fluorescence was visualized
with a microarray scanner (Tecan, Switzerland).

Fig. 2. Model of the negatively supercharged (-30)GFP
variant used in this study. Lysine residues are given in red
to indicate the available amine groups.
Chemical conjugation of anti-biofouling molecules to
the fluorescent protein was carried out by a chemical
coupling. Indeed, amine groups from the lysine residues
of the protein (figure 2) can be chemically bound to PEG
through a covalent coupling enhanced by the use of a
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succinimide (figure 3). Thus, we expect to provide antifouling properties in the grid area of the micro-patterned
coating. A ToF-SIMS imaging technique combined with
depth profiling can give evidence of the adsorption of the
fluorescent supercharged protein as well as the presence
of PEG molecule in the grid area.
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Fig. 3. Chemical coupling of the succinimidyl-(Nmethyl)-polyethylene glycol ester (NHS-ester) onto an
available primary amine groups.
3. Results and discussion
Evidence of the micro-patterned structure was given by
ToF-SIMS imaging. To determine the fragment peak list,
single layer of amine-containing and oxygen-rich PPFs
were analyzed. Then, the micro-patterned PPF was
analysed by identifying the contribution of the different
fragments (Cx, CxNy, CHxNO, CxHy, CxHyNz,
CxHyOz) classified already in the peak list. By imaging
method, it was possible to see the chemical contrast at the
surface of the coating due to the patterning: in the square
area, oxygen-rich PPF was identified, and in the grid area,
a lateral gradient from the amine-containing PPF
(crossing part covered by the mesh) to a more oxidized
amine-containing PPF (line part) was obtained. A
composite color image (figure 4) was generated with the
Cx contribution in blue, the CxNy contribution in green
and the CHxNO contribution in red, to highlight the
observed tendancy.

Fig. 4. RGB-composite image generated with CHxNO
(in red), CxNy (in green) and Cx (in blue) fragments
observed by ToF-SIMS imaging of the micro-patterned
plasma polymer film. The scale of the presented image is
500 x 500 µm2.
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Next, a solution containing the fluorescent protein was
applied to the surface and the distribution of the protein
was assessed by fluorescence-based imaging. First
analyses were carried out using a microarray scanner,
showing that the fluorescent protein adsorbed mainly onto
the amine-containing plasma polymer film (i.e. the grid
area). A good resolution was achieved suggesting a
minimal interaction with the carboxylate-containing areas.
The adsorbed protein was then used as an anchoring point
for the conjugation of antifouling polymer chains, i.e.
PEG.
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Future (ongoing) studies will investigate how bacterial
adhesion is affected by the space-resolved distribution of
protein-bound antifouling molecules.
4. Conclusion
A well-defined micro-patterned plasma polymer film
was prepared and analysed by ToF-SIMS imaging. A
space-resolved distribution of a fluorescent protein was
achieved on the surface.
Future studies will investigate the use of the adsorbed
protein as an anchoring point for the conjugation of
antibiofouling molecules to achieve a controlled bacterial
adhesion.
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Plasma initiated chemical vapor deposition (AP-PiCVD) – A new
atmospheric-pressure vapor-phase route towards polymer coatings
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Abstract: A novel atmospheric-pressure plasma initiated chemical vapor deposition
(AP-PiCVD) process towards the simultaneous synthesis and growth of polymer layers is
studied. A set of 3 methacrylates (methyl, butyl and glycidyl methacrylate) monomers are
investigated using ultra-short plasma discharges (ca. 100 ns) while adapting the off-time,
covering a range of duty cycle from 0.1 % to 0.000316 %. An unprecedented molecular mass
of 94,000 g·mol-1 for both atmospheric-pressure and plasma-based processes is asserted, as
well as outstanding conformality and excellent chemical functionalities retention. Insights on
the growth mechanisms in AP-PiCVD and their dependence on the monomer’s intrinsic
properties are discussed.
Keywords: Plasma-polymerization, Atmospheric Chemical Vapor Deposition, Plasma
Enhanced Chemical Vapor Deposition, Conventional polymer, Conformality, Gas phase
mechanisms

1. Introduction
Chemical Vapor Deposition (CVD) methods are known
for their flexibility and ability to form a wide variety of
functional layers[1]. Among the available CVD
processes, Initiated CVD (iCVD) and Oxidative CVD
(oCVD) have been specially developed for the
formation of polymer layers. Due to the short lifetime of
the initiating and propagating reactive species (ions, free
radicals) and the non-negligible passivation effect from
the environment, iCVD and oCVD are both operated
under vacuum and until recently the simultaneous
synthesis and deposition of polymer layers at
atmospheric-pressure
remained
a
challenge.
Tremendous efforts have been invested in the field of
Plasma-Enhanced CVD[2] (PECVD) due to their ability
to work under atmospheric conditions[3]. Unfortunately,
even soft plasma discharges, which are composed of a
wide variety of reactive species that induce a number of
non-specific reactions, yield organic coatings with
deeply altered chemistry labeled “plasma-polymers”
that exhibit strong chemical and physical disparities[4]
with “conventional polymers”.
Therefore, there are obvious merits in softening the
plasma discharge using a pulsed approach. Reduction of
the plasma on-time (ton) while increasing the off-time
(toff) can lower the fragmentation and promote the selfsustained
free-radical
polymerization[5].
More
particularly, our novel atmospheric-pressure plasma
initiated CVD (AP-PiCVD) process uses ultra-short (ca.
100 ns) square pulses, four orders of magnitude shorter
than traditional AC discharge, while the plasma off-time
is adapted in accordance to the monomer free radicals
lifetime, ranging from 10 Hz (i.e. 100 ms) to 10,000 Hz
(i.e. 100 μs) (Fig. 1).
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Fig. 1 Electrical signals of ultrashort square pulses (left)
focused on the nanosecond square pulse and (right)
zoomed out showing the self-sustained free radical
polymerization during the off-time.
Recent studies has already proven the AP-PiCVD to be
a more than efficient method for high deposition rates of
functional polymeric layers[6-8], but its potential and
limitations were yet to be determined. Our work focus
on studying thin films grown from 3 methacrylate
monomers (methyl, butyl and glycidyl methacrylate –
respectively MMA, BMA and GMA) with different
polymerization kinetic and adsorption properties (i.e.
kp-kt and Psat respectively) at different discharge
frequencies ranging from 10,000 Hz to 31.6 Hz,
corresponding to duty cycle from 0.1 % to 0.000316 %.
Each thin films have been fully characterized according
to their chemistry, polymeric growth and topography.
2. Results
Chemical analysis of atomic bonds vibrational and
dissociation energy performed respectively by Fourier
Transform Infrared (FTIR) and X-ray Photoelectron
Spectroscopy (XPS) measurements displayed strong
structural retention for formed layers deposited at low
plasma pulses frequencies (typically below 100 Hz)
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when compared to reference polymers. Consequently,
the growing thin films chemistries appear to be
preserved from plasma fragmentation and cross-linking.
Nonetheless, as the frequency of plasma pulses
increases the more discrepancies develop, forming
plasma-polymer coatings.
Matrix-assisted laser desorption/ionisation high
resolution mass spectrometry (MALDI-HRMS) was
carried out for each thin film (Fig. 2), confirming the
polymeric growth with n ≥ 7 repetition units observable
up to the high resolution instrumental limits. Moreover,
a significant density of interspecies peaks is detected,
especially at higher frequencies of discharge, indicating
the formation of plasma-polymer compounds as
suggested later by the Size Exclusion Chromatography
(SEC) measurement. Using basic understanding of
plasma processes (i.e. fragmentation, recombination,
hydrogen abstraction) and atmospheric influence (i.e.
passivation), the MALDI-HRMS measurements were
thoroughly analyzed and the results correlated in order
to gain a better understand of the statistical mechanisms
related to plasma-polymerization.
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Fig. 3. molar mass distributions of thin films elaborated
from GMA at various discharge frequencies, measured
according to their elution time through an exclusion
column by Size Exclusion Chromatography. The elution
times were converted to molecular weights using
polystyrene standards.
Additional investigations on the thin films topography
using Scattering Electron Microscopy (SEM) top-view
and cross-section imaging (Fig. 4) displayed strong
disparities between low and high frequencies of
discharge, respectively transitioning from smooth and
exceptionally conformal polymer layers to extremely
granular and a-conformal plasma-polymer thin films.
This complete turnaround of thin film properties is
characteristic of a sharp, monomer-dependent, transition
of growth mechanisms between surface reactions and
gas phase reactions.

Fig. 2. MALDI-HRMS spectra in the mass ranges
m/z = 100-1400 for the films elaborated from GMA for
various pulse’s frequencies.
Furthermore, the degrees of polymerization were
investigated by SEC (Fig. 3). Irrespective of the
monomer, 100 Hz measurements showed a – close to –
unique Gaussian distribution demonstrating a single
growth process. GMA coatings display an especially
noteworthy average molar mass in weight of
94,000 g·mol-1, a value unprecedented in both plasma
and atmospheric CVD processes. On the other hand, as
the discharges frequency increases, new distributions
(i.e. growth processes) emerge exiting the column
around 9 minutes independently of the monomer
considered, unmistakably related to plasma-polymer
structures.
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Fig 4: topography of thin films grown on 3D
– 5 µm x 600 nm trenched – Si wafers at discharge
frequencies of (left) 100 Hz and (right) 10,000 Hz.
Depicting their (top) surface by SEM top-view (bottom)
and conformality by SEM cross-section, several µm
down the trench and at the trench’s mouth for 100 Hz
and 10,000 Hz films respectively.
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3. Conclusions
We highlighted on different occasions the permanent
competition between several mechanisms occurring
during and after the plasma discharge, affecting the
chemistry, the polymerization and the thin film growth.
Throughout our study, we were able to relate those
transitions according to the distinct intrinsic kinetic
properties of the methacrylate monomers and the
experimental setup parameters. Having a better
understanding of ongoing mechanisms during
plasma-polymerization brought to light some important
rules to take into consideration for anyone willing to
perform plasma-polymerization. All the more so as our
results prove the AP-PiCVD process to have a
remarkable potential for low frequency discharge
modes, yielding highly conformal thin films with strong
functionality retention and average molecular masses in
weight up to 94,000 g·mol-1 for the layers grown from
GMA, a feat unprecedented in any plasma process or
atmospheric CVD, opening up new perspectives for dry
and atmospheric CVD of polymers.
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Investigating surfaces by infrared spectroscopy combined with hydrogendeuterium isotope exchange: H/D ATR FTIR analysis of amino groups
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Abstract Transmission or attenuated total reflection infrared spectroscopy (ATR FTIR)
combined with an exchange of H atoms by D atoms in the presence of D2O vapour is useful
for studying surface chemical compositions. In the present contribution we apply the H/D
ATR FTIR technique to the analysis of primary amino groups on polyethylene surfaces
plasma-treated in N-containing atmospheric-pressure plasmas and demonstrate how -NH2
in amide and amine groups may be distinguished. Another example is the analysis of
amino-silanized surfaces.
Keywords: Infrared spectroscopy, attenuated total reflection, hydrogen-deuterium isotope
exchange, amino groups, functionalization, TFBA, silanized surface
1. Introduction
The presence of nucleophilic nitrogen-containing
groups on plasma-processed surfaces is desired in many
applications, e.g. for immobilization of biomolecules in
biomedical applications [1], improving adhesive
properties [2] or for wet-chemical metallization of
polymers [3]. From the late 1960s the opinion prevailing
in the literature was that mainly (primary) amino groups
(-NH2) are responsible for the properties of the
nitrogenated surfaces (sometimes such surfaces were even
called “aminated surfaces”). This view was supposedly
justified using chemical reagents which were thought to
react selectively with primary amino groups, such as
aromatic aldehydes. Secondary and primary amino groups
were generally thought to be indicated – aside from
hydroxyl groups – by the reaction with trifluoroacetic
anhydride, TFAA. Recently it was found by our group
that (i) the selectivity of the used reagents was wrongfully
assumed and that (ii) the presence of amino groups on
surfaces prepared by plasma processes is doubtful at all
[4]. In the here presented paper we use an alternative
method that can be applied in the search for amino groups
without any presumptions on the reactivity of
derivatization reagents: hydrogen-deuterium (H/D)
isotope exchange in combination with ATR FTIR.
2. ATR FTIR investigations of hydrogen/deuterium
exchange on surfaces containing functional groups
H/D isotope exchange is a common technique used in
biochemistry where it is often applied for analyzing
proteins [5, 6]. Here we will show that H/D isotope
exchange in combination with ATR FTIR is also very
suitable for investigating the chemical structure of
functional groups on functionalized surfaces. Thereby
functional group containing surfaces are exposed to
atmospheres saturated with vapor of D2O. Due to the law
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of mass action hydrogen atoms bonded to heteroatoms
(e.g., N in amines, O, S, …) are replaced by deuterium
leading to a shift of peaks in the IR spectrum compared to
the untreated, i.e., hydrogenated, surface, owing to the
higher mass of D compared with H. In the case of primary
amino groups (-NH2), -ND2 is formed which has a
characteristic deformation vibration around 1200 cm-1 [7].
2.1 H/D exchange on plasma treated polymers
First utilization of H/D isotope exchange in
combination with ATR FTIR by our group was done
using an in situ setup to investigate modification of thin
layers of low-density polyethylene (LDPE) treated in
flowing post-discharges of N2 (+ H2) [8]. It was found
that virtually no primary amino groups were formed upon
plasma exposure, although reactivity towards so-called
“amine-selective” reagents was seen, contradicting
general assumptions made in the literature and leading to
the conclusions that were outlined in the introduction. A
detailed discussion on the topic of putative “amine
selectivity” and presence of amines on plasma-treated or
plasma-polymerized polymers can be found in a recent
publication by our group [4]. In our first H/D exchange
experiments ultrathin (< 100 nm) polymer films spincoated onto ATR crystals were measured in situ during
contact with D2O vapor. When measuring H/D-exchanged
surface-modified polymer foils conventionally by ATR
FTIR, care has to be taken to prevent immediate reexchange (D/H) upon exposure to H2O vapor in the
humid ambient air (i.e., restoring the hydrogenated
surface). Consequently, we developed a method allowing
ATR FTIR investigations of H/D isotope exchange on
any (small) surface. Thereby a piece of the surface is
attached to the screw-driven clamper of the ATR
accessory and, using a small home-made flushable
PerspexTM enclosure encasing the diamond surface and
the foil, an atmosphere of light or heavy water vapor was
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established in the volume between the lifted sample and
the ATR crystal, enabling a facile measurement of the foil
after contact with the desired gas. A scheme of the
measuring setup as well as a photograph is shown in
figure 1.
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previously presumed to be selective, i.e., it was thought
that TFBA would react only with primary amines; the
amount of TFBA on the derivatized surface (measured
from the amount of -CF3 by XPS or ATR FTIR) was
equalized with the amount of amino groups.
(P:D) - (P:H)
(P:H)

Fig. 1 Setup for ATR FTIR investigations of H/D
exchange on any (small) surface. Sizes are not scaled.
Using this method, LDPE foils plasma-treated in a
mixture of N2 + 1% H2 using a “plasma-printing” setup a special dielectric-barrier-discharge (DBD) reactor for
combinatorial studies described in a recent publication [9]
- were investigated. From the spectra taken during
exposure of the surface to H2O or D2O a difference
spectrum (bottom, black curve in figure 2) was obtained
by subtracting a spectrum measured after exposing the
plasma-treated LDPE sample to H2O (P:H) from a
spectrum measured after exposing the same piece of foil
to D2O (P:D). This spectrum shows the effects of
replacing N-H by N-D and O-H by O-D: the broad
negative bands between 3000 cm-1 and 3700 cm-1 can be
accounted to vanishing of O-H and N-H vibrations while
the broad positive absorption band located between
2250 cm-1 and 2750 cm-1 is the corresponding deuterated
form. These absorptions may originate from a huge
variety of functional groups (amines, amides, imines,
carboxylic acid, alcohols, etc.) and from adsorbed
ambient water on the surface; therefore other vibrations
have to be considered to investigate the surface chemistry.
One example that shall be mentioned here is the negative
band near 1680 cm-1 and the positive band near 1600 cm-1
which are probably largely due to shifts of amide I bands,
i. e., C=O stretching vibrations coupled with N-H
deformation, in primary and/or secondary amide moieties
formed upon oxidation and/or hydrolysis reactions of the
plasma-treated surface. A more detailed investigation of
all the observed peaks is beyond the scope of this work.
What, however, should be pointed out regarding the focus
of this abstract is the presence of a positive band near
1210 cm-1 which in principle could be due to ND2
scissoring vibration of primary amino groups [10].
To further investigate the possible presence of amino
groups and to rule out the presence of amides, H/D
isotope exchange was combined with derivatization using
nucleophilic 4-(trifluoromethyl)benzaldehyde (TFBA).
TFBA is known to undergo a reaction with primary
amino groups on surfaces following the scheme depicted
in figure 3. Note that the reaction shown in figure 3 was
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Fig. 2 ATR subtraction spectra of LDPE plasma treated in
N2/H2 mixtures containing 1% H2 obtained by spectra
measured using the setup shown in figure 1. The red
spectrum is from the non-deuterated (i.e. hydrogenated)
surface to visualize differences upon deuteration. Spectra
have arbitrary offset for clarification.

Fig. 3 Reaction between TFBA molecule and amino
group on polymer surface.
However as pointed out before in this abstract and by
several publications of our group this assumption is not
justified and plainly wrong for many plasma-processed
polymer surfaces [4, 11, 12]. However, combining TFBA
derivatization and H/D isotope exchange the -NH2
moieties in amines and in amides may be distinguished.
Thereby the surface is prepared accordingly, e.g. by
plasma treatment or plasma polymerization, and
subsequently derivatized with TFBA. ATR FTIR
measurements using H/D isotope exchange are performed
after surface preparation and after TFBA derivatization,
respectively. Subtraction spectra according to figure 2
(i.e. spectrum of deuterated surface minus spectrum of
hydrogenated surface) before and after derivatization are
then compared. In the case of primary amines the
absorption band at 1210 cm-1 should vanish (or be
lowered) after derivatization due to reaction of amino
groups with TFBA. Such experiments were performed on
LDPE surfaces plasma-treated as the ones shown in figure
2, i.e., using a DBD in a gas mixture of N2 and 1% H2.
The results are depicted in figure 4. Here the black
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spectrum (top) is the subtraction of a spectrum from the
plasma treated surface after deuteration minus a spectrum
of the plasma treated non-deuterated surface. The red
spectrum is the same subtraction but with preceding
TFBA derivatization. The blue-dotted spectrum shows the
plasma treated surface after derivatization, subtracted by a
LDPE reference without H/D isotope exchange (reference
also underwent derivatization procedure). In the blue
spectrum (dotted, bottom) it can be seen from absorptions
at 1325 cm-1 ((C-CF3)), 1170 cm-1, 1130 cm-1 and 1070
cm-1 (all (C-F)) that a reaction took place between TFBA
and the plasma treated surface. However, this reaction
does not seem to take place due to primary amines
because the ND2 absorption at 1210 cm-1 is virtually
unchanged by derivatization which can be seen by
comparison of black (top) and red (middle) spectrum. A
significant difference between the spectra before and after
derivatization is only seen at 1587 cm-1 pointing towards
other functional groups than amine undergoing reaction
with TFBA. It has to be pointed out that the amount of
TFBA bonding to the plasma-treated surface is
uncharacteristically low for this kind of treatments (see
e.g. ref [13]) - maybe due to contamination of the surface
but we believe that the results are nevertheless
representative for actual processes occurring on the
surface upon plasma treatment.

1.0
(ND2)

0.5
0.0
-0.5
-1.0

1587 cm-1
(C=X)
X = N,O,C

4

1637 cm-1
1205 cm-1

2
0
-2

N-H
O-H

N-D
O-D

-4

1533 cm-1

-6
(C-CF3)

(C-F)

1700 1600 1500 1400 1300 1200 1100

Wavenumber / cm-1
Fig. 4 ATR subtraction spectra of LDPE plasma treated in
N2/H2 mixtures containing 1% H2 w/o TFBA
derivatization and H/D isotope exchange. Subtractions
were obtained by spectra measured using the setup shown
in figure 1. Details can be found in the text. Spectra have
arbitrary offset for clarification.
2.2 H/D ATR FTIR on amino-silanized surfaces
The H/D isotope exchange combined with ATR FTIR
was also used on surfaces that were functionalized wetchemically by amino-silanization. Thereby a Ge ATR
crystal was equipped with a thin layer (<100 nm) of ZnO
using the sputtering-annealing method, i.e., sputtering of
Zn layer followed by annealing to form ZnO [14]. The
coated crystal was then cleaned in an oxygen plasma and
dipped in silane solution (mixture of 1% [3-(2aminoethyl-amino)propyl]-trimethoxylsilane and 99%
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1.5

pure ethanol). After immersion time of 30 minutes crystal
was placed in vacuum overnight to remove ethanol from
the silanized surface.
Using a homemade flushable enclosure milled from
copper placed around the top surface of the crystal, ATR
measurement were performed using the silanized Ge ATR
crystal while the accessible surface of the film was
exposed alternatingly to vapors of H2O and D2O. From
three H/D-D/H cycles two different spectra taken under
D2O (#1 and #3), and one spectrum taken under H2O (#2)
were used to calculate the difference spectra shown in
figure 5. It can be seen that, besides the characteristic
shifts of broad bands from 3250 cm-1 to 2450 cm-1, there
is an exchange of several bands in the range between
1650 cm-1 and 1500 cm-1 which are shifted upon
deuteration. The band at 1637 cm-1 may be assigned to
(NH2) with the corresponding deuterated peak ((ND2))
emerging at 1205 cm-1. It has to be noted that the
silanized surface was measured about 3 hours after
preparation, therefore the absorption could be also
attributed to asymmetric (NH3+) [15] of primary amine
salt forming upon reaction with CO2 [16]. In that case the
shifting band at 1533 cm-1 could be attributed to
symmetric (NH3+) which exhibits a weaker intensity than
the asymmetric vibration.
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Fig. 5 ATR subtraction spectra of amino-silanized
surface exposed to vapors of H2O and D2O, respectively.
3. Conclusions
We applied H/D isotope exchange in combination with
ATR FTIR to plasma-treated polymer surfaces as well as
to wet-chemically amino-silanized surfaces. It was shown
that this method (especially in combination with chemical
derivatization) can be a powerful tool to investigate the
chemistry of chemically functionalized surfaces.
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Combination of plasma phase and surface analysis for a better understanding of
polymerization mechanisms of anhydride precursors in atmospheric plasma
J. Mertens, J. Baneton, A. Ozkan, F. Reniers
Chimie Analytique et Chimie des Interfaces, Faculté des Sciences, Université Libre de Bruxelles, Brussels, Belgium
Abstract: The determination of polymerization mechanisms of organic coatings in
atmospheric plasmas is a major challenge. Here we propose an original method combining
surface and plasma phase analysis for the better understanding of the polymerization
pathways of anhydrides in a DBD reactor. Furthermore, we show how small variations in
the chemical structure of precursors presenting the same main functionalities can have
strong influences on the electrical and chemical specificities of the plasma but also on the
films properties.

Keywords: Plasma Polymerization, DBD, Mechanism, Electrical analysis, Surface analysis
1. Introduction
More severe environmental norms often force the industry
to design new methods of synthesis for organic or
inorganic coatings. In this study, the use of a dielectric
barrier discharge (DDB) for the synthesis and tuning of an
intermediate coating presenting excellent adhesion
properties for both an aluminium substrate and a
thermosetting resin is investigated. The atmospheric
plasma techniques are used nowadays in an important
number of applications on all type of substrates. However,
the very low mean free path of the highly energetic
species and the huge amount of possible reactions
occurring in these plasmas make the anticipation,
reproducibility and scale up of the final properties of the
films very difficult.
Here, we discuss how small chemical variations such as
the saturation (isobutyric and methacrylic anhydride) or
the atomic C/O ratio (acetic, propionic and butyric
anhydride) of anhydride monomers can strongly influence
the final properties of the highly oxygenated coatings
initially developed as intermediate adhesion layers.

Figure 1: Anhydride precursors: a) isobutyric anhydride
b) methacrylic anhydride, c) acetic anhydride, d)
propionic anhydride, e) butyric anhydride
We show by the combination of pure plasma phase
examination (atmospheric MS, oscilloscope and OES)
and surface analysis (XPS, FTIR and profilometry) that
the chemical composition of the synthesized coating is
strongly dependant on the initial structure of the precursor
and its influence on the plasma phase. By the use of these
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techniques we are able to propose different
polymerization mechanisms of the precursors in an argon
DBD depending on the chemical composition of the
liquid monomer.
2.

Content
a. Plasma phase
Oscilloscope measurements of the discharge show that
the injection of a small amount of precursor can strongly
modify the electrical behaviour of the plasma. It is well
known that a pure atmospheric argon plasma presents a
strong filamentary character. A significant stabilization of
the discharge is visually and electrically detected by the
addition of the precursor’s vapours in a molar
monomer/argon ratio of 6/10.000.

Fig. 2. Current curves of a 50 W argon discharge with
and without the addition of a 25 mg/min flow rate of
methacrylic and isobutyric anhydride
We highlight that the decrease of the initial filamentary
character of the discharge by the injection of the
monomer depends on the chemical structure of the
precursor. As observed in Figure 2, the importance of the
stabilization of the discharge increases when the precursor
contains double bonds in its chemical structure. The
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further analysis of the electrical signals of a pure argon
discharge with and without addition of 25 mg/min
methacrylic and butyric anhydride, presented in Figure 2
reveals that both the absorbed power of the discharge and
the lifetime of the streamers are increased when the
precursor contains double bonds in its structure.
The chemical properties of the atmosphere between the
electrodes are investigated before, during and after the
plasma lightning by MS and OES. These analyses
revealed a strong fragmentation of the saturated
monomers when the plasma is ON. In fact, the intensity of
small fragments, typical of the fragmentation, such as
(CH3+, CO+, CO2+, CH4+) is significantly increased (up to
400%) with the plasma initiation for acetic, propionic iso
and n-butyric anhydride whereas only a small increase
(30%) is observed for the unsaturated monomer,
methacrylic anhydride. We show by the monitoring of
medium-size and specific polymerization fragments that
the unsaturated and saturated monomers do not follow
similar polymerization routes.
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synthesized films. Fig. 4 shows that there is a good
correlation between the C/O ratio of the monomer with
the FTIR signals intensity of the C=O stretching between
1704 and 1800 cm-1 and the CHX stretching at 2970, 2937
and 2877 cm-1 bands. FTIR analysis also evidenced that
the presence of double bonds into the chemical structure
of the precursor plays a significant role in the
conservation of the initial composition of the monomer.
Indeed, both IR and XPS measurements suggest a better
conservation of the anhydride function into the films. A
possible explanation relies in the higher reactivity of the
sp2 carbon of the unsaturated monomer proposed as a
statistically privileged target for the energy transfer from
the metastable species and electrons of the discharge to
the precursor. Also, the stabilization of the discharge by
the addition of the anhydride monomers could also limit
their fragmentation because of the lower filamentary
character of the plasma.

Fig. 4: FTIR signals of acetic, propionic and butyric
anhydride synthesized coatings in a 50 W argon plasma
c.

Fig.3: Mass Spectrometry monitoring of medium sized
fragments of isobutyric and methacrylic anhydride during
the lightning of a 50 W argon plasma.
b. Surface analysis
In the second part of this work we demonstrate
how the different reactivity of the monomers (depending
on their chemical structure) with the discharge is strongly
correlated with the surface properties of the synthesized
coatings. As already observed for other types of
molecules, such as acrylates [1] and fluorinated [2]
compounds, the presence of double bonds in the structure
of the anhydride monomer strongly increases its
deposition rate. For the saturated monomers, a correlation
between the deposition rate and the precursor’s size is
noticed.
X-Ray Photoelectron Spectroscopy (XPS) and Fourier
Transform Infrared Spectroscopy (FTIR) are combined to
have a surface and bulk characterization of the
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Improvement of the oxygenated ratio
of the synthesized coatings
Small variations of the plasma conditions can have strong
influences on the polar character of the deposited
coatings. As an example, we show, in figure 5, how the
presence of unsaturations into the chemical structure of
the precursor can limit the effect of the plasma power on
the latter’s fragmentation. The preservation of the
anhydride function through the presence of double bonds
increases the surface energy of the deposited films.

Figure 5: XPS C1s high resolution spectra of methacrylic
and isobutyric coatings synthesized at various power
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Furthermore, plasma phase and surface analysis are
combined to understand the effect of an Ar-O2 posttreatment on the surface roughness, thickness and
chemical properties. We show that the surface energy of
the coatings is increased by the addition of an Ar-O2 posttreatment. Nevertheless this improvement in oxygenated
components at the surface is combined to a degradation of
the coatings, as presented in figure 6, through the
formation of CO2.

Figure 6: Degradation of the methacrylic and isobutyric
anhydride coatings presenting similar initial thicknesses
synthesized in a 50 W argon plasma by the addition of an
Ar-O2 post-treatment of various durations.
3. Conclusions
Through the development of a highly oxygenated
intermediate thin film for the adhesion of a resin on 2024
aluminum alloy, we propose a novel method for the better
comprehension and anticipation of the final coatings
properties depending on the composition of the envisaged
precursor at atmospheric pressure. The combination of
the surface and plasma phase analysis allows us to
propose
significantly
different
polymerization
mechanisms between the saturated and unsaturated
monomers.
4.

References

[1] A. Batan, B. Nisol, A. Kakaroglou, I. De Graeve, G.
Van Assche, B. Van Mele, H. Terryn, F. Reniers, Plasma
Processes and Polymers, 10 (2013) 857-863
[2] J. Hubert, N. Vandencasteele, J. Mertens, P. Viville,
T. Dufour, C. Barroo, T. Visart de Bocarmé, R.
Lazzaroni, F. Reniers, Plasma Processes and Polymers,
12 (2015) 1174-1185

442

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

oral

Plasma processing of biologically active membranes
at atmospheric and low pressure
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Abstract: Low pressure and atmospheric plasma setups were utilised to fabricate thin
coatings on various substrates to impart different biologically active functionalities.
Characteristics of deposited films for each method were analysed by FTIR, and overall
functionality were tested in in vitro and in vivo experiments. Results on 24 mice show
inhibition of colon cancer tumour growth in mice models by 2.8 folds comparing to control
case. Chemical composition of films deposited at atmospheric pressure show resemblance
to films deposited at low pressure plasma with low effective input power.
Keywords: Low pressure ICP plasma, atmospheric pressure DBD plasma
1. Introduction
Plasma polymerization is a universal technique to
deposit films with variety of properties ranging from
dense barrier films to soft coatings with retention of
functional groups of precursor [1, 2]. Recent works show
that plasma copolymerization of different organic
precursors can be used to tailor specific physico-chemical
properties on the surface of the film to control cell
interactions on the interface with biologically active
membranes [3, 4]. By encapsulating drugs in ultra thin
barrier films it is possible to modify biocompatible
membranes into drug delivery systems [5, 6]. In
comparison to conventional wet chemical deposition
processes plasma enhanced CVD is a catalyst free, dry
and solvent free process. In our previous research we used
low pressure plasma polymerization systems [7, 8].
However, atmospheric pressure systems have several
advantages over low pressure systems, as there is no need
for expensive pumping system as well as deposition
process could be simplified into one step process. It is
also possible to integrate atmospheric pressure system
into in-line treatment process and could be very
advantageous for industrial application. In the present
research work we used atmospheric pressure and low
pressure plasma deposition systems to evaluate
effectiveness of each approach and to compare them.
2. Experimental
Low pressure inductively coupled plasma (ICP) reactor
schematic is illustrated in fig. 1. Diethylene glycol
dimethyl ether and -caprolactone (Sigma-Aldrich) were
used as precursor materials and delivered into reactor
through bubbling with argon gas. Operation pressure was
set at 350mTorr and controlled through adjusting flow
rate and turbomolecular pump gate valve. 13.56 MHz RF
power supply was controlled and programmed to deposit
sequence of layers with varying density and thickness.
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Fig. 1. Schematics of low pressure ICP plasma reactor
Schematics of atmospheric pressure DBD plasma
system is illustrated in figure 1. Two quartz plates sealed
with 3mm rubber spacers act as a dielectric barrier, and
attached to it copper tapes were used as electrodes. DC
power supply was connected through MOSFET to the
high voltage transformer operating at 18 kHz. MOSFET
was driven from Arduino microcontroller, programmed to
regulate pulsing and flow rate of precursors. Plasma was
ignited from the mixture of 1slm working helium gas and
100sccm helium bubbled through the vessel containing
precursors.
As substrates 0.1 mm thick collagen membranes of
biological origin were used and placed on quartz on
powered electrode side. In vitro measurements were
carried out using OVCAR cancer cells and cell adhesion
was evaluated using optical microscope. For in vivo
experiments colon cancer tumours were treated on 24
balb-c mice to evaluate effectiveness of prepared drug
delivery systems. FTIR spectra were taken using
VERTEX 70 (Bruker) in attenuated total reflection mode.
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Fig. 2. Schematics of atmospheric pressure DBD plasma
system.
3. Results and discussion
With applying effective power 100 W on 5% mixture of
precursor in working argon gas at 350 mTorr of 4000cm3
ICP reactor with 130cm2 electrode area, it is possible to
reach high level of fragmentation of introduced precursor
and deposit highly crosslinked dense films with a high
refractive index equal to 1.8 (at 600 nm). FTIR spectra of
such films (fig. 5) show no retention of C-O-C bonds
present in precursor molecule. Such coatings are excellent
candidates for barrier coatings in drug delivery systems.
In fig. 3 carboplatin (300 µg) release and accumulation in
DMEM medium (2 ml) measured by ICP-MS is
presented, sandwiched with barrier coatings thickness of 1
µm (red dots on the right axis). Kinetics of carboplatin
release was measured in vitro as well in the following
experiment: prepared samples with encapsulated
carboplatin (300µg) kept in the medium (2 ml) for various
times (24h, 48h, 72h, 120h, 168h) and later incubated
with OVCAR cancer cells for 48h. Accumulated amount
of carboplatin in the medium was different for each
sample and led to different levels of inhibition of
proliferation of cell culture.

Fig. 3. Left axis, green bars: OVCAR cancer cells count
after incubation for 48h in different mediums. In each
case membranes with the same amount of encapsulated
drug were kept for different time (1d, 2d, 3d, 5d, 7d) in
the medium prior to incubation of cells. Right axis, red
dots: Carboplatin release kinetics and accumulation in
DMEM medium from 1µm thick barrier layers.

444

Plasma deposition of functional coatings

Similar results were obtained from in vivo experiments
on 24 mice, where samples with loaded 300 µg
carboplatin hindered growth and development of colon
cancer tumour during implemented 10 day period of
implantation of membranes, and as a result in comparison
to the control case size of developed tumour was in
average 2.8 times less by volume.
Pulsing and thus lowering effective input power lead to
the retention of functional groups of precursor molecules
and impart to the deposited film same functional
biological response. At 25 Hz pulsing with 15 % duty
cycle effective input power is 15 W and resulting
refractive index is 1.6 (at 600 nm). In fig. 4 SEM image
with two different regions is shown, top side is masked
during the deposition process and thus uncoated glass is
cell adhesive. Whereas, lower part of the sample is PEG
like film deposited region which is cell repellent and
show sharp edge of two regions. FTIR spectra of these
films show a high retention of C-O-C groups related to
the precursor molecule (fig. 5).

Fig. 4. SEM image of incubated OVCAR cancer cells on
coated cell repellent PEG like film and cell adhesive
uncoated glass regions.
At atmospheric pressure deposition rate of PEG films is
2 µm/min. In comparison, at low pressure the growth of
the films from the same precursor at optimum conditions
is 30 nm/min. Input power into 40 cm3 DBD was 10 W at
electrode area of 4cm2. With higher pressure we have
higher concentration of precursor molecules in the reactor
volume, thus decreasing the effective energy density per
molecule. As a result we have comparable deposition as
at soft pulsing conditions at low pressure with less
fragmentation of the deposited film. FTIR spectra
confirm retention of functional C-O-C groups (fig. 5) and
represent excellent candidates for cell repellent coatings.
To deposit dense barrier coatings at atmospheric
pressure it represents a challenge as introduction of high
power into the reactor leads to the overheating of the
system (whereas at low pressure input energy is
effectively dissipated at the reactor wall), and to achieve
good results first cooling problems should be overcome.
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Fig. 5. FTIR spectra of thin films deposited at low and
atmospheric pressure systems.
4. Conclusion
Low pressure PECVD approach to deposit functional
coatings for biomedical devices could be used to process
both hard barrier coatings and soft coatings with retention
of functional groups of precursor. Both in vitro and in
vivo tests show good results with preventing proliferation
of cancer cell cultures and inhibition of tumour growth by
several folds compared to the control case. Furthermore it
was shown that the atmospheric pressure plasma reactors
are applicable to deposit soft coatings with retention of
functional groups of precursor similar to pulsed plasma
polymerization in the case of low pressure reactor.
However to deposit dense barrier coatings it represents a
challenge, where first of all effective cooling is required
to introduce more power per molecule to fragment the
precursor.
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Rapid Processing of Robust Perovskite Photovoltaics in Air by Atmospheric
Pressure Plasma Jet
F. Hilt1, M. Q. Hovish1, N. Rolston2 and R. H. Dauskardt1
1
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Abstract: We demonstrate a scalable atmospheric plasma process to rapidly deposit and
form photoactive films in open air at linear deposition rates exceeding 2 cm/s. We describe
the ultrafast deposition of pinhole-free, robust CH3NH3PbI3 layers with a ten-fold increase
in fracture toughness, a consequence of the polycrystalline grain structure and a key metric
for reliability. Planar devices built on the plasma-cured perovskite obtained 13% power
conversion efficiency and exhibited a VOC of 1.0 V, outperforming the spin-coated controls.
Keywords: Atmospheric plasma deposition, atmospheric pressure plasma jet (APPJ),
blown-arc discharge, perovskite film, photovoltaics, mechanical properties.

1. Introduction
Organic-inorganic metal halide perovskites have seen a
resurgence of interest due to gains in power conversion
efficiency (PCE) [1-5], the current record certified at
22.1%. Electrical performance aside, however, perovskite
solar cells (PSCs) suffer from several challenges which
impede
both
large-scale
fabrication
and
thermomechanical stability. Slot-die and ambient spray
coating have emerged as scalable processes, but like spincoating, these methods require lengthy anneal times and
are highly susceptible to fracture. Although reliability
pitfalls may be partially addressed through shielding the
perovskite from external stressors with full glass-glass
encapsulation, PSCs are not competitive with the 25-year
service lifetime of c-Si modules. In light of these
challenges, we have developed a new method for the
rapid deposition of mechanically robust and photoactive
perovskite layers. Rapid Spray Plasma Processing (RSPP)
enables deposition of CH3NH3PbI3 (MAPbI3) films in
open air at an ultrafast linear processing rate of >2 cm/s.
2. Experimental
The perovskite solution was sprayed onto the substrates
in ambient air using a 120 kHz ultrasonic atomizing
nozzle (AccuMist, Sono-Tek Corporation). The deposited
liquid layers were quickly (2 seconds) exposed to an
atmospheric pressure plasma jet to promote the curing of
the sprayed solution. The atmospheric pressure plasma jet
system used in this study is based on a blown-arc
discharge device provided by Plasmatreat GmbH
(Belmont, CA, USA).
3. Film composition
The setup was composed of an atmospheric plasma
post-discharge and an ultrasonic spray nozzle. The spray
system was used to evenly distribute the perovskiteforming solution in open air onto the surface of the
substrate. Then, an atmospheric pressure plasma postdischarge was immediately scanned over the sprayed
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mixture to form the perovskite film. Intense peaks
observed in X-ray diffraction (XRD) at 14.10°, 28.44°,
31.83° and 40.53° correspond to (110), (220), (310) and
(224) planes of the tetragonal phase of MAPbI3,
respectively (fig. 1).

Fig. 1. X-ray diffraction pattern of MaPbI3 films
deposited by spin-coated (black), RSPP (red), and hot
air-curing (blue).
To discriminate the influence of the plasma temperature
vs. plasma reactive species (free radicals, metastables,
and UV photons) in the formation of the perovskite, hot
air was also used to cure the perovskite-forming
solution although producing poor quality films with
incomplete curing, as discussed later.
Interestingly, RSPP led to a XRD pattern which was
closer to the conventional spin-coated method than the
hot-air cured samples. The reactive species from the
plasma afterglow were not detrimental to the formation
of the MAPbI3 layer, and, in fact, produced fully cured
and pinhole-free films.
The stoichiometry and chemical composition of the
films were determined by X-ray photoelectron
spectroscopy (XPS). Table 1 displays the relative
atomic concentration of the different elements.
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Table 1. Relative atomic concentration of carbon,
nitrogen, oxygen, lead and iodine, and I/Pb ratio. The gas
temperature is also indicated.
C

Elemental composition (at.%)
N

O

Pb

I

I/Pb
ratio

Gas
temperature
(°C)

Ideal MAPbI3
perovskite

16.67

16.67

0

16.67

50

3.0

-

Spin coated

36

9

3

14

38

2.7

-

RSPP

25

12

0

17

46

2.7

152

Hot air

22

11

3

17

47

2.8

155

It appears that all the films produced from the different
conditions contained carbon, nitrogen, lead and iodine,
which is in good agreement with the formation of
MAPbI3 films. When comparing the approximate
atomic concentration of the different films to an ideal
stoichiometric MAPbI3 perovskite, none of the films
exhibit a perfect composition. In all cases the carbon
concentration was higher than the predicted
concentration, partly due to adventitious carbon at the
surface of the coatings.
4. Morphology and mechanical properties
The film microstructure was investigated by scanning
electron microscopy (SEM) (fig. 2). The spin-coated
film grain diameters ranged from ca. 100 nm to 500 nm
(fig. 2A,B), similar to previously reported results using
the same perovskite precursors [6]. RSPP films
exhibited a polycrystalline grain structure, apparent in
top-down (fig. 2C) and cross-sectional SEM views (fig.
2D). Two distinctive grain sizes were observed in the
RSPP films: a smaller distribution of grain sizes similar
to the spin-coated controls (fig. 2A,B) with a slightly
smaller average grain size (100-300 nm) and a second
distribution of micrometer-sized anisotropic platelets.
These features are unusual as compared to a standard
spin-coated film, where individual, block-like grains
comprise the entire film thickness. This marked contrast
is related to the difference in crystallization, where
RSPP films exhibit near-instantaneous nucleation and
growth throughout the film thickness, as opposed to the
slow formation of spin-coated films over the course of a
several minutes anneal.

The grain boundaries of the RSPP film did not exhibit
any voids that would result in carrier recombination or
shunt pathways in a device. The uniform surface
coverage observed in the RSPP film was in stark
contrast to the hot air-cured film. Hot air, which
simulates all aspects of the plasma post-discharge
except for reactive species, results in poor morphology
and pinholes of hundreds of nanometers in diameter
(fig. 2E). Cross-sections (fig. 2F) revealed large voids
present at the interface of the substrate and the MAPbI3
layer that would render a PSC completely inoperable.
These results strongly suggest that plasma reactive
species contributed to the formation of a uniform
perovskite film.
The fracture energies (Gc) of the MAPbI3 perovskite
thin films are known to be extremely low (Gc values
typically <1.5 J·m-2) [7]. Most standard processes in
the semiconductor industry require Gc in excess of 5
J·m-2 in order to withstand device manufacturing and
maintain product longevity, which highlights a real
concern over the mechanical reliability of these
perovskite systems. The remarkable fracture resistance
of RSPP perovskite can be explained by its unique
morphology (fig. 2D) and will be more discussed
during the oral presentation. The rapid curing induced a
polycrystalline structure in the perovskite film, where
crystallites may interlock more effectively. The random
orientation and range of grain sizes resulted in a
tortuous fracture path, driving up the energy needed to
propagate the crack.
5. Device performances
The photoactive quality of RSPP MAPbI3 was assessed
in a solar cell device and compared to a spin-coated
control.

Fig. 3. Current-density/voltage curve of the best
performing RSPP planar heterojunction perovskite solar
cell measured under simulated AM1.5 sunlight of 1,000
mW·cm-2 irradiance.
Fig. 2. Scanning electron microscopy top views of spincoated (A), RSPP (C) and hot air-cured (E) perovskite
films. Cross-sectional SEM images of the spin coated
(B), RSPP (D) and hot air-cured (F) perovskite films.

ISPC23, Montreal, Canada

The RSPP devices exhibited a best PCE of 13% (fig. 3)
as well as remarkably consistent performances,
averaging 11% across several batches with a standard
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deviation of 1%. This reproducibility was comparable
to the spin-coated devices.
6. Conclusions
A new pathway towards fast scalable fabrication of
mechanically robust perovskite films is demonstrated.
RSPP has been shown to promote the growth of
crystalline and photoactive perovskite layers at ultrafast
linear processing speeds, capable of obtaining 13% PCE
and a VOC of 1 V in an inverted PSC. The process resulted
in tougher films with a significant increase in fracture
resistance, a key metric for reliability.
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Mechanism of Titanium Oxidation in a Microwave Plasma
E. J. Ekoi1 and D. P. Dowling1
1
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Abstract: This study demonstrates that the use of a microwave plasma can significantly
enhance both titanium oxide formation and growth rate, compared with those obtained
using conventional furnace treatments. The mechanism of titanium oxidation was also
investigated and based on a FIB examination of the cross section of 15 oxide samples
obtained using a range of processing conditions, it was concluded that the roughness of the
titanium interlayer obtained during oxidation, was independent of the thickness of the oxide
layer formed above it. It is concluded based on the homogeneous rate of oxidation across
the titanium metal surface, that the mechanism of oxidation is ‘general corrosion’.
Keywords: Titanium oxidation, Interfacial Roughness, Oxide-layer Thickness, Microwave
Plasma.

1. Introduction
Titanium components are used widely in areas such as
aeronautical components and medical devices,
particularly due to its strength to weight ratio. Like other
transition metals titanium is usually covered with a thin
native oxide which forms on exposing the metal to air [1].
The use of chemical and physical treatments has
previously been investigated in order to investigate
their effect on the thickness of this oxide layer [2-8].
Exposure to a DC plasma, for example, were found to
yield oxide layer thicknesses of 30 nm, after 5
minutes’ treatment [9]. The use of microwave plasma
source for the oxidation treatment of the surface of
titanium and its alloys may be potentially more effective
than a DC plasma because of the higher density of atomic
oxygen that can be generated using this type of discharge
[10]. Amongst the advantages of microwave plasmas
are the high electron kinetic temperature and number
density obtained [11; 12].
This study investigates the formation of the oxide
layer on titanium using both conventional furnace
treatments and an oxygen microwave plasma
treatment. The specific focus is to determine if there is
a correlation between the oxide layer thickness and
roughness grown on titanium, with the resulting substrate
roughness generated on the titanium metal under the
grown oxide layer.
2. Materials and Methods
A microwave Circumferential Antenna Plasma (CAP)
reactor operating at 2.45 GHz was used for the plasma
oxidation treatment of titanium discs (Fig. 1). This system
is described in detail elsewhere [14]. Commercially pure
(CP) titanium blocks (250 mm x 150 mm x 8 mm) were
faced and cut into discs (diameter 25 mm and thickness 5
mm). These discs were ground and polished to a mirror
finish using silicon carbide abrasive paper (240, 320,
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600 and 800), as well as with a diamond suspension (6
and 3 um) and colloidal silica.
They were subsequently cleaned in an ultrasonic bath
using methanol and deionised water; blow-dried with air
prior to plasma treatment. The microwave plasma
process required a five-minute pump down to the
system base pressure of 8 Pa, before the introduction of
oxygen into the chamber. The pressure was allowed to
rise to 0.6 kPa before igniting the microwave discharge
around the samples. The oxygen gas (99.9%) flow rate
was maintained at 100 sccm during each treatment.
Temperature measurements were carried out using a
LASCON QP003 and LPC03 ratio pyrometers from Dr.
Mergenthaler GmbH & Co. KG. The temperature
generated on the titanium substrate by the discharge was
found to be in the range 716 to 910°C, depending on the
plasma processing conditions used. Oxide layers were
also grown in a Carbolite Elf 11/6B furnace for
comparison.
The morphology of the resulting titanium oxide layer was
examined using an FEI Quanta 3D FEG DualBeam
scanning electron microscope (SEM). Cross-section
analysis of the oxide layer thickness was obtained
using a focused ion beam (FIB). Surface roughness
measurements were obtained using a Veeco NT1100
optical profilometer in vertical scanning interferometry
(VSI) mode. The phase composition and crystallinity was
determined using Siemens D500 XRD system. The XRD
system with a CuKα radiation, operated at 40 kV and 30
mA at a wavelength of 0.1541 nm. The scan
wavelength for this system was in 2θ mode with a
scanning range from 20 ° to 80° with steps of 0.02 ° per
second. The roughness of the titanium metal / oxide
interlayer was based on the examination of the FIB cross
sections.
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3. Results and Discussion
The titanium coupons after oxidisation all exhibited a
white appearance as shown in Fig. 1. XRD examination
of this white coloured layer after both the furnace and
microwave plasma treatments, demonstrated that it was
composed of the Rutile phase of TiO2. The thickness of
the oxide-layer obtained after 5 hours furnace treatment in
air was found to be 4.17 µm. In contrast after treatment in
an oxygen microwave plasma for 10 minutes, the
thickness obtained was 10.45 µm. The oxide growth rates
for these two treatments are thus 0.83 and 62.70 µm/h
respectively.
Treated

Fig. 1: Photograph of the untreated and plasma
oxidised 25 mm diameter titanium disc
4. Oxide Growth Mechanism
In order to establish an understanding of the effect of
oxide growth on the titanium metal substrate, an
examination of the oxide – metal interface was carried out
using FIB layer cross section examination. The
measurements were obtained on 15 oxide samples, which
had been deposited using the range of power, treatment
pressure and time conditions described earlier. The metal
substrates had been polished to a mirror finish prior to the
oxidation treatment and thus this facilitated the
identification of changes in the interfacial roughness. The
roughness was assessed by measuring the deviation in the
height of the oxide layer as illustrated in Fig. 2. It was
found that the mean roughness of 0.2 µm was clearly
higher that the 0.01 µm obtained using the optical
profilometry measurements of the polished titanium discs.
There were, however, no significant variations in the
interfacial roughness of the oxidized samples, with
changes in the roughness of the oxide layer formed above
it. Indeed, a relatively uniform titanium-oxide interface
roughness was obtained, which was independent of the
roughness of the oxide layer (Fig. 3). This indicates that
the rate of oxidation is homogeneous across the metal
surface.

450

Interface
Titanium

Fig. 2: Determination of interfacial roughness.
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Fig. 3: Comparison between oxide roughness Ra. (unfilled
dots) and interface roughness observed using FIB crosssection analysis of the titanium - oxide-layer interface
(filled dots ).
5.Conclusions
This study investigated the growth of oxide layers on
titanium substrates in both an air furnace and an oxygen
plasma. Titanium substrates treated in the latter exhibited
an almost 80 fold enhancement in the rate of oxidation.
The interfacial roughness obtained on the metal surface
under the oxide layer was examined using FIB crosssection study. It was demonstrated that a relatively
uniform interfacial roughness was obtained, which was
independent of thickness of the oxide-layer. This
indicated that the rate of plasma oxidation was
homogeneous across the metal surface. This
homogeneous oxidation would be assisted by the ability
of microwaves to penetrate into surface of the oxide, as
well as the highly porous nature of the growing oxide
layer. This facilitated substrate access to the active
oxygen species. The relative homogeneity of the oxidized
metal would indicate that the growth mechanism is
similar to that expected for ‘general corrosion’.
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Effect of pH on the Stability of MWCNTs Coated with
Functional Plasma Polymer Films
L. Jorge, P.-L. Girard-Lauriault, S. Coulombe
Plasma Processing Laboratory, Department of Chemical Engineering, McGill University, Montréal, Québec, Canada
Abstract: Initially stable water-based nanofluids containing multi-walled carbon nanotubes
(MWCNTs) coated with nitrogen- or oxygen-rich plasma polymers can be repetitively
destabilized and re-homogenized by changing the pH of the host fluid. A kinetic study of
the destabilization process indicates that the processes occurring are independent of
MWCNT concentration. It is also shown that nanofluids destabilized by NaCl
contamination may be regenerated by filtration, washing and redispersion in pure water to
form a stable nanofluid for at least two weeks.
Keywords: CNTs, pH, plasma polymerization
1. Introduction
Control of the stability and agglomeration of suspended
particles in a host fluid is important for applications such
as wastewater treatment through flocculation of
pollutants [1] or heat transfer and storage during phase
changes of the host fluid [2]. In these cases, the pH, the
ionic strength and the temperature of the host fluid will
have an impact on the stability of charged or potentially
charged particles.
MWCNTs, which are interesting candidates for
adsorption of a variety of pollutants [3, 4] and heat
transfer agents [2], have been investigated for their
stability in water after acid treatments[5] or surfactant
addition [6].
In this contribution, we use water-based nanofluids
made up of MWCNTs coated with nitrogen- or oxygenrich plasma polymers (PPs) and study the effect of pH and
ionic strength on their stability. Depending on the pH of
the host fluid, the nitrogen or oxygen functional groups
are charged or not, leading to stable or unstable
suspensions, respectively. Repetitive destabilization and
redispersion of the MWCNTs by pH cycling is
demonstrated and the kinetics of the destabilization
process is investigated.
2. Experimental Section
MWCNTs were grown by thermal chemical vapor
deposition (CVD) on 3.5x7 cm2 pieces of 316 stainless
steel mesh (400 mesh, TWP Inc.) following a method
developed by Hordy et al.[7] The MWCNT-covered mesh
was then transferred to a plasma enhanced CVD
(PECVD) system where it was treated by a low-pressure
capacitively-coupled RF (13.56 MHz, continuous) glow
discharge. A nitrogen-rich coating (PPE:N) was obtained
when using ammonia, NH3 (99.99%) and ethylene, C2H4
(99.70%), and an oxygen-rich coating (PPE:O) was
obtained by replacing NH3 with carbon dioxide, CO2. The
treatment conditions are presented in Table 1.
The nanofluid was prepared by sonicating a mesh of
MWCNT-PPE:N in 10 mL of reverse osmosis (RO) water
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at pH 2. The process breaks off the MWCNTs from the
mesh and disperses them in the host fluid. The mesh was
then discarded and the nanofluid stored at room
temperature. The same was repeated for MWCNT-PPE:O
with RO water at pH 12. The pH of the host fluid was
adjusted using a 1 M solution of either NaOH (Aldrich) or
HCl (Fisher). The final concentration of MWCNTs in the
nanofluid was between 50 and 100 mg L-1.
Table 1. Conditions for PP deposition.
PPE:N
PPE:O

C2 H4
(sccm)
10
4

NH3
(sccm)
10
0

CO2
(sccm)
0
30

Power
(W)
35
35

Pressure
(Pa)
80
80

Time
(min)
4
20

The morphology of the MWCNT-PPE:X was observed
by transmission electron microscopy (TEM, Tecnai G2
F20 200 kV Cryo-STEM). The effect of water on the PPs’
composition was investigated by depositing the film on Si
wafers and recording its composition before and after
sonication in water. X-ray photoelectron spectroscopy
was conducted on a Thermo ScientificTM K-AlphaTM+
XPS with monochromatic Al Kα excitation. Survey
spectra were recorded at a pass energy of 200 eV and
1 eV resolution and high resolution spectra of C 1s, N 1s
and O 1s were recorded at a pass energy of 50 eV and
0.1 eV resolution.
The apparatus used to study the cyclic destabilization
and redispersion of the MWCNTs-PPE:X consisted of a
cuvette with dimensions 24x55x56 mm3 and a pathlength
of 20 mm (Type 93 Colorimeter Cell, FireflySci Cuvette
Shop), a fluorescent lamp behind it, and a fiber optic
cable (M22L01, Thorlabs) aimed 0.5 cm above the
bottom of the cuvette. Inside the cuvette, a stir bar was
placed to the right of the fiber optic cable and a pH sensor
(model 13-620-287A, Accumet) to the left. The light
transmitted was recorded at the lamp’s strongest
wavelength, 546 nm, using a portable spectrometer
(OceanOptics USB2000). Before the experiments, the
lamp was turned on for an hour in order to obtain a
constant intensity output. Ten mL of the nanofluid was

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

oral

added in the cuvette and the stir bar was always set at the
same speed given that the shear forces created by stirring
have an impact on the size of the agglomerates formed.
The pH of the fluid was recorded every second using a
pHBasic+ meter. In order to destabilize the fluid with
MWCNT-PPE:N, 300 µL of NaOH 1 M were added, and
to redisperse the nanoparticles, the same volume of
HCl 1 M was injected (and vice-versa for MWCNTPPE:O).
The time evolution of the nanofluid’s extinction
coefficient were analyzed using a simple model using two
first-order processes in parallel. The transmitted light was
first converted to the extinction coefficient, α (cm-1) ,
according to Beer-Lambert’s law,
− log

%
%&

= 𝐴 = 𝛼𝑙

(1)

where A is the absorbance, I is the measured intensity of
the transmitted light, Io is the measured intensity of the
transmitted light through the cuvette with RO water, and
l (cm) is the pathlength. α is a function of ε (mg L-1 cm-1),
the absorption coefficient and c (mg L-1), the
concentration, but since ε is unknown, and it may be
changing with the size of the agglomerates, it cannot be
separated from c. The response of the model to a step
input (change in pH) is given by Eq.2:
𝛼 𝑡 = 𝐾. 𝑀 1 − 𝑒

2
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+ 𝐾6 𝑀(1 − 𝑒

affected by water exposure. Therefore, although most of
the PP is removed by sonication in water, what remains of
it on the MWCNT surface still carries the chemistry
necessary to impart stability when dispersed in water.

2

38 )

(2)

Fig. 1. TEM images of (A) and (C) MWCNT-PPE:N and
(B) and (D) MWCNT-PPE:O. Before (left) and after
(right) exposure to water.
Table 2. PP composition before and after water exposure.

where K1 and K2 are the gains for their respective
processes, τ1 and τ2 are the time constants and M is the
magnitude of the step input. Simulations were performed
using Simulink (version R2016a, MathWorks). The
Parameter Estimation toolbox was used to obtain the
gains and time constants that give rise to the best fit with
the experimental data.
In order to study the regeneration of the fluid after use
in the pH cycling experiment, the nanofluid was filtered
on a 0.025 µm membrane filter (Millipore) and then
rinsed with 20 mL of RO water. The filtered MWCNTs
were scraped from the filter and redispersed in RO water
at pH 2 for MWCNT-PPE:N or RO water at pH 12 for
MWCNT-PPE:O.
3. Results and Discussion
Figure 1 shows the MWCNT-PPE:X before and after
sonication in water. It can be observed that most of the PP
coating is removed through sonication leaving behind a
film not thicker than 1 nm.
Knowing that PPs may be soluble in water, it is
important to verify the effects water exposure and
sonication have on their chemical composition. Table 2
shows that the composition of the PPE:N deposited on a
Si wafer after sonication in water has only slightly
changed. Incorporation of oxygen is possible due to the
presence of dangling bonds and oxidation of the nitrogen
functional groups. As for PPE:O, its composition was not
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PPE:N
PPE:O

Before
N at%
22.0
1.3

O at%
3.3
19.0

After
N at%
20.6
1.0

O at%
4.8
19.4

PPE:N contains N based functional groups, such as
amines -NH2, groups which can be positively charged at
pH 2. PPE:O contains O based functional groups, such as
carboxylic acids –COOH, which are negatively charged at
pH 12. MWCNT-PPE:N form a stable nanofluid at pH 2
but completely agglomerate and settle in less than 24 hr at
pH 12. The reverse is observed for MWCNT-PPE:O.
As shown in Figure 2, it is possible to cycle through
destabilization and redispersion of the MWCNTs. When
studying the destabilization process, two processes seem
to take place: mixing/agglomerate formation and
sedimentation of the agglomerates. During the first one,
which lasts between 130 to 160 s (1st-order time constant
τ1~40 s), the added base is being mixed and the
MWCNTs agglomerate. At the end of this step, the
agglomerates have attained their final size and as long as
no acid is added, they slowly sediment to the stagnation
points of the cuvette, typically to the left of the stir bar
and behind the pH sensor (1st-order time constant
τ2~1000 s). The kinetic analysis shows that the absolute
value of the gain for the first process, K1, increases every
cycle, due to the incomplete redispersion of the
MWCNTs after acid is added. However, τ1 remains
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constant for each cycle, indicating that the rate of the
process is not affected by the changes in concentration.
As for K2, no clear trend was found, while τ2 also remains
constant. The same observations could be made for
MWCNT-PPE:O dispersed in water as shown in Figure 3.

Fig. 2. Cycles of destabilization (decrease in extinction
coefficient and redispersion (increase) of a MWCNTPPE:N nanofluid.

Plasma deposition of functional coatings

nanofluids by washing them with RO water and thus
removing the dissolved salt. Figure 4 compares the
nanofluid containing salt to the same nanofluid 24 hr after
washing and redispersion. These redispersed nanofluids
were stable for more than two weeks.

Fig. 4. From left to right: MWCNT-PPE:O pH 12 with
salt, MWCNT-PPE:O pH 12 after washing, MWCNTPPE:N pH 2 with salt, MWCNT-PPE:N pH 2 after
washing.
4. Conclusion
A simple plasma polymerization method was used to
coat MWCNTs with nitrogen- or oxygen-rich films which
help stabilize MWCNTs in RO water. It is possible to
cycle through destabilization and redispersion steps by
switching the pH from 2 to 12. Destabilization occurs in
two steps: a first one involving mixing and agglomeration
and following a 1st-order trend (τ =40 s) which takes 130
to 160 s to complete. When agglomerates have reached
their equilibrium size, they settle in stagnation points
following another 1st-order response (τ =40 s). MWCNTs
that are no longer stable due to high NaCl concentrations
in the fluid can be filtered, washed with RO water and
redispersed to yield stable nanofluids.
1

2

Fig. 3. Cycles of destabilization (decrease in extinction
coefficient and redispersion (increase) of a MWCNTPPE:O nanofluid.
Not only the pH of the fluid has an impact on the
MWCNTs’ stability but the ionic strength as well. The
destabilizing effect of ions leaching from the glass was
also observed by Karthikeyan [8] on oxygenfunctionalized MWCNTs. In the study presented here, at
the end of a cycling experiment, when the pH of the fluid
was amenable to dispersion of the MWCNTs (pH 2 for
MWCNT-PPE:N and pH 12 for MWCNT-PPE:O), the
fluid became completely black indicating that the
MWCNTs were well dispersed. However, after 24 hr,
these MWCNTs had settled out of the fluid due to the
presence of NaCl. After a single pH cycle (one addition of
NaOH and one addition of HCl), the NaCl concentration
in the fluid is more than 0.03 M. Given that the maximum
concentration of NaCl allowed to sustain a stable
nanofluid is 0.01 M, after one pH cycle, the nanofluid will
become unstable. It is possible to re-homogenize the
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Investigations on nucleophilic layers made with a novel plasma jet technique
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Abstract: In this work a novel plasma jet technique is used for the deposition of
nucleophilic films based on (3-aminopropyl)trimethoxysilane at atmospheric pressure. Film
deposition was varied with regard to duty cycles and working distance. Spectral
ellipsometry and chemical derivatization with 4-(trifluoromethyl)benzaldehyde using ATRFTIR spectroscopy measurements were used to characterize the films. It was found that the
layer thickness and the film composition are mainly influenced by the duty cycle.
Keywords: plasma jet, duty cycle, pp-APTMS, derivatization
1. Introduction
3D-printed biodegradable polymer scaffolds for tissue
regeneration are an emerging field of research [1, 2]. For
optimal growing conditions of adherent cells the surface
chemistry of the scaffolds can be modified by plasma
treatment.
Plasma-polymerized
(3-aminopropyl)trimethoxysilane (pp-APTMS) for example is known to
provide good cell adhesion [3]. However, conventional
Dielectric Barrier Discharge (DBD) processes are hard to
apply for 3-dimensional porous structures like scaffolds,
especially during the printing process and for areaselective deposition as it is intended in the future. For that
reason, film deposition of pp-APTMS using a plasma jet
was investigated in this work. The special design of the
plasma jet permits the generation of a plasma with a low
energy flux to avoid thermal degradation of the 3Dprinted polymers [4, 5].
2. Experimental
The plasma jet provided by Nadir S.r.l. consists of three
coaxial tubes (Fig. 1) to separate precursor gas, process
gas and shield gas from each other:
- precursor gas: 2 slm argon (purity 99.999 %)
passing through APTMS (purity 96 %, abcr
GmbH)
- process gas:10 slm argon (purity 99.999 %)
- shielding and cooling gas: 20 slm N2 (purity
99.999 %)
The main feature of the plasma jet is that it is powered
with a high-voltage (HV) generator pulsed with 16 kHz to
stabilize the plasma and a radio-frequency (RF) generator
with 27 MHz to power the plasma. Deposition processes
were performed on 150 µm thick polyethylene (LDPE
foils from RKW SE) and niobium oxide coated soda-lime
glass slides. The plasma jet was mounted on a dispensing
robot “I&J 7100” from Fisnar ®. For the deposition
process a square area of 20 x 20 mm² was scanned with a
speed of 1 mm s-1 and a line width of 1 mm.

ISPC23, Montreal, Canada

Fig. 1. Plasma jet setup from Nadir SRL
The heating power delivered to the substrate PH of the
plasma jet was determined by describing the temperature
increase of a thermally isolated alumina plate (24.1 x 24.1
x 0.5 mm³), with known heat capacity C = 0.86 ± 0.04 J/K
and a thermal PT100 resistor on the backside using
formulae 1 and 2 [6].
𝑇(𝑡) = 𝑇𝑚𝑎𝑥 − 𝐴 ∙ exp[−𝑅 ∙ 𝑡]

(1)

𝑃𝐻 = 𝐶 ∙ 𝐴 ∙ 𝑅

(2)

The thickness of the deposited pp-APTMS layers was
measured by spectral ellipsometry on soda-lime glass
substrates with a 100 nm ± 5 nm sputtered niobium oxide
layer using a spectral ellipsometer “SE 850 DUV” from
Sentech GmbH. The niobium oxide layer is necessary
since the refractive indices of the glass substrate and the
plasma polymer are very similar.

455

oral

Plasma deposition of functional coatings

Fig. 2. Setup for the derivatization of the samples with
TFBA
It is known that 4-(trifluoromethyl)benzaldehyde
(TFBA) reacts with nucleophilic groups like amino or
imino groups [7]. The derivatization was performed in a
stainless steel reactor sketched in Fig. 2 with a diaphragm
pump type “MD 4T” from Vacuubrand. For the
experiments TFBA (purity 98 %) from Sigma-Aldrich
and N2 (purity 99.999 %) were used. Derivatization was
performed within 24 h after deposition to avoid aging
effects. The procedure consists of the following steps:
1. Heating to 100 °C for 1 h and evacuating the
reactor to remove residues of previous processes
2. Cooling down to room temperature (1 h) +
purging with 1 slm N2 gas
3. Placing the samples in the reactor
4. Evacuation of the reactor for 5 min to remove
adsorbates and non-reacted precursor residues
5. Opening the valve of the TFBA bottle and
purging the TFBA with 100 sccm N2 for 2 h to
provide TFBA vapors to the samples
6. Evacuating the samples for 2 h to remove nonreacted TFBA
ATR-FTIR measurements on LDPE substrates were
taken with a “Nicolet is10” FTIR spectrometer (Thermo
Scientific) with a single reflection diamond ATR crystal
before and after the derivatization. The density of
nucleophilic groups  can be calculated according to
reference [7] by formula 3 from the peak area ACF (13351315 cm-1), the number of reflections on the ATR crystal
(N = 1), the ratio f of effective thickness de and the film
thickness d of the derivatized layer and the experimentally
determined integrated band intensity (B = 3.7 x 105 m
mol-1 [7]). Since the used FTIR spectrometer has no
polarization filter, f = 4.75 was calculated as average from
the parallel and orthogonal case according to formulae 4a
and 4b [8] with 𝑛𝑖𝑗 = 𝑛𝑖 ⁄𝑛𝑗 , n1 = 2.4 for diamond,
n2 ≈ n3 = 1.5 for the derivatized layer and pp-APTMS as
well as PE, and an incident angle of  = 42°.
𝜌=
𝑓⊥ = 
𝑓∥ = 

456

𝑑𝑒∥
𝑑

=

𝑑𝑒⊥
𝑑

=

𝐴𝐶𝐹∙ln(10)

(3)

𝑁∙𝑓∙𝐵

4𝑛21 𝑐𝑜𝑠𝜃
2
1−𝑛31

= 3.03

4 )𝑠𝑖𝑛 2 𝜃−𝑛 2 ]
4𝑛21 𝑐𝑜𝑠𝜃[(1+𝑛32
31
2 )[(1+𝑛 2 )𝑠𝑖𝑛 2 𝜃−𝑛 2 ]
(1−𝑛31
31
31

= 6.47

(4a)
(4b)

3. Results and Discussion
In a first step the heating power of the jet was
determined. As it can be seen in Fig. 3 the heating power
is only about 3.5-4.5 W with a very low influence of the
nozzle-to-substrate distance. The measured values for the
heating power correlate well with similar measurements
with other rf plasma jets, were 15 % of the total rf power
input [9] and 145-160 mW [10] with a rf power input of
3.5 W [11] were reported, respectively. The maximum
temperature of the alumina probe measured was between
50 and 60 °C. It is expected that such low temperatures
neither lead to thermal degradation of the PE substrates
nor to the polymeric material used for the scaffolds in the
future.

Fig. 3. Heating power of the working plasma jet to a nonconducting substrate as a function of nozzle-to-substrate
distance
Synchronous pulsing of both (HV and RF) generators
offers the possibility to preserve the monomer structure
and thus the primary amino groups (-NH2) of the APTMS
precursor. To investigate the influence of the pulsing on
the layer properties the duty cycle (ratio of on-time and
total period) was varied with the process parameters
according to Table 1.
Table 1. Process parameters for the deposition
Scanning area

20 x 20 mm²

Scanning speed

1 mm/s

Line width

1 mm

HV power (16 kHz)

1–3W

RF power (27 MHz))

15 W

On time

25 ms

Off time

0 – 500 ms

Duty cycle

100 % - 4.8 %

Working gas flow

10 + 2 slm Ar

Precursor gas flow

0.59 sccm APTMS

Shielding and cooling gas

20 slm N2

Nozzle-to-substrate distance

1 mm, 4 mm, 8 mm

It was observed that the layer thickness correlates
strictly linear with duty cycle D for D < 50 %. However,
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for larger duty cycles (D > 50 %) and short nozzle-tosubstrate distances the yield is reduced (Fig. 4). This
behaviour could be explained by competing etching
processes for short distances. There is only a weak
influence of nozzle-to-substrate distance on the thickness
for short distances.

oral

that pp-APTMS layers made with low duty cycles have a
higher content of Si-O-CH3 vibrations at 1190 and
1100 cm-1 than layers made with a high duty cycle, which
have more Si-O-Si vibrations at 1090-1010 cm-1,
according to [13].

Fig. 6. ATR-FTIR spectra of pp-APTMS (nozzle-tosubstrate distance 8 mm) layers for various duty cycles D
Fig. 4. Thickness of the deposited pp-APTMS layers as a
function of the duty cycle D
As expected we found a significantly increased density
of nucleophilic groups for low duty cycles (Fig. 5). The
highest density of nucleophilic groups was found for low
duty cycles (9 %) and larger distances (8 mm) with 2.3
groups per nm². As comparison for evaporated APTMS
layers (polymerized with H2O from the air humidity) we
found values in the range of 6.8 ± 1.7 groups per nm².
This seems to be the maximum value of primary amino
groups achievable with APTMS. It is already known from
former experiments using a conventional DBD setup and
glycidylmethacrylate (GMA) as precursor that low duty
cycles lead to a retention of the monomer structure [12].

Fig. 5. Density of nucleophilic groups of pp-APTMS
layers as a function of duty cycle D
Although in this investigation a monomer with a C-C
double bound was used, similar behaviour is confirmed
for pp-APTMS in the current experiments. Fig. 6 shows
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4. Conclusion and Outlook
In this work we have demonstrated the possibility to
deposit chemically reactive plasma-polymerized APTMS
thin films using a plasma jet. By varying the deposition
conditions it is possible to modify the density of
functional groups and the film composition, as well as the
deposition rate. Future experiments will deal with the
chemical stability and long-term stability of such layers
against incubation in different solvents and storage in
different atmospheres, e.g.. Moreover, 3-dimensional
substrates will be modified.
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Abstract: Fourier transform infrared spectroscopy (FTIR) is used to investigate the link
between the chemical properties of plasma-deposited thin films obtained in a plane-to-plane
dielectric barrier discharge (DBD) and the fragmentation kinetics of the cyclic
tetramethylcyclotetrasiloxane precursor. A strong modification of the OH functional groups
deposited on the surface is observed between experiments obtained in glow regime (He
carrier gas) and Townsend regime (N2 carrier gas).
Keywords: Dielectric Barrier discharge, Atmospheric pressure, TMCTS, He, N2, FTIR.
1. Introduction
Dielectric Barrier Discharges (DBDs) at atmosphericpressure have already demonstrated their ability for the
synthesis of thin film with various micro and macroscopic
properties [1]–[3] over a wide variety of commercial and/or
unconventional substrates [4]–[6]. In many cases, the
experiments are realized in rare gases such as helium or
argon [7]–[9] to obtain homogeneous glow discharges. N2based discharges operated in a Townsend regime [10] are
also used for plasma enhanced chemical vapour deposition
(PEDVD) and generally provide a much less expensive
approach for industrial applications [11]. Depending on the
carrier gas, and thus the discharge regime, significant
change in the population of active species (ions, electrons,
metastables, etc.) involved in PECVD are expected [11].
Although such difference are already well documented in
literature, only a few studies have analyzed the influence
of the discharge regime on the plasma deposition dynamics
of functional thin films. The aim of this work is to
investigate the chemical properties of siloxane-based
coatings obtained in either Townsend (N2) or glow (He)
discharges. Based on this set of data, the influence of the
discharge regime on the precursor fragmentation is
discussed.
2. Experimental section
A.
Reactor
Experiments were performed in a plane-to-plane DBD
enclosed in a vacuum chamber. The DBD cell is formed by
two electrodes (2.5 cm × 5.5 cm) made of metallized paint
(Pt-Ag alloy) and deposited on alumina plates (635 μm
thick). The glass substrate (75 mm x 115 mm, 2 mm thick,
Multiver) was placed on the lower DBD electrode. The gas
gap was set to 1 mm using two glass plates. The gas
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mixture was continuously injected from one side of the
DBD cell and constant atmospheric pressure was achieved
through a gentle pumping of the vessel.
B.
Thin film deposition
The films were deposited from 2,4,6,8-tetramethylcyclotetrasiloxane (TMCTS, 99.5% purity, SigmaAldrich). The liquid precursor was injected into the system
along the gas flow lines using a vapour source controller
(Bronkhorst) coupled with a mass flow meter. All
experiments performed in this work were realized using 3
SLM of He (5 UHP, Praxair) or N2 (4.3 HP, Praxair) and
the concentration of the polymerizable vapours are varied
between 0 and 20 ppm. In addition, few ppm of O2 (4.8
UHP, Praxair) are injected into the system as oxidizing gas.
The discharge was sustained by applying a sinusoidal
electrical signal at a frequency of 12 kHz for He discharges
and 3 kHz for N2 discharges and a peak-to-peak voltage in
the kV range. The power absorbed or dissipated in the glow
or Townsend discharge was controlled by detailed
measurements of the current-voltage characteristics. Such
analysis was performed using a TDS2014C Tektronics
oscilloscope (100 MHz, 2 GS/s) coupled with a highvoltage probe (75 MHz bandwidth) connected to the highvoltage electrode and a current toroid probe (100 MHz
bandwidth) placed after the electrical load. For all
experiments, the absorbed or dissipated power was
maintained at 10 mW/cm2.
C.
Characterization of the thin film
The chemical composition of the plasma-deposited
coatings was investigated by Attenuated Total Reflectance
Fourier Transform Infrared spectroscopy (ATR-FTIR) in
the 500 to 4 000 cm-1 wavenumber range using a Bruker
Vertex 70 spectrometer. All spectra are acquired by
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averaging 30 scans with a spectral resolution of about 4 cm1
. A profilometer (KLA-Tencor Alpha-Step IQ Surface
Profiler) was also used to estimate the thickness of the
plasma-deposited coatings.
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2170 cm-1 is strongly reduced while the small peak at 2230
cm-1 remains almost unchanged.

3. Results and discussion
Fig. 1 compares the ATR-FTIR spectrum of glass
substrates before and after treatment in He/O2/TMCTS
plasmas. The signature of the untreated sample is
dominated by a wide band centered at ~900 cm-1 associated
to the bending of the Si-OH groups (900-930 cm-1). This
peak is superimposed to the wide asymmetric vibration of
the Si-O-Si band (1000-1200 cm-1). After treatment, the
maximum appears at 1000 cm-1 with a shoulder at 1100 cm1
. This means that the signature of the substrate spectrum
on the treated surfaces remains small; this is linked to the
relatively high thickness of the plasma-deposited thin film
(depth penetration of the ATR analysis with a diamond
crystal is close to 1.5 µm). This result is also confirmed by
measurements of the coatings thickness obtained by
profilometry (between 0.5 and 3 µm after the scratch test).

Fig. 2: ATR-FTIR spectrum (1300-3750 cm-1 range) of
glass substrates obtained after treatments in
He/O2/TMCTS plasmas.
With the augmentation of the O2 concentration fraction in
the discharge, different chemicals groups are also formed
in the coating. More precisely, the 1635 and 1735 cm-1
peaks can be linked to amide and aldehyde C=O bonds.
The ratio between these vibrations varies with the amount
of O2 used during deposition: a higher amount of O2 favors
the creations of aldehydes groups. In addition, for higher
surface oxidation, the amount of bonded hydroxyl groups
seems be more important. Indeed, the band between 2800
and 3750 cm-1 linked to the vibration of the Si-OH bond
strongly increases with the O2 concentration.

Fig. 1: ATR-FTIR spectrum (500-1300 cm-1 range) of
glass substrates obtained after treatments in
He/O2/TMCTS plasmas.
The addition of a small amount of oxygen (0.1 sccm)
during the deposition process in He/TMCTS plasmas leads
to an extinction of the small peak at 935 cm-1. Similarly,
oxidation reactions induce the extinction of the shoulder
close to the 1270 cm-1 peak associated to Si-CH3 bonds.
The presence of oxygen also leads to a shoulder close to
600 cm-1 linked to the symmetric stretching mode of Si-OSi groups; this band is strongly influenced by the molecule
conformation in the coating. Some modifications are also
observed between 800 et 900 cm-1 and can be related to the
modification of the symmetric stretching of the SiO-CH3
with the bending of OSi-H and the Si-OH bending. The
most significant change arising after injection of oxygen in
He/TMCTS plasmas is observed in the 1500-3500 cm-1
range (Fig. 2). In particular, the Si-H stretching mode at
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Fig. 3: ATR-FTIR spectrum (2500-3750 cm-1 range) of
glass substrates obtained after treatments in
He/O2/TMCTS plasmas as a function of position from the
entrance (0.5 cm) to the exit (2 cm).
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However, the strong vibration of the C-Hx bonds observed
between 2850 and 2950 cm-1, the bending of the C-H3
bonds detected at 1413 cm-1, and the high peak linked to
Si-CH3 bonds at 1270 cm-1 indicate that even for the higher
oxygen concentrations, the amount of carbon in the coating
remains fairly constant. Further FTIR analysis in the 2500
et 3750 cm-1 range with respect to the position in the reactor
along the gas flow lines (Fig. 3) indicate a modification of
the chemical gradient as already observed in previous
works [4]. This is related to the different residence times of
the precursor in the discharge. In this case, FTIR spectra
reveal an increase of the O-H band with the position along
the gas flow line. In comparison, the intensity of the C-Hx
peaks slightly decreases. This means that the augmentation
of the oxidation of the surface is linked to an increase of
the residence time of the cyclic precursor in the
He/TMCTS/O2 discharge.

oral

the similar reduction observed for the peak at 1270 cm-1
(not show here).
The differences observed between the coatings obtained in
He- versus N2-containing discharges can most likely be
explained by the differences in the discharge physics. One
of these aspects is linked to the I-V characteristics
displayed in Fig. 5 (He) and Fig. 6 (N2). While a strong
(7 mA) and narrow (5 µs) current peak is observed in the
glow He discharge, a lower (1.3 mA, 5 times lower) but
much wider current peak (60 µs, 12 times larger) is
achieved in the Townsend N2 discharge.

Fig. 5: Electricals characteristics from He discharge with
a glass substrate (2.15 kVcc, 12 kHz, 10 mWcm-2).

Fig. 4: Comparison between the ATR-FTIR spectrum of
glass substrates in Townsend and glow discharges.
Fig. 4 shows a comparison between the ATR-FTIR
signature in the 2500-3750 cm-1 range for the thin films
obtained in He (glow discharge) and N2 (Townsend
discharge). The main difference is the modification of the
chemical gradient as a function of the residence time of the
precursor. Indeed, in N2-based discharges, the maximum of
the hydroxyls groups is observed closer to the entrance of
the discharge (1 cm) where in He-based plasmas it was
further (2 cm). This highlights a different fragmentation
kinetics in glow versus Townsend discharges. Further
analysis of the FTIR spectra indicates that an higher
amount of hydroxylic groups are created in the coating
with a Townsend discharge than in the glow discharge.
Indeed, the results show that in order to obtain more OH
groups in the coating in He-based plasmas, it is necessary
to increase by approximately 50 times the amount of
oxidizing species in the gas mixture. Also, the amount of
the carbon moiety observed in the 2850-2950 cm-1 range is
reduced in the Townsend discharge. This is confirmed by
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Fig. 6: Electricals characteristics from N2 discharge with a
glass substrate (15.6 kVcc, 3 kHz, 10 mWcm-2).
The second aspect is related to the populations of plasmagenerated species (ions, electrons, and metastables). While
these quantities were not explicitly measured in this work,
simulations reported in the literature indicate that He glow
discharges are characterized by electron number densities
between 1010 and 1011 cm-3 whereas these values for
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Townsend N2 discharges are between 107 and 108 cm-3 for
comparable ion number densities (between 1010 and 1011
cm-3) [11]. In addition, cycle-averaged electron
temperatures (assuming Maxwellian electron energy
distribution functions) are generally around 0.2 eV for
glow He discharges [12] and above 1 eV for Townsend N2
discharges [13]. Both of these features are expected to play
an important role on the precursor fragmentation kinetics
and thus on the nature of plasma-generated fragments. The
lower carbon content obtained in the Townsend regime
over the whole range of oxygen concentration fractions
investigated thus suggests that for the TMCTS precursor,
such features can be achieved in discharges characterized
by high electron temperatures but low electron number
densities.

2012, no. 1469.
[6]

J. Profili, L. Levasseur, A. Koronai, L. Stafford,
and N. Gherardi, “Deposition of nanocomposite
coating on wood using atmospheric pressure cold
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2016.

[7]

O. Levasseur et al., “Deposition of Hydrophobic
Functional Groups on Wood Surfaces Using
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Mixtures,” Plasma Process. Polym., vol. 9, no.
11–12, pp. 1168–1175, Dec. 2012.

[8]

F. Fanelli, F. Fracassi, and R. d’Agostino,
“Deposition of Hydrocarbon Films by Means of
Helium-Ethylene Fed Glow Dielectric Barrier
Discharges,” Plasma Process. Polym., vol. 2, no.
9, pp. 688–694, Nov. 2005.

[9]

M. Laurent, J. Koehler, G. Sabbatier, C. A.
Hoesli, N. Gherardi, and G. Laroche,
“Atmospheric Pressure Plasma Polymer of Ethyl
Lactate : In Vitro Degradation and Cell Viability
Studies,” Plasma Process. Polym., vol. 13, pp.
711–721, 2016.

[10]

J. Profili, O. Levasseur, J. Blaisot, A. Koronai, L.
Stafford, and N. Gherardi, “Nebulization of
Nanocolloidal Suspensions for the Growth of
Nanocomposite Coatings in Dielectric Barrier
Discharges,” Plasma Process. Polym., vol. 13, no.
10, pp. 981–989, 2016.

[11]

F. Massines, C. Sarra-Bournet, F. Fanelli, N.
Naudé, and N. Gherardi, “Atmospheric Pressure
Low Temperature Direct Plasma Technology:
Status and Challenges for Thin Film Deposition,”
Plasma Process. Polym., vol. 9, no. 11–12, pp.
1041–1073, Dec. 2012.

[12]

O. Levasseur, K. R. Gangwar, J. Profili, N.
Naudé, N. Gherardi, and L. Stafford, “Influence
of substrate outgassing on the plasma properties
during wood treatment in He dielectric barrier
discharges at atmospheric pressure,” Plasma
Process. Polym., no. November, pp. 1–7, 2016.

[13]

J. Prégent et al., “Determination of active species
in the modification of hardwood samples in the
flowing afterglow of N2 dielectric barrier
discharges open to ambient air,” Cellulose, vol.
22, pp. 811–827, 2015.

4. Conclusion
In summary, the FTIR analysis presented in this
proceeding indicate a modification of the fragmentation
dynamics of the cyclic precursor TMCTS with the addition
of oxygen in glow He discharges. However, the results
show a residuals carbon moiety even for high oxygen
concentration fractions. A modification of the discharge
regime from glow to Townsend discharge using N2 as the
carrier gas reveals a different fragmentation patterns of the
precursor. This can most likely be linked to a change in the
populations of high-energy electrons responsible for
precursor fragmentation.
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On the Deposition of Bactericidal Copper/Plasma Polymer Composite Coatings
by using Atmospheric Pressure Plasmas
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Abstract: Characteristics of nanocomposite films synthesized by a DC-driven atmospheric
pressure plasma jet are examined. The nanocomposite deposition is carried out by using
mixtures of ethylene/nitrogen and simultaneous sputtering of the copper electrode. Chemical
properties of the deposits along with the release of copper into aqueous environment are
investigated by XPS and AAS, respectively. Bactericidal efficacy of the film is tested against
Staphylococcus aureus whereas the biocompatibility is analysed for osteoblast-like cells.
Keywords: antimicrobial, copper, release, plasma polymer coating, biocompatibility.

1. Introduction
Surface associated microbial load frequently presents a
high risk of causing infections and diseases [1]. Therefore,
the control of microbial infection is a very important issue
in healthcare facilities. The demand for novel approaches
to counteract microbial infections has recently focused on
the generation of antimicrobial surfaces. Numerous
strategies have been developed to fabricate antimicrobial
surfaces, for instance, antimicrobial polymers can be
prepared by incorporating biocidal agents into the polymer,
during their processing or by applying surface coatings [23]. Among existing biocides, several studies demonstrated
that copper (Cu) could reduce the number of bacteria living
on different surfaces [4]. Recently, we reported on the
equipment of surfaces with antimicrobial properties by
depositing Cu coatings using an atmospheric pressure
plasma jet [5]. Since the controlled release of Cu, and thus
the bactericidal activity, is of importance for surfaces that
are in direct contact with biological matter, we investigated
the generation of Cu/plasma polymer composite coatings.
Here we propose a one-step process for the deposition of
Cu particles embedded into plasma polymer matrices.
Polymer matrices are based on the polymerization of
ethylene and nitrogen. Nitrogen was used for the
generation of functional groups to provide the
biocompatibility of the deposits. Process parameters, like
ethylene flow rate and treatment time, were varied in order
to study the influence of the coating characteristics on the
release kinetic of Cu. Additionally, the bactericidal
efficacy and the biocompatibility were analysed.

deposition experiments, the plasma jet was fixed
perpendicular to the substrates (silicon wafer) at a jet
nozzle-to-substrate distance of 6 mm. The applied process
parameters ensure surface temperatures below 70 °C,
which allows the treatment of heat-sensitive materials, too.
Elemental composition of the deposited coatings were
analysed by XPS (Axis Supra, DLD detector, Kratos) using
a monochromatic Al K source at 1486.6 eV (150 W). The
Cu release was quantified by atomic absorption
spectroscopy (AAS) (λ = 324.8 nm, iCE 3500, Thermo
Fisher Scientific, Germany). Antimicrobial activity of the
coatings was tested against Staphylococcus aureus (S.
aureus, ATCC 6538). A suspension of 105-107 cfu/mL in
NaCl (0.85 %) was prepared. From this suspension 100 µl
were brought onto the samples and left in contact for fixed
times. After this procedure, the samples were put into
10 mL of Caso-Bouillon and agitated at 200 rpm for
15 min. The recovery of survivors was realized using the
surface-spread-plate count method with tryptic soy agar
plates. To study the biocompatibility of the coatings,
osteoblast-like cells (MG-63) were cultured in Dulbecco’s
modified Eagle medium (DMEM/F12, PAN Biotech)
containing 5 % fetal bovine serum and 1 % penicilinstreptomycin. Cultures were maintained at 37 °C in a
humidified atmosphere containing 5 % CO2. To evaluate
cell adhesion and proliferation, MG-63 cells were seeded
at a density of 5×104 cells/600 µL on the specimen and
incubated at 37 °C. The morphology of MG-63 cells was
analysed by scanning electron microscopy (SEM), using
Phenom Pro (Phenom World, Netherland).

2. Experimental
The coating experiments were carried out with a DC
plasma jet designed by Kolb et al. [6], using molecular
nitrogen, N2, and ethylene, C2H4, at atmospheric pressure.
Typical operation conditions were: gas flow rates of
4-8 slm N2 and 20-40 sccm C2H4, input currents between
30 and 50 mA at voltages between1.9 and 3.4 kV, which
corresponds to input powers in the range of 57-170 W. The
outer electrode of the jet, which was made of pure Cu
(99.99 %), acted as source for the Cu particles. For the

3. Results and discussion
A representative XPS survey spectrum along with the
fraction of elements acquired from the deposited composite
coating are presented in Fig. 1. The main elements detected
are C1s, O1s, N1s as well as Cu2p, which confirms the
successful deposition of a copper-containing and nitrogenrich plasma polymer coating. At the near-surface region, a
Cu amount of 3 at.% was measured. Due to the presence of
adventitious carbon, the surface was cleaned by using an
argon cluster ion source. The subsequent XPS analysis
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revealed a chemical composition of C1s = 46 at.%, N1s =
26 at.%, O1s = 16 at.% and Cu2p= 12 at.%.

Fig. 3. Time-dependent release of Cu into deionized water
for coatings of different thickness (n = 3).
Fig. 1. XPS-survey spectrum of the Cu-containing plasma
polymer coating.
Since the properties of the polymer coating might
influence the release rate of Cu, process parameters were
varied with particular focus on the cross-linking degree of
the polymer films as well as on the presence of functional
groups. Figure 2 displays the surface energy with its polar
and dispersive components of the coatings deposited at
different C2H4 flow rates. Remarkable differences can be
seen when increasing the flow rate from 20 to 40 sccm
C2H4. Firstly, the surface energy was found to decrease
from 66 mN×m-1 to 47 mN×m-1. Secondly, for the coating
obtained at 20 sccm C2H4, a high portion of the polar
component was measured which indicates a more
functional surface whereas for the film generated by
applying 40 sccm C2H4, the portion of the dispersive
component is clearly higher which suggests a less
functional and more cross-linked surface. Also
accompanied XPS analyses revealed that the chemical
composition changes in almost the same way: considerable
higher amounts of O and N were determined for coatings
deposited at lower C2H4 flow rates compared to the ones
deposited at higher flow rates.

Fig. 2. Surface energy and, respectively, polar and
dispersive contributions of Cu-containing plasma polymer
coatings deposited by using 20 sccm and 40 sccm C2H4
(n=3).
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The performance of the nanocomposite films for
controlling the rate of Cu release was investigated by AAS
for different deposition parameters. For instance, coatings
of different thickness were immersed in deionized water
and samples for AAS were taken at regular time intervals.
Figure 3 depicts the concentration of released Cu
depending on the time for 0.9 µm and 1.8 µm, respectively,
thick films. It can be seen that the Cu concentration
increased quite fast within the first hours and leveled after
24 h. Furthermore, it is demonstrated that the maximum
value varied according the thickness. Thus, the highest Cu
concentration (twice the amount) was determined for the
thicker coating. As is well known, the film thickness
strongly depends on the deposition parameters [5,7].
Hence, in order to evaluate the influence of the crosslinking degree on the release properties, the Cu release
rates hereinafter were calculated related to the mass
deposition rate. Thus, for the coatings deposited by using
20 sccm C2H4 and 40 sccm C2H4, release rates of
200 ppb Cu/(µg×cm-2×s-1) and 125 ppb Cu/(µg×cm-2×s-1),
respectively, were determined. These findings suggest that
for the more functional composite coating the Cu release is
higher compared to the one that is less functional.
After determining that the Cu release can be controlled
by tailoring the properties of the deposits, the capability of
the nanocomposite films to prevent the colonization of
viable bacteria was studied for S. aureus. For this purpose,
a set of parameters was chosen for coatings with different
Cu release rates (Fig. 4). It is evident that an increase of the
Cu concentration was generally followed by a reduction in
the number of colony forming units (cfu). However,
differences were determined in terms of the bactericidal
efficacy of the films investigated. As can be seen in Fig. 4,
after 1 h of incubation, a reduction by more than 3log10 was
achieved for film B) whereas for film A) a considerable
lower inactivation rate was observed. Consequently, the
initial inhibition of colony growth was strongest for the
coating with the higher Cu release rate. Nevertheless, after
6 h of incubation the limit of detection was reached for both
coatings.
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Fig. 5. SEM images (2000-x magnification) of MG-63
cells after 1, 3 and 24 h of cultivation on Si wafer
(control), plasma polymer coating (w/o Cu) and
Cu/plasma polymer composite coating.
Fig. 4. Antibacterial effect of Cu/plasma polymer
composite coatings against S. aureus along with Cu
release kinetics ().
The next issue examined was to evaluate how the Cu
release influences the cellular response. The morphology
of MG-63 cells was analysed by SEM for different
incubation times (Fig. 5). A comparison is made between;
control (uncoated Si wafer), plasma polymer coating
without Cu (w/o Cu) and Cu-bearing nanocomposite film.
Initial attachment of cells can be seen after 1 h of
incubation on all surfaces studied. But, differences can be
seen with respect to the number of adhered cells. Compared
to the control, the number of attached cells is slightly
higher on the plasma polymer coatings whereas a lower
rate of adherence was detected on the Cu-containing
counterpart. After 3 h, cells on the Cu-free surfaces
exhibited an elongated or polygonal morphology with
cellular extensions (filopodia). For the Cu-bearing coating
it is noticeable, that the adhered cells are still round-shaped
which indicates that the proliferation rate is reduced. SEM
images taken after 24 h of incubation revealed an increased
cell-to-surface and cell-to-cell adhesion not only for the
Cu-free surfaces but also for the Cu-containing composite
coating.
4. Conclusion
Cu-containing plasma polymer composite coatings have
been prepared by combining plasma polymerization and
sputtering at atmospheric pressure. XPS revealed that Cu
have been successfully embedded into polymer matrices. It
was found that the concentration of released Cu can be
tailored for instance by the thickness of the coating as well
as by the cross-linking degree.
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The deposits revealed biocidal properties against S.
aureus. Additionally, a dependence of the antimicrobial
activity on the Cu concentration was shown. Cell
proliferation tests confirmed that the plasma polymer
coating alone is biocompatible. For the Cu-containing
counterpart a retarded cell proliferation was observed
within the very first hours but showing an increased cell
spreading and the production of filopodia extension after
24 h. Hence, the data described in this study demonstrates
the potential of atmospheric pressure plasma polymerised
coatings to modify the release of biocidal agents.
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Abstract: A well-known issue of functional plasma polymer films (PPFs) is their limited
stability in aqueous media. To improve the stability of PPFs while maintaining a suitable
amount of available functional groups, vertical chemical gradients in PPFs were explored.
This study compares the stability in water for two amine-containing PPFs, i.e. a monolayer
PPF and a gradient-containing PPF. After 1 week in water, the monolayer lost all –NH2
groups, whereas the gradient structure preserved a constant number of –NH2 groups.
Keywords: plasma polymer film, vertical chemical gradient, depth profiling, stability.
1. Introduction
For various applications in the biomedical field (e.g.
bio-sensing), it became necessary to deposit aminecontaining plasma polymer films (PPFs) onto different
material surfaces. Highly functionalized coatings can
easily be prepared thanks to plasma polymerization [1].
However, highly functional NH2-PPFs reveal low stability
in air and in aqueous environments due to three main
aging processes: i) hydrophobic recovery [2,3], related to
the restructuring of polar groups at the coating surface
which tend to turn towards the bulk to decrease the
surface energy; ii) post-plasma oxidation process [4], due
to the fast oxidation of short-living radicals (mainly with
O2 and water vapour) still present in the coating after
plasma deposition; and, iii) loss of oligomers or
dissolution of some part of the PPFs in an aqueous
environment [5], initiated by hydrolysis reactions in the
film. Regarding bio-sensing applications with respect to
the low stability of such films, an important issue is
raised: the lack of reliability. Thus, it becomes necessary
to find ways to deposit functional and stable NH2-PPFs to
ensure reliably coated devices.
To enhance the stability of NH2-PPFs, the degree of
cross-linking of the film might be increased. Following
this approach, we observed coatings with improved
stability, yet with a maximum content of about 1% of
primary amine groups [6]. Further increase of crosslinking resulted in even reduced numbers of functional
groups, which is no longer suitable for many biomedical
applications. Thus, we propose a well-designed structure
through the thickness of the plasma coating [7] to enhance
its stability as well as maintaining a suitable amount of
functional groups over time in aqueous environments.
This structure, named vertical chemical gradient
(Figure 1), consists in, at least, two superposed layers
with slightly different properties. In this study, the baselayer is more cross-linked and thus less functional,
terminated by a few nanometer thick top-layer that is less
cross-linked but more functional.
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Vertical chemical gradients were prepared by
controlling and adjusting the plasma conditions during
deposition of the functional films (plasma remained
‘switched on’). Evidence of the gradient structure in the
coating was given by depth profiling analyses based on
XPS and ToF-SIMS. A comparative aging study was
carried out to observe the evolution of the chemical
composition of a NH2-PPF monolayer and of a NH2-PPF
with vertical chemical gradient structure when
permanently immersed in water up to 1 week.
Highly functional polymer film
Transition – Intermixing layer
Highly crosslinked polymer film
Si-wafer

Fig. 1. Structure of a vertical chemical gradient in PPF.
2. Experimental section
The deposition of the PPFs was carried out in a
capacitively coupled discharge [8], with 13.56 MHz
radiofrequency excitation using a gaseous mixture of
ammonia and ethylene at low pressure (10 Pa). Plasma
deposition conditions are given in table 1.
Table 1. Plasma deposition conditions to prepare the NH2PPF with vertical chemical gradients.
Layer

C2H4/sccm

NH3/sccm

Power input/W

Top (C)

7

7

50

Transition (B)

7

4

50

Base (A)

7

4

70

The monolayer NH2-PPF consists of a nominally 20 nm
thick layer of coating C (top-layer), where previously
optimized plasma deposition conditions had been selected
with respect to functionality and cross-linking [6]. The
NH2-PPF comprising a vertical chemical gradient
structure was prepared by depositing a nominally 15 nm
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thick base layer of coating A, followed by 2-4 nm of the
top-layer C (with a transition period of approximately
10 s in between both conditions, corresponding to a
transition layer B with an interphase of 3-4 nm). To
conduct the gradient coating while maintaining the
plasma ‘switched on’, at first, the power input was
reduced followed by the increase in gas flow rate of NH3.
Chemical composition through the thickness of the
coating was determined using XPS (Axis Supra, Kratos)
and ToF-SIMS (Tof-SIMS.5, Iontof).
XPS depth profiling was conducted by means of the
Kratos Gas Cluster Ion Source (GCIS) using Arn+ cluster
ion beams of 10 keV and a cluster size of n = 1000. The
ion incidence angle was 50° and the take-off angle 90°.
The crater size was 1 mm x 1 mm and the analysis area
was set in the centre of each crater with a diameter of
110 μm. Elemental composition was analysed ex-situ
utilizing monochromatic aluminium Kα irradiation at
1486.6 eV. Survey scans (0-1200 eV) and elemental
spectra were recorded at a pass energy of 80 eV for the
estimation of the chemical element composition, and at a
pass energy of 10 eV for the energetically highly resolved
measurements of the C1s peak, respectively. Data
acquisition and processing were carried out using the
software CasaXPS, version 2.3.15 (Casa Software Ltd.).
Analyses of the chemical composition of the coating
were also carried out by ToF-SIMS. 500 keV Bi3++
primary ions in the high mass resolution mode were used.
To reveal the depth profile through the coating, a 250 eV
Cs+ sputtering beam (700 x 700 μm2) was used in
combination with Bi3++ (100 x 100 μm2).

were rescaled by shifting the spectra relative to the
aliphatic carbon at 285 eV.

Stability of the coating immersed in distilled water was
analysed after different periods of storage up to 90 days
by water contact angle (WCA) measurements and XPS
with chemical derivatization to determine the number of
primary amine groups [9]. An XPS (PHI VersaProbe II
spectrometer, Physical Electronics, USA) was used with
non-monochromatized Mg-Kα radiation (1253.6 eV) and a
take-off angle of 45°. Quantification of the primary amino
group content at the surface of the a-C:H:N films was
carried out at the day of the treatment, the day after, and
one week later following water storage. Derivatization
was performed with 4-(trifluoromethyl)benzaldehyde
(TFBA, Aldrich, 98%) vapour at 45°C during 3 h (Fig. 2).

Fig. 3. [N]/[C] ratio measured by XPS at different depths
within the gradient coating.

F
F

F
F

F
F

NH2

H

3. Results and discussion
In order to optimize the vertical chemical gradient
structure in NH2-PPFs and to ensure a well-defined
transition layer for depth profiling analyses, at first, a
rather thick coating was prepared: the base-layer was 2530 nm thick and the top-layer 20-25 nm. According to
XPS depth profiling, two well-defined layers can be
observed throughout the thickness of the coating. These
two layers have different elemental composition: [C] =
84%, [N] = 13% and [O] = 3% for the base-layer; and,
[C] = 79%, [N] = 17% and [O] = 4% for the top-layer
owing to the higher NH3/C2H4 ratio in the plasma. The
[N]/[C] ratio thus decreases from ~22% in the top-layer to
~15% in the base-layer, also indicating the gradient
structure (Fig. 3).
30
[N]/[C] (%)

25
20
15

C layer

10

A layer

5
0
0

20
Depth (nm)

40

Similar conclusions were obtained by ToF-SIMS
analyses combined with depth profiling, showing that the
chemical composition of the gradient base-layer was
similar to the chemical composition representative for
layer A, and that the chemical composition of the toplayer agreed with the chemical composition of layer C
regarding the nature of the analysed fragments (for
example, C4N3H2- and C2N3-) and their amount in the
coatings. Moreover, the chemical composition of the
transition layer was examined, showing a gradual change
in the amount of analysed fragments from a higher
amount of amino-containing fragments close to the toplayer to a lower amount of the same fragments close to
the base-layer. Thus, a well-defined gradient was
obtained.

N

O

Fig. 2. Derivatization with TFBA of available primary
amine groups from NH2-PPF.
Data treatment and peak-fitting procedures were
performed using CasaXPS software. Obtained spectra
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The stability of the gradient coating when stored in air
or water was firstly analysed by WCA in comparison with
the monolayer of the top-coating. In this stability study,
the thickness of the coatings was set to 20 nm as
described in the experimental part. Both coatings showed
a similar aging process in air. The WCA of fresh coatings
was approximately 55 ± 3° and reached 60 ± 1° during the
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first few hours. The increase of WCA values is assumed
to be due to hydrophobic recovery and inactivation of
radical species that are still present in the coating after
deposition. When samples are stored in water, a lower
WCA was measured (Fig. 4). The decrease of the
measured WCA values is assumed to be mainly related to
water penetration/adsorption in the coating. After 20 days
of immersion in water, the WCA values of the gradient
coating remained stable (~33°). On the contrary, the
WCA still decreased for the reference C coating (toplayer). This phenomenon might indicate a partial
degradation of the coating in water, due to hydrolytic
reactions in the coating (e.g., hydrolysis of imine or nitrile
groups). Due to the structure of the gradient, and thus the
lower amount of imine and nitrile groups in the baselayer, less hydrolytic reaction can occur, limiting the
overall degradation of the gradient coating.

Plasma deposition of functional coatings

of the low molecular weight fragments, deposited onto the
coating at the end of plasma process, are removed in
water. No major change occurred up to 1 day in water.
After 1 week of immersion, however, a clear difference
can be observed. No more primary amine groups were
detectable on the C coating, showing degradation and
strong loss of the functionality of this monolayer stored
over one week in water. Regarding the gradient coating,
on the other hand, the number of primary amine groups
after 1 week in water is still comparable to the amount
measured after 5 minutes or 1 day. The preserved primary
amine group concentration might be explained by a
merely slight degradation process in the top-layer that is
limited due to the gradient structure. Hence, the
developed concept of an adjusted vertical chemical
structure helps to enhance the stability of a functional
monolayer on top of the cross-linked structure, while
enabling a higher functionality.
Table 2. Number of available amine groups at the surface
of the top-layer (monolayer C) and the gradient layer
(AC) measured by XPS after 5 min, 1 day and 1 week
immersion in distilled water.
Coating
C

AC

Fig. 4. Measured WCA on gradient (AC) coating and
top-layer (C) immersed in distilled water up to 90 days.
The chemical composition was also analysed by XPS
for monolayer C and gradient AC immersed in water up
to 1 week. A similar [N]/[C] ratio of 14-15% was
measured after the first day for C and AC coatings. After
1 week in water, the C coating noticeably lost nitrogen
atoms ([N]/[C] = 6%), whereas the gradient coating
maintained a [N]/[C] ratio of ~15%. Thus, degradation of
the C layer in water is observed for prolonged immersion
times (despite its optimized cross-linking/functionality
relation), and might well be explained by a partial
dissolution of the coating in water due to hydrolytic
reactions. The gradient coating, on the other hand, seems
to be stable in water as indicated by the constant [N]/[C]
ratio. However, functionality may have changed
considering possible loss of primary amine groups, which
needs to be verified in addition.
Thus, XPS with chemical derivatization was carried out
to determine the number of primary amine groups in aged
(water-stored) samples. Initially, i.e. directly after
deposition, the [NH2]/[C] ratio is 1.5 to 2 %, and
[NH2]/[N] ratio is about 7-10% for freshly prepared
monolayer and gradient coating. After 5 minutes in water,
these ratios decreased slightly (table 2), showing that part
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Immersion

[NH2]/[C]

[NH2]/[N]

5 min

0.89

6.0

1 day

0.72

4.5

1 week

0

0

5 min

0.98

6.1

1 day

0.83

5.9

1 week

1.0

5.6

4. Conclusion
A vertical chemical gradient structure for NH2-PPFs
was developed based on NH3/C2H4 discharges to enhance
film stability in aqueous environments. The well-defined
gradient structure was examined by depth profiling
combined with chemical analyses of the coating (XPS and
ToF-SIMS). Both layers – the more cross-linked base
layer and the more functional top-layer – were observed,
as well as the gradual chemical composition in the
transition layer. While aging in air proved the already
optimized stability of the used NH2-containing top-layer,
aging studies in water revealed differences between the
monolayer and the gradient structure. The monolayer C
underwent degradation, due to hydrolytic reactions in the
coating, whereas the gradient coating AC, maintained the
same amount of available primary amine groups over its
storage time in water. Thus, the gradient structure
enhanced the stability of the top-layer coating (C layer),
leading to highly stable and functional coatings.
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Abstract: The processes for plasma-polymerization of acrylic acid and single-step
codeposition of nanocomposite coatings containing silver nanoparticles embedded into a
polymeric matrix, performed by means of a non-equilibrium atmospheric pressure plasma
jet, are presented. Special attention is devoted to the chemical and morphological
characterization of the coatings’ surface; the antibacterial activity of the codeposited
coatings is preliminary assessed and discussed.
Keywords: cold atmospheric plasma, plasma polymerization, plasma assisted codeposition.
1. Introduction
Non-equilibrium (cold) atmospheric pressure plasmas
(CAPs), due to their low temperature, are able to support
innovative processes for material modification. While the
use of low pressure plasmas is well assessed, CAPs
potentialities are still largely unexplored notwithstanding
their advantages of cost and ease of use. In this
contribution, two different processes performed by means
of a CAP jet are presented: (i) Acrylic acid (AA) plasmapolymerization for the deposition of polyacrylic acid
(pPAA) coatings [1] and (ii) a single-step plasma process
for the synthesis and codeposition of nanocomposite
coatings containing silver nanoparticles (AgNPs)
embedded in a pPAA matrix, named AgNPs/pPAA
coatings [2].
In the frame of biomedical applications, plasmapolymerization of AA has been widely investigated to
produce coatings containing carboxylic acid (—COOH)
groups, which are known to favour cell adhesion and can
also be exploited for biomolecule immobilization.	
   Several
studies have been already performed with the aim to
investigate the characteristics of plasma-polymerized
acrylic acid (pPAA) films deposited by means of nonequilibrium atmospheric pressure plasma technology [35].
Nanocomposite
coatings,
obtained
embedding
inorganic nanoparticles (NPs) into polymeric or inorganic
matrices, have been raising great interest as innovative
high performance materials suitable for application in a
wide range of industrial fields. Several techniques have
been explored for the synthesis and deposition of

470

nanocomposite coatings, spanning from chemical or
electrochemical oxidation to plasma assisted processes.
Focusing on CAP technology, Fanelli et al.[6] recently
reviewed the state of the art of aerosol-assisted deposition
processes and reported that while several studies have
been dedicated	
   to the deposition of polymeric and
inorganic coatings, only a few have been focused on
nanocomposite coatings. Furthermore, recently, CAP
deposition of nanocomposite coatings with antibacterial
properties has been investigated, exploiting the well
known antimicrobial properties of AgNPs.
The AA polymerization process herein reported was
aimed at depositing on polymeric substrates pPAA
coatings and at investigating the effects of the employed
operating conditions on their chemical and morphological
characteristics. The process, carried out by means of a
CAP jet, was performed in several operating conditions
on polyethylene (PE) and silica oxide films, both pristine
and subjected to a plasma treatment immediately before
the polymerization process [1].
The plasma source employed for the AA plasmapolymerization was also employed for the a single step
process aimed at producing and depositing nanocomposite
coatings containing AgNPs embedded in a plasmapolymerized polyacrylic acid (pPAA) matrix [2]. The
plasma jet was operated in Ar and fed with two
precursors, AA for the matrix and a dispersion of AgNPs
in EtOH, separately injected in the plasma region.
The morphology of the coatings was investigated by
means of SEM analysis and optical profilometer, while
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ATR-FTIR and XPS were carried out to characterize the
chemical composition of the coatings. The antibacterial
efficacy of the codeposited nanocomposite coatings was
assessed against a test microorganism (E. coli) by means
of agar disk diffusion tests [2].
2. Materials and Methods
Non-equilibrium atmospheric pressure plasma jet
The plasma source adopted in this work is a single
electrode plasma jet. As high-voltage electrode, a
stainless steel sharpened metallic needle with a diameter
of 0.3mm is used; the plasma source is	
  equipped with two
gas conducts, to support the separate introduction of a
primary and a secondary gases in the region surrounding
the high-voltage electrode. The produced plasma is
ejected from the source through an orifice with a diameter
of 4mm [1, 2].
Experimental setup for pPAA coatings deposition
For the AA plasma polymerization process, only the
primary gas was employed. The process was performed
by using both a nanosecond and microsecond pulse
generator. With the nanosecond pulse generator, two
operating conditions were selected, defined as ‘‘mild’’
and ‘‘strong’’: the former was characterized by PV and
RR of 10 kV and 330 Hz, respectively; the latter was
characterized by PV and RR of 19.2 kV and 100 Hz,
respectively. The treatment time was varied from 3 to 20
min for the ‘‘mild’’ operating condition and from 5 to 20
min for the ‘‘strong’’ one. The process was carried out by
introducing Ar with a flow rate of 3 slpm at first inside a
bubbler and then, carrying the monomer, to the plasma
source. The mass flow rate of AA carried by the Ar flow
was 0.05 ml min-1 [1]. With the microsecond pulse
generator, the process was performed by using a
sinusoidal wave voltage signal with peak voltage and
frequency at 21 kV and 2 kHz, respectively. Several
operating conditions were tested varying the AA flow rate
from 0.24 g/h to 0.57 g/h and deposition time from 10 s to
10 min.
Experimental setup for AgNPs/pPAA coatings
codeposition
For the AgNPs/pPAA deposition, the plasma jet was
operated in Ar and separately fed with the nanocomposite
coating precursors, exploiting the two distinct gas
channels of the plasma source. In particular, a flow of 2.5
slpm of Ar was carrying the AA was injected into the
plasma source through the primary channel.
Simultaneously, a second flow of 2.5 slpm of Ar was
introduced in a nebulizer system containing the dispersion
of AgNPs in EtOH and the so formed aerosol was
injected into the plasma source through the secondary gas
channel [2]. The mass flow rate of AA injected through
the primary	
   channel and of the AgNPs nebulized
dispersion injected through the secondary channel were of
0.05 ml/min and 2.3 ml/min, respectively [2]. The plasma
source was driven by a micropulsed generator producing
high-voltage sinusoidal pulses having peak voltage of up
to 40 kV, frequency of 20–50 kHz, variable pulse
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duration and fixed pulsed repetition frequency of 100 Hz.
During the plasma codeposition process, peak voltage,
frequency and duty cycle were kept constant at 23.4 kV,
20 kHz, and 40%, respectively [2].
Characterization techniques of pPAA and
AgNPs/pPAA coatings
An Agilent Cary 660 FTIR spectrometer was used to
collect infrared absorption spectra of the deposited pPAA
coatings. The spectrometer was equipped with an ATR
sampling accessory, with a diamond crystal as internal
reflection element. Spectra were acquired at room
temperature in absorbance mode with a resolution of 2
cm-1; a total of 32 scans were recorded for each spectrum.
In order to get information on the chemical composition
of the coating surface, XPS measurements were carried
out by a VG Scientific ESCALAB, using a Mg Kα,1,2 Xray source (1253.6 eV). The pPAA coatings’ profiles
were measured across the central zone of each deposit by
means of a Tencor AlphaStep profilometer; the maximum
height of the measured profile was considered as the
deposit thickness. The coating morphology was
investigated by means of SEM (Phenom G2 ProX) by
applying an accelerating voltage of 15 kV on samples
sputter coated with gold.
The antibacterial efficacy of the codeposited
nanocomposite coatings was assessed against a test
microorganism (E. coli) by means of agar disk diffusion
tests.
3. Results and Discussion
pPAA coatings deposition
The chemical characterizations of the coatings
deposited by using the nanosecond pulse generator
underlined that the proposed method enabled the
deposition of pPAA coatings with a high amount of –
COOH groups, as shown by the ATR-FTIR spectra of the
coatings deposited in “mild” operating conditions.
Furthermore, the XPS characterization reported that the
amount of carboxyl groups is generally higher than 21%
for both the tested operating conditions [1].

Fig. 1. ATR-FTIR spectra of pristine PE and of PE
substrates subjected to AA ‘‘mild’’ plasma
polymerization process.
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Concerning the AA plasma polymerization process
performed by means of a microsecond pulse generator,
the chemical characterization highlighted that the
deposition time and the amount of AA introduced into the
plasma region can influence the composition of the
coatings; results obtained from the XPS analysis are
reported in Table 1.
Table 1. Surface chemical group concentrations of
pPAA deposited coatings
AA flow
rate and
treatment
time

C-C
C-H

C-COOH

-C-O

-C=O
O-C-O

COOH
COOR

0.24 g/h,
10 min
0.24 g/h,
5 min
0.24 g/h,
1 min
0.24 g/h,
10 s
0.38 g/h,
10 min
0.38 g/h,
5 min
0.38 g/h,
1 min
0.38 g/h,
10 s
0.57 g/h,
10 min
0.57 g/h,
5 min
0.57 g/h,
1min
0.57 g/h,
10 s

46%

24%

3%

3%

24%

37%

24%

12%

3%

24%

42%

18%

18%

4%

18%

49%

7%

26%

10%

7%

43%

24%

6%

2%

24%

41%

25%

8%

2%

25%

39%

22%

14%

3%

22%

51%

6%

26%

11%

6%

48%

24%

2%

2%

24%

51%

22%

4%

1%

22%

48%

22%

5%

2%

22%

49%

16%

13%

6%

16%

By properly tuning the operating conditions, the process
enabled to deposit either water soluble coatings or
coatings stable upon water contact, the latter characterized
by a high amount of C=O, O-C-O, and C-O functional
groups.
The thickness of the deposited pPAA coatings
drastically increased by varying the mass flow rate of the
precursor introduced into the plasma region and, even
more relevantly, by increasing the deposition time, as
reported in Figure 1. Indeed, while sub-micrometric
coatings were deposited after 10 s plasma-polymerization
process, 10 min treatments led to deposit coatings with
thickness of some tens of micrometres.
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Fig. 2. Spatial profile of the coatings obtained after 10
min of deposition process (a). Inset: Image of the pPAA
coating deposited for 10 min and 0.57 g/h AA. Coating
thickness for 0.57 g/h, 0.38 g/h and 0.24 g/h AA as a
function of the deposition time (b).
AgNPs/pPAA coatings codeposition
Concerning the codeposition process, the thickness of
the AgNPs/pPAA coatings obtained after 3 min of plasma
treatment was measured to be around 30 µm (Figure 3).
The presence of AgNPs embedded into the polymeric
matrix of the coating was clearly assessed by SEM
imaging, as shown in Figure 4 [2].

Fig. 3. SEM images of the cross-sectional view of the
AgNPs/pPAA coated PE; the coating thickness is
indicated by the broken red line. Dotted black lines are
drawn in correspondence of the boundaries of the
polymeric layers constituting the multilayer film used as
substrate. Magnification: 220 x (a), 810 x (b).
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soluble or water resistant coatings by properly tuning the
employed operating conditions.
Regarding the codeposition process, AgNPs/pPAA
coatings were characterized by a high retention of
carboxyl groups and the presence of AgNPs embedded
into the polymeric matrix was clearly demonstrated.
Furthermore, the antibacterial efficacy of the codeposited
AgNPs/pPAA coatings was preliminary assessed with
agar disk diffusion tests (using E. coli) and the growth
inhibition area surrounding the samples, probably due to
the release of Ag ions from the pPAA matrix, was
observed.

Fig. 4. SEM images of the top views of the PE films
coated with AgNPs (a, c and e) and AgNPs/pPAA (b, d
and f). Magnification: 6000 x(a and b); 10000 x(c and d),
20000 x (e and f).
Codeposited coatings were characterized by a
significant (21%) retention of carboxylic groups in the
pPAA chemical structure, underlining that limited
monomer fragmentation occurred during the process, and
by the presence in the coating of superficially oxidized
AgNPs.
Finally, the antibacterial efficacy of the codeposited
AgNPs/pPAA coatings was demonstrated since a clear
zone with no bacterial growth could be detected around
the AgNPs/pPAA coated PE samples, while no growth
inhibition area could be observed around the uncoated PE
and pPAA coated PE samples, as highlighted in Figure 6.
This behavior is indicative of the action of Ag ions,
probably released from the Ag present either at the
surface of the AgNPs/pPAA coating or made available for
oxidation by some cracks in the coating.
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Fig. 6. E. coli growth inhibition zones on TSA plates with
uncoated PE (a), pPAA coated PE (b) and AgNPs/pPAA
coated PE (c).
4. Conclusions
The performed studies highlighted that pPAA coatings
are characterized by a high amount of carboxyl groups
and that the process enables the deposition of water
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Abstract: Icephobic coatings have gained a lot of interest due to their vast range of
possible applications, from construction to power engineering to aerospace industry. In this
study, a superhydrophobic/icephobic coating is developed using an APPJ operating with
nitrogen as the plasma gas and HMDSO as the precursor. The effects of various plasma
parameters on surface properties, particularly on ice adhesion strength, is studied and
surfaces’ stability against multiple cycles of icing/deicing is evaluated.
Keywords: atmospheric plasma polymerization, APPJ, superhydrophobicity, icephobicity
1. Introduction
Atmospheric icing of outdoor structures during icing
events can pose serious socioeconomic issues in several
industries and countries around the world. If left
unaddressed, it can lead to power shortages, driving and
aviation accidents and significant life hazards. Icephobic
coatings are developed to delay, reduce or prevent ice
accumulation in icing conditions, thus protecting the
exposed structures against excessive loads related to ice
accumulation. Conventionally, there is a close
relationship between superhydrophobicity (waterrepellency) and icephobicity. The unique characteristics
of a superhydrophobic surface can reduce the nucleation
rate of ice crystals while hindering the energy transfer
between the surface and super-cooled water droplets.
Furthermore, the increased mobility of water droplets on a
superhydrophobic surface can reduce the extent of ice
accumulation.
In this study, a superhydrophobic surface is developed
using an atmospheric pressure plasma jet (APPJ) with
nitrogen as the working gas and HMDSO as the
precursor. The effects of plasma parameters on some of
the surface properties is studied and ice adhesion strength
is measured on different coatings. The best coating
studied here can reduce the ice adhesion strength by a
factor of 3, and can retain its icephobic behaviour even
after 10 cycles of icing/deicing.
2. Experimental procedure
An OpenAir AS400 APPJ manufactured by
PlasmaTreat is used for plasma deposition. At first, Al6061 samples are exposed to three passes of air plasma
treatment with a relatively short jet-to-substrate distance
(5 mm). This was found to create a micro-porous
alumina-based structure on the surface (Figure 1), which
will be used as the substrate for the subsequent coating
deposition step. Such micro-roughening of the Al sample
can be ascribed to plasma-transferred arcs [1].
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Figure 1. Micro-structure formed on the surface of Al6061 after three passes of air plasma treatment.
These porous Al-based surfaces are cut into 50 x 30 mm
samples and the deposition process in nitrogen plasma is
carried out in the same APPJ but at larger jet-to-substrate
distances (30 mm). In addition, the jet was confined by a
quartz tube to reduce the interaction of plasma-generated
species with ambient air (see Figure 2). Plasma conditions
used for deposition are presented in Table 1.
To study the effects of precursor flow rate on surface
properties, three samples are considered with HMDSO
flow rates of 3, 5 and 7 gr/h, referred to as PT3, PT5 and
PT7, respectively. Furthermore, to study the effects of
multiple deposition passes on surface properties, PT5x3,
and PT5x6 are created by exposing the surface to 3 and 6
passes of plasma deposition.
Surface morphology was studied via scanning electron
microscopy. The chemical composition of the surface was
studied by X-ray photoelectron spectroscopy and Fourier
transform infrared spectroscopy. Wetting behaviour of the
surface was studied through water contact angle
goniometry. Ice accumulation was carried out using a
wind tunnel equipped with three water sprays operating in
-10 C. This method of ice accumulation is preferred
because it closely resembles the natural conditions under
which glaze ice is formed. Finally, ice adhesion strength
was determined through a centrifugal experiment.
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(a)

(b)

Figure 2. Picture of the APPJ used in this study.
Table 1. Plasma deposition parameters used in this study.
Plasma power

2.7 kW

Precursor flow rate

3, 5 and 7 gr/h

Number of deposition passes

1, 3 and 6 passes

Plasma duty cycle

50%

Jet speed

1 m/min

Jet-substrate distance

30 mm

Ionization gas flow rate (N2)

500 lit/h

Carrier gas flow rate (N2)

400 lit/h

3. Results and discussion
Figure 3 shows the effect of precursor flow rate on
surface morphology. PT5 is the only case in which the
surface features originated from the pre-treatment process
are sufficiently pronounced along with the surface
features originated from the plasma-deposited structure.
In PT3, precursor flow rate is not high enough for
complete coverage of the pre-treated surface. In PT7 on
the other hand, the pre-treated surface porosity is largely
covered by the coating materials, and therefore a
significant level of surface roughness is lost.
Figure 4 shows the chemical composition of PT5 by
FTIR and XPS. The features common to siloxane-based
coatings dominate the FTIR spectrum. The wide band
located at around 1100 cm-1 is assigned to Si-O-Si
stretching and the peaks located at around 1275 cm-1
along with the peaks located between 500 cm-1 and 800
cm-1 are suggestive of Si-(CH3)n functions. The intense
band between 1000 cm-1 and 1200 cm-1 is generally
assigned to Si-O-Si and Si-O-C asymmetric stretching
modes [2]. This band is usually assumed to be the sum of
three Gaussian components which correspond to different
bond angles in Si-O-Si: TO2 mode at 1120 cm-1 (170180 bond angle), TO1 mode at 1070 cm-1 (140 bond
angle), and TO3 mode at 1030 cm-1 (120 bond angle).
TO2 mode is often associated to fragments of Si-O-Si
chains, but in organic films this wavenumber is also
populated by Si-O-C stretching mode. In Figure 4, TO2
appears as a shoulder on TO3 mode, which is related to
coesite-like structures, but in SiOxCyHz films, such low
Si-O-Si bond angle is often observed because of the
methyl environment of the bond [3].

(c)

Figure 3. SEM images of (a) PT3, (b) PT5, and (c) PT7
XPS analysis

Si
C
O

At %
35.3
22.8
41.9

Figure 4. XPS quantification results and FTIR spectrum
acquired from PT5.
The chemical state of silicon is also studied by
developing a synthetic curve model on Si 2p core peak
high-resolution spectrum according to the method
introduced by O’Hare et al for curve-fitting of siloxanebased coatings [4]. In this method, various silicon states
are distinguished by the number of bonds with oxygen (Q,
T, D, and M for 4, 3, 2, and 1 bonds with oxygen,
respectively). The results of this process are presented in
Figure 5. The absence of Q functions in Figure 5 suggests

(c)
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that the plasma-deposited coating consists of a silica-like
structure with organic functions largely replacing oxygen
atoms, so that every silicon atom is bonded with at least
one methyl group.

(a)

(b)
Figure 5. Curve-fitting model used for component
quantirication of Si 2p core peak along with the
quantification results.
Practical icephobic coatings should be able to withstand
aggressive environmental conditions. To increase
coating’s thickness and improve its stability in natural
conditions, particularly against multiple icing/deicing
cycles, two different coatings were prepared through
multiple deposition passes of PT5. These coatings are
expected to be thicker with an identical or similar
chemical composition to that of PT5. Static contact angle,
contact angle hysteresis and ice adhesion strength are
measured on each coating for multiple cycles of
icing/deicing and the results are presented in Figure 6. In
all cases, static contact angle decreases with the number
of icing/deicing cycles while contact angle hysteresis and
ice adhesion strength increase with the number of
icing/deicing cycles. This is largely due to coating
removal after each deicing. The sample prepared with
only one pass of deposition (PT5) is expected to be
thinner than the other two, and therefore even a slight loss
of coating material during icing or after deicing can have
a significant effect on surface properties, resulting in a
rapid deterioration of hydrophobic/icephobic properties
with the number of icing/deicing cycles.
It is worth highlighting that the sample prepared with
three passes of plasma deposition (PT5x3) exhibits the
highest stability against icing/deicing cycles. Therefore, to
reliably evaluate its mechanical stability, surface
properties were studied for up to 10 cycles of
icing/deicing. The sample prepared with 6 passes of
plasma deposition (PT5x6) is expected to be significantly
thicker, therefore the variations in the wetting behavior
with the number of icing/deicing cycles is almost
negligible. However, we believe that the higher amount of
silica powder that forms on the surface due to the higher
number of deposition passes, which may be easily
removed during icing, is responsible for the higher ice
adhesion strength observed in PT5x6.
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(c)

Figure 6. Static contact angle, contact angle hysteresis and
ice adhesion strength for samples prepared using 5 g/h of
HMDSO after 1, 3 and 6 deposition passes. The inset on
(b) shows the advancing and receding angles for the
sample with 3 passes of deposition.
4. Conclusions
In this study, superhydrophobic/icephobic coatings are
developed using an atmospheric pressure plasma jet
operating with nitrogen plasma and HMDSO as the
precursor. In all cases, deposition is carried out on a
micro-porous surface structure created through multiple
passes of intensive air plasma treatment. Three samples
were prepared with a precursor flow rate of 3, 5 and 7 g/h.
It was shown that the lowest flow rate studied here is not
enough for a full coverage of the surface. On the other
hand, by increasing the precursor flow rate above a
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threshold value, surface roughness originated from the
pre-treatment step is fully covered by deposition, and a
significant level of roughness is lost. The median
precursor flow rate (5 g/h) is thus chosen for further
study. Two extra samples are prepared through 3 and 6
passes of plasma deposition with the same conditions as
PT5. It is shown that PT5x3 shows the best
hydrophobic/icephobic properties among the samples
studied here. Wetting and icing behaviour of PT5x3 was
studied during multiple icing/deicing cycles, and it was
shown that PT5x3 can maintain its superhydrophobic and
icephobic properties even after 10 cycles of icing/deicing.
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Abstract: Low-pressure plasma polymerised NH3/C2H4 and NH3/C4H6 coatings are studied
owing to the high interest in their N groups, particularly amines that, in aqueous media,
attract biological molecules such as proteins which mediate cell-surface interactions.
Fibrinogen (Fg) is one such protein in blood which plays a vital role in platelet adhesion to
surfaces. Here we use surface plasmon resonance spectroscopy (SPS) to investigate realtime adsorption of Fg on plasma polymers with varying surface chemistries and wettability.
Keywords: N-rich plasma polymer, fibrinogen, surface plasmon resonance, wettability

1. Introduction
N based plasma polymer films (PPFs) are widely
being investigated owing to their potential use in several
biomedical applications [1]. N functional groups that are
commonly found in these PPFs include amines, imines
and nitriles. Primary amines are considered of high
interest since, when exposed to physiological (pH 7)
aqueous environments, they acquire a positive charge that
aids in attracting negatively charged biological molecules
such as proteins; in addition, primary amines can also be
used in covalent binding of proteins in aqueous media [2].
Cell attachment and growth on surfaces is sometimes an
undesired outcome such as in the growth of blood clots
inside vascular grafts, whereas in other cases it is
required, such as in the case of the treatment of brain
aneurysms. The treatment involves inserting a platinum
coil into the aneurysm and relies upon a blood clot
formation sealing the aneurysm and thereby separating it
from the main blood flow and preventing it from further
expansion and rupture. In some cases treated with these
coils, instability of the thrombus formed leads to
recanalization and re-growth of the aneurysm [3]. The
role of the degree of thrombogenicity of the coil, in
aneurysm healing remains unclear. Fg plays a vital role in
the regulation of thrombosis and coagulation cascade,
where it facilitates the attachment and aggregation of
platelets to a surface [4]. Therefore, by regulating the
interaction of Fg with the coil surface it may be possible
to gain some control over the coagulation process, thus
paving the way to investigate and possibly improve
aneurysm healing.
PPFs, especially those containing N, are good
candidates to promote and regulate blood coagulation.
Thus, this study focuses on the first step towards
thrombogenicity testing; the ability of various PPFs to
regulate Fg adsorption. Adhesion of Fg along with other
plasma proteins such as albumin and immunoglobulin
(IgG) onto different plasma polymer surfaces have been
studied previously [1, 5]. Plasma polymerised di(ethylene
glycol) monovinyl ether (PP-EO2) films were
investigated for Fg and other plasma protein adsorption
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and was found to show anti-fouling characteristics,
particularly when deposited under lower plasma duty
cycles (DCs) [6]. In contrast, films deposited under
continuous wave (CW) and higher DC exhibited high
adsorption affinity for proteins. In another study [7],
competitive protein adsorption from a mixture of Fg,
albumin and IgG, as well as their individual adsorption,
onto hydrophobic, negatively and positively charged
surfaces prepared from hexamethyldisiloxane (PPHMDSO), acrylic acid (PP-AAcid) and 1,2diaminocyclohexane (PP-DACH), respectively, was
investigated using a combination of ellipsometry and total
internal reflection fluorescence spectroscopy (TIRF).
Individual protein adsorption onto all surfaces showed
that apart from electrostatic attractions, hydrophobic,
vander Waals and entropic interactions also contribute
towards the adsorption process.
The current study aims to investigate the interaction
between Fg and N based PPFs as a function of the films’
N and nucleophile content, such as amines, using SPS. A
pure hydrocarbon (HC) and an O-rich PPF are also
included in this study to better understand the effect of
film chemical functionality. Results are compared with a
platinum coating with relevance to the application
described previously. Dynamic water contact angles are
studied to understand the role of wettability in the
adsorption process.
2. Experimental Methods
PPFs were deposited using Plasma Enhanced Chemical
Vapour Deposition (PECVD). The PECVD set up used
was the same as that described in [8]. Briefly, it consists
of a cylindrical steel vacuum chamber connected to a
turbo-molecular pump, backed by a two-stage rotary vane
pump. The operating pressure, during plasma deposition
was set constant at 80 Pa. The low-pressure capacitively
coupled r. f. (13.56 MHz) glow discharge was generated
via an impedance matching network connected to a 10 cm
diameter powered electrode in the centre of the chamber,
with the walls of the chamber acting as the grounded
electrode.
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PPFs are deposited using a gas mixture of a functional
group source gas, such as ammonia (99.99 %, MEGS),
and a hydrocarbon (HC) gas, such as 1,3-butadiene (99.8
%, MEGS) and/or ethylene (99.999 %, MEGS). The films
prepared include, N-rich plasma polymerised ethylene
(PPE:N) and butadiene (PPB:N) films, a co-polymerised
ethylene and butadiene (PCEB:N) film, an O-rich plasma
polymerised ethylene (PPE:O) film, deposited using
carbon dioxide (99.99 %, MEGS), and a pure HC film
(PPE) deposited using ethylene. Stability of these
coatings in aqueous media were studied in our previous
work [8] and only stable coatings were selected for this
study. Gas flow rates during deposition of each PPF are
shown in Table 1. All films were deposited under CW, at
10 W, except for PCEB:N and PPE:O which were
deposited at 20 W.
Table 1. Process gas flow conditions during film
deposition and film surface chemistry.
Plasma
polymer
coatinga

Gas flow
rates (sccm)

[N] (at. %)

PPB:N
R=1

NH3 = 5
C4 H6 = 5

7.4

4.4

PPB:N
R=2

NH3 = 10
C4 H6 = 5

10.2

5.7

PPB:N
R=3

NH3 = 15
C4 H6 = 5

12.9

6.5

PPB:N
R=4

NH3 = 20
C4 H6 = 5

14.2

7.3

PPE:N
R=0.5

NH3 = 20
C2H4 = 10

8.8

3.2

PPE:N
R=0.75

NH3 = 20
C2H4 = 15

12.5

4.2

PCEB:N
R=4

NH3 = 40
C2 H4 = 2
C4 H6 = 8

16.1

5.6

[O] (at. %)

[COOH]
(nmol/cm2)

22.5

2.0

PPE:O
R=8

CO2 = 40
C2 H4 = 5

[NH2] (at. %)

PPE
C2H4 = 20
_
_
R=0
a
R is the functional group gas flow rate to HC gas flow rate ratio.

X-ray Photoelectron Spectroscopy (XPS) analyses were
performed at most 30h after deposition, in a Thermo
Scientific
K-Alpha
XPS
instrument,
using
monochromated Al Kα X-rays, producing photons of
1486eV. Wide scans with step size 1eV, pass energy
160eV, dwell time 200ms and in the range 1200 to -10eV
were acquired for each sample.
Derivatisation with 4-Trifluoromethylbenzaldehyde
(TFBA) followed by XPS analysis was performed on N
based PPFs according to the method described in our
previous work [8]. A recent study [9], showed that the
[NH2] content calculated from this method includes all N
functional groups that can react with aldehydes. Since the
N source gas used here is ammonia which already
contains the NH2 component, it can be assumed that most
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N groups incorporated into the film are NH2 species and
that they have a good chance of survival under these mild
deposition conditions. Nevertheless, it is important to
keep in mind that the [NH2] symbol used here is a
representation of any group that can react with aldehydes
such as primary amines and imines.
The concentration of carboxylic acid groups in the
PPE:O film was determined by derivatisation with
toluidine blue as described in [10].
Fg (from bovine plasma, Sigma) adsorption was
monitored using a commercial surface plasmon resonance
(SPR) spectrometer (RES-TEC RT2005) where a thin
noble metal layer, on the base of a prism is irradiated with
a 632 nm He/Ne laser beam, while the reflectivity is
measured, over a range of incident angles. Substrates used
are 25 mm x 25 mm x 1.5 mm LaSFN9 glass slides
coated with ~2 nm of Cr and ~50 nm of Au using a
NexDep e-beam evaporator (Angstrom Engineering Inc)
and the PPFs (~10 nm) were deposited on the gold
surface. Platinum coatings of ~8 nm thickness were
deposited on the gold substrates using a high vacuum
sputter coater (Leica EM ACE600). Real-time kinetic
measurements of Fg adsorption, where the minimum
angle is tracked with time, were conducted under both
static and continuous flow conditions. A kinetic
experiment involved gently injecting phosphate buffer
solution (PBS, BioShop) of pH 7 to the 20 µl flow cell,
holding the sample-prism configuration, and leaving for 2
minutes, followed by Fg solution for 10 minutes (or until
equilibrium is reached), and finally PBS for another 2 min
to flush any loosely adhered molecules. During a static
experiment the fluids remain stagnant after being injected
to the flow cell, while under continuous flow, the fluids
were continuously flown at 0.7 ml/min, which
corresponds to a venous shear rate of 100 s-1. Fg solution,
prepared in PBS, was of concentration 2 mg/ml, which is
equivalent to the average concentration of Fg in human
blood.
Dynamic water contact angle (CA) measurements were
performed using a goniometer (Dataphysics) with distilled
water. Advancing and receding contact angles (ACA and
RCA, respectively) were measured by pumping and
withdrawing water, to and from a sessile drop of initial
volume 2 µl at a rate of 0.1 µl/s. A wait time of 20
seconds was maintained between advancing and receding
measurements. All CA measurements were conducted at
room temperature and under 50 % relative humidity.
Substrates used in CA measurements, were approximately
1 cm x 1 cm squares of 500 µm thick (100) p-type silicon
wafers, that were thoroughly cleaned ultrasonically in
isopropanol and dried with a nitrogen flow prior to PPF
deposition. Approx. 100 nm thick plasma polymers were
used in these measurements.
All experiments were repeated 3 times and the error
bars represent the standard deviation.
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Fig. 1. Fg adsorbed layer thickness on all PPFs, platinum
and bare gold determined by SPS.
Fg adsorption on the O-rich PPE:O, pure HC PPE,
platinum and bare gold surfaces were observed to be
noticeably lower than that of the N based films. PPE:O,
owing to its negative charge in aqueous media, would
repel the negatively charged Fg molecules. Nevertheless,
other factors such as hydrophobic interactions [4, 7] and

480

surface roughness [11] also play a role in protein
adsorption.
Fig. 3 and 4 show the adsorption kinetics of Fg under
continuous flow conditions. It can be observed, in Fig. 3,
that the time taken to reach saturation increases from R=1
to R=4 PPB:N. This can be explained by the higher
degree of swelling of plasma polymer with the increase in
its N groups, thus its hydrophilic nature. A similar
observation is made in Fig. 4, between PPE:Ns and the
PCEB:N, where PCEB:N containing the highest N
undergoes some degree of swelling. Swelling of plasma
polymer in aqueous media leads to an increase in the
surface roughness [12] and thereby favouring further
protein adsorption, which is indicated by a longer
saturation time in the kinetic curve.
100
Water contact angle in air (degrees)

3. Results Discussion
Fig. 1 shows the relative thickness of Fg adsorbed on
different PPFs, platinum and bare gold, under static and
continuous flow conditions. Since, according to Feijter’s
equation [5], Fg layer thickness is directly proportional to
the mass surface density, any change in thickness of Fg
layer can be interpreted as a change in the amount of Fg
molecules adsorbed. Under the current flow conditions,
no significant difference in the Fg adsorption between
static and continuous flow is observed. Table 1 includes
the film composition of each plasma polymer. As the N or
[NH2] content is increased by increasing the gas flow
ratio, R, the relative thickness of Fg adsorbed is also
increased. This is to be expected since, under
physiological conditions, the electrostatic attraction
between negatively charged Fg molecules and positively
charged N-films, is strengthened with R. Comparing
PPB:Ns and PPE:Ns, even though the respective N
contents of the R=0.5 and R=0.75 PPE:Ns are similar to
or higher than those of R=1 and R=3 PPB:Ns, a slightly
higher Fg adsorption is observed on the PPB:Ns and this
is attributed to the corresponding higher [NH2] contents of
the PPB:N films. Accordingly, a corresponding trend in
hydrophilicity, shown by Fig 2, is observed in the RCA,
which is more sensitive to changes in the high-energy
component of the surface (N groups in this case). It can be
observed that the RCA of R=1 and especially R=3
PPB:Ns are lower than that of R=0.5 and R=0.75 PPE:Ns,
respectively, indicating the more hydrophilic nature of the
PPB:Ns compared to PPE:N films. This shows good
accordance between the Fg adsorption, RCA values and
the XPS analyses of these films; it also indicates that the
higher [NH2]/[N] values of butadiene based films
compared to that of ethylene based films, indeed, have an
effect on a biological response such as Fg adsorption.

90

ACA
RCA

80
70
60
50
40
30
20
10
0

PPB:N
[N]=7.4
at.%

PPB:N
PPB:N
PPB:N
[N]=10.2 [N]=12.9 [N]=14.2
at.%
at.%
at.%

PPE:N
[N]=8.8
at.%

PPE:N
PCEB:N PPE:O
[N]=12.5 [N]=16.1 [O]=22.5
at.%
at.%
at.%

PPE

Platinum

Fig. 2. Advancing and receding water contact angles
(ACA and RCA) in air for all PPFs and platinum.
In Fig. 4, the slower adsorption kinetics of the
negatively charged PPE:O surface could be due to the
repulsion with the negatively charged Fg molecules.
Similarly, in the work of Lassen et al. [7], Fg and IgG
adsorption to negatively charged PP-AAcid showed
slower kinetics compared to that of positively charged PPDACH and hydrophobic PP-HMDSO surfaces [7].
Similarly slower adsorption kinetics is observed for PPE.
Despite the absence of hetero-atomic functional groups,
PPE can react with water or dissolved oxygen in aqueous
media, to form negatively charged functional groups such
as alcohols and aldehydes [13], resulting in a similar
electrostatic interaction, as that of PPE:O with Fg
molecules. Platinum, although exhibited more Fg
adsorption, showed similar adsorption kinetics compared
with bare gold. Kinetic curves indicate that electrostatic
attraction, when present, gives the fastest adsorption
kinetics of Fg.
Finally, the varying thicknesses of Fg layer can be
likely attributed to the conformation of the Fg molecules
in which they are adsorbed to the surface. Fg molecule
has a characteristic trinodular structure with a length of
~45 nm and width 8-10 nm [14]. The thinner Fg layer
adsorbed onto all non-N based PPFs, where no apparent
electrostatic attraction is present, can be attributed to a
side-on adsorption of the Fg molecule. Possible
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deformation or spreading of the molecule, leading to
thicknesses of up to ~15 nm, may occur depending on
hydrophobicity of the surface [4] and possibly other
factors. The increase in Fg layer thickness up to ~30 nm,
with increase in N in N-based films can be assigned to an
end-on adsorption of the Fg molecule where the layer
thickness can vary from ~15 to 45 nm, without
considering any structural deformation.

fact that they both acquire a negative charge in aqueous
media. The differences in Fg layer thicknesses were
attributed to different conformations of the adsorbed Fg
molecule. The conformational changes during Fg
adsorption may affect the functional properties of Fg,
especially in determining the thrombogenicity of the
surface, which will be the focus in the next part of this
study.
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4. Conclusions
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Boron-Doped Anatase TiO2 Thin-Film on Polymer Optical Fiber: Atmospheric
Pressure-Plasma Enhanced Chemical Vapour Deposition as the Key for
Functional Coatings on Temperature-Sensitive Substrates
M. Quesada-Gonzalez1,2 , K. Baba1 , C. Sotelo-Vazquez2 , C. J. Carmalt2 , I. P.Parkin 2 , P. Choquet 1 and N. D.
Boscher1
1

Department of Materials Research and Technology, Luxembourg Institute of Science and Technology, 5
Avenue des Hauts-Fourneaux, Esch-sur-Alzette L-4362, Luxembourg.
2
Materials Chemistry Research Centre, Department of Chemistry, University College London, 20 Gordon
Street, London WC1H 0AJ, United Kingdom.
Abstract: Photocatalytic doped-TiO2 thin films were deposited on PMMA optical fiber by
Atmospheric Pressure-Plasma Enhanced Chemical Vapour Deposition (AP-PECVD). No
second step of annealing neither any other post-treatment was required to obtain the desired
anatase crystallinity. The thin films were characterised by XRD, Raman spectroscopy, SEM,
XPS and D-SIMS. To prove the functionality of the films, a photocatalytic test was performed
under UV light, by using the dye methylene blue in an aqueous solution. The boron-doped
TiO2 films, synthesised under the same conditions, presented a higher photodegradation rate
when compared to the undoped samples.
Keywords: atmospheric-pressure plasma enhanced chemical vapour deposition,
photocatalysis, doped-TiO2 , low temperature, thermo-sensitive polymer substrate.
1.

Introduction

The deposition of crystalline anatase TiO2 coating has been
achieved using both low-pressure (LP) andatmosphericpressure (AP) plasmas. If the low-pressure plasmaenhanced chemical vapour deposition (LP-PECVD) of
crystalline TiO2 can be performed at low temperature
thanks to RF-biased approach, [1] the AP-PECVD of such
coating at low-temperature on temperature-sensitive
substrate is still a challenge. Anatase TiO2 thin films have
notably been deposited from a blown arc discharge that
heat up the substrate above 200°C. [2]
Doping is one of the most extensively used methods when
it comes to modify TiO2 intrinsic properties and it has been
proved to be one of the easiest ways of improving TiO2
photoactivity and/or conductivity. Concretely, boron,
when incorporated to the TiO2 lattice improves the
photocatalytic performance of anatase and when is
occupying and interstitial position, remains stable after
several cycles of photocatalysis and even after a sinter.[3]
Up-to-date, the simultaneous synthesis and deposition of
doped-TiO2 by PECVD has only been scarcely
investigated.

sensitive substrates, i.e. PMMA optical fibers. The APPECVD apparatus setup used for the synthesis is based on
a regular microwave cold-plasma generator. The selected
gas for the generation of plasma was argon and the carrier
gas for the titanium and boron precursors consists in a
mixture of argon and oxygen. No additional heating for the
substrate was required.
2.

Results and discussion

Irrespective on the addition of the boron precursor, the thin
films formed on the entire surface of the PMMA optical
fibers (Figure 1). XRD and Raman spectra revealed the
formation anatase TiO2 (Figure 2). In the Raman spectra,
the Eg band appeared shifted to higher wavenumbers when
TiO2 was B-doped (Figure 2b), from 145.8 cm-1 , for
undoped TiO2 , to 155 cm-1 , for B-TiO2 films. XPS and DSIMS demonstrated the presence of boron (mostly
interstitial) in the surface, as well as within the bulk of the
B-TiO2 thin-films synthesised by AP-PECVD. For the
need of the characterization, the TiO2 and B-TiO2 thin
films were deposited as well on doubled polished silicon
wafers (Figure 1).

In our work, we describe the easy deposition of anatase
TiO2 and anatase boron-doped TiO2 on a temperature-
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commonly acknowledged that the photocatalytic
mechanism in TiO2 proceeds through two different
pathways, by the reaction of h + and/or e- with surface H2 O
and O2 , producing hydroxyl radicals and/ or superoxide
radicals. These highly reactive radicals are the responsible
of the degradation of nearby organic pollutants like
methylene blue dye. This process is mainly affected by the
surface area of the photocatalyst, light absorption
capability, and charge separation and transfer. [4-6]

Fig. 1. SEM images: (a) Top view SEM image of B-TiO 2
thin-film on PMMA optical fiber; (b) inset of the crosssection SEM image of B-TiO2 thin film on a Si wafer
substrate.

Fig. 3. Representation of photodegradation of MB for
undoped TiO2 and B-TiO2 thin films as a function of rate
constant of the reaction (K-1 ∙cm-2 ).

Fig. 2. Raman spectra of (a) undoped and boron-doped
anatase films and inset (b) showing the shifting of the Eg
peak of anatase, due to doping.
The photocatalytic activities of the undoped and B-doped
TiO2 films were evaluated by the degradation of methylene
blue (C16 H18 N3 S–Cl–3H2 O; 0.05 wt. % in H2 O) in aqueous
solution with an initial concentration of 10 µmol∙L-1 . The
reaction was considered as pseudo first order reaction.
Boron-doped and undoped TiO2 , showed activity under the
UV light (365 nm). The photoactivity of B-TiO2 was higher
compared to the undoped samples synthesized under the
same conditions (Figure 3).
The enhancement of photocatalytic activity under UV light
of B-TiO2 has been described previously [3] and attributed
to a narrowing in the band gap and the reduction of
recombination rates for photoexcited e -/h +. It has been
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The repetition of the photocatalysis cycles showed an
improvement in the performance. The improvement is due
to the sefl-cleaning process which the films experiment ed
after the first UV irradiation cycle, as the films were firstly
used as synthesised. The performance of the boron-doped
sample remained higher than the activity attribuited to the
undoped sample, fact which proves the stability of the
doped-TiO2 and the enhancement of the photoactivity for
B-TiO2 .

3.

Conclusions

We synthesized anatase TiO2 and boron-doped anatase
TiO2 thin films by AP-PECVD at low temperature. The
thin films were deposited on different type of substrates,
including polymers which are sensitive to temperature,
such as optical fibers (silica and PMMA core based). The
depositions were performed in one step, with no need of
annealing or post-treatment to obtain the desired
photoactive anatase phase of TiO2 for the thin films. The
films presented reasonable rates for photodegradation of
methylene blue. When compared to the undoped TiO 2
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films, the B-TiO2 films presented higher rates of
photodegradation of the dye.
To the best of our knowledge this is the first time that TiO2
has been synthesized and doped simultaneously at
atmospheric pressure and low temperature by PECVD and
that anatase doped-TiO2 films are deposited in one-step on
a thermo sensitive polymeric matrix such as PMMA optical
fibre. [7] As the deposition do not need external source of
heating and as an atmospheric pressure plasma process, it
does not require vacuum, for instance, the process could be
easily applied to an up-scale or reel-to-reel industrial
manufacture. The doped thin films synthesised by APPECVD open a new door full of possibilities for
photocatalytic devices, self-cleaning materials, water
splitting surfaces and antimicrobial coatings [4-6] which
now could be potentially deposited on temperaturesensitive substrates.
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Water and Ice repellent HMDSO plasma polymerized film
R. Jafari, L. Foroughi-mobarakeh, M. Farzaneh
Deparetement of applied Sciences, University of Quebec in Chicoutimi, Quebec, Canada
Abstract: In the present study, low pressure plasma polymerized Hexamethyldisiloxane
coating is deposited to create a water repellent film with icephobic properties on aluminium
surfaces. Before deposition of low surface energy materials, aluminium surfaces were
anodized or immersed in boiling water to make micro/nano structured surfaces. Plasma
parameters were optimized and at the optimal conditions a high static contact angle of
about 163º and a very low sliding angle of about 3º were obtained.
Keywords: Icephobic, Superhydrophobic, plasma polymerisation, HMDSO
1. Introduction
Ice and wet snow accretion on outdoor structures can be
sometimes the source of several types of damage and
malfunctions[1]. Icephobic coatings appear to be an
interesting method to prevent ice accumulation.
Superhydrophobic surfaces (water contact angle greater
than 150º and low contact angle hysteresis) have shown
promising anti-icing performance [2-4]. It has been shown
that on a flat surface the maximum contact angle can be
achieved by lowering the surface energy is 120° [2]. It has
been shown that two factors contribute to the
superhydrophobicity of a surface 1) surface micro and/or
nano roughness and 2) surface energy. By optimizing
these
two
factors
using
various
processes,
superhydrophobic surfaces can be created. Several
methods
have
been
developed
to
fabricate
superhydrophobic surfaces. Among these methods, solgel process, spray coating, layer-by-layer method,
electrochemical method, template method, vapour
deposition, have been used more than others [6-9]. In the
past few years, plasma-based surface treatment techniques
have gained a lot of interest. In this study, a low pressure
plasma system was used to generate an organosiliconbased coating on the surface of aluminium substrates with
a high static water contact angle and low sliding angle.
The effect of plasma parameters including, input RF
power, deposition time, monomer flow, and distance from
monomer inlet on the surface wettability properties, were
investigated.
2. Experimental section
Aluminium samples were cut from an Al-6061 plate to 50
mm × 30 mm pieces. The aluminium to be anodized is
immersed in phosphoric acid (10%wt, certified grade
from LabMat Company) as an electrolyte at 18ºC, under
50-V voltage for 90 min. Also, the samples were boiled in
distillated
water
for
5
minutes
to
create
micro/nanostructured surfaces(boehmite). RF plasma
polymerization process was carried out in an inductively
coupled radio frequency (13.56 MHz) system (HICP600SB PECVD; Plasmionique Inc).
The hydrophobic characteristics of the surface were
measured with static contact angle analysis using a Kruss
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DSA 100 goniometer (double distillated water drop
volume ~ 4μL). The surface chemical structure was also
investigated by FTIR (Perkin-Elmer, Spectrum One).
Icephobic properties of the developed surfaces were
analysed by accumulating ice in the Cengivre icing wind
tunnel and by ice detachment using a centrifugal
instrument. The sample surface morphology was
examined using a LEO field emission scanning electron
microscope (FESEM) and an atomic force microscope
(AFM, Digital Nanoscope IIIa).
3. Results and discussion
As mentioned before, anodization and boehmite
methods were used to create surface roughness at a
micro/nano-metric scale on the surface of aluminium
alloys. The contact angle of the plasma polymerized
HMDSO (PP-HMDSO) coating deposited on anodized
and
water-treated
aluminium
surfaces
showed
superhydrophobic properties with a contact angle of about
158º and 161º, respectively. In fact, the presence of
micro/nano structured roughness and low surface energy
material on the surface caused the superhydrophobic
characteristics of these surfaces. Figures 1a-1d showed
the presence of micro/nano texture before and after PPHMDSO coating. The FTIR spectra of thin films of the
PP-HMDSO coating deposited on anodized and watertreated aluminium surfaces are presented in Figure 2. The
results show the presence of the peak corresponding to
the CH3 rocking in Si-(CH3)2 at 800 cm-1, the Si-CH3
rocking vibration in Si-(CH3)3 at 840 cm-1 and the Si-O-Si
asymmetric stretching bonds occurring at around 10001150 cm-1; in addition, the bands of the CH3 symmetric
bonding in Si-CH3 at 1260 cm-1 and the stretching of CHx
(x=1, 2, 3) symmetric and asymmetric occurred at around
2900–2960 cm-1. Also, plasma processing parameters had
been optimized by the Grey-based Taguchi method to
minimize the number of experiments and subsequently,
optimize the conditions in order to have the high contact
angle and low contact angle hysteresis. The results
indicated that the distance from the monomer inlet has
contributed the most to overall water repellency. The
input plasma power and deposition time also provided a
fairly large contribution to the plasma polymer coating
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hydrophobicity. On the other hand, the monomer flow
played a minor role on the water repellency of the
coating.
Table 1 compares the ice adhesion strength values
(shear stress) of an untreated aluminium surface, a PPHMDSO coating on an aluminium surface, PP-HMDSO
deposited on anodized and water treated surfaces. It can
be seen that the shear stress of untreated aluminium
(contact angle about 90º) is 350 ± 25 kPa , which is
decreased to 250 ± 20 kPa for the PP-HMDSO film
deposited on untreated aluminium (contact angle about
115º). Ice adhesion strength decreases even more, to 100
± 9 kPa PP-HMDO deposited on anodized surface and 30
± 8 kPa for PP-HMDSO deposited on water treated
aluminium surfaces. These results indicate that reduction
in ice adhesion strength is affected not only by the low
surface material coating but also by the roughness of the
surface resulting from anodization and immersion in
boiling water.
4. Conclusion
Icephobic and water repellent surfaces were fabricated
using two simple processes. Nanostructured patterns were
created on aluminum alloy surfaces by immersion in
boiling water and anodization. The rough surfaces were
coated with plasma polymerized HMDSO coating.
Plasma polymerization parameters were optimized to
have a high static water contact angle and low dynamic
contact angle. Under atmospheric icing conditions, these
superhydrophobic films showed the ice-adhesion strength
between 3.5 and 11.6 times lower than a polished
aluminum surface.
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Figure 1: The SEM image of a) aluminium immersed in
boiling water, b) the PP-HMDSO coating deposited on a
water-treated aluminium surface, c) anodized aluminium
and d) PP-HMDSO coating deposited on an anodized
aluminium surface

Fig. 2. FT-IR spectrum of the PP-HMDSO coating on (a)
water-treated aluminium surface and (b) anodized
aluminium surface
Table 1: Comparison of ice adhesion strength of untreated
and treated aluminum substrates.

Name

Shear stress (kPa)

Untreated aluminium
PP-HMDSO coating
on aluminium
PP-HMDSO coating
on anodized
aluminium surface
PP-HMDSO coating
on water treated
aluminium surface

350 ± 25

Ice
adhesion
reduction
factor
1

250 ± 10

1.4

100 ± 9

3.5

30 ± 8

11.6
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Plasma Treatment of Ramie Fibers to Improve their Adhesion to
Polypropylene Matrix
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1
2

Abstract: Ramie fibers were modified by atmospheric pressure dielectric barrier discharge (DBD) plasma
with continuous ethanol flow technique in helium environment to enhance their interfacial adhesion of
them with hydrophobic polypropylene (PP) matrix. A central composite design of experiments with
different plasma processing parameter combinations (treatment current, treatment time and ethanol
flow rate) was applied to find the most influential parameter and to obtain the best modification effect.
SEM analysis showed the surfaces of ramie fibers were roughened due to plasma etching effect.
Dynamic contact angle analysis (DCAA) demonstrated that the wettability of the treated fibers
significantly decreased. Microbond pullout test showed that the interfacial shear strength (IFSS)
between treated ramie fibers and PP matrices increased significantly. Residual gas analysis (RGA)
confirmed the creation of ethyl groups during plasma treatment.
Keyword: Dielectric barrier discharge; Response surface; Ramie fibers; Ethanol
Introduction
Recently, renewable eco-friendly fibers have been considered as potential alternative reinforcement
fibers to synthetic fibers in composites. Ramie fibers, are abundant in China, have low cost, low density,
similar specific strength and modulus compared to those of glass fibers can be used in some composites.
However, ramie fibers also have poor compatibility with hydrophobic polymer matrices, which limits its
application as reinforcement in composites. Conventional wet chemistry has a lot of environmental
limitations or concerns. Therefore, recently, atmospheric plasma treatment has been featured as a clean
and high-efficient surface modification technology. Contrary to low pressure plasma devices, the
atmospheric pressure plasma systems do not require complicated and expensive vacuum system and
therefore can be operated at low costs. We used a mixture of ethanol vapor and helium gas with
controllable composition as plasma treatment environment in a sealed dielectric barrier discharge (DBD)
installation. A central composite design of experiments with treatment current (mA), treatment time
(min) and ethanol flow rate (sccm) as variables was applied to study the joint influence of simultaneous
interaction of the experimental parameters on the fiber surface modification effect. The topology,
chemical composition and wettability of the ramie fiber surfaces were characterized by field emission
scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS) and dynamic contact
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angle analysis (DCAA), respectively. The interfacial shear strength (IFSS) between ramie fibers and PP
matrices was measured by microbond pullout test. The chemical composition in plasma treatment
chamber was investigated by residual gas analysis (RGA).
2. Experimental
2.1. Materials
Ramie fibers were supplied by Mahua Technology Co., Ltd. (Suzhou, China) in the form of degumming
fibers with a tensile modulus of 25 GPa. The diameters of the single fibers ranged from 15 to 40 μm. The
ethanol with 99.7% purity was obtained from Sigma-Aldrich Co., (Milwaukee, WI). Before plasma
treatment, all ramie fibers were cleaned with acetone and dried in a vacuum oven.
3. Result and discussion
3.1. Surface morphology
The SEM micrographs of the ramie fibers from the control and the plasma-treated show that the surface
of untreated ramie fiber was relatively smooth. After plasma treatment, surface roughness increased
surface due to the energetic species such as electrons, ions and radicals in plasma collided with the fiber
surface.
3.2. Dynamic water contact angle
The dynamic contact angle of untreated fibers was 45.2°. These results indicate that the plasma
treatment effectively reduced the surface wettability of the treated ramie fibers, suggesting a layer of
hydrophobic groups was successfully grafted onto ramie fiber surface with plasma treatment.
Significant increase in hydrophobicity was confirmed (contact angle of 82.7°) when we used 10 mA
treatment current, 8 sccm ethanol flow rate and 5 min treatment time.
3.3. Interfacial shear strength (IFSS)
It was found that all treated fibers had significant improvement in IFSS value compared with that of
untreated ones, which was 16.7 MPa. This study showed that, the IFSS increased up to 50.3% for fibers
treated with 10 mA current, 8 sccm flow rate and 5 min duration. This increase can be attributed to
better chemical compatibility in the ramie/PP interface due to a grafted layer of hydrophobic groups on
ramie fiber surface and better physical compatibility due to more mechanical interlocking caused by
plasma etching.
3.4. XPS analysis
The atomic ratios of O/C of the ramie fiber surfaces derived from the XPS spectra was studied. The
untreated fibers had relatively high ratio of oxygen to carbon about 0.48. After plasma treatment, this
ratio remarkably decreased to 0.20, which is mainly attributed to the chemical reaction between the
fragments of ethanol molecules to cellulose in plasma environment of continuous ethanol flow, forming
a grafted layer of ethyl groups on the ramie fiber surfaces.
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4. Conclusion
From the results of this study we can conclude that our continuous ethanol flow plasma technique can
successfully modify ramie fiber surfaces. The IFSS value of the treated group significantly increased up to
50% compared with the untreated fibers. The improvement in interfacial adhesion can be attributed to a
combination of improved surface hydrophobicity of ramie fibers due to the creation of ethyl groups and
more mechanical interlocking due to etching effect during plasma treatment. In addition we can
conclude that, the ethanol flow rate played an important role in this process.
Note: Full paper is published in Applied Surface Science, Volume 364, 28 February 2016, Pages 294–301
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Protein adsorption versus grafting on plasma-based fluorocarbon polymers:
An under-flow stability study
V. Montaño-Machado, P. Chevallier and D. Mantovani
Lab. Biomaterials & Bioengineering CRCI, Dept. MinMetMater Eng, CHU de Quebec, Research Center,
Laval University, Quebec, QC, Canada
Abstract: Coatings on medical devices are expected to protect metals from corrosion and to
serve as carriers for bioactive molecules. The present work compares adsorbed and grafted
proteins on fluorocarbon films generated – and functionalized - by a plasma-based process.
Under-flow stability tests were completed and coatings were characterized by XPS, contact
angle, AFM and ToF-SIMS. Higher stability of the grafted coatings was observed, showing
the impact of the coating strategy on the overall stability of the surfaces.
Keywords: fluorocarbon films, coatings, biomaterials, stability tests, grafting.
1. Introduction
The surgical implantation of metallic stents in a narrowed
vessel after balloon angioplasty is a common procedure.
However, the related complications such as thrombosis,
inflammation and device corrosion, leading to the loss on
mechanical properties and/or restenosis are still a serious
concern [1]. Coating the substrate with films of materials
having better performances in terms of biocompatibility and to protect the substrate - is a technological strategy
which is more and more considered to limit these
complications [2,3]. In this context, plasma treatment
appears as a promising technique, thanks to its capability
of obtaining highly uniform ultra-thin coatings which are
homogenous, pinhole-free and strongly adherent to the
substrate. Indeed, the coating strategy will be primarily
responsible for the interfacial properties between the
substrate and the coating, which must show high stability.
However, systematic investigations to compare different
coating strategies of a selected molecule are rare and the
stability of the coatings is not often assessed for blood
applications involving circulation; such studies require the
comparative evaluation of different surface modification
techniques and the implementation of various methods to
validate the stability of the coatings. The present work
focuses on the development of a long term stable
fibronectin (FN) coating on fluorocarbon films (CFx)
deposited – and functionalized - by plasma treatment able
to promote endothelial cell response on cardiovascular
devices.
2. Materials and Methods
Clean stainless steel substrate was electropolished with a
solution containing 50 % glycerol, 35 % phosphoric acid
and 15 % water at 90 °C, followed by an acid bath
containing 88 % of water, 10 % of nitric acid and 2 % of
hydrofluoric acid for 30 s. After the acid bath, samples
were dried and stored under vacuum for less than 24 h until
further use. CFx coating deposition was performed in a
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home-made pulsed plasma reactor. An etching process was
first performed using H2 followed by the plasma deposition
of CFx carried out using H2 and C2F6 as feeding gases for 4
min [4]. Afterwards, FN was added following two
approaches: adsorption for 30 min at 37 ºC (FNa) or
grafting through glutaric anhydride (FNg). For the grafting
process, CFx surfaces were functionalized by plasma
treatment in a microwave plasma reactor (Plasmionic Inc.).
H2 and N2 were used as feeding gases. Anhydride glutaric
was further reacted with the functionalized surfaces and FN
was grafted following EDC methodology as previously
described [5]. CFx, FNa and FNg samples were tested
under flow during 7 days in PBS solution. Flat samples
were fixed on a resin support and put in contact with PBS
solution under (laminar) flow with a shear stress of 1.7–2
Pa. After 7 days under flow, samples were rinsed 3 times
with nanopure water under vortex agitation and air-dried.
Coating characterizations before and after stability tests,
were
performed
through
X-ray
Photoelectron
Spectroscopy (XPS), water contact angle (WCA), Atomic
Force Microscopy (AFM) and Time of Flight Secondary
Ion Mass Spectrometry (ToF-SIMS).
3. Results
XPS analyses were performed as a first characterization of
the surfaces. After survey analysis, the CFx film presented
only fluorine and carbon amounts, 69 and 30%,
respectively (Table 1). After the adsorption of FN, namely
FNa, a decrease in fluorine concentration to 43 % and an
increase of carbon to 41 % were observed; moreover, 10 %
of oxygen and 4.5 % of nitrogen were detected. For FNg
the percentage of fluorine falls drastically until 2.2 % with
an increase of the carbon, oxygen and nitrogen amounts to
56, 27 and 13 %, respectively. The WCA was very high for
the CFx film, 122 ± 4°, which decreased to 104 ± 7° and
67 ± 4° after the addition of fibronectin, FNa and FNg,
respectively (Figure 1). Regarding AFM analyses, the CFx
film presented Rq and Rsk values of 1 nm and 0.5,
respectively, for FNa these values were 4 nm and -1.4,
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while for FNg were 4.5 nm and 0.6, respectively (Figure
1). In ToF-SIMS analysis (Figure 2), two peaks of the
negative spectrum were selected to follow the behavior of
the FN coatings: HS-, which should be only present in FN,
and Cr-, representing the stainless steel, to determine the
covering of the substrate. The left side of Figure 2 shows
the map distribution of the 2 fragments on CFx, FNa and
FNg before stability tests. As can be observed, low
intensities of the ions HS- and Cr- are observed in the CFx
film. In the case of FNa an augmentation in the intensity of
the HS- ion when compared to the CFx film was detected.
For FNg, a higher concentration of HS- and a slight
increase in the Cr- concentration when compared to both
FNa and CFx samples are detected. In the case of FNa
coating, the augmentation in the intensity of the HS- ion
when compared to that of the CFx film evidenced the
presence of the protein. For FNg, ToF-SIMS analysis
showed higher intensity and homogeneity of the HS- ion
when compared to CFx and FNa surfaces.
After stability tests, for CFx films, XPS survey analyses
showed defluorination from 69 to 40 % with an
augmentation of carbon and oxygen amounts from 30 and
1 % to 44 and 12 %, respectively (Table 1). Moreover, the
WCA dropped from 122 to 113° after the dynamic stability
test and Rq changed from 1 to 8 nm while Rsk from 0.5 to
0.3 according to AFM analysis. In the case of FNa, XPS
survey analysis showed an increase in F amount while C,
O and N concentrations decreased slightly. The WCA
decreased slightly from 104 to 102° (Table 1). The Rq of
the coating increased slightly from 4 to 5 nm while the Rsk
changed from - 1.4 to - 0.6. For FNg coating, the F amount
increased from 2.2 to 7 % while the C, O and N decrease
slightly. The WCA changed from 67 to 62° while the Rq
decreased from 4.5 to 2.5 nm and the Rsk increased from
0.6 to 2.8.
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Table 1: XPS survey analysis and water contact angle of
the different conditions before and after stability tests.
Surfaces
before and after
under-flow test
Before
CFx

FNa

FNg

After

Chemical composition by XPS
F

C

69 ± 1

30 ± 2

40 ± 1 43.7 ± 0.2

O

N

1±1

ND

11.5 ± 0.7

2.1 ± 0.2

Before

43 ± 2

41 ± 1

10 ± 2

4.5 ± 0.5

After

51 ± 6
2.2 ±
0.8
7±4

39 ± 2

7±3

3.0 ± 0.5

56 ± 2

27 ± 3

13 ± 1

60 ± 2

22 ± 1

12 ± 1

Before
After

Figure 1: Atomic Force Microscopy (AFM) and water
contact angle (WCA) before and after under-flow stability
tests.

4. Discussion
For CFx, its chemical structure very similar to PTFE was
confirmed by XPS analyses and the high WCA. The high
F percentage found under FNa conditions suggests a lack
of homogeneity of the protein coating leading to some
areas where CFx is exposed and/or an elongated
conformation of FN allowing the detection of the CFx film,
considering the fact that XPS depth analysis is ̴ 5 nm. In
the case of FNg coatings, the decrease in F at the surface
suggests a denser/more homogenous coating of FNg when
compared to FNa. The significant lower WCA of FNg also
suggests a different conformation of the protein, exposing
more hydrophilic amino acids after the grafting process
than after the adsorption one. However, a better covering
of the CFx coating can also have an influence of decreasing
the WCA. The AFM 3D-phase images obtained on the
different surfaces are presented in Figure 1. FNa and FNg
lead to an increase of surface roughness (Rq) as compared
to the CFx surface while Rq shows no dependence on the
two FN treatments.
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Figure 2: ToF-SIMS imaging of HS- and Cr- ions before
and after under-flow stability test.
In the Rq range of 3.5–5.3 nm, both FNa and FNg surfaces
were achieved and the data points form a cloud with no
trend. However, the skewness (Rsk) was shown to be
different on each of the investigated surfaces. These Rsk
values, which represent the degree of symmetry of the
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surface heights, suggest a more homogenous surface after
grafting (FNg) rather than adsorption (FNa). In ToF-SIMS
analysis, the detection of some ions HS- and Cr- on the CFx
surfaces could be related to contamination and nanodefects
of the film, respectively. Similar detection of Cr- on FNa
and CFx samples was observed, which supports the
hypothesis of the lack of homogeneity of the protein
leading to uncovered areas. For FNg, ToF-SIMS analysis
was useful to confirm the better covering of the surface
with a higher intensity and homogeneity of the HS- ion
when compared to CFx and FNa surfaces. Nevertheless, the
detection of Cr- suggests defects of the coating.
After under-flow stability tests, the changes in atomic
composition of the CFx film are justified by an oxidation
and rearrangement of the CFx film when in contact with
PBS solution. The protrusions and the augmentation in the
Rq value observed after AFM analysis also supported this
hypothesis (Figure 1). These protrusions are believed to be
the sites of nanodefects of the CFx film after the plasma
deposition as previously mentioned and it is further
explained elsewhere [6]. The decrease in hydrophobicity
detected after the stability tests, is coherent with the
oxidation of the CFx film, which leads to defluorination and
an augmentation in carbon and oxygen relative
concentrations. For FNa samples, the higher concentration
of F found in FNa suggests the loss of the protein (Table
1). Indeed, the lower concentration of F presented in CFx
when compared to the FNa coating after the dynamic test
suggests that FN acted as a protecting layer for the CFx
film. The augmentation of the WCA of FNa after the
dynamic test also suggested the loss of the protein. The
lower WCA detected for CFx when compared to FNa after
the dynamic test can also be justified by a protective action
of FN leading to a less damaged CFx film during the test.
AFM images showed evident damage to the FNa coating
during the dynamic test. However, the Rq value is almost
conserved and still lower than that of the CFx sample after
7 days under flow, showing again protection of the CFx
film in the presence of the protein. In the case of FNg, the
slight increase in F amount was similar to that observed
after the static tests, which implies a similar effect of the
dynamic test on chemical composition. The remarkable
decrease in Rq value can be justified by changes in
conformation of the protein leading to a more
compact/dense coating. Indeed, Vallières et al. previously
reported a height of the samples to be 3 ± 2 nm where FN
was grafted using glutaric anhydride as a linking arm. On
the other hand, even if during the grafting process of FN
several washings using vortex agitation were performed,
the hypothesis of having still some FN adsorbed on FNg
samples is feasible. Therefore, a partial amount of protein
adsorbed remained on the surface after the preparation of
FNg coatings could be detached during the dynamic test
and had an influence on the new conformation of the
coating observed after AFM analysis. Moreover, for FNg
the WCA did not present significant changes, which
evidenced the presence of FN after dynamic tests. The right
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side of Figure 2 presents the map distribution of ions HSand Cr- after the dynamic tests. In the case of the CFx film,
an augmentation in the concentration of both HS- and Crwas detected. FNa showed a remarkable decrease in HSconcentration with no changes in Cr-. Meanwhile, FNg
showed a slight decrease in HS- amount with no changes in
the Cr- amount. For CFx, the unexpected increase in HSintensity was related to a possible contamination present on
the platform where the dynamic test was performed. On the
other hand, the increase in Cr- concentration showed
damage to the CFx film during the dynamic tests leading to
a higher incidence of defects on the surface. In the case of
FNa, the notable decrease in the intensity of the ion HSwas again related to a loss of the protein. However, the
preservation of the distribution of the Cr- ion confirms the
covering of the stainless steel substrate, which implies the
preservation of the CFx film, even better than on the CFx
sample. For the FNg condition, the diminution in the
intensity and homogeneity of the HS- fragment evidenced
damage to the protein coating. These observations are in
accordance with the hypothesis of the desorption of
remaining FN adsorbed and not grafted. Even if a
detachment of FN grafted should not be excluded, this
hypothesis is not consistent with the low concentration of
F detected and the low contact angle. Finally, the
preservation of the concentration of Cr- in FNg suggests the
covering of the metallic surface.
5. Conclusions
Two FN coatings, either adsorbed (FNa) or grafted (FNg)
on a plasma-based fluorocarbon coating, have been
characterized and submitted to under-flow stability tests.
FN grafted exhibited higher stability and denser coatings
than FNa. The pertinence of using a plasma-based polymer
as carrier for FNg coatings for cardiovascular applications
was confirmed in terms of their stability under flow.
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New approaches to synthesize proton conductor materials
via a plasma-enhanced Pechini route
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Abstract: Conventional wet-chemical routes to synthesize functional materials often suffer
of certain disadvantageous, e.g. sintering effects during annealing steps at high temperatures.
We present a new approach to employ dielectric barrier discharges to enhance the wellknown Pechini route. This is demonstrated for Ba 2In2O5 as most common model system for
proton conductor materials.
Keywords: dielectric barrier discharge, complex oxides, sol-gel, coating deposition, bariumindium oxide

1. Introduction
Currently, scientific research in the area of hydrogen
energetics attracts much interest, e.g. for Hydrogen SolidOxide Fuel Cells (Н-SOFC). Solid proton conductors
based on complex oxides have many advantages over
oxygen conducting solid electrolytes. Due to the cathodic
neutralization process, the hydrogen fuel is not intermixed
with the reaction products (water vapour, that is), which
allows to use almost up to 100% of the hydrogen and
enhances the energy conversion efficiency. Further, fuel
cells based upon proton conductors can be operated at
relatively low temperatures of 600 – 800 ºC (class I
conducting materials), which is principally lower than for
oxygen conducting materials (usually 800 – 1000 °C),
because of the high mobility and low activation energy of
protons as charge carriers. This lowers energy expenses
and thus the costs of the produced electricity. [1]
The successful commercialization of H-SOFCs requires
decreased electrolyte resistance, which can be achieved by
developing thin proton conducting films. Common
methods to deposit thin film electrolytes onto an electrode
require multiple heating steps, which lead to decreased
electrode porosities and large grain sizes, thereby reducing
the diffusion coefficient and, thus, the protonic
conductivity. [2-4] These films can be prepared in a wellcontrolled manner using the Pechini route. This is done by
dissolving the involved metals as salts in the desired
proportion in water with citric acid and e.g. ethylene
glycol. Heating the solution initiates a transesterification
reaction, thus forming a covalent polymer network, which
is then combusted and further sintered in order to yield the
ceramic product. While the combustion step will result in
nanoscale powders, the sintering step required for
purification and structural rearrangement will lead to the
formation of microscale particles. [5]
The application of proton conducting materials requires
transportation rates as high as possible; therefore, materials
with smaller grain sizes and larger proportions of grain
boundaries are favourable. The aim of this work is to obtain
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stable thin films of a complex oxide protonic conductor
with nanoscale grain sizes. In order to achieve this, we
employed non-thermal plasma technology trying to
enhance the Pechini synthesis route. We used Ba2In2O5 as
model material, because its structural and transport
properties are well described in the literature. [6]
2. Experimental
According to the Pechini method, gels were prepared
with different organic components (citric acid (CA; SigmaAldrich, > 99.5%), ethylene glycol (EG; Sigma-Aldrich,
> 99%) and their mixtures). The initial components for
Ba2In2O5, i.e. Ba(NO3)2 (99.9%) and In2O3, (99.9%) were
taken in the stoichiometric proportion and dissolved. To
this solution, the organic components were added.
The gel was applied to cleaned molybdenum substrates
via drop coating; the covered substrates were then treated
in a dielectric barrier discharge (DBD) plasma in
atmospheric air. The DBD setup (see Fig. 1) comprises a
volume of 10 dm³, an opening via a 25 mm tube at the side
prevents the build-up of pressure inside the reactor. The
setup has a removable lid fixed by four quick-release
fasteners, into which a glass dielectric (soda-lime;
STERIPLAN®, 120 mm diameter) with an electrode (steel
plate; 80 mm diameter) connected to a commercial HV
supply (Ing.-Büro Dr. Jürgen Klein, S/N 040/3) is
embedded. A sample stage is adjusted to carry the
specimen at 2 mm below the dielectric. Alternating high
voltage impulses of 11.33 kV with a duration of 0.6 µs
were applied at a repetition rate of 10 kHz.
After the plasma treatment process, the analysis of the
elementary composition of the films was carried out via Xray photoelectron spectroscopy (XPS). Attenuated total
reflection Fourier-transform infrared spectroscopy (ATRFTIR) was used to compare films after different plasma
treatment times, thus identifying the residual organic
components. Atomic force microscopy (AFM) and
confocal laser scanning microscopy (CLSM) were used to
study the surface structure of the films.

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

poster

The flat (blue) regions of the coating still exhibit a
particulate surface structure on the nanoscale, as depicted
in the AFM images in Fig. 3. The shapes and sizes of the
particles vary significantly from up to 3 µm down to less
than 100 nm. This might imply that grain sizes on the
nanoscale can well be obtained via the presented approach.

Fig. 1. CAD sketch of the DBD setup. [7]

3. Results and discussion
The plasma treatment in atmospheric air led to a
conversion of the gel films drop coated onto the
molybdenum substrates. Fig. 2 shows CLSM results
displayed as overlapped optical and laser intensity images
for samples treated in an air plasma for 1 h (top image) and
3.5 h (bottom image), respectively. After 1 h, large areas
are already converted into oxide states, but still, significant
amounts of gel remain, e.g. the triangular structure in the
image. A treatment of 3.5 h leads to an almost complete
conversion of the gel, where a flat (blue regions) or
particle-like structured (yellow regions) film covers most
of the substrate’s surface.
Fig. 3. AFM image of a gel-coated substrate after 1 h of
air plasma treatment
Fig. 4 contains ATR-FTIR spectra of different regions of
the coating after 1 h of plasma treatment (orange, red and
cyan lines) as well as one of a pristine gel (dark blue line)
for comparison.

Fig. 4. ATR-FTIR spectra of different regions on a coated
substrate after 1 h of air plasma treatment (orange, red
and cyan lines) as well as a pristine gel (dark blue line).

Fig. 2. CLSM images of coated substrates after 1 h (top
image) and 3.5 h (bottom image) of air plasma treatment
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For all regions of the coating, the broad OH band of the
gel (above 3000 cm-1) is completely removed as to the
resolution of the instrument. Most of the bands within the
fingerprint region are largely declined after this only 1 h of
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plasma treatment; merely two sharp lines at 817 cm-1 and
730 cm-1 as well as a broadened peak at 890 cm-1 remain.
These bands, as well as the sharp multiplet structure below
1500 cm-1, seem typical for the bands found in bariumindium mixed oxides, before. [8]
Fig. 5 shows an XPS overview spectrum for a coated
molybdenum substrate after 1 h of air plasma treatment.
Besides indium, barium, oxygen and carbon, there are large
amounts of molybdenum present in the spectrum. This
indicates a very thin film thickness and may infer an
incomplete coverage of the substrate by the coating. The
very low fraction of barium in comparison to indium may
be due to demixing, which is a common problem during
the preparation of Ba2In2O5. [9,10] The high oxygen
fraction in relation to the sum of all three metals present
yields a composition of approx. Me2O3. The carbon from
the gel already has been removed as for the most part;
however, after this 1 h, the residual fraction of carbon
atoms still comparable to the metal elements in the product.
Further details on the stoichiometry and other fit details are
given in table 1.

Fig. 5. XPS overview spectrum of a coated Molybdenum
substrate after 1 h of air plasma treatment.
Table 1. XPS binding energies, peak FWHMs and
concentration for all elements in the spectra in Fig. 5.
Element

Binding energy

FWHM

Concentration

Mo

239.5 eV

6.55 eV

20.0 at.-%

In

452.0 eV

4.81 eV

12.1 at.-%

Ba

788.0 eV

5.46 eV

0.5 at.-%

O

538.0 eV

4.80 eV

51.3 at.-%

C

291.0 eV

6.46 eV

16.0 at.-%

Pechini route synthesis. However, long treatment times are
required even for very thin films. The products exhibit
grain or particle sizes on the nanoscale, but an incomplete
coverage of the substrates could not be excluded, so far.
Further, the stoichiometric composition suffered from
demixing effects reported earlier for the conventional
Pechini route. [9,10] Even though these problems need to
be overcome, the presented results indicate the plasmaenhanced Pechini synthesis route to be an interesting and
promising new approach.
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4. Conclusions
An approach to circumvent sintering effects during the
wet-chemical synthesis of complex oxides via the
conversion and removal of organic matrices in a dielectric
barrier discharge was presented. The DBD plasma led to a
removal of main parts of the organic substances used in a
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Abstract: The development of new multifunctional coatings with antimicrobial properties
has a special interest in several applications for pharmaceutical and medical products. This
work reports on the deposition of antimicrobial coatings based on silver nanoparticles (Ag
NPs) embedded in an organosilicon film onto woven and nonwoven textiles. The Ag
nanoparticles admixed with hexamethyldisiloxane (HMDSO) vapours are introduced by
means of an atomizer system in the remote discharge of an atmospheric pressure plasma
source operating in argon. The chemical properties and the surface morphology of the
coatings with antimicrobial potential are discussed.
Keywords: atmospheric pressure discharge, Ag nanoparticles, HMDSO polymerization.
1. Introduction
Utilization of textiles in the medical applications requires
special attention in order to diminish the intrahospital
infections which usually conducts to prolonged healthcare
and even increasing rate of mortality [1]. Among the
strategies considered for obtaining material with
antibacterial properties are those based on the surface
processing by micropatterning [2], attachment of chemical
groups or drug delivery systems [3]. Another approach
consists of the introduction of metals with intrinsic
antimicrobial properties, like Ag or Cu, for which the
released ions interact with the bacterial cell wall and DNA
conducting eventually to cell death [4]. In this case, the
utilization of metal nanoparticles brings the advantage of a
high surface - to - volume ratio leading to high release from
small amount of metal and thus preventing the cytotoxicity
and genotoxicity effects on human organisms.

grounded, as shown in Figure 1. Both electrodes are in
contact with plasma. The precursor, consisting of an
admixture of Ag NPs of 50 nm diameter with
hexamethyldisiloxane (HMDSO) at a concentration of
AgNPs /HMDSO of 1:50, is introduced through an
atomizer in the interior isolated channel of the RF electrode
and is forced to interact with the plasma jet in its remote
region. Argon (99.999 % purity) is used as feeding gas at a
flow of 2500 sccm; the discharge is generated with
radiofrequency (13.56 MHz) power, at levels below 20 W.
In order to ensure a uniform deposition, a translation stage
was used for mounting the DBE plasma source. The argon
flow passing through the atomizer was set to 900 sccm and
the distance between the plasma source exit and the
substrate was 1 mm. The scanning speed was 5 mm/sec and

In the present work, we present data regarding the
synthesis of antimicrobial layers onto textile fabrics by
atmospheric pressure plasma processing starting from an
admixture of Ag nanoparticles with hexamethyldisiloxane
(HMDSO) vapours introduced in the remote plasma.

2. Experimental part
The atmospheric pressure plasma source used for
deposition of silver-polymer nanocomposites is based on
the discharge with bare electrode (DBE) and consists in a
co-axial plasma configuration in which the inner
cylindrical electrode is RF active while the outer one is
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Figure 1: a) The discharge configuration and b)
image during deposition experiments of the DBE
plasma source
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the number of scans was 100. The deposition experiments
were carried out in open atmosphere, on Polyethylene
Terephthalate - PET textile, with woven and non-woven
texture.
Similar deposition experiments have been performed
by using an atmospheric DBD plasma in air and
respectively an atmospheric DC plasma jet in operated in
N2.
The obtained coatings were analyzed by Fourier
transform infrared spectroscopy (FTIR), X-ray
Photoelectron Spectroscopy (XPS), Energy-dispersive Xray spectroscopy (EDS) and Scanning electron microscopy
(SEM).
3. Results and discussion
We performed current-voltage measurements in order
to determine the effective power in the discharge as
function of the forwarded power from the RF generator. In
a first approximation, we considered an RX equivalent
circuit of the discharge, with X the total equivalent
reactance and R the plasma resistance. The average active
power PAVR can be determined as:
m

PAVR   U RMS I RMS cos  n

(1),

where

n 1

URMS and IRMS are the quadratic average of the voltage and
current, respectively, ΔΦ is the phase difference between
the current and the voltage, n is the armonic order and m is
the maximum order for the considered armonics (m = 6).
16

composition of the samples are presented in Table 1. We
should mention here that the Ag presence could not be
detected for the woven deposited material, being probably
below the detection limit. On the other hand, for the nonwoven material the ratio of Ag/Si was much higher than
the expected values, considering the ratio between the
HMDSO and AgNPs introduced in the process.
Table 1. Chemical composition of the samples.
Sample
type/atomic
composition
C (At %)
O (At %)
Si (At %)
Ag (At %)

PET
ini
71.97
28.03

PET
+
HMDSO
60.91
34.13
4.96

PET + Ag NPs
+HMDSO
(nonwoven)
38.88
52.56
6.19
2.38

The investigation of the surface morphology as function
of the deposition conditions was performed by means of
Scanning Electron Microscopy. A rather homogeneous
dispersion of the Ag nanoparticles was observed in the case
of woven deposited material (Figure 3a and b). In the case
of nonwoven textile, we could observe a tendency towards
agglomeration of the Ag nanoparticles (Figure 3c and d)
onto some fibers. These agglomerates can conduct to the
overestimation of the Ag concentration by EDX in the
nonwoven coated sample, while for the homogeneously
covered woven coated textiles, the concentration can be
below the detection sensitivity.

2500 sccm plasma off
2500 sccm

14
12

PAVR (W)

10
8
6
4
2

a)

b)

c)

d)

0
-2

0

5

10

15

20

Pfwd (W)

Figure 2. Dependence of the average active power upon
the forwarded RF power (reflected power = 0 W)
The results pointed out that in the conditions used for the
deposition, the actual power in the discharge is ¾ from the
injected power.
In order to prove the successful deposition of the
organosilicon layer and the inclusion of Ag in the deposits,
we performed EDX analysis onto initial textile, HMDSO
deposited textile, and AgNPs+HMDSO covered woven
and nonwoven material. The results regarding the chemical
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Figure 3. SEM images of the PET polymeric textile
coated by nanocomposites consisting of Ag NPs and
polymerized HMDSO. a) and b) show the case of woven
material, while c) and d) that of non-woven material, for
magnification of 250x and 5000x

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

poster

However, considering the envisaged application as
antimicrobial coating, one should underline that formation
of agglomerates of NPs is undesirable since it may strongly
affect the ion release.
The investigation of the chemical composition of the
AgNPs+HMDSO layers was performed by Fourier
transformed infrared spectroscopy in attenuated total
reflectance mode (FTIR-ATR). In Figure 4 are presented
the FTIR spectra for nonwoven PET covered by AgNPs +
HMDSO coatings with various Ag contents, and the main
features of the IR spectra are indicated in Table 2.
d e

f g

h

847

Si – C rocking and CH3
rocking vibrations

c

871

d

971

C - H out of plane
deformation
Si – OH bending vibration

e
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C - H in plane vibration
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C=O bending vibration
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g

0,5
0,4

p q r

o

CH3 symmetric stretching

PET non-woven
0.5% Ag particles-HMDSO/PET
1% Ag particles-HMDSO/PET
2 % Ag particles-HMDSO/PET

CH3 rocking

Absorbance (a.u.)

0,6

bc

b

CH2 asymmetric stretching
CH3 asymmetric stretching

a

0,7

Table 2. Identification of the chemical bonds in FTIR
spectra
Label Wavenumber
Chemical bond
(cm-1)
a
790
CH3 rocking vibration and
Si – O – Si stretching
vibration

Si-OH

0,2

2% Ag particles HMDSO

0,1
PET non-woven

0,0
800

1000

1200

1400

1600

2800

3000

Wavenumber (cm-1)

Figure 4.FTIR spectra of nanocomposite coatings of
Ag NPs + HMDSO with various Ag loads onto PET
nonwoven textile
The spectrum of untreated textile material is
characterized by the presence of chemical bonds specific
for PET [5]. Upon AgNPs + HMDSO layer deposition by
atmospheric pressure plasma, the textile materials present
several differences in the region 750 – 2690 cm-1, which
are associated to the deposition of an organosilicon film
obtained upon HMDSO plasma polymerizations [6].
One should mention here that the presence and
chemical state of Ag NPs cannot be assessed by FTIR
technique. In order to overpass this problem, XPS
measurements were performed on samples obtained in a
similar configuration by using a DC plasma jet operating
in nitrogen, which consists of a pin-to-mesh electrode in a
quartz tube. The high resolution spectra in the binding
region of Ag 3d shows the presence of Ag 3d5/2 and Ag
3d3/2 peaks at 368.1 eV and 374.2 eV, respectively. They
point out towards the presence of Ag in metallic state, but
also a partial oxidation evidenced by the small shift of 0.1
eV encountered for the Ag 3d5/2 peak in respect to that of
bulk metal Ag (at 368.2 eV) [7].
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CH2 asymmetric stretching

Figure 5. High resolution XPS spectrum in the Ag3d
binding energy region for the nanocomposite films
obtained with the DC plasma jet
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4. Conclusions
An approach for deposition of nanocomposite
coatings containing Ag nanoparticles on PET fabrics was
presented. It is based on the utilization of an atmospheric
pressure plasma source working in argon, in which the
precursor admixture is introduced in the remote plasma
region, conducting to the HMDSO polymerization and
incorporation of Ag NPs. Preliminary tests regarding the
antimicrobial activity (not shown) revealed that the silver
containing surfaces are effective against S. aureus and
P.aeruginossa.
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Abstract: This paper describes the application of an Ar/CH4 /H2 inductively coupled thermal plasmas (ICTP) without modulation, and modulated induction thermal plasmas (MITP)
to syntheses of diamond films. First, monocrystalline diamond film growth on a monocrystalline diamond substrate were studied by irradiation of modulated ICTP and MITP, and then
polycrystalline diamond film deposition on a Si substrate was tested. As a result, the nonmodulated ICTP are eﬀective to monocrystalline diamond growth, while the MITP promotes
nucleation of diamond particles.
Keywords: Inductively coupled thermal Plasmas (ICTP), Modulated induction thermal plasmas (MITP), Polycrystalline diamond, Monocrystalline diamond
1.

Introduction
The inductively coupled thermal plasmas (ICTP) have
been widely adopted as eﬀective heat and chemical species
sources for various materials processing such as syntheses of polycrystalline diamond films [1], thermal barrier
coatings [2], nanopowder synthesis [3], and surface modifications, etc. The ICTP has some advantages of their
high enthalpy and high radical density without any impurity contamination. To obtain a further eﬀective radical
source, we have previously developed a series of modulated induction thermal plasma (MITP) system including
a pulse-modulated induction thermal plasma (PMITP) system and an arbitrary-waveform-modulated induction thermal plasma (AMITP) system [4, 5]. The PMITP and AMITP
are established by the amplitude-modulated coil current of
the order of several hundreds amperes. Such a modulation can oﬀer a time-controlled temperature field, and in
addition the time-controlled chemical reaction field in the
ICTP [4]. We are now studying to adopt these ICTP and
MITP to diamond films syntheses. Diamond has attractive
outstanding properties such as hardness, high thermal conductivity, wide band gap, chemical inertness. It is therefore
expected to be applied for various fields from machining
tools to power semiconductors.
In this paper, we investigated the application of the nonmodulated ICTP and MITP to polycrystalline diamond film
fabrication on a Si (100) substrate. First of all, both of
Ar/CH4 /H2 non-modulated ICTP and PMITP were irradiated to monocrystalline diamond substrate growth in order
fundamentally to study the eﬀect of coil current modulation. Results indicated that the ICTP without modulation
is eﬀective for monocrystalline diamond growth, while the
PMITP rather promotes diamond nucleation and particle
synthesis on the substrate. Secondly, the ICTP without
modulation and the PMITP were irradiated to a Si substrate
for polycrystalline diamond film deposition. In particular,
a unique method combining non-modulated ICTP irradiation with MITP irradiation was tested as well as single
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non-modulated ICTP irradiation or single MITP irradiation. The series irradiation of MITP and non-modulated
ICTP, denoted by MITP-ICTP irradiation, was done because eﬀective nucleation of diamond particles was expected
by MITP, and then ICTP irradiation works for diamond particle growth. As a result, the MITP-ICTP irradiation provided larger polycrystalline diamond particles on the substrate.
2. Experimental
2.1. Experimental setup
Fig. 1 shows the system of ICTP used in the present
work. The plasma torch is composed of two coaxial quartz
tubes. The inner diameter of the interior quartz tube is
70 mm; its length is 330 mm. Around the quartz tube,
an eight-turn coil is located with connecting an rf power
source. The rf power source can supply a high-frequency
coil current of 450 kHz. It can modulate the current amplitude following an externally given waveform. Argon gas
was supplied as a sheath gas along the wall of the plasma
torch. Into the plasma torch, a water-cooled metallic tube
was inserted from the plasma torch head along the center
axis. Through this tube, CH4 /H2 gas mixture was injected
to the plasma directly. The tip position of this water-cooled
tube was set between 5-th and 6-th turns of the coil. Downstream of the plasma torch, a substrate was placed on the
substrate holder. The distance between the substrate surface and the coil-end was set to 200 mm. The surface temperature of each substrate was measured with a radiation
thermometer.
For monocrystalline diamond growth test, a single crystalline diamond (100) substrate with a size of 2.6 × 2.6 ×
0.3 mm3 was used and placed on the molybdenum substrate
holder with a size of 25 × 25 × 0.6 mm3 . On this diamond substrate for irradiation, another diamond substrate
was placed as a mask with overlapping 1/4 of the whole
substrate. This masking enables us to evaluate monocrystalline diamond growth by comparing thickness in regions
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inside the chamber was controlled at 180 Torr. In case of
the monorystalline diamond growth experiments, the substrate temperature was kept at 930 ◦ C. On the other hand,
for Si substrate for polycrystalline diamond deposition experiments, the surface temperature was fixed at 1000 (±20)
◦
C for any modulation conditions by regulating the averaged input power. Irradiation time of Ar/CH4 /H2 thermal
plasma for monocrystalline diamond substrate and Si substrate were set to 3 hours and 1 hour, respectively.

Fig. 1. Schematic diagram of experimental equipment.

(a) Pulse modulation

(b) Sawtooth modulation

Fig. 2. Schematics of coil current waveform. (a) pulse modulation
condition, (b) sawtooth modulation condition.

with and without the mask.
On the other hand, for polycrystalline diamond film deposition test, a Si (100) substrate with a size of 25 × 25 ×
0.6 mm3 was placed at the same axial position, i.e. at 200
mm below the coilend.
2.2. Fundamental parameters of MITP
The MITP has unique control parameters for current modulation. Figs. 2(a) and (b) show the schematics of coil
current waveform. The present work uses two kinds of
coil current amplitude waveforms except non-modulation:
pulse-modulated and sawtooth-modulated waveforms. The
modulation cycle was fixed at 15 ms. For pulse-modulation,
we have four additional modulation control parameters as
shown in Fig. 2(a): the quantity ‘On-time’ the time duration
with higher current level (‘HCL’), and ‘Oﬀ-time’ the time
duration with lower current level (‘LCL’). We also defined
the shimmer current level ‘SCL’, as a ratio of LCL/HCL.
The 100%SCL condition corresponds to non-modulation
condition. In addition, the duty factor (DF) is set to a
ratio of the on-time to one modulation cycle: DF=‘ontime’/(‘on-time’+‘oﬀ-time’). On the other hand, the sawtooth waveform has three parameters: HCL, LCL and the
modulation cycle time T cyc .
2.3. Experimental conditions
Tab. 1 summarizes the experimental conditions of thermal plasma irradiation. The gas flow rate was set to Ar: 65
L/min, CH4 : 0.03 L/min and H2 : 3 L/min. The pressure
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3. Experimental results and discussion
3.1. Monocrystalline diamond substrate growth by
irradiation of Ar/CH4 /H2 modulated or
non-modulated induction thermal plasma
The ICTP without modulation and PMITP was irradiated
to monocrystalline diamond substrate to study the eﬀect
of the coil current modulation on diamond growth. Fig. 3
presents the optical microscope images of the diamond substrate surface for after irradiation of non-modulated ICTP (a),
and after irradiation of PMITP (b). For both cases, the deposited film can be seen in the irradiation region. In case of
non-modulated ICTP irradiation (a), the smooth deposited
film can be obtained in the irradiation region. This film
was confirmed to be diamond according to Raman spectra analysis, which indicating that the non-modulated ICTP
irradiation may grow monocrystalline diamond. On the
other hand, in case of PMITP irradiation (b), many carbonbased particles were generated on the irradiation region.
These carbon-based particles may be created due to nucleation from abrupt temperature decay during the oﬀ-time in
PMITP. The rapid temperature decay produce a supersaturation condition involving homogeneous nucleation. Actually, the PMITP is used for nanoparticle synthesis from this
reason [3].
The film growth thickness was measured by a laser microscope. Fig. 4 shows the thickness of the deposited film
measured along the x-axis in Fig. 3 on the monocrystalline
diamond substrate. Panel(a) is the result after irradiation of
non-modulated ICTP, and panel (b) is the one after irradiation of PMITP. From this figure, the growth rates were estimated as 2.33 µm/h by non-modulated ICTP irradiation,
and 0.83 µm/h by PMITP irradiation, respectively. In addition, the thickness curve is smooth in panel (a), whereas
the curve is rough in panel (b). The above result implies
that the non-modulated ICTP is more eﬀective for diamond
growth than the PMITP, while the PMITP creates the particle by nucleation.
3.2. Polycrystalline diamond film deposition on Si substrate by irradiation of Ar/CH4 /H2 modulated or
non-modulated induction thermal plasma
In the previous section, we found that ICTP without modulation is eﬀective for diamond growth, whereas the PMITP
promotes nucleation of diamond on monocrystalline diamond substrate. On the other hand, for polycrystalline diamond deposition, nucleation of diamond particle on the
first state and then diamond growth are necessary in general. In this section, the non-modulated ICTP and the PMITP
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Table 1. Experimental conditions

Substrate
Gas flow rate
Pressure
Coil current
waveform
Input power
Duty factor (DF)
Shimmer current level (SCL)
Substrate temperature
Irradiation time

No.1
No.2
No.3
No.4
No.5
Monocrystalline diamond (100)
Silicon (100)
Ar/CH4 /H2 = 65/0.03/3 L/min
180 torr
NonPulseNonPulseSawtooth-waveform
modulated
modulated
modulated
modulated
& Non-modulated
8.3 kW
8.0 kW
10.8 kW
11.8 kW
15.8 & 21.0 kW
67%
67%
100%
60%
100%
60%
31% & 930 ◦ C
1000(±20) ◦ C
3 hours
1 hour

(b) PMITP irradiation

(a) ICTP irradiation
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Fig. 3.
Optical microscope images of deposited film on
monocrystalline diamond substrate surface after irradiation of
Ar/CH4 /H2 thermal plasma.
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(b) PMITP irradiation
Fig. 4. Thickness of deposited film on monocrystalline diamond
substrate after irradiation of Ar/CH4 /H2 thermal plasma.

(a) ICTP irradiation

(b) PMITP irradiation

Fig. 5. SEM images of Si substrate surface after irradiation of
Ar/CH4 /H2 thermal plasma.

0.3 µm were sparsely generated. On the other hand, the
PMITP irradiation deposits diamond particles rather densely
on the Si substrate with grain sizes of 1–2 µm. This result
also may show that PMITP irradiation promotes nucleation
of diamond on the Si substrate. The deposited particles
or film were analyzed using Raman spectroscopy. Fig. 6
depicts the Raman shift spectra of the deposited products
on the Si substrates after irradiation of Ar/CH4 /H2 PMITP
or non-modulated ICTP. In Fig. 6, the Raman spectral intensity is normalized against the maximum value. For both
cases, there detected Raman peaks from diamond (k = 1333
cm−1 ) and Si (k = 520 cm−1 ) as well as disordered band
(D-band: k = 1350 cm−1 ) and graphite band (G-band:
k = 1590 cm−1 ). Especially, the PMITP irradiation oﬀers
relatively larger diamond peak than Si peak. This implies
that the PMITP can fabricate a polycrystalline diamond
film on the Si substrate in comparison to non-modulated
ICTP. This may be due to promotion of nucleation of diamond particles on the first stage of diamond deposition.
However, we found that it has still low deposition rate of
polycrystalline diamond. In the next section, we study the
combination of ICTP and MITP.

3.3. Polycrystalline diamond film deposition on Si subwere irradiated to a Si substrate respectively, to study the
strate by combination of MITP and non-modulated
eﬀect of their irradiation.
ICTP irradiation.
Fig. 5 shows SEM images of the Si substrate surface afAs mentioned before, the PMITP may promote nucleter irradiation of Ar/CH4 /H2 non-modulated ICTP (a) and ation of diamond particles on the first stage of the deposiPMITP (b), respectively. In the SEM image for non-modulated tion, while the non-modulated ICTP is more eﬀective for
ICTP irradiation, several particles with grain size around diamond growth if the diamond is already present. There-
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Fig. 6. Raman spectra of deposited film on Si substrate irradiated
by Ar/CH4 /H2 thermal plasma.

Fig. 7. SEM images of Si substrate surface after irradiation of
Ar/CH4 /H2 AMITP or non-modulated ICTP.
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{

Intensity [a.u.]
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fore, we attempted to adopt the combination of MITP and
1.0
non-modulated ICTP irradiation for polycrystalline diamond
G-band
Diamond
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0.8
film deposition: On the first stage, the MITP is irradiated
to a Si substrate to create diamond particle due to nucle0.6
ation, and then the non-modulated ICTP is irradiated to the
substrate for diamond particle growth.
0.4
Actually in the experiment, we irradiated sawtooth-waveform
MITP to Si substrate for 30 minutes first. After that, non0.2
modulated ICTP was irradiated to the same Si substrate for
more 30 minutes to grow the polycrystalline diamond film.
0.0
400
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The reason why the sawtooth-waveform MITP was used
Raman shift [cm ]
instead of PMITP is that the sawtooth MITP was found
eﬀective for polycrystalline diamond film in our previous
work [6]. Fig. 7 shows the SEM images of the Si sub- Fig. 8. Raman spectra of deposited film on Si substrate irradiated
strate surface after irradiation of the sawtooth-waveform by Ar/CH4 /H2 AMITP and non-modulated ICTP.
MITP and then non-modulated ICTP. As seen in this figure, much larger diamond particles with grain sizes around
6 µm can be found with a higher population density com- ulated induction thermal plasma promotes nucleation of dipared to those in Fig. 5. Furthermore, each of the diamond amond particles because of rapid temperature decay during
particles has a polycrystalline shape, suggesting that the the oﬀ-time. From the above features, we attempted to use
MITP promotes creation of diamond particles and then the a combination of MITP and ICTP to polycrystalline dianon-modulated ICTP grows those diamond particles eﬀec- mond film deposition on a Si substrate. On the first stage,
the MITP was irradiated to a Si substrate, and then to this
tively.
Fig. 8 depicts the Raman spectra of the deposited film substrate the ICTP was successively irradiated. As a reincluding diamond particles on the Si substrate after one sult, we found that much larger diamond particles were dehour irradiation of combination of MITP and ICTP. There posited with a high population density on the Si substrate.
detected diamond peak (k = 1333 cm−1 ), Si peak (k = 520
cm−1 ), disordered band (D-band: k = 1350 cm−1 ) and References
graphite band (G-band: k = 1590 cm−1 ). The existence
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Conclusions
This paper describes the application of the Ar/CH4 /H2
modulated induction thermal plasma (MITP) and non-modulated inductively coupled thermal plasmas (ICTP) to syntheses of diamond films. We found that non-modulated induction thermal plasma can grow diamond, while the mod-

504

[4] Y. Tanaka, Y. Uesugi, T. Sakuta, Plasma Sources Sci.
& Technol., 16, 2815 (2007)
[5] Y. Tanaka, Y. Morishita, K. Okunaga, S. Fushie and
Y. Uesugi, Appl. Phys. Lett., 90, 071502 (2007)
[6] S. Horita, et al., 12th Asia Pacific Conference on
Plasma Science and Technology, P14 (2014)

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

poster

Transport mechanisms of water vapour and oxygen through SiOx coated
polypropylene
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Abstract: Low permeability to oxygen, carbon dioxide, water vapour and aroma is a
necessity for many applications. In order to improve this property for plastics, nano-scaled
coatings deposited by plasma are investigated. Especially the transport mechanisms for
permeation are subject to this study. Transport through the molecular structure, through
small defects or even through large holes is discussed.
Keywords: PE-CVD, SiOx coatings, oxygen and water vapour transmission, permeation
mechanisms.
1. Introduction
The largest field of application for plastics is currently
packaging [1] as plastics offer good mechanical properties
combined with low density. A drawback of plastic
packaging for food, pharmaceuticals and electronics
applications over e.g. metals or glass is often their
permeability to oxygen, carbon dioxide, water vapour and
aroma. In order to improve this property, nano-scaled
coatings deposited by plasma are investigated [2, 3].
These coatings form a thin, virtually impermeable layer
on top of the substrate and improve permeation
properties, while most other properties remain the same.
In this work different possible temperature dependent
transport models through SiOx coated polypropylene are
discussed and compared. The aim is to understand the
permeation mechanisms of oxygen and water vapour
transport through thin PE-CVD coatings on
polypropylene.
2. Permeation Mechanisms
The transmission rate through barrier layers is influenced
by defects on different scales. The presence of defects
means that in addition to solving diffusion more
mechanisms of permeation have to be considered, which
overlap partially [4]. The following considerations have
been made for PVD coatings and are assumed to be
transferable to PE-CVD. For a detailed consideration of
the mechanisms a distinction based on the Knudsen
number 𝐾𝑛 is made.
𝐾𝑛 =

𝜆𝑓
𝑑𝑝

(1)

The Knudsen number correlates the mean free path 𝜆𝑓 of
the gaseous permeants with the characteristic defect or
pore diameter dp. Depending on dp the following three
types of defects are classified [5]:
• Macro defect (dp > 1 nm),
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• Nano defect (0.3 nm < dp < 1 nm) and
• Interstitial defect (dp < 0.3 nm).
However, the mechanisms vary especially for macro
defects depending on the pore diameter. For defects with
dp > 100 nm at a mean free path of about 66 nm for
standard conditions 𝐾𝑛 < 1 is considered. In this case the
free diffusion dominates in which the molecules or atoms
of the permeant encounter only among themselves. The
diffusion coefficient for the free diffusion Dfr can be
represented as follows [4]:
(dp > 100 nm) →

𝐷𝑓𝑟 ∝

1
𝑝∙𝜎∙𝑀

∙

𝑇 2,5
𝑇+𝐶𝑆𝑢

(2)

Equation (2) shows that only the gas species,
characterized by the collision cross section 𝜎, the
molecular weight M and the Sutherland constant CSU , and
the temperature T and the partial pressure p are relevant
for the free diffusion.
If there are defects with diameters in the order of
magnitude of a few tens of nanometers and therefore
Kn ≥ 1, then Knudsen diffusion dominates. It is
characteristic for this kind of diffusion that the permeating
species no longer collide only with their own kind, but
much more frequently with the pore wall. Thereby, the
diffusion coefficient is not dependent on the mean free
path but on the pore diameter. Above that the Knudsen
diffusion is independent of the pressure [4]. For the
diffusion coefficient DKn applies:
(0.3 nm < dp < 100 nm) → 𝐷𝐾𝑛 ∝ 𝑑𝑝 ∙ √

𝑇

𝑀

(3)

If Kn is >> 1 for diffusion through molecular structures, so
called solid body diffusion DS takes place. The diffusion
mechanism predominantly depends on the activation
energy EA.
(dp < 0.3 nm) →

𝐷𝑆 ∝ 𝑒𝑥𝑝 (

−𝐸𝐴
𝑅∙𝑇

)

(4)
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In order to allocate the influence of defects of a layer in
composite layers, the relationship between the
transmission rate through the layer system and the single
layer has to be considered. The transmission rate through
the layer thickness d matches the diffusion coefficient
D = TR · d. In order to determine the influence of the
coating on the transport mechanisms through plastics, the
permeation rate of a single layer needs to be
approximated. This is done according to the classical
laminate theory [6]:
1
𝑇𝑅𝑎𝑙𝑙

= 𝑇𝑅

1
𝑐𝑜𝑎𝑡𝑖𝑛𝑔

+ 𝑇𝑅

1
𝑝𝑙𝑎𝑠𝑡𝑖𝑐

(6)

After measuring the transmission rate 𝑇𝑅𝑝𝑙𝑎𝑠𝑡𝑖𝑐 of the
film, the transmission through the coating can be
determined by subtraction of the inverse of the
transmission rate of the coated and the uncoated film.
3. Materials
A biaxially oriented polypropylene (BOPP) film TNS 30,
Taghleef Industries LLC, Dubai was used as the substrate
consisting of three-layers which are co-extruded. The
resulting film thickness is DPP = 28.6 ± 0.7 μm. The
middle layer is extruded with material from edge
trimmings. One surface is flame-treated. The test
specimens were brought into the plasma reactor without
further cleaning. The untreated inner surface was coated
and investigated in these studies.
The investigated coatings are based on the monomer
hexamethyldisiloxane (HMDSO, O[Si(CH3)3]2) in
combination with oxygen. SiOx coatings were deposited
in pulsed microwave driven plasmas (fMW = 2.45 GHz).
with a ratio of 10:1 of oxygen to HMDSO. Details on the
low-pressure chamber are described elsewhere [7].
Surface chemical characterization identified about 13
at.% of carbon in these coatings [7]. Coating pressure was
4 Pa while the applied plasma power was 16 kW. Pulse on
time was 4 ms and pulse off time 40 ms. A time averaged
steady state electron density in the range of 6.5·10 16 m-3 to
9.5·1016 m-3 during the coating process was measured
with a plasma absorption probe (PAP) [8]. Coating
duration for 30 nm SiOx was 75 seconds.
The oxygen transmission rate (OTR, [cm-3·m-2·day-1·bar])
was measured with Mocon OX-TRAN 2/61 (Mocon Inc.,
Minneapolis, USA). Reference measurements of uncoated
polypropylene were made using certified masks and a two
cell setup on a M8001 by Systech Instruments Ltd,
Thmae, UK. All measurements were performed between
23 °C and 49 °C at a relative humidity of 0 % using the
carrier gas method (DIN 53380-3 and ASTM D 3985-81).
Tests were performed at 0% relative humidity and
temperature range from 23 °C to 50 °C.
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Measurement of water vapour transmission rate (WVTR,
[g·m-2·day-1]) was carried out by a Permatran-W® 700,
Mocon Inc., Minneapolis, USA according to ASTM F
1249, ISO 15106-2 and TAPPI T-557. The analyser uses
seven test cells working with patented infrared sensors
and 50 cm² of test area. Each test cell is measured
individually by the same sensor and afterwards the next
cell is measured. Relative humidity is 100 % and
temperature range is set from 28 °C to 49 °C.
4. Experiments and Discussion
Transmission rates depend strongly on the permeating
particle species. As shown in Table 1, despite being the
same SiOx coating on top of the PP substrate, different
barrier improvement factors (BIF) for oxygen and water
vapour are reached. The BIF equals to the quotient of
transmission rates of uncoated and coated samples and is
an indicator for the barriers quality. With increasing BIF
the amount of permeation decreases.
Table 1. Average transmission rates with barrier
improvement factor (BIF). BIF equals to the quotient of
transmission rates of uncoated and coated samples.
Sample

OTR at 23°C
[cm³ m-² day-1
bar-1]

BIF
OTR
[-]

WVTR at 28°C
[g m-² day-1]

PP
PP+SiOx

BIF
WVTR
[-]

1,318.0 ± 58.1

-

1.78 ± 0.08

-

59.2 ± 17.1

22.3

0.35 ± 0.09

5.1

As well as the amount of transmission through uncoated
polypropylene depends on the species of the species, so
does the amount of transmission through the coated
polypropylene. While for oxygen transmission a BIF of
22.3 is achieved, a BIF of 5.1 is achieved for the same
coating in the case of water vapour. This might be due to
the higher transmission rate of oxygen through the
uncoated PP, but could also be caused by different
transport mechanisms.
In order to further investigate this and the transport
mechanisms of oxygen and water vapour through SiOx
coatings, first of all the influence of polypropylene was
eliminated via classical laminate theory (CLT, equation
6). This presupposes polymer-like character for the SiOx
coatings, as classical laminate theory applies to polymeric
material. In order to determine the influence of this
simplification, investigations have been made for both
cases, with and without application of CLT. Results are
shown in Table 1. The resulting transmission rates were
plotted as a function of the normalized temperature.
Transmission rates are expressed as permeability at
constant conditions, expecting sorption as a constant in
between cases, yet temperature dependent. For simplicity,
we assumed S(T) to be constant, because physical
absorption compared to diffusion happens much faster
[9]. While the process of sorption is not trivial, a
mathematical approach helps determining the influence
for gaseous transport. An approximation for solution
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enthalpy for physical adsorption is given as less than
50 kJ/mol at room temperature [10], which leads to
ΔHs(T) ≤ 0.1706 kJ/mol∙K. Therefore, the deviation of
S(Tmin to Tmax) = S0∙exp(-ΔHs/R∙T) is for
ΔHs < 0.1706 kJ/mol∙K in the range of 20 to 50 °C less
than 1 % (S(20°C) = S0∙0.999929 and
S(50°C) = S0∙0.999936). Therefore it is assumed to be a
constant factor. This leads to TR ∝ D(T). For example, if
diffusion through SiOx coatings takes place according to
free diffusion, a linear dependency between transmission
rates and T 2,5 ⁄(T + CSu ) is expected, even though
sorption does occur and influences transmission rates. The
1
factor
is a temperature independent preliminary

average. Even though, determination coefficients for solid
body diffusion are still higher than the determination
coefficients for the other models. Therefore, the tendency
of the transport mechanisms through single coatings is
represented well by the average, which is shown in Table
2.

p∙σ∙M

factor and influences both model and experimental data
the same. The Sutherland constant (CSu) is 650 K for
water vapour [11] and 125 K for oxygen [12].
This leads to the investigation of three different
dependencies of the transmission of oxygen and water
vapour. Transport occurring through large holes or defects
(dp > 100 nm), dominated by particle- particle interaction,
results in a dependency of the transmission rates from
𝑇 2,5

𝑇+𝐶𝑆𝑢

. Transport through minor defects where particle-

particle interaction occurs as well as particle-solid body
interaction, results in a dependency from √𝑇 and particlesolid body dominated interaction results in a dependency
−1

as described by Arrhenius (𝑇𝑅 ∝ 𝑒𝑥𝑝 ( )). Therefore
𝑅∙𝑇
the correlation of experimental data and model can be
expressed by the determination coefficient (R²) for linear
dependency in the three different cases. Table 2 shows the
determination coefficients of the arithmetic average and
the different models. It is separated in „PP+SiOx“ and
„SiOx“ for both oxygen and water vapour, in order to
determine the influence of the CLT. It is shown, that
applying the CLT does influence the data (< 2 %), yet the
tendency remains the same.
Table 2. Influence of polypropylene on the determination
coefficient (R²) for likeliness of experimental data to fit
certain transport models
Free
Diffusion

Knudsen
Diffusion

Solid body
Diffusion

PP

0.960

0.955

1.000

PP+SiOx (oxygen)

0.894

0.886

0.956

SiOx (oxygen)

0.891

0.883

0.964

PP

0.953

9.947

1.000

PP+SiOx (water
vapour)

0.899

0.890

0.986

SiOx (water vapour)

0.886

0.877

0.979

Figure 1 shows a boxplot of the determination coefficients
(R²) for oxygen and water vapour transmission, after CLT
has been applied. In both cases some R² fall below the
average, which indicate deviations from the majority. In
some of these cases, both solid body diffusion is much
less likely and free diffusion is more likely than the
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Fig. 1. Boxplots of determination coefficients (R²) of
individual SiOx coatings and the PP substrate are shown.
Based on the investigations in this study, transport
through the SiOx coating is more likely to occur according
to Knudsen and free diffusion for water vapour than for
oxygen. All in all, solid body diffusion is the most fitting
transport model, as it correlates best with R² > 0.96 for
oxygen and R² > 0.97 for water vapour compared to
determination coefficients of R² < 0.9 for all other
models.
5. Conclusion
In order to describe the relevant transport mechanisms for
oxygen and water vapour through PE-CVD SiOx coated
polypropylene, different models were compared to the
experimental data.
In regard to the determination coefficient, application of
classical laminate theory in order to determine the
transport mechanisms through the coatings only, does
shift the determination coefficient slightly compared to
that of PP+SiOx (towards the R² of uncoated PP).
Even though individual coatings are investigated, no
correlation as high as that of uncoated PP and solid body
diffusion is found. It is shown, that for most coatings a
dependency according to the Arrhenius approach
(transport of oxygen as well as water vapour according to
solid body diffusion) exists in good approximation, while
a dependency of Knudsen and free diffusion seems to
apply less. In accordance with the experimental data,
defects with diameters greater than 1 nm have little to no
impact on the oxygen and water vapour transport through
SiOx coated PP, which is in contrast to similar
investigations.
This leads to the hypothesis, that a superposition of
several transport mechanisms is represented by the
experimental data. Transport through the majority of the
coated PP happens through the molecular structure, while
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compared to that only few possibilities for transport
according to Knudsen or even free diffusion exist.
Another hypothesis is that the investigated models only
apply for local areas and the experimental data
representing an area of 50 cm² is too global to
differentiate between the models. This means permeation
doesn’t happen through defects for global investigations,
yet locally different transport mechanisms apply. In order
to validate the latter hypothesis, local investigations of the
transmission rates should be made.
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The impact of the gas flow on SiO2 film depth profile in a roll-to-roll AP PECVD reactor
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Abstract: SiO2-like films are deposited in an Atmospheric Pressure Plasma Enhanced
Chemical Vapour Deposition reactor using N2/O2/TEOS gas mixture. Spatially resolved
characterization of the silica thin films reveal a gradient in the silanol concentration which
points to a variation in the porosity decreasing from the bottom to the top of the film. Results
on chemical structure, deposition rate and adhesion properties are reported.
Keywords: AP-PECVD, encapsulation films, silica, non uniform deposition rate.
1. Introduction

2. Experimental

Over the past decades, numerous applications of thin
films have emerged in everyday life. The reason for the
advancement in thin film technology is the broad range of
film properties that can be accessed by understanding thin
film growth. One of them is the practical application of
functional films as an oxygen and water permeation barrier
on a polymer substrate, for protecting flexible electronics
like solar cells to food and medical packaging. By
providing a thin functional barrier film the water vapour
transmission rate (WVTR) can be reduced by an order of
3-4 magnitude [1]–[3]. These industrial targets require
detailed understanding of the plasma chemistry and the thin
film growth mechanisms.
Atmospheric Pressure Plasma Enhanced Chemical
Vapour Deposition (AP-PECVD) is recently gaining much
interest as a tool to produce functional films. Thin silicalike films with excellent barrier properties (WVTR <6 10-4
g m-2 day-1) can be deposited by roll-to-roll AP-PECVD
process [4].
Further improvement of the film quality as well as the
throughput are important industrial targets that require
detailed understanding of the plasma chemistry and the thin
film growth mechanisms in the PECVD reactor. A few
studies [[5]–[7] were carried out to access the local film
properties in “side fed” atmospheric plasma reactors by
growing thin films without substrate displacement (static
deposition). Uniform films exceeding the electrode size
can be achieved by constant displacement of the substrate
in the reactor (dynamic deposition).
Our goal in this study is to understand how the film
morphology is influenced by the local deposition rate due
to the non-uniform precursor depletion rate under moisture
barrier deposition conditions using an industrially relevant
roll-to-roll process. Moreover a better understanding of the
non-uniform growth rate is relevant for functional design
of the films in terms of adhesion and gas diffusion barrier
properties as reported in [8].

The films were deposited using a roll-to-roll AP-PECVD
reactor. An elaborate description with a schematic
representation of the AP-PECVD reactor is shown in a
recent publication by Starostin et al. [8]. Briefly, the system
consists of parallel bi-axial cylindrical electrode geometry,
a gas injector and foil transport system. Both electrodes are
covered with polymeric foil which has two functions: as
dielectric barrier for the DBD system and substrate for the
deposition. Nitrogen gas is used as a carrier gas with a flow
rate of 18 slm, oxygen as the oxidizer of TEOS precursor
being the building block of the silica layers. The reactant
gas flows were kept constant at 1.8×10-3 slm TEOS and 0.5
slm oxygen. A high voltage of around 2-3 kV was applied
in a pulsed mode with 90 % DC and the frequency ranged
from 180-200 kHz. The dissipated power in the discharge
was 575 W corresponding to approximately 19.2 W·cm-2
specific power density with a characteristic discharge
expansion length of around 20 mm for the described
experimental conditions. Two types of deposition modes
are possible for the roll-to-roll reactor. Static mode when
there is no foil transport and deposition takes place just
within the discharge region, and dynamic when foil is
transported between plasma region and uniform thickness
is deposited. In this study we will concentrated on the static
deposition mode. The static films were deposited directly
on the polymer substrate and on a silica buffer layer which
serves as a protective layer to prevent any interaction with
the organic support [7].
The variation of deposition rate along the gas flow
direction was accessed by measuring the film thickness
profile using a focused beam Spectroscopic Ellipsometry
(SE). The spot size of the beam is 120 µm and the
wavelength range is 245 – 1000 nm (M-2000D, J.A.
Woollam Inc.). The SE was equipped with a translation
table which allowed space resolved measurement of the
static samples in the range of -20 mm to 20 mm over 641
points with a step of 0.1 mm.
To clarify the role of local deposition rate on the film
morphology we performed spatially resolved ATR-FTIR
on statically deposited silica-like films. The IR absorption
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When the gas mixture is injected in longitudinal
direction (on the left side of the electrodes), the
experimental variations in the film thickness profiles with
the process parameters can provide information about the
precursor consumption as well as the main growth
processes involved in AP-PECVD. The precursor
depletion along the gas flow via dissociation in the plasma,
as well as the drift-diffusion transport of the fragments
results in a non-uniform deposition rate profile.
In the Fig.1 shown a typical thickness profile of a film
deposited in the static mode. The zero position on the x
scale of thickness profile corresponds to the smallest gap
distance between the cylindrical electrodes. The thickness
profile displays a very steep front growth at the position of
-7 mm growing to almost 250 nm within 1 mm distance for
only 30 sec. Due to precursor depletion along the gas flow
the thickness results in a high deposition rate before the
zero position followed by a decrease in the deposition rate.
Having a significant maximum local deposition rate equal
to 10 nm/s. In addition, two distinct maxima were obtained
in the deposition rate profile along the gas flow at 90% DC.
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Fig.1 Thickness profile of SiO2 film deposited in a static
mode.
The presence of two maxima indicates difference in the
transport kinetics of the precursor fragments arriving to the
surface. This indicates that the form and density of the
precursor molecules change in a very short time scale
causing non uniformity in not only thickness but also the
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3. Results and discussion

microstructure of the deposited film in the gas flow
direction.
It was already previously shown that the porosity in the
silica films is introduced by the presence of hydroxyl
groups [10]–[14] in the film. To investigate the influence
of variable local deposition rate on the film microstructure
we performed spatially resolved ATR-FTIR at the
positions indicated in the Fig.2 top right corner. From this
study we aim to learn about intrinsic porosity within the
layer [4]. In the Fig.2 shown ATR-FTIR spectra of silica
film probed at different positions downstream gas flow
direction in the region of interest 3000-4000 cm-1. The
hydroxyl stretch region shows the change in the spectral
feature at 2800-3700 cm-1 which is associated to the –O–H
vibration [15], [16]. The gradual decrease in the
concentration of –OH groups is indicative of an increase in
network density which is particularly clear from the
neighbouring Si-OH groups.
The film microstructure changes as function of position
in the discharge characterized with higher network porosity
for short gas residence time and denser films deposited in
longer residence time regions. So we conclude that there is
a gradient in the density of the film along the gas flow.
This gradient density property will translate into the
layers in dynamically deposited films. As a result this
variable local silanol profile will be integrated into
dynamically deposited layer with depth gradient properties
with density increasing from bottom to the top.

absorbance

spectra were recorded from 650 to 4000 cm-1 using the
Perkin Elmer Frontier in transmission mode with 8 scans.
Spatial resolution of the crystal is 1 mm.
The surface morphology of silica-like films was measured
using Atomic Force Microscopy (AFM) (Park Systems
NX10) in non-contact mode, using a tip with a radius of
about 8 nm. In order to investigate film morphology
evolution, AFM images of 512x512 pixels were obtained
with scanning areas of 2x2 μm2. AFM images were
analysed by using GWYDDION software [9].

Fig.2 ATR-FTIR spectra of silica-like film probed at
different position downstream the gas flow direction in
3000-4000 cm-1.
This gradient transition from a porous layer facing the
polymer to a top dense layer appears to be very important
for adhesive properties of the films to polymer as it will be
discussed later.
The Fig.3 depicts a detailed AFM analysis on the surface
morphology of static deposits without buffer layer at
different profile regions. The surface morphology of the
tail end region in case of a film deposited without buffer
layer has a wavy structure with fissures. It should be
stressed that no powder like coatings were observed in this
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region. On the other hand the surface morphology of the
layer deposited on the buffer layer exhibits a smooth
surface without cracks and waves.

Fig.3 AFM micrographs of the sample deposited
without buffer at different position along the profile as
indicated with x-axis.
It is considered that stress present in the films can cause
film fracture or adhesion failure and delamination. Cui at
el.[17] reported that adhesion energy decreased with
increasing density of the coating and assumed the reason
for that is due to decreased plasticity from molecular
relaxation and rearrangement as well as related decreased
flexibility of the Si-O-Si chains for coatings with
increasing density. Based on this fact we believe that stress
relaxation caused the fissuring of the layer portrayed on the
AFM micrographs.
Moreover, this region of the film was badly adhered to
the polymer. To assess the adhesion properties a crosscut
adhesion test was performed on the statically deposited
films with and without buffer layer. After analysis under
the optical microscope it became clear that silica layer
deposited without buffer was fully removed in the tail end
region and the full coverage remained in upstream flow of
the same sample. Our SR ATR FTIR showed that the
density of the layer changed throughout the profile due to
gradient in silanol concentration. However, the film
deposited on a porous buffer layer showed very good
adhesion properties through the whole deposition width.
By doing SR ATR-FTIR we observed variation in film
microstructure within the discharge region, with higher
network porosity for short gas residence time and denser
films deposited in longer residence time regions. This
observation is particularly interesting regarding the barrier
deposition layers, because these variable film properties
within the discharge region will translate into layers in
dynamically deposited films. This could provide the means
to control the properties of the layers, such as intrinsic
porosity, which has a direct correlation with barrier
properties of the films.
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Effect of Reactor Configuration in a Combined Gliding Arc Discharge and
Spouted Bed Particle Coating Process Using Solid Precursor
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Abstract: A novel combination between gliding arc discharge and spouted bed was
employed to provide coating on poly methyl methacrylate (PMMA) particle using zinc
solid precursor. The spouting condition inside the reactor during the coating process was
observed. The amount of zinc coating, percentage coverage and average thickness of the
coating layer were investigated at different electrode angles. PMMA particle gained
additional electrical conductivity from the zinc coating layer.
Keywords: Gliding arc discharge, Solid precursor, Zinc coated PMMA, Electrode angle.
1. General
Plasma technology has been used in many fields of
applications, such as dry reforming, pollution treatment,
metallurgy, surface treatment and coating [1 - 3]. This is
due to the fact that plasma possesses high energy density
[3, 4]. The coating application using plasma technology
was pursued by several researchers [5, 6]. Coating can
provide additional useful properties such as, catalysis
property and electrical conductivity [5] to the substrate.
Gliding arc discharge is one of the plasmas that can be
used in particle coating application. This is because
gliding arc discharge consists of a combination between
thermal and non-thermal properties of the plasma [1, 7].
Furthermore, gliding arc discharge is also considered to
be simple and inexpensive as it can be easily generated at
atmospheric pressure by providing enough potential
different between two diverging electrodes. Apart from
using gliding arc discharge, spouted bed condition can
also be used to improve the coating performance. Spouted
bed is commonly used in the field of particle coating as it
possesses good heat and mass transfer throughout the
reactor bed [5]. This can provide uniformity for the
coating process throughout the reactor bed. In recent
years, our laboratory had succeeded in providing a thin
coating layer on polymer particle using a combination
between gliding arc discharge and spouted bed condition
[8]. In this case, vapor precursor was used.
Based from our previous studies, we also had
introduced a use of solid precursor in a combined gliding
arc discharge and spouted bed [9]. By replacing vapor
precursor to solid precursor, it is possible to eliminate a
heating unit to produce vapor precursor, which will
reduce cost and start-up time. Poly methyl methacrylate
(PMMA) particle was used as a substrate. While, zinc
particle was selected as a solid precursor to provide
additional electrical conductivity to PMMA particle. In
continuation, this present research aims to investigate
further in detail of this novel particle coating process
using solid precursor by studying the effect of electrode
angle on coating behaviors, such as coating amount, zinc
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percentage coverage, coating thickness and electrical
conductivity.
2. Methodology
A schematic of the gliding arc discharge reactor is
shown in Fig. 1. Poly methyl methacrylate (PMMA)
particle was used as a polymer substrate, while zinc was
used as a solid precursor. The sizes of both particles were
0.3 and 0.18 mm in diameter, respectively. They were
loaded inside the reactor with a fixed mass ratio between
zinc and PMMA particle of 0.1.

Fig. 1. Schematic of gliding arc discharge reactor.
Two zinc wires were used as electrodes. They were
placed in a diverging configuration having a specific
angle between each other. The electrode angles of interest
are 30o, 40o and 50o. High voltage source was attached to
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the electrodes, where 4.5 kV of applied input voltage was
used to generate an arc discharge. Argon gas was
introduced from the bottom of the reactor and with a
suitable flow rate, a spouted bed condition was achieved
inside the reactor. This can promote the uniformity of the
coating process. The argon gas flow rate were 1.0 and 1.5
L·min-1. During the coating process, a high speed camera
was used to observe the spouting condition and evolution
of the gliding arc discharge inside the reactor.
The coated samples were collected at different
processing time. The coated samples were separated from
unused zinc. The morphology of the coated samples were
observed by scanning electrode microscope (SEM). The
zinc percentage coverage was calculated from the
elemental analysis using energy dispersive X-ray
spectroscopy (EDS). The electrical conductivity was
measured using a self-made device [10]. The coated
samples was bleached by using a mixture of 1 mL each of
hydrogen peroxide and 1 mol·L-1 nitric acid and then zinc
concentration was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES). The
measured zinc concentration was used to calculate the
amount of zinc coating.
3. Results and Discussion
Fig. 2 shows images of the gliding arc discharge reactor
during the coating process taken by the high speed
camera. It shows the evolution of one full cycle of the
gliding arc discharge. The arc discharge was generated at
the shortest gap between two diverging electrodes. The
arc discharge elongated by the upward flow of the plasma
gas to a maximum height of approximately 1.3 cm from
the base of the reactor at an applied voltage of 4.5 kV and
argon gas flow rate of 1.0 L·min-1.
The spouted bed condition was achieved inside the
reactor as observed by the high speed camera (Fig. 2).
Both particles were mixed and circulated inside the
reactor. The height of internal spout was directly
proportional to the argon gas flow rate. It reached a height
of approximately 2.5 cm at an argon flow rate of 1.0
L·min-1 and was increased to approximately 3.3 cm at the
argon flow rate of 1.5 L·min-1. (Height of internal spout is
the difference between the height of the spouting at that
specific flow rate and height of the packed bed). The
height of internal spout decreased as the electrode angle
increased. This is due to the decrease in the gas velocity.
Furthermore, due to the decrease in the gas velocity, at the
electrode angle of 40o and 50o, it was observed that there
was an accumulation of particle at the side of the reactor
near the arc initiation point. This accumulation sometime
caused interference to the elongation of the gliding arc
discharge as observed by the high speed camera. This
accumulation of particle was only observed at a certain
combination of electrode angle and gas flow rate.
The combined gliding arc discharge and spouted bed
had successfully provided zinc coating layer on top of
PMMA particle after 5 min of coating time [10]. The
amount of zinc coating as a function of coating time at
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different electrode angles is shown in Fig. 3. It rapidly
increased during the first 10 min of the coating process
and continued to increase at a slower rate until it reached
25 min of the coating process, where the amount of zinc
coating showed no significant different with further
increase in the coating time. This is due to the equilibrium
between coating rate and peeling off rate of the coating
layer. The peeling off of the coating layer might came
from the collision between particles or the attack from the
gliding arc discharge.

Fig. 2. Evolution of gliding arc discharge
(gas flow rate = 1.0 L·min-1 and electrode angle = 30o).

Fig. 3. Coating amount as a function of coating time
(gas flow rate = 1.5 L·min-1).
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The amount of zinc coating was approximately 8 mg
per 1 g of PMMA particle for the coated sample at 10 min
coating time. However, according to Fig. 3, it showed that
the amount of zinc coating was independent of electrode
angle. The amount of zinc coating remained at roughly 11
mg per 1 g of PMMA particle at 30 min of coating time
for all 3 electrode angles tested.
Similarly to the amount of zinc coating, zinc percentage
coverage and average coating thickness was independent
of electrode angle. The zinc percentage coverage was
approximately 60% after 15 min of coating time for all
samples tested at different electrode angles. While the
average thickness of the coating layer reached a steady
value of roughly 150 nm after 25 min of coating time.
The non-conductive PMMA particles gained additional
electrical conductivity from the zinc coating layer. The
electrical conductivity measured by the self-made device
was approximately 2.26 × 10-2 S·m-1 for the sample
obtained at 10 min coating time and electrode angle of
30o. The electrical conductivity of zinc particles measured
by the same device was 1.9 × 105 S·m-1. The electrical
conductivity depended on both thickness and zinc
percentage coverage of the coating layer [10].
4. Conclusion
The combination between gliding arc discharge and
spouted bed particle coating process successfully
provided a coating layer on PMMA surface using zinc
solid precursor. Particle accumulation can be observed
inside the reactor at higher degree of electrode angle.
However, the electrode angle had no effect on coating
behaviors. The coated sample had a zinc coating amount
of roughly 11.2 mg per 1 of PMMA with average
thickness and zinc percentage coverage of approximately
150 nm and 60%, respectively. The coating layer
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provided additional electrical conductivity to PMMA
particles.
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Abstract: The effect of surface chemistry on protein adsorption and on adhesion and
differentiation of inflammatory cells to plasma polymer films containing tuneable
concentrations of N and O functional groups were investigated. The surface plasmon
resonance results, in line with cell culture experiments, suggest that presence of albumin on
our surfaces is an indicator of monocyte adhesion to our plasma polymers.
Keywords: monocyte, U937 cell, plasma polymer, inflammatory.
Introduction
Plasma polymerization is a well-suited technique for
preparation of interface layers allowing the
immobilization of biological molecules. Therefore, this
method can be utilized to modify the surface
characteristics of implants without changing the bulk
properties. Immediately following the implantation, the
surface of the biomaterial is coated with proteins that
further direct cellular adhesion [1]. The inflammatory
response occurs and monocytes migrate to the material
interface and adhere to the protein coated surface of the
implant. Within about 14 days of implantation, the
monocytes differentiate to macrophages which may
further fuse to form multinucleated giant cells (MGCs).
Macrophages and MGCs can switch the balance between
chronic inflammation and wound healing following
biomaterial implantation. Therefore, an understanding of
the foreign body reaction (FBR) is important as it may
significantly affect the short-and long-term tissue
responses.
In previous work, we have demonstrated that nitrogen
rich plasma polymer films could be made either adherent
or non-adherent to U937 cells, by adjusting the surface
content of nitrogen based functional groups [2]. However,
the effect of parameters such as the composition of the
culture media and proteins on monocyte adhesion to
nitrogen rich plasma polymerized coatings has been little
investigated. The present study aims at studying the effect
of adhered proteins and different culture medium on the
observed adhesion of U937 cells to nitrogen (N)- and
oxygen (O)-rich coatings. In this regard, an array of lowpressure plasma co-polymerized films, prepared from
binary gas mixtures of ethylene and ammonia/carbon
dioxide were produced to deposit either N-rich or O-rich
coatings. The chemical composition (elements and
functional groups), surface charge and stability in aqueous
medium of different types of coatings were previously
determined [3]. The U937 cell line and monocyte primary
cells were seeded on plasma polymerized coatings in cell
culture medium with and without fetal bovine serum and
also in CellGenixTM GMP DC. In order to elucidate the
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role of proteins on cell adhesion, the attachment of
proteins such as insulin, transferrin and albumin to the
plasma polymerized surfaces were studied using surface
plasmon resonance (SPR).
Materials and Methods
Deposition of plasma polymer films
A low pressure capacitively coupled radio-frequency
glow discharge in gas mixtures containing ethylene and
ammonia or carbon dioxide, was used to produce the
plasma polymerized coatings. The coatings are hereafter
referred to as PPE:N and PPE:O where “PP” stands for
Plasma Polymerized ,"E" refers to ethylene and "N" and
"O" stand for nitrogen and oxygen, containing films,
respectively.
The depositions were performed in a cylindrical stainless
steel vacuum chamber (20 cm in diameter and 50 cm in
height) equipped with a disc shaped powered electrode
(Ø=10 cm) onto which the samples were placed. The gas
flow ratio, defined as R= (flow of heteroatom source
gas)/(flow of hydrocarbon source gas) was the main
experimental parameter varied in order to control film
composition. The pressure was maintained constant at 80
Pa. An automatic impedance matching network is used to
generate the capacitively-coupled radio frequency (RF,
13.56 MHz) discharge at a power of 20 W. A typical
deposition run lasted about 10 min to deposit coatings
around 200 nm thick. From previous sets of experiments,
three different gas flow ratios per group of PPE:N
(R=0.25, 0.5, 0.75) and PPE:O (R=2, 5, 8) were chosen to
represent the lowest, highest and intermediate
concentrations of nitrogen or oxygen [3].
Surface chemistry
X-ray photon spectroscopy (XPS) analyses were
performed in a Thermo Scientific K-AlphaTM instrument
using monochromatic Al Kɑ radiation. Survey spectra
were acquired at a pass energy of 160 eV.
The surface concentration of [-NH2] was determined by
chemical derivatization XPS, CD-XPS, according to the
method of Favia et al. [4], using the derivitization reaction
of 4-(trifluoromethyl)benzaldehyde (TFBA) vapor with
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surface amine groups. The surface concentration of [NH2] was derived from equation (1);
[ ]
[
]
[ ]
(1)
[ ]

where the subscripts u and d stand for underivitized and
derivatized samples, respectively. A recent investigation
suggested that TFBA does not react selectively with
amines and might also react with imines [5]. However, in
order to compare with previous work, we use the symbol,
[-NH2], keeping in mind that it also represents other
functional groups that react with nucleophilic groups such
as imines.
The surface concentration of carboxylic acid groups, [COOH], was determined by surface derivatization with
toluidine blue [6] .
Electro kinetic analyzer
The zeta potential of coatings was measured by using an
electro-kinetic analyzer with clamping cell. The device
operates on streaming voltage mode. A 0.01M sodium
chloride solution was used as electrolyte and sodium
bicarbonate, diluted 1M hydrochloric acid and 1M sodium
hydroxide were used to adjust the electrolyte pH to 7.4.
Contact angle measurements
A contact angle goniometer equipped with a videocamera system and computer software was used for
dynamic contact angle measurements by the Sessile drop
method. The advancing contact angles of water (Milli-Q
System) were measured after settling an 8µL droplet on
the surface for 80s. Then, after draining 2µL from the
droplet into the syringe, the receding contact angles were
measured. The measurements were carried out 1 hour
after plasma polymer deposition at 3 different locations
on the sample.
Cell culture
U937 line, used at passage #2-15, were cultured in Tflasks in serum-containing RPMI medium. This medium
consisted in RPMI-1640 medium supplemented with 10
% fetal bovine serum (FBS), 100 U/mL penicillin and 100
µg/mL streptomycin. Plasma polymerized samples were
cut by use of a punch to be exactly fitted into 24-well
untreated polystyrene culture plates. For each experiment
a 250 µL volume of cell suspension (2,000,000 cells/mL)
was carefully pipetted onto each sample and incubated at
37˚C and 5% CO2. After a 1h adhesion period, the images
were taken using an optical microscope equipped with a
digital camera. To investigate the effect of proteins on cell
adhesion, 1h adhesion experiments were conducted in 3
different media: serum-containing RPMI medium, RPMI
1640 basal medium without FBS and CellGroTM GMP DC
medium containing albumin (0.5 mg/mL), insulin
(0.01mg/mL) and transferrin (5.5 ng/mL).
In addition to U937 cell, the adhesion of human
monocytes to the plasma polymerized samples was
investigated. Human monocytes were isolated from whole
blood of healthy human volunteer donors. This research
study has been approved by the Research Ethics Office
(IRB) of McGill University (Study Number A06-M33-
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15A) and has been conducted according to ethical
principles stated in the Declaration of Helsinki (2013).
Surface plasmon resonance
The SPR measurements were carried out using a
spectrometer equipped with a 632.8 nm HeNe laser.
Typically, 8 nm thick plasma polymer coating on glass
slides were optically matched to a high refractive index
prism using a thin layer of matching oil. The protocol for
measuring the adsorption of protein to our plasma
polymerized coatings consisted of allowing a solution of
phosphate-buffered saline (PBS) buffer (pH=7.4) to flow
through the cell for 5 min, afterwards substituting it with
a flow of protein solution in the PBS for 20 min, and then
the surface was washed for 5 min with PBS immediately
after completion of the adsorption experiment to remove
excess loosely bound protein from the interface. The real
and imaginary dielectric constants of the plasma polymer
and of albumin are 2.27, 0.000999 and 1.79, 0,
respectively.
Results and Discussion
The XPS-derived compositions, evaluated in terms of [N]
and [-NH2] of PPE:N and [O] and [-COOH] of PPE:O for
different values of flow ratios are shown in Table 1. The
[N] and [-NH2] concentrations of PPE:N and [O] and [COOH] concentrations of PPE:O rise by increasing the
flow ratios of ammonia and carbon dioxide to ethylene,
respectively.
Table 1. Chemical characteristics and U937 cell adhesion
of the different plasma-polymerized coatings
PPE:N

[N]%

[-NH2]%

ξ (mV)

R=0.25
R=0.5
R=0.75

4.0
8.0
12.5

+11.43
+12.75
+14.08

PPE:O

[O]%

R=2
R=5
R=8

13.0
18.0
22.5

0.7
2
3
[-COOH]
(mM/cm2)
0.72
1.20
1.94

ξ (mV)
-18.48
-23.46
-27.89

U937
adhesion
NO
NO
YES
U937
adhesion
NO
NO
YES

The zeta potential of all the samples at different flow
ratios at pH 7.4 are reported in Table 1. Due to the
protonation of amine groups, or of potentially other
groups capable of bearing a positive charge, the nitrogen
rich films will be positively charged, whereas the
deprotonation of carboxyl groups of the oxygen rich films
results in a net negative surface charge. XPS studies and
chemical derivatization confirmed that increasing the flow
ratio significantly increased the absolute value of the
surface charge through increasing the amount of the
functional groups at the surface.
Since the wettability of the surfaces has an impact on the
protein and cell adhesion, the advancing and receding
contact angles were determined by DCA measurements.
Plasma treatment can result in more hydrophilic surfaces
with respect to virgin BOPP. The results show that both
the advancing and receding contact angles of plasma
polymers decreased when increasing the flow ratio in
PPE:N and PPE:O of coatings (Fig. 1).
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(a)

(b)

Figure 1. Advancing and receding water contact angle on
PPE:N and PPE:O.
To investigate the adhesion of cell to the plasma polymercoated surfaces, the attachment of U937 and human
monocyte to the plasma polymers after a 1 hour contact
was studied using optical microscopy. In the case of the
U937 cell line, the results showed that the nitrogen and
oxygen contents, and functional groups content, of the
plasma polymers control the adhesion of the cells to the
coatings. Above a threshold, the surface showed affinity
towards these cells irrespective of the culture medium
used (Figure 1). However, the values reported here
surprisingly differ from the previous values reports in the
literature [2]. We attribute this difference to the difficulty
of reproducing derivatization results between different
laboratories, even when individual laboratories report
small data scatter [7]. In addition, because of the inherent
differences between various PECVD setups, the relative
amount of oxygen and nitrogen contents also do not
exactly follow those of the previous reports. Differences
in cell adhesion were observed between the bare
polystyrene and virgin BOPP substrates (Figure 2a and
2b). For these bare surfaces, culture medium without
serum resulted in adhesion while no adhesion in culture
medium with serum and CellGro DC medium was
observed. Thus, the plasma polymerization has the
advantage of not affecting the results by culture medium.
SPR experiments were conducted on two samples of
PPE:N and PPE:O, one with the cell-adherent property
and one with non-adherent property. Due to the complex
protein mixture present in RPMI-FBS, protein adsorption
was studied using Gellgenix-BIT, which contains known
protein compositions. No adsorption of insulin or
transferrin was detected on any of the samples. While no
albumin was detected on cell non-adherent surfaces, a
layer of albumin has been detected on cell-adherent
surfaces, as shown in Figure 3. The existence of albumin
on the surface is therefore considered a sign for cell
adhesion. It is noteworthy that albumin is not a direct
promoter of cell adhesion; however, it is hypothesized
that albumin can interact with other cell-adhesive proteins
available on the cell surface to promote cell adhesion.
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(c)
(d)
Figure 2. Adhesion of U-937 macrophages to a)
polystyrene, RPMI-1640 without FBS, b) polystyrene,
RPMI-1640 with FBS and c) PPE:O with RPMI-1640
with FBS [O]=13%, d) PPE:O with RPMI-1640 with
FBS [O]=22.5%

Figure 3. Thickness of an albumin layer absorbed on
PPE:N and PPE:O.
The monocytes from healthy donors followed the same
adhesion pattern to PPE:N and PPE:O as U937 cells;
however, the number of adhered cells to the coatings was
proportional to the nitrogen or oxygen concentration of
the coatings. Nevertheless, there is a donor dependency
on cell adhesion to these coatings; i.e. for some donors,
no difference in adhesion on surfaces was observed.
The monocytes adhered to all surfaces and differentiated
to macrophages after 14 days of culture. Similar to the 1h
adhesion experiments, these results also exhibited donordependency. Some multi-nucleated giant cells (MGC)
were observed on the surfaces.
Conclusion
Plasma polymerization was used to modify the surface of
polymers to make them adherent to cells used in this
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study. The results showed that, as reported previously for
nitrogen rich coatings, there is a critical concentration of
oxygen and nitrogen required for these cells to adhere to
surfaces. Protein adsorption experiments revealed that the
presence of albumin on the surface appears to act as an
indicator for cell adhesion within the scope of our study;
however, since this protein is not recognized as a direct
promoter of cell adhesion, it is suggested that it can
interact with other cell-adhesive proteins to facilitate the
cell adhesion.
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High rate deposition of efficient flame retardant thin films on polycarbonate and
polyamide-6 substrates by AP-DBD-PECVD
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Abstract: The deposition of a high-performance and halogen-free flame-retardant thin films
at atmospheric pressure is reported. Using an atmospheric pressure dielectric barrier
discharge (AP-DBD), PDMS-based coatings with embedded dopant-rich polyphosphates
have been elaborated. Different deposition conditions have been tested to elaborate various
chemical compositions of thin films in regards to their fire properties. The different
investigations of the morphology, the chemical composition and the structure have
demonstrated that the coatings performances are increased by taking benefit of the synergistic
effect of P and Si flame retardant compounds. More specifically, this study relates the
possibility to obtain flame retardant properties on PolyCarbonate (PC) and PolyAmide-6
(PA-6) thanks to their covering by a 5 µm thick coating which are considered as a very thin
films in regards to other wet coatings with similar performances. The efficient flame retardant
of these AP plasma layer has been correlated to the presence of an expanded charred layer at
the surface which acts as a protective barrier limiting heat and mass transfer. This latter
retains and consumes a part of the PC or PA-6 degradation by-products and then minimizes
the released flammable gases. It may also insulates the substrate from the flame and limits
mass transfers of remaining volatile gases. Moreover, reactions in the condensed phase have
also been highlighted despite the relatively thin thickness of the deposited layers. As a result
of these phenomena, excellent performances are obtained, illustrated by a decrease of the
peak of heat release rate (pHRR) and an increase of the time to ignition (TTI).

Keywords: Atmospheric plasma deposition, plasma polymer, dielectric barrier discharge (DBD), Triethylphosphate
(TEP), Hexamethyldisiloxane (HMDSO), flame retardant.
1. Introduction
Flame retardancy is an important requirement as it aims
at limiting the growth and propagation of fire by
increasing the time-to-ignition of manufactured
synthetic polymers as well as by limiting the
temperature during the fire. Due to the complexity of
this field, a wide number of flame-retardant chemistries
have been tailored[1–2]. Among the main categories used,
halogenated compounds have been employed for a long
time. However, there is a strong tendency to avoid
halogen-containing compounds in recent years, as these
latter have been demonstrated as being environmentally
unfriendly due to their ability to release corrosive and
toxic gases if ignited in a fire. These concerns have
motivated halogen reduction or elimination by
environmental organizations.
In the search for highly efficient flame retarding
systems, much work has now been devoted to the family
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of flame retardants containing phosphorus because of
their broad range of applications and a good efficiency
in terms of fire protection as the reactive action of
phosphorated compounds can take place both in the gas
phase and in the condensed phase. Also, it has been
reported that hybrid phosphorus-silicon compounds can
improve the reaction to fire of polycarbonate.
Different ways have been undertaken to impart flame
retardancy to polymeric materials as (i) the
incorporation of additives (the most classical one)[8] or
(ii) the chemical modification of macromolecules
(copolymerization, grafting). However, a high loading
of flame retardant is required to achieve effective fire
retardancy leading in some cases to marked
deterioration of the mechanical properties of the
polymers. Furthermore, the processing of thin polymeric
films is often not possible with such loading contents. A
third possibility is to use surface modification as an
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efficient alternative. Indeed, this approach represents an
interesting solution to flame retard polymer material
without modifying its intrinsic properties and can be
applied to thin synthetic substrates as well as to natural
polymers.
Low pressure PECVD processes can be a solution as it
can be used to coat thermally sensitive and complex
substrates. This approach has already been achieved,
and it appeared that interesting flame retardant
properties have been provided, due to a physical barrier
effect, thanks to the deposition of 10 µm and 50 µm thick
siloxane-based coatings on polymeric substrates [3-4]. In
spite of promising results, the necessity to work at lowpressure may remain a drawback for some applications
and industrial implementation and consequently,
atmospheric-pressure plasma systems, Atmospheric
Pressure Dielectric Barrier Discharge (AP-DBD) is an
alternative deposition solution. This technique has been
already largely used to grow organosilicon coatings [5-6]
and recent papers report its use to deposit phosphoruscontaining thin films [7-9].
2. Description of the deposition reactor and the fire
test
The DBD configuration used in this study has already
been described elsewhere [16] and the figure 1
summarizes its configuration. The precursors (HMDSO
and TEP) are mixed in a unique liquid solution, which
is then vaporized and diluted in a carrier gas (0.2 L·min1
N2) using a vapor source controller (DLIWS model,
Brooks Instrument). The gas mixture is diluted again in
a N2-O2 gas ratio ranging from 100%–0% (4.8 L·min-1
N2) to 50%–50% (2.3 L·min-1 N2 + 2.5 L·min-1 O2), and
then introduced into the discharge through a gas pipe
heated at 383K. The deposition process is performed in
dynamic mode with a constant moving stage speed of 15
mm·s-1 and different exposure times depending on the
desired coating thickness and mass. During the
deposition process, the applied voltage delivered is
adapted to keep a power dissipated in the discharge
(calculated by analyzing the experimental Lissajous
figure) equals to 1.0 W·cm-2.
The fire properties are studied using a cone calorimeter
device (Fire Testing Technology) following the
procedure defined in ISO 5660-1. Several parameters
are measured by the cone calorimeter: time to ignition
(TTI), heat release rate (HRR) as function of time and
peak of heat release rate (pHRR). A 50 × 50 × 0.5 mm3
sample is exposed under external heat flux of 25 kW·m2
for PA-6, and of 50 kW·m-2 for PC. The specimen is
placed in an aluminum foil pan that is laid on the cone
calorimeter sample holder. All experiments are done in
triplicate to check the repeatability and the result shows
for each test is an average of the data obtained for the
two better tests. The samples self-extinguished after
being removed from cone calorimeter.
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Figure 1: Experimentation set-up for the co-deposition
of the fire –retardant coatinds on synthetic polymers.
2. Results and discussion
The different ratio between the two monomers tested
and the elementary compositions of the films obtained
by XPS have been reported in table 1. The deposition
rates of the solutions containing various proportions of
monomers are similar to the one obtained with pure
HMDSO and much higher than TEP alone. The
chemistry of the thin films was determined through FTIR spectroscopy and XPS (table 1).
The silicon, oxygen, carbon, nitrogen and phosphorus
ratio depends on the volumetric ratio of HMDSO and
TEP.The addition of TEP in the solution results in an
increase of the P/Si ratio and of the amount of nitrogen
in the coatings. Even if a low quantity of nitrogen is
observed for the coating realized from a pure HMDSO
solution, the observed trend could indicate that nitrogen
incorporation is mainly related to a reaction with TEP.
The nitrogen would be mainly bonded to phosphates
through ethoxy groups despite the fact that Si-C bonds
energy is weaker than C-O bonds. The concentration of
phosphorus detected in the co-deposits are relatively
low (P ≤ 3 at.%) compared to silicon (12 at.% ≤ Si ≤ 18
at.%). All co-deposits are therefore predominantly
composed of a siloxane structure.
HMDSO : TEP (v/v)
100:0
75:25
50:50
25:75
0:100

Si (%) O (%) C (%)
17
28
52
18
25
51
16
25
51
12
31
41
0
30
47

N (%)
4
5
8
13
18

P (%)
0
1
1
3
5

Table 1: XPS compositions of the different TEPHMDSO layers depositied by AP-DBD- PECVD
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The influence of the oxygen concentration injected into
the discharge on the chemical composition of the films
for the solution HMDSO:TEP (75:25, v/v) has also been
studied. It can be observed that the atomic percentage of
carbon and nitrogen decreases systematically with the
increase of the oxygen concentration injected into the
discharge. It also shows that it is possible to increase
significantly the relative quantity of phosphorus
compared to silicon. From XPS analyses at high
resolution, the introduction of oxygen tends to lose the
organic character of these P-Si layers and to increase its
crosslinking ratio, this phenomenon being already
observed when HMDSO is injected alone.
3- The reactions to fire of P:Si plasma coated films
The reactions to fire of uncoated and coated PC and PA6 have been studied during cone calorimetry tests under
an external heat flux of 50 kW·m-2. First, it clearly
appears that different fire behaviors are obtained
depending on the thin film deposited. The coatings
produced from a 95%-5% N2-O2 mixture ratio exhibit an
even more substantial enhancement of fire behavior, as
both the time to ignition (TTI) and the maximum of heat
release rate (pHRR) are improved. For example, on
figure 2, the results for coated PC substrates with 2
oxygen ratio are reported. By comparison, the
ppHMDSO coatings with 5% O2 with 50% increase the
TTI from 118% to 193%, respectively. Furthermore, a
slight reduction of the pHRR can be noticed in the case
of the ppHMDSO5% (i.e. -12%), whilst the co-deposit5%
enables to significantly reduce in intensity the pHRR of
the sample by 23% compared to the uncoated PC. This
latter combines a considerable increase of TTI (+193%)
with a reduction in intensity of the pHRR (-23%).
Besides, the shape of the co-deposit5% curve evidences
the formation of a barrier layer which is experimentally
apparent by the slow diminution of sample heat released
over time[10].

Figure 2: Heat release rate (HRR) of different coated
polycarbonate (PC) in function of exposure time to an
external heat flux of 50 kW·m-2. (a) Polycarbonate (PC,
black), ppHMDSO5%-coated PC (PC/ppHMDSO5%,
red) and co-deposit5%-coated PC (PC/Co-deposit5%,
blue). (b) Polycarbonate (PC, black), ppHMDSO50%coated PC (PC/ppHMDSO50%, red) and co-deposit50%coated PC (PC/Co-deposit50%, blue).
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4- Conclusions
During the work, it has been demonstrated that it is
possible to integrate a valuable polyphosphate structure
into different PDMS thin films, the amount of
polyphosphate being mainly limited due to the reactivity
of HMDSO. In order to increase the quantity of
phosphate in the coating for the purpose of flame
retardancy, an oxidizing agent (i.e. oxygen in this case)
has been used as an additional gas process. The use of
oxygen in the nitrogen fed DBD has favored the
formation of polyphosphate while contributing to the
development of a more inorganic matrix. In terms of fire
retardancy performance, it is shown that a 5 µm thin film
is sufficient to obtain highly efficient fire retardant
coatings and to improve the flame retardancy of
polymers. These plasma thin films enable at once to
delay the degradation of the underlying polymers (heat
barrier effect), to catalyze the formation of a protective
layer insulating the substrate (char), to considerably
reduce the heat release rate and finally could benefit
from highly plausible P-Si synergy effects [11].
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Triode sputter source used for the deposition of plain bearings
J. Laimer, E. Ruppert, and H. Störi
Institute of Applied Physics, Vienna University of Technology, Vienna, Austria
Abstract: Magnetron sputter deposition is a very powerful technique for many
applications, but this technique has also its limitations, e.g. in the deposition of inner walls
of narrow hollow cylinders made of steel, as used for plain bearings. It is demonstrated that
uniform coatings of a special bronze alloy (CuSn8) can be deposited by triode sputter
deposition in such cases with deposition rates in the order of 1 µm/min.
Keywords: triode sputter deposition, plain bearing, tribology.
1. Introduction
Nowadays, it is common practice to deposit coatings by
magnetron sputtering with sufficient high deposition rate.
Even inner walls of hollow cylinders may be coated by
this technique. In case of steel substrates the magnets
have to be placed in the interior of the rod-shaped target.
However, due to the space required for the magnets there
is a limit in down sizing the diameter of the sputter source
and hence a limit in the minimal diameter of hollow
cylinders to be coated. Triode sputter deposition, which is
known since a long time, does not need magnetic fields
and hence the rod-shaped target can be a simple watercooled tube. Such a set-up would allow the deposition of
narrower hollow cylinders. Cylindrical triode sputter
deposition systems have been used previously already for
the deposition of gun bores [1,2]. In the present work a
similar design was used. However, instead of tantalum a
special bronze alloy (CuSn8) was used as target material,
as it is suited as a coating for plain bearings.
2. Experimental details
A schematic illustration of the cylindrical triode sputter
system used is exhibited in Fig. 1. In the centre is a
bronze alloy (CuSn8) tube with an outer diameter of 15
mm, which acts as sputter target and is water-cooled. It is
embedded in a reactor composed of many different
elements. The steel substrate has an inner diameter of
30.5 mm and a height of 50 mm.
An auxiliary discharge can be ignited between a hot
filament (tantalum ribbon), situated close to the bottom of
the reactor, acting as cathode and the top plate acting as
anode. The filament was operated with electric powers of
up to 5 kW. Anode voltages of up to 65 V enabled
discharge currents of more than 20 A. This auxiliary
discharge creates plasma filling the concentric gap
between the target in the centre and the steel substrate
surrounding it. As it was difficult to ignite this discharge
directly, the reactor is composed of different electrically
insulated plates, which can act temporary as anode during
ignition. This auxiliary discharge delivers the high plasma
density needed for high deposition rates.
By applying a high negative potential to the sputter
target positive ions are impinging on the surface leading
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to high rate sputtering. Voltages of up to -1050 V were
applied to the target.
In principle it was also possible to apply a negative
potential to the substrate holder, but within the
experiments presented here this feature was not used.

Fig. 1. Schematic illustration of the reactor.
The pumping system allowed base pressures as low as
10-3 Pa. During the process pressures of 0.5 to 1 Pa were
used with argon (99.999 purity) as process gas.
3. Results
3.1. Characterization of the discharge
The auxiliary discharge is a non-self-sustained
discharge with a hot filament as a thermionic electron
emitter. Fig. 2 exhibits the characteristics of the hot
filament. It can be seen that almost 5 kW of electric
power can be safely used to heat up the filament.
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Fig. 2. Dependence of filament current If and power Pf on
applied filament voltage Uf.

Fig. 3. Dependence of auxiliary discharge current Ia on
applied voltage Ua with filament power Pf as parameter.
Using the hot filament as a cathode an auxiliary
discharge voltage Ua of more than 20 V is needed in
order to draw some auxiliary discharge current Ia (Fig. 3).
The characteristic of the auxiliary discharge was
investigated for different filament powers in the range of
roughly 2000 to 2660 W. The current Ia exhibits first a
steep increase with voltage Ua and saturates afterwards.
For all further experiments an auxiliary discharge voltage
Ua = 60 V was used as a rather stable operating point.
By applying negative voltages on the target (Ut) target
currents (It) can be drawn. At constant auxiliary discharge
conditions there is an almost constant target current with
increasing target voltage (Fig. 4 and 5). The pressure has
also only little effect on this behaviour.
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Fig. 4. Target current It versus target voltage Ut at an
auxiliary discharge voltage Ua = 60 V, a pressure of 0.55
Pa and different auxiliary discharge currents Ia

Fig. 5. Target current It versus target voltage Ut at an
auxiliary discharge voltage Ua = 60 V, a pressure of 1 Pa
and different auxiliary discharge currents Ia
3.1. Deposition
Deposition experiments were performed for auxiliary
discharge currents of 8, 12 and 16 A at pressures of 0.55,
0.75 and 1.00 Pa at different target voltages. Deposition
rates in the order of 1 µm/min were observed. As
expected the deposition rates increase with increasing
auxiliary discharge current Ia (Fig. 6), as this increases
the plasma density, and hence with increasing target
current It (Fig. 7). Of course, the deposition rate also
increases with target voltage Ut (Fig. 8), as this increases
the energy of the impinging ions.
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Fig. 6. Deposition rate versus pressure at target voltage Ut
= -700 V and various auxiliary discharge currents Ia.

Plasma deposition of functional coatings

Fig. 8. Deposition rate versus target voltage Ut at a
pressure p = 1 Pa and auxiliary discharge current Ia =
16A.
4. Conclusions
By heating a filament with roughly 2500 W a non-selfsustained auxiliary discharge with a current of 16 A at 60
V can be accomplished.
The usage of this powerful auxiliary discharge for
triode sputtering enables deposition rates in the order of 1
µm/min in the case of a bronze alloy (CuSn8) as a target
material. Furthermore, inner walls of hollow cylinders can
be coated uniformly. As the diameters of the source can
be further down sized, even smaller plain bearings could
be coated.
Acknowledgements: This work was supported by MIBA
Gleitlager GmbH, Laakirchen, Austria

Fig. 7. Deposition rate versus target current It at a target
voltage of – 700 V and at various pressures.
Investigations of the cross sections of the deposited
coatings revealed a constant thickness distribution along
the inner surface of the hollow cylinders.
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Characterization of plasma-deposited polystyrene near atmospheric pressure:
A novel approach
V. Cristaudo1, D. Merche2, C. Poleunis1, P. Eloy1, F. Reniers2 and A. Delcorte1
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Abstract: Polystyrene-like coatings are synthesized by plasma near atmospheric pressure.
The chemical structure of the sub-surface as a function of the injected power, after
exposure to ambient air, is elucidated by the application of SIMS molecular depth-profiling
and principal component analysis. XPS characterization is also carried out, showing the
usefulness to perform in-depth chemical analysis in order to safely disregard surface-related
phenomena (mainly post-polymerization oxidation and contamination).
Keywords: plasma polymerization, polystyrene, secondary ion mass spectrometry (SIMS).

1. Introduction
Plasma-synthesized polystyrene (pp-PS) is mainly used
as protective film, and in the preparation of medical and
electronic devices. A considerable amount of research has
been conducted on the plasma polymerization of the
styrene monomer at low pressure, but only a few works
have addressed the more recent use of atmospheric
pressure devices [1]. Well-established characterization
protocols include complementary surface-sensitive and
bulk techniques, such as X-ray photoelectron
spectroscopy (XPS) and infrared spectroscopy (IR). To
this purpose, secondary ion mass spectrometry (SIMS) is
considered as a more exotic technique. However, the
chemical and structural information provided by SIMS is
unique and extremely valuable for the analysis of plasmapolymers, permitting to gain insights about the
unsaturation, branching and cross-linking contents [2].
In contrast to the static-SIMS characterization of plasmapolymer surfaces reported in the literature [3], the present
study investigates the sub-surface, being more
representative of the actual chemical structure during the
film growth. The bulk analysis of the pp-PS films by
SIMS is made possible thanks to the advent of massive Ar
cluster ion beams as “damageless” sputtering sources for
organic materials [4]. However, one is dealing with a
polymer showing new structural features, not ascribable
to the conventionally polymerized counterparts (chosen as
references in this work), for which traditional structural
indicators have been defined in SIMS. Hence, a more
systematic (or statistical) study of the secondary ion mass
spectra, that is principal component analysis (PCA), is
proposed here to extract more reliable information about
the pp-PS structure. Complementary XPS analyses are
performed in order to validate the SIMS results. Finally, a
clearer picture of the chemical structure of the
investigated plasma-polymer is drawn, as well as its
dependence on the power injected into the plasma
medium.
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2. Experimental
Plasma reactor and plasma polymerization
Plasmas were produced in a home-made reactor of the
dielectric barrier discharge (DBD) type (see Figure 1).

Figure 1. Schematic of the dielectric barrier discharge (DBD) device.

Two copper electrodes, covered with alumina, were
placed at a distance of 3-4 mm. High voltage was applied
to the top electrode, whereas the bottom electrode was
grounded. The liquid styrene vapors (i.e. the monomer)
were carried into the discharge by an Ar flux with a flow
rate of 4 L/min. After the placement of the silicon
substrate on the bottom electrode, the chamber was
pumped down to a pressure of 1x102-5x102 Pa. Then, the
chamber was refilled by the gas mixture (Ar/styrene) to
the working pressure of 2 x 104 Pa. The low frequency
(LF) plasma was ignited using a AFS (G10 S-V)
generator. The frequency was fixed at 18160 Hz. Plasmapolymer films were prepared varying the power from 10
W to 80 W. The deposition time was kept constant at 5
minutes. Then, the plasma chamber was brought to
atmospheric pressure. Afterwards, the samples were
collected and kept in Petri dishes before being analyzed
by SIMS and XPS within the first few hours from their
polymerization. The plasma samples investigated in this
study, as well as the commercial reference polymers
(conventionally synthesized), are described in Table 1.
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Table 1. List of the investigated samples.
Investigated samples
Power (W)
Plasma-polymerized
10, 20, 30, 40, 50, 60, 70, 80
polystyrene (pp-PS)
Reference samples
Long name
Sample name
Amorphous PS*
Linear PS
Polystyrenes (PS)
Cross-linked PS
Cross-linked PS
poly (α-methyl styrene)
PAMS
PS derivatives
poly (4-methyl styrene)
P4MS
poly (4-vinylphenol)
PVP
* Commercial name (Goodfellow).

XPS analyses
XPS measurements were performed by means of a
Kratos Axis Ultra spectrometer equipped with a
monochromatized aluminium X-ray source (powered at
10 mA and 15 kV). The pressure in the analysis chamber
was about 10-6 Pa. The pass energy was set at 160 eV for
the survey scan and 40 eV for narrow scans. The Caliph(C,H) component of the C 1s peak of carbon was fixed at
284.8 eV to set the binding energy scale. The
decomposition of the C 1s peak in its oxidized
components was performed by fixing the following
binding energies, allowing to reliably compare the
different samples: 288.8 eV for COOR/COOH (indicated
as O=C-O), 287.8 eV for RR’C=O (C=O, O-C-O), and
286.3 eV for C-OR/C-OH (C-O).
In-depth SIMS/PCA characterization
SIMS molecular depth-profiling experiments were
performed using an ION-TOF TOF.SIMS 5 instrument.
The depth-profiles were acquired only in positive ion
polarity, due to the poor hydrogen-related information
provided by the negative ion mode. A 10 keV Ar3000+ ion
beam was employed to sputter a 600 x 600 µm2 area. A
second pulsed beam of 30 keV Bi5+ ions was used to
collect the mass spectra from a 200 x 200 µm2 area,
concentric to the sputtered surface. The measurements
showed excellent reproducibility, so three profiles per
sample were acquired in order to run PCA. The SIMS
crater depths were measured by a stylus profilometer in
3D-imaging mode, in order to estimate the sputter yield
volume (Y). The “bulk-like” mass spectra were obtained
by means of a computer reconstruction of the SIMS raw
data in the sub-surface of the plasma deposits, where the
signals of the most characteristic fragments of the PS (e.g.
C7H7+, C8H9+, and C9H9+) are constant.
PCA of the bulk-like positive ion mass spectra was
conducted after a manual integration of the peaks in the
m/z range from 12 to 210 amu. The investigation of the
chemical structure of the pp-PS deposits was first done by
comparison with the conventionally polymerized
counterparts, linear and cross-linked PS. Then, in the
PCA study of the plasma films, additional commercial
polymers were included (see Table 1), namely PAMS,
P4MS and PVP. Before multivariate analysis, the data set
was normalized and mean-centered. In order to interpret
the PCA results, loading thresholds were carefully chosen
in order to extract the most important variables (peaks)
over the model.
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3. Results and discussion
The XPS characterization of the commercial “linear
PS” confirms that, in terms of purity, the chosen material
is a good reference for this study. Indeed, its elemental
composition consists of 99.3% of carbon and only 0.7%
of oxygen, explainable by surface contamination.
However, the percentage of the shake-up satellite is close
to the one reported in the XPS library for the polystyrene
(~10% of CCarom) [5]. On the other hand, the XPS
analysis of the commercial “cross-linked PS” points out a
higher content of oxygen (4.6%), and the presence of
organic silicon (2.8%). One can notice a decrease of the
shake-up satellite of ~3 times with respect to the previous
reference PS (linear). The presence of oxygen is partly
linked
to
surface
contamination
of
poly
(dimethylsiloxane) (PDMS), as confirmed by staticSIMS. Concerning the pp-PS films, they differ
fundamentally from the conventional counterparts by the
much higher content of O ranging from ~7% to ~9%. The
O-uptake of the plasma deposits could take place during
the plasma polymerization and/or be due to postpolymerization oxidation in the air since radical species
remain trapped in the film after plasma deposition [6].
In order to better elucidate the nature of the O-uptake in
the plasma-polymers, as well as in the cross-linked PS,
the C-O component of the main C 1s peak is plotted
versus the O 1s peak in Figure 2. A correlation is found
for the pp-PS films deposited by DBD and the linear PS.

Figure 2. Correlation between the O 1s peak and the C-O component of
the main C 1s peak for the linear and cross-linked PS (circles), and all
the plasma-deposited films (squares). For the cross-linked PS, the
contribution to the O 1s coming from the PDMS contaminant has been
subtracted (“corrected”).

After subtraction of the PDMS contribution to the O 1s
peak (2.8% of Si 2p), the cross-linked PS also aligns with
the other samples (see “cross-linked (corrected)” in
Figure 2). Thus, it is found that the O-uptake in all these
polymer structures occurs mainly via C-O simple bonds.
However, the ratio O 1s to C-O for the pp-PS films (close
to 1) suggests the prominent presence of alcoholic
functionalities (C-OH), independently of the power
applied during the plasma deposition. On the contrary, for
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the cross-linked PS this ratio (~0.5) points out the
prevalence of C-O-C or ether groups.
An anti-correlation between the C-O component and the
shake-up satellite (the latter being related to the
aromaticity) is found as well (not shown). This could
suggest an oxidative functionalization of the phenyl rings
with subsequent disruption of the aromaticity, as
described by Potter et al. [6].
In order to gain a better understanding of the chemical
structure of the commercial “cross-linked PS” (oxygen
content unusually high and cross-linking type), a
comparative study with the reference “linear PS” was
performed by applying the combined dynamicSIMS/PCA approach (not shown). The reference linear
PS is largely dominated by the tropylium ion C7H7+ (m/z
91), followed by the overall series of aromatics (m/z 77,
105, 115, 128, 141, and 165) [7]. Also the cross-linked PS
shows the classical signature of the polystyrene, but lower
intensities of the aromatic ions. Additionally, PCA
indicates that the cross-linked PS is characterized by: a)
presence of small O-containing ions (C1-5) with high H
content, among them the most intense C2H3O+, b)
increased ratio of the small aliphatic (C1-4) (almost)
saturated ions to the aromatic ions, and c) increased
intensity of the ion C9H11+, which can be considered as an
index of alkyl substitution of the aryl groups [8]. These
observations seem to indicate the use of 1-2% of
divinylbenzene (DVB) as cross-linking agent. Indeed, the
cross-linking induces an increase of the ratio of the
aliphatic to aromatic fractions in the polymer structure, in
addition to the introduction of di-substitution of the
phenyl rings as demonstrated by the C9H11+. Only the
origin of the O-uptake remains unknown. However, the
O-based functional groups are prevalently bonded to the
aliphatic backbone of the polystyrene, as suggested by the
ion C2H3O+. Contributions to the O content due to surface
contamination and presence of additives can be ruled out
in this bulk analysis.
A second PCA study was conducted in order to compare
the two conventionally polymerized PS and the plasmapolymers. Only the comparison of the pp-PS coatings
with the reference “linear PS” is shown in Figure 3. PC1
discriminates the reference from the pp-PS deposits, while
PC2 points out the evolution of the chemical nature of the
plasma films as a function of the power. Principal
component 1 highlights an important difference between
conventionally and plasma-polymerized PS, i.e. the
inversed ratio of the ion intensities of C8H9+ (105+:
protonated repeating unit of the PS) and C7H7+ (91+). This
observation is also reported in the literature in the case of
plasma films prepared at low pressure from the styrene
monomer, and it is mainly ascribed to the cross-linked
character of the coatings [9]. Furthermore, PCA indicates
an O-grafting along the overall backbone of the polymer
chains. The increase of the oxidation with increasing
power, demonstrated by XPS at the surface of the plasma
films, is now confirmed in the sub-surface of the coatings
by dynamic-SIMS. A third peculiar feature of the plasma-
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polymers can be observed in SIMS, that is the increase of
the aliphatic moieties in the polymer chains compared to
the reference (refer to C2H5+, C3H7+, CH3+). The aliphatic
fraction increases in the pp-PS films with increasing
power, following the trend of the O-uptake. When the
plasma coatings are compared to the two conventionally
synthesized polystyrenes (not shown), the films deposited
at 10-30 W are assimilated to the linear PS, being the
most aromatic of the series, while the pp-PS films are
similar to the cross-linked PS because of small Ocontaining ions (see C2H3O+) and short aliphatic ions.

Figure 3. PC2 versus PC1 scores plot obtained from the PCA applied to
the ToF-SIMS positive ion mass spectra of the linear PS and the pp-PS
films deposited in the plasma power range 10 W - 80 W.

In summary, these PCAs suggest a loss of aromaticity of
the pp-PS films compared to the conventionally
polymerized counterparts. The decrease of the aromatic
content is accompanied by an increase of the crosslinking, inferred from an increase of short aliphatic ions
with C2-4. Moreover, the cross-linked character is
different in the pp-PS films with respect to the
commercial cross-linked PS, being the aryl groups
prevalently mono-substituted (i.e. lower intensity of
C9H11+). Conversely to the linear PS, the plasma-polymers
are oxidized, and the oxygen content increases with
increasing power. In the end, the ion C 8H9+ becomes the
most characteristic in the pp-PS. This fact is accompanied
by a much higher intensity of CH3+, indicative of the
presence of methyl groups in the polymer matrix and/or
methyl-substitution of the phenyl groups as already
reported in the literature based on IR characterization
[10]. These observations could be related to a new
structural feature in such plasma-polymers, that will be
investigated by additional PCA studies with the help of
additional reference polymers.
Concerning the methyl-substitution, the comparison by
PCA of the fragmentation pattern in the sub-monomer
region of the SIMS spectra of the pp-PS samples with two
methyl-substituted PS derivatives, i.e. PAMS and P4MS,
seems to corroborate the fact that the -CH3 groups are
bonded to Cα, Cβ, Cγ, and so on, but not to the phenyl
rings. However, pp-PS films lack of repeating unit, being
characterized by an irregular structure, cross-linked and
branched. Thus, the high concentration of -CH3 groups
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could be explained by the branching. The strong presence
of oligomers at low powers is elucidated in SIMS by the
estimation of the sputter yield volume of the plasma
coatings (see Figure 4), that is the eroded volume per
incident primary ion (nm3/PI). To this purpose, a
calibration curve done with PS standards for gel
permeation chromatography (GPC) was prepared [11]. Y
is independent of the molecular weight (Mw) above 50000
amu [11]. The pp-PS deposits synthesized at powers ≥ 30
W locate at the same level of high Mw PS standards and
the polydisperse PS. Y at 10 W is unexpectedly high
(almost a factor of 2 compared to the Ῡ value of the
remaining plasma-polymers), and it can be assimilated to
PS 2k (composed by ~20 repeating units). This
observation is corroborated by GPC analyses of the same
samples (not shown), that suggest the presence of a crosslinked matrix in which a certain amount of oligomers and
monomers are trapped.
The higher presence of oligomers at low powers
determines a higher density of -CH3 chain ends. This
factor, in combination with the -CH3 grafting along the
polymer backbone, might explain the inversed ratio
91+/105+ that characterizes the plasma-deposited styrene
films. Additionally, C8H9+ (105+) and C7H7+ (91+)
decrease with power, because of a polymer network more
cross-linked. A higher cross-linked and/or branched
content, also leads to an increase of the emission
probability of smaller fragment ions, like the aromatic
C6H5+ (77+) and the aliphatic CH3+ (15+). The strong
presence of oligomers at lower powers might explain the
higher relative intensity of the dimer-related ion [2M+H]+
at m/z 207 (as well as [M+H]+), and the [3M-H]+ ion only
at 10 W and 20 W.

Figure 4. Sputter yield volume (Y) of the pp-PS films as a function of
the plasma power (black solid squares). The reference linear PS is
reported for comparison. In addition, Y as a function of the M w of PS
standards for GPC is illustrated by the blue curve. The values in blue
type are referred to the different Mw (x 103 amu) of the polystyrene.

4. Conclusion
In this work, for the first time, the elucidation of the
most outstanding chemical and structural features related
to the sub-surface of plasma-deposited styrene films near

528

Plasma deposition of functional coatings

atmospheric pressure, and as a function of the injected
power, have been successfully conducted by the
combined dynamic-SIMS/PCA approach.
The high concentration of -CH3 groups in the polymer
matrix is ascribed to branching or grafting of CH3·
radicals to active sites (prevalently in position α, β, γ)
along the aliphatic backbone (also forming chain ends by
termination reactions), and a relatively high fraction of
trapped oligomers. XPS analyses of the surface of the
plasma coatings have demonstrated the gradual increase
of the O-uptake to the detriment of the aromaticity with
increasing power. This is in rather good agreement with
the SIMS characterization of the inner layers of the
plasma coatings. Further work will address the
determination of the chemical composition of the subsurface region, by means of XPS depth-profiling with
large Ar cluster ion sputtering, to establish a
straightforward correlation with the SIMS spectra
obtained in this study.
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Abstract: This contribution presents our latest results on an atomizer-enhanced
atmospheric-pressure plasma process for the production of coatings obtained by the codeposition of an organic precursor and water or water solution containing a bioactive
molecule – antibiotics vancomycin. The main aim is to deposit a coating for the controlled
release of the bio-active molecule. It has been demonstrated that by changing the deposition
parameters, the release rate can be controlled to a certain extent and that the deposited
Vancomycin maintains its antibiotic properties.
Keywords: vancomycin, aerosol-assisted plasma, atmospheric-pressure plasma
1. Introduction
Bio-composite coatings are usually defined as interlayers
made of at least two components: an organic/inorganic
synthetic matrix, well adherent to substrates and working
as supporting network, and biological compounds (such
as proteins, nucleic acids, lipids, and even cells, viruses or
their fractions) embedded, conjugated or mixed to the
matrix. They are usually employed to improve the
biological
activity
(antibacterial,
cell-adhesive,
biomolecule-sensing, etc.) of an underlying material
without modification of its bulk properties.
Bio-composite coatings can be used in a wide range of
technological applications such as biosensors, cell growth
enhancing films for tissue engineering, antibacterial
coatings for food packaging [1-3]. Many techniques, like
drop-casting, dip coating and painting [4-6], layer-bylayer
deposition
of
polyelectrolytes,
[7,8]
electrochemically induced deposition [9], sol-gel [10],
many wet chemical reactions [11-13] have been
developed
for
preparation
of
such
coatings.
Unfortunately, all of them have some drawbacks (e.g.
large use of solvents and reactants, long tedious multistep procedures, need for sample pretreatment).
Therefore, plasma-based method can be a good alternative
overcoming some of these drawbacks. So far, two main
strategies based on reactions in plasma phase have been
developed. The first one comprises of two-steps, the
substrates are firstly functionalized by atmospheric or
low-pressure plasmas and then grafted with biomolecules
in a wet chemistry step [14,15].
Recently, many efforts have been devoted to setting up
one-step atmospheric-pressure plasma-based processes
embedding biomolecules in polymeric thin films. This
strategy can be carried out by coupling dielectric barrier
discharge (DBD) reactors with atomizing systems
spraying nano-droplets of biomolecule solution directly in
the plasma chamber. This group of research has already
demonstrated the possibility to exploit this strategy to
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successfully include Active lysozyme, an antibacterial
protein, in a plasma-deposited polymeric coating bulk
structures, using ethylene as precursor for the synthesis of
the matrix. The one-step procedure did not influence the
functionality of the enzyme and allowed its tuneable
release in water. This could pave the way for the
application of aerosol-assisted atmospheric-pressure
plasma deposition of bio-composite coatings to the dry
manufacturing of drug carrier systems with modulated
delivery behaviour.
2. Material and Methods
The investigated method is based on a one-step deposition
process in the atmospheric pressure dielectric barrier
discharge reactor schematically shown in Fig. 1. It
consisted of two parallel plate silver electrodes, 5 mm
apart (could be adjust), both covered by thick alumina
sheets. Helium (carrier gas, 99.999% Air Liquide) and
ethylene were fed into the deposition chamber via
electronic mass flow controllers (MKS Instruments).

Fig. 1. Schematic diagram of aerosol-assisted
atmospheric-pressure DBD deposition system.
Substrates samples were placed between two parallelplate electrodes covered with alumina. Helium plasma
was ignited in the inter-electrode gap, while ethylene was
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added in constant amounts and water Vancomycin
aqueous solution droplets were injected through an
aerosol generator (atomizer – mod. 3076 TSI, Helium
flow). The coatings were characterized by SEM and FTIR analysis.
The average power was obtained by multiplying the
energy per voltage cycle by the frequency; the energy per
cycle was calculated from the time integral of the current
times the voltage in one cycle. The applied voltage was
kept at 4.25 kVpp at 24 kHz, corresponding to an average
power density value of 1.28 W cm-2

vancomycin appears (blue – red line). This can be surely
due to the decreased effect of the power onto the
fragmentation of the antibiotic molecule. In particular it
can be expected that during the off time, vancomycin can
be adsorbed on the growing coating without important
damage of its structure. Higher content of the
Vancomycin in coatings prepared via pulsed mode
deposition process is further confirmed by release test
(measured with UV-VIS spectrometry) whose results are
depicted in Fig. 3. It has been estimated that the total
amount of biomolecule embedded in the coating is
40µg/cm2.

Table 1. Deposition conditions or typical samples used for
characterization.
Deposition conditions
Pulsed mode

He: 5 slm, Ethylene: 20 sccm, Time on/off:
40/80 msec, time: 23 min, Frequency: 24 kHz,
Vpp: 4.5kV

Continous mode

He: 5 slm, Ethylene: 20 sccm,, time: 13 min,
Frequency: 24 kHz, Vpp: 4.5kV

Top coating

He: 5 slm, Ethylene: 20 sccm,, time: 3 min,
Frequency: 24 kHz, Vpp: 4.5kV

For the Vancomycin containing films, C2H4 was used as
the precursor of the matrix at the flow rate of 20 sccm.
Before each deposition process complex cleaning
procedure was performed and He was added to the reactor
chamber for 5 min for conditioning and purging. Typical
deposition conditions are described in table 1.
3. Result and Discuss
The deposition process of the Vancomycin containing
composite films has been optimized working in
continuous and pulsed mode and final deposition
conditions are described in Tab. 1. Films which were used
for characterisation described in this part of the abstract
were deposited on double-side polished silicon wafer (for
FTIR analysis, release tests and SEM imagining) and
titanium plates (for testing of antibacterial activity).
Chemical composition of deposited films was analysed by
FTIR, measurement of Vancomycin-containing coating,
shown in figure 2) deposited in continuous (red line) and
pulsed mode (blue line) at the same peak power are
reported together with “pure antibiotic sample” (drop
casted water - Vancomycin solution, black line) and
control sample (deposited water aerosol-CHx layer
without Vancomycin, green line). According to FTIR
data, the spectrum appearance transitions from a spectrum
typical for a hydrocarbon plasma-deposited coating (green
line) to one having some features that can be attributed to
vancomycin - blue line (especially the broadening of the
OH/NH region at 3300cm-1). More interestingly, when
passing from the continuous mode to the pulse mode, an
important contribution of the fingerprints bands of
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Fig. 2. FTIR analysis of deposited films. Green line:
control deposition without Vancomycin, Black line: drop
casted Vancomycin, Blue line: sample prepared via
continuous mode deposition, Red line: sample prepared
via pulsed mode deposition.

Fig. 3. Release test of Vancomycin from the coatings.
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Release test results (Fig. 3) also shows significant
difference in release of Vancomycin from coating
prepared with top barrier films (3 minutes deposition
without Vancomycin aerosol admixture) in the case of
continuous and pulsed mode depositions. In the case of
sample prepared with continuous mode discharge top
coating slows down the release rate while in the case of
pulsed mode no significant influence of top coating is
observed. This difference could be explained because of
different morphology of deposited coatings – compare fig.
4 and fig. 5. In the case of continuous mode deposition is
observed that deposited coating is composed by stacked
spheres (high Vancomycin concentration in these spheres
is suggested after fluorescence test using confocal
microscopy) which are semi- homogeneously distributed
over the surface while in case of pulsed mode deposition
the whole surface is covered with complex branched
structure (fig. 5) which at first leads into much larger
overall surface-bulk ratio and second create places on the
sample which are not easily accessible during top coating
deposition and therefore are not covered in the way as
they are in case of the sample from continuous mode.

Fig. 4. SEM image of the sample prepared in continuous
mode. Top view: homogeneous distribution of sphere at
the surface, Side view: stacked structure of deposited
coating

Both continuous and pulsed mode samples were tested for
antibacterial activity via Agar diffuse test and it was
reported that both shown antibacterial activity comparable
with drop-casted Vancomycin samples, therefore we
assume that significant amount of Vancomycin was not
negatively influence by plasma.
4. Conclusion
The one-step atmospheric-pressure aerosol-assisted
plasma deposition process has been used for deposition
of Vancomycin/CHx coatings at various conditions. It has
been found that Vancomycin containing coatings
deposited using dielectric barrier discharge in pulsed
mode contains significantly higher amount of
Vancomycin with comparison of coating with similar
thickness deposited using continuous mode discharge.
Antibacterial activity of deposited films was tested and
confirmed via Agar diffusion test. It was also shown that
the deposition of barrier to coating (a pure CHx films
without admixture of Vancomycin aerosol) could
influence release rate of Vancomycin from the underlying
film and therefore allow for tuning of the release rate in
highly specific way. This tuning of release rate of
Vancomycin opens wide possibilities of optimization of
this deposition process fo further development in drug
delivery systems.

Fig. 5. SEM image of the sample prepared in pulsed
mode.
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Control of hydrolysis of plasma polymers based on polylactic acid
J. Kousal1, A. Choukourov1, Z. Kolářová Rašková2, P. Stloukal2, M. Lehocký2 and H. Biederman1
1

Department of Macromolecular Physics, Faculty of Mathematics and Physics, Charles University, Prague,
Czech Rep.
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Centre of Polymer Systems, Tomas Bata University in Zlín, Zlín, Czech Rep.
Abstract: Biodegradable plasma polymer films were prepared using plasma assisted
vacuum thermal deposition of polylactic acid under various RF plasma powers (0-20W).
Molecular weights and chemical composition of the “precursor” polymer and thin films
have been characterized. Swelling and hydrolysis of films were monitored in situ by
spectroscopic ellipsometry and ex situ using liquid chromatography. Possibility to prepare
PLA like plasma polymer films with controlled degradability was demonstrated.
Keywords: plasma polymerization, thermal deposition, biodegradability, hydrolysis

1. General
Biodegradable polymers (like polyethylene oxide or
polylactic acid) are materials with important applications
like packaging, food industry or medicine and they can be
synthesized in many modifications [1 5]. However, using
classical “wet chemistry” methods, it is usually difficult
to prepare biodegradable polymers with high degree of of
crosslinking without considerable residues of the
crosslinking agents. Plasma-based methods can easily
produce very highly crosslinked materials, but it is
challenging to maintain structural resemblance of plasma
polymers to their classical counterparts.

powers into the plasma electrode of 0, 2, 5 and 20 W. The
deposition rate was monitored by quartz crystal
microbalance sensor.

Plasma assisted vacuum thermal deposition [6] is a
technique that uses oligomers released during low
pressure thermal decomposition of source polymer
(“precursor”) as a “monomers” for gas-phase plasma
polymerization. In this way it is possible to produce
plasma polymers that bridge the gap between classical
polymers and common plasma polymers. As it turns out,
this is an interesting region where various properties of
the films can be controlled [7, 8].
2. Experimental
2.1. Deposition of plasma polymer
The films were prepared in a setup described e.g. in [6].
The gradually heated (from 25C to 400C) crucible with
a polymer precursor ("source" polymer) was placed 4 cm
above the RF electrode with suppressed sputtering (using
glass target). The substrates (single-side polished silicon
wafers, gold-coated silicon, aluminium foil, glass slides)
were placed 10 cm above the crucible. As a source
polymer for the process, PLA prepared by
polycondensation according to [9] was used.
The chamber (pumped by rotary and diffusion pump)
was filled with argon under the pressure of 4 Pa and the
flow rate of 8 sccm. An RF generator (Dressler Cesar,
13.56 MHz) with an automatic matching unit
(MFJ-962D) was used to deliver power to the RF
electrode (Fig. 1). Depositions were performed at RF
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Fig. 1. Scheme of the experiment. T – crucible with
source polymer (precursor), M – RF electrode, Q –
samples and deposition rate sensor. Adapted from [6].
2.2. Determination of composition of films
The weight average molecular weight (MW) and MW
distribution of PLA prior to and after deposition were
analysed by gel permeation chromatography (GPC) on an
HT GPC 220 system (Agilent), calibrated from 580 to
3 000 000 g.mol-1. Samples on aluminium foil were
dissolved in THF (2 mg.ml-1) overnight. Separation and
detection took place on a series of mixed columns (1B,
1D, 1E, 3007.8 mm, Polymer Laboratories). Analyses
were carried out at 40C in THF, 1.0 ml.min-1 flow rate
and a loading volume of 100 l. The elemental
composition of the films in dry state was analyzed by
XPS (Phoibos 100, Specs). FTIR ATR (Nicolet iS5) were
recorded for samples on gold-precoated substrates.
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Fig. 2: GPC molar weight of the precursor PLA
polymer and thin films prepared without plasma and at
plasma power 5 W (note: relative amount of fragments
with Mr<2000 g.mol-1 can be overestimated).
2.3. Characterization of hydrolysis
The physical thickness of the film during hydrolysis has
been characterized in situ using spectroscopic
ellipsometry (Woollam M-2000DI). The swelling and
hydrolysis of the films in water was monitored for
3 hours.
The hydrolysis experiments were carried out on
samples on the glass slides at 37C in 15 ml ammonium
bicarbonate buffer (0.01 mol.l-1, pH 7). 0.5 ml aliquots
taken at regular intervals, centrifuged and were analysed
for lactic acid by LC-MS (Agilent 6530 Accurate Mass)
coupled to an HPLC unit (Agilent 1260 Infinity).
1. Results and discussion
Molar weight of the precursor polymer was and of the
thin films Mn=6900 g.mol-1 (~100 monomeric units),
Mn=10 000 g.mol-1. The molar mass distribution of the
plasma polymer is significantly broader (Fig. 2). The
lower molar weight fragments (Mr=100-3000 g.mol-1) are
present as well as the molecules with molar mass higher
than the original polymer (Mr=10 000-100 000 g.mol-1).
This shows both the fragmentation of the precursor
polymer and their re-polymerization, which happens to
some extent even without the plasma. However, the ratio
of the low molar to high molar fragments amount shifts
when the material is plasma-polymerized.
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Fig. 3: FTIR-ATR spectra of the precursor PLA polymer
and thin films prepared without plasma and at plasma
power 5 W.
The FTIR-ATR spectra of the precursor and of the thin
films are remarkably similar, so the chemical structure of
polylactic acid is well preserved (Fig. 3). Slight
broadening of the absorption peaks in the films in
comparison to the precursor polymer suggests some
fragmentation and randomization of the structure in
plasma polymers, compatible with the findings of GPC.
Significant increase of the peak at 1270 cm-1 can be
attributed to the increase presence of C-O-C groups, what
is another sign of fragmentation and crosslinking of the
polymeric chain.
The elemental composition of the films using XPS
shows that for low plasma powers (up to 2 W) C/O ratio
is close to 1.5 that matches the C/O ratio for PLA. For
plasma powers from 5 to 20 W the C/O ratio decreases to
about 1, mainly due to the higher amount of C=O and
C-O groups.
When the hydrolysis of the films was monitored, it was
found that the lactic acid release was higher during the
first 24-50 hours, noticeably faster for the films deposited
without plasma discharge. After about 200 hours of
immersion, the lactic acid release rate decreased
gradually. A diffusion behaviour according to the
classical Fickian diffusion phenomenon has been reported
previously in other PLA products [10]. The lactic acid
release gets slower and less pronounced with the increase
of the discharge power during thin film deposition as can
be expected for more crosslinked films.
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Fig. 4: Kinetics of swelling and hydrolysis of the films in
water observed in-situ by spectroscopic ellipsometry for
films prepared at RF powers 0-20 W. Adapted from [8].
The in-situ monitoring of thin films degradation in
water using spectroscopic ellipsometry (Fig. 4) revealed a
nontrivial kinetics of initial stages of the process of film
hydratation. The time dependence of thickness of the film
in water shows competitive processes of swelling of the
plasma polymer and its hydrolysis. With increasing RF
power during deposition, the moment of attaining
maximum thickness (swelling) is time-delayed and PLA
dissolving is slower. Only in case of the film prepared at
0 W the 3 hours of were enough to reach the equilibrium
state.
2. Conclusions
PLA-like plasma polymer films were prepared using
plasma-assisted vacuum thermal deposition. These films
well correspond in structure and chemical composition to
the original PLA polymer. The properties of the films in
terms of (bio)degradability can be controlled by the
deposition conditions.
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Development of atmospheric pressure plasma sintering method
N. Nishino, K. Yamamoto, N. Ogawa
Graduate School of Engineering, Hiroshima University, Higashi-Hiroshima, Hiroshima, Japan
Abstract: The atmospheric plasma sintering method was developed. The sample used here
was cold press (compression) molding Fe powder. The sample was sintered successfully
within 30min by using plasma sintering. In this experiment the sample size was small
(8x~5mm), however, by using the conventional heater sintering it took about 1day.
Therefore, the plasma sintering method is very promising.
Keywords: atmospheric pressure plasma, sintering.
1. Introduction
Sintering technique is widely used to make a product of
metal and/or ceramics. In the conventional sintering
method the sample (product) is heated below than melting
point by heater (normally in noble gases). It is very useful,
however, it takes a long time (~days) and the energy
efficient is low due to bigger heater size.
In this study the atmospheric pressure plasma sintering
method is developed to solve the above-mentioned
problems.

The power of the magnetron is 1.5kW max. The
frequency of it is 2455MHz, and its variation is
15MHz.After the quartz tube was installed in the cavity,
the air in the tube was vacuumed, then the noble gas is
introduced. The pressure of the noble gas was monitored
by the absolute pressure gauge. Usually He gas was used
in this experiment.
Fig. 3 shows typical He gas discharge in this experiment.

2. Experiment
The sample used here is shown in Fig. 1. The sample
was made by Fe powder, and typically it was pressed at
400 MPa. The size of the sample is 8x5mm.

Fig. 1 Fe sample after cold press (compression)
molding
Fig. 2 shows the single cavity microwave instrument.

Fig.2 Schematic of the single cavity microwave
instrument
The magnetron is shown in the left side, and the
sample in the quartz tube is installed in the cavity as
shown in the right of figure.
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Fig. 3 Typical He discharge
Gas pressure: 100kpa
The sample was installed in microwave magnetic
field position

3. Results and discussion
Fig. 4-6 show the time dependence of the sample
temperature by using He gas discharge. The initial gas
pressure of He were 100, 50, 10kPa, respectively. At each
gas pressure the peak temperature increases almost with
the microwave power and He gas pressure. The sample
was melted at 100kPa of He gas and 800W of the
microwave power discharge (hereafter He 100kPa, 800W).
At He 10kPa the temperature dependence on the
microwave power is somewhat vague. At He 1kPa the
discharge was unstable under 500-800W microwave
power (not shown here). Therefore, it seemed the
discharge at He 10kPa was marginally stable.

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

Temp. (℃)

1400

He 100kPa

1200

800W
700W
600W
500W

1000
800
600
0

500

1000

1500
time (s)

Fig. 4 Time dependence of the sample temperature at
He 100kPa
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Fig. 5 Time dependence of the sample temperature at
He 50kPa
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After plasma sintering the relative density of the
samples were measured, and also they were compared
with that obtained by using the conventional heater
sintering. Fig. 7 shows the results of the relative densities.
All data by using the plasma sintering exceed the value
obtained by the conventional heater sintering (shown in
black line). It took about 1day to make the sintered
compact by the conventional heater sintering. On the
other hand, it took only 30min to make the sintered
compact by using the plasma sintering. The SEM images
of every sample showed the boundary of each powder
was not seen and it seemed the sintering process was
progressed in whole region of the samples (not seen here).
Therefore, it was concluded the sintering of Fe sample
was successful by using He atmospheric pressure plasma
with short time.
On the stability of He gas discharge it was useful to use
the atmospheric pressure of 50-100kPa at this time. In the
future it is worthy to research the plasma sintering
technique by using other noble gases.
4. Conclusion
The sintering method by using the atmospheric pressure
plasma was developed. Using He gas it was successful to
rise the temperature of the sample under various
conditions. 50-100kPa of He gas discharge was prominent
at our single cavity microwave instrument, and it was
successful to make the sintering compact of Fe sample by
using He atmospheric pressure plasma with short time.
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Fig. 6 Time dependence of the sample temperature at
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Fig. 7 Relative density under various discharges
The black line shows the relative density by using
conventional heater sintering.
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Solution precursor vacuum plasma spray of superhydrophobic ceramic coatings
Pengyun Xu, Javad Mostaghimi, Thomas W. Coyle and Larry Pershin
Centre for Advanced Coating Technologies, Department of Mechanical and Industrial Engineering, University of
Toronto, Toronto, Ontario, Canada
Abstract: We studied a novel solution precursor vacuum plasma spray (SPVPS) process,
which combines vacuum plasma spray and solution precursor to deposit superhydrophobic
coatings. Ytterbium nitrate pentahydrate dissolved in water and/or ethanol mixture was
used as solution precursors. Ytterbium oxide coatings were formed by injecting radially the
solution into the low-pressure plasma jet generated by a commercial F4-VB torch (Oerlikon
Metco) operated in a low-pressure (about 150 mbar) chamber with air as ambient gas. The
coatings hydrophobicity was characterized by measuring the water contact and sliding
angles. The microstructure and morphology of the cross section and top surface of the
coatings were also investigated.
Keywords: solution precursor vacuum plasma spray, superhydrophobic ceramic coatings,
wetting behavior
1. Introduction
Superhydrophobic surfaces, which possess a large water
contact angle and small contact angle hysteresis, have
numerous applications such as drag reduction[1], anticorrosion[2], anti-icing[3] and dropwise condensation[4].
Lots of work has been done to fabricate superhydrophobic
surfaces which typically focuses on using low-surfaceenergy polymeric modifiers to construct appropriate
structures on the surfaces or change the surface chemical
composition[5]. The modified surfaces exhibit good
hydrophobicity while they are not durable and deteriorate
quickly in harsh working conditions. Research by K.
Varanasi et al. shows that the entire lanthanide rare-earth
oxides (REOs) are intrinsically hydrophobic due to the
unique electronic configuration, and the hydrophobicity is
very durable even after high temperature treatment and
abrasive wear test[6]. This gives inspiration that the REOs
could be processed by ceramic processing techniques,
such as plasma spray, to fabricate hydrophobic coatings.
Plasma spray is a versatile technique to deposit coatings
with powder as feedstock conventionally. Solution
precursor plasma spray (SPPS), as a new plasma spray
process developed on the powder plasma spray, uses
aqueous precursors as feedstock and is potential to make
finely structured coatings. Vacuum plasma spray (VPS) is
a process that the plasma is operated under low pressure
(typically 50-300 mbar). The Low-pressure plasma jet
presents many unique properties such as high speed flow,
expanded jet dimension, reduced thermal energy and
small decay rate of jet velocity and temperature due to the
weak interaction with surrounding atmosphere[7, 8]. The
VPS technique has been employed to spray a wide range
of materials from powder feedstock, and the results
indicate that VPS is greatly helpful to get dense
coatings[9-11]. In our work, the SPPS and VPS processes
are combined and developed as a plasma spray process
which is named as solution precursor vacuum plasma
spray (SPVPS). SPVPS is developed and applied to make
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hydrophobic coatings using the aqueous precursors of
lanthanide REOs as feedstock in this study.
2. Experimental
A commercial F4-VB torch (Oerlikon Metco) operating
with Ar and H2 was used to operate the SPVPS process. A
turntable holder was designed which provided high
transverse speed for the samples. The compressed air was
introduced into the chamber and directed to the back of
the substrates for the cooling of the samples. A liquid
delivery system (Northwest Mettech Co., North
Vancouver, Canada) which contained peristaltic pumps,
inline dampeners and Coriolis flowmeters was used for
the solution feeding. A solution nozzle was used for
solution injection with a self-designed protective cap and
changeable syringe needle orifices that can change the
diameter of the injected stream. The SPVPS process was
run in a water cooled vacuum chamber with a maximum
vacuum capability of about 50 mbar.
The solution used in the SPVPS process was 1 mol/L
Yb(NO3)3 solution with 50wt% distilled water and 50wt%
ethanol as solvent. The substrates used were sandblasted
304 stainless steel disks with a diameter of 25.4 mm and
thickness of 3 mm. The roughness after sand-blast was
about 6 μm as measured by a profilometer. The process
parameters of the SPVPS process were summarized in
Table 1.
Table 1. Guidelines for manuscript.
Current, Voltage

700 A, 60-61 V

Plasma gas

50Ar10H2 LPM

Solution injection

Radial injection via a 150 μm ID orifice

Solution feed rate

19-28 g/min

Standoff distance

90, 100, 110 and 120 mm

Operation pressure

150-160 mbar

Torch motion

The relative transverse speed was 1 m/s. The
vertical step size was 5 mm. The total pass number
was 15.
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After the spraying, the as-sprayed samples were put in a
vacuum chamber (1-15 Pa) for 24 hours to remove the
moisture. The microstructure of the coatings was
observed under a scanning electron microscopy (SEM,
Hitachi TM3000, Japan). The static water contact angle
and sliding angle of the coating were measured by putting
a water droplet (about 5-7 mg) on five different areas of
the surface. Then pictures were taken by a high speed
camera, and the angles were measured using the ImageJ
software.
3. Results and discussion
The pictures of plasma jet under atmospheric/low
pressure and with/without solution injection were
presented in Fig. 1. The low-pressure plasma jet was
much longer than the atmospheric-pressure plasma jet
which indicated the heating and accelerating zone of the
jet were elongated. The picture with solution injection
showed a large spray spot at the end of the jet.

Fig. 1. Plasma jet in the SPVPS process.
The cross sectional and top surface microstructure of
the coatings deposited by SPVPS process at different
standoff distances were shown in Fig. 2 with the static
water contact angle as insets.

ISPC23, Montreal, Canada

Fig. 2. Microstructure and water contact angle of the
SPVPS coatings.
The cross sectional coatings showed relatively dense
microstructure. The microstructure and thickness of the
coatings were very similar at different standoff distances.
This was very different with the coatings deposited in
SPPS process in atmospheric environment where the
microstructure varied and coating thickness decreased
along the standoff distance. The small variation of the
coating microstructure and thickness was attributed to the
properties of the low-pressure plasma jet which has an
extended heating and accelerating zone and small decay
rate of the temperature and velocity. Therefore the
solution droplets had very similar heating and
acceleration along the standoff distance from 90 mm to
120 mm. In the SPPS process, the small particles
traveling in the plasma jet under atmospheric pressure lost
their inertia and temperature quickly due to the interaction
between plasma and surrounding air. So when the
particles impacted the substrate at long standoff distance,
they were not in the well-melted and accelerated status.
The particles bounced off from the surface which led to
the decrease of coating thickness or resulted in porous
microstructure. In contrast, the small particles traveling in
the plasma jet of SPVPS process, the particles maintained
good and similar velocity and temperature along the
standoff distance because of the extended heating and
accelerating zone of low-pressure plasma jet. Therefore
when they impact the surfaces and formed coatings at
different distances, the microstructure was very similar.
The top surface also had similar microstructure which
contained some irregular-shaped micron sized clusters
ranging from 10 μm to 30 μm. Tiny splats or irregularshaped particles were found on the top of clusters, and
grooves or gaps were found between these clusters, as
shown in the high magnification of the top surface
microstructure in Fig. 3. These micron sized clusters and
the tiny splats and particles on them helped increase the
surface roughness and were helpful to enhance the
hydrophobicity of the coating.
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Fig. 3. Top surface microstructure of coating at 100 mm.
The static water contact angle (WCA) had a high value
around 140o which showed the good hydrophobicity of
the coatings. The WCAs decreased a little at longer
standoff distances. This might be because of the smaller
surface roughness as the low-pressure plasma jet had
larger spray spot and the shadowing effect[12] in the
spray process was reduced. The water droplet sliding test
was done and it was found that water droplet could roll
off from all the coatings at sliding angles ranging from 20
to 30 degree. Fig. 4 showed different sliding instants
during the waster droplet sliding test on the coating at 100
mm standoff distance. Fig. 4 (a) was the instant that water
droplet began to roll off from the coating. Fig. 4 (b-i)
exhibited the sliding instants of the droplet. The sliding
angle for the coating was around 20 degree.
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Fig. 4. Water droplet sliding instants on the coating.
4. Conclusions
A new spraying process, solution precursor vacuum
plasma spray, was developed in this work by operating
the solution precursor plasma spray in low pressure
environment. Hydrophobic coating were made by this
process and the static water contact angle and sliding
angle test showed the good hydrophobicity of the coatings.
The new spraying process provides a quick and simple
technique to fabricate hydrophobic coatings.
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Abstract: Our work focused on characterization of thin polyanilline films deposited with a
technique that combines DC plasma polymerization with glacing angle deposition (GLAD)
for a controlled growth of polymers with certain structural and morphological
characteristics. By modifying the deposition parameters, different structures, from rods to
worm-like structures can be obtained. FT-IR and SEM analysis show the influence on
morphological and structural properties.
Keywords: plasma polymerization, polyaniline thin film, DC plasma
1. Introduction
Using plasma sources as a way to initiate and maintain
polymerizations offers some interesting advantages in
creating new features of polymers, different from the ones
obtained by classical chemical methods. Highly ramified
and reticulated thin films grown directly on the substrate
is one of the key advantages of using this method. By
combining plasma polymerization with Glacing Angle
Deposition (GLAD), a technique used in making thin
films with high precision structures [1], we designed a DC
plasma polymerization reactor, that, by modifying
different deposition parameters like discharge voltage,
discharge current, angle and position of substrate relative
to the incident monomer vapours, temperature, pressure
alters the polymeric film proprieties.

2. Experimental setup
When designing the reactor, it was kept in mind that
any parameter can have a big impact on the resulting thin
films. Almost every aspect of the deposition can be
modified in order to determine which parameter
influences the out coming properties.
The reactor is composed of two parallel-plane
electrodes where the anode has a small hole in the middle
used for monomer injection directly into the plasma. The
cathode is ring-shaped, offering the possibility of
introducing the substrate inside the glow discharge by a 5axys computer controlled robotic arm.
The substrate can be manipulated in all directions,
inclined from 0o to 90o and rotated up to 1000 rpm[2].

Fig. 1 Schematic view of DC polymerization reactor
3. Experiment and results
With the use of optical emission spectroscopy (OES)
and a custom made software [3], we were able to
determine the electron and ion temperature, which is not
sufficient to produce unwanted thermal effects on the
growing film.
500
10 mA

450

C2(v=0)

CN(B-X)

400

20 mA
30 mA

H

350

Intensity (a.u.)

This work is focused on investigating some structural
and morphological proprieties of the thin polymeric films
obtained by this method for future use in photonic
applications.
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Fig. 2 OES of DC glow discharge at different discharge
currents
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3.1 FT-IR analysis

3.2 SEM analysis

FT-IR analysis for the deposited samples show
different structural formations and bendings for C-C and
C-H, as well as for C-N and C=C. Mono and disubstituted
aromatic rings do not appear in the sample deposited at
20mA, with a 12 cm distance from the monomer point of
injection (anode), 45o angle and injection temperature of
20oC, when comparing to the sample deposited in the
same conditions but at higher temperature (50oC). For the
higher injection temperature we obtain the formation of
mono, ortho and para bonds, evidenced by the three big
peaks at 694 nm, 751 nm and 831 nm (Fig 3).
40

Scanning electron microscopy imaging reveals how
the different deposition parameters influence the
morphology of the resulting thin polymer films. While in
the case of P2, P3, P5, P6 and P8 samples the images
present uniform and smooth surfaces, samples P4 and P7
evidence uneven and porous structures.
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Fig. 5 SEM images of the P1-P9 plasma deposited
polymeric samples.
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Fig. 3 FT-IR comparison between samples (12 cm
distance between electrodes, 45o deposition angle, but at
different monomer injection temperatures - 20 and 50oC
respectively)
For the samples deposited at 88o, respectively 45o angle
and 20 mA, there are no major differences observed in the
IR spectra.
Comparing these spectra with those deposited at a 30
mA discharge current, we observe some other peaks,
different from specific C=C and C-N stretching and
bending bond vibrations, respectively para, mono and disubstituted aromatic ring - namely those specific to HNbenzoid ring, HN-amine group and HN-quinoid ring.[4]
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4.Conclusions
By using a custom made variable geometry DC
plasma polymerization reactor, we obtained polyaniline
thin films having particular structural and morphological
proprieties. Adjusting the deposition parameters, we
managed to also alter the morphological characteristics.
Future investigations are needed in order to establish
the real possibilities that this method has to offer for
photonics and material science arena.
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Plasma Functionalization of Metal Oxide Nanoparticles and Impact on
Dispersibility
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Abstract: Plasma polymerization was employed for the surface wrapping of metal oxide
nanoparticles in a homemade plasma reactor. The surface analysis of the modified
nanoparticles revealed a shell layer with incorporation of reactive functional groups, which
drastically changed the degree of dispersibility of the nanoparticles in selected organic
solvents.
Keywords: Plasma polymerization, Metal oxide nanoparticles, Dispersibility

1. Introduction
Metal oxide nanoparticles have been widely used
during the past decades in a variety of fields such as
nanocomposites, electrical devices and cosmetics [1].
Despite the significant properties that they maintain, their
surfaces lack from functional groups and thus do not
allow strong covalent bonding when dispersed in a
medium. Thus, surface functionalization of nanoparticles
is considered essential in applications such as
nanocomposites, where homogenous dispersion is
required.
Among different techniques to impart functionality,
plasma polymerization is a remarkable method able to
produce highly cross-linked and pinhole free films and
has been already used for the modification of
nanomaterials, such as carbon nanotubes and nanofibers
[2,3]. In this study, plasma polymerization was employed
to generate a core-shell structure (commercial metal oxide
nanoparticles-plasma polymer film)
thanks to a
homemade plasma reactor described previously [2].
The influence of the deposited polymer film on the
nanoparticles dispersibility was investigated by the
Hansen Solubility Parameters theory (HSP) and led to the
determination of the three solubility parameters, named
dispersion (δD), polarity (δP) and hydrogen bonding (δH).
The solubility parameter δ, of the studied material is
given by the Equation (1) and is represented by a sphere
in a three coordinate system with δD, δP and δH as axis.
The solvents located inside the sphere have similar HSPs
values with the studied material and strong
physicochemical affinity is indicated, while the solvents
located out of the sphere have no compatibility with the
studied material [4].
𝛿 2 = 𝛿𝐷2 + 𝛿𝑃2 + 𝛿𝐻2
(1)
In our study, raw and functionalized Al2O3, ZrO2 and
ZnO nanoparticles were tested in several organic solvents
for the determination of their HSPs and the effect of the
additional polymer film on their dispersibility was
examined.

ISPC23, Montreal, Canada

2. Materials
The plasma functionalization of the nanoparticles was
performed as follows: 0.25 g of nanoparticles were
introduced into the hollow cathode reactor and the plasma
was ignited by applying 84 W. The flow of
cyclopropylamine was kept constant and the working
pressure was regulated at 10 Pa. The deposition lasted 20
minutes and subsequently the nanoparticles were
collected and analysed.
Raw and functionalized nanoparticles were analysed by
X-ray
Photoelectron
Spectroscopy
(XPS)
and
Transmission Electron Microscopy (TEM).
Hansen Solubility Parameters (HSPs) were assigned to
raw and plasma functionalized nanoparticles. The
nanoparticles were immersed in 48 selected solvents and
the physicochemical affinity was estimated. Colloidal
stability indicated a strong interaction between the
nanoparticles and the solvent and consequently the
solvent was considered as “good”, while incompatibility
and sedimentation of the nanoparticles, indicated lack of
interaction and the solvent was considered as “bad”. The
classification of the solvents as “good” or “bad” was
carried out in order to use the HSPiP software and by
linear regression to obtain the HSPs of the tested
nanoparticles. Score of “good” and “bad” solvents was set
to 1 and 6, respectively, while the intermediate behaviour
of low dispersibility was marked as “good enough” and
set to 3.
3. Results and Discussion
The bright-field TEM images of the raw and the plasma
functionalized ZrO2 nanoparticles are illustrated in Fig. 1.
As can be seen the polymer film is approximately 5 nm
and the resulted material shows a core-shell structure. The
nanoparticles were coated both as clusters and as isolated
nanoparticles. Moreover, the same thickness of polymer
film was observed for the different kind of metal-oxide
nanoparticles of about the same size.
The XPS results showed high degree of
functionalization with the primary and secondary amino
environments being over 55% of the total nitrogen
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environment for all the functionalized nanoparticles and
the calculation of the Hansen solubility parameters of
dispersion (δD), polarity (δP) and hydrogen bonding (δH)
revealed the impact of the plasma functionalization.

Fig. 1. TEM images of (a) raw and (b) functionalized
ZrO2 nanoparticles.
More specifically, the δD parameter accounts for the
dispersion forces. These forces are strongly related to the
atoms polarizability. The more the atoms are polarizable,
the more the atoms can interact with their surroundings by
strong dispersion forces. The polarizability decreases
when electronegativity increases and as consequence the
dispersion parameter δD also decreases. Interestingly, the
value of the dispersion parameter δD for each kind of
metal oxide nanoparticles showed an increase after
plasma functionalization. This was explained by the fact
that the external chemical functions which interact with
the solvents are carbon-nitrogen based functions, instead
of oxygen-containing ones and thus more polarizable
(since nitrogen is less electronegative than oxygen).
Contrary to the dispersion parameter δD, the polarity
parameter δP decreased for the metal oxide functionalized
nanoparticles. The parameter δP is related to the dipoledipole interactions between permanent dipoles. These
permanent dipoles are generated by the partial charges
created by the electronegativity difference between two
atoms sharing a chemical bond. Raw metal oxide
nanoparticles have high polarity parameter due to their
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nature, while the plasma functionalized samples showed a
decrease of the δP component.
The hydrogen parameter δH is related to the hydrogen
bonding interactions. Their formation needs the presence
of a strongly electronegative atom with a free electronic
pair and the presence of a hydrogen bonded to a strongly
electronegative atom such as fluorine, oxygen and
nitrogen. Initially, the ability to form hydrogen bonds is
attributed to the hydroxyl groups located on the surface of
the metal oxide nanoparticles, since oxygen can act both
as donor and as acceptor. After plasma functionalization,
the presence of nitrogen atoms is responsible for the
hydrogen parameter and the ability to form hydrogen
bonds is higher.
The analysis of the Hansen Solubility Parameters for
raw metal oxide nanoparticles as well as for plasma
functionalized, allows us to describe the consequence of
the modification as a transition from a surface with
weakly polarizable atoms with low hydrogen bonding
ability and strong electronegativity, to a surface with
strongly polarizable atoms with higher hydrogen bonding
ability and weaker electronegativity. This is consistent
with the modification of the surface from a metal oxide
(with occasional hydroxyl groups) to a mixture of carbon
and nitrogen bonds with a high percentage of amino
groups able to form hydrogen bonds.
4. Conclusions
Plasma polymerization was used to functionalize metal
oxide nanoparticles. The TEM micrographs showed a
homogeneous polymer film of about 5 nm deposited onto
the nanoparticles surface and a core-shell structure. The
functionalization was applied for more than one kind of
metal oxide nanoparticles and the results showed a
homogeneous deposition for nanoparticles of about the
same size. Furthermore, HSPs were assigned to the raw
and the plasma functionalized nanoparticles. Outcomes
showed that after the modification, the compatibility
between the nanoparticles and selected solvents can
differentiate due to the new bonds existing onto the
nanoparticles surface. Moreover, the results indicated that
the plasma functionalization can lead to similar HSPs for
different kind of nanoparticles and therefore a combined
exploitation would be feasible.
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Hydrophilic-hydrophobic bilayer membranes with diode-like effect
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Abstract: Bilayer membranes have been synthetized by depositing a polytetrafluorethylenelike (PTFE) material using magnetron sputtering technique, onto polyethylene terephthalate
(PET) track membranes. The influence of the deposition time on the surface properties,
chemical composition and wettability on both sides of the bilayered membranes is reported.
The obtained bilayer membranes with nanopores present a diode-like effect, namely the ion
transport in KCl solution depends on the current direction through the membrane.
Keywords: PTFE, magnetron sputtering, PET – track membranes, nanofluidic diode
1. Introduction
The transport of fluid confined in nanometre-scale
channels is of high technological interest for nanofluidics.
The potential applications of nanofluidic devices range
from lab-on-a-chip technology, biosensors and protein
separation to drug delivery systems and electronics [1].
Track-etching technique is a promising method for creating
cylindrical channels with nanometric size and high aspect
ratio [2]. Moreover, the formation of pores with conical
shape leads to the conduction asymmetry in electrolyte
solutions, and can be used in fabrication of nanofluidic
diodes [3]. In this work, we focus on development of
systems based on nanofluidic devices, namely asymmetric
membrane-based diodes, dedicated for directional ion
transport in solution. A promising method for development
of hydrophilic/hydrophobic asymmetric membranes is
radiofrequency (RF) magnetron sputtering of a fluorine
containing target onto one of the sides of hydrophilic tracketched membranes [4,5]. The topography and chemical
composition of the bilayer membrane surface and inside of
nanochannel walls was determined. Investigation of
electrical transport properties of bilayer composite
membranes in which one layer is hydrophobic was
performed under KCl solutions of various concentration.
2. Experimental
PET-TM samples (PET TM) with pores diameter of 85 nm,
were coated with a thin PTFE layer in order to obtain
hydrophobic/hydrophilic bilayer membranes. PTFE-like
thin films were obtained using RF magnetron sputtering of
a PTFE polymeric target at 50W under 100 sccm Ar flow,
which conducted to a working pressure of 8x10-1 Pa. The
magnetron sputtering source used for PTFE-like thin films
deposition was mounted on a stainless steel spherical
chamber, with the axis being positioned at 45 degrees
relative to the axis of substrate holder and positioned at 6
cm distance from it. For better uniformity of the PTFE-like
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thin films, the substrate holder was rotated during
deposition at a constant speed of 100 rpm.
3.

Membranes characterization techniques

The surface topography of the initial and PET-TM/PTFElike bilayer membranes were investigated through Atomic
Force Microscopy (AFM), using the apparatus in noncontact operation mode, for areas of 5 x 5 μm2. The surface
morphology of the initial and the as-synthetized
membranes was revealed by Scanning Electron
Microscopy (SEM) technique. The elemental atomic
concentration of the samples was determined by XPS
technique. The wettability nature was revealed by water
contact angles measurements, carried out at room
temperature by a contact angle goniometer equipped with
a CCD camera. Distilled water droplets of 2 μL volume
each were released manually on the membrane surface for
contact angle measurements; each reported value was
obtained upon averaging 5 measurements. The currentvoltage characteristics of the initial PET-TM and assynthetized bilayer membranes were measured in the range
of -1 to +1 V and a scan rate of 50 mV/s using an Elins P8S computerised potentiated in the DC mode. A twocompartment cell separated by the polymeric membranes
with Ag/AgCl electrodes of 12.5 cm length and 0.7 mm
diameter), filled with potassium chloride aqueous solution
with the same concentration on both sides of the
membrane, was used for the measurements. The
concentration of potassium chloride was varied in the range
of 10-3 to 10-1 mol/L. Prior to measurements, the samples
were held in the electrolyte solution for 30 minutes.
4.

Results and discussion

4.1. Morphological and topographical properties (AFM
and SEM)
AFM investigations on initial PET-TM membrane and
bilayer PET TM/PTFE-like membranes surface are
presented in Figure 1. The surface topography of the initial
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a)

b)

RMS ~ 7.9 nm

RMS ~ 4.6 nm
c)

RMS ~ 3.1 nm
Figure 1. AFM images of initial PET-TM (a) and PTFE/
PET-TM bilayer membranes upon PTFE sputtering
deposition time of 20 minutes (b), and 35 minutes (c)

PET-TM membranes and the as-synthetized bilayer
membranes present various situation: from presence of the
pores for initial PET-TM membrane and low deposition
time to completely coated one in the case of high
deposition time (larger than 30 minutes). The successful
PTFE-like material plasma coating is sustained by the
pores dimension which drastically decrease with plasma
deposition time.
Top view SEM images of the initial and bilayer PETTM/PTFE-like membranes surfaces are presented in
Figure 2.
a)

b)

c)

Figure 2. Top view SEM micrographs of PET-track
membranes: (a) initial PET TM; PTFE-like coated
membranes for: 10 minutes (b), 30 minutes (c)

Morphological properties of the as-prepared bilayer
membranes surface are drastically influenced by changing
the PTFE deposition time. Specifically, the membranes
surface changes from the initial porous one (Figure 2a), to
a completely coated membrane, with a film having a
granular structure (Figure 2c). The pores dimension on the
membrane surface significantly decreases until the surface
seems completely covered by the PTFE deposited film. At
the same time, their shape at surface changes from round
to irregular. Nevertheless, measurements of gas
permeation reveal the fact that the bilayer membranes
maintain their flowing characteristics even in the situation
when the pores seem completely covered at the surface [6].
4.2. Structural properties (XPS)
The atomic composition of PET TM initial membrane, that
of conventional PTFE material and PTFE coated
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Figure 3. Elemental concentration of initial PET-TM
membrane, PTFE target and PTFE/PET bilayer
membranes.
membranes, as determined from the XPS survey spectra
interpretation, is reported in Figure 3.
The atomic composition of the initial PET-TM membranes
is composed only on C and O, with a C/O ratio of 2.91.
Accordingly, a hydrophilic nature of the porous support is
expected. Regarding the atomic composition of the
conventional PTFE (target material), it is based only of
fluorine and carbon, with a F/C ratio of 2.16, indicating in
this case the hydrophobic nature of this material. In the
case of RF magnetron deposition of PTFE-like material,
the atomic composition determined from XPS survey
spectra reveal, besides the main elements, F and C, the
presence of some residual oxygen and nitrogen. The F/C
ratio in this case is not exceeding 1.1, even for long
deposition times. Such lower value for the F/C ratio of the
plasma synthesized PTFE material in respect to the initial
target could be explained on one hand by surface carbon
contamination, which is unavoidable in the natural
environment, and on the other hand by the fluorine atoms
ejected from the target and pumped out from the deposition
chamber, either in atomic form, or upon recombination in
volatile compounds during the magnetron sputtering
deposition process [6,7]. Moreover, the presence of O and
N in the plasma deposited PTFE-like material influences
the hydrophobic character of the as prepared material. As
a general conclusion, the thickness of the PTFE-like
materials does not influence the conservation of F/C ratio
in the as-prepared materials.
4.3.
Wettability properties of the PET-TM/PTFE-like
bilayer membranes
Wettability investigations of the initial PET-TM
membranes and as-prepared bilayer membranes were
illustrated in Figure 4 which presents the surface contact
angle variation of the bilayer membranes against the PTFE
deposition time. The PTFE coated membrane surface is
denoted as the top surface and the unexposed plasma
membrane surface as the bottom side.
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These investigations reveal the hydrophilic/hydrophobic
nature of the PET-TM/PTFE bilayer membranes. On the
PTFE covered side of the bilayer membrane, one can see a
clear increase of the water contact angle corresponding to
hydrophobic behaviour. The highest WCA value, obtained
for the shortest deposition time (10 minutes), can be
explained according to Cassie-Baxter prediction, because
of air pockets presence inside the membrane pores [8, 9].

The variation of the rectification coefficient upon
deposition time of the PTFE-like active layer, for KCl
concentrations of 10–1 and 10–2 mol/L is presented in
Figure 6.
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Figure 4. Water contact angle of both sides of PTFE/PET
bilayer membranes.
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-6

(b)

Figure 5. I-V characteristics in various concentrations of
KCl solution for: (a) initial PET-TM; (b) 30 minutes PTFE
deposition
4,0

Rectification Coefficient

For the intermediary PTFE deposition time, the wettability
trend is almost constant, reaching contact angle values
more similar to flat PTFE surface. Regarding the bottom
side of the bilayer membranes, we can observe a
hydrophobization tendency in respect to initial PET-TM
membrane. This behaviour can be explained by the PTFE
layer deposition inside the pores channel and by the
diffusion of the fluorine atoms at the PET-TM membrane
side. However, the bottom surface of the bilayer
membranes remains hydrophilic, with a water contact
angle values below 90 degrees. Concluding, one can notice
a difference among the two sides of the membrane Δθ° as
high as 30° (for the 10 minutes deposition time), while for
the PTFE deposition time in the range of 15÷35 minutes
the wettability gradient Δθ° presents values between 22°27°.
Figure 5 present the current-voltage characteristics for
initial PET-TM membranes and as-prepared composite
PTFE/PET-TM membranes obtained for various
electrolyte solution concentration and deposition time of
the PTFE-like top layer. The current-voltage
measurements reveal for the initial PET-TM membranes
the same behaviour regardless the current direction,
therefore a symmetry of conductivity. Instead, the
measurements of I-V characteristics for the bilayer
membranes showed a modification of the slope according
to the current direction, which is quantified by the
rectification coefficient, representing the ratio of current
values in the opposite directions at a potential of 1 V. This
behaviour is similar to a diode-like effect obtained in the
bilayer membrane, with the rectification factor depending
on the electrolyte concentration. The maximum
rectification coefficient is maximum for the highest
investigated concentration of KCl, namely at 10–1 mol/L.
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Figure 6. Dependence of the rectification coefficient upon
PTFE material deposition time
The rectification coefficient depends on the thickness of
the PTFE-like material, higher rectification factor and
therefore pronounced asymmetrical conductivity is
obtained at long deposition time. Conventionally, the
asymmetry effect for the bilayer membranes can be
explained by two reasons. One is referring to the pores
geometry which is significantly changed due to the
polymeric layer deposition inside the pores. Second, the
interface layer between the initial membrane and the
deposited polymeric layer which is delimited by the
functional group with opposite polarities. However, the
appearance of asymmetry of conduction in
hydrophilic/hydrophobic PET-TM/PTFE-like bilayer
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membranes is unexpected since the PTFE material does
not contain functional groups. In this situation, besides the
effect originating from the significant change of the pores
geometry, from cylindrical shape one, to asymmetrical
shape one during the plasma deposition process, another
explanation is given by the interface layer between the
PET-TM membrane and PTFE layer which is
characterised by the wettability gradient Δθ° [3].
5.

Conclusions

Hydrophobic PTFE-like material was deposited onto
hydrophilic PET-TM membranes by means of RF
magnetron sputtering technique. The hydrophobic material
deposition takes place both on the membrane surface and
inside the pores channel. The resulted bilayer PTFE/PETTM membrane present hydrophilic/hydrophobic nature on
their opposite sides, with variation between sides Δθ° in the
range of 20 - 30°.
PET-TM/PTFE bilayer membranes exhibit asymmetrical
conduction in electrolyte solution. The conical shape of the
pores and the interface layer with gradient of hydrophilicity
created at the boundary of the two component layers are
responsible for ion directional transport in solution. The
rectification coefficient depends on the PTFE thickness in
the bilayer membrane.
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Maleic anhydride and acetylene plasma co-polymers in SPR and QCM
immunosensing
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Abstract: Carboxyl-rich plasma polymers (COOH PPs) were employed for the QCM and
SPR immunosensing experiments as a matrix layer for the biorecognition elements.
Achieved LOD of the developed immunosensors is comparable to the conventionally used
CMD 500 layers. Developed biosensors perform good level of stability along the
measurements and survive several regenerations (10 mM HCl, pH = 2.04). Achieved results
show that COOH PPs can be successfully used as a matrix layer for the immunosensing.
Keywords: Plasma polymerization, Maleic anhydride, Acetylene, QCM, SPR.

Biosensors have been extensively developed and
applied for biomedical and environmental studies. Quartz
crystal microbalance (QCM) and surface plasmon
resonance (SPR) biosensors appeared to be very
promising tools regarding the sensitive determination of
various antigens and bacteria. For the development of
effective biosensors, the immobilization of the
biorecognition biomolecules onto the sensor surface is
always required. Carboxyl-rich coatings are of high
interest for bio-applications thanks to their high reactivity
allowing the formation of the covalent linkages between
biomolecules and a surface. For most applications, a
sufficiently high surface concentration of functional
groups as well as the layer stability under solutions of
various pH is required.
Typically, the formation of self-assembled
monolayers (SAMs) onto the sensor surface is utilized,
but SAMs suffer from several well known drawbacks:
poor stability, drift of the baseline, long time preparation,
and high level of noise. Also, deposition of matrix layers
onto the golden surfaces by conventional chemical
methods usually requires a usage of strong and aggressive
chemicals.
As an alternative to SAMs, plasma
polymerization can be employed: a powerful, eco-friendly
and efficient method. In our work, stable carboxyl-rich
plasma polymers (COOH PPs) were deposited using
plasma co-polymerization of maleic anhydride and
acetylene at atmospheric pressure using dielectric barrier
discharge (DBD). The plasma is ignited in a 1.6 mm gap
between ceramics-coated electrodes in argon pre-mixed
with a small amount of the monomers (< 1%) and it is
driven by 4 kHz AC voltage (3.5 kV peak-peak). The
plasma power is held constant and it is estimated from I-V
measurements to 3.3 W.
Concentrations of carboxyl groups were
determined by well-known derivatization with
trifluoroethanol (TFE). Derivatization was carried out

ISPC23, Montreal, Canada

right after the deposition, after 72 hours storage at air and
after 18 h immersion in water and PBS. Stability of the
COOH PPs at air and under aqueous environment was
studied using 120 nm thick films deposited on Si
substrates. Chemical processes in COOH PPs after plasma
were investigated by the characteristic peaks changes in
FT-IR measurements and elemental composition changes
in XPS.
It was shown that the COOH PPs require
stabilization at air for several days to allow a smooth
hydrolization of anhydride groups to happen. During this
process no thickness loss was detected. After stabilization
at air (min 72 hours), COOH PPs performed good level of
stability in water and PBS. Thickness losses after
different times of immersion were monitored by
ellipsometric measurements. After 18 h of immersion
films performed 28 % thickness loss in water and 35 % in PBS. The FT-IR spectroscopy showed that the
immersion leads not only to the thickness loss but also to
the chemical re-arrangement in the films. It was found
that after 24 h of immersion in aqueous environment,
COOH PPs do not perform any more of significant
thickness losses (measurements up to 216 h of immersion
in water and PBS). COOH PPs are stable in neutral and
acidic pH, which makes them suitable for effective
protein immobilization techniques under acetic buffers
(pH 4 - 5.6) and a good candidate for a multiple usage
sensor development, with a possibility to use HCl
solutions as a regeneration agent.
For the immunosensors development 20 nm thick
COOH PPs were deposited onto the gold surfaces of
QCM electrodes and SPR chips. Then the monoclonal
antibody AL-01, specific to human serum albumin (HSA)
was immobilized using EDC/NHS activation of COOH
groups in the polymer (Scheme 1). Performance of QCM
and SPR immunosensors was evaluated by the
immunoassay flow test.
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Scheme 1. Immunosensor development using COOH PPs:
1) Plasma polymerization, 2) Stabilization at air and in
PBS, 3) EDC/NHS activation, 4) Antibody
immobilization, 5) Study of Antibody – Antigen
interactions.
Developed sensors performed high level of
stability and provided selective and high response to the
HSA antigen solutions. The limit of detection (LOD) was
0,1 µg/mL. Regeneration by 10 mM HCl (pH 2,04) was
successfully applied, that allowed to carry out several
measurements (7-9) with the single crystal or chip. The
results during AL01 immobilization and HSA detection
were compared to the standard chip coated with widely
used carboxymethyl dextran hydrogel (CMD 500).
Similar sensitivity and stability of the immunosensors was
observed, but the wider linear range of CMD500-based
sensor response was detected due to the higher surface of
reactivity (“tree-like” structure of CMD 500).
Also, the detection of Salmonella bacteria was
carried out using COOH PP as a matrix layer; the LOD of
105 CFU/mL was achieved. The limit of sensitivity is
comparable to the widely used ELISA [1] methods and
other methods of label-free detection using SAMs [2].
The achieved results confirmed that the
presented methodologies for the grafting of biomolecules
on the gold surfaces have great potential for biosensing
applications. Plasma polymerization performs as an
efficient alternative tool for the creation of matrix layers
for the development of biosensors. After stabilization,
COOH PPs can be used as a stable matrix layer for the
immunosensing.
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Improvement of Interface between Stainless Steel 316L and Plasma Deposited
Fluorocarbon Nano Coating by an Amorphous Oxide Layer
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Abstract: Surface of stents made of stainless steel AISI 316L (SS316L), contrary to their
adequate bulk mechanical properties, is prone to corrosion and release of potentially toxic
ions. Fluorocarbon coatings are used to improve surface characteristics and create an
interface for grafting bioactive molecules. To attain these objectives, the native oxide layer
on SS316L was replaced with a nano-thick amorphous oxide layer and improved the
adhesion of plasma deposited fluorocarbon coating even after aging in a saline solution.
Keywords: Biomaterials, stent, plasma oxidation, deformation, corrosion, adhesion, aging.
1. Introduction
A stent is an expandable wire mesh tube, which serves
as a scaffold for an artery to hold it open. A thin, flexible
tube, called a catheter, with a balloon and stent at its tip is
threaded through a blood vessel to the affected artery.
Once in place, the balloon is inflated to expand the stent
and restore blood flow through the artery. A stent is
subjected to up to 25% deformation at the end of this
expansion procedure [1].
Stainless steel AISI 316L (SS316L) is the most
approved material by FDA for stent manufacturing [2].
This austenitic stainless steel is covered with a native
oxide layer that protects it against corrosive
environments. It is, however, prone to localized corrosion
in the presence of chloride ions in biological
environments. Release of potentially toxic/carcinogenic
ions, which leads to degradation of mechanical properties
and delamination of the polymeric coating in drug-eluting
stents, are some of the problems caused by corrosion.
Covering the surface of metallic stents with polymer
coatings was introduced as a solution to the problem of
ions releasing [3]. Coatings of fluorocarbon (CFx), which
is well known for producing a biocompatible interface for
the living tissue and cell growth as well, can be used to
coat SS316L stents. They are expected to have several
surface characteristics in order to promote the integration
of the biomaterial into the biological system [4].
In this regard, in a previous work of our group, the
inadequate native oxide layer on SS316L was removed
and an ultra-thin (~35 nm) adhesive CFx coating was
deposited by plasma. Results showed that the coating
withstood plastic deformations up to 25%; however,
submerging the coated samples in a solution caused
formation of blisters on the coating’s surface [5]. The
underlying mechanism is permeation of the solution
through nano-pores in the CFx coating to the SS316L
substrate, the corrosion of the substrate, and the release of
metallic ions underneath the coating. Consequently, these
processes decline the adhesion of the CFx coating and
lead to its detachment.
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Therefore, the purpose of this research was to create a
uniform and deformable protective oxide layer, against
localized corrosion, on SS316L while producing an
adequate adhesion to the CFx coating. In this regard, after
removing the defective native oxide layer from the
SS316L surface, a new oxide layer was created via
plasma oxidation. This new interface of oxide layer and
its impact on the stability and adhesion of the CFx
coating, before and after deformation and aging, were
characterized by X-ray photoelectron spectroscopy (XPS),
atomic force microscope (AFM), and cyclic
potentiodynamic polarization (CPP).
2. Materials and Methods
Disks of 12.7 mm in diameter were punched from a
SS316L sheet of 0.5 mm thickness (Goodfellow, Devon,
PA, USA). The samples were cleaned and electropolished
(EP) before entering the plasma reactor [6]. Plasma
surface modification was done in three steps: 1) removal
of the native oxide layer by plasma etching (Etched) [5]
2) creating a new oxide layer by plasma oxidation for 10
min (PO), and 3) plasma CFx deposition. CFx coating was
deposited on two different surfaces: 1) plasma etched
(Etched+CFx) and 2) plasma etched and oxidized
(PO+CFx).
To study the surface properties after deformation,
samples were subjected to a 25% plastic deformation [7].
Ageing tests were carried out in a phosphate buffered
saline (PBS, Fisher Scientific, Fair Lawn, NJ, USA). Each
sample was placed in a custom-made sample holder of
high-density polyethylene to expose only its coated
surface to the PBS solution [8]. They were placed in an
incubator at 37 ± 2 °C for a periods of two weeks.
Surface topography was investigated by an atomic force
microscope (AFM, Dimension TM3100, Veeco,
Woodbury, NY, USA) operated in the tapping mode with
an etched silicon tip. A scan rate of 0.5 Hz and resolution
of 256 lines were applied on the analysis of all the
samples. Visualization and analysis of the morphology
were done using the NanoScope analysis software.
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The chemical composition of the samples were
estimated by an X-ray photoelectron spectrometer (XPSPHI 5600-ci spectrometer, Physical Electronics USA,
Chanhassen, MN, USA), with a base pressure below
5 × 10-9 mbar. Survey spectra were acquired at a detection
angle of 45° using the Kα line of a standard aluminum (Kα
= 1486.6 eV), operated at 300 W. Three different spots
per sample were analyzed.
Cyclic potentiodynamic polarizations (CPP) were
performed using the corrosion cell kit model K0047 and
the standard three-electrode potentiostat model
VersaSTAT 3 by Versa-Studio software (AMETEK
Princeton Applied Research, Oak Ridge, TN, USA). The
reference electrode was a saturated calomel electrode
(SCE) and the counter electrode was a large area graphite
electrode. All measurements were conducted at 37 ± 1 °C
in deaerated PBS solution. This was achieved by the
continuous purging of argon, according to ASTM F2129,
through the cell 1 h before placing the sample inside. CPP
measurements were performed at a scan rate of 1 mV s-1,
starting at -100 mV vs. open circuit potential and the
vertex potential was 1.2 V vs. SCE. Tafel extrapolation
was used for measuring the corrosion rate.
3. Results and Discussions
A new oxide layer by plasma oxidation was created on
the SS316L surface, after removing the defective native
oxide layer from the EP sample. This new oxide layer
demonstrated a reduction of the corrosion rate by a factor
of more than ten [9], which can be interpreted as a result
in the reduction of ion leaching. It was revealed that the
new oxide layer was approximately 4 nm thick and had an
amorphous microstructure [10]. This uniform amorphous
microstructure explains the strong decrease of the
corrosion rate in the PO sample. As shown in Table 1, the
corrosion rate in PO was less than that of the two other
samples, even after 25% deformation.
Table 1. Corrosion rate
Corrosion rate (µm year-1)
Sample
Non-deformed
Deformed
EP [5]
1.0±0.3
3.6±0.5
Etched+CFx [5]
11±2
2.3±0.2
PO
0.09±0.02
1.4±0.6
To investigate whether the new oxide layer has also
decreased the susceptibility to pitting corrosion, which is
the main type of corrosion in SS316L in the presence of
chloride ions, CPP tests were conducted. The results in
Fig. 1 demonstrate that EP had a large pitting hysteresis
that reveals its high susceptibility to pitting corrosion.
This occurred because of defects and grain boundaries on
the polycrystalline native oxide layer. Contrary to this
sample, plasma oxidation for 10 min (PO) eliminated the
susceptibility to pitting corrosion, before and after 25%
deformation. The amorphous microstructure of the nanothick oxide layer, which is a uniform oxide layer,
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produced by plasma oxidation explains very well this
improvement.

Fig. 1. Cyclic potentiodynamic polarization
measurements of electropolished (EP) and plasma
oxidized (PO) samples before and after deformation
Aging in PBS was applied on the coated samples to
investigate the stability and adhesion of the ultra-thin CFx
plasma deposited coating to the new interface of
amorphous oxide layer. AFM images in Fig. 2 show the
morphology of the plasma etched and coated samples
(Etched+CFx) in comparison with the plasma oxidized
and coated (PO+CFx) samples, before and after
deformation. PO+CFx shows almost no blister on the
coating, comparing with Etched+CFx. This means that the
new interface of amorphous oxide layer produced a
protective layer on the SS316L surface. This protective
interface decreased the release of ions from the substrate
of SS316L, underneath the coating. Consequently,
formation of blisters on the coating declined. This leads to
improvement of the stability and adhesion of the CFx
coating.
Furthermore, the CFx coating produced an adequate
cover on PO that maintained its covering properties even
after deformation and aging. As shown in Table 2, the
sample surfaces are totally covered with CFx and the
atomic concentration of metals revealed by XPS survey at
45° are very low. These results are in accordance with the
previous results attained on Etched+CFx [5].
Improvement of the coating adhesion on the PO
substrate has two main reasons: 1) decreasing the
corrosion rate of the substrate, 2) increasing the iron
quantity on the surface. As shown in the XPS depth
profiles in Fig. 3, the ratio of Fe/Cr on the surface is
approximately one for EP, and approximately two for PO.
In case of the plasma etched sample (Etched) the ratio is
more than three considering the bulk composition of
SS316. Since the affinity to oxygen for chromium is
higher than the one for iron, its relative covalent bond to
oxygen is also stronger than the one of iron. Therefore,
higher iron on the surface means more available bonds for
connection to CFx and thus generating more adhesive
coating.
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Non-deformed

Deformed

Etched+CFx
Aged

PO+CFx Aged

Fig. 2. AFM images of the coated samples, deformed and non-deformed, after aging
Table 2. Surface chemical composition by XPS
Chemical Composition (at%)
Sample
C
O
F
Metals
Etched+CFx
Asdeposited

31±1

10±2

53±3

6±1

Aged

38±1

25±2

32±4

4.0±0.7

Deformed

38±3

12±3

46±5

4±1

Deformed
and Aged
PO+CFx
Asdeposited

39.7±0.4

21±4

35±5

3.8±0.9

26±3

29±3

40±5

5±2

Aged

41±4

25±2

30±4

4.0±0.4

Deformed

36±3

12±3

47±3

4±1

Deformed
and Aged

40±2

18±2

38±4

3.8±0.2

Another advantage of this new oxide layer for
biomedical applications is the segregation of nickel away
from the surface (Fig. 3). Remarkably, nickel, a
potentially toxic material, migrated underneath the oxide
layer and became barely detectable on the surface, which
is the first contact site of biomaterials with the body.
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Fig. 3. XPS depth profile of EP and PO samples
4. Conclusions
Polymer coatings had been supposed to isolate the
SS316L substrate from the solution; however, the
thinness of the CFx film and its permeability to solution
declined its barrier properties. Therefore, improving the
corrosion resistance of the SS316L substrate was
considered as the more promising method to protect it
against the body fluid while maintaining its adhesion to
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the CFx coating. In this regard, after removing the
defective native oxide layer from SS316L surface and
prior to CFx plasma deposition, a new oxide layer via
plasma oxidation was created on the SS316L substrate.
This new amorphous oxide layer maintained three main
advantages: 1) improving the protection properties of the
oxide layer by decreasing the corrosion rate, which can be
interpreted as a result of the reduction of ion leaching, 2)
decreasing the susceptibility to pitting corrosion even
after deformation, and 3) improving the biocompatibility
by depleting the surface from nickel. Furthermore, the
oxide layer created a suitable substrate for a plasma
polymer coating, since the polymer coating showed
adequate adhesion to this oxide layer. The polymer
coating will be the base for drug-eluting stents, and
functionalization of the surface for endothelial cell
growth.
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Surface plasma engineering for the controlled release of silver ions for
antibacterial applications
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Abstract: Environmental surfaces have been widely recognized as an important source of
hospital-associated transmissions. In this context, a plasma-based nanocoating and plasma
oxidation of Ag coatings are presented as novel strategies of plasma surface engineering for
controlled release of silver ions as biocidal agent. Characterization and silver ion release
was offers the ability to tune the release and bioactivity of silver-containing coatings.
Keywords: plasma-based nanocoating, diamond-like carbon, silver ion release,
antibacterial activity.

1. Introduction
Health-associated infection (HAI) is a term used for any
disease acquired by patients under medical care and
during hospital stay, and was not present nor incubating at
the time of admission. It accounts for a major risk factor
for serious health issues leading to death [1]. Bacteria are
responsible for about 90% of infections, whereas
protozoans, fungi and virus are less contributing [2].
Bacteria such as Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus) and Mycobacterium
tuberculosis (M. tuberculosis) are commonly transmitted
through direct contact with contaminated surfaces, e.g.
hospital beds or a doorknob [1]. They undergo major
changes during their transition from the planktonic state,
where cells are free in the environment, to a sessile state,
attached to a surface forming a biofilm [3]. In this last
state, they can survive for an extended period acting as
reservoir of pathogens and rapidly multiplying [4]. For
this reason, preventing bacterial colonization of surfaces
in healthcare facilities is a mandatory step to limit the
spread of infections. Indeed, antibacterial coatings have
emerged as a necessary solution to help reduce HAIs. In
general, these coatings exert their activity by leaching
loaded antibacterial compounds over time [5]. In this
context, silver has been recognized as antimicrobial since
ancient times [6]. In the past few years, the use of silver
as key component to control microbial proliferation has
become more popular. Due to their unspecific mechanism
of action, silver ions are active against a very broad
spectrum of bacteria, yeast, fungi, and virus [7]. Since
they also attack microbial cells in such a complex manner,
the risk of resistance development is much smaller in
comparison to antibiotics, which means that bacteria
would have to develop a host of mutations simultaneously
to protect themselves [8]. More importantly, silver
exhibits a bactericidal and bacteriostatic effect,
reinforcing the idea that it can be used to not only prevent
the spread of bacteria but also eliminate existing bacterial
threats [9]. Since the antimicrobial activity of silver is
dependent on the silver cation Ag+, the silver-based
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antimicrobial coating must release these ions to a
pathogenic environment to be effective. A steady,
controlled and prolonged release of the silver biocide in a
concentration level capable of rendering an antimicrobial
efficacy is a key factor for the design of advanced
materials [10]. Surfaces exposed to environmental
conditions must exert their antibacterial activity for much
long periods (more than 1 week). Indeed, in the ideal case
they should exert an increasing release of silver ions, but
considerable slow to prevent rapid silver depletion of the
film. Moreover, the release of large amounts of ions in
their surroundings must be avoided in order to prevent
environmental risks and ecotoxicity [9]. Therefore, the
development of controlled release strategies is necessary
to optimize therapeutic effects.
As it is quite difficult to design materials that fulfill
both adequate surface and bulk properties, a common
approach is to fabricate materials with the desired bulk
properties followed by a special treatment to enhance the
surface properties. Plasma-based techniques offer the
advantages of being reliable, reproducible, non-line-ofsight, relatively inexpensive and applicable to different
sample geometries as well as different materials such as
metals, polymers, ceramics, and composite. They provide
sterile surfaces and can be scaled up to industrial
production relatively easy [11]. Plasma treatment involves
chemical changes, ablation and etching of the fiber
surface, and eventually deposition of material. The extent
of these processes depends on the plasma treatment
conditions and the material itself. Oxidative plasma
treatment of surfaces, for example, can lead to controlled
etching and formation of distinct nanotopographies with
variable geometrical design and dimensions [12].
Furthermore, plasma-deposited material can act as a
reservoir for antibacterial compounds. By altering the
surface functionality using thin film deposition, the
properties of the surface can be modulated [2]. Moreover,
ion bombardment during deposition and graded interfaces
of plasma coatings endow them with superior cohesion
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and adhesion compared with those deposited by wet
chemistry methods [5].
Based on the previous observations, this study presents
two surface engineering approaches as strategies to
control the release of silver ions: 1) nanocomposite
plasma-based coating by dispersing Ag in a diamond-like
carbon matrix (Ag-DLC) and 2) plasma oxidation by
modification of the top layer in a Ag coating. Surface
characterization was performed by means of X-ray
Photoelectron Spectroscopy (XPS) and Atomic Force
Microscopy (AFM). Special interest was given to relevant
parameters that influence the release behavior of silver
ions such as Ag content, size and distribution of Ag
clusters and surface roughness. Finally, silver release was
investigated by Microwave Plasma – Atomic Emission
Spectrometer (MP-AES).
2. Experiment
Materials. Thin films were prepared on (100)-oriented
single crystal silicon (Si) (University Wafer, Boston, MA,
United States) substrates cut into 10 x 10 mm2. Before
plasma deposition and oxidation, the samples were
cleaned in an ultrasonic bath for 10 minutes with three
different solvents: acetone, deionized water and methanol.
The samples were dried after each bath.
Nanocomposite plasma-based coating and plasma
oxidation. Plasma deposition and oxidation was carried
out using a modified FLARION series system
(Plasmionique FLR1200, Varennes, QC, Canada). Before
each experiment, the chamber was cleaned for 90 minutes
with argon-oxygen plasma. The pressure after the
placement of the Si substrates into the chamber was
decreased to a base of 10-6 Torr. Ag-DLC films were
deposited by a three successive sequences plasma
treatment: Ar etching, H2 activation and CH4 deposition
with simultaneous Ag sputtering. In order to increase
silver ion release, two different plasma oxidation
treatments were implemented on Si samples with Ag
coating: 1) Ar/O2 plasma post-treatment with 3 kJ (Ag-PO
3 kJ) and 15 kJ (Ag-PO 15 kJ), and 2) reactive sputtering
(RS), by the addition of O2 simultaneously during
sputtering of Ag target.
X-ray photoelectron spectroscopy. The chemical
composition of the samples was investigated using an xray photoelectron spectrometer (XPS-PHI 5600-ci
Spectrometer-Physical Electronics, Eden Prairie, MN,
USA). Analysis were acquired at a detection angle of 45º
using the Kα line of standard aluminum X-ray source
operated at 300 W for the survey mode. Each sample was
scanned at three different positions to monitor the
homogeneity of the coating.
Atomic force microscopy. Physical characterization was
performed using an EnviroScope AFM (Veeco,
Woodbury, NY, USA) operating in tapping mode and
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equipped with a T300R silicon tip (VISTAProbes
Nanoscience Instruments Inc., Phoenix, AZ, USA). The
roughness was measured over 1 x 1 µm2 areas.
Silver release. The treated surfaces were immersed in 2
mL of deionized water and kept at room temperature for a
period varying between 24 hours and 7 days. The fluids
were then sampled and analysed by Microwave Induced
Plasma – Atomic Emission Spectrometer (4200 MIPAES, Agilent Technologies, Santa Clara, CA).
3. Results and discussion
Surface characterization. Ag-DLC, Ag-PO (3 and 15
kJ) and Ag-RS films were first analysed by XPS, to
determine their chemical composition as shown in Table
1.
Table 1. XPS survey analysis on plasma deposition and
oxidation
Sample
Ag-DLC

Atomic concentration (at. %)
C1s

O1s

Ag3d

88.5 ± 0.6

8.8 ± 0.6

2.7 ± 0.1

Ag-PO 3 kJ

34 ± 2

33 ± 2

32.9 ± 0.2

Ag-PO 15 kJ

39 ± 0.4

25 ± 2

36 ± 2

Ag-RS

37 ± 2

37.1 ± 0.7

26 ± 2

XPS survey analysis of the four specimens revealed that
the outermost layer of the films is strictly composed of
carbon, oxygen and silver atoms. Results showed 2.7,
32.9, 36.0 and 26.0 at. % of silver content for Ag-DLC,
Ag-PO 3 kJ and 15 kJ, and Ag-RS films, respectively.
The variation on the silver amount deposited in the films
can be explained by the effect of the modulation of the
voltage produced on the sputtering silver target. In this
sense, Ag-DLC shows the lowest silver content since it
was produced with the lowest voltage bias.
a

b

c

d

Fig 1. Surface images (1 x 1µm2) of a) Ag-DLC, b) AgPO 3 kJ, c) Ag-PO 15 kJ and d) RS films.
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On the other hand, there is an increase proportion of
silver ion when sputtered at higher energy between AgPO 3 kJ and 15 kJ samples. This can be explained by the
higher density of dangling bonds created at higher
deposition power, caused by ions impacting the surface
with more energy, thus enhancing the surface’s reactivity
with the silver ion molecules [5]. The results for plasma
oxidation treatment (Ag-PO 3 kJ and 15 kJ) show an
increase in silver ion content using Ar/O2 plasma posttreatment, in comparison with reactive sputtering
oxidation treatment (Ag-RS). Which can be attributed to
the higher interaction between silver and oxygen ions
during simultaneous plasma oxidation and silver
sputtering, causing delamination of the silver coating.
Surface morphology and roughness analysis were
obtained by AFM measurements. The measured RRMS
were 3.6 ± 0.2 nm. 8.7 ± 0.3 nm, 7.8 ± 0.2 nm and 4.7 ±
0.1 nm for Ag-DLC, Ag-PO 3 kJ and 15 kJ, and Ag-RS
films, respectively. Results from Ag-DLC samples
revealed the typical nanoscale smooth topography of DLC
coatings, determined by Cloutier et al. [13]. The
difference in roughness between Ag-PO 3 kJ with Ag-PO
15 kJ (see Fig. 1) can be due to the difference in voltage
bias, whereas a lower voltage can incapacitate the
incoming silver ions to penetrate the surface, leading to
the formation of surface clusters that increase the
roughness, as described by Peng et al. [14]. Moreover, the
difference in roughness between the two plasma oxidation
treatments, implies that modifying the top layer of the
surface will produce rougher surfaces by a two-step
plasma oxidation than the surface oxidation in a singlestep with silver deposition.
Silver ion release. Sustained release of the antibacterial
compound is mandatory for providing antibacterial
activity for longer periods. Table 2 displays measured
silver ion release after 1, 2 and 7 days of immersion in
water. Obtained results show a direct relationship between
silver content and silver ions released. Ag-DLC samples
with the lowest silver content (2.7 at. %), released the
least silver ions. However, they achieved to maintain a
steady but slow increase by the day 7, which is attributed
to its surface engineering since the silver ions are
embedded in a diamond-like carbon scaffold. On the other
hand, Ag-PO 3 kJ and 15 kJ, and RS samples with higher
silver content (32.9, 36 and 26 at. %, respectively)
presented a high initial burst. Silver ion released from
Ag-PO 3 kJ and 15 kJ films continued to decrease until
almost exhaust the silver content by day 7. Whilst, Ag-RS
samples followed a fast but continuous release until day 2,
with a complete exhaustion of silver content by day 7.
Table 2. Measured Ag+ released in water (µg/cm2)
Sample

Day 1

Day 2

Day 7

Ag-DLC

4.4 ± 0.3

5.3 ± 0.7

9.7 ± 0.6

Ag-PO 3 kJ

46 ± 3

5.6 ± 0.5

0.4 ± 0.1

Ag-PO 15 kJ

62 ± 2

6.1 ± 0.1

0.4 ± 0.1

Ag-RS

55 ± 6

38 ± 4

ND
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Despite the silver content in the sample, the surface
roughness can alter the kinetic of silver ions released. In
this sense, by increasing the voltage bias of silver
deposition, silver ions can easily penetrate the surface,
decreasing the surface roughness, and thereby, decreasing
the silver ions released, as observed with RS samples in
comparison with Ag-PO 15 kJ by day 2.
4. Conclusions
In this study, nanocomposite plasma-based Ag-DLC
and Ag-plasma oxidation coatings were produced to
investigate the use of surface engineering to control silver
ions release. Special interest was given to surface
dependant parameters such as silver initial content and
roughness, which offer the ability to tune the release and
bioactivity of silver-containing coatings. Both higher
silver content and the oxidation of the top surface layer,
increased the quantity of silver ion release. However, the
surface roughness proved to determine the silver ion
release behaviour over time. Further experimental
investigations can arise from this study such as strategies
that combine the use of an embedded matrix and an outer
barrier that controls the leaching ions to achieve a
multifunctional coating. Antibacterial tests are also
needed to determine the effect of surface engineering on
bacteria of interest as E. coli and S. aureus. Ultimately,
the controlled release of silver ions helps to maintain the
antibacterial compound within the therapeutic window
and reduce excessive leaching of the biocide into the
environment.
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Hybrid suspension/solution precursor plasma spraying of a complex
Ba(Mg1/3Ta2/3)O3 perovskite: effects of the processing parameters and precursor
chemistry on the phase formation and decomposition
H. Hou, J. Veilleux, and F. Gitzhofer
Department of Chemical Engineering, Université de Sherbrooke, Sherbrooke, Québec, Canada
Abstract: In this study, a hybrid suspension / solution precursor plasma spraying process is
designed to inject a mixture of precursors in suspension (Ta2O5) and in solution (Ba acetate
and Mg acetate) axially into an inductively coupled thermal plasma torch to synthesize a
complex oxide – Ba(Mg1/3Ta2/3)O3 (BMT) – and to deposit nanostructured coatings. The
preparation of nanometer-sized Ta2O5 particles was studied first, and both micro- and nanosized Ta2O5 particles were compared in the synthesis process of BMT. Other parameters
such as precursor proportion, plasma power and reactor pressure have been studied with an
emphasis onto the resulting coating phase structure.
Keywords: Ba(Mg1/3Ta2/3)O3, Ta2O5, nanopowder, SPS, SPPS.
1. Introduction
In this study, Ba(Mg1/3Ta2/3)O3 (BMT), which is
considered the most refractory oxide ever known to
science (melting temperature around 2900-3100 °C) [1],
is chosen as a new thermal barrier coating material
candidate [2]. Such a high melting temperature requires a
plasma process to deposit BMT coatings with a high
throughput. BMT feedstock powders are not broadly
available and, from an economic standpoint, it is
preferable to start with precursors. Cheaper (and easier to
process) Ta2O5 powders are chosen over Ta alkoxides,
calling for a novel hybrid suspension [3] / solution
precursor plasma spraying (SPS/SPPS) process: a Ta2O5
suspension in a solution of Ba acetate and Mg acetate,
injected axially into an inductively coupled thermal
plasma torch.
Commercially available Ta2O5 (d50 = 5μm) shows poor
stability and flowability, which induces clogging and
sedimentation during the feeding process. Two
alternatives, nanocrystallization (decreasing the weight of
single particles) and spheroidization (increasing the
flowability) are studied in this work to improve both the
stability and flowability of the precursors in the synthesis
of BMT.
2.Methodology
In the plasma-spheroidization process, a solid state
powder feeder was employed to axially feed the raw
Ta2O5 powder (chemical purity 99.99%, Advanced
Materials, USA, 73R-0802) at a feed rate of 0.2 ± 0.1
g/min into a Tekna PL-50 plasma torch. A plasma power
of 43 kW was applied and the other operating parameters
are shown in Table 1. On the other hand, a liquid state
(suspension) feeder and a plasma power of 58 kW were
used for the nanocrystallization process. The same Ta2O5
powder was used to prepare the suspension (12g Ta2O5
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dispersed in 200 ml ethanol) which was fed at a rate of 4
ml/min. The detailed parameters are shown in Table 2. A
schematic of the reactor is shown in Fig.1.
The last part of this work concerns the deposition of
BMT coatings from plasma-spheroidized Ta2O5 powders.
According to previous researches, Mg is easily evaporated
during plasma spraying [4-6]. As such, a double amount
of Mg acetate (Fisher BioReagents, India, BP215-500)
and a stoichiometric amount of Ba acetate (Sigma-Aldrich,
Germany, 32305) were dissolved in a solvent consisting
in mixture of water and ethanol (water:ethanol ratio of
1:3.6). Finally, the plasma-spheroidized Ta2O5 powder
was dispersed in this solution to obtain a suspension with
a concentration of 10.6 wt.%. This suspension was fed
with a variable feed rate of 4, 5 and 6 ml/min into a Tekna
PL-50 plasma torch equipped with a supersonic nozzle.
The deposition reactor is shown in Fig.2. In addition,
coating deposition with Mg acetate in 4, 6 and 8 times the
stoichiometric amount was also tested in this work. The
deposition parameters are shown in Table 3.
Table 1. Plasma parameters for Ta2O5 spheroidizaion
Sheath gas (Ar)

6 slpm

Sheath gas (O2)

63 slpm

Central gas (Ar)

48 slpm

Reactor pressure

250 torr

Power

43 kW

Table 2. Plasma parameters for Ta2O5 nanocrystallization
Sheath gas (He)

110 slpm

Sheath gas (O2)

62 slpm

Sheath gas (Ar)

3 slpm

Central gas (Ar)

48 slpm

Carrier gas (Ar)

10 slpm

Reactor pressure

600 torr

Power

58 kW
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3.Results and discussion
Ta2O5 powder morphologies with both processing
methods are shown in Fig.3 (b) and (c), while Fig.3 (a)
shows the morphology of commercial Ta2O5. Although
the commercial particle size is centered around 5 μm
(laser diffraction data is reported in Fig.4 (a)), plasmaspheroidized particle sizes of about 40 μm were obtained,
as seen in Fig.3 (b) and Fig.4 (b). Most likely, clusters of
particles were fed into the plasma, melted and cooled to
form smooth spheres. In addition, a little amount of free
small particles formed nanopowder during this process.
(a)

Fig.1. Schematic reactor with solid state powder feeder
for the spheroidization process, and a peristaltic pump for
the nanocrystallization (adapted from [7]).
(b)

(c)

Fig.2 Schematic reactor for BMT coating preparation
(adapted from [7]).
Table 3 Plasma parameters for BMT coating deposition
Sheath gas (Ar)

6 slpm

Sheath gas (O2)

63 slpm

Central gas (Ar)

48 slpm

Carrier gas (Ar)

10 slpm

Reactor pressure

112 torr

Power

43 kW

Spray distance

130 mm

Translational speed

50 mm/s (for 50 loops)

560

Fig.3 Ta2O5 particle morphologies.(a) commercial, (b)
plasma-spheroidized and (c) plasma-nanocrystallized.
During the nanocrystallization process, the introduction
of He into the sheath gas and the downstream combustion
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of ethanol have increased the energy available to a level
sufficiently high to evaporate a large amount of Ta 2O5. In
this processes, the plasma power was also increased to
58 kW compared to 43 kW for the spheroidization. Then,
nanopowders formed from the vapour phase during the
cooling process [8], as seen in Fig.3 (c).
Prior to the measurement of the particle size
distribution by laser diffraction, the nanopowder was put
in a beaker with ethanol and sonicated for 10 minutes.
The size distribution obtained is shown with the red curve
in Fig.4 (c). After one hour, there is no obvious increase
in particle size (green curve), whereas after 3 hours, reagglomeration happened with a peak around 200 μm (blue
curve). Consequently, the sonicated Ta2O5 nanopowders
remain stable for 1 hour. In other words, the Ta2O5
nanopowder prepared by this method is suitable for the
preparation of Ta2O5 suspension in a Ba acetate and Mg
acetate solution to be used as BMT precursors. Still,
further studies are required to minimize the particle size
even more.

transfer from the plasma to the precursor droplets
decreased, which lead to an inefficient BMT synthesis.
Indeed, BMT is no longer the dominant phase. Moreover,
at the optimal 4ml feed rate, we observe that an excess of
Mg corresponding to twice the stoichiometric amount
doesn’t supply enough Mg to compensate preferential
evaporation within the plasma; there are Ta2O5 and
BaCO3 unreacted precursors, but no unreacted Mg.
Fig.6 shows X-ray diffraction patterns of as-sprayed
BMT coating with increasing Mg amounts. When the Mg
excess was increased to 4 times the stoichiometric amount
or above, the demerit showed clearly; the formation of
BMT was limited and even disappeared when adding 6
and 8 times the Mg stoichiometric amount.

(a)

Volume (%)

(b)
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Fig.5 X-ray diffraction patterns of as-sprayed BMT
coatings with different feed rates (4, 5 and 6 ml/min) and
constant Mg proportion (twice the stoichiometric amount).

0
3000

Particle Size (µm)
Ta2O5 (Averaged 9 Results), 27 février 2017 14:05:45

(c)

Fig.4 Ta2O5 particle size distribution. (a) commercial, (b)
plasma-spheroidized and (c) plasma-nanocrystallized. In
(c), tested right after sonication (red), one hour later
(green) and three hours later (blue).
Fig.5 shows X-ray diffraction patterns of as-sprayed
BMT coating with different feed rate. 4ml feedrate shows
the optimal result with the maximum amount of
Ba3MgTa2O9 (BMT) formed, which is the desired phase.
When increasing the feed rate (5ml and 6ml), the heat
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Fig.6 X-ray diffraction patterns of as-sprayed BMT
coatings with different Mg amounts (4, 6 and 8 times the
stoichiometric proportion). Feed rate was kept constant at
4 ml/min.
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4. Conclusion
In this work, the plasma processes of spheroidization
and nanocrystallization were applied separately to a
commercially available, micrometer-sized Ta2O5 powder
to improve its stability and flowability. These processes
built a solid foundation for the subsequent BMT coating
preparation from a hybrid suspension / solution precursor
plasma spray process. The feed rate and chemical
composition were investigated: the combination of a
4 ml/min feed rate and twice the Mg stoichiometric
amount is the best so far, as demonstrated by observing
BMT as the dominant phase.
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Validity of the continuum approach in the modelling of very low pressure
plasma spraying
D. Ivchenko1, T. Zhang1, G. Mariaux1, A. Vardelle1, S. Goutier1, T. E. Itina2
1
Université de Limoges, Limoges, France
2
Université Jean Monnet, Saint-Étienne, France
Abstract: Plasma Spray Physical Vapor Deposition (PS-PVD) is a rapidly developing
technology to producing thick nanostructured coatings with various microstructures. Further
enhancement of the technology requires experimental and numerical studies. The commonly
used continuum Computational Fluid Dynamics (CFD) approach, may be doubtful under PSPVD conditions as the high pressure plasma jet issues in a low pressure (about 100 Pa)
chamber. This work aims to compare the predictions of CFD and kinetic simulation for a set
of typical PS-PVD operating conditions and investigate the breakdown of the CFD approach.
Keywords: PS-PVD, coating, vapor deposition, CFD, DSMC, rarefaction.
1. Introduction
Plasma Spray Physical Vapor (PS-PVD) is an emerging
coating technology; it takes advantage of the high specific
heat of thermal plasma (5 - 35 MJ/kg) to evaporate partially
or totally the powder feedstock injected in the plasma jet.
It bridges the gap between Atmospheric Plasma Spaying
(APS) and Physical Vapor Deposition (PVD) [1]. The
former is characterized by a high deposition rate (up to 200
µm/min) and produces thick coatings with a lamellar
microstructure while the latter has a lower deposition rate
(typically ~1 µm/min but up to 25 µm/min with electron
beam source) and produces coatings with finer
microstructures ranging from dense to columnar.
The versatility of PS-PVD makes it possible to achieve
a wide spectrum of coatings by adjusting the spraying
parameters: e.g.; thin electrically conductive metal layers,
dense gas-tight ceramic layers; columnar thermal barrier
coatings [2]. The latter give rise to extensive research work
as they could compete with the Electron Beam-PVD
columnar and high-strain tolerant coatings used as thermal
barrier coatings in aero-jet engines
In PS-PVD, the plasma gas heated up to more than
15 000 K by the electrical arc operating around
atmospheric pressure in the plasma torch, exits the torch
nozzle and rapidly expands and accelerates to supersonic
speed in the low pressure deposition chamber (about 100
Pa). Metal or ceramic particles with diameter ranging from
about 1 to 20 µm are injected in the plasma jet either inside
the torch nozzle or shortly after it leaves the torch to favor
the particle residence time in the hot and dense part of the
plasma jet exiting the nozzle. Depending on the spraying
conditions, fine melted particles and /or recondensed vapor
are deposited on the substrate, typically located 1-2 m
downstream of the torch exit.
The plasma jet expansion in the low pressure chamber is
usually accompanied by several barrel shocks with
significant pressure, temperature and velocity gradients
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[3,4]. A typical jet plasma jet under PS-PVD conditions is
shown in Fig. 1.

Fig. 1. PS-PVD plasma jet (chamber pressure 200 Pa, net
electric power ~ 60 kW) [2].
Numerical simulations can help to understand better the
mechanisms that control the coating microstructure and,
optimize the operating parameters to achieve a specific
microstructure. However, the use of continuum CFD
software, e.g. OpenFoam or ANSYS Fluent, to predicting
the expanding plasma jet flow fields raises questions.
They are based on a continuum approach, which implies
that each elementary volume of the fluid can be
characterized by macroscopic parameters, such as pressure
or temperature that vary continuously in space and time.
However, this no longer the case for PS-PVD conditions
because in regions where the frequency of intermolecular
interactions is low the gas may not be in local
thermodynamic equilibrium (LTE); the molecular velocity
distribution is thus anisotropic, and results in different
temperatures for different species/directions. Also, the
constitutive relations of CFD (e.g.; the relations between
velocity and pressure or between temperature and heat
flux) are not valid for rarefied conditions, which may
contribute to the underestimation of the flow gradients in
the shock regions.
These constitutive relations can be corrected to take
rarefaction effects into account [5]. However, this
approach fails for high degrees of rarefaction. Another
solution to predicting rarefied flows is kinetic simulation,
which treats the medium as a set of individual molecules.
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The most used of kinetic simulation techniques are the
Molecular dynamics (MD) and Direct Simulation Monte
Carlo (DSMC) approaches. Molecular dynamics is a
deterministic method that considers the gas as a set of solid
particles that collide between each other, each simulated
particle representing one actual particle of the gas while
DSMC is probabilistic in nature and simulates a
statistically representative number of gas molecules. The
latter method is more appropriate to simulate the PS-PVD
process as it is less resource- and time-consuming than MD
methods for dilute gas where a molecule has thousands of
potential collision partners. Nevertheless, the simulation of
the whole PS-PVD process with a DSMC approach would
be problematic because of the difficulty to preserve
satisfactory statistics in the whole computational domain
where high and low pressure regions are present. The
coupling of CFD and DSMC methods would ensure the
best accuracy of predictions and performance of
calculations.
In present study we investigate:
 the differences between CFD and DSMC predictions
in the rarefied regions of the PS-PVD process;
 the criteria to detect the continuum CFD breakdown.

2. Models
CFD approach
The ANSYS Fluent 17.1 CFD code with a second-order
implicit numerical scheme with time-derivative
preconditioning was used to solve the partial-differential
conservation equations of mass, momentum and energy,
closed by the equation of state of the medium and
constitutive relations. [6]. Turbulence was described with
a conventional k-Ω model. The choice of this model and
solution parameters was dictated by the stiffness of the
problem to be solved.
The transport and thermodynamic properties of the
plasma gas mixture were calculated for various pressures
and temperatures by Murphy [7] and Andre [8] using the
Chapman-Enskog method.
Kinetic approach
The kinetic approach in this study is represented by the
DSMC method, which is built on the assumptions of a
dilute gas, (i.e.; the probability of triple collisions is
negligible) and molecular chaos (i.e.; the states of the
colliding molecules are uncorrelated). The method uses the
same assumptions as the primary equation of the kinetic
theory, the Boltzmann equation, and is, thus, supposed
capable of providing the exact solution of this equation.
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The simulations were performed with the SPARTA code
[9] that uses the Bird’s formulation of the DSMC method.
The simulated particles were introduced in the modelled
domain with specified number densities, mean velocities,
and temperatures. Each simulated particle represented Fn
real molecules. Molecules were moving without collisions,
interacting only once per each collisional time step Δtcoll.
When Δtcoll was reached, a certain amount of possible
collision pairs was chosen according to the so-called notime counter (NTC) scheme in every cell of the rectangular
mesh built upon the simulated domain. The probability of
each collision was determined by the cross-section,
proportional to the square of the mean diameter of the
colliding molecules. This diameter was dependent on
temperature and governed by the variable soft sphere
model (VSS). The code includes the Bird's Total Collision
Energy (TCE) chemistry model, which defines the reaction
probabilities based on the known reaction rates, calculated
through the modified Arrhenius' equation. The chemistry
module was used to take into account the dissociation of
the dihydrogen. Ionization and recombination reaction
rates under the typical conditions in the low pressure
chamber (100-1000 Pa, 4000 K) were considered
negligible and the corresponding reactions were not taken
into account [7, 8].
3. Breaking criteria
The gradient-length-local (GLL) Knudsen number KnQ
proposed by Boyd et al [10] and based on local flow
conditions and gradients, was chosen as criterion for
indicating breakdown of the continuum flow equation. It is
defined as:
,
where λ is the local mean free path (equation 4.77 in [11])
and Q is a specific flow property (density, velocity or
temperature) , etc.).
The various sources of continuum breakdown were taken
into account by using:
𝐾𝑛 = max(𝐾𝑛𝐷 , 𝐾𝑛 𝑇 , 𝐾𝑛𝑉 ),
(1)
where D is the density, T the temperature and V the
velocity of the gas. Breakdown is considered to occur when
Knmax exceeds 0.05 [12, 13].
As the plasma gas contain diatomic hydrogen molecules,
another continuum breakdown criterion can be formulated
as:
𝑃𝑇𝑛𝑒,𝑖 = |(𝑇𝑇𝑟 − 𝑇𝑖 )⁄𝑇𝑇𝑟 |,
(2)
where TTr is the translational temperature, and i
corresponds to x, r or R for the axial, radial or rotational
temperatures, respectively [14].
4. Calculation domain and boundary conditions
The 2D-axisymmetric domain for CFD calculation is
shown in Fig. 2. It includes the plasma torch nozzle and the
deposition chamber.
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free boundaries

Fluent

inlet

SPARTA

axis

The operating conditions are listed in Table 1 and the
boundary conditions for CFD and DSMC simulations are
presented in Table 2. For the CFD calculations, the mass
flow rate and temperature (T) were set as inlet boundary
conditions, for the open boundaries, the pressure (P) and
temperature were imposed. For the DSMC calculations, the
temperature, mean velocity (V) and molecular number
density (N) were imposed. The mass flow rate
(dm/dt=0.012 kg/s) and the temperature at the nozzle inlet
corresponded to the flow rate of the plasma gas and the
temperature reached by the gas due to the Ohmic heating
in the plasma torch. The temperatures of the nozzle walls
were set to cool down the flow according to the actual torch
efficiency. The DSMC simulations did not include the
plasma torch nozzle and the boundary conditions at the
low-pressure deposition chamber inlet were drawn from
the Fluent predictions.
Table 1. Operating parameters.
Electric power (kW)

45

Chamber pressure (Pa)

100

Plasma gas flow rate (slm)

40 (Ar) + 8 (H2)

Nozzle exit diameter (mm)

6

Plasma torch efficiency (%)

50

The variations of plasma jet velocity along the jet axis
predicted by the Monte Carlo and CFD calculations are
shown in Fig. 4. They indicate that the kinetic simulation
produces smoother results for the case under study. The gas
velocities are close at the nozzle exit, but due to rapid
rarefaction, the continuum breakdown becomes evident
shortly after the jet leaves the torch, at about 0.5 cm from
the torch exit.
7000
SPARTA
Fluent

6000
5000
4000
3000
2000
1000
0

0.4

0.6

0.8

T
(K)

P
(Pa)

V
(m/s)

Nozzle inlet

14200

-

-

-

Nozzle outlet

~9000

-

~1023

~3000

Nozzle wall

1400

-

-

-

Left free boundary

873

100

6 1021

1200

Conical free boundary

873

100

4 1021

2100

Right free boundary

873

100

-

-

5. Results and discussion
The temperature fields predicted by the CFD and DSMC
simulations are compared in Fig. 3. The kinetic simulation
predictions show the presence of a single barrel shock
while at least two shocks are noticeable in the CFD results.
Though the maximal temperatures in the first shock are
close, the preceding temperature gradient is steeper in the
DSMC predictions.

Fig. 5 compares the variation of the breakdown criteria
defined in section 3. It confirms that 0.05 is an adequate
threshold value for Kn. The region where the deviation
from the kinetic simulation is substantial (e.g greater than
10% - the maximum statistical error of the DSMC results
for the investigated problem) extends from 0.5 to 40 cm.

Kn
Pne,x
Pne,y
Pne,R

Pne,i

N
(m-3)

0.2

Axial distance (m)
Fig. 4. Variation of the gas velocity along the torch axis.

Table 2. Boundary conditions.
Boundary

Fig. 3. Contours of plasma jet temperature (K) predicted
by Ansys Fluent and SPARTA.

Velocity (m/s)

Fig. 2. Computational domain.

Fig. 5. Axial distribution of the breakdown criteria: Kn,
Pne,x, Pne,y and Pne,R (eq. 1,2).
The significant difference between the CFD and DSMC
predictions before the first shock can be attributed to the
fact that the plasma gas molecules are leaving the torch
with velocity vectors mostly parallel to the axial direction
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and their kinetic energy transferred to the energy of random
movement in the axial direction as well, leading to a strong
translational disequilibrium. This is confirmed by the
curves of Fig. 5 where the Pne,x values dominate the Pne,y
values and reach 0.4 which means 40% deviation of the
axial temperature from the mean translational temperature
in the first expansion wave.
The smoothening of the subsequent shocks is caused by
the presence of hydrogen in the gas mixture as it has better
diffusion properties than argon due to a smaller collision
cross-section. It passes through the diamond shocks while
preserving a larger fraction of initial temperatures and
velocities. The CFD approach, which assumes LTE, cannot
assign different temperatures to the different components
of the mixture, and, in addition, the mixture itself in the
present work is treated as homogeneous. The variation of
Pne,R in Fig.5 points out the difference between the average
temperature of the mixture and rotational temperature of
H2: it is substantial near the torch exit and never falls below
5% along the torch axis. The predicted fields tend to concur
downstream because of the decrease in the gas flow
property gradients.
These observations suggest that the continuum CFD
approach may be used to predict the plasma jet flow fields
under PS-PVD conditions far from the shockwave regions.
However, the simulation of the PS-PVD deposition process
requires the calculation of the acceleration and heating of
the solid powder particles injected in the gas flow. The
inaccurate depiction of the shocks may affect the prediction
of the feedstock powder evaporation, nucleation and
condensation processes; thus, the use of DSMC seems
more appropriate.
6. Conclusion and perspectives
In this work, the applicability of the continuum CFD
approach to the PS-PVD process simulation was
investigated. The CFD predictions were compared against
the results of DSMC simulation. The conclusions of this
work can be summarized as follows:




Continuum CFD approach can be used for
prediction of the plasma jet parameters
downstream from the diamond shocks.
CFD results for the shockwaves zone contain
substantial errors.
CFD can be applied in zones where the
gradient-length-local Knudsen number does not
exceed 0.05.
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Abstract: Zirconium and titanium oxide thin films were synthesized by PECVD in
Electron Cyclotron Resonance (ECR) microwave plasma. To study the correlation between
metalorganic molecules and the growth of thin films, zirconium (IV) tert butoxide and
titanium (IV) isopropoxide were chosen as precursors. The chemical characteristics of the
deposited coatings were analysed by means of FTIR and XPS while morphological and
topographical properties were examined by SEM and AFM.
Keywords: PECVD, metalorganic precursor, zirconium and titanium oxide thin films.
1. Introduction
Zirconium and titanium oxide nanocoatings are of
interest to variety of applications in areas ranging from
microelectronic industry and optical applications to thin
film membranes and biomedicine. These thin films have
been synthesized by various techniques such as sol-gel
process, Chemical Vapor Deposition (CVD) and Plasma
Enhanced CVD (PECVD). In these procedures frequently
metalorganic precursors are used.

a)

b)

guided up to antennas by coaxial cables. Stainless steel
antennas (injecting the microwave energy at 2.45 GHz)
are positioned with regard to 12 Samarium-Cobalt
magnets [1] distributed at the top of the metallic cylinder
composing the enclosure.
Thin films were deposited in a gas mixture composed of
the precursor (ZTB or TTIP) and O2 gas. Study focuses
on the thin film properties as a function of the O2 gas to
precursor ratio. Total gas pressure and MW power were
maintained constant at 1mTorr and at 800W, respectively.
All films were deposited on Si (100) substrates at floating
potential with uncontrolled substrate temperature.

Fig. 1. Molecular structure of: a) Zirconium (IV) tertbutoxide, b) Titanium (IV) isopropoxide.
The dissociation mechanism of metalorganic precursors
and their behaviour in the plasma phase is still not
completely understood. Plasma phase chemistry depends
on the process parameters and affects the composition and
the characteristics of deposited thin films. To study the
correlation between metalorganic molecules in PECVD
and thin film properties, we have chosen Zirconium (IV)
tert-Butoxide (ZTB, ZrO4C16H36) and Titanium (IV)
isopropoxide (TTIP, TiO4C12H28) as precursors to deposit
zirconium and titanium oxides, respectively (Fig. 1.).
2. Experimental details
In this work zirconium and titanium oxide nanocoatings
(thickness: 110-190 nm) were grown by PECVD in
Electron Cyclotron Resonance (ECR) microwave plasma.
In the reactor used to deposit thin films (Fig. 2.),
microwave signal is distributed in 12 lanes and then

ISPC23, Montreal, Canada

Fig. 2. Photograph of the reactor: 1-magnets, 2-MW
antennas, 3- turbomolecular pump, 4- Baratron, 5precursor injection system, 6- airlock.
The chemical bonding and composition of thin films
were examined by Fourier Transform Infrared
Spectroscopy (FTIR) and X-Ray Photoelectron
Spectroscopy (XPS). Due to atmospheric exposure, thin
film surfaces have been contaminated. Since XPS
measurements were performed on as-deposited films after
their exposure to air, the quantity of carbon and oxygen

567

poster

Plasma deposition of functional coatings

atoms detected in the films has been over-estimated.
Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM) provided insight into the
morphological and topographical characteristics of the
deposited nanocoatings.
3. Results and discussion
Thin films deposited from ZTB/O2 and TTIP/O2 plasma
at different amounts of oxygen present in the gas mixture
were studied by FTIR to investigate the evolution of
chemical bonding. The spectra corresponding to pure
precursor plasma and to highly oxidized plasma of ZTB
and TTIP are shown in figure 3.a and 3.b, respectively.
All spectra are normalized to the thickness of the samples.
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appears in both ZrOxCy:H and TiOwCz:H coatings. The
band is formed principally by peaks corresponding to C-C
and C-O vibrations. C-C bond vibrating in this region is
located in the environment such as C(CxHy) [3]. The C-O
bond stretching is attributed to vibration in the structures
of type ZrO(CxHy) and TiO(CxHy) [4]. This band
disappears at high O2/precursor ratio which agrees with
low quantity of carbon atoms incorporated in the films in
highly oxidized plasma.
In zirconium and titanium oxide films the band
observed at 950-400 cm-1 corresponds mainly to peaks
originating from vibrations of Zr-O and Ti-O bonds,
respectively. By examining the evolution of this band it
can be concluded that the concentration of the Zr-O and
Ti-O bonds in the films increases with increase of the O2precursor ratio, as expected. The wideness of the Zr-O
and Ti-O bands indicates the broad distribution of
vibrational frequencies which implies amorphous nature
of the deposited films [5].

500

-1

Wavenumber (cm )
0,07

b

0,06

O

50

40

30

Zr

20

10

O2/TTIP=0
O2/TTIP=19

Zr
0

Ti-O

5

10

b

0,02

CHX
0,01

C-C
C-O

OH

0,00
4000

3500

3000

2500

2000

1500

1000

500

-1

Wavenumber (cm )

Fig. 3. FTIR spectra (normalized by thin film thickness)
of: a) ZrOxCy:H and b) TiOwCz:H films deposited at
different gas mixtures of the precursor and O2.
The absorption band at 3700-3000 cm-1, appearing in
the spectra of both zirconium and titanium oxide thin
films, corresponds to O-H vibration and indicates the
presence of absorbed water in the films [2]. Peaks in the
band at 3000-2800 cm-1 are assigned to C-H bond
vibration in CH, CH2 and CH3. These peaks decrease with
the addition of O2 to the gas mixture in both ZTB and
TTIP plasma. However, they do not disappear completely
even at O2/precursor=19.
An absorption band emerges in the region from 1750 to
1250 cm-1 in all measured spectra. In this region, peaks
corresponding to vibrations of C-O, C=O, O-H, C-C, C=C
and C-H bonds can be found. The band at 1250-950 cm-1
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Fig. 4. Atomic composition as a function of the
O2-precursor ratio in the gas mixture of:
a) ZrOxCy:H and b) TiOwCz:H films.
Increase of the amount of O2 gas present in the gas
mixture from 0 to 95% has a significant influence on the
chemical composition of the films as seen by XPS (Fig.
4.a and 4.b). When considering the results of the XPS
measurements we have to keep in mind the overestimation of the atomic percentage of carbon and oxygen
atoms present in the films as mentioned in the part 2 of
this paper. Both ZrOxCy:H and TiOwCz:H films evolve
from organic to almost inorganic: stoichiometry changes
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from ZrO2.9C4.8:H to ZrO1.9C0.8:H and from TiO2.9C3.4:H to
TiO2.5C0.6:H, respectively. This is due to the dilution of
the precursor and the increase of the etching rate of
hydrogen and carbon atoms by atomic oxygen. Generally,
the atomic percentage of C atoms is higher in TiOwCz:H
films than in ZrOxCy:H coatings and furthermore the
carbon content decreases more rapidly with the increase
of O2/precursor ratio in titanium oxide films. We assign
this to the different quantity of carbon and hydrogen
atoms present in the precursors used. In comparison with
ZTB, fewer C and H atoms in the TTIP molecule lead to
less carbon available for deposition and in addition to the
increase of the number of oxygen atoms available for
etching.
Increase of O2/precursor ratio has a strong influence on
thin film morphology as it can be seen in the SEM images
(Fig. 5.). In both ZrOxCy:H and TiOwCz:H nanocoatings,
the growth mode evolves from homogenous to columnar
in highly oxidized plasma. This transition can be
explained by the change in the diffusion rate of the
species found at the surface of the film [6] [7] [8]. The
hydrocarbon species have higher diffusivity in
comparison with non-hydrocarbon species. Since the
films deposited in low O2 plasma contain high amount of
hydrocarbons, the surface diffusion rate is high and this
leads to homogeneous growth. On the other hand, films
deposited in highly oxidized plasma are poor in
hydrocarbons, leading to low diffusion rate and columnar
growth.

100% TTIP

100% ZTB

100nm
100nm

5% ZTB / 95% O2

5% TTIP / 95% O2

Fig. 5. SEM cross-section images of ZrOxCy:H and
TiOxCy:H coatings deposited at different gas mixtures.
The topography of the nanocoatings was studied by
AFM. In both ZrOxCy:H and TiOwCz:H films the
roughness increases with the increase of O2 gas to
precursor ratio. In ZrOxCy:H films roughness parameter
Ra increases from 0.27 to 4.90 nm, while in TiOwCz:H
films Ra increases from 0.39 to 0.98 nm.
AFM images corresponding to films deposited in highly
oxidized plasma are shown in figure 6. The observed
diameters of the tops of the columns are in accordance
with columnar widths observed in cross-section images
(SEM). Majority of the tops have diameters in the range
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of 20-40 nm in ZrOxCy:H
TiOwCz:H films.

a

films and 10-30 nm in

b

Fig. 6. AFM surface images of the ZrOxCy:H (a) and
TiOwCz:H (b) films deposited at O2/precursor=19 in the
gas mixture (surface area measured: 1 µm2).
4. Conclusion
Zirconium and titanium oxide thin films have been
deposited by low pressure PECVD using metalorganic
precursors and O2 as an oxidant gas. The characterization
of as-deposited ZrOxCy:H and TiOwCz:H nanocoatings
has been presented. In both types of films, the analysed
properties evolve similarly with the increase of
O2/precursor ratio. The films progress from organic to
almost inorganic with the addition of oxygen to the gas
mixture. The growth mode transforms from homogeneous
to columnar in highly oxidized plasma most likely due to
the decrease in the diffusivity of the surface species.
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Abstract: Thin plasma polymerised films from 4-vinylpyridine (4-VP) monomer were
synthesised in a roll-to-roll atmospheric pressure plasma enhanced chemical vapour
deposition reactor. The reactor was operated in low cost argon and nitrogen gas. Smooth
and well-adherent films were obtained from 4-VP both in argon and in nitrogen carrier gas.
A clear relation between the plasma power and the retention of the pyridine ring structure
was observed by assessing the intensity variation of the carbonyl (C≡C) group.
Keywords: AP-PECVD, plasma polymerisation, 4-vinylpyridine, ATR-FTIR

1. Introduction
Ion exchange membranes (IEM) are used in a multiple
applications ranging from fuel cells to water desalination.
Due to the broad application field of IEMs they are
subject to extensive research. [1,2] The IEM membrane
can typically be subdivided in anion exchange and cation
exchange membranes (AEM and CEM) allowing selective
permeation of anions and cations, respectively. There is a
strong demand for membranes with improved
performance, i.e. higher permselectivity for specific ions.
The membrane performance can be improved by reducing
the thickness of the selective layer and increasing the
concentration of charged (ionic) groups in the selective
layer. Alternatively the permselectivity between mono
and multi-valent ions can be enhanced by coating an ultra
thin counter charged layer on an ion exchange membrane.
[3] Many works are dealing with plasma polymerisation
of organic and inorganic compounds at low pressure (LP)
and much less is known about plasma polymerisation at
atmospheric pressure (AP). AP-PECVD offers important
advantages in comparison to low pressure methods, e.g
LP-PECVD requires costly vacuum equipment, has a
large footprint, high energy consumption and suffers the
problem of outgassing particularly an issue in the case of
porous substrates.
In a study by Ogumi et al. in a low pressure reactor
thin vinyl pyridine films were deposited on a cation
exchange membrane surface. [4] Improved selectivity of
the membrane surface for Li+ and Fe2+ was obtained after
a subsequent quaternization of the plasma polymerised
(pp) 4-VP film with 1 broom propane. In recent years
Atmospheric Pressure Plasma Enhanced Chemical
Vapour Deposition (AP-PECVD) has received much
attention due to the possibility to synthesise densely
cross-linked layers on a large variety of substrates at high
deposition rates with excellent film thickness control.
Plasma polymerisation at atmospheric pressure is mainly
reported in helium or argon process gas. Hubert et al. [5]
recently reported a comparative study of the plasma
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polymerisation in helium and argon for the synthesis of
fluorinated polymer films.
To the authors’ best knowledge plasma polymerised 4VP monomer at atmospheric pressure has not been
studied. In the present contribution we explore the
synthesis of thin plasma polymerised films of 4-VP in
argon and nitrogen carrier gas using an industrially
compatible roll-to-roll AP-PECVD reactor. Two
parameters were studied, the average plasma power by
varying the carrier gas composition, in relation to the film
stability and functional group retention.

2. Experimental
For the synthesis of plasma polymerised 4-VP films
the roll-to-roll AP-PECVD set-up was employed which
was extensively described in previous work on the
deposition of silica moisture barriers. [ 6] To control the
average output power, the power supply was operated in
pulsed mode by generating pulse trains (ton) of 50 µs and
variable off time (toff) in order to control the duty cycle
between 1 – 20 %. The ton = 50 µs was the minimum
value that could be handled by the power supply.
The mass flow of 4-VP monomer to the reactor of 640
mg/hr was estimated based on the vapour pressure of 226
Pa at 25 °C and 1 slm argon as a feed gas to the bubbler.
The carrier gas was set to 10 slm of Ar or N2.
Polyethylene (PE) foil of 100 µm thick and 18 cm width
was used as a flexible substrate. PE substrate was selected
as the base substrate for thin film characterisation,
because it is relatively smooth (necessary for
spectroscopic ellipsometry), and has a neutral infrared
absorption spectrum.
ATR-FTIR was performed using a PerkinElmer
Frontier instrument equipped with a single reflection Ge
crystal ATR accessory at an angle of 45°. The final ATRFTIR spectra of the thin films were obtained after
subtraction of the pristine PE spectrum. The thickness of
the films was determined using a variable angle
Spectroscopic Ellipsometer (SE), type M-2000D,
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J.A.Woollam Inc.. In the optical model three layers were
taken into account: the substrate, the polymerised layer
and a porous surface layer. The layers were modelled
using the Cauchy dispersion function. The porous layer
was calculated using the Bruggeman Effective Medium
Approximation taking a composite layer of 50% air and
50% polymerized 4-VP.

is approximately 40° at 1%DC and decreases to 15° for
20% DC, see Fig. 2.
1% DC

PE

20% DC

Fig. 2 Pictures of water droplets on untreated PE and
plasma polymerised 4-VP films in nitrogen carrier gas at
different duty cycle.

3. Results and Discussion
The momentary dissipated power in the argon and
nitrogen plasma was directly calculated from the I-V
characteristic, see Fig. 1. The discharge was operated in
the glow-like discharge mode [7] which is characterised
by a single high current pulse per half cycle of the
alternating electric field, see Fig. 1. No visible
filamentation was observed. Typically an average power
of 10±2 and 50±3 Watt was dissipated in the discharge at
10%DC in Ar and N2 respectively.

Smooth and dust free films can be deposited in argon
up to 1.5%DC whereas at 3%DC a very clear dust
formation appears. In nitrogen carrier gas smooth films
can be obtained up to 5%DC. From the WCA and SE
measurements it was concluded that above 5%DC a
transition occurs and an additional porous sub-layer is
formed although the films appear to be visually smooth,
see Fig. 3.
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The Yasuda parameter was determined from the
average power calculated from the voltage current
characteristic. At 1% DC the Yasuda parameter was
estimated 5 and 31 eV/molecule for Ar and N2,
respectively, with the monomer flow based on a fixed 4VP monomer flow rate of 640 mg/hr. The plasma
polymerized 4-VP films, grown on transparent PE foil,
appeared smooth and had a yellowish appearance similar
to the colour of the monomer in the gas bubbler. The film
thickness ranged from 50-200 nm, see Fig. 3. Cross-cut
tape adhesion test indicated excellent adhesion and only a
small fraction of the coating could be delaminated along
the scratches. Furthermore, the films proved to be stable
in water and were still well-adherent to the PE foil after
one week immersion in water. The hydrophilicity of the
films was determined by water contact angle (WCA)
measurements. The WCA of untreated PE is typically
99.5 ± 4.8°, whereas the plasma polymerised films in
argon carrier gas is 22°. In nitrogen carrier gas the WCA

200

polyethylene

75

WCA [o]

Fig. 1 Example of the voltage current measurement of the
50 µs pulse train comprising about 10 alternating current
pulses using nitrogen carrier gas.
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Fig. 3 Characterisation of the film thickness, water
contact angle (WCA) and film roughness (Ra) of the
organic layer as a function of the duty cycle in nitrogen
carrier gas.
The continuous film growth with increasing duty cycle
suggests that only a portion of the monomer is deposited
within the low duty cycle process window. The process
conditions for the deposition of dense silica layers with a
high average power density lead to a deep dissociation of
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the organosilicon precursor molecule which results in a
higher diffusivity and thus a fast transport of precursor
fragments to the surface. Here the diffusivity of the
monomer is relatively low in comparison to the lateral
carrier gas flow, i.e. the continuous film growth can be
explained in terms of progressive monomer fragmentation
at higher Yasuda parameter.
ATR-FTIR spectra of the coatings were acquired to
investigate the structural retention of the monomer in the
plasma polymerised films and to investigate the influence
of the duty cycle hereupon. The ATR-FTIR spectra of the
coatings as a function of the duty cycle are shown in Figs.
4 and 5. A few strong absorption bands of the –CH2
bending and stretching modes of PE at 1460 and 2900 cm1
may interfere or overlap with the absorption bands of the
4-VP which makes these bands difficult to interpret. In
both graphs the reference spectrum of polymerised 4-VP
from the NIST database was used as a reference.

Absorbance [a.u.]

NIST
1.0% DC
1.5% DC
3.0% DC

750

1000
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1750
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Wavenumber [cm-1]

Fig. 4 ATR-FTIR spectrum of pp 4-VP films deposited at
different duty cycles in argon carrier gas.
According to literature a very strong absorption band
occurs for the aromatic compounds in the region of 650900 cm-1, here particularly noticeable at 826 cm-1. This
peak is attributed to the C-H out of plane vibration of
aromatic compounds. A small peak observed at 3050 cm-1
is due to stretching vibration of the ring CH bonds
although according to literature 3 to 4 peaks between
3010 – 3100 cm-1 should be present. In the regions of
1575-1615 cm-1, 1555-1590 cm-1, 1465-1520 cm-1 and
1410-1450 cm-1 the ring carbon-carbon (C=C) absorption
bands are present. A progressive smoothening of the
curves is noticeable with higher duty cycles, which points
to an increase in the fragmentation or, loss of the
monomer structure. [8]
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Fig. 5 ATR-FTIR spectrum of pp 4-VP films deposited at
different duty cycles in nitrogen carrier gas.
A broad peak between 2800-3500 cm-1 most probably
belongs to absorption bands of either N-H (primary amine
and imine) and O-H groups. Particularly interesting is the
peak at 2200 cm-1 which is generally attributed to the
presence of a triple-bond compound C≡N.[9,10]
However, films deposited from divinylbenzene (DVB) in
nitrogen carrier gas (not shown here) revealed exactly the
same peak at 2200 cm-1, therefore the peak attribution to
C≡N is less likely and instead it should be attributed to
C≡C. The appearance of this absorption band, increasing
with duty cycle is an indication of increased
fragmentation of the pyridine monomer structure with
higher duty cycle. From XPS analysis it was observed
that a significant amount of oxygen is incorporated in the
layers. This is indicated by the presence of the shoulder
peak at 1630 cm-1 which is attributed to an oxime (C=NOH) or a pyridine N-oxide peak. This peak is clearly
more pronounced in nitrogen than in argon carrier gas. It
should be noted that in any of the deposited films the
pyridine -N-O or C=N-OH and C≡C absorption bands are
observed which suggests that the 50 µs pulse train is too
long and a reduction of the discharge power is required to
further reduce the fragmentation of the pyridine groups.
The broad band of O-H (2800-3500 cm-1) groups in the
films can also point to adsorbed water in the film.
However, it cannot be excluded that the latter absorption
band can be partially attributed to primary and secondary
NH2 or NH groups. The absorption peak 1372 cm-1 is
most likely attributed to –CH3 deformation and suggests
branching or the presence of chain ends in the polymer.
[10]

4. Conclusions
Thin plasma polymerised films from 4-vinylpyridine
monomer were synthesised in a roll-to-roll atmospheric
pressure plasma enhanced chemical vapour deposition
reactor. The effect of the gas composition and the duty
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cycle on the film properties was investigated and smooth
and well-adherent films were obtained up to 5%DC in
nitrogen carrier gas. In argon carrier gas the limit is
1.5%DC and higher power densities led to dust formation.
The hydrophilicity, and film morphology was
characterized. ATR-FTIR indicated a stronger retention of
the pyridine ring structure particularly in argon carrier gas
compared to nitrogen gas. Partial fragmentation is
observed in the FTIR spectrum in the form of carbonyl
(C≡C) and oxime (C=N-OH) bonds. The C≡C peak at
2220 cm-1 is a good indicator for the breaking of the
pyridine functional group. Despite the higher degree of
fragmentation in the N2 plasma the process is much less
susceptible to dust formation.
Further optimization of the gas flow, electrode
geometry and pulse parameters is required to enhance the
film quality and throughput.
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[10] K.W. Bieg, D.K. Ottesen, Plasma Polymerization,
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Deposition of thin PEG films on the inner wall of tube by transporting discharge
in atmospheric pressure
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Abstract: We report a method to obtain biocompatible PEG copolymer coatings inside the
High Density Polyethylene (HDPE) and Pyrex tubes, which was successfully developed by
using a transporting discharge. The latter being a dry process as compared to the
conventional multistep wet chemical techniques. Our results show that as the C-O-C for the
plasma deposited coatings between 0-40 cm downstream of the tube increased, the cell
adhesion decreases due to the increase in the density of the ether groups.
Keywords: Transporting discharge, PEG coating, HDPE tube, Pyrex tube.
1. Introduction
Atmospheric pressure plasma jets have attracted a lot of
attention for numerous applications in plasma medicine,
surface and materials processing [1, 2]. In order to meet
adequately various customers’ needs, it is necessary to
develop different plasma sources, especially, those which
can generate long transporting plasma strings meant for
treatment of remote downstream targets. The transporting
plasma is a cold plasma source allowing the propagation
of plasmas inside long dielectric capillaries. There are few
reports dealing with the transporting discharge or in other
words, propagation of ionization wave through a
dielectric tube and their application.
Poly (ethylene glycol) (PEG) is the most widely used
and intensively studied non-ionic, hydrophilic and nonbio adhesive polymer [3]. Due to this reason, PEG has
been extensively used for the preparation of anti-fouling
surfaces and has been studied as a model surface for the
bioactivity of molecules. In this work we will show the
potential of transporting discharge to deposit thin films
inside the tube when an organic precursor is introduced in
the discharge.
2. Material and Method
We have developed a transporting discharge source that
can operate at atmospheric pressure and near room
temperature [4]. The plasma device was driven by a
homemade power supply with an AC high voltage at 5
kHz which was superimposed on a DC high voltage. A
schematic of the plasma jet is shown in Fig. 1. A high
voltage power supply was connected to the stainless
needle electrode which was embedded in the center of a
FEP (Fluorinated ethylene propylene) or Pyrex tube with
internal diameter of 4 mm and length of 70 cm allowing
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the working gas to flow through. The Copper tape
electrode that encircled the outer part of the tube was
connected to the ground. The helium working gas was
introduced
into
the
annular
space.
A
DiEthyleneGlycoleDiMethyl
Ether
(DEGDME)
monomers was injected before the powered electrode
(Fig. 1) for depositing PEG film inside the tube.

Fig. 1. Experimental setup.
The cell repellent characteristics of PEG coatings inside
the Pyrex tube, a substrate on which the cells grow readily
the plasma polymerized PEG like coatings, were prepared
via DEGME monomer. The helium and monomer flow
were 1000 sccm and 0.3 sccm, respectively. After
deposition, the first 60 cm of tube was cut in three 20 cm
and used for cell culturing. Then 5 ml of CT-26 (colon
cancer) cell suspension with a density of 105/ tube was
injected into each tube and was incubated at physiological
conditions for 24 h.
3. Results
For the sake of clarity, the films in different parts of
inner wall of the HDPE tube were analysed using a FTIR
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spectroscopy (Fig. 2). The spectral analysis of PEG
coatings deposited at different parts of tube downstream
show substantial changes in the chemical composition of
the coatings with an increase of the distance from the
powered electrode. The intensities of C–O–C and C=O
bonds are dramatically reduced as the distance from the
powered electrode increased. It has been reported in the
literature that the non-fouling behavior of PEG polymers
can be attributed to the retention of ethylene oxide groups,
as followed by the intensity of C–O–C stretching
vibrations.

poster

Fig. 3. XPS spectra for plasma polymerized PEG inside
the HDPE tube at the distance of 25 cm from the
electrode.
Finally, the biological response to the plasma deposited
PEG copolymer surface was investigated in vitro using
the CT-26 cell line. Cell repellent behaviour of the plasma
deposited PEG coatings were observed due to the
retention of the ethylene oxide functionalities. There exist
a huge number of references which explain the antifouling
effect of the ethylene oxide groups e.g. by providing a
molecular basis for a water barrier layer which helps to
reduce the cell adsorption on the surfaces. Bare
(untreated) Pyrex tube showed adhesion of the cell
fragments but on the PEG coating most of the cells were
detached from the tube. Optical microscopy images of
cell adhesion on plasma-polymerized coatings after
incubation of 24 are shown in Fig. 4.

Fig. 2. FTIR spectra of PEG coatings deposited at
different downstream part of the tube (5cm downstream is
near the electrode and 65 cm downstream is near the
outlet) and applied power of 2 W.
Surface chemical analysis of the PEG coatings was
carried out by XPS. As shown in Fig. 3, the C1s XPS
spectrum was deconvoluted into four different
components attributed to C–C/C–H (284.75 eV), C–
OH/C–O ( 286.41 eV), C=O (288.07 eV) and O=C–O
(289.14 eV).

Fig. 4.Optical microscopy images (optical magnification:
10X) of CT-26 carcinoma cells seeded for 24 h on (a)
bare Pyrex tube and on plasma polymerized coating inside
the tube in (b) 0-20 cm, (c) 20-40 cm and (d) 40-60 cm
distance from the electrode.
The adherent cells were counted by using Image J
software. For the image processing, four microscopic
images were carried out on each coating and resulting
values of adherent cells were averaged.
As expected, there was less cell adhesion observed on
plasma polymerized PEG coatings which were also stable
after 24 h of cell culture. As the distance from the high
voltage electrode increased, the cell adhesion decreased.
About 500 cells attached to the bare Pyrex tube but on the
sample with PEG coating deposited in 0-20 cm, 20-40 cm
and 40-60 cm downstream, about 35, 40 and 150 cells
were attached to the surface, respectively. The
measurements show that in distance 40-60 cm
downstream of the tube, we probably have an effect of the
environment air and the non-adherent properties of the
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coating decreased. The results are expressed as mean ±
SEM of four independent experiments *P<0.05,
statistically significant.

4. Conclusions
It has been pointed out that the long distance traveling
plasma has the ability to deposit thin films at atmospheric
pressure and low temperature. Plasma polymers have
been obtained by the transported discharge inside the
HDPE and Pyrex tubes. The antifouling properties were
tested by looking at the cell-surface interactions for
biological applications, which were easier to see rather
than to look at protein adsorption. The cell repellent or
adhesive properties of the PEG coatings were evaluated
by seeding CT-26 cell lines, which grow readily on films
deposited inside tube at different part. From these results
it can be concluded that the transporting discharge offers
a great potential for modifying surface properties inside
catheter tubes, used for evacuation of pathogen biological
liquids.
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Wavelength-dependent Deposition of Photo-polymerized Acetylene Films
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Abstract: Organic thin films were prepared via a photo-initiated chemical vapour
deposition of acetylene (C2H2) using two different vacuum-ultraviolet sources, namely a Kr
(λpeak=123.6 nm) and a Xe (λpeak=147 nm) lamp. To gain insight on growth mechanisms,
film thickness, morphology and composition were studied as a function of deposition time.
Both lamps yielded similar results in film composition and morphology, but differences in
kinetics could be correlated to the absorption coefficients of C2H2 at different wavelengths.
Keywords: VUV photo-polymerization, acetylene-based thin films, film growth.
1. Introduction
Hydrocarbon-based thin films are drawing significant
attention from industrial and scientific communities due
to their unique and adjustable combination of properties,
such as high hardness, chemical resistance, excellent
tribological performance and biological properties [1, 2].
Therefore, these films show good prospects for a wide
range of applications, including biomedical implants,
pharmaceutical and microelectromechanical systems
(MEMS) [2, 3].
Despite this great interest, the film growth mechanisms
are still not fully understood [4, 5]. The main reason for
this is the distribution and possible co-occurrence of
different carbon hybridization states (sp1, sp2, sp3),
creating a large family of species (radicals, molecules and
ions), all coexisting together in the gas phase. So far,
these thin films have mainly been created using plasmaenhanced chemical vapour deposition (PECVD) [5]. The
main initiators of chemical reactions in low-pressure
plasmas are “hot” electrons, which possess a broad,
Maxwell-Boltzmann-like energy distribution [6-8].
Therefore, plasmas tend to be nonselective and results are
difficult to predict, adding to the difficulty in
understanding
the
deposition
mechanisms
of
hydrocarbon-based films.
More recently, photo-initiated CVD techniques have
been used to create carbon-based films [6, 9, 10]. These
techniques retain only one energy-source component of
the plasma, the (UV) photons, to carry out (photo-)
chemistry, thus potentially allowing for better control of
the overall process.
Acetylene (C2H2) appears to be an ideal candidate for
photo-initiated CVD due to its high reactivity and
absorption coefficient over a wide range of wavelengths,
as shown in Fig. 1. Additionally, polymer-like properties
have been observed in the past during photolysis
experiments with C2H2 at different wavelengths [11-13].

ISPC23, Montreal, Canada

Danno et al. [14] created electrically resistive, optically
transparent, soft amorphous carbon-hydrogen (a-C:H)
thin films when irradiating acetylene using 185 nm
vacuum-ultraviolet (VUV) from a low-pressure mercury
lamp. Nevertheless, very few studies have been conducted
aiming to understand the deposition mechanisms of these
films.

Fig. 1. UV-absorption spectrum of acetylene (adapted
from [15]).
In this work, we present a wavelength-dependent study
of photo-deposited acetylene-based films using two
different VUV lamps. This study aims to understand the
film growth mechanisms of acetylene-based films using
photo-initiated CVD, since only one kind of excitation
(VUV photons) at a specific wavelength will be active
and available for reaction initiation.
Besides determination of the chemical composition of
the coatings by X-ray photoelectron spectroscopy (XPS),
deposition kinetics, the film growth and morphology, by
atomic force microscopy (AFM), are also studied.
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2. Experimental Methods
VUV Photo-polymerization
The reactor used for VUV photo-chemical experiments
was similar to that of Truica-Marasescu et al. [6, 7, 16,
17] Briefly, it consisted of a stainless steel ‘‘cross’’
chamber, pumped down to high vacuum using a turbomolecular pump supported by a two-stage rotary vane
pump. The operating pressure during deposition was
maintained near p = 15 Pa (112 mTorr). The flow rate of
the hydrocarbon source gas C2H2 (99.6%, MEGS Inc.,
Montreal, QC, Canada), FC2H2, was kept constant at 10
sccm using a mass flow controller (Brooks Instruments,
Hatfield, PA). The polymer-like [18] coatings resulting
from the photo-chemical reactions were deposited on 500
µm-thick (100) p-type silicon wafers (University Wafer,
Boston, MA, USA). The frontal distance between the
substrate and the two different VUV sources was adjusted
so that the total photon flux, Φ, interacting with the
substrate was constant, Φ= 5.33 · 1014 ph/cm2/s. We used
non-coherent commercial VUV (“KrL” and “XeL”)
lamps (Resonance Ltd., Barrie, ON, Canada), based on an
electrodeless radio-frequency (r.f., 100 MHz)-powered
discharge plasma in krypton (Kr) or xenon (Xe) gas at
low pressure: The Kr or Xe gas was contained in a Pyrex
ampoule sealed with a MgF2 window (cut-off wavelength,
λ = 112 nm), as described in further detail elsewhere [7,
16, 19]; the (resonant) emission wavelengths of the lamps
were λKr = 123.6 nm (photon energy ca. 10 eV) and λXe =
147 nm (photon energy ca. 8.4 eV). The photon energies
of both lamps were sufficient to break the C≡C bond in
acetylene (bond energy ca. 8.3 eV). Five different
treatment durations were studied, namely, 5, 10, 15, 20
and 30 min, in order to study the effect on film thickness,
composition and growth.
The experimental setup was housed inside a N2-filled
glovebox, therefore inhibiting oxygen-induced ageing of
the deposited films.
X-ray Photoelectron Spectroscopy
All deposits were characterized by X-ray photoelectron
spectroscopy (XPS), performed in a Thermo Scientific KAlphaTM instrument (Waltham, MA, USA) using a
monochromatic Al K radiation source (hv = 1486.6 eV).
The samples were mounted onto a vacuum transfer
module (VTM, Thermo Scientific K-AlphaTM) inside the
glovebox and directly transferred to the instrument
without exposure to air, allowing determination of the
films’ “real” chemical composition without ageing.
The elemental composition in atomic %, (at. %) and
chemical environment of the constituent elements in the
deposits were obtained from XPS analyses. Survey
spectra were acquired at a pass energy of 160 eV, a dwell
time of 200 ms and energy steps of 1 eV, at 0 emission
angles, normal to the sample surface; possible charging
was corrected by referencing all peaks to the C1s peak at
binding energy (BE) = 285.0 eV. The constituent
elements were quantified from the broad-scan spectra
using 2.3.16 PR 1.6 Casa XPS software, by integrating
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the areas under relevant peaks after a Shirley-type
background subtraction, and by using sensitivity factors
from the Wagner table.
Profilometry
The thickness of deposits was determined by
profilometry, using a Dektak XTTM Stylus Profilomter
(Bruker, Tucson, AZ, USA).
Atomic Force Microscopy
The morphology of deposits was investigated by atomic
force microscopy (AFM) using a MFP-3D instrument
(Asylum Research, Santa Barbara, CA, USA). All
samples were deposited on 500 µm-thick (100) p-type
silicon wafers (University Wafer, Boston, MA, USA) and
measured in tapping mode using silicon cantilevers
(ACTA model, AppNano) with a nominal spring constant
of 37 N/m, nominal resonant frequency of 300 kHz, and
nominal tip radius of 6 nm. Gwyddion 2.47 software was
used to process the AFM images.
3. Results and Discussion
Deposition Kinetics and Chemical Composition
Fig. 2 shows a plot of film thickness, d, versus time, t,
for acetylene-based a-C:H films deposited with KrL and
XeL lamps. As expected, d increased linearly with t for
both sources, thereby showing constant deposition rates,
r. r was observed to be higher for the XeL lamp, roughly
7.5 nm/min compared with 5.6 nm/min for the KrL lamp.

Fig. 2. Film thickness, d, as a function of deposition time,
t (red circles, XeL lamp; black squares, KrL lamp).
Since the distance between the sample and the VUV
sources was adjusted to assure the same photon flux, this
means that d depended only on the wavelength, λ.
Therefore, we can explain the higher R value for the XeL
source by the higher absorption coefficient, k, of C2H2 at
λ=147 nm compared with that at λ=123.6 nm (see Fig. 1,
k(KrL)=112 atm-1 cm-2 and k(XeL)=303 atm-1 cm-2).
Compared to the work of Danno et al. [14], where
λ=185 nm was used to deposit a-C:H films, the present R
values were about 7 and 9 times higher for the KrL and
XeL sources, respectively. This can presumably also be
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attributed to some extent to the higher k at lower
wavelengths (Fig. 1), although Φ may have differed
significantly.
It is noteworthy that the a-C:H films’ chemical
composition was substantially the same for both lamps
and did not change over time, as confirmed by XPS.
Morphology and Film Growth
Fig. 3 shows AFM images for the two types of coatings
at different t. These can provide insight into the a-C:H
film growth modes [10, 20].
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might well explain the present observations, but detailed
analysis of the particles would help to confirm this and to
better understand the growth mechanisms of the a-C:H
films.
4. Conclusions
With this wavelength-dependent study, we have been
able to show that a-C:H films can be obtained by
photolysis of acetylene with different VUV sources,
namely KrL (λ=123.6 nm) and XeL (λ=147 nm) lamps in
this present research. We showed that the different photon
energies influenced deposition kinetics, and that AFMbased morphologies of these a-C:H films cannot be
readily explained by known growth modes. We believe
that this λ -dependent VUV photolysis study can be useful
in elucidating film growth activated by a single, wellcharacterized source of energy, unlike the case of
PECVD, for example. So far, we have found that R
correlated well with k, but in ongoing work the VUV
wavelength will be extended upward to λ=172 nm and
185 nm.
5. Acknowledgment
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Fig. 3. AFM images of the a-C:H morphology for films
deposited using the (a) KrL and (b) XeL VUV source at
different deposition times, t.
Irrespective of the VUV lamp, similar a-C:H
morphologies were observed, along with full coverage of
the substrate after t=5 min; this was confirmed by XPS,
since no Si peak from the substrate was observed. The aC:H films were smooth from the first moments of growth,
but accompanied by small round features at all values of t.
After t=5 min, their height was ~2nm, then increasing
further up to ~10nm. During Volmer-Weber growth,
incoming precursors adhere to the surface to form clusters
which can grow into 3D islands. Such islands can
continue to grow but can also coalesce into a chemically
homogeneous rough surface [21]. This is not observed in
Fig. 3, even after t=30 min. Instead, the features were
seen to grow in height, but not to coalesce, although they
appear to be more abundant in the a-C:H films for the
XeL source. This behaviour has been reported by
Michelmore et al. [20] for the case of plasma-polymerized
allylamine films. Those authors concluded that
macroscopic clusters were created by oligomerization
reactions in the gas phase during plasma polymerization,
particles that then adhered and grew on the substrate
surface [22]. Such oligomerization reactions are also
feasible during VUV photolysis of acetylene and they

ISPC23, Montreal, Canada

6. References
[1] R. Hauert, Diamond and Related Materials, 12, 3
(2003).
[2] C. A. K. Charitidis, E. P.; Dragatogiannis, D. A.,
Lubricants, 1 (2013).
[3] C. A. Charitidis, International Journal of Refractory
Metals & Hard Materials, 28 (2010).
[4] J. Benedikt, Journal of Physics D-Applied Physics, 43
(2010).
[5] A. Hamdan, G. Al Makdessi, and J. Margot, Thin
Solid Films, 599 (2016).
[6] F. Truica-Marasescu, J. C. Ruiz, and M. R.
Wertheimer, Plasma Processes and Polymers, 9 (2012).
[7] F. Truica-Marasescu and M. R. Wertheimer,
Macromolecular Chemistry and Physics, 209 (2008).
[8] J. C. Ruiz, P. L. Girard-Lauriault, and M. R.
Wertheimer, Plasma Processes and Polymers, 12 (2015).
[9] C. A. Dorval Dion and J. R. Tavares, Powder
Technology, 239, 5 (2013).
[10] D. Farhanian, G. De Crescenzo, and J. R. Tavares,
Langmuir, 33 (2017).
[11] H. Okabe, Photochemistry of small molecules. New
York: Wiley, 1978.
[12] H. Okabe, Journal of Chemical Physics, 75, (1981).
[13] L. J. Stief, V. J. Decarlo, and R. J. Mataloni, Journal
of Chemical Physics, 42 (1965).
[14] M. Danno and M. Hanabusa, Materials Letters, 4
(1986).

579

poster

Plasma deposition of functional coatings

[15] C. Y. R. Wu, F. Z. Chen, and D. L. Judge, Journal of
Geophysical Research-Planets, 106, (2001).
[16] F. Truica-Marasescu and M. R. Wertheimer, Journal
of Applied Polymer Science, 91 (2004).
[17] J. C. Ruiz, A. St-Georges-Robillard, C. Theresy, S.
Lerouge, and M. R. Wertheimer, Plasma Processes and
Polymers, 7 (2010).
[18] Chun Q. Yong, Jongryang Joo, and Donggeun Jung,
Japanese Journal of Applied Physics, 38 (1999).
[19] F. Truica-Marasescu, S. Pham, and M. R.
Wertheimer, Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials
and Atoms, 265, (2007).
[20] A. Michelmore, P. Martinek, V. Sah, R. D. Short,
and K. Vasilev, Plasma Processes and Polymers, 8
(2011).
[21] A. Michelmore, Thin Film Coatings for Biomaterials
and Biomedical Applications, ed: Woodhead Publishing
(2016).
[22] A. J. Beck, S. Candan, R. D. Short, A. Goodyear, and
N. S. J. Braithwaite, Journal of Physical Chemistry B, 105
(2001).

580

ISPC23, Montreal, Canada

Plasma deposition of functional coatings

poster
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Abstract: In this study, we have developed a deposition method utilizing coaxial-plasma
guns (CPGs) for generating plasmas of metallic materials. A CPG consists of concentric
electrodes to which a helium gas was introduced. A homemade pulsed-current generator
provided repeatedly pulses of large discharge current (6.0 kA, for example) between
electrodes. The optical emission spectra observed in the generated plasma showed the
existence of He, Fe and Al.
Keywords: Coaxial plasma guns, Full-Heusler alloys, Fe2TiAl, Thermoelectric materials
1. Introduction
In recent years, global warming has been a serious
social problem. It might be caused by greenhouse gases
such as CO2 and NOx coming out from burning fossil
fuels. In contrast, energy expenditure tend to increase
because economic development are accelerated around
the world.
Therefore, method of obtaining clean energy such as a
solar cell or wind power generation are developed
actively. Thermoelectric conversion is one of them.
However, there is no material having high thermoelectric
figure of merit ZT enough to practical use.
Fe2TiAl is categorized so-called full-Heusler alloy. It
attracts attention as a novel thermoelectric material
because its ZT is higher than that of conventional material
such as BiTe and it doesn’t contain any toxic element.
Actually, some result about waste heat recovery systems
of motorcycle were reported by National Institute of
Advanced Industrial Science and Technology in Japan.
On the other hand, difficulty of relation on between the
composition ratio and ZT is a big problem. In order to the
generation of the Heusler Fe2TiAl thin-film, we focused
Coaxial Plasma Gun (CPG).
CPG is composed of concentric two electrodes. It
known for apparatus to generate a plasma in field of
fusion. In this case, materials of electrode were ionized
with a plasma of working gas. We attempt to utilize them
as a technology of deposition alloy. We call it Coaxial
Plasma Deposition (CPD).
The greatest characteristic of CPD is that heterogeneous
metals having a different melting point can be deposited
by separated multiport at the same time. Thus, the CPD is
particularly useful for making an adjustment to
composition ratio of Fe2TiAl. In this study, we have
reported on forming a plasma of target Fe or Al by CPD.
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2. Experimental method
Figure 1 shows experimental system. Targets Fe or Al
were mounted on cylindrical inner electrode (outside
diameter 22 mm) and ring-shaped external electrode
(inside diameter 34 mm) in a vacuumed chamber. Helium
as a working gas was flowed into electrodes interval and
the gas pressure was 120 Pa. A pulse of high voltage (1.5
kV) was supplied by the pulse discharge circuit consists
of half-wave rectifier circuit, capacitor and ignitron
switch (NATIONAL, NL-7703). A plasma was generated
and accelerated in electromagnetic force by the selfLorentz force from discharge current and magnetic field
in the azimuthal angle. The plasma emission spectra was
observed by spectroscope (Stellar Net, EPP2000).
Discharge voltage was measured using voltage divider
(IWASAKI CORRESPOND INDUSTRY, D-401) and
oscilloscope (Tektronix, TDS1012B). Discharge current
was measured using current monitor (PEARSON, 110A).
To CCD spectrometer

Inner electrode
Insulator

External electrode
Gas inlet

Target

Voltage divider

V

A

Current monitor

Oscilloscope

To Vacuum pump

1

Pulse discharge
circuit

Fig.1. Schematic Diagram of the deposition system
based on a CPD.
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Fig.4. Plasma emission spectrum
at an applied pulse-voltage (target: Al).

3. Results
Discharge voltage and discharge current are shown in
Figure 2. In the case of target Fe, the maximum voltage is
0.92 kV, the maximum current is 6.0 kA and the current
half width is 4.2 µs. As for target Al, the maximum
voltage is 0.94 kV, the maximum current is 8.9 kA and
the current half width is 2.3 µs.
Figure 3 shows plasma emission spectrum during an
applied pulse-voltage (target: Fe). 243.5 nm and 274.7nm
were confirmed by Fig.3, due to Fe II emission. 388.9nm
and 587.6 nm peak were ascribed to He I emission. Figure
4 shows plasma emission spectrum during an applied
pulse-voltage (target: Al). As can be seen in Fig.4,
263.8nm and 281.7 nm peak from Al II emission,
388.9nm and 587.6 nm peak from He I were observed.
These results were revealed that ionized the target
materials were emitted at an applied pulse-voltage.

4. Summery
We have shown that the plasma emissions spectrum due
to target Fe or Al by CPD. In the case of using Fe as
targets, the maximum voltage is 0.92 kV, the maximum
current is 6.0 kA and the current half width is 4.2 µs. As
for using targets Al, the maximum voltage is 0.94 kV, the
maximum current is 8.9 kA and the current half width is
2.3 µs.
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Growth of thin films via atmospheric UVC-driven syngas PICVD
D.Farhanian1, G. De Crescenzo1, J.R. Tavares1
CREPEC, Department of Chemical Engineering, É cole Polytechnique de Montréal, Montreal, Quebec, Canada
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Abstract: Oligomeric thin films were deposited in an atmospheric chemical vapour
deposition reactor by photo-initiation of syngas in the presence of iron pentacarbonyl as a
photo-catalyst and UVC lamps as an excitation source. Morphology of the deposits showed
island growth synthesis representative of a Volmer–Weber growth mode. Moreover,
chemical analysis shows film is composed of ketones, aldehydes and aliphatic groups.
Films are stable up to 700 °C.
Keywords: Photo-initiated chemical vapour deposition, syngas, organometallic, thin film,
island growth.
1. Introduction
Photo-initiated chemical vapour deposition has recently
gained significant attention due to its simple reactor
design, suitability for the synthesis of nanometer size
films, low-cost scale-up as well as decreased
environmental impact compared to solvent-based
approaches [1-6]. It makes use of one key component of
plasma processing – UV light, without the need to
necessarily have the process operate under plasma
conditions (low pressure, etc.). Despite the existence of
this technology for several decades, several elements have
remained elusive, including precursor development,
nucleation and film growth processes, as well as reaction
mechanisms [7-9]. Most studies performed in this area
used VUV light (emitting at wavelengths ≤200 nm),
which require specialized reactor window such as MgF2,
and LiF [8, 10-14]. Little attention has been devoted to
UVC light (200-280 nm) [15, 16]. Moreover, most
researchers have focused mainly on film thickness and
deposition rates, without a comprehensive understanding
of the deposition mechanism or growth [8, 10-14].
Previously, our group investigated the use of UVC-driven
syngas PICVD for different substrates [16-19]. In this
study, we investigate the effect of treatment duration on
the epitaxial growth of deposited films, as well as their
chemistry and thermal stability.
2. Experimental Methods
Deposition of Syngas PICVD Films
A semi-plug flow quartz tube housed within a UV
cabinet was used as PICVD reactor for these experiments.
The cabinet consisted of 28 UVC low-pressure mercury
lamps, with a main emission peak at 253.7 nm and a total
light intensity of 0.012 W/cm2. Films were deposited on
110 orientation N-type silicon wafers substrates cut into 1
cm × 1 cm coupons. The substrates were sonicated first in
deionized water and then in isopropanol for 10 minutes
prior to the experiments and dried with compressed air.
Part of the substrates were masked with Kapton tape as a
reference. The reactor was first purged with argon gas;
then 0.2 L/min of CO and 0.2 L/min of H2 gas streams
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were fed to the reactor as reactive precursors while the
reactor was maintained at atmospheric pressure. UVC
lamps were then turned on and treatment duration was set
to 30 min, 60 min, 120 min, and 180 min for experiments
1 to 4, respectively. Treatment duration was the main
experimental parameter varied to control film thickness
and investigate the growth mode. Over the course of UV
treatment, reactor temperature linearly increases from ~22
°C (room temperature) to ~ 62 °C due to heat generation
from the UVC lamps. Each experiment was repeated 3
times to ensure reproducibility.
Characterization Techniques
CytoViva Microscope Imaging: CytoViva Enhanced
Darkfield Hyperspectral Microscopy has been used to
study the texture and morphology of films.
Scanning Electron Microscopy (SEM): Texture and
morphology of films was further examined using a
Hitachi ultrahigh-resolution cold field emission scanning
electron microscope (Hitachi SU8230), equipped with an
X-ray energy-dispersive spectroscope (EDS) (Bruker®
Quad detector-Bruker® 4SD Argus system) operated at
an accelerating voltage of 1-2.5 kV.
Profilometer: A Veeco Dektak 150 surface profiler was
used to measure films thickness
X-ray Photoelectron Spectroscopy: A VG ESCALAB
3 MKII X-ray photoelectron spectroscope (XPS)
equipped with a non-monochromatic Mg-Kα radiation
source was used for elemental analysis of the films.
Analysis was performed at 300 W (15 kV, 20 mA) and
survey and high high-resolution spectra were acquired at a
pass energy of 100 eV and 20 eV, respectively.
Corrections were applied by referencing all peaks with
respect to the C1s signal at a binding energy of 285.0 eV.
The full width at half maximum (FWHM) of 1.6, 1.8, 2.2,
2.7 eV were selected for C, O, Si, and Fe respectively.

583

poster

Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy (ATR-FTIR): Chemical analysis
of the samples was carried on KBr coated disks using a
Perkin Elmer 65 FTIR-ATR instrument. FTIR spectra
were recorded over a wavenumber range of 650-4000
cm−1 (total of 128 accumulated scans) and a 4 cm−1
resolution.
Thermogravimetric Analysis (TGA): The amount of
grafted film samples was determined using a TGAMETTLER TOLEDO apparatus operating from 25 to 800
°C with a heating rate of 10 °C /min under a nitrogen gas
ﬂow.
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presence of iron in the deposits. This is the result of
Fe(CO)5 contamination in the CO cylinder [20, 21]. This
compound play a photocatalytic role in the deposition
process and accelerates the formation of oligomeric films.
By increasing the treatment duration, more substrate
surface will be covered and thus the ratio of elements
representing the film (C, O, Fe) increase too (Table 1).
Table 1. Elemental atomic ratio of
coated samples.

3. Results and Discussion
Fig.1 shows optical images of islands formed on the
treated substrates. These are further detailed in the SEM
micrographs shown in Fig.2.

Fig. 3. XPS survey of bare and coated samples.
To define the chemical groups representing the
deposited film, we prepared a KBr pellet and treated for
120 min using the same PICVD protocol. Fig. 4 shows
the FTIR spectra and their corresponding chemical
groups.

Fig. 1. Optical microscopy showing island growth (120
min sample)

Fig. 4. ATR-FTIR spectra of bare and coated KBr
samples
The film mainly consists of –CH2 and –CH3 groups in
aliphatic form, along with –C≡C in alkynes, –C=O in
ketones and aldehydes as well as –OH groups in aliphatic
primary alcohols.

Fig. 2. SEM micrographs showing island growth and their
corresponding sample
Film thickness increases linearly as a function of
treatment duration, from 20 nm at 30 min to 120 nm at
180 min. This corresponds to a deposition rate of roughly
0.7 nm/min.
The surface concentration of deposited carbon
compared to silicon (from the substrate) increased
significantly in the coated samples compared to the bare
samples (Fig. 3). Moreover, this XPS analysis shows the
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Fig. 5. Thermogravimetric analysis of a coated sample
(120 min treatment)
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TGA analysis (Fig. 5) is carried out on 120 min coated
samples to define the thermal stability of deposited film.
The film started to decompose at 700 °C, demonstrating
high thermal stability. Moreover, 0.5% mass lost
corresponds to the humidity and water content while the
other 1% corresponds to the oligomeric deposited film,
which decomposes in 700-800°C.
4. Conclusion
We have shown that a UVC-driven syngas PICVD
process produces an oligomeric film through island-like
growth. By increasing treatment duration, films tend to
have a more compact morphology. This type of film
morphology was previously observed during plasma
deposition of other organic compounds [22] and is
representative of a Volmer–Weber (VW) growth mode
(3D morphology, island growth). This type of deposition
occurs by growth of islands that eventually merge, instead
of layer by layer deposition.
By increasing the treatment duration, thicker film with
higher amounts of chemical elements (C, O, and Fe) are
produced. The organic content of the deposits is mostly in
the form of aliphatic groups, along with ketones, alcohols,
aldehydes and alkynes. The film shows strong thermal
stability and it starts to decompose only at 700 °C. It is
therefore expected that the coatings presented and
characterized in this study will be useful in the
development of surfaces that need high thermal stability.
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Dust formation and transport in very low-pressure
ECR acetylene plasma
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Abstract: In this work, the formation and transport of carbonaceous dust particles are studied in
an acetylene ECR plasma using fast imaging of dust particles along with ex-situ analysis of
collected matter. It seems that both volume and surface mechanisms are involved in the particles
formation. Moreover, the dynamics of dust particles exhibits particular trends and strongly
influences the physical mechanisms arising in particles formation.
Keywords: ECR, magnetized plasma, dusty plasma, transport.

1. Introduction
Dust particles formation is observed in different kind of
plasmas such as interstellar and circumstellar
environments [1], reactive low-temperature laboratory
plasmas [2], or during plasma-surface interaction in
Tokamaks [3]. Inside fusion devices, plasma-surface
interactions lead to a significant amount of dust. Once
reemitted inside the plasma volume, they affect the
plasma properties [4] (density, temperature), the
performances of the device and lead to safety issues [5].
In this context the formation and dynamics of dust need to
be well understood. The harsh plasma environment heats
the dust and makes them incandescent. A solution to
obtain a direct image of dust dynamics is to track them
with fast imaging [6].
This technique allows to
reconstruct dust trajectories in two or three dimensions,
determining
their
instantaneous
velocities
and
accelerations, hence describing the forces applied on
them.

	
  

electrons). In the present study, mechanisms of formation
and dynamics of dust particles produced in an ECR
plasma are studied using fast imaging, ex-situ analyses
and Langmuir probe measurements.
2. Experimental setup
a. Linear ECR plasma reactor.
The experimental setup is presented in Fig. 2. The
linear ECR plasma reactor consists of a parallelepiped
stainless steel tank. Underneath is placed a “racetrack”
Samarium-Cobalt magnet, with a magnetic surface
intensity of 3300 Gauss (central and external magnets
have opposite polarities). The ECR heating is produced
by a microwave (MW) linear antenna located above one
of the external magnet, underneath the 875 Gauss iso-line.
We call magnetic cusps the zone where the magnetic field
lines converge above the magnetic poles. Also, we call
plasma lobes the areas between the magnets where
charged species are trapped by the magnetic field. For all
experiments the generator delivers an injected power of
200 W. The gas inlet is located on the side above the
antenna and the gas outlet on the opposite side. The
plasma is produced with 0.6 mTorr of pure acetylene.

	
  
	
  
	
  
Fig. 1. Naked-eye observation of incandescent dust
particles produced in a pure acetylene electron cyclotron
resonance excited plasma [7].
Recently in LAPLACE, we observe the outbreak of
incandescent dust particles as shown in Fig. 1, inside an
electronic cyclotron resonance (ECR) plasma device [7].
In agreement with fusion devices, the incandescence of
dust particles could be related to the characteristics of the
ECR plasma (high densities and very energetic primaries
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Fig. 2. Linear ECR apparatus sketch.
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We impose an Oxyz  coordinate system where the origin is
at the closest corner to the MW input. The positioning of
the axis is important as all the velocities, accelerations
components are related to them. On the top, a long glass
window allows us to film dust particles with the fast
camera between the central and external magnet in the
𝑂𝑥𝑦 plane. A typical experiment lasts one hour and
consists in filming incandescent dust at one position at
different times. This experiment is repeated at different
positions.
b. Tracking procedure.
The tracking of incandescent dust is realized with the
TRAcking and Classification of pin-point Event
algorithm (TRACE) [8]. TRACE returns a table
containing dusts positions, light intensities, and apparent
surfaces for each image. We use a Photron APX-RS that
allows us to film the particles at 20 000 fps. Each film
lasts one second. The resolution associated with that
velocity is 384x256 pixels (being a window of 1.7x2.5
cm). The height where most dust particles are detected is
𝑧 ≈ 3 cm and the lens depth of field is nearly 1 mm. We
use some specific tracking parameter to ensure the
tracking accuracy. A dust cannot be detected if (1) it
crosses more than 20 pixels between two frames (it is not
possible to detect the particle position precisely beyond)
and (2) the diameter of apparent surface is more than 15
pixels (dust surfaces increase when they are leaving the
focal plane). In addition, we check the accuracy of the
detection process by comparing reconstructed dust
trajectories with the original movie. With this procedure
we estimate to detect nearly 30% of all dust in a film.
We remind the reader the tracking with one camera

Fig. 3. Example of reconstructed incandescent dust
trajectories (0.6 mTorr pure acetylene plasma at t = 12
min). A movie analysis can be divided into three columns.
allows us a 2D description of dust dynamics (in the 𝑂𝑥𝑦
plan at z=3cm, between the external and central magnets).
Once the table is generated by TRACE, we use it to have
a direct access to each particle velocities, accelerations at
different times and positions. An example of TRACE
analysis is shown in Fig.3. Note that the analysis can be
performed on three different columns, as schematized in
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Fig. 3, allowing comparative studies of the particles
transport along the Y-axis.
3. Kinetic dust apparition

Fig. 4. Sketch of the reactor focused on the magnetic
corner away form the MW injection and showing the
main areas of carbon deposits (brown lines and spots).
The area where the 1st incandescent dust particles are
observed (red oval) is also highlighted.
In the following part part we focus on the temporal
evolution of dust particles. The Fig. 4 represents a sketch
of two magnetic corners opposite to the MW injection. It
shows the main areas of carbon deposition: on the
magnetic cusp and in the magnetic turns. The red
delimited area represents where the first incandescent dust
particles appear. The specificity of the right spot of
carbon deposition is that it also starts being incandescent
after 10 minutes. We call the incandescent spot the “hot
spot” (HS).

Fig. 5. Temporal evolution of the particles numbers
detected. Red stars and black triangles are related to the
position, respectively x = 90 cm and x = 16.5 cm. Lines
are plotted to highlight the tendencies
Fig. 5 depicts the temporal evolution of dust particles
detected by TRACE at two distinct positions: x = 16.5cm
(black lines and triangles) and x = 90 cm (red lines and
stars). For the sake of clarity, we choose to show only two
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positions. First, in both cases, we notice the absence of
incandescent dust in the first minutes. After 5 minutes, (1)
the number of detected particles increases weakly (with a
rate constant of 5 particles per minute) until
approximately 15 minutes. Then, (2) it sharply increases
with a rate constant 6 times higher. In some cases, (3) a
decrease of dust particles apparition occurs.
To characterise the plasma surface interactions,
stainless steel samples were positioned on the HS.
Samples were exposed to the plasma for different times: 1
(no incandescence of the HS), 7 (incandescence starts)
and 10 minutes (bright orange incandescence). Samples
are analysed by Scanning Electron Microscopy (SEM –	
  
JEOL JSM 6700F) as reported on fig. 6. On the first two
samples (Fig. 5.a and b), the deposit consists in 10 nm
carbon spherical nanoparticles. For a longer duration, they
agglomerate into a smoother deposit (Fig. 5.c), which
could be explained by a local heating due to high charged
particles fluxes [9]. Eventually, the deposit seems to
delaminate forming few tens of µm flakes that should be
ejected in the plasma volume (Fig. 5.d). This phenomenon
is similar to plasma-surface interactions reported in fusion
devices [10].
(a)

(c)

4. Dust particles dynamics
To help understand the incandescent dust transport, fast
imaging has been performed at eight different positions
along the X-axis after 45 minutes. Fig. 7 (a), (b) and (c)
represent the distribution of the X component of the
acceleration respectively at x = 90, x = 62.5 and x = 12.5
cm. Fig. 7 (d) shows the mean acceleration (of the X
component) of all the particles detected in a movie at 8
different positions. For 0 < 𝑥 < 50 cm, the particles are
mainly transported toward the microwave input (fig.
7(c)). We observe an opposite behaviour at 80 < 𝑥 <
100 cm, the particles are transported toward the opposite
side of the reactor (fig. 7(a)). In between, the average X
component of acceleration tends toward zero (fig. 7(b)).
As reported on fig. 7 (d), the average X component of the
acceleration increases quite monotonously with the X
position. It suggests that the force able to transport the
incandescent dust particles changes direction along the Xaxis.

(b)

(d)

Fig. 6. “Hot Spot” SEM images for different exposure
times: (a) 1, (b) 7, (c) 10 and (d) 60 minutes.
The spherical shape of nanoparticles presented in fig. 6
(a) shows that the first dust particles are formed inside the
plasma volume. It also shows that all the particles are not
necessarily incandescent. Else we would detect more and
particles and not only at z ≈ 3 cm. The carbon nature
could play a significant role in the dust incandescence.
The transition between the regimes (1) and (2) seems
to be correlated with plasma-surface interactions. In the
first 15 minutes, dust particles are preferentially deposited
on the magnetic cusps and the HS. In regime (2), the
deposit on the HS starts being incandescent, probably
leading to a process of remobilization explaining the high
detection rate of incandescent particles. The regime (3) is
not yet fully understood and only speculation can be
advanced. We suggest that less carbonaceous matter is
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remobilized in the plasma volume, leading to a decrease
of the particles detected. This could have to do with the
thickness of the deposit preventing its delamination or a
dehydrogenation of the latter and further crystallization of
the carbon due to thermal effects.

	
  
Fig. 7. Distributions of the X component of the
acceleration after 45 for different positions: (a) x = 90, (b)
x = 62.5, (c) x = 16.5 cm. Fig. 7 (d) represents the average
of the X component of the acceleration along the X-axis.
It is difficult to conclude on the main forces acting on
dust particles in the X-direction. Two can retain our
attention: electric and ion drag forces. The electric field
along the X-axis was determined by Langmuir probe
measurements in argon plasma at 1 mTorr. The plasma
potential profile is reported in Fig. 8. It does not show
any potential gradient inversion: in this case, the electric
field is independent of the X-position and constant with a
value of about 4 V.m-1. The electrical force alone cannot
be responsible of dust transport. We know after [9] that
high ion fluxes are measured on the magnetic cusps and
on the HS where we observe the first nanoparticles
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deposition. Hence, ion drag force could also play a role
on the X-axis transport. Ion drag along the X-axis could
be related to E×B, 𝛻B×B or diamagnetic drift. The E×B
drift implies the inversion of the electrical field on the Zaxis. This observation has not been made in argon plasma
at 1 mTorr. Also the 𝛻B×B drift cannot explain the
transport inversion along the X-axis because of the linear
geometry of the “racetrack” magnet.

Fig. 8. Plasma potential profile along the X-axis in pure
argon plasma at 1 mTorr.
Now we focus on the Y-axis direction. Along this
direction, the distribution of the Y component of the
acceleration obtained on the whole picture was found to
be quite symmetric and centred on zero. Hence a more
accurate analysis was performed splitting the picture in to
three columns (Fig. 9).
(a)

(b)

(c)

(d)

Fig. 9. Distributions of the Y component of the
acceleration after 45 minutes for different positions and
different columns: (a) x = 16.5 cm (column 1), (b) x =
16.5 cm (column 3), (c) x = 90 cm (column 1) and (d) x =
90 cm (column 3).
In the first column (fig. 9 (a) & (c)), the distributions
are oriented toward positive values of acceleration. While
in the third column (fig. 9 (b) & (d)) the distributions are
oriented toward negative values. Hence a force is
constantly attracting dust in the middle of the plasma
lobes. If we assume negatively charged dust (despite their
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incandescence), we suggest they could be accelerated by
an electric field along the magnetic field line [11].
5. Conclusion.
In this work we studied the formation and dynamics of
incandescent dusts particles. We used fast video imaging,
Langmuir probe measurements, and observations of
matter collected at the “Hot Spot” with SEM.
We have shown in this work that the reactor is first
filled with 10 - 30 nm spherical carbonaceous particles.
Those particles deposit on specific area of the reactor (HS
and magnetic cusp) to form a smooth film. Due to
plasma-surface interaction, a heating mechanism erodes
the film on the HS area. We suggest fragments of
carbonaceous material are reemitted in the plasma
volume. The incandescence of dust particles could be
related to the characteristics of the ECR plasma (very
energetic primaries electrons) and the carbon nature
(amorphous, hydrogenated, graphitic).
Additionally, we have carried out a dust transport study
along the X and Y-axes. We obtained the accelerations
tendencies and showed that a force tends to confine dust
in the centre of the plasma lobes (Y-axis transport) and
another one tends to push them to each extremities of the
reactor (X-axis transport). Finally, we showed that the
electrical force alone could not explain the transport along
the X-axis.
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Abstract: We report on the investigation of the early stages of Ag nanoparticle growth in a
low temperature plasma by broadband transmission UV-Vis spectroscopy. The nanoparticles
are generated in a gas aggregation cluster source based on magnetron sputtering (Haberland
type). We demonstrate that due to their strong particle plasmon resonance small Ag clusters
and nanoparticles can be monitored by UV-Vis spectroscopy in-situ during their growth and
transport.
Keywords: nanoparticles, low temperature plasma, in-situ, UV-Vis, plasmon resonance.
1. Introduction
Metallic nanoparticles (NPs) and also nanocomposites
consisting of those in an organic or ceramic matrices have
unique functional properties, associated with their small
dimensions, with hosts of applications [1,2]. Metallic NPs
are typically formed via self-organization on the surface or
in a dielectric matrix during co-deposition of metal and
matrix component. Typically, the metallic component is
sputter deposited or evaporated, however, recently a socalled Gas Aggregation Source (GAS) became very
attractive due to flexibility of parameters which allow
preparation of various types of nanoparticles with a good
control over the nanoparticles size and deposition rate.
However, the processes inside the GAS are not fully
understood yet, although the GAS has often been used for
generation of metallic clusters and nanoparticles [3–5].
There are many reports in the literature regarding
preparation of various types of nanoparticles by gas
aggregation source, including our own works on Ag or Ti
[6–8]. However, the characterization of deposited
nanoparticles or their composites is typically done by exsitu techniques and later the applied experimental
condition are correlated with the properties of prepared
deposits. For example, it is known that size of
nanoparticles depends on magnetron power and residence
time (the time which NPs spend in GAS – related to gas
flow and pressure). Typically, it is assumed that clusters
start to grow in vicinity of the magnetron target and grow
along the whole aggregation chamber up to the orifice,
where they are expanded into the vacuum (or low-pressure
region). However, direct investigation of such a process is
rather difficult. Currently, there are just a few papers
devoted to this aspect, but even those are either simulations
[9] or experimental works which do not use a real “in-situ”
approach [3].
In the present work, we propose the method of in-situ
investigation of Ag cluster growth in a gas aggregation
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source, starting from the near target region, based on
broadband transmission UV-Vis spectroscopy. The aim of
this work is to gain fundamental understanding of the early
stages of cluster growth in magnetron based GAS system.
To our best knowledge, it is the firstly reported
experimental study focused on in-situ investigation of
cluster growth in a gas aggregation cluster source.
2. Experimental
The experimental set-up is schematically shown in Fig.1.

Fig. 1. Sketch of the experimental set-up. Broadband
UV-Vis spectroscopy was applied in the GAS (close to the
magnetron) and in the main chamber (behind the orifice of
GAS).
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All the experiments were conducted in a UHV system
pumped down by a turbo molecular pump in combination
with scroll pump to the base pressure of ~ 5x10-5 Pa. Ag
clusters/nanoparticles were generated via a gas aggregation
source based on 2-inch magnetron (Haberland type [10])
equipped with 6 mm thick Ag target (99.99%, Kurt J.
Lesker). Argon was used as a working gas. The flow of Ar
was varied in the range 25-100 sccm with corresponding
GAS pressure 50-200 Pa. The pressure in the main
chamber was kept as low as possible (max 2.5 Pa at 100
sccm of Ar). The magnetron was powered by a DC power
supply (MDX-500, Advanced Energy). A broadband UVVis spectrometry (Ocean Optics HR4000CG-UV-NIR)
together with a light source (Ocean Optics DH2000 BAL)
was used for in-situ measurements inside the GAS near the
magnetron target (~1 cm far) as well as in the low-pressure
chamber (main chamber) after GAS orifice. Additional
optical lenses allowed to get parallel beam of the light with
diameter of ~ 5mm. A quartz crystal microbalance (QCM,
Sycon Instruments) was applied for monitoring of
nanoparticles deposition rate. The morphology of Ag
nanoparticles deposited on Si substrate was investigated by
a scanning electron microscopy (SEM, Zeiss).
3. Results and Discussions
In order to demonstrate the “proof of principle”, at first,
the UV-Vis spectroscopy was applied to an Ag
nanoparticle beam in the low-pressure chamber (main
chamber) behind the orifice of the GAS. The UV-Vis was
installed on quartz windows and background calibration
was done. After the Ag nanoparticle beam was generated,
the UV-Vis transmittance spectrum was acquired (Fig. 2).
The presence of Ag nanoparticles was confirmed by
simultaneous monitoring of deposition rate using QCM.
The presence of a sharp absorption peak at around 350 nm
shows the particle plasmon resonance of “in-flight”
detected Ag nanoparticles. In order to investigate the size
distribution of those nanoparticles, they were collected on
a Si substrate and SEM measurement was performed. The
SEM image together with corresponding histogram is
shown as an inset in Fig. 2. Nanoparticles of around 7.4 nm
in diameter were observed with standard deviation of ~ 1.3
nm, which could be caused by NPs agglomeration on the
substrate.

oral

Fig. 2. Transmission UV-Vis spectrum measured in-situ
on an “in-flight” Ag nanoparticles beam outside the GAS.
Inset: SEM image together with corresponding histogram
showing the size distribution of Ag NPs. Operational
conditions of GAS source were: DC 100 W, Ar 100 sccm,
~ 200 Pa.
The UV-Vis spectrum shown above is in a full agreement
with a simulated one based on Mie theory (Fig. 3) for Ag
NPs of diameter 7.4 nm. So, basically these results confirm
the possibility of “in-flight” investigation of Ag
nanoparticles by UV-Vis transmission spectrometry.

Fig. 3. Mie theory simulated absorption spectrum for
spherical Ag nanoparticles with diameter of 7.4 nm.
In order to follow the initial stages of Ag cluster growth,
the UV-Vis measurements were done in the GAS volume
close to the target region. Fig. 4 shows several UV-Vis
spectra acquired in-situ during discharge operations with
certain time interval after the magnetron sputtering was
started.
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Ag clusters in the gas volume. We found that small clusters
are already generated in the region close to the target
surface and generally do not change their size during the
transport through the GAS. It was also shown that the
density of the particles can be as high as the give rise the
strong coupling between neighbouring particle plasmon
resonances.
5. Acknowledgements
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Fig. 4. Transmittance UV-Vis spectra acquired in-situ in
the GAS volume near the target during discharge operation
at 100 W, 100 sccm, and ~ 200 Pa. Time in the graph refers
to the discharge ignition.
Since UV-Vis measurements were performed in vicinity
of the magnetron in the plasma region, strong optical
emission lines corresponding to Ag-I were observed at 328
nm and 338 nm. These lines were used for synchronization
of the discharge “ON-time” with recorded spectra.
The most interesting part of the spectra shown in Fig. 4
are strong absorption peaks corresponding to Ag
nanoparticle plasmon resonances. One notes that a certain
time evolution of the recorded spectra showing strong and
narrow peak at the beginning followed by broad and red
shifted ones. Generally, there could be several explanations
of the observed behaviour. The position of the plasmon
resonance peak is determined by size of the nanoparticles
and the full width of half maximum (FWHM)
corresponding to the size distribution [11]. Therefore, in
this case, the interpretation could be rather simple – the
cluster size and size distribution increases with time due to
higher amount of sputtered Ag atoms. However, from SEM
measurement we know that the mean size of our Ag NPs is
around 7.5 nm, and no large nanoparticles or a broad size
distribution is observed. That is why we propose that the
observed red shift and broadening of UV-Vis spectra is due
the increased density of nanoparticles and as a result strong
cluster-cluster interaction [12].
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The results discussed above indicate that Ag
nanoparticles grow in a gas aggregation source close to the
magnetron and that their density is very high resulting in a
short particle-particle distance.
4. Conclusions
In the presented work, the formation of Ag nanoparticles
in a gas aggregation source was investigated in-situ by UVVis spectroscopy. We demonstrated that in-situ UV-Vis
spectroscopy is a powerful technique for detection of small
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plasma
K. Ouaras1, G. Lombardi1, M. Redolfi1, and K. Hassouni1
1

Laboratoire des Sciences des Procédés et des Matériaux, CNRS UPR3407, Université Paris 13, Villetaneuse, France
Abstract: This paper presents the results concerning the formation of carbon dust from an
Ar/C2H2 mixture (50:50) in a non-magnetized and magnetized microwave plasma. We
analysed the kinetics of dust formation and agglomeration by Scanning Electron
Microscopy. We also measured the dust density with the help of a laser particle extinction
device.
Keywords: Microwave plasma (MW), Electron Cyclotron Resonance (ECR), carbon dust,
laser particle extinction

1. Introduction
For several years, the LSPM team acquired an experience
about microwave (MW) plasmas interacting with
materials relevant for fusion applications, especially for
plasma-wall interactions (PWI) (carbon, tungsten and
aluminium) [1-7]. Our studies focus two topics: (i)
hydrogen retention capacity and diffusion mechanism in
these materials, and (ii) dust (nanoparticles) formation in
plasma environment. This paper deals with the second
topic especially on the results concerning the formation of
carbon dust from an Ar/C2H2 mixture (50:50). One hand,
we use a 2.45 GHz non-magnetized microwave source
(MW) where the heating of electrons is mainly provided
by collisional absorption at the output of the source. On
the other hand, we use a magnetized microwave source
where magnetic field confine hot electron by Electron
Cyclotron Resonance (MW-ECR) and increase interaction
length to increase ionization process. For a 2.45 GHz
frequency, the resonance will take place at a magnetic
induction value of 875 G. We analysed the kinetics of
dust formation and agglomeration by Scanning Electron
Microscopy. We also measured the dust density by laser
particle extinction device [8, 9].
2. Experimental
The plasma is generated by non-magnetized (MW) or
magnetized (MW-ECR) sources capable of coupling
power up to 200 W. They are powered by a SAIREM
microwave generator (2.45 GHz) delivering a maximum
power of 1.2 kW. The wave is transmitted along a coaxial
transmission line to the source installed on the enclosure.
The coaxial line includes a circulator with a water load
adapted to absorb the reflected power. The principle of
the laser extinction device is showed in Fig. 1. We use a
continuous solid laser (Laser 2000) emitting at 532 nm
and delivering 1 W of output power. This power is
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adjustable by an optical assembly (polarizer, λ/2 blade)
between 1 mW and 1 W.

Fig. 1. laser particle extinction device
This device let to obtain information on the kinetics of
dust formation, following the attenuation of the laser
signal due to changes in the density and/or size of the
nanoparticles. To improve the Signal/Noise ratio, chopper
and synchronous detection are used upstream of the
detector (photodiode).
3. Results and discussion
3.1 Formation of carbon dust in a non-magnetized
microwave plasma (MW)
Fig. 2 shows a temporally resolved normalized laser
extinction signal (I/I0) obtained under the following
conditions: Ar/C2H2 mixture (50:50), pressure of 0.5
mbar, microwave power (PMW) injected of 180 W. The
laser power was adjusted around 50 mW, and the aim was
set at the centre of the plasma, about 1 cm from the end of
the coaxial source. The laser signal begins to decrease due
to the appearance of dust in the beam from 30 s to 200 s,
the laser signal continues to decrease due to the increase
of the density and/or the size of the dust. An inversion of
the signal occurs and rise from 200 s, signifying the
progressive disappearance of dust in the laser beam,
typical of the appearance of a so-called "nanoparticle
void" space zone. It usually results from a competition
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integrated nature of the diagnostic. The results are
presented in Fig. 4 as a function of the five optical
indexes which have been selected in the literature [21-25]
at the wavelength of 532 nm. The average dust density
varies from about 4×1014 m-3 for particles with a diameter
of 60 nm to 4×1013m-3 for particles of 100 nm in diameter.

Fig. 5. Extinction signals in MW-ECR plasma. Ar/C2H2
(50:50), 10-2 mbar (top) and 10-3 mbar (bottom), PMW =
180W

Fig. 4. Estimated densities of carbon nanoparticles for
both populations at t = 200 s as a function of different
optical indexes of the literature. Ar/C2H2 (50:50), 0.5
mbar, PMW = 180W. Ref. complex optical index 1, 2, 3, 4,
5: [21-25]
3.2 Formation of carbon dust in a magnetized
microwave plasma (MW-ECR)
From the protocol established in the discharge initiated by
the coaxial microwave source, a study of the kinetics of
dust formation in magnetised plasma ECR was
undertaken. To give a point of comparison, the conditions
of chemical compositions (Ar/C2H2 (50:50)) and of
injected microwave power (180 W) were conserved. The
ECR dipole source can operate at pressures ranging from
10-3 to 10-2 mbar. Extinction measurements were carried
out for these two limit values at the centre of the plasma,
and are presented in Fig. 5. At these two pressures, the
two laser signals don’t regain their original intensity at the
extinction of the plasma after having exhibited a
monotonic decay which corresponds to a phase of
deposition. The signal excursions during the plasma phase
are probably characteristic of the presence of dust, with a
preponderance in the condition at 10-2 mbar compared to
the lower pressure condition. When the discharge is
extinguished, the signals take up to 70 s before reaching a
new stable reference current I0 (1% lower than the
incident signal I0), indicating during this long time the
presence of nanoparticles.
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4. Conclusion
We studied the formation of carbon dust in a low-pressure
microwave discharge. We have analysed in detail the
kinetics of dust formation in acetylene argon. We
obtained high dust density up to 108 cm-3. These high
concentrations of particles induce a strong agglomeration
in the gas phase. This discharge thus allows, during a
single generation, to generate dust in a wide range of
sizes. We have also demonstrated the formation of dust
from a magnetized plasma composed of acetylene and
argon. Experiments carried out in laser extinction allowed
us to decide on the cyclic growth of dust. The SEM
images confirmed these results by the presence of two
distinct populations.
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Core/Shell Nanocrystals from Nonthermal Plasmas
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Abstract: In this work, we present an enabling approach to the synthesis of free-standing
core/shell nanocrystals using an all gas-phase method in a low-pressure nonthermal plasma.
This plasma approach to the synthesis core/shell nanocrystals, which are on the scale of
quantum confinement, affords control over both core radius and shell thickness, as
confirmed by electron microscopy.
Keywords: core/shell nanoparticles, quantum dots, nonthermal plasma

1. Introduction
The growth of nanoparticles in nonthermal plasmas has
received significant attention from within the plasma
community over the years and plasmas are now
considered a capable source for the intentional production
of nanocrystal materials. Nanocrystals grown in
nonthermal plasmas can reach high temperatures for
crystallization (TNC > 700 K) [1], exhibit narrow size
distributions [2], and are inherently solvent and ligandfree. However, nanocrystals grown in this way are still
prone to suffer from oxidation and surface defects and
often require organic passivation terminate surface states
and optimize performance [3].
In this work, we have pursued nanocrystal surface
passivation by means of an inorganic shell. This inorganic
shell serves two purposes: (1) terminate trap states at the
nanocrystal surface to reduce defects, and (2) provide a
barrier against external environmental effects (i.e.
oxidation). This study was motivated by the extensive
work in the colloidal nanocrystal community involving
core/shell quantum dots with increasingly complex
heterostructures. For colloidally grown nanocrystals,
core/shell structures have proven to be indispensable to
improve the optical and electronic properties of
nanocrystal materials [4]. While numerous approaches for
shell growth have been pioneered within the colloidal
nanocrystal community, little work has been done in
nonthermal plasma [5], [6].
Our approach to core/shell nanocrystal synthesis using a
nonthermal plasma is particularly suited to the
incorporation of group IV materials (Si and Ge) into
core/shell heterostructures. We are pursuing the inorganic
passivation of both Ge and Si nanocrystals with the goal
of improving the optoelectronic properties of these
nanocrystals. To ensure that the desired heterostructure is
produced, special consideration must be given for the
growth of core/shell nanocrystals in the nonthermal
plasma. The three main challenges to producing
monodisperse core/shell particles of controlled core size
and shell thickness within a nonthermal plasma are (1)
prevention of core agglomeration, (2) mitigation of
homogeneous nucleation of shell material, and (3)
minimization of alloying at core/shell interface. These
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three specific challenges have driven the design of the
plasma reactor used in this work, which will be detailed
below.
2. Experimental Methods
Core/shell nanocrystals are grown using the cylindrical
low-pressure, flow-through reactor shown in Figure 1.
This reactor features two separate gas feeds. The primary
gas feed, carrying argon and the core precursor, enters the
reactor upstream of the plasma. A capacitively-coupled
argon plasma is generated by applying a 13.56 MHz
radio-frequency (RF) signal through an impedance
Primary Gas Feed
Core Precursors
1” OD glass tube
Ar plasma

RF
13.56 MHz

Secondary Gas Feed
Shell Precursors
Toroidal inlet for
Secondary gas feed
Core/Shell Nanocrystals

Fig. 1. Schematic of low-pressure nonthermal plasma
reactor used for the synthesis of core/shell nanocrystals.
Nanoparticle growth progresses from the top down, with
core nanocrystal nucleation and growth, followed by shell
precursor injection and shell coating.
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matching network to a pair of ring electrodes external to
the reactor tube. The precursor gas is decomposed by
collisions with energetic electrons from the weakly
ionized carrier gas. Particle nucleation and growth occurs
in the diffuse plasma above the ring electrodes. In this
phase, as the particles grow larger than a few nanometers,
they acquire enough negative charge to prevent further
growth by agglomeration [7]. As the nanoparticles are
formed, energetic surface reactions are responsible for
heating the nanoparticles above their crystallization
temperature [1].
Further downstream, the secondary gas feed carrying
the shell precursor enters the reactor. The secondary gas
feed is injected into the coating region through a stainless
steel vacuum fitting with 16 individual 1 mm diameter
holes spaced evenly around the circumference of the
reactor. The vacuum fitting itself is grounded and serves
as a counter electrode. In the low density plasma below
the electrodes, the shell precursor is decomposed and
deposited onto the nanocrystal surface. This shell can be
either amorphous or crystalline, depending on the
conditions in the plasma where the shell is deposited.
Below this region of shell growth, the nanocrystals are
collected on a substrate by impaction onto a substrate or
by diffusion onto a filter placed in the gas stream.
Nanocrystals can be kept air-free from transfer into a
load-lock system for characterization or further
processing.
3. Results
Initial efforts with this core/shell reactor system utilized
Ge nanocrystals, which were coated with an Si shell [8].
We demonstrated the ability to grow epitaxial Si shells up
to about 5nm thick on the 8nm Ge cores. Figure 2 shows a
high-angle annular dark field (HAADF) scanning
tunnelling electron microscopy (STEM) image of a single

5 nm
Fig. 2. HAADF-STEM image of core/shell (Ge/Si)
nanocrystal from nonthermal plasma reactor. Lattice
fringes are visible throughout the nanocrystal, indicative
of epitaxial shell growth.
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Ge/Si nanocrystal with clear lattice fringes through the
nanocrystal, indicative of epitaxial shell growth.
The thickness of the inorganic shell is easily controlled
in this system by modulating the concentration of the
shell precursor in the secondary gas feed. The variation in
shell thickness is observable in TEM images of the
core/shell nanocrystal populations shown in Figure 3.
These images shown Ge nanocrystals having an average
diameter of 8 nm, with Si shells of 1-2 nm (left) and 4-5
nm (right).

Fig. 3. TEM image of core/shell (Ge/Si) nanocrystal
populations from nonthermal plasma reactor, having thin
(left, 1-2 nm) and thick (right, 4-5nm) shells.
Following this demonstration of Ge/Si core/shell
nanocrystals with size-controlled epitaxial Si shells [8],
we have begun pursuing other desirable heterostructures
using this reactor design.
4. Conclusion
The nonthermal plasma reactor used for this work has
several key attributes which allow for the growth of
core/shell heterostructures.
(1) Particle charging. In this nonthermal plasma
reactor, the negative charging of nanoparticles
larger than a few nanometers plays a key role in the
development of a highly monodisperse particle size
distribution by inhibiting agglomeration of larger
particles and by confining these particles within the
plasma, suppressing diffusive losses to the reactor
walls. This unipolar negative charging of the
nanocrystals is crucial for the production of
core/shell nanocrystals in order to prevent core
agglomeration prior to shell coating. By keeping
the nanocrystals immersed within the plasma
during shell coating, this negative charge in
maintained and individual cores. This is
particularly important for the production of very
small nanocrystals on the scale of quantum
confinement, which are difficult or impossible to
achieve by other aerosol approaches [9].
(2) Toroidal inlet for shell precursor into plasma
afterglow. The secondary gas feed delivers the
shell precursor to the plasma through a toroidal
inlet with 16 mm evenly space holes. This design
allows for effective mixing between the primary
and secondary gas streams which leads to a
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uniform shell coating. Additionally, the thorough
mixing of the primary and secondary gas feeds
during shell precursor decomposition ensures
minimal homogenous nucleation of shell material
into particles by promoting seeded epitaxial shell
growth onto the nanocrystal cores.
(3) Shell growth in low-density plasma afterglow.
Measurement and modeling has shown that the
plasma density drops off with distance from the
powered electrode [10]. We have found that the
low-density plasma downstream of the powered
electrode is the ideal location for shell growth. In
this region, high energy electrons are still available
for precursor dissociation; however, the
nanocrystal temperature stays low enough to
inhibit alloying of materials across the core/shell
interface. We hypothesize that in this region
downstream of the applied RF power, energetic
surface reactions occur at an insufficient rate to
heat the particles to high enough temperatures for
alloying to proceed.
This nonthermal plasma approach allows for the
generation and investigation of core/shell nanocrystals
inaccessible
through
traditional
solution-based
processes. We are currently extending this
demonstration of core/shell nanocrystal synthesis to an
array of technologically relevant heterostructures.

poster

plasma-induced polymerization”. J Phys D Appl
Phys, 48, 31 (2015).
[7] Y. B. L. Watanabe. “Formation and Behaviour of
Nano/micro-Particles in Low Pressure Plasmas.” J
Phys D Appl Phys, 39, (2006).
[8] K. I. Hunter, J. T. Held, K. A. Mkhoyan, U. R.
Kortshagen. “Nonthermal Plasma Synthesis of
Core/Shell Quantum Dots: Strained Ge/Si
Nanocrystals”.
ACS
Appl
Mater Interfaces,
Accepted. (2017).
[9] C. Mehringer, C. Kloner, B. Butz, B. Winter, E.
Spiecker, W. Peukert. “Germanium-Silicon Alloy
and CoreShell Nanocrystals by Gas Phase Synthesis”.
Nanoscale, 7, 51865196 (2015).
[10] R. Le Picard, A. H. Markosyan, D. H. Porter, S. L.
Girshick, M. J. Kushner. “Synthesis of Silicon
Nanoparticles in Nonthermal Capacitively-Coupled
Flowing Plasmas: Processes and Transport”. Plasma
Chem Plasma Process, 36, 941, (2016).

5. References
[1] L. Mangolini, U. Kortshagen. “Selective nanoparticle
heating: Another form of nonequilibirium in dusty
plasmas”. Phys. Rev. E, 79, 026405 (2009)
[2] L. Mangolini, E. Thimsen, U. Kortshagen. “Highyield Plasma Synthesis of Luminescent Silicon
Nanocrystals”. Nano Lett., 5, 655659 (2005).
[3] D. Jurbergs, E. Rogojina, L. Mangolini, U.
Kortshagen. “Silicon Nanocrystals with Ensemble
Quantum Yields Exceeding 60%.” Appl Phys Lett,
88, 23 (2006),
[4] B. O. Dabbousi, J. Rodriguez, F. V. Mikulec, J. R.
Heine, H. Mattoussi, R. Ober, K. F. Jensen, M. G.
Bawendi. “(CdSe)ZnS Core - Shell Quantum Dots :
Synthesis and Characterization of a Size Series of
Highly Luminescent Nanocrystallites”. J Phys Chem
B, 101, 94639475 (1997).
[5] R. P. Chaukulkar; K. de Peuter, P. Stradins, S.
Pylypenko, J. P. Bell, Y. Yang, S. Agarwal. 2014.
“Single-Step Plasma Synthesis of Carbon-Coated
Silicon Nanoparticles”. ACS Appl Mater Interfaces,
6, 21, (2014).
[6] O. Yasar-Inceoglu, L. Zhong, L. Mangolini.
“Core/shell silicon/polyaniline particles via in-flight

ISPC23, Montreal, Canada

599

poster

Plasmas and nanoparticles; dusty plasmas

Synthesis of Carbon Nanostructures in an Atmospheric Pressure Arc Discharge
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Abstract: Comprehensive optical and electrical measurements of plasma and combined insitu and ex-situ measurements of nanoparticles, and results of 2-D fluid simulations of the
arc plasma revealed the first insights into the whole chain of synthesis processes starting
from generation of the carbon feedstock to the growth of CNTs in plasma.
Keywords: Arc discharge, Synthesis, Nanoparticles, In-Situ diagnostics
1. General
Synthesis of various carbon nanostructures, including
fullerenes, single-walled and multi-walled nanotubes and
nanoparticles, by moderate (~ 10-100 torr) to atmospheric
pressure dc arc discharges relies on ablation of the
graphite anode and deposition of synthesized
carbonaceous products on the cathode surface and on the
reactor chamber walls. Applying a set of the developed
diagnostics of plasma, including optical emission
spectroscopy, fast filtered imaging, laser-induced
fluorescence and electrostatic probes, and also advanced
in-situ laser-based diagnostics of nanoparticles, our
synthesis experiments revealed that the carbon arc forms a
highly inhomogeneous plasma consisting of well
distinguishable regions with different dominant species,
including ions, atoms, molecules and clusters, and
nanoparticles [1-3].
2. Results
A 1 kW atmospheric pressure helium arc was run
between a 0.6 cm diameter graphite anode and a 1 cm
diameter graphite cathode separated by a gap of about 0.2
cm (Fig. 1). The arc current was varied in the range of 4070 A. Ex-situ evaluation of the cathode deposit confirmed
that it contains multi-walled carbon nanotubes
(MWCNTs). For synthesis of single-walled carbon
nanotubes (SWCNTs), a powder mixture of metal
catalysts (Ni, Yi) and graphite was added to a hollow
graphite anode. SWNCTs were produced in volume and
collected from the arc chamber walls and electrodes. In
some experiments, a small fraction of hydrogen gas (<
5%) was added to a helium atmosphere (500-600 torr) to
enable spectroscopic measurements without affecting the
plasma and synthesis processes [3].
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Fig. 1 Schematic of the experimental setup of carbon
arc for synthesis of carbon nanotubes with Optical
Emission Spectroscopy, Fast Frame Imaging and
Laser-Induced Fluorescence diagnostics [3].
We also performed fluid simulations of the arc and
atomistic modeling of the synthesis processes [4,5].
Experimental and modeling results demonstrate that
different steps of the synthesis process, including
generation of a feedstock of atomic and molecular species
and ions, formation of larger molecules and clusters,
growth of nanotubes, and agglomeration of nanoparticles
in large particles and bundles occur in different regions of
the arc. These differences are due to a highly non-uniform
distribution of the arc current, which is mainly conducted
through the arc core which is populated with carbon
atoms and ions [6]. This is why the ablation of the
graphite anode, which provides the carbon feedstock for
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nanoparticles synthesis, is governed by the arc core. The
dominance of diatomic carbon molecules in the arc
periphery (Fig. 2), a probable pre-cursor species for
synthesis of carbon nanostructures, and the dominance of
C atoms in the arc core are important new findings of
these studies. As a result, theories of arc-based synthesis
need to be reformulated to account for this finding.
Application of in-situ diagnostics allowed us for the
first time to detect nano and macro particles during the arc
synthesis. Among the unexpected and interesting findings
from these measurements is that in addition to the
evaporation of atoms and molecular species from the
anode, the carbon feedstock utilized during synthesis is
also produced by the evaporation of large macro-particles
ejected from the anode [1]. Laser diagnostics also
revealed the presence of < 20 nm carbon particles in the
far-core periphery [1,2]. Finally, among the most
important new results is the discovery that SWCNTs are
produced in the near- and fa- core regions containing a
high plasma density [7] and therefore, predicted plasma
effects (e.g. charging) may play a role in their nucleation
and growth [5].
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Abstract: In this work results from the new NanoDome model for the simulation of
nanoparticle synthesis in a plasma reactor are presented and compared with CFD
computations of particle dynamics. The novelty of the NanoDome approach entails the
simulation of all the scales involved in the process; the results presented here are obtained by
linking the continuum scale with mesoscale calculations. The model can capture correctly
the evolution of the nanoparticles and matches well with the CFD calculations.
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1. Introduction
Nanoparticle synthesis processes have been developed for
a wide range of materials such as pure metals (e.g. Si, Ni,
W), oxides (e.g. ZnO, TiO2) or alloys (e.g. Au-Cu).
However, precisely control of properties such as particle
size distribution, composition, purity and dispersibility in
a reliable and reproducible way, and at the same time
guarantee a high-volume, continuous production at
attractive cost/benefit ratios remains an issue. Wet-phase
methods produce nanoparticles with very well-defined
size and morphology, but they often lack scale-up
capabilities and cost-effectiveness. On the contrary, GP
synthesis processes, such as plasma processes, provide a
good balance between precision synthesis and production
scale, even though accurate control of particle properties
is still a big challenge.
The H2020 NanoDome project is aimed to solve some
of these issues by providing an open source modelling
tool to improve existing nanoparticle gas phase synthesis
process design capabilities, at research and industrial level.
The novel approach proposed by the project is to provide
a tool for simulating nanoparticles dynamics at
mesoscopic scale and couple this simulation with data
provided by the atomistic level for describing the
behaviour of different species in the GP and on the other
hand, elaborate the data provided by the CFD simulating
the reactor, covering the complete processing route, in fact
proposing a full multiscale model. The preliminary results
presented here are promising, not only regarding the
mesoscopic simulation itself but also for the linking
process with the CFD. In this poster, we present the results
obtained for Si nanoparticles synthesis in a plasma reactor.
2. Multiscale Approach
The NanoDome model describes the phenomena
occurring at all the length scales involved in the
nanoparticle synthesis process as depicted in Fig. 1, from
individual atoms to macroscopic reactor scale flow, using
a multiscale approach. At each scale simulations are
performed to extrapolate meaningful data for the
nanoparticles formation. All these data are elaborated by
the mesoscopic simulation for mimicking the
nanoparticles behaviour.
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Atomistic scale: Atomistic modelling (MD) is
performed with the aim to provide fundamental
understanding and data for setting up the basic
mechanisms of formation (nucleation) and growth
(condensation) and inter-particle interaction (sintering
and aggregation).
Mesoscale: The coarse grained mesoscopic model for
the description of nanoparticles behaviour and aggregate
formation, including homogeneous and heterogeneous
nucleation, coagulation, coalescence and sintering.
Nanoparticles and aggregates mutual interaction and
formation is predicted using different approaches model
like Langevin dynamics, Moments method and
Population Balance method.
Continuum scale: Continuum reactor models elaborate
the environmental condition in which the nanoparticles
dynamics take place (i.e. p, T, species concentration).

Figure 1: NanoDome multiscale approach.
Chemical kinetics: Chemical kinetics for the continuum
and the mesoscopic model are developed using DFT and
statistical thermodynamics.
Interfacing: For interfacing the mesoscopic simulation
environment two main approaches have been considered:
• Linking or loose coupling: the data coming from the
CFD (e.g. a streamline) are used to guide the
mesoscopic simulation.
• Strong coupling: The data provided by the CFD are
elaborated by the mesoscopic simulation and the
results are used as input for the next iterations of the
continuum simulation.
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3. CFD Modelling
Plasma torch and reactor have been simulated using a
CFD model described in [1]. To simulate the nanoparticles
growth and transport an improved version of the method
of moments approach as described in [2], with new terms
for the prediction of dissolution and evaporation, has been
used. Vapors production from solid micrometric
precursors has been modelled using a lagrangian discrete
particle models as done in [3].
The 2D computational domain is presented in Fig. 2, and
comprises a PL-50 plasma torch and a generic
axisymmetric reaction chamber with a radial quench
injections. Two axial inlets for the working gas and one
inlet for the injection of the precursory powders are
included at the head of the torch and one radial inlet for
quenching at the entrance of the chamber. Plasma torch
geometry and operating conditions are taken from [4].
Operating gas is pure Ar and Si powders with 10 m
diameter have been used as precursors.

Figure 2 - Torch and quench region geometry.
4. Mesoscopic Simulation
Phenomena occurring at mesoscopic scale can be
simulated adopting different models. The key factors that
discriminate these approaches are the detail in the
simulation of the dynamics during the particles formation
and the computational effort required. The NanoDome
framework is designed to provide a complete toolbox with
different models, depending on the aspects that are
investigated by the user. Each model is implemented
exploiting a solid and versatile C++ classes structure that
allows an agile development of the source code as
described in [5]. However, in this paper results coming
from a mesoscopic Population Balanced Model (PBM)
are shown. The PBM has been proposed by [6], it has been
applied in different cases in material science and
nanoparticles synthesis. The model chosen in NanoDome
is the one in [7]. The population balance equations are
numerically solved using a stochastic approach, allowing
to extend the model with specific quantities at particle
level. More in detail, the interaction between the Gas
Phase and the Particle Phase is modelled by means of the
operator splitting technique as described in [8]. The
coagulation among nanoparticles is modelled using
collisional kernels related to a given fractal dimension.
PBM, compared with the moments method, allows to get
more information regarding other particles characteristics
like sintering level of each aggregate. Moreover, a particle
size distribution is not given, and is retrieved by the
evolution of the system. Form the computational point of
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view is affordable for problem with a high number of
particles and for long simulation times. Each nanoparticle
is treated like a single entity, with specific quantities (e.g.
mass, position, surface area, chemical composition). The
nanoparticles, seen as an aggregate of primary particles
connected by bonds representing the distance among
particles. Each primary particle considers also surface
condensation from the free molecular regime. The
sintering process is characterized by the modification of
the distance between the centres of mass of the coagulated
particles and is driven by the thermodynamic quantities of
the specific material.
5. Linked Simulation
The novelty of this approach is to retrieve the Gas Phase
quantities like temperature, pressure and species
concentration without using a specific solver but
extracting these data from the CFD model simulating the
reactor. This data is exported as a set of streamlines
characterized by their own temperature history, pressure
and species concentration in a specific part of the reactor
domain. Each parameter is sampled and the resulting
values are imported into the mesoscopic environment and
interpolated. At each timestep of the mesoscopic
simulation, the CFD quantities are retrieved and used for
computing all the parameters of the Gas Phase. These
parameters are directly involved in the simulation of
phenomena like nucleation, motion or surface
condensation inside the Particle Phase. The aim of this
approach is to predict the structure and the thermophysical characteristics of the nanoparticles moving
across the reactor. This soft-coupling approach neglects
the interactions that the mesoscopic scale has on the
continuum one, in fact can be also called “one-way”
linking.
6. Results
Fig. 3 shows details of the thermo-fluid dynamic field
inside the torch and the chamber obtained with the CFD
simulation whilst Fig. 4 presents the solution for the
distribution and size of the nanoparticles as predicted by
the method of moments. From these fields, it is possible
to extrapolate the data to be fed into the NanoDome model,
as explained above. Temperature and molar fraction of
silicon obtained from the streamline lying on the central
axis are shown in Fig. 5 and 6.
In Fig. 7 and 8 a comparison is presented between the
results obtained with CFD and those obtained with the
PBM model used in NanoDome, for the evolution of the
particle density and the mean diameter along the
streamline. For the particle density, the value predicted
with the NanoDome model at the end of the streamline
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-

Figure 3 - Velocity (left) and temperature (right)
fields.

-

Figure 4 - Particle mean diameter (left) and density
(right) fields.

is in good agreement with the results from CFD (Fig. 7).
Furthermore, the trend of the evolution of the density is
well captured. As for the particle size, the mean diameter
predicted by CFD is one order of magnitude larger than
the value obtained with NanoDome (Fig. 8). However,
given the quite diverse approach used for the two
calculations these can be considered acceptable
discrepancies.
7. Conclusions
The results obtained with the PBM method implemented
in the new NanoDome model for the prediction of
nanoparticles formation and evolution were presented and
compared with results obtained through CFD simulations.
The density of the particles showed a good match between
the two approaches and, moreover, the model could
correctly capture, at least qualitatively, the evolution of
the size of the nanoparticles. Further investigation and
validation against experimental data is needed, but the
results are promising.
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Figure 5 - Temperature evolution along the streamline
as function of time.
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Modelling of induction thermal plasma synthesis of iron nanoparticles in
oxygen-contaminated gas mixtures
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Abstract: The synthesis of iron nanoparticles in a radio-frequency induction thermal
plasma (RF-ITP) system working in a mixture of argon contaminated with oxygen (10-100
ppm) has been modelled considering the iron oxidation reactions both in gaseous and
condensed phases. The results show that oxidation occurs mainly in the gas phase where Fe
is converted to FeO. As the concentration of oxygen impurities increases, the nucleation
region is shifted towards higher temperatures and the resulting nanoparticles are
characterized by larger diameters.
Keywords: Nanoparticles synthesis, induction thermal plasma, meso-scale model.
1. Introduction
Nanoparticle synthesis in radio-frequency induction
thermal plasmas (RF-ITP) is a widely adopted industrial
process which has been also applied to the synthesis of
iron nanoparticles [1,2].
Iron nanoparticles have long been known to be extremely
reactive and pyrophoric. However, iron at the nanoscale
has great potential related to its magnetic and catalytic
properties [3].
In this process, the contamination of particles with
oxygen should be avoided both for process safety and for
preserving the quality of the product. However, a
complete understanding of the formation mechanisms of
iron nanoparticles and its oxidation in thermal plasmas
has not been achieved.
The modelling of the oxidation reactions during iron
nanoparticle synthesis has been recently investigated for
the gas metal arc welding process [4,5], where oxidant
mixture are usually adopted for welding of mild steel.
In this paper, an industrial RF-ITP system has been
modelled using a 2D approach to obtain the temperature
field and vapour concentration in the nanoparticle
nucleation zone. The results of the 2D model, taken on
selected streamlines passing through the nucleation
region, have been used as input to a detailed 1D model of
the synthesis of iron oxide nanoparticles in order to
investigate the effects of oxygen impurities (10 and 100
ppm) in the formation mechanism of iron nanoparticles.
2. Modelling of the RF-ITP system
The thermal plasma process has been modelled within a
2D axisymmetric framework in the ANSYS FLUENT
environment. The model describes plasma thermo-fluiddynamics, precursor behaviour (trajectories, thermal
history and evaporation) and the vapour transport in the
reaction chamber [6]. The domain is composed of a
commercial plasma torch (Tekna Plasma Systems model
PL-50) and a reaction chamber equipped with a quench

606

gas radial injection. Details on the PL-50 geometry and
operating conditions can be found in [7]. Operating gas is
pure Ar at 25kW of coupled power. The precursor is solid
Fe with 10 µm diameter and it is injected with a feed rate
of 1 g/min. The quench gas is pure argon with a flow rate
of 250 slpm.

Figure 1 – Temperature field (right) and iron vapour
concentration (left) in the RF-ICTP
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Relevant results of the modelling of the RF-ICTP system
are shown in Figure 1 and 2. In Figure 1 the 2D
temperature field and vapour concentration distribution
are reported. The high temperature region is mainly
confined in the region above the quenching ring, across
which a strong temperature gradient is obtained (around
106 K/s). The iron precursor is completely evaporated
inside the plasma torch and its vapours are transported by
convection and diffusion in the reaction chamber.
The temperature profile along the selected streamline is
reported in Figure 2 whereas the relation between the iron
concentration and the temperature along the same
streamline is reported in Figure 3 for the temperature
range of interest for the synthesis of nanoparticles (300 3000 K). It can be observed that the concentration of iron
decreases as the temperature decreases as a consequence
of vapour diffusion in the reaction chamber.

Figure 2 – Temperature profile along selected streamlines

Figure 3 – Iron vapour concentration as a function of
temperature along the selected streamlines
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3. Modelling of iron nanoparticle synthesis
The modelling approach adopted in the present work is
based on a stochastic algorithm developed for the analysis
of the synthesis of nanoparticles [8]. This model has been
extended in [4] to include the physical and chemical
phenomena that describe fume formation in thermal
plasmas.
The generation of nanoparticles is simulated tracking the
temporal evolution of a control volume Vctr, which is
assumed to move with the flow along the selected
streamline starting from a high-temperature region (at
3000 K) and ending in the colder region surrounding the
plasma (at 300 K).
Primary particles formation by nucleation of vapours in
the gaseous phase is predicted, calculating the
homogeneous nucleation rate. Primary particles growth is
predicted by balancing the surface condensation of vapor
against evaporation. A free molecular collisional kernel is
used to predict primary particles coagulation to form
aggregates. A ballistic algorithm is applied upon collision,
to simulate aggregates coagulation and predicts the fractal
dimension of the resulting merged aggregate. Sintering
and coalescence are considered using the FriedlanderKoch relation for the sintering time [4]. The composition
of the gas-phase is calculated assuming chemical
equilibrium for given temperature, pressure and atom
concentration conditions. The atom concentration in the
gaseous phase is tracked by subtracting the vapour
converted to nanoparticles. The system is kept at constant
pressure.
The temporal evolution of the temperature and the initial
concentration of iron are imposed according to the profile
obtained from the selected streamlines extracted from the
simulation of the RF-ITP system. Two different cases
have been investigated in which the oxygen impurities in
the argon mixture have been set to 10 and 100 ppm,
respectively.
Relevant results are reported in Figures 4, 5 and 6. First, it
should be noted that the nucleation temperature of the
nanoparticles depends on the initial oxygen concentration:
with 10 ppm the nucleation of Fe starts around 1600 K,
whereas at higher concentration the nucleation is shifted
to 2000 K as a consequence of the increasing importance
of the nucleation of FeO. At this higher temperature, also
the initial concentration of Fe obtained from RF-ITP 2D
simulation is increased from 70 Pa to 150 Pa (see Figure
3). With 10 and 100 ppm of oxygen impurities, the
oxidation process occurs mainly in the gas phase, where
Fe is converted to FeO. No significant conversion of FeO
to Fe3O4 and Fe2O3 in the liquid and solid phases can be
appreciated since all the oxygen available is consumed in
the gas phase. The FeO/Fe ratio in the final product is
increased from 5% to 30% as the oxygen impurities are
increased from 10 to 100 ppm.
The particle size distribution of the nanoparticle ensemble
at the end of the synthesis process is shown in Figure 5.
The case with higher initial oxygen concentration results
in a size distribution shifted towards higher diameters.
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Figure 4 – Normalized number density of gaseous and
condensed species at different temperatures during the
synthesis process for two different oxygen initial
concentrations (10 and 100 ppm)

Figure 5 – Particle size distribution at the end of the
synthesis process (T=300K) for two different oxygen
initial concentrations (10 and 100 ppm)

4. Conclusions
The modelling investigation proposed shows that oxygen
impurities play a significant role in the synthesis of iron
nanoparticles. Oxidation occurs mainly in the gas phase
where Fe is converted to FeO. As the oxygen
concentration increases from 10 ppm to 100 ppm the
following phenomena can be observed in the RF-ITP
system considered:
- the nucleation region is shifted towards higher
temperatures (from 1600 K to 2000 K)
- the concentration of iron at the nucleation region is
increased (from 70 Pa to 150 Pa)
- the resulting nanoparticles are characterized by larger
primary diameters (from 4 to 6 nm) and collision
diameter (from 21 to 83 nm)
- the FeO/Fe ratio in the final product is increased (from
5% to 30%)

5. References
[1] T. Yoshida et al Trans Japan Inst Metals 22, 371
(1981)
[2] S. L. Girshick et al, J. Aerosol Sci. 24, 367 (1993)
[3] D.L. Huber, Small 1, 5 (2005)
[4] P. Sanibondi, J. Phys. D: Appl. Phys. 48, 345202
(2015)
[5] H. Park et al., Plasma Chem Plasma Process. 37, 805
(2017)
[6] V Colombo et al. Plasma Sources Sci. Technol. 19
065024 (2010)
[7] A. Merkhouf et al., Plasma Sources Sci. Technol. 7
599 (1998)
[8] S. Shekar et al., J. Aerosol Sci. 44, 83 (2012)

608

ISPC23, Montreal, Canada

Plasmas and nanoparticles; dusty plasmas

poster

Figure 6 – TEM-style representation of the nanoparticles obtained at the end of the synthesis process with three
different zoom levels. Cases with 10 ppm (left) and 100 ppm (right) of oxygen.
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Optical emission spectroscopy was used to analyse the very-low-frequency cyclic evolution
of the electron temperature and density caused by repetitive formation and loss of dust
nanoparticles in argon plasmas with pulsed injection of hexamethyldisiloxane (HMDSO). By
identifying non-dusty and dusty phases throughout the dust cloud formation and
disappearance, it was possible to elucidate the respective roles of the HMDSO concentration
and dust cloud on the electron kinetics under various relevant operating conditions.
Keywords: Dusty plasmas, cyclic evolution, electron temperature and electron density.
1. Introduction and experimental details
Historically, the presence of nanoparticles in reactive
plasmas was undesired since they would contaminate the
coating during PECVD. Active research was therefore
carried out to eliminate these dust particles, but during the
process many applications were found for such dustcontaining plasmas, driving research towards a deeper
understanding of the growing mechanisms of the
nanoparticles in reactive plasmas. The physics of dusty
plasmas based on silane, methane, and acetylene
precursors is rather well-documented [1]. However, a
great number of other reactive agents can lead the
formation of nanoparticles. In most conditions, the
driving mechanism is the creation of negative ions
characterized by large lifetimes in the discharge.
Tetraethoxysilane (TEOS) and hexamethyldisiloxane
(HMDSO, Si2O(CH3)6 ) based dusty plasma have all been
studied recently. The dissociation of these organosilicon
molecules leads to a plethora of reactive species in the
plasma, and determining a precise chemical path for dust
formation is thus very difficult.
In the current study, the plasma is produced in argon at
low gas pressure (p = 5.32 Pa) in an axially-asymmetric
diode discharge between a smaller, RF driven electrode
made of silver and a larger electrode which is also used as
substrate holder. Both electrodes possess the same axis
and are separated by 3.5 cm [2]. One of the most
important specificity of our procedure is that the injection
of HMDSO is pulsed. The injection time ton is varied in
the experiment and the pulse period T (T = ton + toff) is
fixed to 5 s. It was discovered that under specific
experimental conditions, namely lower RF power (< 50
W) and sufficient precursor injection times (> 2 s), a dust
cloud appears in the inter-electrode region [3].
Previous studies have also shown that this dust cloud
exhibits a complex time evolution dynamics, with two
cyclic behaviors characterized by different time scales.
An example is shown in Fig. 1. Here, the black line
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corresponds to the scattering line intensity of an Hg lamp
located outside the chamber. The left part of Fig. 1 reveals
a cycle with period of 5 s, driven by the HMDSO
injection. On the right part, the second cycle shows a
period of a few hundreds of seconds and describes the
dust cloud formation and disappearance dynamics.
Indeed, no stable equilibrium where dust float
continuously in the plasma can be reached; all particles
fall at the bottom of the chamber at each cycle. Such
behavior obviously induces significant oscillations of the
plasma parameters; in particular the electron density and
electron mean energy.

Fig. 1. Time evolution of the injection of the HMDSO
precursor (dash-dot) for a duty cycle of 0.56 (ton = 2.8 s)
and the intensity of the Hg line at 546 nm (solid line).
In this work, only the second cycle is analyzed. A
special attention is devoted to the influence of the RF
power and HMDSO injection time on the oscillation
period and electron kinetics.
2. First evidences on the effect of operating parameters
on the plasma evolution dynamics
It is generally acknowledged that the formation /
disappearance cycle of the dust cloud begins with creation
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Period of the formation / disappearance cycle (s)

of radicals that will nucleate when sufficient numbers are
reached for the time of their residence in the plasma.
After the nucleation phase, the agglomeration, or rapid
growth phase, takes place, followed by accretion, or
saturation phase. In all of these phases, the particles
accumulate a global negative charge that scales with their
size (the mean charge is negative since the electrons move
more freely in the plasma than the more massive ions).
The particles are trapped by the plasma potential, positive
relative to the chamber walls. However, once the particles
have reached a critical size at which gravity dominates
over electrostatic and other forces, they escape the
plasma. As shown in Fig. 2, the period of this whole cycle
strongly depends on the plasma operating parameters. It
increases with the time-averaged HMDSO flow since a
larger quantity of precursor in the chamber accelerates the
nucleation phase. The behavior observed for the RF
power is less straightforward. While other studies have
reported an increase in the cycle frequency at higher
power densities [4], the opposite trend is shown in Fig. 2.
It is generally accepted that an increase of the RF power
translates into a rather direct increase of the electron
number density. For a given precursor concentration, this
would implicitly translate in an increase of the precursor
fragmentation, and possibly of faster nucleation phase due
to enhanced creation of radicals. However, the increase of
RF power could also be linked to a larger population of
plasma-generated H-atoms that can inhibit the radical
formation dynamics by gas-phase or heterogeneous
surface recombination reactions [5].

formation / disappearance cycle is shown in Fig. 3. In a
recent study, we have examined the evolution of the
electron temperature and electron density upon dust
formation and disappearance [6]. The electron
temperature was obtained by Trace Rare Gases optical
emission spectroscopy [7], while the normalized electron
number density (normalized to the electron density in
pure Ar-discharge) was extracted using the relative
emission line intensities and the Arrhenius formula. It is
important to note that these two quantities only
characterize the high-energy part of the electron energy
distribution function (see ref. [5] for more details). Fig. 3
shows that the electron temperature follows the same
trend as the plasma emission (and dust formation) while
the electron density follows the opposite behavior. This
can be easily understood by the loss of electrons through
the charging effect of nanoparticles embedded inside the
plasma. The loss of free electrons during dust formation
must be accompanied by an increase in the electron mean
energy to maintain the plasma ionization.
Ar emission line at 750.4 nm (arb. u.)
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Fig. 2. Evolution of the formation / disappearance period
with the averaged HMDSO flow (a) and power (b)
3. Defining the critical phases during dust growth
The
correspondence
between
the
scattering
measurements displayed in Fig. 1 and the optical emission
spectrum from the plasma was established earlier [3]. The
evolution of the strongest Ar emission line during the dust
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Fig. 3. Evolution of Ar emission, electron temperature
and electron density during the dust formation /
disappearance cycle
Based on the results presented in Fig. 3, three phases
can be identified; these phases will be used below to
better illustrate the underlying physics associated with the
dust formation / disappearance dynamics in Ar / HMDSO
plasmas for various precursor concentrations.
1. The pure Ar plasma state, at the beginning of the
experiment. At this point, no HMDSO is injected in
the plasma.
2. The non-dusty Ar / HMDSO plasma. After injection
of HMDSO, the electron temperature drops by a few
tenths of eV and the electron number density increases
by an order of magnitude.
3. The dusty Ar/HMDSO plasma. Once the nanoparticles
start to populate the discharge, the electron
temperature increases and the electron density drops to
its lowest point.
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4. Variations of Te and ne
The values of the electron temperature and density
obtained at the beginning, i.e. for the nominally pure Ar
state, are used for normalization purposes. In Fig. 4, the
evolution of the Te and ne for the non-dusty and dusty Ar /
HMDSO plasma are presented as a function of the
averaged HMDSO flow. It can be seen that in the nondusty state, the normalized electron temperature is always
< 1 while the normalized electron density is always > 1.
Fig. 4 further shows that the decrease of T e and the
increase in ne becomes more important with the rise of the
HMDSO concentration. This feature is ascribed to the
presence of Si2O(CH3)5 (HMDSO without a methyl
group) fragments characterized by a lower ionization
potential (around 10 eV) with respect to the one of Ar
(15.8 eV).
As discussed above, in the dusty state, Fig. 4 indicates
that normalized Te values are always > 1 whereas
normalized ne values are always < 1. By looking at the
difference in amplitude between the non-dusty and dusty
states, it can be deduced from Fig. 4 that that the
influence of the nanoparticles formation on the electron
population becomes more important for larger cycleaveraged HMDSO flows. This increased loss of total
electric charge on the nanoparticles surface could a priori
be due to either an increase in their number density or an
increase of their size. However, the latter seems unlikely,
since there is no apparent reason for which the critical
size would significantly change with the HMDSO
concentration. These results thus suggest that the amount
of nanoparticles that grow during each cycle depends on
the average flow of HMDSO introduced in the plasma.
This is consistent with the decrease of the period of the
cycle presented in Fig. 2: every growth phase is
accelerated such that nanoparticles reach the critical size
faster.
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Fig. 4. Normalized amplitudes of T e and ne for non-dusty
and dusty states vs averaged HMDSO flow
5. Conclusion
The present study aims at gaining insight on the
formation dynamics of nanoparticles in HMDSO-based
dusty plasma with pulsed injection of HMDSO. It was
shown that averaged HMDSO flow and absorbed power
possess an opposite impact on the period of the cyclic
formation and disappearance of the dust cloud. Results
suggest that the density of the dust cloud increases with
HMDSO flow, which accelerate the transition towards the
cloud disappearance. Similar results with power
dependence will also be presented which will give insight
on the variation of fragmentation degree of HMDSO and
on the ability to form a dust cloud.
6. References
[1] Y. Watanabe, J. Phys. D. Appl. Phys. 39, R329
(2006).
[2] B. Despax and P. Raynaud, Plasma Process. Polym. 4,
127 (2007).
[3] B. Despax, K. Makasheva, and H. Caquineau, J. Appl.
Phys. 112, 93302 (2012).
[4] E. V Johnson, Y. Djeridane, A. Abramov, and P. Roca
i Cabarrocas, Plasma Sources Sci. Technol. 17, 35029
(2008).
[5] B. Despax, F. Gaboriau, H. Caquineau, and K.
Makasheva, AIP Adv. 6, 105111 (2016).
[6] V. Garofano, L. Stafford, B. Despax, R. Clergereaux,
and K. Makasheva, Appl. Phys. Lett. 107, 0 (2015).
[7] V.M. Donnelly, J. Phys. D. Appl. Phys. 37, R217
(2004).

612

ISPC23, Montreal, Canada

Plasmas and nanoparticles; dusty plasmas

poster

Nucleation pathways in dusty magnetized plasma at really low pressure
A. Michau 1, K. Ouaras1, K. Hassouni1, G. Al Makdessi2, J. Margot2, R. Clergereaux3
1

LSPM-CNRS, Laboratoire des Sciences des Procédés des Matériaux, Université Paris 13, Villetaneuse, France
2
Département de Physique, Université de Montréal, Québec
3
LAPLACE, Laboratoire Plasma et Conversion d’Energie, Université de Toulouse, France
Abstract: Nucleation is the first step in dust particle growth in plasmas. Generally related
to negative ions, this process seems to pass through positive ions in high-density plasmas
produced at really low-pressure. Here, we report some evidences of such process in ArC2H2 magnetized sustained wave plasmas where mass spectrometry only highlights the
presence of C2H- while C2H2+, C4H2+ and C6H4+ are measured. The nucleation process is
discussed in agreement with a 1D model describing the transport and the chemistry.
Keywords: dusty plasma, high-density plasma, magnetized plasma, nucleation.

1. Introduction
The first step for dust particle growth in plasmas is
nucleation related to the formation of the first primary
clusters of atoms [1]. Different pathways can occur. First,
due to the presence of one or more dangling bonds,
radicals can polymerize into neutral clusters. But, as they
are not confined in the plasma volume, the efficiency of
this nucleation pathway is weak. In contrast, due to their
electrostatic confinement in the plasma volume, positive
and negative ions can lead more efficiently to dust
particle formation.
It is generally admitted that nucleation occurs through a
negative ion pathway [2,3]. However, for plasmas
produced at very low-pressure such as those excited at the
electron cyclotron resonance [4,5] or by electromagnetic
surface waves [6], such nucleation process does not seem
to be efficient [7]. Here, we report experimental evidence
of nucleation pathway through positive ions in
magnetized sustained wave plasmas produced in various
C2H2/Ar mixtures at different magnetic field intensities.
These data will be compared to a 1D plasma model that
describes the chemistry and the transport of the different
species along the radial direction.
2. Material and Methods
The experiments were carried out in a plasma produced
by an electromagnetic surface wave as schematically
described in Fig. 1 [7]. The plasma is generated in a 15
cm-diameter quartz tube connected to a 20 cm-diameter
stainless-steel chamber long of 96 cm. The frequency of
the surface wave was set at 200 MHz and the power
injected in the plasma at 350 W. Two sets of two coils
connected in series and distant of 38 cm can form a
magnetic field in a mirror configuration with a mirror
ratio equal to 1.9. The magnetic field intensity can reach
up to 140 Gauss in the central region of the magnetic
mirror. Two gas mixtures, i.e. 20% C2H2-80% Ar and
80% C2H2-20% Ar, are injected, the flow of each gas
being controlled by mass flow controllers. The working
pressure is set to 2 mTorr.
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Fig. 1. Experimental set-up.
Mass spectrometry was used to detect and characterize
positive and negative ion populations. The plasma
sampling mass spectrometer system (PSM) from HIDEN
enabled to collect mass spectra through a 200 µm
diameter aperture. It is located in between the coils on the
plasma axis.
A Langmuir probe using the Smart Probe® system from
Scientific Systems was used to determine the plasma
characteristics (plasma density and electron temperature).
The cylindrical platinum probe (0.1 mm in diameter),
positioned perpendicularly to the magnetic field, was
mounted on a translation stage to move it radially from
the axis (r=0) to the reactor walls (r=10 cm).
3. Experimental results
Fig. 2.a reports the distribution of the positive and
negative ions measured in the two gas mixtures, for a
magnetic field of 100 Gauss.
The most abundant positive ion is Ar+. It is directly
proportional to the ion density as determined by Langmuir
probe: it decreases with the increasing C2H2 fraction in
the gas mixture due to electron losses related to the
growth of dust particles.
The most abundant hydrocarbon positive ion, C2H2+, is
produced by the ionization of acetylene:
C2H2 + e- → C2H2+ + 2e(eq. 1)
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dominant negative ion. Hence, this suggests that
nucleation pathway through negative ions (eq. 4) is not
efficient.
C2nH- + C2H2 → C2n+2H- + H2
(eq. 4)
Finally, Fig. 2.b shows the distribution of positive and
negative ions in a plasma produced in 80% C2H2-20% Ar
for 100 and 0 Gauss. While the C2H- density does not
seem to be much affected, the proportion of positive ions,
C2nHm+ with n>1 is less important in the absence of
magnetic field, which suggests that nucleation from
positive ions is more important in the presence of a
magnetic field.
1,0

0,8
9

x˚8.5˚10 ˚cm

n i˚/˚n i(r=0)

Note that this positive ion is less abundant by about 1
decade than Ar+ and that its density increases with the
fraction of C2H2 in the gas mixture.
In both cases, C2H2+, C4H2+ and C6H4+ are measured.
This suggests that a nucleation pathway through positive
ion takes place in our system. Indeed, these hydrocarbon
positive ions are formed through the reactions of positive
ions with acetylene neutrals as described by the general
reaction [1]:
C2nHm+ + C2H2 → C2n+2Hm+2p+ + (1-p) H2
(eq. 2)
Note that the relative density of C2nHm+ decreases with
n increasing and grows with the fraction of C2H2 in the
gas mixture.
Finally, C2H- is detected. This negative ion can be
formed by the dissociative electron attachment on
acetylene molecules:
C 2H 2 + e - → C 2H - + H
(eq. 3)
The absolute density of this negative ion is, in every
case, below 109 cm-3 as determined by laser photodetachment. In addition, in contrast with the positive ions,
its density decreases with the C2H2 percentage.
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Fig. 3. Radial distribution of a) the normalized plasma
density (with the plasma density at r=0 as a legend) and b)
the electron temperature for two magnetic field intensities
(0 and 100Gauss) in 80% C2H2-20% Ar.
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Fig. 2. Distribution of positive and negative ions
determined by mass spectrometry in plasma produced a)
in 80% C2H2-20% Ar and 20% C2H2-80% Ar at 100Gauss
and b) in 80% C2H2-20% Ar at 100 and 0Gauss.

However, in contrast with dusty plasmas at intermediate
pressure, negative ions with higher masses are not
observed from mass spectrometry and the photodetachment results are consistent with C2H- being the
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Nevertheless, the magnetic field has no direct effect on
the nucleation process. Indeed, the radial distribution of
plasma density (Fig. 3.a) does not show any real effects of
the acetylene concentration: the magnetic field only
allows a better confinement of the plasma near the axis of
the reactor limiting losses to the wall. However, the
density on the reactor axis is reduced by a factor of 1.5
when increasing the concentration of acetylene. While Te
is almost constant for 20% C2H2, an increase of the
electron temperature near the walls at 100 Gauss (Fig.
3.b) occurs when this percentage grows to 80%. This
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phenomenon is attributed to electron losses in the plasma
volume due to dust particle growth.
4.1D model of nucleation
In order to investigate the main nucleation routes in
these different conditions of C2H2 proportion and/or of
magnetic field intensity, a 1D plasma model was
developed to describe the plasma chemistry and the
transport of the different species along the radial direction
of the reactor in the center of the magnetic mirror.
Because the focus is put on the determination of the
nanoparticle precursors, the calculations are limited to
short durations where we assume that carbonated ions and
particles do not affect the discharge equilibrium.
With this assumption we can determine the electric
field in the direction perpendicular to magnetic field
considering only Ar+ and electrons in all the investigated
conditions. In a first approximation, the electric field
along the r-axis is determined using the ambipolar
assumption:
! !!
∇!
E = !" !┴ .
(eq. 5)
!!" !!!┴

with

!

D!┴ =

!!

!!
!!
!!"#

!

∝

!
!!

where DAr(e) and µAr(e) are the diffusion and mobility
coefficients of the considered species and De┴ the crossfield diffusion coefficient perpendicular to B. ωc and νela
are the cyclotronic and the elastic collision frequencies
[8].
This electric field controls the drift of all the charged
species in the plasma. In contrast with the conditions B=0
80% C2H2-20% Ar and B=100 Gauss 20% C2H2-80% Ar,
where the electric field strongly increases from the axis to
the walls, the opposite variations of the plasma density
and of the electron temperature for B=100Gauss 80%
C2H2-20% Ar leads to a reduced electric field. This
directly affects the transport of positively charged species,
hence their localization in the plasma volume, and the
resulting nucleation process.
Table 1 summarizes the species considered in the
nucleation model. It comprises:
- the chemistry of hydrocarbon species with an even
number of carbon atoms. It includes positive ions,
C2nHm+ (n=1-6) and negative ions, C2nH- (n=1-6)
respectively formed through the reactions given in
eqs. 2 and 4 and it takes into account radicals
formed by neutralization of positive ions with
negative species [9]:
C2mHp+ + C2nH- → C2mHp + C2nH
(eq. 6)
C2nH- + Hm+ → C2nH + m H
C2mHp+ + e- → C2mHp
- the chemistry of hydrogen species. It includes
electron impact reactions of hydrogen atoms or
molecules – both resulting of nucleation processes
– leading to H2 dissociation, H2 and H ionization
and H-atom excitation,
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all the reaction related to argon, i.e. electron-impact
excitation and ionization of argon, charge transfer
and ion conversion process between Ar+ and ArH+
ions and hydrogen or hydrocarbon ions, and
ionization and dissociation of hydrocarbon
molecules through collisions with metastable argon
[10].

C2 HC4 HC6 HC8 HC10HC12HH-

CH+
C2 H2 +
C4 H4 +
C6 H6 +
C8 H6 +
C10H6+
C12H6+

CH
C2 H
C4 H
C6 H
C8 H
C10H
C12H

CH2
C2 H2
C4 H2
C6 H2
C8 H2
C10H2
C12H2

C
C2

H+
H2 +
H3 +

H (n=1)
H2

H(n=2)

H (n=3)

Ar+
ArH+

Ar
ArH*

Ar*
ArH*+

Table 1. Species considered in the model.
For each considered species, the concentration is
determined by solving the continuity equation in the form:
!  !!
= −∇. F! + W!
(eq.7)
!"
where ns is the density, Ws is the total reaction rate and
F! is the transport flux in the direction considered in the
drift/diffusion assumption:
D!┴ ∇n! + µμ! En!           for  ions
F! =   
(eq. 8)
−D! ∇n!                             for  neutrals
As for the boundary conditions, we assume that all the
charged particles recombine on the reactor surface and at
r=0. In addition, the plasma composition is determined by
the Ar/C2H2 mixture.
The simulation are performed for a plasma duration of 1
ms. Fig. 4 reports the positive and negative hydrocarbon
ions densities obtained in the same conditions as in
Fig. 2.
In good agreement with the experimental data, the
simulations show that hydrocarbon species densities are
dominated by positive ions and neutrals. The negative ion
species are negligible in all the considered conditions.
We also note that the hydrocarbon positive ions density
increases both with the percentage of C2H2 in the gas
mixture and with the magnetic field, i.e. when the plasma
density and the electron temperature increase, which
confirms the trends observed experimentally. This
increase is due to the efficient confinement of the
positively charged ions in the discharge.
Note that, in the case of 80% C2H2-20% Ar at
100Gauss, C2nHy+ (n>1) are more important than the
C2H2+ and Ar+ ions after 1ms of discharge. For these
durations, we can no more make the assumption that
discharge characteristics (i.e. electron density and electric
field) are stationary and governed by argon ion density.
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In addition, the most abundant negative ion is C2H- and
its density is decreasing with the fraction of C2H2 in the
gas mixture. Heavier negative ions are present in very
small quantities. Nucleation through the negative ion
pathway is not effective because the negative ions are lost
by transport towards the reactor walls.

5.Conclusion
The nucleation process is investigated in a very low
pressure plasma produced in acetylene-argon mixtures. In
contrast with dusty plasmas produced at intermediate
pressure, nucleation occurs through positive ion
pathways. Our results suggest that the presence of a
magnetic field favours nucleation by reducing the positive
ion losses to the walls, thereby allowing their growth in
the plasma volume.
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with electrons (C2nHm+ + e- → C2nHm): over 1010cm-3
C2nH radicals can be formed in the presence of a magnetic
field which is very similar to the positive ion density. As
a consequence, nucleation occurs through the positive ion
pathway (up to C12H6+) in the plasma volume.
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Abstract: In this study, we propose a method for synthesizing copper nanoparticles using an
underwater plasma consisting of a high voltage power supply, a reactor, and a tungsten
electrode. The copper precursor was copper hydroxide, which was introduced into deionized
water with a small quantity of hydrazine monohydrate. The size of the copper nanoparticles
decreased with increasing discharge time because the shock of an acoustic wave originating
from the underwater plasma caused the continuous breakdown of aggregated particles. In
order to characterize as synthesized Cu-particles, a field emission scanning electron
microscope (FE-SEM), a transmission electron microscope (TEM), an energy dispersive Xray (EDX) and a X-ray diffraction (XRD) analyzer were employed.
Keywords: Copper, Nanocrystalline, Underwater discharge, Plasma, X-ray diffraction.

1. Introduction
Metal nanoparticles are currently attracting considerable
attention because of their interesting properties and wide
range of potential applications in the electronics industry.
One such application is as the metal powder constituent of
conductive inks and pastes used for printing conductors on
electronic components [1]. Silver nanoparticles are
typically used for conductive inks and pastes because silver
nanoparticles not only are chemically stable but also have
excellent electrical conductivity. However, a disadvantage
of silver nanoparticles is ion migration at relatively high
temperature and humidity conditions. Also, silver
nanoparticles are not economically feasible due to the
expense of the material. As a result, many researchers have
investigated various approaches for obtaining copper
nanoparticles (Cu-NPs) from copper-containing precursors
to reduce the expense of the material, because copper can
be used instead of rare metals such as gold, silver, and
platinum. The synthesis of Cu-NPs has been achieved via
various routes, including, microemulsion techniques,
supercritical techniques, thermal reduction, sonochemical
reduction, laser ablation, metal vapor synthesis, vacuum
vapor deposition, and chemical reduction [2-4]. The
method of chemical reduction involves using high
concentrations of chemicals methods. However, those
methods takes a long time (more than 2 hours) and adds a
large amount of extra chemicals to the process, which
introduces impurities and causes environmental
contamination. In addition, it does not favor a highthroughput process. In order to avoid these problems, we
investigated a Cu-NPs synthesized method using copper
precursors and an underwater plasma. A copper hydroxide
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was used as the copper precursor because it does not
generate environmental contamination when undergoing
an oxidation–reduction reaction induced by an underwater
plasma. Copper nanoparticles tend to easily oxidize in air
under ambient atmospheric conditions compared to rare
metals like gold, silver, and platinum, and copper ions are
not easily reduced under mild reaction conditions. Using a
copper precursor and an underwater plasma to produce CuNPs, helps to get rid of these disadvantages. In field
emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) analyses, the size
of the Cu-NPs was confirmed to be an average diameter of
about 50-80 nm. In addition, X-ray diffraction (XRD)
analysis confirmed that the synthesized Cu-NPs were pure
copper and not oxidized. So, we expect that an underwater
plasma system may be a potential tool for the synthesis of
Cu-NPs in liquid. Our experimental results are valuable for
material engineering design because they provide a method
for tailoring the properties of Cu-based nanoparticles to a
multitude of desired applications.
2. Experimental details
Figure 1 shows a schematic of the experimental set-up for
synthesizing Cu-NPs using an underwater plasma system.
In Fig. 1(a), the power supply is comprised of a
commercially available transformer operated with a 60-Hz
sinusoidal wave, a diode. These components provide a
half-wave rectifier circuit. A voltage adjustor regulates the
secondary voltage by controlling the primary voltage of the
transformer. This arrangement drives the rectified voltage
waveform to the electrode [5]. The volume of the
cylindrical reactor used in this experiment was about 600
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ml. Also, we designed a Venturi-type support reactor to
circulate the Cu precursor to enhance the reaction by the
underwater plasma. The diameter of the top of the Venturitype support reactor is 50 mm, but it slopes down to 20 mm
at the bottom of the reactor. The height of the Venturi-type
support reactor is 130 mm. In order to prevent oxidation of
synthesized Cu-NPs, we injected nitrogen gas into the
cylindrical reactor.
Figure 1 (b) shows the capillary electrode used in this
experiment. The tungsten cathode used here had a diameter
of 1.6 mm, and it was inserted tightly into the alumina tube.
As shown in Fig. 1(a), the assembled cathode was inserted
into the sidewall of the cylindrical reactor. Also, an anode
made of an aluminum rod was inserted into the cylindrical
reactor and grounded. In Fig. 1(b) represents the distance
between the top of the tungsten electrode and the ceramic
tube, and here d was 2 mm [2].
From a previous article [5], an increase in the input
voltage to the capillary electrode induces ohmic heating of
the liquid in a narrow capillary space and causes the liquid
to bubble and vaporize. Eventually, at an arbitrary voltage,
the vapor breaks down in the narrow capillary space.
We used copper hydroxide as a Cu precursor, since it
generates less secondary environmental contamination
than other precursors, such as copper chloride, copper
sulfate, and copper acetate. During the initial mixing stages,
25 g of copper hydroxide (99.9%, Wako, Japan) was
introduced into 350 ml of deionized water mixed with 17.5
ml hydrazine monohydrate (99.9%, JUNSEI, Japan). In
order to mix copper hydroxide with the de-ionized water
and hydrazine monohydrate, we used a magnetic stir plate
with a magnetic stir bar spinning constantly at 350 RPM.
One disadvantage of using copper hydroxide is that it has
negligible solubility in deionized water, so other
researchers in this field of copper nanoparticle synthesis
typically do not use copper hydroxide. However, we used
copper hydroxide in this experiment since the negligible
solubility is not a factor when using an underwater plasma.
In addition, we used 5 vol% less than the amount of
hydrazine monohydrate reported in other research [6].
Before discharging the plasma, the solution conductivity
was 1.21 mS/cm and acidity was pH = 4.8 (Table 1). The
voltage and the current in root mean square (rms) during
discharge were Vd = 146 - 153 V and Id = 1.7 - 2.6 mA,
respectively.
3. Result and discussion
A color change in the solution was associated with these
reactions. When the discharge time was increased, the blue
copper hydroxide solution became nearly colorless, then
eventually turned opaque red-wine color. These color
changes can be attributed to the formation of Cu-NPs,
which are the color of red wine, whereas black or yellow
would have been observed if the Cu-NPs were oxidized.
Fig. 2(a) shows that the synthesized Cu-NPs are present
when an opaque red-wine color is apparent after a
discharge time of 10 min. Fig. 2(b) shows the image of
synthesized Cu-NP powder corresponding to Fig. 2(a).
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We measured the pH and electrical conductivity
characteristics of the solution before and after discharge.
The measured values are summarized Table 1. The
electrical conductivity of the solution increased after
discharging the plasma, which was mainly due to the
generation of activated species, i.e. radicals, neutral
molecules, ions and electrons from the dissociation, and
ionization and excitation of water molecules. The time
dependence of discharge showed that pH decreased with
increasing time due to the generation of hydrogen ions (H+)
after reduction reactions occurred, which produced
hydrogen radicals (H•) and copper ions (Cu2+) .
As mentioned earlier, an underwater plasma system has
the advantage of a high throughput for synthesized Cu-NPs.
In this regard, we measured the yield of as-synthesized CuNP powder. Copper hydroxide as a precursor contains 65.1%
Cu, meaning 16.275 grams of copper can be derived from
25 grams of copper hydroxide. We measured the weight of
synthesized Cu-NP powder obtained from the drying of the
suspended copper solution and obtained about 15 grams of
Cu-NP powder from 25 grams of copper hydroxide in 350
ml deionized water after a discharge time of 10 min.
Perfect conversion of Cu-NPs would be 16.275 grams, and
we obtained only 15 grams. We assume the difference is
lost during collection of the suspended copper solution and
the drying process. However, we obtained approximately
90% yield from our method without oxidizing the copper.
Also, we obtained more Cu-NP powder than other
researchers and the powder synthesis time was faster than
other methods. Besides the high powder yield, absence of
oxidation, and fast synthesis time, we demonstrated that
our method has an advantage over others because it is a
high-throughput process.
The morphology of the Cu-NPs was carried out using
SEM and TEM. The micrographs and the results are
presented, as shown in Figs. 3(a) and (b). The micrographs
show that Cu-NPs were with an approximately spherical
shape and with an average particle size ranging between 50
and 80 nm. Compared to previous studies [2], we
confirmed that hydrazine monohydrate effectively
decreased the particle size of the synthesized Cu-NPs by
more than half, and the particle size tended to decrease with
the increase in hydrogen concentration. The reaction rate
for generating Cu nuclei would have increased with
increasing hydrogen concentration, which is why the
particle size was larger when the reaction rate was
increased. A previous study [7] concluded that high
reaction rates promoted the nucleation of nanocrystalline at
an initial reaction stage, which resulted in an increase in the
number of nanocrystalline nuclei, and therefore an increase
in the number of nanocrystalline particles, resulting in a
decrease of nanocrystalline particle size. A similar
mechanism is proposed for this study; the number of
metallic Cu nuclei generated by the reduction reaction was
probably large at the high hydrazine concentration, which
consequently led to the decrease in the size of the Cu-NPs.
To verify the synthesized pure Cu nanoparticle by using
energy dispersive X-ray (EDX) and X-ray diffraction
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(XRD) analyser were employed. As shown in Table 2,
more than 99 wt% synthesized Cu nanoparticles were
confirmed in the EDX measurement. To verify the
synthesized pure Cu nanoparticles, we used an X-ray
diffraction (XRD) corresponding to the Table 2. In Fig. 4,
the X-ray diffraction peaks for Cu nano-crystals appeared
at the positions of 43.31°, 50.52° and 74.15°, which are
indexed to be the Cu(111), (200), and (220) planes,
respectively [8-10]. Therefore, XRD analysis confirmed
that the Cu-NPs are pure copper.
4. Conclusions
In this study, we have designed a method for
synthesizing copper nanoparticles using an underwater
plasma. The synthesis of Cu-NPs resulted from mixing
copper hydroxide with a hydrazine monohydrate, and
reduction reactions occurred, producing copper ions. The
Cu-NPs were monodisperse with an approximately
spherical shape, and ranged in size between 50 and 80 nm.
Using XRD, we have confirmed that pure Cu-NPs were
synthesized through this method. Moreover, we
demonstrated that using an underwater plasma combined
with copper hydroxide results in a much higher-throughput
process with less environment contamination than has been
reported in any previous studies. In addition, we were able
to achieve a high powder yield, an absence of oxidation,
and a fast synthesis time.
Eventually, we expect that an underwater plasma system
may be a promising tool for the synthesis of pure Cu-NPs
in liquid. It would be useful for the fabrication of electronic
devices incorporating polymer-based printed circuit boards
(PCBs), and in the manufacture of microelectronic devices,
which rely on screen printing, nanoimprinting, inkjet
printing, and direct printing of metal conductor pastes.
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Fig. 1. (a) Schematic presentation showing experimental
set-up for synthesis of Cu-NPs using an underwater
discharge. (b) Configuration of capillary electrode.

Fig. 2. (a) The color of Cu-NPs solution before and after
discharge. (b) Synthesized Cu-NPs powder after drying.
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Fig. 3. (a) SEM and (b) TEM images of as-prepared CuNPs.

Fig. 4. X-ray diffraction patterns of synthesized Cu-NPs
using an underwater plasma for 10 min.
Table 1. The pH and electrical conductivity before and
after discharge.
Electrical conductivity
pH
(mS/cm)
Before
After
Before
After
1.21
3.46
4.8
2.77
Table 2. The pH and electrical conductivity before and
after discharge.
Element
Weight %
Atomic %
0.30
1.18
Oxygen
99.69
98.81
Copper
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Quench rate affects oxidation reactions in the formation of arc welding fumes
P. Sanibondi1, E. Ghedini2
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Abstract: The formation process of fumes in gas metal arc welding (GMAW) has been
modelled considering the iron oxidation reactions both in gaseous and condensed phases.
The results show that fumes are composed of aggregates of primary particles that are
nucleated from gas-phase FeO and further oxidized to Fe3O4 or Fe2O3, depending on the
quench rate. Increasing the latter results in two effects: on one side, it induces the formation
of smaller primary particles, which are more easily oxidised, but at the same time it reduces
the time for solid-state diffusion of oxygen, resulting in lower particle oxidation.
Keywords: Nanoparticles synthesis, welding fumes, modelling, meso-scale model.
1. Introduction
Fumes formation is a typical side effect of arc welding
process and it is widely recognized as an important
occupational problem [1]. The hazard level of such fumes
depends on their characteristics, such as size and
composition, which are strongly dependent on the
welding process type and operating conditions [2]. For
this reason, the understanding of the formation
mechanisms and the possibility to predict and control
their characteristics could be an important mean for the
hazard reduction.
Gas Metal Arc Welding (GMAW) is one of the most
broadly adopted processes in industry as it can be
automated and it allows a high deposition rate.
Unfortunately, this process is characterized by a strong
production of fumes, mainly in the form of aggregates of
nanoparticle oxides. Literature have shown that most of
the particle fumes are generated from the metal vapours
coming from the overheated liquid portion of the wire tip
that are transported by convection and diffusion to the arc
fringes, where the temperature drops to 1500-2500 K,
leading to nanoparticle formation by nucleation from a
supersaturated gas. Then nanoparticles continue to grow
by surface condensation, coalescence and finally forming
aggregates, whose fractal dimension depends on the
collision rates and gas phase regime [3].
Chemical analyses of the fumes produced in GMAW of
mild steels have shown that nanoparticles are mainly
composed of Fe3O4 and, in a smaller amount, of
manganese oxides. However, a complete understanding of
the mechanism of fume formation in oxidant mixtures is
missing.
A model for simulating the fume formation mechanism
that includes the effects of iron oxidation reactions and
enables the prediction of nanoparticle dimensions and
morphology, considering also aggregation and
coagulation phenomena has been developed by one of the
Authors in the past [4]. This model is based on the
stochastic approach originally developed for the
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simulation of nanoparticle synthesis in flame processes in
[5]. Simulations of the fume formation process in arc
welding are carried out considering the typical
temperature profiles and mixture compositions that
characterize a GMAW process.
2. Modelling approach
The modelling approach adopted in the present work is
based on a stochastic algorithm developed for the analysis
of the synthesis of nanoparticles [5]. This model has been
extended in [4] to include the physical and chemical
phenomena that describe fume formation in thermal
plasmas.
The generation of nanoparticles is simulated tracking
the temporal evolution of a control volume Vctr, which is
assumed to move with the flow along a streamline starting
from a high-temperature region (at 3000 K) and ending in
the colder region surrounding the plasma (at 300 K).
Primary particles formation by nucleation of vapours in
the gaseous phase is predicted, calculating the
homogeneous nucleation rate as done in [6]. Primary
particles growth is predicted by balancing the surface
condensation of vapor against evaporation using the
approach proposed in [3].
A free molecular collisional kernel is used to predict
primary particles coagulation to form aggregates. A
majorant kernel approach is used for computational effort
reduction, as proposed in [5]. A ballistic algorithm is
applied upon collision, to simulate aggregates coagulation
and predicts the fractal dimension of the resulting merged
aggregate [7]. Sintering and coalescence are considered,
using the Friedlander-Koch relation for the sintering time
[8]. Intra particle chemical reactions have been modelled
using the approach depicted in [4], considering oxidation
reactions between particles and the gas-phase.
The thermo-fluid-dynamic simulation of the arc is not
considered in this work. The composition of the gas-phase
is calculated assuming chemical equilibrium for given
temperature, pressure and atom concentration conditions.
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The atom concentration in the gaseous phase is tracked
by subtracting the vapour converted to nanoparticles. The
system is kept at constant pressure whereas the temporal
evolution of the temperature is imposed according to a
linear profile.
A cooling rate of 105 to 107 K/s is estimated according
to the simulation results reported in [9] for arc welding
and nanoparticle synthesis. These results also show that
partial pressure of iron vapours in the arc region at 3000
K during GMAW welding can range from 1 to several
thousand Pa. In this work, initial iron vapour pressure has
been set to 3000 Pa. The oxygen partial pressure has been
set to 9000 Pa, which is the maximum amount of oxygen
in active mixtures usually adopted in GMAW.
3. Results
Gas and particle phase compositions as function of
temperature for two different quenching rates of -107 K/s
and -5·105 K/s are shown in Fig. 1.
The most important effect of quenching is its influence
on the final Fe3O4 to Fe2O3 ratio in the particle phase. The
conversion of Fe3O4 into Fe2O3, that occurs at temperature
around 1500K, is limited below 1400 K by the solid
diffusion, that prevents further oxidation of the particles.
For this reason, rapid quenching leads to faster
solidification and then to a reduction of the final O/Fe
ratio.
Composition of the solid phase against cooling rate is
plotted in Fig. 2, showing that between 105 to 107 K/s a
non-linear correlation between cooling and oxidation rate
can be found, with a minimum on the Fe3O4 concentration
at about 5 105 K/s. Increasing the quench rate results in
two effects: on one side it induces the formation of
smaller primary particles, which are more easily oxidised,
but at the same time it reduces the time for solid-state
diffusion of oxygen, resulting in lower particle oxidation.
Particles size distribution for the same abovementioned
quenching rates are shown in Fig. 3, comparing the
diameter d for the spherical primary particles pi and the
collision diameter dcol aggregates Pi. The case with the
faster -107 K/s quench leads to the formation of a higher
number of both primary particles and aggregates with
mean diameters of 12nm and 41nm respectively. The case
with the lower quench rate of -5·105 K/s leads to a
reduction of the number of particles and aggregates, while
an increase of the mean diameters for both primary
particles and aggregates up to 48nm and 115nm
respectively, is achieved. These behaviour is due to the
influence of the quenching rate on the time length of the
coalescence regime, where primary particles increase
their diameter by instantaneously coalescence upon
collision. These phenomena are well depicted in Fig. 4,
where the actual shapes and morphology of sample
aggregates are represented for the two different quenching
rates considered above, showing the differences between
primary particles diameters and aggregates morphologies
as predicted by the model.
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Figure 1 – Gas- and solid-phase composition for two
different quenching rates.

Figure 2 – Solid-phase composition of the particle
ensembre at the end of the fume formation process (T =
300 K) as function of cooling rate.
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Figure 3 – Particle size distribution for two different
quenching rates.
The evolution of particulate phase for the case of -106 K/s
cooling rate, together with the composition evolution, is
represented in Fig. 5, showing a sequence of particulate
samples as function of temperature, as predicted by the
model. It’s important to notice that coalescence upon
coagulation of primary particles is the dominant
phenomena up to 1800 K. At 1300 K it is possible to
identify aggregates composed of more than two primary
particles, because of a sintering time that is now reduced
to values comparable with the collisional time.
4. Conclusions
Results show that both oxidation rate and nanoparticles
size are affected by the cooling rate. In particular, the
correlation between oxidation and cooling shows a nonlinear behaviour. The reduction of particles size at higher
quench rates predicted by this model is a well-known
phenomenon, in agreement with modelling and
experimental results in literature.
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Figure 4 - TEM-style picture representing nanoparticles
morphology at the end of the fume formation process (at
T = 300 K) with primary particles coloured according to
their composition.
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Figure 5 - TEM-style picture representing nanoparticles morphology during the quenching process.
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Analysis on the effect of the electrostatic interaction in the coagulation of silicon
nanoparticles in argon-silane plasma simulations
B. Santos1, F. Vidal2, L. Cacot1 and C. Boucher1,2
1

INRS - Energie et Materiaux, Varennes, Québec, Canada

Abstract: Ravi et al [1] introduced the nanoparticle coagulation enhancement by action of
the image potential in an argon-silane plasma simulations. We use a more rigorous
approach, which includes polarization induction, for calculating the electrostatic force
between dielectric particles. It is shown that the coagulation is enhanced in neutral-charged
particles encounters. This analysis will be extended to study the enhancement in likecharged cases.
Keywords: dusty plasmas, coagulation.

1.Introduction

It is known that nanoparticles in low-temperature
plasmas are mostly charged negatively. Recently
Mamunuru [2], studied the existence of positively charged
and neutral nanoparticles. This possibility promotes the
coagulation because of the Coulomb interaction
enhancement between particles of opposite charge.
Ravi et al [1], studied the coagulation enhancement
between neutral and charged particles, which is due to the
image potential. The image potential used in his work [3]
is a rough approximation of the work of Huang [4], which
is already an approximation.
We propose a numerical study of the effects of the
electrostatic interaction between nanometric sized
particles of silicon on particle growth in an argon-silane
plasma. Our simulations are based on the general dustplasma self-consistent model proposed by the S. L.
Girshick’s group [3, 5, 6].

2.Methodology
a. Plasma

For sake of simplicity we considered fixed plasma
parameters [1], as listed in Table 1.
Table 1. Plasma parameters.
Pressure

1 Torr

Ion density

1015 m-3

Electron density

1014 m-3

Mean electron energy

2 eV

Ion temperature

300 K

b. Nanoparticle model
To simulate particle growth we used the fixed-pivot
technique [7] to solve the General Dynamics Equation
which accounts for nucleation, coagulation and surface
growth [3, 5, 6].
In the free molecular regime the coagulation rate, for
particles of volume vi and vj is given by [1],
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(1)
where k is the Boltzmann constant, T is absolute
temperature, and ρp is the mass density of silicium. The
total collision rate is η β, with η the enhancement factor.
The image potential between a charged and a neutral
sphere can be approximated by [8, 9],
(2)
The dimensionless image potential psi is defined by,

(3)
where εp is the dielectric constant of bulk silicium, ε0
the vacuum permittivity, e the elementary charge, z the
charge number and ai the radii of the neutral particle. This
is an approximation because we neglected the radii of the
second sphere. A more general approach to describe the
potential which includes the polarization effects of
dielectric particles is derived by Bichoutskaia [10].
Ouyang [8] in the supplementary documents, gives the
following regression for the image enhancement factor for
Eq. 2,

𝜂 = 1.2534 × 𝜓
(4)
To compute the enhancement factor we also used the
Sceats approach [11] to compare our results with those of
Ravi [1].
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3.Discussion and results

Using the same parameters of Ravi [1], we show in Fig
1. the enhancement factor and our results for the Sceats
enhancement factor for the potential Eq. 2. This shows
that the Ravi’s results overestimate the enhancement
factor by a factor 10.

Fig. 1. Coagulation coefficients between particle 1 of
1 nm and particle 2 of diameter shown in the x-axis. In
red dot-dashed line the case of neutral coagulation Eq. 1.,
coagulation between the neutral particle 1 and a
negatively charged particle 2, in blue in the case of the
potential of Ravi, and using the potential Eq. 2, in dashed
line coagulation of particle with an elementary positive
charge and particle 2. The charge for particle 2 is the most
probable charge.

Plasmas and nanoparticles; dusty plasmas

We found that the approximated potential Eq. 2 is in
agreement with the more complete description of
Bichoutskaia [10] in the neutral-charged case. However,
we found that using this approach we could have an
attractive potential even for particles of same polarity.
This will be discussed in future works.

Fig. 2. Total number density, in black dashed line
accounting for the image potential and in red without
image potential. Higher coagulation rates reduce the
particle number.

It can be easily seen that using a more correct
description of the potential decreases the total number
density as expected because we will obtain lower
coagulation rates.
In the following we use Eq. 4. to compute the
enhancement factor for neutral-charged particles. In Fig. 2
we show the total particle number with and without image
potential enhancement, in Fig. 3 total volume density of
particles and in Fig. 4 the total charge density. We can see
that the image potential continues to have a considerable
effect in the coagulation and must be taken into account in
self-consistent plasma calculations because it affects the
total charge density.

Fig. 3. Total volume density, in black dashed line with
image potential enhancement factor and in red without
enhancement. The total volume decreases when the image
potential is considered.

4.Concluding remarks
We have shown that coagulation is overestimated in
the work of Ravi [1, 3]. The main reason is that he used a
rough approximation for the image potential.
The image potential must be considered in selfconsistent plasma calculation, because it modifies the
total nanoparticle charge which affects the plasma.

626

5. References
[1] Ravi, L. & Girshick, S. L., Phys. Rev. E 79, 26408
(2009).
[2] Mamunuru, M., Picard, R. L., Sakiyama, Y. &
Girshick, S. L., Plasma Chem Plasma Process 37, 701–
715 (2017).
[3] Ravi, L. Numerical Study of Nanodusty Plasmas, PhD
thesis, University of Minnesota (2008).

ISPC23, Montreal, Canada

Plasmas and nanoparticles; dusty plasmas

poster

[4] Huang, D. D., Seinfeld, J. H. & Okuyama, K., Journal
of Colloid and Interface Science 141, 191–198 (1991).
[5] Warthesen, S. J. & Girshick, S. L., Plasma Chem
Plasma Process 27, 292–310 (2007).
[6] Agarwal, P. & Girshick, S. L. Plasma Sources Sci.
Technol. 21, 55023 (2012).
[7] Kumar, S. & Ramkrishna, D., Chemical Engineering
Science 51, 1311–1332 (1996).
[8] Ouyang, H., Gopalakrishnan, R. & Jr, C. J. H., The
Journal of Chemical Physics 137, 64316 (2012).
[9] Draine, B. T. & Sutin, B., The Astrophysical Journal
320, 803 (1987).
[10] Bichoutskaia, Elena, Boatwright, Adran L.,
Khachatourian, Armik & Stace, Anthony J., The Journal
of Chemical Physics 133, 24105 (2010).
[11] Sceats, M. G., Journal of Colloid and Interface
Science 129, 105–112 (1989).

Fig. 4. Total charge density, in black dashed line with
image potential enhancement factor and in red without
enhancement. The total charge decreases for higher
coagulation rates.
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Particle transport through an inductively coupled plasma torch: A modeling investigation
M. Aghaei, A. Bogaerts
Research group PLASMANT, Chemistry department, University of Antwerp, Antwerp, Belgium

Abstract: An inductively coupled plasma, connected to a sampling cone of a mass
spectrometer, is computationally investigated. The effects of the sample introduction on
temperature, electron density and velocity profiles are studied. Some optimum operating
conditions, i.e., applied power, gas flow rates, injection position and particle size, which
ensure maximum ion transport with minimum loss of material towards the exhausts, as well
as a sufficiently high plasma temperature for efficient ionization, are provided.
Keywords: Inductively coupled plasma, sample introduction, computational study

1. Introduction
Inductively Coupled Plasma Mass Spectrometry (ICPMS) is one of the most popular methods for determining
trace elements and isotopes in a wide variety of samples
[1]. In an ICP, a plasma is created by applying electric
power to a gas, which flows through a so-called “torch”.
The torch is surrounded by a coil through which
radiofrequency current is flowing. This induces an
electromagnetic field in the gas, causing the gas atoms to
break up into positive ions and electrons. In this way, an
inductively coupled plasma is created. The ICP is
maintained because the electrons are heated by the
electromagnetic field, which causes further ionization of
the gas atoms. The sample to be analyzed is introduced,
mostly as droplets, with a central gas (mostly argon or
helium), and will be subject to desolvation, vaporization,
ionization and excitation in the plasma. The ions formed
in this way can then be analyzed in a mass spectrometer,
yielding ICP-MS.
The computational studies of ICP were pioneered by
Boulos in 1978, who developed a model for studying the
plasma-particle interaction [2]. Based on this model,
Mostaghimi, Proulx and Boulos investigated the flow and
temperature fields in the ICP [3-6]. Moreover, Shigeta
and coworkers also did outstanding computational work
on rf-ICP torches [7-8]. A numerical analysis was
conducted to investigate the synthesis of nanoparticles
using a rf-ICP. The group of Colombo, Bernardi, Ghedini,
and colleagues in Bologna also did a lot of excellent
modeling for ICP torches. However, the operating
conditions were not always applicable for analytical
chemistry purposes [9-10]. Furthermore, Benson et al.
performed a computational study on droplet heating,
desolvation and evaporation in an ICP [11-12], in which
the ICP torch was not connected to a MS interface, so the
relevance for ICP-MS was limited. The first selfconsistent model for an atmospheric pressure ICP,
operating at typical analytical chemistry conditions
including ionization and viscosity terms, was presented in
[13]. The model was subsequently modified by
connecting the ICP torch to a mass spectrometer interface
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cone [14]. Furthermore, we recently introduced an
additional model for elemental particles, relevant for laser
ablation (LA) -ICP-MS, where the sample is injected as
ablated elemental particles [15-16].
In the present work copper particles are inserted from
the central inlet and tracked through the ICP torch. We
investigate the effect of injection position, and particle
size on the plasma properties, such as electron density and
temperature. Furthermore, the effect of operation
conditions, such as applied power and central flow rate,
are also studied in order to provide an optimum range for
the ion flux passing through the sampling cone.
Moreover, the different behavior of copper and zinc
inside the torch is studied.
2. Computational model
The 2D axisymmetric ICP-MS model is based on
solving partial differential equations for the gas flow
dynamics (i.e., the Navier-Stokes equations) coupled with
the energy conservation and Maxwell equations. It is built
within the commercial computational ﬂuid dynamics
(CFD) program FLUENT (ANSYS). The power coupling
into the ICP is a source term in the energy conservation
equation, whereas the emitted radiation is treated as a loss
term. Some self-written codes were added in order to
calculate the electromagnetic fields (based on the
Maxwell equations), the amount of ionization (by solving
the Saha-Eggert equation, assuming local thermal
equilibrium, LTE), as well as the material parameters, i.e.,
electrical conductivity, viscosity, heat capacity, thermal
conductivity and diffusion coefficients, as a function of
the actual gas composition and plasma temperature. A
validation of this model by experiments was provided in
[17]. Typical calculation results from the model include
the gas flow behavior, as well as the plasma temperature
and electron density profiles [13-20].
The sample introduction is modelled with the so-called
“discrete phase model”. The trajectory of each droplet is
calculated by integrating the force balance (i.e. Newton
equation) acting on the particles. The main force is the
drag force, which is a function of the molecular viscosity
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of the fluid, the mass density, and the diameter of the
particles. In this work a variation of the Stokes drag law,
including the so-called Cunningham correction factor
[21], is applied. The effect of Brownian motion is also
included in the model.
Besides their transport throughout the torch, the
particles will undergo heating, vaporization and finally
ionization. For the elemental droplets, a heat and mass
balance equation is applied, which relates the particle
temperature to the convective and diffusive heat transfer,
and calculates the mass transfer to the vapor phase by
means of a vaporization rate based on thermodynamic
relations [21]. The heat lost or gained by the particle as it
traverses each computational cell will also appear as a
source or sink of heat in the subsequent calculation of the
continuous phase energy equation. Once the injected
material is in the gas phase, it will be treated as individual
atoms in the same way as for the central gas, i.e., by
solving the Navier-Stokes equations and the Saha-Eggert
equation to calculate the ionization degree of the sample
material at the local plasma temperature, assuming LTE.
From the ionization degree and the (mass and charge)
conservation equations, the number densities of electrons
and of the atoms and ions of the sample material can be
calculated. The ionization model is added to FLUENT as
a self-written code.
For any injected material, several material parameters
are needed, both in liquid and gas phase. Some
parameters, i.e., the viscosity, thermal conductivity and
diffusion coefficients, are a function of the local gas
composition and plasma temperature, and are again
inserted in the model as self-written codes [22-24]. The
plasma species considered in the model are atoms, singly
and doubly charged ions for argon and the sample
material (e.g., Cu, Zn, Au, Ag) as well as electrons. Here
we present results for Cu.
3. Results and discussions
Copper particles are inserted from the central inlet with
a 1.5 mm width and tracked through the torch up to the
sampler position (i.e. 41.5 mm distance from the central
inlet). The geometry and range of operating conditions
applied in the model is listed in table 1.
Figure 1 illustrates the 2D profiles of the calculated
plasma temperature, electron number density and of the
Table 1: Geometry and range of operating conditions.
Frequency
27 MHz
Applied power
600 - 1500W
Central gas flow rate
0.3 - 2.5 L/min
Intermediate gas flow rate
0.3 - 1.2 L/min
Outer gas flow rate
12 - 16 L/min
Torch dimension
20 x 35 mm
Sampler distance from the 10 mm
load coil
Particle size
50 nm - 10 µm
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gas flow velocity path lines, for the condition of 1.2
L/min central gas, 0.8 L/min intermediate gas, and 12
L/min outer gas flow rate, and a plasma power of 1400
W. The plasma temperature profile is characterized by a
maximum (of about 10,000 K) near the coils, with a cool
central channel. Hence, the electron number density also
reaches its maximum (in the order of 10 22 m-3) in this
region, due to the higher ionization degree at higher
temperature. Thus, the intense plasma is very localized,
with a toroidal shape.

Fig. 1. 2D profiles of the plasma temperature, electron
density and the gas flow velocity path lines. The purple
contours in the bottom panel indicate the region of
maximum power coupling.
The gas flow path lines are also plotted in Figure 1.
Note that only the path lines of the central gas and outer
gas are indicated in color, while the intermediate gas flow
path lines are colored in black, to distinguish them from
the injector gas and outer gas path lines. The injector gas
goes more or less straight towards the sampling cone at
these conditions, with little expansion, and has typical
velocities between 10 and 30 m/s, increasing at the
sampling cone towards 100 m/s and above. The
intermediate gas has slightly lower velocities (in the order
of 5-25 m/s), and is characterized by backward motion. At
the conditions illustrated here, all the intermediate gas
passes through the region of maximum power coupling,
indicated by the purple contours, which is beneficial for
efficient heat transfer. Finally, the outer gas has velocities
in the order of 5-10 m/s.
Figure 2 shows the 2D number density profiles of the
Cu atoms, Cu+ and Cu2+ ions for the Cu particles of 100
nm diameter, injected at a mass loading flow rate of 100
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ng/s. Note that the scales of these density profiles are
different, in order to clearly show where are the maximum
values for each species.
Figure 2 gives an indication to what extent the clouds of
each species expand in the torch, which is useful for both
optical emission and mass spectrometry. In the framework
of ICP-MS, we are especially interested in the fluxes of

Fig. 3. : Effect of injection position on ion clouds inside
the ICP torch.
almost the same fraction (47%) leaves the ICP through
the exhausts, and 5% passes as Cu0 atoms through the
sampler. This clearly demonstrates that any deviation of
the injected material from the central axis will lead to a
loss of intensity in the MS, which should be avoided.
Indeed, the radial movement of the sample particles to the
outer region of the torch lowers the chance that the
sample can pass through the sampler cone. Hence, the
detection efficiency becomes lower, as some part of the
sample is lost in the torch (i.e. it will leave the ICP
through the exhausts) and is not effectively sampled
through the plasma-vacuum interface.
Figure 4 presents the changes occurring upon increasing
the carrier gas flow rate, for 0.6, 1.2 and 1.6 L/min, for
Cu+. The black contours (plotted with the same scale for
the 3 figures, ranging from 0 K to 10,000K) show the

Fig 2. 2D number density profiles of the Cu0, Cu+ and
Cu2+.
the various species at the position of the sampler orifice,
and more specifically in the fraction of Cu + ions arriving
at the sample orifice, with respect to the amount of Cu
injected in the ICP. This fraction, which is a measure of
the Cu sample transport efficiency from the injector gas
inlet towards Cu+ ions entering the MS through the
sampler orifice, turns out to be around 47 % for the
conditions under study here, but it depends on the
operating conditions, and especially on the injection
position in the injector gas inlet. Figure 3 shows to what
extent the ion clouds move in the radial direction and
deviate from the central axis in the case of off-axis
injection compared with on-axis injection. It should be
realized that early evaporation and more expansion from
the central axis, which are caused by non-optimal
operating conditions, have to be avoided since they cause
that some part of the sample ions does not reach the
sampler. Our calculations shows that when all the
particles are injected on-axis, the dominant fraction
(around 90.6%) will enter the MS in the form of Cu+ ions,
while about 6.8% of the material passes as Cu0 atoms
through the sampler, and 2.6% exits through the exhausts.
However, in the case of off-axis injection, only 48% of
the injected material will enter the MS as Cu+ ions, while
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Fig. 4. 2D profiles of Cu+ number density at different
carrier gas flow rate of 0.6, 1.2, and 1.6 L/min, as well as
plasma temperature profiles (black contours) ranging
from 0 to 10,000 K.
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dependence of the temperature profiles change on the
carrier gas flow rate.
It is obvious that increasing the carrier gas flow rate
shifts the sample material further away from the inlet,
which delays evaporation, resulting in a shift of the Cu +
ion clouds towards the sampler. Moreover, a higher
carrier gas flow rate at a fixed applied power leads to a
drop in the plasma temperature and hence in the ion
number densities. Thus, the length of the cool central
channel inside the torch increases, as is clear from Figure
4. Therefore, the ionization is strongly shifted
downstream by an increase in the carrier gas flow rate.
We also investigated the introduction of copper and zinc
particles together into the ICP torch and by integrating the
total amount of ions passing through the sampler orifice
for different central flow rate, we conclude that the central
flow rate of 0.8 L/min is optimum in case of only copper
and 1.2 L/min for the case of copper and zinc injection.
Since the copper droplet flow rate is much lower than the
Ar flow rate, the temperature profile shows no differences
from the case when pure Ar is injected into the torch [25].
However, when increasing the copper droplet flow rate to
the order of µL/min, a cooling effect due to the
evaporation of the sample droplets is observed. The same
studies also performed for different applied power and
particle size and flow rate and the optimum result are
obtained.
4. Conclusion
We have computationally investigated the introduction
of elemental particles in an ICP, in order to obtain a better
insight into the particle transport trough the ICP torch and
to optimize the detection efficiency of inserted samples.
The particles are introduced from the central inlet and are
placed “on” and also “off” axis. Our calculation shows
that depending on the position of introduction and also the
operating parameters, each particle follows different path
lines in the torch and sometimes it can expand from the
central axis. Our model provides us the axial and radial
position at which the evaporation and ionization occurs.
This depends on the particle temperature along the torch.
It shows to what extent the ion cloud expands and
deviates from the central axis. This provides the number
of analytes that can enter the mass spectrometer. By
integrating the number density of ions passing through the
sampler over orifice width and the torch exhausts and
comparing to the entering material, we calculate the
transport efficiency at different conditions and explain the
whys behind it, which is a hint to improve the analytical
efficiency of ICP-MS. Specifically, we studied the effect
of gas flow rate, applied power, and particle diameter for
each, an optimum range which suggest higher transport
efficiency is obtained.
5. Acknowledgements
The authors gratefully acknowledge financial support
from the Fonds voor Wetenschappelijk Onderzoek
(FWO). They are also very grateful to H. Lindner for the
many interesting discussions and to A. Murphy for

ISPC23, Montreal, Canada

oral

providing the data on diffusion coefficients of a
copper/argon mixture.
6. References
[1] J. A. C. Broekaert, Analytical Atomic Spectrometry
with Flames and Plasmas, Wiley, Weinheim, (2005).
[2] M. I. Boulos, IEEE Trans. Plasma Sci., PS-6, 91
(1978).
[3] J. Mostaghimi, P. Proulx, M. I. Boulos, J. Numer.
Heat Transfer, 8, 187 (1985).
[4] P. Yang, R. M. Barnes, J. Mstaghimi and M. Boulos,
Spcctrochim. Acta Part B, 44, 651466 (1989).
[5] J. Mostaghimi and E. Pfender, Plasma Chem.Plasma
Process. 4, 199 (1984).
[6] J. Mostaghimi, P. Proulx and M. Boulos, J. Appl.
Phys. 61, 1753 (1987).
[7] H. Nishiyama, and M. Shigeta, Eur. Phys. J.Appl.
Phys., 18, 125 (2002).
[8] M. Shigeta, J. Phys. D: Appl. Phys. 46, 015401
(2013).
[9] D. Bernardi, V. Colombo, G. G. M. Coppa, and A.
D'Angola, Eur. Phys. J. D, 14, 337 (2001).
[10] V. Colombo, E. Ghedini, M. Gherardi, P. Sanibondi,
Plasma Sources Sci. Technol. 21, 055007 (2012).
[11] C. M. Benson, S. F. Gimelshein, D. A. Levin and A
Montaser, Spectrochim. Acta Part B, 56, 1097 (2001).
[12] C. M. Benson, J. Zhong, S. F. Gimelshein, D. A.
Levin and A Montaser, Spectrochim. Acta Part B, 58,
1453 (2003).
[13] H. Lindner and A. Bogaerts, Spectrochim. Acta Part
B, 66, 421 (2011).
[14] M. Aghaei, H. Lindner and A. Bogaerts, J. Anal. At.
Spectrom., 27, 604 (2012).
[15] M. Aghaei, and A. Bogaerts, J. Anal. At. Spectrom.,
31, 631, (2016).
[16] M. Aghaei, H. Lindner and A. Bogaerts, Anal.
Chem., 88, 8005, (2016).
[17] H. Lindner, A. Murtazin, S. Groh, K. Niemax and A.
Bogaerts, Anal. Chem. 83, 6260 (2011).
[18] M. Aghaei, H. Lindner and A. Bogaerts,
Spectrochim. Acta Part B, 76, 56 (2012).
[19] M. Aghaei, H. Lindner and A. Bogaerts, J. Anal. At.
Spectrom., 28, 1485 (2013).
[20] M. Aghaei, L. Flamigni, H. Lindner, D. Gunther and
A. Bogaerts, J. Anal. At. Spectrom., 29 (2), 249, (2014).
[21] ANSYS FLUENT 16 Documentation, Theory Guide
(2015).
[22] A. B. Murphy, J. Phys. D: Appl. Phys., 43, 434001,
(2010).
[23] A. B. Murphy, Phys. Rev. E, 48, 3594, (2003).
[24] A. B. Murphy, Sci. Rep., 4, 4304, (2014).
[25] A. Bogaerts and M. Aghaei, J. Anal. At. Spectrom.,
32, 233, (2017).

631

oral

Thermal plasma fundamentals and applications

First approach in the calculation of the radiative properties of
multi-temperature SF6 plasmas at 1 bar
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Abstract:
This work is devoted to the radiative properties of SF6 plasma at 1 bar, temperatures from
300K to 50000K and different non-equilibrium conditions =Te/Tg from 1 to 5. The radiation
coming from the atomic and molecular continua and from the atomic lines are taken into
account according to a multi-temperatures model and a first approach based on the Net
Emission Coefficient All the hypothesis are presented and first results are proposed and
discussed depending on different assumptions made in 2T plasma composition calculation.
Keywords: thermal plasmas, radiative properties, multi-temperature, SF6, HVCB.

1. Introduction
This paper is devoted to the calculation of a twotemperatures plasma composition of pure SF6 plasmas and
the first works developed in the LAPLACE laboratory on
their 2T radiative properties. While the electron
temperature Te can be sufficient to characterize the high
temperatures area of the plasma, the “heavy” particles
temperature Tg is needed for low temperature regions. This
work is in particular dedicated to better describe the
extinction of an electric arc in the numerical modelling
devoted to the high-voltage circuit breakers. Here, we
propose radiative properties of 2T-SF6 plasmas with
plasma compositions deduced from two opposite
assumptions, temperatures between 300K and 50000K,
ratios of electron to heavy species temperature =Te/Tg
between 1 and 5, and pressure of 1 bar.
The first part deals with the two-temperatures mass
action law used to determine the composition of pure SF6
in two opposite assumptions concerning the population of
internal energy modes: (case 1) Tex=Te, Tv=Te and Trot=Tg;
and (case 2) Tex=Tg, Tv=Tg and Trot=Tg. The results are
discussed in the companion paper [1]. The second part
concerns the calculation of the radiative properties by the
net emission coefficient theory. The analytical expressions
allowing the calculation of the various contributions (lines,
atomic continuum and molecular continuum) to the total
net emission coefficients are presented and discussed for
SF6 plasma in non-thermal equilibrium conditions. A
particular attention is done to treat the line’s broadenings.
2. Compositions of the plasma
The compositions of 2T-SF6 plasmas have been calculated
according to the two-temperatures mass action law and the
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chemical base concept defined by Godin and Trépanier
[2,3], at 1 bar and different ratios =Te/Tg. More details can
be found in [1] concerning the chemical species considered
in the calculation, the pressure corrections taken into
account, the calculation of the internal and total partition
functions necessary to deduce the number densities, and
the two assumptions done on the temperatures : (1) Tex =
Te, Tv = Te and Trot = Tg and (2) Tex = Tg, Tv = Tg and
Trot = Tg with Te and Tg the translation kinetic temperatures
of electrons and heavy particles respectively, Tex the
excitation temperature associated to the population of
excited electronic states (atomic and molecular), Tv the
vibration temperature linked to the distribution of
vibrational levels and Trot the rotation temperature related
to the population of rotational states. The population
number densities and the partition functions have been
calculated for a couple (θ,Te).
3. Net Emission Coefficient
The radiative properties have been estimated using the
Net Emission Coefficient method. With this method, an
assumption is made regarding to the plasma geometry (the
plasma is assumed to be homogeneous, spherical of radius
RP and isothermal). The NEC is defined as the difference
between power emitted and absorbed per unit volume and
solid angle, on the axis of a spherical, homogeneous and
isothermal plasma. It has been shown that the use of NEC
in modelling gives a satisfactory result in the high
temperature zone of plasma [4]. In the case of Local
Thermodynamic Equilibrium, the NEC is defined by:


 N (T , R p )   B (T )  K ' (T )  e
0

 K (T )R 
'

p

 d (1)
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where  is the wavelength, RP is the plasma radius, B is
'

the Planck’s function, K  is the monochromatic
absorption coefficient which is correlated with the local
emission coefficient by Kirchhoff’s law. Meanwhile, the
error on radiation has little influence on the cold zone
where the radiation is not a predominated energy term. In
this paper the NEC is then a first approximation used to
estimate the radiative losses in the case of twotemperatures. As the new numerical modelling request two
energy conservation equations (one for electrons, and one
for heavy particles), we divided the radiative spectrum into
two contributions: one corresponding to the emission of the
continuum, the other to the emission of the lines, both
calculated for a couple (θ,Te) :



cont
N



(Rp )   B (Te )  K
0

'
cont,

K

'
total, ( ,Te )Rp

( ,Te )  e



'
 Nlines ( Rp )   B , (Tex )  Klines
, ( , Te )  e
0

 K

'
total , ( ,Te )Rp





 d (2)

 d (3)

We thus calculated the monochromatic absorption
coefficient of the continuum, of the lines and the total
monochromatic absorption coefficient used in the
exponential terms in (2) and (3). In the case of twotemperatures, the Planck function is normally unusable.
Nevertheless, in this first approach, we calculated the
Planck function at T=Te for the NEC of the continuum (2),
and T=Tex for the NEC of the lines (3).
4. Total absorption coefficients
As indicated previously, we estimated the different
monochromatic absorption coefficients:
- the absorption coefficient of the atomic lines
'
which depends on the wavelength, the
Klines
, ( , Te )
spontaneous emission probability Aij,, the normalized
profile of the line P (θ,Te), and the population number
density of the atomic particles na,i in their absorbing
states ‘i’ and calculated at the temperature Tex for a
couple (θ,Te). In this work, we did not neglect the line
overlapping by using the “line by line” method [5,6].
Assuming this approach, the main difficulty of the
calculation was the determination of the line’s profile.
We took into account the broadening phenomena
resulting from Doppler effect and pressure effects (Van
der Waals broadening, resonance broadening, and Stark
broadening). The line shape of Doppler broadening has
been assimilated to a Gaussian profile, and the full
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width at half maximum (FWHM) has been estimated
assuming T=Tg. The pressure broadenings, whose line
shape has been described by a Lorentzian profile, is
caused by the interaction of an emitting atom with
surrounding particles: we determined the FWHM of the
resonance broadening with T=Tex, the FWHM of Van
de Waals broadening with T=Tg. and the Stark
broadening with T=Te. We considered the Griem’s
corrections assuming Tg for the ions’ influence and Te
for the electrons’ influence. Finally, we calculated each
broadening for a couple (θ,Te) leading to a total
broadening deduced after the convolution of the
Gaussian and the Lorentzian expressions in a Voigt
profile P (θ,Te), and given for a couple (θ,Te).
- the monochromatic absorption coefficient of the atomic
continuum which is produced by three mechanisms: the
radiative attachment, the radiative recombination and
the Bremsstrahlung radiation. We calculated the
corresponding coefficients according to the expressions
defined in LTE [7], replacing T by Te and calculating
the Planck function at Te.
- the monochromatic absorption coefficient of the
molecular continuum which has an important impact in
the surrounding regions where the radiation coming
from the hottest regions can be strongly absorbed,
especially the UV radiations. We treated the
photodissociation, the simple photoionisation and the
dissociative photoionisation. As it is very difficult to
calculate the cross-sections for all the rotational,
vibrational or electronic levels, we preferred to use
experimental data from the literature. Nevertheless,
these data are often obtained in the Standard
Temperature Conditions at atmospheric pressure.
Based on this report, we applied two assumptions: (1)
we only considered the fundamental energy levels
which is a good approximation for the low temperatures
where the population number densities of the molecules
are important; (2) the cross-sections of the several
involved radiative mechanisms were supposed to be
independent on the temperature, and only dependent on
the wavelength. In this work, we considered the
molecules S2, F2, SF, SF2, SF3, SF4, SF5, SF6, S2F2,
S2F10.
- The absorption coefficient of the molecular bands: we
did not take into account this phenomenon in the net
emission coefficient.
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5. Results
The net emission coefficients for the continuum are
presented in figures 1 & 2 for different values of θ, the
atmospheric pressure and Rp=1mm. For the case 1, the
coefficients increase with θ due to the fact that the
population number densities of the neutral particles,
cations and anions and electrons are higher for high θ.
For the case 2, the behaviors are different due to the
assumption made in the plasma composition (Tex=Tg,
Tv=Tg): decrease up to θ=2.5, and increase for higher θ.
We suppose that this variation is due to the exponential
term in equation (2) where the absorption coefficient of
the lines is included in the total absorption coefficient.
More investigations must be done to explain more
accurately this behavior.
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Fig 2. Net Emission Coefficient of the Continuum:
influence of θ for the case 2 and Rp=1mm.
The net emission coefficients for the lines are presented
in figures 3 & 4 for different values of θ, the atmospheric
pressure and Rp=1mm. For the case 1, the NECs of the
lines increase with the value of θ for the same reasons
given for figure 1 and the continuum. For the case 2, the
NECs decrease drastically due to the values of the
population number densities of the atomic species which
becomes very low at high Θ.
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θ for the case 2 and Rp=1mm.
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MHD modeling of rotating arc under restrike mode: dynamics and stability
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Abstract: This paper focuses on the 3D MHD modeling on an arc plasma in a Kvaerner-type torch made of two concentric
electrodes. The spots are displaced with an external magnetic field. We observe different phenomenologies in arc movement,
ranging from a gliding arc on the electrodes surfaces to jumping arc foot. The former mode induces a lower heat flux at the
electrodes surfaces in comparison to the latter. Besides those dynamics which are indebted to gas nature, current and flow rates,
arc stability is also investigated with a theoretical model based on an energy principle.
Keywords: MHD, Kvaerner-type torch, rotating arc dynamics, hop-off mode

1.

distance is approximately the ’diffusion length’ of electrons
in the arc plasma. Such approach called the ’LTE-diffusion
approximation’ [2] is followed in this paper.
Then the flow of a thermal plasma can be fully described by
five independent variables, chosen as : p pressure, u~ velocity,
~ magnetic potential
T temperature, φ electric potential and A
vector . They form the vector

Introduction

In plasma torches, arc dynamics is of great importance as
it impacts design, heat flux distribution, power and stability
control. Those dynamics are particularly indebted to the torch
configuration, especially for magnetically driven electrodes
where different modes of arc-foot attachment and movement
can occur. They range from the smoothly rotating arc foot that
distributes the heat flux uniformly around the circumference of
the electrodes to the jumping arc foot, where the arc foot either
repeatedly visits certain spots on the electrode surface or follow
a random process. In this paper we present MHD modeling of
an hydrogen arc in a Kvaerner-type torch where electrodes are
concentric. Details regarding this torch development can be
found in [1]. The arc roots are displaced with an external magnetic field. A very striking arc phenomenology was observed,
depending on operational conditions. The arc dynamics on
electrodes surfaces is carefully described; we discuss also its
stability by means of a mathematical model based on energy
principle. It is shown that, under the two concentric electrodes
configuration, pressure-driven instability causes deformation
of the stretched arc besides its tilting toward electrodes surface.
2.

Y = [p u~ T

φ

~t
A]

(1)

where the subscript t indicates transpose. The set of equations
describing a thermal plasma flow can be expressed in a compact form as a system of transient-advective-diffusive-reactive
(TADR) equations as
R (Y) = A0 ∂Y/∂t+(A·∇)Y−∇·(K∇Y)−(S1 Y+S0 ) = 0 (2)

where R represents the vector of residuals and A0 , A, K, S1 and
S0 are matrices of appropriate sizes. Under this formulation,
the MHD equations are presented in Table 1. ρ represents
mass density, t time, µ dynamic viscosity, δ~ the identity tensor
~ magnetic field, C p specific heat at conJ~q current density, B
stant pressure, κ thermal conductivity, he electron enthalpy, J~e
~ electric field, Q̇ r volumetric
mass diffusion flux of electrons, E
radiation losses, σ electrical conductivity, e the elementary
charge and µ0 the permeability of free space.
Radiation is calculated using the net emission coefficient
 r [3]. Its derivation requires the spectrum of the absorption
coefficient kν0 . This is achieved thanks to the recent work of T.
Billoux [4]. It yields to a huge database with a temperature
range from 300 to 30 000 K and wavelengths from 0.209 µm
to infrared, as shown in figure 1.

Mathematical models

Under the local thermodynamic equilibrium (LTE) assumption,
a one-temperature model is used despite deviations from the
equilibrium at the arc fringes and near the electrodes. The
plasma is considered optically thin, the flow as laminar and
incompressible. The anodic and cathodic sheaths are not considered whereas plasma/electrodes interfaces is of importance
and treated with the approach presented in the section 3. Indeed, reasonably accurate calculations of arc properties can be
made assuming LTE and omitting diffusion effects, provided
that mesh sizes at the electrodes are ∼0.01-0.04 cm. This

Q̇ r = 4π r = 4π

∞

Z

kν0 Bν exp(−kν0 R p )dν

(3)

0

1
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i
1
2

Yi
p
u~

3
4
5

T
φ
~
A

Transient
∂ρ
∂t
u
ρ ∂~
∂t
ρC p ∂T
∂t

0
~
∂A
∂t

oral

Advective
∇ · ρ~u
ρ~u · ∇~u − ∇p

Diffusive
0
~
∇ · µ(∇~u + ∇~u t − 23 ∇ · u~ δ)

ρC p u~ · ∇T
0
~
∇φ − u~ × ∇ × A

∇ · (κ∇T + 52 k B T eq )
~
∇ · σ(∇φ − u~ × ∇ × A)
−
1 2~
(µ0 σ) ∇ A

Reactive
0
~ + ρ~g
J~q × B
~ + u~ × B)
~ − Q̇ r
J~q · ( E
0
0

J~

Table 1: Thermal plasma equations: transient + advective - diffusive - reactive = 0
1012

10

06000 K
10000 K
14000 K
18000 K
22000 K
26000 K
30000 K

105

Net emission coefficient (W.m-3.sr-1)

Absorption Coefficient (m -1 )

10

0

10

10-5
101

102

103
Wavelength (nm)

104

105

~ + u~ × B)
~
J~q = σ( E

(4)

The thermodynamic and transport properties appearing in
Table 1 are computed using TT Winner code [5] based on the
Gibbs free energy minimization, with the temperature ranging
from 300 K to 20 000 K.
3.

106
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p

Rp = 5 mm
Rp = 10 mm

104
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Figure 2: NEC of H2 at 1 bar and for different R p

The radiation from background continuum, either molecular (H2 ) or atomic (H, H − and H + ), from molecular diatomic
bands, and from 74 lines spectrum for hydrogen is considered.
Such huge investigation allows having a more precise calculation of the radiative contribution. The electric and magnetic
potentials are related to the electric and magnetic fields and
the current density through the following expressions
~ = ∇ × A,
~
B

108

10-2

Figure 1: Absorption coefficient of H2 at 1 bar

~
~ = −∇φ − ∂ A ,
E
∂t

1010

Computational domain and boundary conditions

The calculation domain is based on a Kvaerner-type torch composed of a plasma zone and a post-discharge zone. The torch
consists of two concentric graphite electrodes, schematically
shown in Fig. 3. The grid mesh of 1/8 of the domain realized
using SALOME 5.1.4 [6] contains 6.7 millions hexa-cells and
is refined at the post-decharge zone, in particular near the
electrodes. The boundary conditions are detailed in Table
2. To improve arc/electrodes thermal transfer, the graphite
electrodes are incorporated into the computational domain [7].
The methodology used to integrate the solid phase in a fluid
mechanics model was entirely based on the work of Borel [8].

This step is not inconsequential, as it involves removing the diffusivity from the material/fluid faces. Gradient reconstruction
in the solid/fluid interface is removed and the continuity of
thermophysical properties is calculated by harmonic interpolations. The arc voltage φ = dpot is calculated at each time step
to satisfy the current set boundary condition at the cathode.
The coupled Navier-Stokes and Maxwell’s equations are
solved using the CFD software Code Saturne V2.0.1 based on
a co-located finite volume, on the SIMPLEC algorithm and a
fully implicit solution of equations [9]. The time step is set
to 2 µs.The external coil is accounted for, through a source
term in the Navier-Stokes equation. The external field has two
components: radial and axial components, Br = −4 mT and
Bz = 40 mT respectively.
To enable re-arcing, the hot gas column reattachment
model developed by Baudry et al [10] is used. The stretching
of the arc column leads to an increase of the voltage drop, and
therefore the electric field, between the arc column fringes and
the cathode surface. The breakdown occurs when the electric
field overcomes a specified threshold value of the electric
field, named Eb , in a cell of the computational mesh. When
the critical value Eb , the boundary conditions on the cathode
potential are modified to force the new arc root to connect to
the closest point of the cathode. Short circuit is imposed with
the creation of a new conducting channel.
4.

Results and discussions

2
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Figure 4: Voltage 1 bar, 1000 A, Eb = 1e5 V/m

Figure 3: Schematic of the Kvaerner-type torch

Yi
p
u~
T
φ
~
A

Inlets
p, n = 0
u~ = u~in
T = Tin
φ, n = 0
Ai, n = 0

Cathode
p, n = 0
ui = 0
T = Tin
φ, n = 0
Ai, n = 0

Anode
p, n = 0
ui = 0
T = Tin
φ = dpot
Ai, n = 0

Walls
p, n = 0
ui = 0
T, n = 0
φ, n = 0
Ai, n = 0

Outlet
p = pout
ui, n = 0
T, n = 0
φ, n = 0
Ai = 0

Table 2: Boundary conditions: a, n = ∂a/∂n differentiation in the direction of the outer normal to the boundary; i = x, y, z Cartesian
coordinates

The MHD modeling results enlightens very particular dynamics inside this Kvaerner-type torch. Under the nominal
operating conditions, arc displacement is indeed observed to
be a halted process. The external magnet causes the tilting of
the stretched arc towards the electrodes surfaces. Consequently
the properties are locally modified; the restrike breakdown
condition is met and a new arc is created at this new location.
The overall movement is a jumping arc and we speak of hop-off
mode, well shown in Fig. 5. Another remarkable feature under
this mode is the following: the arc previous locations can have
a great impact on the heat prehistory of the electrodes [11] and
consequently on its dynamics. Arc wake represents the cold
boundary layer and where the breakdown condition can be
satisfied. This explains why re-arcing can occur backward to
the initial rotational direction. Such jumping mode is possible
because the arc may prefer to attach on a location that has
been preheated, owing to a previous visitation by the arc foot.
Moreover, it appears that the axial gas flow, not only impacts
the arc rotational velocity as observed in many configurations
but also controls the dynamics of the arc on electrodes surfaces.
Reducing the latter by 10 have led to a shift in the dynamics
mode: a gliding arc is observed on Fig. 6, corresponding to a
lower voltage (Fig. 4) due to a hotter and more importantly
shorter arc.
5.

Conclusion

This paper highlights the particular dynamics modes and their
stability inside a Kvaerner-type torch. The outcomes are in

agreement with experimental observations. The model gives
crucial information regarding the design, the control and the
optimization of torch operation.
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(a) t=0.36 ms

(b) t=0.52 ms

(c) t=0.64 ms

(d) t=0.8 ms

(e) t=0.88 ms

(f) t=0.92 ms

Figure 5: Time sequence of the PBR arc (side wiew): Hydrogen, 1 bar, 1000 A, Br = −4 mT, Bz = 40 mT and Eb =1e5 V/m

(a) t=0.04 ms

(b) t=0.2 ms

(c) t=0.24 ms

(d) t=0.28 ms

(e) t=0.36 ms

(f) t=0.44 ms

Figure 6: Time sequence of the PBR arc (side wiew): Hydrogen, 1 bar, 1000 A, Br = −4 mT, Bz = 40 mT and Eb =1e5 V/m with nominal
flow rates reduced by 10

(a) hop-off mode

(b) gliding mode

Figure 7: Schematic decomposition of observed arc dynamics: for the hope-off mode 0 ⇒ 1 ⇒ 2 "stretching", 2 ⇒ 3 ⇒ 4 ⇒ 5 "tilting", 0 ⇒
"restriking"
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Time-resolved optical and spectroscopic study of the restrike mode in arc
plasma torch
A. Mašláni, P. Ondáč, V. Sember and M. Hrabovský
Institute of Plasma Physics, Thermal Plasma Department, Czech Academy of Sciences, Prague, Czech Republic

Abstract: Simultaneous optical, spectroscopic and electrical measurements in the region of
the arc anode attachment of the water-argon plasma torch are presented. A movement of the
arc attachment along the anode surface together with its restrike mode is monitored.
Temporal evolution of temperature during one cycle of the restrike mode is obtained.
Resulting temperature profile shows importance of the position of the arc attachment on
plasma properties.
Keywords: plasma torch, arc anode attachment, restrike, emission spectroscopy
1. Introduction
Measurement of plasma characteristics with high
temporal and spatial resolution is of great importance in
order to understand physics of the individual discharge as
well as for various applications in plasma processing
technologies. Time-resolved measurements are typical for
discharges with well-defined time appearance, i.e.
different types of AC and pulsed discharges. It is possible
to find such cases also for arc discharges, which are of
special interest in relation with present work [1 - 3]. As
for DC discharges, measurements with high temporal
resolution are more difficult because of technical
properties of CCD chips. Moreover, it is often not
expected any specific temporal behaviour of such
discharges in relevant time scales. One of the special
examples of time resolved pattern in DC discharge is so
called restrike mode of the arc attachment (called also arc
root) movement in plasma torches. In this work we
present results of optical and spectroscopic measurement
during one cycle of the restrike in the anode attachment of
the water-argon plasma torch.

The gap of the nozzle connecting arc chamber with
surrounding environment has diameter 6 mm. From this
description and from Fig.1 it is evident that we are able to
observe part of the arc between nozzle and anode, and
also the arc root which is moving along the anode surface
with the period in the order of tens of microseconds.
Measurement system consists of high speed camera
Photron, voltage probe Rigol, PC oscilloscope
(PicoScope) and spectrometer Jobin-Yvon Triax 552.
Videos recorded by high-speed camera are synchronized
with the cathode-anode voltage measurements and with
spectroscopic measurements.

2. Experimental Setup
Schematic view of DC water-argon torch is shown in
Fig.1. Details about this torch can be found also
elsewhere [4]. The arc is stabilized by the argon in the
cathode region and by the water vortex surrounding
substantial part of the arc column. The arc current can be
varied between 200 A and 600 A and the argon flow rate
between 8 slm and 40 slm. Rate of water evaporation into
the plasma is about 0.3 g/s. This work presents
measurements for 400 A and 500 A and for 12 slm of
argon.
Cathode, made of thoriated tungsten, is protected by the
argon flow; therefore its erosion is negligible and its
lifetime is long. On the other hand, anode is a copper disc
with thickness 16 mm. It is rotating with the frequency 50
Hz in order to assure uniform erosion and is cooled by
water. The anode is located outside of the torch body 2
mm from the exit nozzle in horizontal direction.

Fig. 1. Schematic view of water-argon plasma torch
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3. Results
We present examples of measurement for two values of
arc currents, 400 A and 500 A. In both cases argon flow
rate was 12 slm. Fig. 2 shows saw-tooth pattern of
cathode-anode voltage, which is typical for restrike mode
of the arc root movement along the anode surface. Fig. 3
shows images of the plasma obtained by the high speed
camera corresponding approximately to minimum (upper
image) and maximum (lower image) cathode-anode
voltage. The voltage monotonically increases from
minimum to maximum as the arc attachment moves along
the anode downstream the plasma flow. When the
attachment reaches end of the anode, it disappears and
new attachment is formed upstream. This event is
accompanied by fast drop of the voltage. Thus new cycle
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of arc attachment movement begins and the process
repeats.
Fig. 3 shows also positions in which we performed
spectroscopic measurements; they are marked with the
red rectangles and with numbers 1 and 2. In position 1
light is collected from the plasma above the central part of
the anode, while in position 2 we measure region above
the downstream edge of the anode surface. In all
measurements the integration time of the spectra is 20 μs;
as a typical period of the restrike is about 90 μs, we are
able to monitor temporal behaviour during this period
spectroscopically.
295
290
285

oral

see well-recognized Hβ, as well as two emission lines of
singly ionized argon (476.5 and 480.6 nm). All these three
lines were used for temperature determination. The
method is based on the ratio of experimental and
theoretical emission coefficients of Hβ and ArII lines;
details about this method can be seen in [5].
Spectroscopic measurements were performed as
follows: for given experimental conditions (arc current,
argon flow rate and position of the measurement) we
captured large number of spectra together with high speed
camera images and voltage-time dependencies. From
these data we chose only those, which did not include the
restrike itself. Then we were able to specify in which
moment during restrike period we measured spectrum.
Moreover we excluded those data that were measured
during periods, which were much longer or shorter than
average one (90 μs). As a result we obtained temporal
profile of temperature during the average restrike period.

U (V)

280
275
H 486.1 nm

2500

270
265
260
50

100

150
t (s)

200

250

Fig. 2. Example of temporal evolution of the cathodeanode voltage

intensity (a.u.)

2000

1500

Ar II
480.6 nm

1000
Ar II

500 476.5 nm

0
475

480

485
490
wavelength (nm)

495

Fig. 4. A typical emission spectrum with the central
wavelength at Hβ line

Fig. 3. High speed camera images of the plasma arc and
jet for two cases: minimum voltage (upper) and maximum
voltage (lower). Images come from a high speed movie
with 20 000 fps and exposure time is 1 μs. Red rectangles
show positions of the entrance slit for spectroscopic
measurements
Fig. 4 shows typical measured emission spectrum in
spectral window with the centre at Hβ line (486.1 nm). In
spite of the fact that the spectrum is noisy, it is possible to
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Results are shown in Figs. 5 and 6. Each point in these
time profiles corresponds to the centre of the time interval
during which spectra were acquired. It means, for
instance, that point with time coordinate 40 μs was
measured in the time interval from 30 μs to 50 μs. Time
zero corresponds to the moment just after restrike process,
i.e. it is the moment with minimum voltage when anode
attachment is closest to the exit nozzle of the torch (Fig.3
upper image). Similarly, at the time 90 μs there is a
maximum voltage (Fig. 3 lower image).
Fig. 5 presents measurement with the arc current 400 A
and in the position 1 (above the centre of the anode). In
this case the temperature reaches its maximum value in
the middle of the time interval at about 40 μs. On the
other hand, Fig. 6 shows the case with current 500 A and
for position 2, where temperature monotonically increases
up to the maximum value at the end of the interval. It
seems that maximum value is connected with the presence
of the arc attachment. As it moves along the centre of the
anode surface, maximum temperature is measured.
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Similarly the highest temperature at the edge of the anode
is obtained in the moment when arc root gets there.
Interpretation of these results can be different. The
region of anode attachment is characterized by interaction
of plasma with the solid electrode. This phenomenon
brings strong non-equilibrium effects into the thermal arc
plasma behaviour. A drawback of these measurements is
that we collect light from the whole plasma column.
Better insight can be obtained if not only temporal but
also spatial resolution will be high enough. Previously we
have measured spectra with high spatial resolution but
integrated in time scales of tens of milliseconds. In such a
way we obtained local values of temperatures in different
parts of the arc column, but we could not follow the arc
root movement. Next step should be measurement with
high temporal as well as spatial resolution at the same
moment.

15,000

temperature (K)

14,800
14,600
14,400

4. Conclusion
Time resolved measurements of arc discharge in the
anode region are presented. We are able to follow
movement of the arc anode attachment using high speed
camera movies, arc voltage time evolution as well as by
emission spectra. Results include temporal evolution of
temperature during the restrike mode; it seems that
temperature depends on the position of the arc root.
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Fig. 5. Temporal evolution of temperature during one
period of restrike mode (arc current 400 A, measured in
position 1)
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Fig. 6. Temporal evolution of temperature during one
period of restrike mode (arc current 500 A, measured in
position 2)
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The effects of temperature and pressure gradients on the species diffusion in a
low power nitrogen/hydrogen arcjet thruster
Qing-Song He , Hai-Xing Wang
School of Astronautics, Beihang University, Beijing, China
Abstract: A numerical simulation has been performed on a low power nitrogen/hydrogen
arcjet thruster with the effects of concentration, temperature and pressure gradients
included in the model. The results show that diffusion due to pressure gradient has minor
effect on species distribution. In the arcjet axis, the diffusion driven by temperature gradient
leads to increase of concentration of hydrogen molecules and nitrogen ions and decrease of
hydrogen atoms at the downstream of the nozzle.
Keywords: nitrogen/hydrogen, temperature and pressure gradients, numerical simulation
1. Introduction
Arcjet thruster is an electro-thermal thruster, which
uses an arc to increase the enthalpy of the propellant. In
typical low power nitrogen/hydrogen thruster, the gas
temperature is about 20000 K in the axis, while it is about
1000 K near the anode region. The gas pressure at the
inlet is several atm, in contrast to several hundred Pa at
the outlet [1]. Thus, large temperature gradient and
pressure gradient can be found in the arcjet thruster,
which lead to the partial separation of gases in arcjet
thuster. However, only the effect of concentration
gradient was included in the previous arcjet modeling
study [2,3]. To take a comprehensive consideration of
different diffusion driving force into account, the
combined diffusion coefficients were proposed by
Murphy, which was based on the assumption of LTE [4].
This mothed has successfully used to model diffusion in
many types of thermal plasma devices, such as plasma
torch, plasma jets, and free burning arc. The selfconsistent effective binary diffusion coefficient
(SCEBDC) approximation is another important method to
calculate multicomponent plasma diffusion, which is
proposed by Ramshaw [5]. This method has been applied
to the modeling of two-temperature and chemical
nonequilibrium plasma processes, including the
nonequilibrium effects study of an argon plasma jet and
DC plasma arc.
In this paper, the self-consistent effective binary
diffusion coefficient (SCEBDC) approximation developed
by Ramshow is used to treat the species diffusion in a low
power nitrogen/hydrogen arcjet. The diffuse fluxes due to
the concentration, temperature, pressure gradients are
taken into account in the model. The effects on species
distributions caused by temperature and pressure
gradients are analyzed.
2. Model Description
An axisymmetric, steady, laminar, continuum-flow,
two-temperature kinetic nonequilibrium model is
formulated for a direct current arcjet with nitrogen–
hydrogen mixtures as the working gas. In this study, the
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plasma is assumed to be macroscopically neutral. Strong
coupling is assumed between the ions and neutrals,
designed together as the heavy species. Since in most
region of arcjet, electron temperature is different from
that of heavy species, a two temperature model that
separately tracks electron and heavy species quantities,
although the transport properties are still calculated for
the ions and neutrals separately.
In the model, there are seven species of particles to
be accounted for, which includes electrons, molecules (N 2,
H2), atoms (N, H) and ions (N+, H+). 17 chemical
reactions including dissociation, ionization and
corresponding recombination are included. The details of
the finite rate chemistry model for nitrogen/hydrogen
plasma were presented in Ref. [3]. The computation
model solves the equations of continuity, momentum,
energy and species conservation, and Maxwell’s equation.
The equations are solved simultaneously with appropriate
boundary conditions. An almost complete description of
the nonequilibrium model has been given previously [3].
The diffusion flux is calculated following the SCEBDC,
which is given by [5]
 pM i Di 
 pM j D j 
H  yi  
H j  1
J i  
 RT  i


Rg Ti
j  Rg T j 
 g i 



 M i qi i Di - yi  M j q j  j D j E (1)


j



where p is the gas pressure, Mi, Ti and Di are
respectively the molecular weight, temperature and
effective binary diffusivity of species i, and Rg is the
university gas constant. yi is mass fraction defined by
yi=ρi/ρ. qi is the charge per unit mass of species i. E is the
ambipolar electric field, which can be obtained by
E

p
He
qe e

(2)

In this study, the diffusion fluxes due to
concentration, temperature and pressure gradients are
taken into account, then the driving force Hi can be given
by
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H i  xi  xi  yi  ln p  1 / p   ij  ln T   ji  ln T  (3)
j

hydrazine thruster. In the technique, a short duration
current pulse was superimposed on the arcjet steady-state

In the Eq.(3), xi is pressure fraction defined by
xi=pi/p. βij and βji are thermal diffusion between species i
and j which are given by Ref. [6].

6

Axial velocity (km/s)

To obtain accurate transport properties, the
Chapman–Enskog expansion was employed. Secondorder approximations were used to calculate heavyspecies viscosity coefficients and thermal conductivities.
The third-order approximation was used to obtain
accurate values of electron conductivity and electron
thermal conductivity. The calculation methods of the
transport and thermodynamic properties can be found in
Ref.[7].

7

Table 1. Parameters used for the calculation
Parameter
mass flow rate
arc current
nitrogen:hydrogen
upstream anode half-angle
anode cathode gap
constrictor diameter
constrictor length
nozzle length
nozzle half-angle

Value
50 mg/s
10 A
1:2
30o
0.58 mm
0.64 mm
0.41 mm
12.15 mm
20o

3. Results
In order to validate the numerical code, the predicted
radial distributions of axial velocity and heavy-species
temperature at the thruster exit are compared with
previous experiments. The predicted exit plane
distribution of the axial velocity is shown in Fig. 1(a),
along with the experimental measurements. In the
experiment [8], a spatially-resolved time-of-flight
technique was used to measure the radial profiles of the
plasma axial velocity at the exit plane of a 1 kW class
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3
Model prediction

2

The Runge–Kutta scheme of fourth-order was
employed to march forward in time. The Roe scheme with
MUSCL limiters was used to discretize the convection
terms of the governing equations. Central-differencing
was chosen to discretize the diffusion term. The nonuniform grids are comprised of 140 axial nodes by 30
radial nodes. A finer mesh was used around the anode
wall and the nozzle axis. The grid dependence has been
checked. The computational grids adopted here are
sufficient to capture the important physics, and are
considered to be a reasonable trade-off between numerical
accuracy and computational effort.

Experiment (Bufton and Burton,1997)

1
4

2

0

2

4

r(mm)

(a)

3000

Temperature (K)

The arcjet thruster used in this simulation is a 1-kWclass radiatively cooled laboratory-type thruster, which
has almost the same dimensions as the radiation-cooled
arcjet thruster designed by NASA Lewis Research Center
[8], allowing comparison of the predictions of the model
with experimental data available in the literature. The
geometrical and operating parameters of the arcjet
thruster are listed in Table 1

5

2000
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Model Prediction
Experiment (Bufton and Burton,1997)
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2

4

r(mm)

(b)
Figure 1 Numerical predictions and experimental
measurements of axial velocity (a) and heavy-species
temperature (b) profile at the thruster exit
operating current, causing a momentary change in the
emission characteristics of the tagged flow. The plasma
velocity was inferred by measuring the time required for
the tagged plasma to traverse the axial distance between
detectors. The measurements were taken in the plume at
an axial location 1.0 mm downstream of the nozzle exit. It
can be seen that the simulation predictions generally agree
well with the experimental measurements.
Figure 1(b) presents a comparison of the numerical
predictions with the probe-derived radial profile of heavyspecies temperature at the thruster exit. In the experiment,
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the ion temperature was indirectly derived from the ion
speed ratio and the axial velocity at the thruster exit, i.e.,
the ion speed ratio, (ui/cm), measured by a quadruple
electrostatic probe [9], was combined with the axial
velocity ui to determine the quantity, cm= (2kTi/mi)1/2 and
hence the ion temperature. It can be seen in Fig. 1(b) that
in the central region of the thruster exit plane, the
simulation accurately predicts the experimental
measurements. The slight discrepancies between theory
and experiment at large radii may be due to probe
misalignment with the flow [8].
Fig. 2 shows the temperature distributions of electron
and heavy species. It can be seen from the Fig. 2 that the
plasma is close to thermal equilibrium in the constrictor
central region, while in the anode surface, especially in
the arc attachment region, the plasma deviates from the
thermal equilibrium significantly. In this region, the
electron temperature is about 12000 K, in contrast to
about 2000 K of heavy species temperature.
As is shown in the Fig. 3, there is a significant pressure
drop in the constrictor, from 3 atm to 1 atm. Along the
divergent part of the arcjet, the pressure decrease from the
1 atm at the constrictor outlet to about 500 Pa at the
nozzle exit. Also, it is noted that the isopiestic line is
almost perpendicular to the arcjet axis.
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Another thing standing out in the Fig. 2 and Fig. 3 is
that large radial heavy species temperature gradient, radial
axial velocity gradient and axial pressure gradient are
observed in the arcjet thruster, which may have effects on
the species distribution in the arcjet thruster. Then, the
effects of temperature and pressure gradients on the
species diffusion in the low power nitrogen/hydrogen
arcjet thruster will be investigated.
Fig. 4 shows the calculated distributions of nitrogen
and hydrogen molecules along the nozzle wall. It is seen
that species distributions for the cases, the diffusion
fluxes due to concentration and temperature, the diffusion
fluxes due to concentration, temperature and pressure, are
almost the same as those for the case with only the
diffusion flux due to concentration gradient considered.
Small effect of the pressure gradient on the diffusion is
related to the flow features of the arcjet thruster. In arcjet
thruster, gas acceleration through the transonic region to
supersonic flows only produces a large negative axial
pressure gradient. The radial profile of pressure is actually
quite flat at the cross section of the nozzle. Hence, the
diffusion due to radial pressure gradient has only a
relatively small effect. Also, the small effect of
temperature gradient on species distribution along the
nozzle wall indicates that the concentration gradient is
dominated in this region.
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Figure 5 shows the influences of the different diffusion
processes on the nitrogen and hydrogen species
distribution along the axis of thruster. It is noted from this
figure that the diffusion due to pressure gradient still has
little effect on the species distribution. It is because that
the axial convection transport of species is much stronger
than species diffusion due to pressure gradient, although
there is a large axial pressure gradient throughout the
expansion part of nozzle. The effects of diffusion due to
temperature gradient are different for different species
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along the thruster axis. It can be seen from Fig.5 that
diffusion due to temperature will lead to the increase of
concentration of hydrogen molecules and nitrogen ions,
0 .4
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4. Conclusions
Modeling study on a low power nitrogen/hydrogen
arcjet thruster with self-consistent effective binary
diffusion coefficient (SCEBDC) approximation treating
species diffusion is carried out. The effects of temperature
and pressure gradients on the species diffusion are
investigated. The results show that diffusion due to
pressure gradient has minor effects on species distribution,
which is because that the axial convection transport of
species is dominated in the expansion part of the thruster
nozzle. The diffusions driven by temperature gradient
have different effects on different species distributions
along the thruster axis. The reason is that diffusion due to
temperature gradient usually drives the lighter species
towards regions of lower temperature, on the other hand,
collisions between lighter and heavier species would like
to drive the heavier species towards the hotter regions
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Fig.5 Calculated axial dependence of mole fraction of
hydrogen molecules (a) nitrogen and hydrogen atoms
(b) nitrogen and hydrogen ions (c) along the axis of
the thruster nozzle
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while decrease of hydrogen atoms at the downstream of
the nozzle. This is because that the diffusion due to
temperature gradient usually drives the lighter species,
such as hydrogen atoms, towards regions of lower
temperature, on the other hand, collisions between lighter
and heavier species would like to drive the heavier
species, such as hydrogen molecules, nitrogen ions in this
case, towards the hotter regions [10].
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Two-dimensional distribution of Ti vapor admixture ratio and Ti atomic density
in the Ar ICTP torch during Ti feedstock injection
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Abstract: Two-dimensional (2-D) optical emission spectroscopic (OES) observation was
carried out during Ti feedstock injection into the Ar ICTP torch for Ti nanoparticle synthesis. The OES measurement enabled us to estimate 2-D distribution of Ti vapor admixture ratio (XTi ), electron density (Ne ) and Ti atomic density (NTi ) as well as Ti excitation
Ti
Ti
region
). As a result, we found that XTi , NTi and Ne were higher at high T ex
temperature(T ex
in oﬀ-axis region in the ICTP torch compared with those in on-axis region.
Keywords: Thermal plasma, Optical emission spectroscopy, Diagnostics
1.

Introduction
The inductively coupled thermal plasma (ICTP) is widely
used to various kinds of materials processing such as nanomaterial synthesis, surface modification and so on. In these
processing, various feedstock in solid, liquid or gas phase
are often injected into the ICTP torch to generate precursor
vapor for material synthesized. Especially in case of metal
feedstock, only few admixture of metal vapor can change
the thermal plasma properties such as electrical conductivity and can aﬀect to thermal plasma stability markedly.
Therefore, it is is necessary to be investigate feedstock evaporation process and spatial distribution of feedstock vapor
in the ICTP torch during material processing.
Various kinds of numerical studies have been carried out
to investigate feedstock evaporation and a change in plasma
properties in thermal plasma processing. However, few reports have ever been published for the experimental investigation on feedstock evaporation and spatial and temporal measurement of feedstock vapor during material processing using ICTPs. In our previous work, the authors
had experimentally investigated feedstock evaporation and
precursor formation processes for an almost single injection of feedstock powder during TiO2 nanopowder synthesis in the ICTP torch [1]. This investigation adopted a twodimensional optical emission spectroscopy (2-D OES) system mainly. As a result, the authors found that 2-D OES
is very eﬀective to obtain spatio-temporal information of
feedstock vapor and precursor vapor in the ICTP torch.
This paper describes estimation results of spatio-temporal
distribution of Ti vapor admixture ratio XTi during Ti feedstock injection into the Ar ICTP torch. The Ti feedstock
is injected intermittently to control its timing and amount.
The two-dimensional optical emission spectroscopy (2-D
OES) was adopted using an imaging spectrometer and a
high speed video camera. Two Ti I lines and Ar I line intensities in 2-D dimensional space were obtained tempo-
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rally to determine variations in Ti excitation temperature
Ti
T ex
and XTi . Furthermore, spatio-temporal distributions of
Ti density NTi and electron number density Ne were also
determined from 2-D OES results.
2. Experimentals
2.1. Experimental conditions
Experimental conditions were summarized in Table 1.
Time-averaged input power was set at 20 kW. In this work,
only Ar gas was used as sheath gas for fundamental investigation. The sheath gas flow rate was fixed at 90 L/min.
Pressure in the torch was controlled at 300 torr. The coilcurrent frequency was about 300 kHz. Micro-size Ti powder with a mean diameter of 27 µm was used as feedstock.
This Ti feedstock was continuously (CF) or intermittently
(IF) fed into the ICTP torch for Ti nanopowder synthesis. Feedstock feeding rate was about 1 g/min. Intermittent
feedstock feeding was conducted using solenoid valve installed between the powder feeder and the feeding tube inserted into the ICTP torch [1]. The open/close signal time
to the solenoid valve was 12 ms/18 ms, respectively.
2.2. OES measurement conditions
The 2-D OES measurement was carried out to investigate spatial and temporal distribution of radiation intensities from Ti I spectral lines and Ar I atomic line in the ICTP
torch. Fig. 1 shows the 2-D OES system and the observation region in the torch. The observation region was set
to 44×55 mm2 region below the coil-end. The 2-D OES
system consists of an objective lens, an imaging spectrometer with a diﬀraction grating of 1200 grooves/mm and a
high-speed video camera [1]. Its wavelength resolution was
0.8 nm. This resolution is much higher than that for 2-D
OES system using optical interference bandpass filter. The
Ti I spectral lines at two diﬀerent wavelengths λ=453.32
nm and λ=521.04 nm were observed separately. The Ar I
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Table 1. Experimental conditions.
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Fig. 2. Emission coeﬃcient ratio between Ti I and Ar I.
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Table 2. Two-dimensional spectroscopic observation conditions.
Observation area
Wavelength resolution
Spectral lines observed

3.5 kK

3

10

20 kW
304 kHz
Ar 90 L/min
300 torr (≃ 40 kPa)
Ti, d <45 µm
Ar 4 L/min
Continuous (CF), Intermittent (IF)
30 ms
30 ms/0 ms (CF), 12 ms/18 ms (IF)

εTi@521 / εAr@811 [-]

Time-averaged input power
Coil-current frequency
Sheath gas
Pressure
Feedstock composition
Carrier gas
Feeding method
Feedstock feeding cycle
Valve open/close signal
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10
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Fig. 3. Ti vapor admixture ratio dependence of Ti atomic density.
High-speed
video camera Imaging spectrometer
Objective lens

Coil

Fig. 1. 2-D OES system and observation region in the ICTP torch.

atomic line at λ=811.53 nm was also observed. The framerate of the high-speed video camera was set to 1000 fps to
evaluate temporal behaviour of Ti I and Ar I atomic lines.
Observation conditions are summarized in Table 2. From
Ti
the two Ti I atomic lines, Ti excitation temperature T ex
was estimated by two-line method. The radiation intensity ratio between Ti I line at λ=521.04 nm and Ar I line
at λ=811.53 nm ITi@521 /IAr@811 was estimated to determine
XTi as described in the next section.
3.

where k is the Boltzmann constant, λ pq , λkl and λmn are
the wavelengths for Ti I at 453.3240 nm, at 453.4776 nm
and at 521.0384 nm, g p , gk and gm are the degeneracies
of the upper level for each spectral line, A pq , Akl and Amn
are the transition probabilities for each spectral line, E p , Ek
and Em are the upper energy levels for each spectral line.
Ti
The estimated T ex
is treated as almost same value of the
gas temperature on the assumption of LTE condition. In
this estimation, the contribution of continuum spectra was
neglected because the intensity of the continuum spectra is
much lower compared with those of atomic lines.
4.

Estimation procedure of Ti vapor admixture ratio
and Ti atomic number density
The 2-D distribution of XTi was estimated from 2-D OES
Ti
results for ITi@521 /IAr@811 and estimated T ex
. The quantity
XTi in mol% is defined in the following expression:

Detemination of Ti excitation temperature
The Ti excitation temperature was estimated by two-line
method from observed two Ti I atomic lines at λ=453.32 nm
XTi = MTi + MTi+ + MTi2+
(2)
and λ=521.04 nm, on the assumption of local thermodyanamic
equilibrium (LTE) condition. The radiation intensity of Ti I where MTi , MTi+ and MTi2+ are the molar fraction of Ti
+
2+
spectral line at λ=453.32 nm(ITi@453 ) is superimposed from atom, Ti and Ti , respectively. To determine XTi , the
contribution of two Ti I spectral lines at λ=453.3240 nm following (a)-(c) were assumed: (a) the LTE condition is
and 453.4776 nm, while the radiation intensity ITi@521 is established, (b) pressure is constant at 300 torr, and (c)
obtained from a Ti I spectral line at λ=521.04 nm. Thus, the plasma is optically thin. In determination of XTi , first, the
intensity ratio ITi@453 /ITi@521 can be expressed as a func- equilibrium particle composition of Ar-Ti system was calTi
culated as function of temperature and XTi . From the caltion of T ex
:
culated particle composition, the emission coeﬃcient ratio
(
(
)
)
g p A pq
Ep
gk Akl
Ek
of
Ti I at 521.04 nm to Ar I at 811.53 nm εTi@521 /εAr@811
+ λkl exp − kT Ti
Ti
λ pq exp − kT ex
ITi@453
ex
(
)
=
(1) was calculated as function of XTi and temperature as shown
gm Amn
ITi@521
in Fig. 2. The value XTi was determined from Fig. 2 with
exp − EmTi
λmn
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Fig. 4. 2-D OES result of Ti I and Ar I for CF condition.
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5. Results and discussions
5.1. Continuous feedstock injection
Figure 4 shows 2-D OES results of Ti I and Ar I lines for
continuous Ti feedstock injection into the ICTP torch. In
panel (a), Ti I radiation intensity was detected only around
the on-axis region in the ICTP torch. This Ti I intensity was
detected much higher at downstream of the ICTP torch than
at upstream region. In contrast, Ar I radiation intensity was
detected in a wide region below the coil end as shown in
Ti
panel (b). The T ex
and the XTi were estimated from these
2-D OES results.
Ti
Figure 5 shows the estimated T ex
and XTi for continious
feeding (CF) condition. In panel (a), the region with temperatures below 2.5 kK is painted in black because of too
Ti
low Ti I intensity to estimate T ex
. Panel (a) shows that
the on-axis temperature was estimated to be 3.0–4.5 kK,
while the oﬀ-axis temperature was estimated as more than
4.5 kK. This lower temperature of 3.0-4.5 kK on the axis
is due to cool Ar carrier gas injection there. In addition,
Ti
Ti feedstock injection leads to a decreased T ex
around the
axis by energy consumption for Ti feedstock evaporation.
Ti
In oﬀ-axis region, the T ex
is higher compared to that on
the axis. This may arise from the increased current density
by induction heating in the ICTP. The Ti feedstock evaporation produces much Ti vapor surrounding its injection
region, and then supplies many electrons there by Ti ionization. This Ti vapor concentration, i.e. the Ti admixture
ratio XTi estimated in 2D space in the ICTP torch is shown
in panel (b). As shown in this figure, XTi was found to be
extremely low at upstream region, and then it is elevated
along with increasing axial position. As a result, XTi is as
high as about 10−3 mol% at the downstream and oﬀ-axis
region in the ICTP torch. These results clearly show that
injected Ti feedstock was gradually evaporated with traveling toward downstream of the torch. In addition, Ti feedstock is evaporated mainly from surrounding of the injected
feedstock plume at the downstream and oﬀ-axis region in
the ICTP torch.
Figure 6 illustrate the estimated Ti atomic number density NTi and the estimated electron number density Ne for
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Fig. 5. T ex
and XTi for CF condition.
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0

Coil

Axial position : z [mm]

Ti
T ex
estimated by two-line method. There, the estimated
Ti
T ex
is regarded as the temperature in LTE condition as described previously. If the temperature and ITi@521 /IAr@811
are 7.5 kK and 4.0, respectively, then XTi is estimated as
about 0.4mol%Ti according to the Fig. 2. The Ti atomic
number density NTi was also determined by using estimated
Ti
T ex
and XTi through the calculated equilibrium composition at 300 torr. Figure 3 illustrates the number density of
Ti atom obtained from equilibrium composition for Ar-Ti
systems. If the gas temperature and XTi are 7.5 kK and
0.4mol%Ti respectively, then NTi is estimated to be about
1019 m−3 . This estimated NTi is defined as the density of
Ti atoms in the ground state and all the excited states. The
electron number density Ne was also estimated from the
2-D OES results using the same estimation procedure.
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Fig. 6. NTi and Ne for CF condition.

CF condition. The distribution of NTi in Fig. 6(a) was found
the quite similar distribution of XTi in Fig. 5(b). This is
because NTi is almost proportional to XTi as indicated in
Fig. 3. Generally, Ti contamination oﬀers high density of
electrons in high temperature region because of Ti ionization. Panel (b) shows the distribution of Ne in the ICTP
torch. As seen the distribution of Ne was similar to NTi
Ti
and T ex
especially at on-axis region. The reason for this Ne
distribution is that most of electron is supplied from evaporation and ionization of Ti at temperatures above 5.0 kK.
In addition, large number density of electron at oﬀ-axis region lead to enhancement of joule heating to increase gas
temperature at this region, which further elevates Ne .
5.2. Intermittent feedstock injection
The feedstock was also fed to the ICTP intermittently for
the time-controlled feeding. Figure 7 shows the open/close
signal of the solenoid valve and the inferred actual timing
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Fig. 8. 2-D OES result of Ti I and Ar I for IF condition at t=18
ms.
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of feedstock feeding into the ICTP torch [1]. The solenoid
valve receives open signal between t=0-12 ms. However,
the actual feedstock feeding timing into the ICTP torch is
inferred to be shifted by 8 ms due to the response time of
the solenoid valve and traveling time of feedstock from the
powder feedr to the ICTP torch.
Figure 8 depicts the 2-D OES result for intermittent Ti
feedstock injection (IF) at t=18 ms. At t=18 ms, the feedstock is supplied suﬃciently according to Fig. 7. In Fig. 8(a),
Ti I radiation intensity is strong downstream of the ICTP
torch at not only on-axis region but also oﬀ-axis region.
Comparing Fig. 8 with Fig. 4 shows that Ti vapor is diffused more to the radial direction at downstream of the
torch in case of IF condition. For Ar I radiation intensity
shown in Fig. 8(b), its radiation intensity for IF condition
is detected in a wide region below the coil end similarly to
CF condition.
Ti
Figure 9 illustrate the estimated T ex
and XTi for IF condition at t=18 ms. At t=18 ms, the suﬃcient amount of
Ti
feedstock is supplied into the ICTP. Nevertheless, the T ex
around the axis for IF condition is higher than the boiling
temperature of Ti (T bTi =3560 K). This means that the injected Ti feedstock could be eﬃciently evaporated even upstream of the torch, resulting higher XTi compared with that
for CF condition as shown in Fig. 9(b). One possible reason
Ti
of this higher T ex
on the axis for IF condition than for CF
condition is the eﬀect of temperature recovery during the
close time of the solenoid valve for IF condition. During
the close time, no feedstock is injected into the ICTP torch
for IF condition, which leads to the temperature recovery
on the axis of the ICTP torch. The feedstock is thus injected to this recovered temperature field for IF condition,
while CF condition continues to decrease the temperature
on the axis by the continuous feeding.
Ti
Such a higher T ex
and XTi generate higher NTi and Ne .
Figure 10 illustrates the estimated NTi and Ne for IF condition. As seen in panel (a), NTi was also increased with
increasing XTi because of eﬃcient evaporation for IF condition. In addition, Ne was estimated to be high in the whole
Ti
estimation region in the torch due to increasing of T ex
and
XTi , as shown in panel (b). Especially, Ne reaches 5×1019
m−3 surrounding the feedstock plume. This may enhance
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and XTi for IF condition at t=18 ms.
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Fig. 10. NTi and Ne for IF condition at t=18 ms.

joule heating and resultant eﬀective feedstock evaporation.
6. Conclusions
Two-dimensional optical emission spectroscopy was carried out during continuous or intermittent Ti feedstock injection into the Ar ICTP torch. The spatio-temporal distributions of Ti excitation temperature, Ti vapor admixture ratio and number densities of Ti atoms and electrons
were successfully estimated from the OES results on the
assumption of LTE condition. The estimation results suggest that intermittent feedstock feeding is very eﬀective to
solid feedstock evaporation in the ICTP torch.
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The Motion of AC and DC Plasma Arcs under Transverse Cross-Fields: An
Analytical Approach
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Abstract: Magnetic and dynamic cross-fields have been widely used in plasma torches for
multiple purposes: reduction of electrode erosion, increase of the operating power and
possibility of control and stabilization of the plasma arc. This paper presents a new
analytical approach to model the behaviour of the arc under cross-fields. It is very useful
because it provides basic information on the arc without having to resort to costly
simulations. An MHD numerical model is used for validation.
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1. Introduction
Multiple investigations have been carried out over the
past decades in order to understand the behaviour of the
plasma arc under the effect of transverse cross-fields, but
the theoretical grounds remain very weakly established, in
particular for the AC arc. The study conducted in this
paper is part of a wide research that PERSEE is leading in
the field of plasma physics and applications [1]. The
analytical approach adopted in this paper has great
advantage over MHD simulation because it can provide
basic information about the arc motion and its
characteristics by using simple analytical expressions and
equations, without having to resort to costly MHD
computations [2].
It is well known that arcs can be stabilized by curvature
when exposed to cross-fields. Many theoretical studies
have investigated the DC curved arc under transverse
fields using the technique of identification of the energy
equation (Elenbaas-Heller equation) in the Frenet-Serret
referential [3-5]. In this paper, we will extend this
technique to solve for the motion of the curved AC arc.
All the characteristics and properties of the AC arc are
obtained from expressions found in [6]. The analytical
model is validated using an MHD model. This approach is
of extreme importance in order to establish stability and
possibly control of the voltage of the arc.
2. General assumption
The study has been conducted for a tip-to-tip electrode
torch as shown in figure 1. It’s common fact that the
model includes several coupled electromagnetic and
dynamic equations with insurmountable complexity due
to the non-linearity that can be found therein. Therefore,
in order to solve the model analytically, some stringent
assumptions must be established first:



Negligible radiation [7].
Negligible near-electrode phenomenons; they have
little influence on the behaviour of the arc column.
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Constant plasma thermal diffusivity, viscosity and arc
radius [2,6]

3. Governing equations
We will be thoroughly looking into three main
equations that govern the motion of the arc under
transverse cross-fields: the equation of conservation of
momentum, the energy balance and the Maxwell-Faraday
equation. They are respectively expressed here below.
Then we will solve them in the Frenet-Serret coordinate
system figure 2.
⃗
𝜕𝜌𝑉
⃗ ⊗𝑉
⃗ 𝑇 + 𝑃̅ ) = ∇. 𝜏̅𝑀𝑎𝑥𝑤𝑒𝑙𝑙
̅
+ ∇. (𝜌𝑉
(1)
𝜕𝑡

1

(

𝜕𝑆

𝜆 𝜕𝑡

⃗⃗⃗ . ⃗∇𝑆) = Δ𝑆 + 𝜎𝐸 2
+𝑊
⃗

⃗ × 𝐸⃗ = − 𝜕𝐵
∇
𝜕𝑡

(2)
(3)

̅
𝑃̅ and 𝜏̅𝑀𝑎𝑥𝑤𝑒𝑙𝑙
are the pressure and Maxwell tensors. 𝜌
and 𝜆 are respectively the density and the thermal
diffusivity. 𝐸⃗ is the electric field. It’s important to notice
that the second equation, known as the Elenbaas-Heller
equation, describes the energy balance. S is the heat
potential and is given by the following relation [2-4,6,8]:
𝑇

𝑆 = ∫𝑇 𝑘(𝑇 ′ )𝑑𝑇 ′
0

(4)

Here 𝑇0 is a reference temperature and is taken to be the
temperature above which conduction occurs. 𝑘 is the
thermal conductivity.
⃗⃗⃗ in equation (2) corresponds to the relative velocity of
𝑊
the surrounding gas flow with respect to the arc velocity
and it is expressed by:
⃗⃗⃗ = 𝑉
⃗𝑔 − 𝑉
⃗𝑎
𝑊

(5)

Moreover, we already have an expression of S for the
AC arc that is found in [6]:
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𝑆(𝑟, 𝑡) =

𝑟
𝑎

𝐼0 𝐽0 (𝑞1 )
2√2𝐵𝜋𝑎𝐽1 (𝑞1 )

𝜅(𝑠) is the curvature at s.

√1 − 𝑠𝑖𝑛𝛿sin(2𝜔𝑡 + 𝛿)
(6)

Here, 𝛿 = arccot(𝜔Θ) and Θ =

𝑎2
𝜆 𝑞12

are characteristics

of the arc. 𝑎 is the arc radius and 𝑞1 is the first zero of the
Bessel function 𝐽0 . 𝐼0 is the maximum current. A similar
expression is found in [8] for the DC arc:
𝑆(𝑟) =

𝑟
𝑎

𝐼0 𝐽0 (𝑞1 )

(7)

2√𝐵𝜋𝑎𝐽1 (𝑞1 )

It’s noteworthy to realize that in both cases, the electric
conductivity 𝜎 is assumed to have a linear dependence on
the flux potential S given by 𝜎 = 𝐵𝑆 [2,6,8]. Expressions
(6) and (7) result from solving equation (2) for a straight
arc column. The same expressions are used to solve (2)
again by identification in the Frenet-Serret referential.
4. Derivation of the model
Using a Taylor expansion, the Bessel function of the
zeroth order can be reduced to second order terms as
follows:
𝑟

𝑞1 𝑟 2

𝑎

2𝑎

𝐽0 (𝑞1 ) = 1 − (

)

(8)

Sifting carefully through equation (3), we can rewrite it:
⃗

⃗
⃗ × 𝐸⃗ = − 𝜕𝐵 ≈ 0
∇

(9)

𝜕𝑡

Electro and magneto quasi-static conditions are
satisfied because the AC arc is subject to short distances
and very low frequencies [2].

Using expressions (6), (8) and (11) and the Appendix A
of [2], equation (2) leads by identification to:
𝑣𝜈𝑎 (𝑠, 𝑡) = 𝜆𝜅(5 −

4 cos 𝛿 cos(2𝜔𝑡+𝛿)
1−sin 𝛿 sin(2𝜔𝑡+𝛿)

) + 𝑣𝜈𝑔 (𝑠, 𝑡)
(12)

Equation (12) is of great relevance because it governs
the motion of the curved AC and DC arcs. [3-5] obtained
the same equation in the particular case of a DC arc. It’s
important to take note that 𝑣𝜈 = 𝑣𝜈𝑔 − 𝑣𝜈𝑎 is the normal
component of the relative velocity from relation (5) in the
direction of curvature. We denote by:
𝐶𝛿 (𝑡) = 5 −

4 cos 𝛿 cos(2𝜔𝑡+𝛿)
1−sin 𝛿 sin(2𝜔𝑡+𝛿)

(13)

This expression casts equation (12) into a more
simplified form:
𝑣𝜈𝑎 (𝑠, 𝑡) = 𝐶𝛿 (𝑡)𝜆𝜅(𝑠, 𝑡) + 𝑣𝜈𝑔 (𝑠, 𝑡)

(14)

𝐶𝛿 (𝑡) is plotted in [2] for various values of 𝛿. 𝛿 = 𝜋⁄2
corresponds to the DC case.
To proceed further, we have to estimate 𝑣𝜈𝑔 (𝑠, 𝑡) which
will be obtained by solving the integral form of equation
(1) in the Frenet-Serret referential. In order to solve for
the shape of the arc afterwards, equation (14) must be
written in an absolute coordinate system (Cartesian or
polar) in the observer’s referential.
5. Computation of the velocity of the plasma gas flow

Fig.2. Arc parameters in the Frenet referential
Fig.1. Tip-to-tip torch
As shown in figures 1 and 2, in the general 3D FrenetSerret coordinate system, torsion can occur, leading to
certain twisting. We denote by:
𝑠

𝜁 = 𝜂 − ∫0 𝜒(𝑠)𝑑𝑠

(10)

𝜂 is the angle that provides zero-twisting and 𝜒(𝑠) is
the torsion at s.
In the Frenet-Serret referential, equation (9) yields:
𝐸𝑠 =

652

𝐸𝑠0
1−𝜅 𝑟 cos 𝜁

≈ 𝐸𝑠0 (1 + 𝜅 𝑟 cos 𝜁)

(11)

As mentioned in the previous section, equation (1) must
be solved in the Frenet-Serret coordinate system to
evaluate 𝑣𝜈𝑔 (𝑠, 𝑡). However, it’s very tedious and
painstaking to deal with the differential form of equation
(1). Therefore, we will only investigate its integral form
over a control volume englobing an elementary slice of
the current carrying arc of length 𝑑𝑠 as shown in figure 2.
It’s equally important to mention that the pressure tensor
𝑃̅ comprises the static pressure tensor and the viscous
̅
stress tensor: 𝑃̅ = 𝑝̅̅ − 𝜏̅𝑣𝑖𝑠𝑐𝑜𝑢𝑠
. Thus, the integral form of
(1) can be expressed by:
⃗
⃗ ⊗𝑉
⃗ 𝑇 + 𝑃̅ − 𝜏̅𝑀𝑎𝑥𝑤𝑒𝑙𝑙
̅
) dVs = 0
∭𝑉 ∇(𝜌𝑉

(15)
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⃗ is omitted
The contribution of the time-derivative of 𝑉
because the dynamic inertia is significantly greater than
the electrical inertia. Body forces such as gravity are
neglected as well, given the fact that Archimedes’ number
is much less than unity [4] (no natural convection). No
⃗ is used
relative motion is employed in this expression (𝑉
⃗⃗⃗ ) because the motion of the arc corresponds
instead of 𝑊
to the motion of a temperature profile not of a solid body
[5]. Using Ostrogradsky’s theorem we get:
⃗⃗⃗⃗⃗⃗⃗s = ∯ (𝜏̅𝑀𝑎𝑥𝑤𝑒𝑙𝑙
⃗⃗⃗⃗⃗⃗⃗s
⃗ ⊗𝑉
⃗ 𝑇 + 𝑝̅̅ − 𝜏̅𝑣𝑖𝑠𝑐𝑜𝑢𝑠
̅
̅
)dA
)dA
∯𝑆(𝜌𝑉
𝑆
(16)

For arcs curved by dynamic transverse fields with no
applied external magnetic fields and assuming that the
self-induced magnetic field is negligible, the above
expression doesn’t apply anymore because the RHS of
equation (16) would become negligible. So the LHS must
be zero. Accounting for small contribution of the effect
viscosity and pressure change, we obtain that:
⃗⃗⃗⃗⃗⃗⃗⃗s
⃗ ⊗𝑉
⃗ 𝑇 +𝑝̅̅ −𝜏̅𝑣𝑖𝑠𝑐𝑜𝑢𝑠 )dA
𝑑 ∯𝑆(𝜌𝑉
𝑑𝑠

𝑣𝜈∞ is the upstream velocity of the flow. Hence:
𝑣𝜈𝑔 = 𝑣𝜈∞ √

In the Frenet-Serret coordinate system ⃗⃗⃗⃗⃗⃗⃗
dAs (the
elementary lateral surface) is given by:
𝑑𝑎
⃗⃗⃗⃗⃗⃗⃗
dAs = ((1 − 𝑎 𝜅 𝑐𝑜𝑠𝜁)𝑢
⃗⃗⃗⃗𝑟 − ⃗⃗⃗⃗
𝑢𝑠 ) 𝑎 𝑑𝜁 𝑑𝑠
𝑑𝑠

(17)
𝐼 ×𝑅⃗

𝑑𝑠

≈ 𝐼 × ⃗⃗⃗⃗
𝐵0

For the left hand side of equation (16), the expression of
the integral is more complex. However it can be
approximated using a drag coefficient, especially when
the flow injection is weak flow (weak dynamic field) and
the arc is mainly driven by the applied magnetic field. In
this case we have [9]:
𝑑𝑠

2
≈ 𝐶𝐷 𝑎𝜌𝑔 𝑣𝜈𝑔

⃗⃗⃗⃗⃗⃗⃗
𝑣𝜈𝑔
𝑣𝜈𝑔

(19)
Here 𝐶𝐷 is a drag coefficient. For low Reynold’s flows
it is inversely proportional to Reynold’s and therefore to
𝑣𝜈𝑔 and proportional to the viscosity 𝜇 of the plasma gas.
This is assumed in to be the case for curved arcs under the
effect of magnetic cross fields and weak arc blowing (or
dynamic injection field). Equating expressions (18) and
(19) leads to:
𝑣𝜈𝑔 =

𝐾𝐼𝐵
𝜇

(20)

This relation is found in [2-4]. K is a constant. Here 𝐶𝐷
is considered to be dependent on the inverse of Reynold’s.
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This expression is found in [2,4]. Note that the viscous
forces could always be taken into account. Expressions of
𝑣𝜈𝑔 involving them are derived in [2].

(18)

We limit our approximation to first order terms. All the
expressions are calculated at s, but we omit its mention
for simplicity sake (𝐼 , 𝑅⃗ and 𝐼 × 𝑅⃗ represent respectively
the tangent, normal and binormal directions).

⃗⃗⃗⃗⃗⃗⃗⃗s
⃗ ⊗𝑉
⃗ 𝑇 +𝑝̅̅ −𝜏̅𝑣𝑖𝑠𝑐𝑜𝑢𝑠 )dA
𝑑 ∯𝑆(𝜌𝑉

(22)

𝜌𝑔

Equation (14) must be written in an absolute referential
in order to determine the motion of the arc. Subsequently,
using a Cartesian or polar coordinate system, equation
(14), for the 2D planar case, can be written as:

cos 𝜁 + sin 𝜁 , and that an external magnetic field
𝑅
𝐼.𝑅
𝐵0 (𝑠) is applied we get from [9]:
⃗⃗⃗⃗⃗⃗⃗⃗s
𝑑 ∯𝑆(𝜏̅𝑀𝑎𝑥𝑤𝑒𝑙𝑙 )dA

𝜌∞

6. Solutions for the planar arc

Assuming that the arc radius a is constant and ⃗⃗⃗⃗
𝑢𝑟 =
𝑅⃗

𝑅⃗

2
2
≈ (𝜌𝑔 𝑣𝜈𝑔
− 𝜌∞ 𝑣𝜈∞
) ≈0
𝑅
(21)

𝑦̇
1
(1+𝑦 ′2 )2

=

𝑟𝑟̇

{

1
(𝑟 2 +𝑟 ′2 )2

𝐶𝛿 (𝑡)𝜆𝑦 ′′
3

(1+𝑦 ′2 )2

=

+ 𝑣𝜈𝑔 (𝑠, 𝑡)

𝐶𝛿 (𝑡)𝜆(−𝑟𝑟 ′′ +2𝑟 ′2 +𝑟 2 )
3

(𝑟 2 +𝑟 ′2 )2

(𝐶𝑎𝑟𝑡𝑒𝑠𝑖𝑎𝑛)
+ 𝑣𝜈𝑔 (𝑠, 𝑡)

(𝑝𝑜𝑙𝑎𝑟)
(23)

Mathematical details can be found in [2]. In the 2D
case, no torsion is involved so 𝜁 = 𝜂 and ⃗⃗⃗⃗⃗⃗
𝑣𝜈𝑔 and 𝑅⃗ are
collinear. The values of the plasma gas velocity 𝑣𝜈𝑔 ,
exiting the arc in the normal direction, can be estimated
from section 5 according to the type of cross-field to
which the arc is exposed. The “dot” and the “prime”
derivatives in equation (23) designate partial derivatives
with respect to time and space respectively. Expressions
regarding the effects of the self-induced magnetic field
are obtained in [2]. A certain dimensionless number found
in the cited reference determines their prevalence over the
resorting viscous forces. The analytical model that we
have presented so far has been validated by means of
MHD computational work that we will present in the
following section along with the results.
7. MHD computational work
The software used for simulation is “code_Saturne”; a
powerful solver for electric arc simulation based on the
finite volume method. The gas employed is air at a
pressure of 1 bar. Transient simulations are adopted with
an absolute time step of 1 𝜇𝑠. The current is imposed at
50 A for both AC and DC cases. For the AC case, the
frequency is chosen to be 50 Hz. The geometry employed
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is displayed by figure 3. For more details on the boundary
conditions, the mesh and the equations involved in the
model, it is highly recommended to consult [2].

expressions can be found in [2,6,8]. The reference
temperature for S in our case is 𝑇0 = 4000𝐾.
Table.1.Comparison table between MHD and analytical
results for a blown 50 A 50 Hz- air plasma arc (@ 1bar)
𝜋 𝜋
with an injection velocity 𝑉𝑖𝑛 = 1𝑚. 𝑠 −1 at 𝜔𝑡 = 0, ,
4

𝜔𝑡
Results

MHD

𝑆𝑚𝑎𝑥 (𝑊. 𝑚

Fig. 3. Geometry used in the MHD model
8. Results and comparison
Figure 4 and table 1 show a good agreement for the AC
arc between results obtained from the MHD numerical
simulation and the analytical model presented in this
paper. Other results can be found in [2], but are omitted
here for the sake of simplicity. The cross-field used is a
dynamic-type (gas injection). Also, other simulations
have been run for self-induced and external magnetic
cross-field. Again, they have all turned out to be
congruent with the analytical model. It is important to
mention here that air properties and formulas used to
carry out the computations of the arc parameters for the
analytical model are found in [2,6,8]. The Cartesian form
of equation (23) is solved using MATLAB.

Fig. 4. MHD (left) and analytical (right) results for a
blown 50 A 50 Hz- air plasma arc (@ 1bar) with an
𝜋 𝜋
injection velocity 𝑉𝑖𝑛 = 1𝑚. 𝑠 −1 at 𝜔𝑡 = 0, ,
4

2

S is the heat potential, T the temperature, Y the
maximum displacement at electrode mid-length, a the arc
radius and E the electric field. For the analytical
approach, they are computed using equations (4), (6) and
(23). For the calculation of a and E methods and

654

𝜋⁄4

0

−1

)

Theory

2

𝜋⁄2

MHD

Theory

MHD

Theory

-

740

-

10940

-

15980

𝑇𝑚𝑎𝑥 (𝐾)

5450

5280

7460

7120

11710

11680

𝑌𝑚𝑎𝑥 (𝑚𝑚)

2.3

2.4

1.5

1.4

0.95

0.95

𝑎(𝑚𝑚)

-

-

2

2.2

2.3

2.2

70

0

2950

2790

2450

2580

𝐸(𝑉. 𝑚

−1

)

9. Conclusion
An analytical model has been established using a
theoretical approach. It allows us to treat the complex
physical problem using a rather simple method and obtain
precious information about the arc, without having to
resort to costly MHD simulations. Analytical and MHD
results showed good agreement for several case studies.
This allows us to validate our analytical approach. Slight
differences between the MHD and the analytical model
could be noticed. This could be attributed to the stringent
assumptions used in the analytical case and the boundary
conditions used in the MHD simulations. Further
refinements to the model must be made by including
radiation and the variation of the arc radius. Moreover,
this approach in its current form does not account for
instabilities caused by turbulence in large scale industrial
plasmas. Nevertheless, it constitutes a handy tool for basic
process design of industrial plasma torches and can be
insightful in various plasma applications such as welding,
cutting, circuit breakers, etc.… It can also potentially
enable us to control plasma arcs by means of cross-fields.
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Generation of Neutral and Positively-Charged Nanoparticles in Nonthermal
Plasmas
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Abstract: Monte Carlo simulations of particle charging in nonthermal plasmas were conducted to examine effects that could cause a non-negligible fraction of nanoparticles to be
neutral or positively charged. Effects considered include electron tunneling from nanoparticles, increases in ion currents to particles due to charge-exchange collisions that occur within the particle’s ion capture radius, plasma electronegativity, and the effects of particle size,
particle material, and electron and ion temperatures.
Keywords: Dusty plasmas, particle charging, nanoparticles
1. Introduction
The much higher mobility of electrons than of ions typically causes dust particles in nonthermal plasmas to be
negatively charged, unless effects such as UV photodetachment and secondary electron emission from particles
are important. In this work, we assume that these latter
effects are unimportant, and examine the effects of other
factors that may cause the particle charge distribution to
include some fraction of particles that are not negatively
charged. We use Monte Carlo charging simulations to
calculate stationary particle charge distributions, including phenomena that are not considered in the standard
orbital motion limited (OML) theory [1]. These phenomena include electron emission due to tunneling from particles, which can limit the number of electrons a particle
can hold [2-4], and ion-neutral charge-exchange collisions
that occur within a particle’s ion capture radius, which
can increase ion currents to particles [5-6]. We conduct
simulations over a range of plasma and particle properties, including pressure, electron and ion temperature,
plasma electronegativity, particle size and particle material.
Our interest in the fraction of particles that are not negatively charged is motivated by the fact that these particles behave differently than negatively-charged particles
in at least two important respects. First, they are not electrostatically trapped in the plasma, and thus can diffuse
and deposit on walls; and second, they can facilitate coagulation.
2. Numerical method and conditions considered
We use the Monte Carlo charging model described in
Ref. [7], extended to include electron tunneling from
particles as described in Ref. [3] as well as the effect on
ion currents of charge-exchange collisions described in
Ref. [6]. The positive ion density in all cases is set to 109
cm-3. The cation density itself, as opposed to the cationto-electron density ratio, does not affect the results, but
does affect the time required to reach a stationary charge
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distribution. A time step of 10-9 s was used, which is
much smaller than the time associated in all cases with the
greatest charging frequency. The simulations were conducted for a time encompassing ~2-5 × 106 charging
events, providing a statistically meaningful sample for
estimating the stationary particle charge distribution.
In these simulations we considered particles composed
of either SiO2 or Si, with diameters ranging from 1 to 10
nm. The pressure in the simulations ranged from 0.1 to 10
Torr, the electron temperature Te from 1 to 5 eV, and the
cation temperature T+ from 300 to 700 K. The plasma
electronegativity, characterized here in terms of the ratio
of the cation density n+ to the electron density ne, ranged
from 1 to 1000. Note that dusty plasmas can be highly
electronegative, because of the accumulation of negative
charge on nanoparticles.
3. Results
Figure 1 shows results for the fraction of particles that
are not negatively charged, for SiO2 particles with diameters of 2, 5 or 10 nm, and for pressures ranging from 0.1
to 10 Torr. Other conditions include Te = 2 eV, T+ = 300
K, and n+ / ne =10. As can be seen, pressure has a strong
effect. As the electron and ion densities here are fixed, the
effect of pressure is caused by the enhancement in ion
currents to particles as a result of charge-exchange collisions within a particle’s ion capture radius. At low pressure one is in a collisionless regime, but as pressure increases a transition occurs to a collision-enhanced regime.
This effect depends on the particle Knudsen number,
defined in terms of the capture radius [6].
As seen in Fig. 1, the non-negative particle fraction is
strongly affected by particle size, with much higher nonnegative fractions observed for smaller particles. In the
collisionless regime assumed by OML theory, the particle
surface for given conditions is at fixed negative potential
relative to the plasma, regardless of particle size. Larger
particles, having more surface area, therefore hold more
negative charge than smaller particles. For the smallest
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Fig.1. Effect of pressure and particle diameter Dp on fraction of SiO2 particles that are non-negative.
particles, stochastic charging implies that some fraction of
the particles will be neutral or positively charged. This
effect is amplified by the phenomena included in this
study that deviate from OML theory, namely the existence of single-particle charge limits and the increase in
ion currents due to pressure-dependent ion collisionality.
As the average particle charge remains negative under
all conditions examined here, the fraction of particles that
are positively charged is much smaller than the neutral
fraction, as illustrated in Fig. 2. Here the pressure equals 1
Torr, with all other conditions the same as in Fig. 1.
The average particle charge and non-negative charge
fraction are affected by the material of which the particle
is composed, as seen in Fig. 3 for Si versus SiO2 particles.
This effect is caused by the material dependence of elec-
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Fig. 3. Effect of particle material on non-negative fraction, comparing Si and SiO2. Conditions are the same as
in Fig. 2.
tron affinity, which affects the particle charge limit. The
bulk electron affinity of Si is four times higher than that
of SiO2, 4.05 eV versus 1.0 eV.
Finally, increasing the plasma electronegativity causes
the non-negative charge fraction to increase, while increasing either the electron temperature or the ion temperature causes the non-negative particle fraction to decrease.
The effect of ion temperature, which may be counterintuitive, is caused by the fact that as ion temperature increases the cross section for ion capture decreases.
References
[1] J. E. Allen, Phys. Scripta 45, 497 (1992).
[2] R. Le Picard and S. L. Girshick, J. Phys. D 49, 095201
(2016).
[3] L. C. J. Heijmans, F. M. J. H. Wetering and S.
Nijdam, J. Phys. D 49, 388001 (2016).
[4] R. Le Picard and S. L. Girshick, J. Phys. D 49, 388002
(2016).
[5] S. A. Khrapak, S. V. Ratynskaia, A. V. Zobnin, A. D.
Usachev, V. V. Yaroshenko, M. H. Thoma, M.
Kretschmer, H. Hofner, G. E. Morfill, O. F. Petrov and V.
E. Fortov, Phys. Rev. E 72, 10 (2005).
[6] M. Gatti and U. Kortshagen, Phys. Rev. E 78, 046402
(2008).
[7] J. Goree, Phys. Rev. Lett. 69, 277 (1992).
Acknowledgments
This work was partially supported by the Lam Research
Foundation, the U.S. National Science Foundation (CHE124752), and the U.S. Dept. of Energy Office of Fusion
Energy Science (DE-SC0001939).

Fig. 2. Fraction of particles that are neutral or positivelycharged, vs. particle diameter, at a pressure of 1 Torr,
with all other conditions the same as in Fig. 1.
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using Pulse-Modulated Indu tion Thermal Plasmas
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Abstra t: Large amounts of Si nanoparti les (NPs) / nanowires (NWs) were synthesized
using 20 kW Ar-H2 pulse-modulated indu tion thermal plasmas (PMITP). Sili on NPs were
synthesized by intermittently inje ting Si feedsto k at <4 g/min into the PMITP with quen hing gas (QG), whereas Si NWs were found to be synthesized with Si feedsto k at a heavy load
feed rate 7 g/min without QG. Synthesized produ ts were analyzed using FE-SEM, BET,
BF-TEM/EDX and XRD. The produ tion rate of Si NWs was estimated as >1 g/h.
Keywords:

1.

Indu tion thermal plasmas, Sili on, nanopowder, nanowires

Introdu tion

The present lithium ion batteries (LIB) uses graphite as
an anode material be ause graphite has high theoreti al disharge apa ity of 372 mAh/g. Re ent development of LIB
enhan es the a tual dis harge apa ity to the above theoreti al limitation. To enhan e the LIB dis harge apa ity
further, one strategy is to use another material. Sili on (Si)
nanomaterial is anti ipated as a promising andidate element for the next-generation LIB anode material. Sili on
bulk has a 10-times higher theoreti al dis harge apa ity of
4200 mAh/g than graphite [1℄. However, Si bulk involves a
400% volume hange during hargedis harge pro esses in
batteries. This drasti hange in volume may lead a fra ture
of the Si bulk. To avoid this drasti volume hange, sili on
nanomaterials are expe ted to be used. Sili on nanomaterials of many kinds exist, su h as nanoparti les, nanohorns,
and nanowires. Among them, Si nanowire is a strong andidate be ause it has features of both nano-dimensional and
one-dimensional stru tures. This feature of Si nanowires is
extremely useful for anode materials for LIB. Furthermore,
Si nanoparti les and nanowires are expe ted to be used for
next generation solar ells, eld e e t transistors and various sensors. However, e e tive mass produ tion methods
have been not yet developed for Si nanowires as well as
nanoparti les.
The authors originally developed a unique and high rate
synthesis method for nanopowder using a pulse-modulated
indu tion thermal plasma (PMITP) and time- ontrolled feedsto k feeding (TCFF) [2, 3℄. We designate this method as
the `PMITP-TCFF method'. The PMITP was developed
by our group to ontrol the temperature and hemi al rea tive elds in thermal plasmas using oil- urrent modulation. In addition to this, the TCFF method was developed for feedsto k powder to be inje ted intermittently to
thermal plasmas simultaneously with the oil- urrent modulation of PMITP [2℄. The PMITP-TCFF method provides
e e tive evaporation of feedsto k and e e tive nu leation
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of evaporated material, and therefore supports a high produ tion rate of nanopowder. A tually, the PMITP-TCFF
method an produ e metalli oxide nanopowder with extremely high produ tion rates of 500800 g/h at 20 kW [3℄.
This paper des ribes the adoption of the developed PMITPTCFF method to synthesize large amounts of Si nanopartiles (NPs) and nanowires (NWs). Results show that the
PMITP-TCFF method an produ e Si NWs with a high
produ tion rate as well as Si NPs by ontrolling the experimental onditions. The synthesized NWs were analyzed
using FE-SEM for the morphology of produ ts and their
size distribution, using BET method to evaluate their spei surfa e area, using TEM/EDX to estimate their onstituents, and using x-ray di ra tion (XRD) to assess the
rystallinity. Results nally showed that the produ tion
rate of Si NPs and NWs was estimated as 120 g/h and 1 g/h,
respe tively. Espe ially, this produ tion rate of Si NWs is
more than 50 times higher than those by the onventional
methods.
2.

Experimental setup

Fig. 1(a) shows the NPs/NWs synthesis system using the
PMITP-TCFF method. The experimental system is mainly
onstituted of (1) RF power supply system, (2) syn hronized intermittent feedsto k feeding system, (3) plasma tor h,
(4) rea tion hambers and (5) olle tion lter. The essential points in the PMITP-TCFF method are as follow; the
power supply system produ es a modulated RF oil- urrent
by MOSFET inverter, and the feedsto k feeding system an
provide intermittent feeding of feedsto k syn hronizedly
with the modulation of the oil- urrent.
Fig. 1(b) depi ts the timing hart in the PMITP-TCFF
method. The PMITP an repetitively produ e higher temperature and high-rea tive eld during the on-time, and a
lower temperature eld during the o -time in the plasma
tor h, a ording to modulated oil- urrent. The shimmer
urrent level (SCL) and the duty fa tor (DF) were used as
modulation parameters of the modulated oil- urrent. The
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(a) The whole system of nanopowder synthesis using PMITP-TCFF method

(b) The timing chart

Fig. 1. The whole system of nanopowder synthesis using PMITP-TCFF method and the timing hart in feeding of feedsto k.

quantity SCL was dened as the ratio of the lower urrent
level (LCL) to the higher urrent level (HCL). In addition,
DF was dened as the ratio of on-time to the modulation
y le [2℄. The feedsto k feeding is ontrolled by a solenoid
valve lo ated on the way from a powder feeder to the feeding tube. This solenoid valve opens and loses by applying
a swit hing signal syn hronized with the modulation of the
PMITP. The open signal starts rising with a delay time td
from between the oil- urrent in rease. This delay time is
ne essary to syn hronize the oil- urrent modulation with
a tual timing of feedsto k feeding into the PMITP tor h as
indi ated here.
The intermittently inje ted feedsto k to the PMITP an
e e tively and ompletely be evaporated in a high temperature plasma during the on-time. Furthermore, in su essive
o -time, the evaporated material is ooled down to provide
a super-saturated Si vapor and then to form Si nanomaterials. In addition, quen hing gas was inje ted downstream
of the tor h in the radial dire tion. This quen hing gas inje tion is also e e tive to de ay the temperature of evaporated material to prevent from parti le growth. The above
pro esses in luding e e tive vaporization of feedsto k and
e e tive ooling down of evaporated material provide large
amounts synthesis of nanomaterials with a high produ tion
rate.
3.

Experimental

ondition

The Ar gas was supplied as a sheath gas with a ow rate
of 90 L/min, and H2 gas was supplied as a plasma gas
with ow rate of 1 L/min. The pressure in the rea tion
hamber was xed at 300 torr. The oil- urrent frequen y
was xed at 450 kHz. The Ar-H2 PMITP was operated
at a time-averaged power of 20 kW. The modulation y le
was set to 15 ms. The modulation ondition was xed at
80%SCL and 80%DF. The metal-grade Si powder (99.5%purity) was used as feedsto k. The mean diameter(d̄) of
feedsto k was about 19.2 m. The feedsto k was supplied
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Table 1. Conditions for synthesizing Si nanopowder/nanowires.

Desig.
Si nanopowder
Si nanowires

Feedsto k feed rate
3.9 g/min
6.9 g/min

Quen hing gas
Ar:50 slpm
None

with Ar arrier gas. Carrier gas ow rate was set to 4 slpm.
Under the above ommon ondition, a feedsto k feeding
rate and quen hing gas ondition were hanged for Si NPs
or for NWs synthesis. Tab. 1 shows the feedsto k feeding rates and quen hing gas onditions for synthesizing
Si NPs or NWs. For NPs synthesis, the feedsto k feeding rate was set to less than 3.9 g/min and Ar quen hing
gas was inje ted downstream of the tor h with a ow rate
of 50 L/min. Synthesized NPs were olle ted in the olle tion lter. Morphology and size distribution of synthesized powder was analyzed by FE-SEM. Spe i surfa e
area was estimated by BET.
On the other hand, for Si NWs synthesis, The feedsto k
feeding rate was set to higher value about 6.9 g/min. This
high feeding rate was sele ted to generate high density Si
vapor in the tor h. In addition to this, no quen hing gas
was inje ted to keep mild temperature gradient to axial dire tion for NW growth. Synthesized NWs were olle ted
mainly at the wall surfa e of the upstream hamber and the
downstream hamber. Morphology of NWs were observed
in a higher magni ation by BF-TEM as well as FE-SEM
and BET analysis. Constituents and rystallinity were investigated with TEM/EDX and XRD analysis.
4.
4.1.

Experimental results and dis ussion
Synthesized Si nanopowder

Fig. 2 shows an FE-SEM image of synthesized NPs under the ondition for Si NPs synthesis. It was found that
many synthesized parti les have size of 100 nm or less. The
parti le size distribution was evaluated from 200 randomly
sampled parti les in the FE-SEM image. The result indi-
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100 nm

100 nm

Fig. 2. FE-SEM image of synthesized parti les.

Fig. 5. FE-SEM image of synthesized o ulent-like ber.

dark-brown layer
light-brown layer

10 mm

10 mm

(a) Sheet-like material

(b) o ulent-like ber

Fig. 3. Photo image of synthesized materials in luding Si
nanowires.

100 nm

100 nm

(a) Material deposited dire tly on (b) Material deposited on the (a)
the hamber wall

Fig. 4. FE-SEM image of synthesized sheet-like material.

ated the parti le mean diameter d̄=84 nm and the standard
deviation  = 63 nm. The fra tion of NPs to whole synthesized parti les was also evaluated as approximately 80%
from parti le size distribution. The produ tion rate of NPs
was estimated as 120 g/h at 20 kW.
The BET analysis was arried out to estimate equivalent
parti le diameter of synthesized Si NPs. All parti le shapes
were assumed to be ompletely spheri al shape to express
equivalent parti le diameter (dBET). This equivalent partile diameter dBET seems the diameter of the agglomerated
parti les, whi h was estimated from the spe i area S w
measured by adsorbing N2 mole ules. The spe i surfa e area of the synthesized NPs was evaluated as 26 m2 /g,
whi h results in dBET of 99 nm. This result supports the fa t
that Si NPs with mean diameter of  100 nm was produ ed
by the PMITP-TCFF method.
4.2.
4.2.1.

Synthesized Si nanowires
Appearan e and morphology of
synthesized nanowires

Large amounts of Si NWs were produ ed under a ondition of high feeding rate of feedsto k and no quen hing gas
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ondition. Fig. 3 depi ts photographs of the synthesized
produ ts in luding Si NWs under the ondition of feeding
feedsto k at a feeding rate of 6.9 g/min without quen hing
gas inje tion. In the experiment, we olle ted the sheetlike materials and o ulent-like bers at the hamber wall
surfa e as indi ated in Fig. 3 (a) and (b). The sheet-like
material has two layers of light-brown thin membrane and
dark-brown thi ker membrane. The light-brown layer was
deposited fa ing on the hamber wall dire tly, whereas the
dark-brown membranes was formed thereon. This sheet
produ ts were found in all the rea tion hambers and the
olle tion lter. In addition, the o ulent ber was further deposited on the sheet-like material and found only under downstream of the upstream hamber. For these lightbrown layer and dark-brown layer, morphology was found
with FE-SEM. Figs. 4(a) and 4(b) respe tively show FESEM images of the light-brown layer and the dark-brown
layer as mentioned above. As seen in Fig. 4(a), many
NPs with diameters of 10-30 nm were found in the lightbrown layer deposited on hamber wall dire tly. On the
other hand, the dark-brown layer ontains lots of NWs as
well as agglomerated NPs with diameters of 10-30 nm, as
indi ated in Fig. 4(b). For these synthesized sheet-like
materials, the spe i surfa e area S w was estimated by
BET method. The S w of the sheet-like materials was estimated to be 137 m2 /g. This value was 5 times higher
than that of the NPs synthesized under the ondition for
Si NPs synthesis. The reason for the higher spe i surfa e area of the sheet-like material is to ontain a large
amount of NWs. On the other hand, the FE-SEM image
of the synthesized o ulent material olle ted on the twolayered sheet are depi ted in Fig.5. As seen in this FESEM image, there dete ted many NWs having diameter of
1030 nm and lengths greater than 500 nm. This indi ates
that the o ulent material ontains large amount of NWs.
The NW diameter distribution were evaluated by measuring wire diameter from 100 randomly sele ted NWs in the
FE-SEM. The mean wire diameter d̄ and the standard deviation  were al ulated respe tively as 14.7 nm and 5.0 nm
from the size distribution. This NWs were also observed
with FE-TEM for further detailed morphology. Fig. 6 depi ts a FE-TEM image of NW produ ts. The NW has a
diameter of about 10-20 nm, and its surfa e is not smooth
but rather uneven. This uneven surfa e of NW suggests
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Fig. 7. EDX spe trum of synthesized nanowires.
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Fig. 6. FE-TEM image of synthesized nanowires.

that the NWs were synthesized from several NPs with a
few nanometers.
From the above results, we inferred that NWs were synthesized in the following way: The PMITP-TCFF method
o ers high-density Si atomi vapor in the plasma tor h
rst. Then, the high-density Si vapor is ooled down to
nu leate Si NPs in the way from the tor h to the hamber.
The synthesized Si NPs were deposited on the wall to produ e a light layer, where rapid ooling o urs be ause the
wall is ooled by ooling water. On the other hand, during
this pro ess, some Si NPs are agglomerated to fabri ate Si
NWs. There Si NWs were a umulated on the above layer.
In addition, the produ tion rate of this Si NWs was estimated as 1000 mg/h, whi h is more than 50 times higher
than those of the onventional method.
4.2.2.

Constituents and

rystallinity

To study onstituents and rystallinity of the synthesized
NWs, EDX and XRD analyses were made. Fig. 7 shows
the EDX spe tra for synthesized NWs. Only Si and O
peaks were dete ted for the NWs in the o ulent bers,
apart from the C and Cu peaks derived from the TEM grid.
No other element like metalli atalyti material was dete ted to be ontaminated. This means that the Si NWs
an be obtained without metalli atalyst. The EDX result quantitatively assessed the atomi fra tion of O/Si as
0.16/0.84, whi h implies that fabri ated NWs were made
almost entirely from Si, with a surfa e oxidized slightly.
This oxidation on the surfa e might derive from exposure
to atmospheri air.
Fig. 8 portrays XRD spe tra for the synthesized NWs in
the o ulent bers. From this gure, only Si peaks an be
dete ted, in luding peaks for several Miller indi es (1 1 1),
(2 2 0), (3 1 1), (4 0 0) and (3 3 1). This indi ates that
synthesized NWs are omposed of Si poly rystalline.
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Fig. 8. XRD spe tra for synthesized nanowires.
5.

Con lusions

Large amounts of Si nanoparti les/nanowires have been
synthesized using the PMITP-TCFF method originally developed. Sili on parti les were synthesized at a high produ tion rate of 120 g/h at 20 kW using quen hing gas. On
the other hand, many Si nanowires were produ ed with a
rate of 1000 mg/h under an experimental ondition with a
heavy-load feeding rate of Si feedsto k (7 g/min) without
quen hing gas inje tion. This high rate produ tion of Si
nanowires may be obtained by a generation of high-density
Si vapor and a moderate gradient of axial temperature without quen hing gas. The synthesized nanowires were found
to be mainly Si nanowires with a mean diameter of 14.7
nm.
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Time-dependent 3D simulation of nanopowder growth and transport
in a turbulent field induced by a thermal plasma jet
M. Shigeta1
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Abstract: Time-dependent 3D simulation reproduces and visualizes the distribution of
collectively growing nanopowder in a turbulent field induced by a thermal plasma jet, using
a suitable model and computational method for that numerically severe condition. The
results show that the nanopowder exhibits complex distributions far from the core of the
plasma jet because of the transport in the turbulent field around the plasma.
Keywords: Nanopowder, Thermal plasma, Turbulent transport, Simulation.
1. Introduction
Thermal plasmas have been expected as a promising
tool for high-speed fabrication of nanopowders because
thermal plasmas offer a high-temperature field with steep
gradients at their fringes where many nano-scale particles
are produced rapidly from the material vapour [1]. The
fringe of a thermal plasma flow forms vortices by fluiddynamic instability. The vortices interact with each other
and consequently generate a turbulent field around the
thermal plasma flow [2]. The turbulent field causes strong
mixing of high-temperature plasma and low-temperature
non-ionized gas because of its multiscale vortices. The
vortices transport the growing nanopowder by the
complex convection in addition to the nanopowder’s own
diffusion and thermophoresis. Although that complicated
transport significantly affects the nanopowder growth
process, the details are still unknown because
experimental measurements and observations are difficult
due to the technological limitations. In this study, timedependent 3D simulation is performed to reproduce and
visualize the distribution of collectively growing
nanopowder in a turbulent field induced by a thermal
plasma jet. In order to capture the turbulent features of a
thermal plasma flow and steep gradients of a spatial
distribution of nanopowder, a suitable model and
computational method are used [3].
2. Governing equations
2.1. Thermal plasma flow
Thermal plasma under atmospheric pressure is
described by the thermal-fluid approximation with several
typical assumptions: (i) the whole fluid region including
plasma and non-ionized gas is in a local thermodynamic
equilibrium state, and (ii) the plasma is optically thin. The
governing equations are given as the conservations of
mass, momentum and energy:

(1)
    u   0 ,
t
 
u
2

   u  u  p     u   u tr    u I   , (2)
t
3
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where  is the density of fluid, t is the time, u is the
velocity vector, p is the pressure, is the viscosity, I is
the unit matrix, h is the enthalpy,  is the thermal
conductivity, C is the specific heat at constant pressure,
qrad is the radiation loss, qcon is the heat generation due to
condensation, and  is the viscous dissipation. The
superscript tr means transposition. The momentum
exchange with nanoparticles is negligible. The
thermodynamic and transport properties which have large
variations with one or two orders of magnitude are taken
into account and implemented as temperature-dependent
data [4].
2.2. Simultaneous growth and transport of nanopowder
The simultaneous growth and transport of nanopowder
fabricated by thermal plasma are effectively described by
aerosol dynamics with the following assumptions: (i)
nanoparticles composing of nanopowder are spheres, (ii)
nanoparticles have a monodisperse size distribution with
the mean size, (iii) electric charge effects are neglected,
(iv) nanoparticle temperature is identical to the fluid
temperature, and (v) material vapour is treated as an ideal
gas. Extending the previous model [5] treating a growth

Fig. 1 Computational domain.
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by homogeneous nucleation, heterogeneous condensation
and coagulation between nanoparticles, the governing
equations, which also describe the nanopowder’s
transport by convection, diffusion and thermophoresis, are
written as
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where n is the number density, D is the diffusion
coefficient, and T is the temperature. The subscripts p, v,
and s denote particle, vapour, and saturated state,
respectively. The variable f is defined as f = npg. J is the
homogeneous nucleation rate and gc is the number of
monomers composing a nanoparticle in a critical state. 0
is the parameter related to collision frequency given as [5]
1/ 6

 3vv 

 4 

0  
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(7)

where v is the volume and m is the mass. Kth is the
thermophoresis coefficient. The material properties of
silicon are obtained from the database [6].
3. Computational conditions and method
The governing equations are transformed to treat the
grid scale and sub-grid scale separately by Large Eddy
Simulation. The transformed equations are simultaneously
solved using a computational method “Method-III” that
was demonstrated in Ref. [3] to simulate a turbulent
thermal plasma flow. Because this method can accurately
express steep gradients of a spatial distribution of physical
variables, it can be extend to deal with a nanopowder
distribution.
Figure 1 shows a schematic illustration of the present
computational domain. A plasma jet of pure argon is
ejected at 0.81 slm from a cylindrical nozzle with the
radius of 2.0 mm. The temperature at the nozzle exit is
approximately 12,000 K. Silicon vapour is supplied at 0.1
g/min with the plasma jet. The 3D computational domain
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is discretized uniformly with the interval of 0.2 mm in
each direction. The time increment is set to be 0.2 ms.
4. Results and discussion
Figure 2 shows time-sequential snapshots of the
isothermal surface of 3200 K representing the plasma jet
and the coherent vortex structure identified by the second
invariant of the velocity gradient tensor in and around a
thermal plasma jet. The first three snapshots portray the
oscillating plasma jet during the downward phase. The
next three snapshots depict it during the upward phase.
Although the stationary boundary conditions are fixed at
the nozzle exit, the plasma jet oscillates due to fluid
dynamical instability. The similar behaviours of a plasma
jet have been observed in experiments [2, 7].
A vortex ring is produced around the plasma jet near
the nozzle exit. The vortex ring is elongated with the
downward motion of the plasma jet, and then it separates
from the plasma jet. Decreasing its temperature, the
vortex ring breaks up into smaller vortices. This process
occurs sequentially at the upside and downside of the jet.
Therefore, several vortex rings with intermediate
temperatures form chain-like structures. The mutually
close vortices interact and break each other, eventually
forming complex structures. The present simulation also
shows that the vortices exist far from the core of the
plasma jet. This result agrees with the fact evidenced by
Schlieren photograph [2].
Figure 3 shows time-sequential snapshots of
nanopowder distribution expressed by the isosurfaces of
np = 1018 particles/m3. The nanopowder exhibits complex
distributions far from the core of the plasma jet because
the nanopowder are generated in the interfacial region
between the plasma and ambient cold gas and transported
by the complex convection around the plasma. The
nanopowder near the plasma has smaller sizes, whereas
that far from the plasma tends to have larger sizes.
5. Summary
Time-dependent 3D simulation successfully reproduced
and visualized the distribution of collectively growing
nanopowder in a turbulent field induced by a thermal
plasma jet, using a suitable model and computational
method for that numerically severe condition. The results
showed that the nanopowder exhibited complex
distributions far from the core of the plasma jet because of
the transport in the turbulent field around the plasma.
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Fig. 2 Time-sequential snapshots of coherent vortex structure identified by the second invariant of velocity
gradient tensor in and around a thermal plasma jet. Colours indicate temperatures. Mesh represents the isothermal
surface of 3200 K.
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Improvement of electrode erosion characteristics
in diode-rectified multiphase AC arc
M. Tanaka1, K. Saga1, T. Hashizume1, T. Matsuura2 and T. Watanabe1
1

Department of Chemical Engineering, Kyushu University, Fukuoka, Japan
2
Taso Arc Co., Fukui, Japan

Abstract: An innovative multiphase AC arc was drastically improved by dioderectification technique. Conventionally, electrode erosion in AC arc originates from a lack
of suitable electrode material because required properties for cathode and anode are
different. To solve this problem, separation of AC electrodes into pairs of cathode and
anode by diode-rectification was attempted. Diode-rectified MPA was then successfully
established and erosion characteristics were drastically improved.
Keywords: thermal plasmas, electrode erosion, electrode temperature, arc behaviour
1. Introduction
A multiphase AC arc (MPA) is one of the most
attractive thermal plasma sources due to its advantages
such as higher energy efficiency compared with
conventional thermal plasmas. Therefore, the MPA has
been applied to an in-flight glass melting technology [1].
Furthermore, it is expected to be utilized in nanomaterial
fabrication processes owing to its high productivity.
However, there are only few studies that have been
reported since the multiphase AC arc is still new type of
thermal plasma generating system. These studies have
been on the arc stability [2], the temporal and spatial
characteristics of the arc discharge [3], and the electrode
phenomena [4-6]. In particular, electrode erosion is one of
the most important issues to be resolved because it
determines the electrode lifetime and purity of the
products.
Electrode erosion in AC arc is of important issue. In
general, required properties for cathode and anode in arc
discharge are different. Low work function and high
melting point are important cathode properties for stable
electron emission. In contrast, high thermal conductive
material is suitable for anode as electron recipient.
However, there is a lack of appropriate electrode material
which satisfies required properties at both cathodic and
anodic periods. In terms of the stable thermionic emission,
tungsten based electrode are commonly used as AC
electrode, although the thermal conductivity is not
sufficiently high, resulting in sever erosion in
conventional single-phase AC arc [7, 8] or MPA [6].
Electrode erosion mechanism in MPA has been
investigated based on high-speed visualization [5, 6].
Erosion due to ejection of metal droplet larger than 100
μm in diameter is dominant at cathodic period, while
evaporation is dominant at anodic period. The droplet
ejection at cathodic period is basically caused by the
electrode melting due to high heat transfer to electrode at
anodic period.
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To separate each AC electrode into pairs of cathode
and anode could lead a breakthrough of the AC electrode
erosion problem. Therefore, diode-rectification to
separate AC electrodes are attempted. The purpose of the
present work is to establish an innovative diode-rectified
MPA (DRMPA) to improve the electrode erosion
characteristics. Another purpose is to understand the
electrode phenomena in DRMPA.
2. Experimental Setup
Schematic electric circuits for conventional MPA and
DRMPA are shown in Fig. 1. Twelve diodes are placed
between the electrodes and transformers. Thus. The
electrodes were divided into pairs of cathode and anode,
namely bipolar electrodes. Figure 2 shows the schematics
of the experimental setup with electrode configuration.
Each electrode consists of cathode and anode. The
cathode was made of 2wt%-thoriated tungsten with 3.2
mm in diameter. The anode was made of copper rod with
25 mm in diameter and was directly cooled by city water.
Six pairs of the electrodes were symmetrically arranged at
the angles of 60 deg. Odd numbered cathodes were placed
above the corresponding anodes, while even numbered
anodes were placed above the cathodes. DRMPA was
generated among 6 bipolar electrodes in the chamber
which was filled by Ar under atmospheric pressure.

Fig. 1. Schematic electric circuits for conventional MPA
(a) and innovative DRMPA (b).
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Fig. 2. Experimental setup (a) and schematic of electrode configuration for MPA (b) and DRMPA (c).
High-speed camera was (FASTCAM SA5, Photron Ltd.,
Japan) applied to visualize the fundamental phenomena in
MPA with and without diode-rectification. Arc behaviour
for MPA and DRMPA was recorded by the high-speed
camera at a framerate of 1x104fps with a shutter speed of
2 μs. Electrode phenomena were visualized by high-speed
camera.
Electrode temperature during discharge was measured
by the same high-speed camera mentioned above.
Conventionally, electrode temperature measurement
during the arc discharge was difficult due to the strong
emissions from the arc. Recently developed technique
with high-speed camera was utilized in the present work.
Only thermal radiation from the electrode surface was
visualized without strong emissions from the arc by
appropriate band-pass filters which transmission
wavelengths were 785 and 880 nm. Then, surface

temperature was measured on the basis of the two-colour
pyrometry. Typical framerate was 1x104fps with shutter
speed of 20-50 μs.
3. Results and discussions
3.1 Arc behaviour in DRMPA
Arc behaviour in DRMPA was observed by high-speed
camera system without band-pass filters. Figure 3 shows
the high-speed snapshots of DRMPA and the
conventional MPA during an AC cycle. Electrode No. 1
was in the cathodic period from 0.00 ms to 8.33 ms, while
electrode No. 4 was in the anodic period at the same time.
In the case of MPA, strong cathode jet was observed at
near the electrode No. 1 when the time was 4.2 ms. The
strong anode jet near the electrode No. 4 was also
observed at the same time. These arcs are connected

Fig. 3. High-speed snapshots of MPA (a) and DRMPA (b) during an AC cycle.
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Fig. 4. Existence time of MPA (a) and DRMPA (b)
during an AC cycle.

2.0
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around the centre region among the electrodes.
In the case of DRMPA, anode jet was not clearly
observed at around the anode No. 4, while cathode jet can
be observed at near the cathode No. 1. The reason for the
absence of the anode jet in DRMPA can be explained by
lower current density in front of the DRMPA anode than
that of the MPA electrode at anodic period. As shown in
Fig. 3, arc near the DRMPA anode was not constricted,
while the constriction of the arc near the DRMPA cathode
was observed. These different constriction behaviours are
possibly affected by the metal vapour from the electrode.
Evaporation of tungsten electrode leads to the arc
constriction due to high electrical conductivity of metal
vapour. On the other hand, the evaporation of copper
anode was negligible due to its high thermal conductivity.
Therefore, absence of the metal vapour in front of the
anode leads to the weak anode jet in DRMPA.
Further analysis of the high-speed camera images was
then conducted to understand the spatial characteristics of
DRMPA. The high-speed snaps were accumulated during
an AC cycle after binarization of each image by
appropriate threshold value. Therefore, the accumulated
images shown in Fig. 4 express the distribution of arc
existence time during an AC cycle. The obtained
distributions for DRMPA exhibit widely-spread arc
region. On the other hand, the MPA shows more
concentrated distribution at the centre region among the
electrodes. This difference originates from the different
anode jet behaviour as mentioned in the previous
paragraphs.
The obtained results about the arc behaviour suggested
that the DRMPA was stably operated and was suitable
heat source for thermal plasma processing such as
nanofabrication due to its large volume of high
temperature region.
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Fig. 5. Effect of arc current on electrode erosion
rate in MPA and DRMPA.

3.2 Electrode erosion phenomena in DRMPA
Electrode erosion rates for DRMPA and MPA in
different arc currents are presented in Fig. 5. The erosion
rates in DRMPA were much smaller than that in the
conventional MPA for all conditions in different arc
currents. In particular, erosion rate of anode in DRMPA
was drastically reduced. This is because the anode
material in DRMPA was made of copper which has
higher thermal conductivity than tungsten. Moreover, the
erosion rate of cathode was also decreased than that in
MPA. In order to understand the reason for this result,
high-speed visualization of electrode phenomena during
arc discharge was conducted.
Temperature distributions of tungsten electrode for
MPA and DRMPA during arc discharge at 120 A of arc
current are presented in Fig. 6. In the case of MPA, the
electrode tip was melted at both anodic and cathodic
periods, as shown in Fig. 4 (a) and (b). In contrast, the
cathode tip in DRMPA was not melted. This is due to the
absence of the anodic heat transfer from the arc to the
tungsten electrode in DRMPA.
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Fig. 6. Surface temperature distributions of MPA
electrode at anodic period (a) and cathodic period (b),
and cathode in DRMPA (c).
Time variations of electrode tip temperature for
DRMPA and MPA during AC cycles with corresponding
waveforms of the arc current are shown in Fig. 7.
Temperature peaks originated in the maximum
instantaneous values of the arc current during AC cycles.
At all times during AC cycle, electrode tip temperature in
MPA was higher than the melting point of tungsten
(3,695 K), resulting in the severer erosion due to tungsten
evaporation and the droplet ejection. On the other hand,
electrode tip temperature in DRMPA was lower than the
melting point of tungsten at all times during AC cycle.
Therefore, the erosion due to tungsten evaporation and
droplet ejection was drastically reduced.
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4. Conclusion
An innovative multiphase AC arc with dioderectification are established. Stable arc operation was
confirmed even in the case with diode-rectification.
Erosion characteristics of electrode in multiphase AC arc
was
drastically
improved.
High-speed
camera
visualization provided the arc behaviour in DRMPA.
Moreover, high-speed camera technique with band-pass
filter system revealed that the temperature characteristics
of electrode in DRMPA. Separation of AC electrode into
pairs of tungsten-based cathode and copper anode by
diode-rectification is expected to be utilized in massive
powder processing such as nanofabrication processes at
high-productivity for a long time operation.
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Fig. 7. Time variation of tungsten electrode temperature
during an AC cycle (a) and corresponding waveforms of
arc current (b).
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Plasma Torch Optimisation by Additive Manufacturing of Components
IJ van der Walt1, PL Crouse2, WB du Preez3
1

Plasma Technology Section, R&D, The South African Nuclear Energy Corporation SOC, Ltd., South Africa
Department of Chemical Engineering, University of Pretoria, Private Bag X20, Hatfield 0028, South Africa.
3
Department of Mechanical and Mechatronics Engineering, Central University of Technology, Bloemfontein, South
Africa
2

Abstract:
Additive manufacturing (3D printing) was used to manufacture newly designed spinners for
a 30 kW non-transferred arc plasma torch. Spinners induce vortex stabilisation to prevent
side-arcing and additionally reduce heat transfer from the arc to the anode wall. Curved gas
flow pathways were introduced into the design. The main findings were that a curvature of
96 mm radius and 6 x 1 mm holes improved the torch efficiency by almost 12 %.
Keywords: Torch optimisation, 3D printing, additive manufacturing, rapid prototyping.

1. Introduction
Flow characteristics are important for achieving
stability in non-transferred thermal plasma arcs.
Conventionally, stability is induced in two ways, namely
(i) wall stabilisation, and (ii) vortex stabilisation. The
former, (i), refers to stabilisation that is induced by
lowering the electrical conductivity of the plasma gas
whilst simultaneously cooling the outer wall. This results
in the stabilisation of the tail flame. The latter, (ii), includes
a swirling gas which is tangentially injected into the plasma
torch to serve as insulation between the internal wall of the
anode and the arc. This minimises the heat loss [1, 2].
Vortex flow is one of the most common methods used
in plasma wall-isolation to minimize heat transfer. Two
known methods have been used to stabilise the gas-vortex
used to insulate the plasma wall, viz. the Forward Vortex
Stabilisation (FVS) method and the Reversed Vortex
Stabilisation (RVS) method. FVS, is the most commonly
used. This refers to the configuration where the spinner,
through which plasma gas is introduced tangentially to the
ax, is placed upstream relative to the electric discharge and
the outlet of the plasma jet. One problem with this method
is that when intense fluid flow is present, the pressure
minimum at the spinner side axis is deeper than that of the
downstream axis, resulting in central reverse flow. This
transfers the energy from the centre to a more upstream
location, causing a significant amount of heat to be
transferred to the anode electrode walls resulting in
unnecessary heat loss [1, 2, 3, 4]. The idea behind the RVS
method is to direct the outlet of the plasma jet back towards
the axis of the spinner; with the gas comes into the
discharge zone from all angles and preventing a
recirculation zone from forming [2].
In this investigation a 30 kW non-transferred plasma
torch was used. FVS was used for arc stabilisation, and
rapid prototyped spinners were used for empirical
optimization of torch efficiency.
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Conventional means of manufacturing (lathe, milling,
etc.) is traditionally used to produce the different torch
components, including the spinner. Rapid prototyping by
additive manufacturing (AM) is a relatively new
production method making use of laser fusion of fine
metallic powder particles in a layer-by-layer fashion,
thereby building almost any design, no matter the
complexity. This method was used to manufacture newly
designed titanium spinners.
2. Experimental
Plasma torch assembly
The configuration of the plasma torch and the positions
of the spinner, anode and cathode are indicated in Fig. 1.
By monitoring the water flow rate and the inlet and outlet
temperatures through electrodes, the energy balance and
efficiency of the torch were calculated.
Dimensions of the newly designed spinner gas flow
pathways
Two different spinners were designed, tested and then
compared to the standard spinner which is conventionally
used (seen in Fig. 2). A sectional view of a newly designed
spinner with curved pathways is shown in Fig. 3, where the
curvature radius is clearly indicated. The number of holes
was varied from 4 to 6. The hole IDs were 2 and 1 mm,
respectively. The total flow area of the spinner holes was
calculated to feed 3 kg/h of nitrogen gas into the torch. In
addition, the spinner holes were curved with a radius of 96
mm through the spinner wall.
Tests were carried out on the spinners to determine the
influence of (i) the curvature of the holes through the
spinner wall vs straight holes, (ii) the number of gas flow
pathways, as well as (iii) the size of the gas flow pathways
on the energy efficiency of the torch. The dimensions of
the gas flow pathways of the different spinners are listed in
Table 1.
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Table 1: Spinner-hole dimensions
Spinner

Spinner 1
Spinner 2
Standard spinner

Number of
holes
4
x

6

Size of holes
[mm]
2
x

x
x

1
x

x

Table 2: Dimensions of the spinner
Dimension
Distance [mm]
36
Inner Spinner Diameter
48
Outer Spinner Diameter
7.80
Height of Spinner
Fig. 1: Assembly drawing of the plasma torch

Gas flow
pathways

Fig. 2: Sectional view of a standard spinner

Curvature
Radius

Fig. 3: Sectional view of a spinner with curved pathways

Spinner dimensions
Apart from the dimensions given in Table 1, which are
mainly dimensions of the gas flow pathways, the
dimensions of the spinners are listed in Table 2.

670

Methodology
All the spinners were designed using SOLIDWORKS®
computer-aided design (CAD) software. The threedimensional CAD files were exported as .stl files and
subsequently converted into two-dimensional slice files
that were transferred to an EOS M280 Direct Metal Laser
Sintering (DMLS) AM machine. Ti6Al4V (ELI) powder
was used to produce the spinners through the AM process.
The newly designed AM spinners were inserted
individually into the plasma torch in the usual position as
shown in Figure 1.
The efficiency of the AM spinners were then tested by
carrying out the experiments with variations in (i) the
power supplied to the torch (100, 150, 170, 190, 200 and
220 amperes), and (ii) the gas flow rate of the swirling gas
(1.55, 2.07, 2.59 and 3.10 g/s).
The gap between the cathode and the anode was then set
to 2 mm. This was a very important dimension since the
anticipated 3 kg/h mass flow of plasma gas (N2) needed to
pass through this gap without resistance. After the torch
assembly was completed it was mounted and prepared for
experimentation.
The plasma was started on 100 A using argon. Once the
plasma had been ignited, argon was gradually replaced
with nitrogen. The first experiment was carried out starting
at the lowest current and nitrogen gas flow rate. The current
was held constant while the flow rate of the gas was varied.
Once the highest gas flow rate had been reached the current
was raised to the next setting. The gas flow rate was then
varied again from the lowest gas flow rate to the highest.
This procedure was repeated until all the experiments were
carried out with each spinner.
At each setting, the torch was allowed a one minute
stabilization time before the experimental conditions were
recorded. These included the temperature, power values,
cooling water flows and gas flows.
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3. Results
In Fig. 4 it is observed that the AM spinners performed
significantly better than the conventional one. Higher
voltages were obtained at all of the current and plasma gas
settings as compared to the conventional spinner. The
values for only one gas flow are presented here. The same
trend is shown for the others. This is an indication of lower
resistance of the plasma gas through the spinner channels.

Fig. 6: The efficiencies of the different spinners

Fig. 4: VI curves for the different spinners

The heat loss against current plots for the spinners at
the respective gas flow rates are shown in Fig. 5 (The
values for only 2.59 g/s is reported here. Again the same
trends are followed). It can be observed that the heat loss
values for the AM spinners are higher than for the
conventional spinner. In the 220 A case and with spinner
2 the energy lost to the water cooling is ~2.5 kW more
than with the conventional spinner. This was expected
since a ~ 60 V increase in potential was observed between
the conventional and the AM spinners (Fig 4).

The effect of the number and size of the holes:
The number of holes introduced to the spinner designs
was 4 and 6. The size of the holes allocated to
corresponding number of holes is 2 mm and 1mm,
respectively. The spinners with 4 holes (2mm in size) and
no curvature (conventional spinner) obtained the lowest
efficiency at 32.65%.
Several spinners with 6 holes, 1 mm dia. and 96 mm
curvature were also tested. During experimentation it was
observed that some of them caused the plasma gas to
reach a limit at 2.59 g/s. A possible cause is that one of
the gas channels was blocked and thereby increasing the
gas flow speed to more than Mach 1. Supersonic gas flow,
Ma >1, through the gas channel causes a choked flow,
effectively blocking the channel. If three holes were
blocked, the Mach number would reach 0.8, which is very
close to Mach 1.
4. Conclusion

Fig. 5: Heat loss at different currents

In Fig. 6 the torch efficiencies for the AM spinners were
compared to the conventional spinner. It was observed
that the AM spinners increased the torch efficiency by 10
to 12 % depending on the gas channel`s dimensional
characteristics.
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A curvature of the plasma gas channel in the spinner
can have a positive effect on the torch efficiency. Two
spinners were considered: Spinner 1 with 4 holes of 2 mm
dia. and 96 mm radius curvature and Spinner 2 with 6 holes
of 1 mm dia. and 96 mm radius curvature. These spinners
were produced by means of AM. They were compared to a
conventional spinner with the following attributes: 4 gas
channels, 2 mm dia. and no curvature. Different plasma gas
flows and current settings were used to evaluate the torch
efficiency with the different spinners installed into the
plasma torch.
The following observations were made when the
conventional spinner was compared to the 2 AM spinners:
 The AM spinners caused the torch to operate at a higher
potential for the same plasma gas and current setting.
 The energy loss to the anode increased due to the
increase in potential and therefore the total power.
 The torch efficiency increased 10 – 12 % when the AM
spinners were used.
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High-speed visualization of erosion phenomena of tungsten-based electrode
in multiphase AC arc
T. Hashizume, M. Tanaka, T. Imatsuji, Y. Nawata and T. Watanabe
Department of Chemical Engineering, Kyushu University, Fukuoka, Japan
Abstract: Evaporation phenomena from tungsten electrode with lanthanum oxide in
multiphase AC arc were successfully visualized by high-speed camera. Results of
synchronized visualization for tungsten and lanthanum vapour indicates that the evaporation
of lanthanum triggers tungsten evaporation. Addition of the lanthanum vapour into the arc
leads to higher electrical conductivity of the arc. Therefore, heat flux from the arc to the
electrode become larger after the evaporation of lanthanum, resulting in tungsten evaporation.
Keywords: thermal plasmas, multiphase AC arc, electrode evaporation
1. Introduction
Thermal plasmas as an energy source with high energy
efficiency have been applied in various engineering fields.
They have various advantages such as extremely high
temperature, high enthalpy to enhance reaction kinetics,
rapid quenching capability to produce chemical nonequilibrium materials, and oxidation or reduction
atmosphere in accordance with required chemical reaction.
Therefore, these advances increase demands in plasma
chemistry and plasma processing [1-3].
Multiphase AC arc is one of the thermal plasma
generation systems. It is generated among multi-electrodes
by phase-shifted AC power supplies. It has high energy
efficiency because of the generation without converting
AC to DC. It has various advantages such as large plasma
volume and low gas velocity compared with the
conventional thermal plasmas [4-6]. The multiphase AC
arc is expected to be applied to massive powder processing
such as nanomaterial fabrication processes and in-flight
glass melting technology. However, fundamental
phenomena have rarely been reported because of its
novelty. In particular, electrode erosion is one of the most
important issues to be solved because it determines the
electrode lifetime and the purity of the products.
Tungsten electrode with doped oxide is generally used
because of their suitable characteristics for stable arc
operation. Doped oxide strongly influences electrode
temperature and erosion rate because doped oxide reduces
effective work function of the electrode [7]. In the
multiphase AC arc, the erosion of tungsten electrode due
to evaporation and droplet ejection was observed [8, 9]. In
previous work, influence of doped oxide on the droplet
ejection has been clarified. Doped oxide has an effect on
the molten area of the electrode tip. Forces on the electrode
tip are affected by doped oxide. As a result, the rate of
erosion due to droplet ejection with an oxide doped
electrode is smaller than that with a pure tungsten electrode.
On the other hand, influence of doped oxide on the
tungsten evaporation has not been understood yet. The
purpose of this work is to investigate the evaporation
mechanism of tungsten electrode with doped oxide in the
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multiphase AC arc. Dynamic behaviour of metal vapour
from tungsten and doped oxide during AC cycle were
visualized by high-speed camera system.
2. Experimental details
2.1 Experimental setup
Figure 1 shows a schematic image of the experimental
setup. It consisted of 12 electrodes, arc chamber, and AC
power supply at 60Hz. The electrodes were divided into
two layers, upper six and lower six electrodes. The
electrodes were symmetrically arranged by the angle of 30
degrees. The electrodes were made of tungsten (98wt%)
and lanthanum oxide (2wt%) with diameter of 6.0 mm. To
prevent the electrodes from oxidation, argon was injected
around the electrode as shield gas at 2 L/min. The applied
voltage between each electrode and the neutral point of the
coil of the transformer can be calculated by the following
equation:
𝑉𝑖 = 𝑉𝑚 𝑠𝑖𝑛 [𝜔𝑡 −

2𝜋(𝑖−1)
12

]

(𝑖 = 1, 2, … , 12)

(1)

where Vi indicates the applied non-load voltage for each
electrode number i and Vm indicates the amplitude of the
non-load voltage (about 220 V, AC 60Hz).

Fig. 1. Schematic image of multiphase AC arc
generator.
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The arc current was changed from 80 to 120 A for each
electrode. Higher arc current leads to higher electrode
temperature because higher heat flux to the electrode from
the arc. Therefore, arc current was expected to influence on
the electrode evaporation.
2.2 High-speed visualization of metal vapour
Evaporation of tungsten electrode was visualized by the
high-speed camera system (FASTCAM SA-5, Photron
Ltd., Japan). One of the electrodes was observed by highspeed camera installed on the top of the arc generator.
Conventional observation of electrode during arc discharge
was prevented by the strong emission of the arc. Therefore,
the band-pass filter (Andover Optical Inc., USA) was
combined with the high-speed camera system to separate
the emission of metal vapour from the emission of the arc.
Schematic diagram of the high-speed camera system is
shown in Fig. 2. The light focused by a lens of high-speed
camera is divided into two optical paths by a splitter. In
both paths, a band-pass ﬁlter in different wavelengths is
placed for synchronized observation of the emissions from
tungsten and lanthanum vapour. The appropriate
wavelengths for the observation were determined based on
spectroscopic measurements (iHR550, Horiba Jobin Yvon).

Fig. 3. Emission spectrum of multiphase arc in
electrode region at centre wavelength of 393
nm.

3. Results and discussion
3.1 High-speed visualization of tungsten vapour
Dynamic behaviour of tungsten vapour during an AC
cycle was visualized by the high-speed camera system.
Figure 3 shows the representative emission spectra at a
distance of 2 mm from the electrode tip. Line emissions
from tungsten vapour, as well as that from the oxygen
atoms can be observed. As a result, centre wavelength of
the band-pass filter was selected as 393 nm to separate the
emission of tungsten vapour from the emission of the arc.
Figure 4 shows representatives of high-speed snapshots
of the tungsten vapour with different arc current from 1.0
to 4.5 ms during an AC cycle. The indicated times in Fig.
4 (a), (b), (c) correspond to the waveform of arc current in
Fig. 4 (d). In the multiphase AC arc, the evaporation of the
tungsten electrode mainly observed at the anodic period.
This is because tungsten ions near the electrode tip return

Fig. 2. Schematic diagram of high-speed camera
system with band-pass filters.
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Fig. 4. High-speed snapshots of W vapour of La2O3W at 80 (a), 100 (b), 120 A (c), and
synchronized current waveform (d).
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back to the electrode side due to electric field during the
cathodic period.
According to the high-speed observation, luminance area
of the tungsten vapour and timing when tungsten started to
evaporate were influenced by values of the arc current.
Higher arc current leads to severer evaporation of tungsten.
Moreover, higher arc current leads to earlier evaporation
timing. Tungsten evaporation at 120 A started before the
peak top of the arc current at the anodic period. At 120 A,
tungsten vapour observed at 2.5 ms as shown in Fig. 4 (c).
In contrast, tungsten evaporation at 80 A and 100 A started
near the peak top of arc current. At 80 A and 100 A,
tungsten vapour observed at 3.5 ms and 4.0 ms as shown in
Fig. 4 (a), (b).
Time variation of luminance area of the tungsten vapour
during an AC cycle with different values of arc current are
shown in Fig. 5. Results indicated that the area of tungsten
vapour at 100 A was about 1.5 times larger than that at 80
A. Moreover, the area of tungsten vapour at 120 A was
about 4 times larger than that at 100 A. To investigate the
reason for severer evaporation of tungsten at 120 A, the
evaporation timing with different values of arc current will
be discussed in the following section.
3.2 High-speed visualization of vapour from doped oxide
Metal vapour from tungsten and doped oxide
simultaneously observed by high-speed camera system.
Figure 6 shows the representative emission spectra at a
distance of 2 mm from the electrode tip. The band-pass
filter with 577 nm was combined with the high-speed
camera system to observe lanthanum vapour from
lanthanum oxide. The band-pass filter for observation of
lanthanum vapour includes line emission from lanthanum
vapour and weak emissions from tungsten vapour. To
discuss dynamic behaviour of lanthanum vapour, emission
from tungsten and lanthanum vapour were compared.
Figure 7 shows representatives of high-speed snapshots
of lanthanum vapour (a) and tungsten vapour (b) at 80 A.
The indicated time in Fig. 7 (a), (b) corresponds to the

Fig. 5. Time variation of luminance area of W vapour
during an AC cycle with different values of arc
current.
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Fig. 6. Emission spectrum of multiphase arc in
electrode region at centre wavelength of 577
nm.
waveform of arc current in Fig. 7 (c). The behaviour of
emission at wavelength of 577 nm was different from that
of tungsten vapour at wavelength of 393 nm. As shown in
Fig. 7 (a), metal vapour observed at 3.0 ms during an AC
cycle. In contrast, tungsten started to evaporate at 4.5 ms
as shown in Fig. 7 (b). These results indicate that emission
of lanthanum vapour from lanthanum oxide is successfully
visualized. The observation of lanthanum vapour from
tungsten electrode have never been reported because
separation of the emission from tungsten and lanthanum
vapour is difficult. In this study, the dynamic behaviour of
lanthanum vapour was investigated by synchronized
observation of tungsten and lanthanum vapour.
According to the synchronized observation, lanthanum
oxide evaporated just before tungsten evaporation. These
results suggest that evaporation of doped oxide triggers
tungsten evaporation. First, the doped oxide evaporates
before the tungsten evaporation at the anodic period
because the boiling point of doped oxide is lower than that
of tungsten. Vapour addition of metal from doped oxide
into the arc leads to higher electrical conductivity.
Consequently, heat flux from the arc to the electrode is
enhanced after the evaporation of doped oxide, resulting in
tungsten evaporation.
Based on the evaporation mechanism of tungsten-based
electrode in the multiphase AC arc, reason for severer
evaporation at higher arc current is discussed. Figure 8
shows representatives of high-speed snapshots of
lanthanum vapour (a) and tungsten vapour (b) at 120 A.
The indicated time in Fig. 8 (a), (b) corresponds to the
waveform of arc current in Fig. 8 (c). At 120 A, lanthanum
vapour and tungsten vapour observed at 1.0 ms and 2.5 ms,
respectively. The evaporation timing of doped oxide at 120
A is earlier than that at 80 A as shown in Fig. 7 and 8
because higher arc current leads to higher electrode
temperature. Therefore, tungsten started to evaporate
before the peak top of arc current at higher arc current.
Increase of the arc current before the peak top leads to
higher electrode temperature, resulting in severer
evaporation of tungsten.
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Fig. 7. High-speed snapshots of La vapour (a), W
vapour (b) of La2O3-W at 80 A, and
synchronized current/voltage waveforms (d).

Fig. 8. High-speed snapshots of La vapour (a), W
vapour (b) of La2O3-W at 120 A, and
synchronized current/voltage waveforms (d).

4. Conclusion
The dynamic behaviour of metal vapour was
successfully visualized by the high-speed camera
observation combined with the appropriate band-pass filter
system. Tungsten vapour and vapour from doped oxide
were simultaneously observed with different values of arc
current to investigate the evaporation mechanism of
tungsten-based electrode in the multiphase AC arc.
Obtained results revealed that the evaporation of doped
oxide had an important role on the tungsten evaporation.
Tungsten evaporated just after the evaporation of doped
oxide. Addition of metal vapour from doped oxide into the
arc leads to the electrical conductivity, resulting in higher
heat flux from the arc to the electrode. Therefore,
evaporation of doped oxide triggers tungsten evaporation.
At low arc current, tungsten starts to evaporate after the
peak top of arc current, resulting in decreasing the tungsten
evaporation rate. Understanding the erosion mechanism in
more details enables us to realize the practical use of the
multiphase AC arc in various applications.
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3D modelling of a DC transferred arc twin torch plasma system for the synthesis
of copper nanoparticles
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Abstract: An atmospheric pressure DC transferred arc twin torch plasma system has been
characterized by 3D simulation in order to assess its potential for the synthesis of copper
nanoparticles from solid precursors. The numerical model takes into account also the effect
of radiative losses from the copper vapour, which strongly affects the process temperature.
Different current levels, gas flow rates and precursor feed rate have been investigated, also
in terms of yield and mean diameter of the synthetized nanoparticles.
Keywords: Thermal plasmas, 3D modelling, twin torch, nanoparticle synthesis.
1. Introduction
DC transferred arc twin torch plasma systems torch are
devices consisting of two electrodes generating a plasma
arc sustained by means of an electric current flowing
through the body of the discharge; they are typically
characterized by a very high plasma temperature [1].
They have been used in several industrial applications,
such as waste treatment [1] and fine particle synthesis [2].
Twin torches are intrinsically asymmetrical systems, with
cathodic and anodic electrodes having their axes tilted to
each other; the discharge generated by this particular
plasma source configuration is characterized by a
complex shape and fluid dynamic behaviour and a 3D
description is needed in order to realistically predict it. 3D
models have been previously used to study temperature
and velocity distribution of such devices with local
thermodynamic equilibrium (LTE) assumption [3-4] or
even assuming non-LTE [5]. In the present work a static
3D LTE twin torch model that considers the synthesis of
copper nanoparticles in argon by evaporation of
micrometric solid copper precursors is presented. The
synthesis process occurs inside a reaction chamber, with
micron-sized precursors fed vertically with a carrier gas
along the axis of the chamber. The precursors are
vaporized by interaction with the plasma arc and
nanoparticles are synthetized in the reaction chamber by
interaction with a quenching gas flow rate. An additional
sweep gas flow rate is fed from the top of the reaction
chamber to shield its walls from the plasma. The radiative
power loss contribution due to the vapour produced in the
plasma by the solid precursors has been recently pointed
out as one of the main mechanisms limiting the
evaporation efficiency (the fraction of the injected
precursor that is effectively evaporated in the plasma) in a
thermal plasma process for the synthesis of nanopowders
[6-7]. This effect is particularly significant for materials
with a high emissivity, typical of metal vapours, and
results in a strong local cooling of the plasma near the
region where the material is injected in the plasma and
evaporated. Since the precursor evaporation efficiency is
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one of the key parameters that influence the yield of
synthetized nanoparticles (defined as the ratio between
the total nanoparticle throughput to the reaction chamber
outlet and the precursor feed rate), hence this
phenomenon has a relevant effect on the process
performance. Especially in the twin torch system, where
the electric arc interacts directly with the discharge, this
cooling effect can affect the behaviour and the stability of
the arc. In order to control particle size distribution and
increment the nanoparticle yield, several typologies of
quenching strategies can be adopted, with different effects
[7].
2. Modelling approach
The nanoparticle synthesis process, including plasma
thermo-fluid dynamics, electromagnetic field, precursor
injection and evaporation, and nanoparticle formation,
transport and growth, is modelled within a 3D framework
in the ANSYS FLUENT© environment.
Plasma thermo-fluid dynamics calculations rely on the
following assumptions:
-plasma is in local thermodynamic equilibrium (LTE);
-turbulent effects are taken into account using the
standard k-ε model;
-plasma is considered optically thin;
-the effect of Cu vapour on the transport and
thermodynamic properties of the gas mixture is neglected,
except when accounting for radiative losses;
-the viscous dissipation term in the energy equation is
neglected;
-displacement currents are neglected;
The governing equations for the plasma modelling are:
𝛻 ∙ (𝜌𝑢
⃗)=0
(1)
⃗ (2)
𝛻 ∙ (𝜌𝑢
⃗𝑢
⃗ ) = −𝛻𝑝 + 𝛻 ∙ 𝜏̿ + 𝜌𝑔 + 𝐽 × 𝐵
where 𝜌 is the gas density, 𝑢
⃗ the fluid velocity, p the
⃗ the
pressure, 𝜏̿ the viscous stress tensor and 𝐽 × 𝐵
contribution of the Lorentz forces.
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The energy conservation equation is written as:
𝛻 ∙ (𝜌ℎ𝑡 𝑢
⃗)=
5𝑘
𝛻 ∙ (𝑘𝛻𝑇) + 𝐵 𝐽 ∙ 𝛻𝑇 + 𝐽 ∙ 𝐸⃗ − 𝑄𝑝 − 𝑄𝑟 (3)
2 𝑒

where ℎ𝑡 is the total plasma enthalpy, k the laminar
thermal conductivity, 𝐽 ∙ 𝐸⃗ the Joule heating, 𝑄𝑝 is the
volumetric heat flux to the precursor particles and 𝑄𝑟 the
radiation losses. In calculating the radiative losses the
contributions from both Ar and Cu vapour are taken into
account, using data from [8]. The volumetric radiative
loss was obtained by linear interpolation of the Net
Emission Coefficients based the molar fractions of Ar and
Cu vapour as suggested by Gleizes et al. [9], using an
equivalent radius of 5 mm.
Turbulent effects have been taken into account using the
standard k-ε model:

𝑑 𝒖𝑷
𝑑𝑡

= (

3 𝜌 𝐶𝐷
4 𝑑𝑃 𝜌𝑃

) (𝒖 − 𝒖𝑷 )|𝒖 − 𝒖𝑷 | + 𝒈 (9)

where 𝜌𝑃 , 𝒖𝑷 and 𝑑𝑃 are the precursor particle density,
velocity and diameter, respectively, and 𝐶𝐷 is the drag
coefficient, computed as in [10].
The thermal history of the precursor particles is governed
by the following energy balance equation:
𝑑𝑇𝑃
𝑑𝑡

=

𝑞

(10)

𝑚𝑃 𝑐𝑃

where 𝑇𝑃 and 𝑚𝑃 are the temperature and mass of the
particle and 𝑐𝑃 its specific heat. The heat flux to the
particle 𝑞 is obtained by [11]:
𝑞 = 𝐴𝑃 ℎ𝐶 (𝑇 − 𝑇𝑃 ) − 𝐴𝑃 𝜀𝑃 𝜎𝑆𝐵 (𝑇𝑃4 − 𝑇a4 ) (11)

𝛻 ∙ (𝜌𝒖𝑘) = 𝛻 ∙ ((𝜇 +
𝛻 ∙ (𝜌𝒖𝜀) = 𝛻 ∙ ((𝜇 +

𝜇𝑇
𝜎𝜀

𝜇𝑇
𝜎𝑘

) 𝛻𝑘) + 𝐺𝑘 − 𝜌 𝜀

) 𝛻𝜀) + 𝐶1𝜀

𝜀
𝑘

𝐺𝑘 − 𝐶2𝜀 𝜌

(4)
𝜀2
𝑘

(5)

where k is the turbulence kinetic energy related to the root
mean square of the velocity fluctuations, ε is the turbulent
dissipation 𝐺𝑘 is the generation of turbulence kinetic
energy due to mean velocity gradients, 𝐶1𝜀 , 𝐶2𝜀 , 𝜎𝑘 and 𝜎𝜀
are constants set to 1.44, 1.92, 0.25 and 1.0 respectively.
The turbulent viscosity 𝜇 𝑇 is calculated as:
𝜇 𝑇 = 𝜌 𝐶𝜇

𝑘2
𝜀

(6)

with 𝐶𝜇 constant, set to 0.09.The standard wall function
approach is used to model turbulence in the near-wall
region.
The electromagnetic field is calculated using Maxwell’s
⃗ and
equations written explicitly for the vector potential A
scalar potential V. The vector and scalar potential
equations are solved in the following form:
𝛻 2 𝐴 − 𝜇0 𝜎𝐸⃗ = 0
𝛻 ∙ (𝜎𝛻𝑉) = 0

(7)
(8)

where 𝜎 is the electrical conductivity; the electric field is
related to the gradient of the scalar potential (𝐸⃗ = −𝛻𝑉)
and the current density has been calculated using the
simplified Ohm’s law, neglecting the Hall current 𝐽 =
𝜎𝐸⃗ .
The precursor particles are assumed to be spherical and
with a negligible internal resistance to heat transfer.
The trajectory of the precursor particles is described by
the equation of motion:

678

where 𝐴𝑃 is the surface area of the particle, ℎ𝐶 is the local
convective heat transfer coefficient, 𝜀𝑃 is the emissivity
of the particle, 𝜎𝑆𝐵 is the Stefan-Boltzmann constant and
𝑇a is the temperature of the walls of the reaction chamber,
i.e. 300 K. When the particle reaches the melting point,
the liquid fraction 𝑥𝑃 is changed according to the
following particle heat balance equation:
𝑑𝑥𝑃
𝑑𝑡

=

6𝑞

(12)

𝑑𝑃 𝜌𝑃 𝜆𝑚

where 𝜆𝑚 is the latent heat of particle melting. When the
particle is fully in the liquid phase, evaporation is
modelled assuming that mass transfer starts when the
particle reaches the boiling temperature. In this case, the
particle heat and mass balance can be written as:
𝑑 𝑑𝑃
𝑑𝑡

= −

2𝑞

(13)

𝜌𝑃 𝜆𝑣

where 𝜆𝑣 is the latent heat of vaporization. Finally, the
precursor vapour concentration is obtained solving the
vapour conservation equation:
𝑡𝑜𝑡
𝛻 ∙ [𝑢 𝑁] = 𝛻 ∙ [𝐷𝑣𝑎𝑝
𝛻𝑁] +

𝑃
𝜌𝑃 𝑣0

−

𝑆
𝜌𝑃 𝑣0

(14)

where 𝑁 is the vapour concentration, 𝑣0 is the monomer
volume, 𝑃 is the vapour mass source term accounting for
the production rate due to evaporation, whereas 𝑆 is the
vapour mass source term accounting for the consumption
𝑡𝑜𝑡
on behalf of nucleation and condensation, and 𝐷𝑣𝑎𝑝
is the
total vapour diffusion coefficient, accounting for
turbulence as described in [12].
In this model the aerosol GDE is mathematically
reformulated by means of the moment method [7] to
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obtain a system of equations that is easier to solve. The
following assumptions are made:
-spherical nanoparticles;
-same nanoparticle temperature to that of the plasma flow;
-heat generation by condensation is neglected;
-negligible electrical charge of nanoparticles in the
reaction chamber;
-condensing vapour is treated as an ideal gas;
-nanoparticle size with a unimodal log-normal
distribution.
The moment method handles the first three moments of
the PSDF, defined as:
∞

𝑀𝑘 = ∫0 𝑣𝑃𝑘 𝑛(𝑣𝑃 )𝑑𝑣𝑃

𝑘 = 0, 1, 2

(15)

where 𝑣𝑝 is the particle volume and 𝑛(𝑣𝑝 ) is the PSD
function.
The steady-state aerosol GDE is the written in the form:

A computational mesh of 3.8 million of polyhedral
elements has been used and it is represented in Fig. 1.
Electrodes’ interfaces are taken into account using a
simplified approach, imposing a current density
distribution on the cathode surface and a zero voltage
potential on the anode. [5]
The operating pressure is set to 100 kPa.
Plasma thermodynamic and transport properties for pure
Ar in LTE have been computed as in [14]. The physical
properties for copper powders used in the implementation
of the moment method of moments [12] are reported in
[7]. The feed rate of the micro-sized copper precursor
particles (mean diameter = 7.3 μm) injected through the
probe were assumed to have a Rosin-Rammler
distribution with mean diameter of 7.3 μm.
3. Results

𝛻 ∙ [𝒖 𝑀𝑘 ] = 𝛻 ∙ [𝐷𝑃𝑡𝑜𝑡 ∇𝑀𝑘 ] + [𝑀̇𝑘 ]𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛 +

[𝑀̇𝑘 ]𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 + [𝑀̇𝑘 ]𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑘 = 0, 1, 2

(16)

where 𝒖 is the fluid velocity and the terms [𝑀̇𝑘 ] represent
the net production rates due to nucleation, condensation
and coagulation, whose exhaustive description can be
found in [6]. 𝐷𝑃𝑡𝑜𝑡 is the total diffusion coefficient
accounting for both turbulent and laminar diffusion,
calculated as in [12].
The mean diameter of the nanoparticles in a
computational cell can be computed as [13]:
〈𝑑𝑃 〉 = (

6 𝑀1
𝜋 𝑀0

)

1⁄
3

(17)

Fig. 1 Detail of the mesh in the inter-electrode and plasma
discharge region.
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Fig. 2 Temperature isosurfaces for the case at 1200 A and
a precursor feed rate of 70 mg/s, calculated neglecting the
effect of radiative losses from Cu vapour (top) and
considering them (bottom).
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With an operative current of 1200 A and a precursor
feed rate of 70 mg/s, by neglecting in the model the effect
of radiative losses from Cu, the gas temperature is higher
than 6000 K up to several centimetres downstream the
attachment of the two arc columns, as shown in the top
part of Fig. 2. The heat exchange with the precursors is
almost negligible due to the low mass flow rate of
precursors, and the evaporation efficiency (the fraction of
the injected precursor that is effectively evaporated in the
plasma) is 100 %. As it is shown in the bottom part of
Fig. 2, the temperature drops down abruptly by
considering the effect of radiative losses from Cu. The
evaporation efficiency is still almost complete (97%), but
higher flow rates can cause instabilities in the discharge
and arc detachment. In Fig. 2 velocity field vectors are
reported for the reaction chamber. The complex
interaction between the two plasma columns and the
quenching injection zone can be noted. Simulations
results show that the twin torch system is particularly
difficult to set in terms of operating conditions that would
favour the synthesis of nanoparticles, as it is a challenging
task to properly quench the high temperature plasma
outflow. For example, if the operative current is set to
1200 A and the precursor feed rate at 70 mg/s, even with
1000 slpm of quench gas fed through several injections at
different axial positions in the reaction chamber, at its
outlet the effluent temperature is so high that most of the
copper vapours are yet not converted to nanoparticles; the
too small amount of them that have been synthetized
shows a mean diameter of 14 nm.

Thermal plasma fundamentals and applications

4. Conclusions
The effect of different precursor flow rate, operative
current and quench gas flow rates on the nanoparticles
mean diameter and yield have been investigated. The
adopted simulative model can describe plasma thermofluid dynamics, electromagnetic fields, precursor
trajectories and thermal history and nanoparticle
nucleation and growth. Radiative losses from Cu vapour
and their effect on the precursor evaporation efficiency
have also been taken into account in the model.
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Modelling of fume formation in arc welding: the influence of oxygen
H. Park1, M. Mudra1,2, M. Trautmann1,3 and A. B. Murphy1
1
CSIRO Manufacturing, PO Box 218, Lindfield NSW 2070, Australia
University of the Federal Armed Forces Munich, Werner Heisenberg Weg 39, D-85577 Neubiberg, Germany
3 Institute of Manufacturing Technology, Dresden University of Technology, George-Bahr-Str. 3c, D-01069 Dresden,
Germany
2

Abstract: A zero-dimensional model that couples chemical kinetics and particle growth is
used to investigate the influence of oxygen in the formation of fume in arc welding. A
three-dimensional computational model of the arc, which includes the vaporization of the
wire electrode, is used to provide the input parameters to the zero-dimensional model. In
the presence of oxygen, FeO nanoparticles are produced, which are smaller and more
numerous than the Fe nanoparticles formed in the absence of oxygen.
Keywords: MIG/MAG welding, nanoparticle formation, welding fume, modelling
1. Introduction
Welding fume is a term used to describe the chains of
metal oxide nanoparticles that are produced in arc
welding. The nanoparticles are formed from the metal
vapour in the welding arc, which is in turn produced by
vaporization of the molten regions of the electrodes.
Fume is a significant health hazard for welders; the fume
particles can lodge in the lungs, causing respiratory and
cardiovascular problems.
The most widely-used form of arc welding in
manufacturing industry is MIG/MAG (metal–inertgas/metal–active-gas) welding, also known as gas metal
arc welding (GMAW). In this process, an arc is struck at
atmospheric pressure between a metal wire electrode and
the workpiece (the pieces of metal being welded). The
shielding gas is usually argon, a mixture of argon with
oxygen or carbon dioxide, or carbon dioxide. The wire
electrode melts, forming droplets that pass through the arc
to the weld pool (the molten region of the workpiece).
Large amounts of metal vapour are formed from the tip of
the wire, the droplets and the weld pool.
Most computational models of fume formation neglect
the presence of oxygen in the arc, instead assuming that
the fume is formed of iron nanoparticles [1-4]. Only the
recent paper of Sanibondi [5] has considered oxidation,
but gas-phase chemistry was neglected.
In this paper, we investigate the influence of oxygen on
the nucleation and growth of the nanoparticles making up
welding fume. We use a zero-dimensional model that
couples chemical kinetics, nucleation of nanoparticles,
and growth of the nanoparticles by condensation. We also
use a three-dimensional model of the arc, which includes
production of iron vapour from the wire electrode, to
obtain the gas composition and quench rate, which are
used as input data for the particle model.
2. Methods
The chemical kinetic model considers the gas-phase
species Fe, FeO, FeO2, O2, O and Ar, and the chemical
reactions given in (1) below, with M representing any
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third species. The reaction rates were taken from
Rumminger et al. [6].
O + Fe + M  FeO + M
Fe + O2  FeO + O
Fe + O2 + M  FeO 2 + M
FeO + O + M  FeO 2 + M

(1)

FeO2 + O  FeO + O 2
O2 + M  O + O + M

Equations describing the rate of change of the number
density of each gas-phase species are coupled to equations
for the rates of change of the total number density of
particles, the total diameter of particles, and the total
surface area of particles, using the moment model of
Friedlander [7]. The model takes into account nucleation
of Fe, FeO and FeO2, and growth of these particles by
condensation of Fe, FeO and FeO2. The nucleation rate Ji
of a species i is calculated using the expression
recommended by Girshick and Chiu [8]:
1/2

 2 
J i  vi  i 
  mi 


4i 3 

ns2i Si exp  i 
2

27
ln
S


i



where σi is the surface tension, ns i is the saturation
number density, Si  ni ns i is the supersaturation and
i   i si kT is the dimensionless surface energy of
species i; k is Boltzmann’s constant, T is the temperature,
and vi, mi, ni and si are respectively the volume, mass,
number density and surface area of a monomer of species
i. It is assumed that clusters are stable once they reach the
critical particle size
di* 

4 i vi
kT ln Si
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Coagulation of particles is not considered, so we are not
able to predict the formation of chains of nanoparticles.
The arc welding model is based on that of Murphy [9],
but assumes that the surface of the workpiece remains
flat. Arcs in argon and argon–oxygen mixtures were
modelled; it was assumed that the argon and oxygen
remained fully mixed. The vaporization of the wire
electrode tip is calculated self-consistently. The quench
rate and iron vapour concentrations along streamlines
were calculated from the temperature, flow velocity and
iron vapour distributions predicted by the model, and used
as input for the particle model.
3. Results: Constant Quench Rate
To investigate the dependence of the fume properties on
the iron vapour concentration, oxygen-to-argon ratio and
quench rate, initial calculations were performed for
constant quench rates.
Fig. 1(a) shows the time dependence of the gas
composition for typical conditions near the edge of a
MAG welding arc, with a 5 mol% oxygen-to-argon ratio.
As the gas cools, the Fe and O atoms that dominate at
higher temperatures react to form FeO; very little FeO2 is
formed. The FeO concentration is over 10% greater than
that obtained from a chemical equilibrium calculation;
i.e., taking into account the chemical kinetics is important.
As the temperature falls below about 2550 K, nucleation
occurs and the species containing Fe and O are removed
from the gas phase. Fig. 1(b) shows the particle
properties. Although FeO has a lower mole fraction than
Fe, only FeO particles nucleate. This is because FeO has a
much higher boiling temperature, and therefore becomes
supersaturated at a higher temperature. The initial mean
particle diameter is about 2 nm. As the temperature drops
further, below 2500 K, Fe condenses onto the particles,
leading to their rapid growth to about 15 nm. All the Fe
atoms and FeO molecules have condensed before the
temperature falls to 2000 K, so the particle composition is
determined by the initial Fe:O ratio (about 5:1 in this
case).
The dependence on the oxygen-to-argon ratio of the
nucleation rates of Fe and FeO is shown in Fig. 2. Only
when the oxygen concentration is very low does Fe
nucleate more rapidly than FeO. For higher iron vapour
mole fractions, Fe nucleation remains dominant for higher
oxygen-to-argon ratios; for example, for 60 mol% Fe, Fe
nucleates more rapidly than FeO for O2/Ar ratios up to
2 mol%.
Fig. 3 shows the mean particle diameter is much larger
at the low O2/Ar ratios for which nucleation of Fe
dominates. The FeO nanoparticles are significantly
smaller, and therefore of higher number density, since the
total number of condensed atoms is limited by the
available Fe and O atoms in the gas phase. The FeO
particles are smaller because of the more rapid nucleation,
which means fewer gas-phase molecules are available to
condense onto the particles.
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Fig. 1. Evolution of gas composition and particle
parameters for a quench rate of –107 K s–1, for an initial
composition of 20 mol% Fe, O2/Ar = 5.3 mol%. (a)
Gaseous species mole fractions; Ar is off scale. (b)
Nucleation rate J of FeO, number of condensed atoms n
of Fe and FeO, mean particle diameter dp and particle
number density N.

Fig. 2. Dependence of the nucleation rates of Fe and FeO
on the initial O2/Ar ratio for a quench rate of –107 K s–1
and an initial composition of 20 mol% Fe
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Fig. 3. Dependence of final particle number density and
mean diameter on the initial O2/Ar ratio, for the
conditions of Fig. 2.
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has a slightly higher maximum temperature (15 200 K)
than the arc in pure argon (14 800 K). The vaporization
rate of the wire electrode is also slightly higher
(8.16 mg s–1 compared to 8.10 mg s–1). The large iron
vapour concentration causes a strong radiative cooling of
the arc, leading to the formation of a local temperature
minimum on the arc axis.
The particle nucleation and growth model was run
using the gas composition at the location in the arc fringes
at which nucleation commences, and with the quench rate
obtained from the temperature and flow velocity along the
streamlines shown in Fig. 5. For streamline A, for
example, nucleation commences at a temperature of about
2800 K, for which the iron vapour mole fraction is 15%,
and the quench rate is about -8 × 106 K s–1.
Fig. 6 shows the particle number density and mean
diameter, averaged over the four streamlines, for the three
different shielding gases. The particle diameter is largest
for the pure argon case. It was expected that the particle
diameter should be approximately independent of the
oxygen-to-argon ratio for ratios above about 0.2 mol%
(see Fig. 3) However, the quench rate for the 1 mol%
oxygen case is larger than for the 5 mol% case, which
leads to formation of smaller particles.
5. Discussion
Our results show that, in the presence of even small
amounts of oxygen (e.g. an O2/Ar ratio of 0.15 mol% for
an iron vapour mole fraction of 20%), FeO nanoparticles
are nucleated rather than Fe. The amount of oxygen
required to ensure FeO nucleation increases with the iron
vapour mole fraction. This is the same trend found by
Sanibondi [5], who considered lower quench rates and
lower iron vapour mole fractions.

Fig. 4. Dependence of final particle mean diameter on
quench rate for different iron vapour concentrations and
for initial O2/Ar ratio of 5 mol%.
Fig. 4 shows the dependence of the particle diameter on
the quench rate for different iron vapour mole fractions.
The particle diameter decreases as the quench rate
increases, and increases as the iron vapour concentration
increases. The former effect is a consequence of the more
rapid nucleation at high quench rates, and the latter is the
consequence of the additional condensation onto the
particles that are formed.
4. Results: Quench Rate from Arc Model
The arc model was used to provide quench rates and
iron vapour concentrations for three different shielding
gas compositions: argon, argon with 1 mol% oxygen, and
argon with 5 mol% oxygen. The arc current was 200 A,
and an iron electrode of diameter 1.2 mm and feed rate of
100 mm s–1 was considered.
The iron vapour mass fraction and temperature
distributions are shown for the argon with 5 mol% oxygen
case in Fig. 5. The arc in this case is more constricted and
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Fig. 5. Iron vapour mass fraction (left) and temperature
(right) distributions in a vertical plane through the centre
of the arc for Ar + 5 mol% O2. The four streamlines used
for particle calculations are shown.
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than Fe, nanoparticles, and that these FeO nanoparticles
are much smaller and more numerous than the Fe
nanoparticles produced in the absence of oxygen.
A three-dimensional model of a MIG/MAG welding arc
was used to provide iron vapour concentrations and
quench rates for arcs in argon and argon–oxygen
mixtures. Calculations of particle formation and growth
along streamlines in such arcs confirmed the importance
of oxygen in fume formation.
A complete model of fume formation requires the
inclusion of many other factors, including agglomeration
of the nanoparticles into chains, subsequent oxidation of
the particles, and two-way coupling between the arc and
fume formation models.

Fig. 6. Final particle number density and mean diameter
averaged over the four streamlines shown in Fig. 5, for
three different shielding gas mixtures.
The final composition of the fume particles is
determined in our model by the iron-vapour-to-oxygen
ratio at the start of the particle growth process. If there are
more iron vapour atoms than oxygen atoms present, then
the particles will be a mixture of Fe and FeO, since the
excess iron atoms will condense onto the FeO
nanoparticles that are nucleated. In reality, as discussed
by Sanibondi [5], further oxidation of the fume particles
will occur, leading to production of Fe2O3 and Fe3O4.
Welding fume typically consists of chains of
agglomerated particles, often several micrometres long.
Our model does not allow the formation of such chains to
be predicted; Tashiro et al. [1, 2] have combined a particle
formation model similar to that presented here with a twodimensional simulation of the chain formation taking into
account the trajectories and collisions of the particles.
However, they did not consider the oxidation of the iron
vapour, which we have found to have a large influence on
the particle size. A complete model of fume formation in
MIG/MAG welding would require consideration of
chemical kinetics and nucleation (as in our model) with a
simulation of the chain formation process (as in Tashiro et
al’s work) and subsequent oxidation of the fume particles
after their initial nucleation and growth (as in Sanibondi’s
work [5]). Further, a full coupling of the fume formation
model and the arc model (as performed by Boselli et al. in
two-dimensions [3]) is necessary to treat diffusion of the
gas-phase species into the region in which nucleation and
condensation are occurring.
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6. Conclusions
A one-dimensional model of the chemical reactions,
nucleation and growth of iron and iron oxide
nanoparticles has been used to investigate the role of gasphase oxidation in fume formation in MIG/MAG
welding. It is found that the presence of even a very small
amount of oxygen leads to the nucleation of FeO, rather
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Conversion of a lignite into a synthetic gas using water-stabilized plasma torch
A.A. Serov, M. Hrabovsky, V. Kopecky, A. Maslani, M. Hlina
Thermal Plasma Department, Institute of Plasma Physics of the Czech Academy of Science, Prague, Czech Republic
Abstract: Recycling of organic waste is an increasingly hot topic in recent years. This issue
becomes even more interesting if such processing will serve a source of pure hydrogen or the
raw material for the fuel production will be obtained as the result of that recycling. A process
of high-temperature decomposition of a lignite (a non-hydrolysable complex organic
compound) was studied on the plasma gasification reactor PLASGAS, where water-stabilized
plasma torch was used as a source of high enthalpy plasma. The plasma torch power was 120
kW and allowed heating of the reactor to more than 1000 0C. The material feeding rate in the
gasification reactor was selected 30 and 60 kg per hour that could be compared with small
industrial production. An efficiency estimation of the thermal decomposition process was
done. A balance of the torch energy distribution was studied as well as an influence of the
lignite particle size and an addition of methane (CH4) in a reaction volume on the synthetic
gas (syngas) composition (H2+CO). It was found that the ratio H2:CO had values in the range
of 1,5 to 2,5 depending on the experimental conditions. The recycling process occurred at
atmospheric pressure that was one of the important benefits because of the lack of expensive
vacuum pump systems.
Keywords: lignite, plasma treatment, water-stabilized plasma torch, synthetic gas
production, atmospheric pressure.
1. Intro
Permanent search of new methods of the municipal and
industrial waste recycling led to increasing interest in the
thermal plasma field. Different techniques of waste
decomposition by thermal plasmas have been intensively
studied [1–5]. Plasma treatment of an organic waste using
water stabilized plasma torch was also successfully
realised in our laboratory [6].
A series of the experiments with lignite (a nonhydrolysable complex organic compound) is described
here. Lignite – a fossilized wood, which still keep it natural
structure. This material contains high amount of water and
hence it is unsuitable for energy obtaining by usual
combustion. However, it is possible to decompose lignite
into its constituent atoms at temperatures more than
10000C in plasma gasification reactor. The following
experimental conditions were studied (see table 1):

Chemical composition of the initial materials including
methane is showed in table 2:
Table 2. Feed material chemical composition.
Experiment

H2 (%)

C (%)

1

40.5

24.5

35

2

42.8

25.3

31.9

3

42.7

25.7

31.6

4

40.3

25

34.7

5

40.3

25

34.7

6

42.6

25.8

31.6

7

42.5

26.2

31.3

8

44.5

26.8

28.7

9

40.1

25.5

34.4

The experimental series can be followed below (see fig.
1).

Table 1. Experimental conditions.
Arc power

114 - 131 kW

Lignite feed rate

30 and 60 kg

Lignite particle size

<100 mkm and >100 mkm

Calibration gas

Ar (argon)

Additional gas

CH4 (methane)

Additional gas flow rate

75 and 150 slm

The raw lignite powder with an average particle size less
and more than 100 mkm was treated separately and in
mixture with additional gas (methane) at various feed and
flow rates respectively. Argon was used as a calibration gas
for mass spectrometry analysis of the resulting syngas.
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Large particles (> 100 mkm)

Fig. 1. Feed rates of lignite and methane.
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2. Results and Discussion
After heating, decomposition and following chemical
interactions next volatile compounds were measured by
mass spectroscopy (see fig. 2): H2, CO and CO2. In several
cases a surplus of methane was detected, because there was
not enough energy for it dissociation. Presence of CO2 can
be explained by high content of oxygen in the chemical
composition of the raw material.
100
90
80
70

Composition
CH4
Ar
CO2
H2
CO
[%]

60
50
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2.68

H2/
CO=
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Fig. 2. Measured syngas composition.
Methane addition into a reactor volume allowed partly
compensating a stoichiometric surplus of oxygen and
increasing of hydrogen yield. Resulted percentage of
hydrogen in these cases reached more than 60% of the total
gas volume. Thus, this method of high temperature plasma
treatment can be used for pure hydrogen fabrication.

Full torch power
Combustion process

3. Conclusions
Syngas with concentration of hydrogen and carbon
monoxide more than 80% and the ratio of the respective
components (H2/CO) over 2.5 was produced by
gasification in steam plasma. Maximum ratio of the syngas
calorific value to full plasma torch power reached a
magnitude of 2.5 and directly to combustion process
energy up to 6.3 accordingly. Treatment technology was
also successfully used for gasification of another materials,
include waste biomass, polymers and liquid oils as well.
The energy efficiency of the PLASGAS reactor can be
improved by changing the reactor design that could reduce
the energy loss on the reactor walls. Experimental
arrangement is scalable and can be easily adapted for
industry.

7

6
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Fig. 3. Ratio of calorific value of the syngas to full torch
power and to the energy expended in the combustion
process.
Ratio of low heating value of obtaining syngas to full
torch power and to the energy, which was involved in the
decomposition process is showed in fig. 3. It should be
noted that these calculations were made without taking into
account the chemical energy contained in the initial
material. At the same time the low heating value of the
syngas in all cases was in the range from 8 to 11 MJ/m3.
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Simulation of the Turbulent Flow from a Non-Transferred Arc Plasma Torch
S.M. Modirkhazeni1 and J.P. Trelles1
1

University of Massachusetts Lowell, Department of Mechanical Engineering, Lowell, MA, United States of America
Abstract: Non-transferred arc plasma torches are at the core of diverse applications such as
plasma spray and waste treatment. The flow in these torches transitions from laminar inside
the torch to turbulent in the emerging jet. There is no established approach for the modeling
and simulation of turbulent plasma flows. The Variational Multiscale-n method is presented
for the comprehensive modeling of general multiscale transport problems, such as turbulent
plasma flows, and applied to the simulation of the flow in an arc plasma torch.
Keywords: Plasma turbulence, subgrid scale modelling, thermodynamic non-equilibrium.

1. Introduction
Plasma torches are among the most established
atmospheric-pressure plasma sources which generate a
directed flow of plasma from a stream of working
fluid. These torches are used in diverse applications
such as plasma spraying, cutting, electric welding,
metallurgy, and waste treatment. Direct-current (DC)
arc plasma torches are typically differentiated between
transferred and non-transferred configurations. In nontransferred torches, the electrodes are inside the torch,
where a DC current between the electrodes produces an
electric arc that generates the plasma. Figure 1 displays
a schematic of a DC non-transferred arc plasma torch
and the associated plasma flow.

The direct simulation of turbulent plasma flows is
extremely computationally expensive and often
unfeasible due to the diversity of phenomena involved
as well as the large range of scales that needs to be
resolved. Large Eddy Simulation (LES), the de facto
standard for the computational exploration of turbulent
incompressible flows, largely relies on assumptions
that are not valid for plasmas, such as isotropy and
mild nonlinearity [2]. The adaptation of LES
approaches to plasma flows often leads to methods that
are not-consistent (e.g., the turbulent model equations
are not valid for non-turbulent conditions) and/or are
not-complete (e.g., employ empirical constants).
The Variational Multiscale-n (VMSn) method is
presented as a consistent and complete approach for the
simulation of turbulent plasma flows. VMSn is a
superset of the VMS approach [1-3], one of the most
versatile and robust methods used in multiphysics
solvers based on the Finite Element Method (FEM).
The method uses a variational decomposition of scales
together with a residual-based approximation of the
small scales without the need for empirical parameters.
A major component of VMS methods is the handling
of the nonlinearity dependence of the small scales,
which VMSn addresses by a fixed-point procedure (i.e.
n indicates the level of approximation used, i.e., from
the classical VMS method for n = 0, to an exact
description for n = ∞). The VMSn method is validated
against established LES approaches with the simulation
of an incompressible jet, and subsequently used, for the
first time, for the comprehensive simulation of the flow
a non-transferred arc plasma torch.

Fig. 1. Schematic representation of the flow from a
non-transferred arc plasma torch.
Turbulent flow behaviour, which enhances the
exchange of energy and momentum between heavyspecies (molecules, atoms, ions) and electrons, is often
observed in non-transferred arc plasma torches. The
flow inside the torch can be laminar or in transition to
become turbulent, while the generated jet is generally
turbulent. The turbulent nature of the emerging plasma
jet also depends on the dynamics of the arc inside the
torch, which cause major fluctuations in the jet core.
Moreover, deviations from Local Thermodynamic
Equilibrium (LTE), manifested as deviations between
the temperature of electrons and that of the heavyspecies, is often a consequence of the interaction of the
plasma with the processing media [1]. The turbulent
nature of the flow can drastically affect the LTE state
of the plasma. Hence, reliable plasma torch simulations
need to be based on non-LTE (NLTE) models.

ISPC23, Montreal, Canada

2. Nonequilibrium plasma flow model
The nonequilibrium plasma flow model in the present
study is given by the set of conservation equations for
total mass, mass-averaged momentum, internal energy
of heavy-species, and internal energy of electrons (i.e.
two-temperature NLTE plasma model); together with
the equation of conservation of total charge and the
magnetic induction equation, both expressed in terms
of electromagnetic potentials. The set of coupled fluid
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equations, one for the large scales and one for the
unresolved scales, are obtained:
(4)
( W, L ( Y + Y' ) − S 0 ) Ω = 0 , and

– electromagnetic equations is shown in Error!
Reference source not found.. The nomenclature and
details of the mathematical model are described in [1].
The modeling approach treats the flow model as a
general system of transient, advective, diffusive, and
reactive (TADR) transport equations. These equations
can be expressed in compact form as a coupled system
for the vector of unknowns Y, as indicated in Eq. [1],
where A0, Ai, Kij, S1 are matrices used to describe each
transport process [1]:

It is assumed that non-linearities existing in the above
equations are non-separable, and therefore the
dependence of the transport matrices on Y cannot be
explicitly divided among the large and small scale
terms (i.e., A i (p + q) ≠ A i (p) + A i (q) , hence: A i ≠
A i + A ʹi ). Consequently, for the transport operator:

(1)

R (Y) = A 0∂t Y + (A i∂i )Y −
!"# !"
# #
$
transient

(W',L(Y + Y ') − S0 )Ω = 0.

∂i (K ij∂ j Y) − (S1Y + S0 ) = 0,
!#"#$ !#"#$

Algebraic VMS formulations rely on approximating
L with an algebraic operator τ, the intrinsic time scales
matrix that approximates the inverse of the operator L
and is the main modelling component [3]. The form
of τ used here borrows ideas from the works of [1, 3].
Considering Eq. [5], Eq. [4] can be re-written in the
form of Eqs. [6] and [7] for the large and small scales:

reactive

diffusive

(5)

L(Y) = L Y + L Y'+(L - L )(Y + Y' )

advective

The set of variables used is given by:

(2)

Y = [ p uT Th Te φ p A T ]T .

3. Variational Multiscale-n (VMSn) Formulation
The so-called strong form of the NLTE plasma flow
model for the array of unknowns Y is given by:

(3)

R (Y) = LY − S0 = 0, with

(6)

(W,R )Ω + (L*W,Y)Ω +
!
#"#
$ !#"#$
Galerkin

VMS

(W,(L - L )Y)Ω + ((L - L )* W,Y ')Ω = 0,
!######"######
$

L = A 0∂t + A i∂i − ∂i (K ij∂ j ) − S1 ,

,

non-linear correction

where L is the TADR transport operator. Considering
that the coefficient matrices are, in general, function of
the vector of unknowns Y, L = L (Y) , and hence Eq.
[1] is nonlinear. Using the variational form of R (Y) ,
decomposing the solution field Y into a large (coarse,
grid-scale) component Y and a small (fine, sub-grid)
scale component Yʹ (i.e., Y = Y + Y' ), and applying
the same decomposition to the basis function W
(characteristic of the weak form of the problem), two

(7)

Y' = −τ(LY − S0 ), .

where Eq. (7) is a non-linear equation given that τ and
L are function of Y ' .
Due to the depencency of Eq. [7] on both, the Y and
ʹ
Y solution components, to capture the role of the
small scales, a Picard iterative process (for n = 0 to n =
∞) is to be used, through which progressively more
accurate approximations of the small scales is obtained.

Table 1: Set of equations of the nonequilibrium plasma flow model; for each equation:
Transient + Advective – Diffusive – Reactive = 0.
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Equation

Transient

Advective

Diffusive

Reactive

Conservation
of total mass

∂t ρ

u ⋅ ∇ρ + ρ ∇ ⋅ u

0

0

Conservation
of linear
momentum
Thermal
energy of
heavy species
Thermal
energy of
electrons

ρ ∂tu

ρ u ⋅ ∇u + ∇p

ρ ∂t hh

ρ u ⋅ ∇hh

∇ ⋅ (κ hr∇Th )

ρ ∂t he

ρ u ⋅ ∇he

∇ ⋅ (κ e∇Te )

Charge
conservation

0

0

Magnetic
induction

µ0 σ ∂ t A

∇ ⋅ µ (∇u + ∇u T ) −
∇ ⋅ ( 23 µ (∇ ⋅ u)δ)

∇ ⋅ (σ∇φ p ) −
∇ ⋅ (σ u × (∇ × A))

µ 0σ∇φ p −

∇2 A

µ 0σ u × (∇ × A)

2

Jq × B

∂t ph + u ⋅ ∇ph +
Keh (Te − Th ) − τ : ∇u
∂ t pe + u ⋅ ∇pe − K eh (Te − Th ) − 4πε r
+ J q ⋅ (E + u × B ) +

5k B
2e

J q ⋅ ∇Te

0
0
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4. Problem Set-Up and Simulation Results
As a preliminary step to the plasma flow simulations,
the simulation of an incompressible turbulent free jet
with air at a Reynolds number (Re) of 5000, a
benchmark turbulent flow problem, is considered. The
description of the problem, including the geometry and
boundary conditions, are depicted in Fig. 2. In order to
reduce the computational time to observe the evolution
of the flow into a turbulent state, the inflow velocity
profile is modified with uniform random perturbations
of up to 5% the magnitude of the average velocity.
Such approach, standard of LES, seeds to flow with
perturbations that trigger excitable instabilities. These
instabilities typically decay if the flow is laminar or if
the numerical approach is not suitable for turbulent
flow simulation (e.g. if the method produces excessive
numerical dissipation). In the case of a turbulent flow,
the resulting flow characteristics are independent of the
type and magnitude of the seeded perturbations (as
long as they are appropriately small).
Figure 2 depicts the capability of the VMSn method
for turbulent flow simulation by comparing it against
the VMS and the standard and dynamic Smagorinsky
LES methods. The results using the VMSn method are
more accurate than those from VMS, and are
comparable to the dynamic Smagorinsky method,
which is considered the de facto standard for
incompressible turbulent flows. Both, the VMSn and
dynamic Smagorinsky results, compare well with
experimental observations.

those used for free jet problem. Representative
simulation results are shown in Fig. 4. Figure 4 shows
the instantaneous and time-averaged normalized
velocity magnitudes. The white arrows indicates the
locations where decay of the maximum velocity is
dominated by turbulent dissipation. Figure 4 suggests
that using the same geometry, computational domain,
initial and boundary conditions, the VMSn formulation
is more capable of revealing the small features in the
flow than what is expected for VMS. Therefore, for
same Re number, the incompressible VMSn simulation
appears to be more turbulent than the one of VMS.

Fig. 3. Domain and boundary for the non-transferred
torch simulations.

Fig. 2. Incompressible jet flow: instantaneous
normalized velocity magnitude for different methods.

Fig. 3. Incompressible flow in a non-transferred torch:
instantaneous and time-averaged normalized velocity
magnitude using the VMS and VMSn approaches.

As a preliminary step to the VMSn simulation of the
NLTE plasma flow in an arc plasma torch, the
incompressible flow through a non-transferred arc
plasma torch was simulated using the VMS and VMSn
approaches. The domain geometry is shown in Fig. 3.
The corresponding boundary conditions are similar to

The simulation of the NLTE plasma flow through a
non-transferred arc torch is subsequently carried out
using the geometry displayed in Fig. 3 and boundary
conditions in Table 2. The inflow velocity profile (the
same as used in [1]) is modified with uniform random
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perturbations of up to 5% the magnitude of the average
velocity. The simulation results depicted in Fig. 5
include the instantaneous temperature of heavy-species
and normalized velocity magnitude using the VMS
method. The instability and movement of the arc inside
the torch, together with the large temperature and rapid
acceleration of the flow near the cathode are well
captured. The observed cathode jet is a result of the
large heating an self-induced electromagnetic
confinement of the plasma. It is observed that, although
no explicit turbulence model is used for this simulation,
the results resemble the experimental observations of
the dynamics of plasma jets. Hence, the VMS method
provides a reasonable coarse-grained representation of
the flow, and therefore is a suitable platform for the
development of more comprehensive turbulent plasma
flow simulation aimed by the VMSn method.

flow inside these torches can be laminar or transitional,
the emerged jet is inherently multiscale and turbulent.
The flow characteristics associated to these torches are
drastically affected by the dynamics of the arc inside
the torch. The simulation of turbulent plasma flows is
very challenging, especially because no method exists
for their comprehensive coarse-grained modeling,
which has prompted the use of turbulent models
designed for incompressible flows. The Variational
Multiscale-n (VMSn) method is presented as a
comprehensive (i.e., consistent and complete)
formulation for the modelling of general multiscale
transport problems, particularly nonequilibrium
turbulent plasmas flows. VMSn uses a variational
decomposition of scales together with a non-linear
residual-based approximation of the small scales
without the need for empirical parameters. The
effectiveness of the method is established through
simulations using the VMS method and the dynamic
Smagorinsky Large Eddy Simulation (LES) approach,
which is so far the state of the art turbulent flow
modeling strategy. Results of the incompressible
turbulent flow in a free jet and on a non-transferred arc
torch showed that the VMSn method is more capable of
capturing the small scales in turbulent flows than the
VMS, and that its accuracy is comparable to the
dynamic Smagorinsky LES approach. Moreover,
NLTE plasma flow simulations using the VMS method
are able to reproduce the main experimentally-observed
flow dynamics of the plasma jet (although no the
small-scale features), which establishes prompts to the
higher accuracy expected with the use of the VMSn
approach. Ongoing efforts are centered on the
validation of the VMSn approach with experimental
turbulent flow data from a non-transferred arc torch.

Table 2: Set of boundary conditions for the nontransferred arc plasma torch simulations.
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Fig. 5. Non-transferred arch plasma torch simulation:
NLTE simulation using VMS method: instantaneous
normalized velocity magnitude ||u||/uin and heavyspecies temperature Th.
Ongoing efforts include performing NLTE turbulent
plasma flow simulations of the non-transferred arc
torch using the new developed VMSn method. The
results of the new approach will be validated with 3D
time-dependent experimental data [4].
6. Summary and Conclusions
Non-transferred arc plasma torches are very versatile
devices at the core of diverse applications, such as
plasma spraying and waste treatment. Although the
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nozzle
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Abstract: A converging-diverging nozzle facilitates aerodynamic expansion of the anode arc
attachment for a direct current non-transferred plasma. Preliminary experimental and simulation
study on the temperature, velocity, pressure and optical emission distributions of the
aerodynamically dispersed arc in the nozzle was conducted. The results show that the flow is in
subsonic region with considerable compressibility.
Keywords: aerodynamically dispersed arc, converging-diverging nozzle, plasma characteristics.
1. Introduction
Converging-diverging (CD) nozzle, also known as the de

electrode life and maintain a relative stable working
condition, which is important for advanced industrial

Laval nozzle, is widely used in ramjets and rockets to

applications

where

stability,

controllability

and

accelerate the hot, pressurized exhaust gas passing through

sustainability are must-haves. In a CD nozzle, it is possible

it to a higher supersonic speed in the axial direction[1].

to control the degree of the internal to kinetic energy

Within the nozzle, the internal energy of the fluid is

conversion by nozzle geometric design, such as the size of

converted into kinetic energy through aerodynamic

the smallest area (the throat), the expansion angle and ratio,

expansion. When an arc exists in the nozzle, such as the

etc. From this point of view, the arc characteristics inside

case in an arcjet thruster, the energy conversion process is

of the nozzle is thus of great interesting.

much more complicated[2, 3]. Previous research show that
the anode arc root attachment in an arcjet thruster is of the
diffusion type, which is thought to be affected by the
elevated boundary temperature as high as 2000 K at the hot

2. Methodology
A self-made non-transferred direct current plasma torch
is illustrated in Fig.1.

anode surface[4]. The high temperature facilitates electric
conduction in the boundary layer and makes breakdown
between the anode and the arc column more easily.
However, it is recently found that this is not the only reason
that a diffusion arc root attachment forms. The radial
component of the expansion of the flow also plays an
important role.
Although it is the heat that normal thermal plasma
process mainly utilizes, using relatively small part of the
thermal energy for the dispersion of the arc root attachment

Fig.1 Illustration of the plasma torch with a CD nozzle.

is likely to be cost-effective. This is because that a diffusion
arc root attachment will both significantly extend the

ISPC23, Montreal, Canada
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measure statistic pressures in the convergent section, the

It is clearly shown that with the present CD nozzle, the

throat and the expansion section respectively. Ten optical

core plasma flow speed reaches about 1200 m/s, which is

fibers are also inserted inside of the torch for spectrometry.

several times larger than that of conventional direct current

Typical experimental conditions are listed in Table. 1.

plasma operated at atmospheric pressure.

Table 1. Typical experimental conditions.
Diameter of the throat (mm)

3

Expansion half angle (°)

5 - 10

Plasma gas

N2/ N2+Ar

Gas flow rate (slm)

4.5 - 30

Arc current (A)

80 – 130

Ambient pressure (atm)

1

With the N2 or N2-Ar mix gas flow rate among 4.5 – 30
slm, the diameter of the nozzle throat is designed to be 3

Fig.3 Pressure distributions inside of the CD nozzle at
different gas flow rates with arc current of 100A.

mm, aiming to achieve sufficient chocking of the flow. The
plasma is generated at atmospheric pressure with arc
current of 80 – 130 A.
Because a diffusion attachment of the arc root has been
confirmed, a 2-D axisymmetric model is used to simulate
the plasma flow using commercial software COMSOL
Multiphysics. The plasma is assumed to be in LTE state
with considerations of flow compressibility.
3. Results and discussions
Fig. 2 shows typical temperature and velocity field of a
N2 plasma inside of the nozzle with arc current of 70 A.

The pressure distributions inside of the CD nozzle at
different gas flow rates with arc current of 100A are shown
in Fig.3. With the gas flow rate increases from 17.5 to 25
slm,

the

cathode

cavity

pressure

increases

most

significantly from 135 to 157 kPa, while other measured
pressures change slightly. P3 has the smallest pressure
around 80 kPa. Normalizing each pressure with P1, we can
have the plot shown in Fig.4. It is shown that although P1
increases rapidly, the pressure ratios at each measurement
points keep almost the same, while the smallest ratio of
P3/P1 is about 0.61 ~ 0.66, corresponding to a Mach
number range of 0.8 ~ 0.87. Theoretical analysis shows that
the dynamic pressure which expands the arc attachment
area increases almost linear at such a Mach number range,
and is much larger than the pressure of the self-pinch effect.
Experimental observations also show that it is at the same
position of P3 that the arc root attaches on the anode.

Fig.2 Temperature and velocity field of a N2 plasma
inside of the nozzle with arc current of 70 A.
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Fig.4 Normalized pressure distribution in the CD nozzle.
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Fig.5 shows the intensity distributions of different
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4. Conclusions

nitrogen lines in the CD nozzle. The emission of molecular

Preliminary experimental and simulation study on the

N2 first increases, reaches its peak at the exit of the throat

characteristics of an aerodynamically dispersed arc in a CD

and then decreases gradually at the expansion section of the

nozzle was conducted. Results show that with a CD nozzle,

nozzle. The NII line reaches its peak at the throat, while the

part of the internal energy is converted to kinetic energy

NI lines increases monotonically from the inlet to the outlet

through aerodynamic expansion. The axial pressure and

of the nozzle. These behaviors clearly indicate the

optical emission distributions in the nozzle were obtained.

decomposition, ionization and recombination processes of
nitrogen species along the nozzle.

Acknowledgement: This work is supported by National
Natural Science Foundation of China No.11575273.

Fig.5 Emission intensity distributions for different lines
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Comparison of different quenching solutions for the synthesis of Cu
nanoparticles by a RF thermal plasma
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Abstract: The aim of this work is to compare the effects of different mechanisms
underlying the synthesis of Cu nanoparticles using an atmospheric pressure RF thermal
plasma. The effect of radiative losses from Cu vapour on the precursor evaporation
efficiency is highlighted and conclusions can be drawn on the characteristics of each
quenching strategy in terms of yield and mean diameter of the synthesized nanoparticles.
Keywords: thermal plasmas, inductively coupled plasmas, nanopowder synthesis, copper
nanopowders, design-oriented modelling
1. Introduction
Radio-frequency inductively coupled plasma (RF-ICP)
technology has proven to be a viable means for
continuous production of nanoparticles (NP), thanks to its
distinctive features, such as high energy density, high
chemical reactivity, high process purity, large plasma
volume, precursors long residence time and high cooling
rate (104–105 Ks−1) in the tail of the plasma. The large
number of process variables (e.g. frequency, power,
process gases, phase of the precursor and system
geometry) gives it a high versatility that comes at a price:
process optimization (in terms of yield and size
distribution of the NP) is a challenging task that can
hardly rely on try & fail experimental approaches due to
equipment costs and to the limited amount of information
that can be obtained from conventional diagnostic
techniques. Therefore, process optimization of the NP
synthesis process in RF-ICP systems has to rely
extensively on modelling techniques.
In this work, we report on design-oriented modelling
for the optimization of an RF-ICP synthesis process of Cu
NP starting from a solid precursor, taking into account the
effect of: i) the geometry of the volume downstream the
plasma source where NP are formed and grow (reaction
chamber); ii) the injection of gas in the reaction chamber
that affects flow fields, temperature distributions, cooling
rates and particle deposition at the chamber walls, which
must be minimized (quenching strategy). The adoption of
a porous quench wall solution in a cylindrical chamber
can be considered as an ‘‘active’’ quenching while the use
of a shroud gas in the top part of a conical chamber
instead can be considered as a “passive” quenching. The
injection of quench gas from the porous wall should limit
the amount of nanoparticles deposited on its surface [4];
in order to model this phenomenon, a sticking coefficient
was introduced in the particle balance equation at the
wall, investigating its effect with values ranging from 0%
to 100%. The adopted simulative model can describe
plasma thermo-fluid dynamics, electromagnetic fields,
precursor trajectories and thermal history, and
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nanoparticle nucleation and growth. Radiative losses from
Cu vapour and their effect on the precursor evaporation
efficiency have also been taken into account in the model.
2. Results
The employed model is described in [3], including all
the assumptions and equations, as well as the
computational domain, material properties and operating
conditions.

Fig. 1 Evaporation rates as a function of precursor feed
rate for different plate power levels, taking into account
radiative power losses from Cu vapour [3].
The evaporation rates and efficiencies as a function of
precursor feed rate are reported in Fig. 1 for three
different plate power levels (35, 60 and 80 kW,
corresponding to coupled power of 25, 39 and 50 kW,
respectively). Complete evaporation of the precursor
injected (up to 1 g/s of feed rate) was obtained for all
three power levels in the simulations carried out without
taking into account the radiative losses from Cu vapour
(non-realistic conditions). Only in the case of 35 kW plate
power level (25 kW coupled power), the precursor
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evaporation rate decreases when the precursor feed rate is
increased over 0.46 g/s as a consequence of the loading
effect. Conversely, the evaporation efficiency (Table 1) is
significantly lower when including the radiative losses
from Cu vapour, with a more pronounced decrease for
higher precursor feed rates.
Higher evaporation efficiency can be achieved adding a
thermally insulated wall section at the top of the
cylindrical chamber in order to maintain higher
temperatures in the region of precursor evaporation [3].
This effect is more relevant for higher precursor feed
rates: for instance for the case at 60 kW plate power (39
kW coupled power) for 0.93 g/s precursor feed rate the
evaporation efficiency increases from 42% of the injected
precursor to 54%.
Table 1. Evaporation efficiencies as a function of
precursor feed rate for three different plate power levels
(35, 60 and 80 kW, corresponding to 25, 39 and 50 kW
coupled power, respectively), taking into account
radiative power losses from Cu vapour [3].
Precursor feed rate [g/s]

Plate power
(coupled power)

0.23

0.46

0.69

0.93

35 kW (25 kW)

73%

44%

29%

20%

60 kW (39 kW)

84%

72%

55%

42%

80 kW (50 kW)

87%

82%

69%

57%

(1)

(2)

where Λ is the rate of vapour consumption and ∑𝑖 𝛷𝑖 is
the sum of the nanoparticle deposition fluxes on all the
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(3)

where 𝐴𝑤𝑖 is the boundary surface area of each
computational cell on the chamber wall section. The mean
diameter of the synthetized nanoparticles at the reaction
chamber outlet is computed from the moments of the PSD
function as shown by Pratsinis [5]. In all the examined
cases it was verified that the Cu vapour fully condenses
before reaching the chamber outlet (i.e. the evaporation
rate 𝛺 corresponds to the rate of vapour consumption Λ).
This unexpected result also occurs in operating conditions
with no quench gas flow rate, the cooling effect of the Cu
radiation being strong enough to condensate all the
vapour, at least in the investigated range of precursor feed
rates (0,23-0,93 g/s) and coupled power (25-50 kW).
The concentration of nanoparticles on the quench wall
boundary is set as a function of the sticking coefficient α,
according to the particle balance at the porous wall. For
instance, referring to the first moment, the following mass
balance equation can be written:
(4)

where Γ is the convective radial mass flux of
nanoparticles due to the quench gas flowing inwards
through the porous wall, and φ is the nanoparticle
diffusive flux to the wall, as described in [1]:

where 𝐴𝑜𝑢𝑡𝑙𝑒𝑡 is the boundary surface area of each
computational cell on the chamber outlet. The mass
balance of nanoparticles in the chamber can then be
written as:
Λ = 𝛤 + ∑𝑖 𝛷𝑖

𝛷𝑖 = ∫ 𝜑 𝑑𝐴𝑤𝑖

(1 − 𝛼) 𝜑 = 𝛤

The process yield, defined as the ratio between the total
nanoparticle throughput and the precursor feed rate, and
mean diameter of the synthetized nanoparticles have been
calculated for different quench gas flow rates and using
different sticking coefficients to model the particle
deposition on the porous wall section. The simulations
were performed for the cases at 60 kW plate power (39
kW coupled power) and 0.46 g/s precursor feed rate. The
total nanoparticle throughput Γ is calculated as the
integral of the convective radial mass flux of
nanoparticles at the outlet of the reaction chamber:
𝛤 = ∫ 𝜌𝑃 𝒖 𝑀1 𝑑𝐴𝑜𝑢𝑡𝑙𝑒𝑡

chamber wall sections, computed as the integral of the
nanoparticle mass diffusion flux on the chamber walls:

𝜑 = ∫ − 𝜌𝑃 𝐷𝑃𝑡𝑜𝑡 |𝛻𝑀1 | 𝑑𝐴𝑤
𝛤 = ∫ 𝜌𝑃 𝒖 𝑀1 𝑑𝐴𝑤

(5)
(6)

Aw being the boundary surface area of each computational
cell on the porous wall section. The values of the
moments at the porous wall section are thus set according
to the following expression:
𝑀𝑘 (𝑖) =

(𝑖−1) dA
(1−𝛼) ∫ − ρP Dtot
w
P |∇Mk |

∫ 𝜌𝑃 𝒖 𝑑𝐴𝑤

𝑘 = 0, 1, 2 (7)

where the superscript (i) and (i-1) refer to the iteration
number of the solver.
The process yield, mean diameter of the synthetized
nanoparticles and nanoparticle deposition rate on the
porous wall section are reported in Table 2 for three
different regimes of quench gas flow of Ar (no quenching,
500 slpm and 1000 slpm flow rate). Since the particle
deposition on the porous wall section accounts for a
considerable fraction of the nanoparticle losses (44% in
the case at 500 slpm quench gas flow rate), the value of
the sticking coefficient assumed on said wall strongly
affects the yield of the process. A maximum yield of 27%
was obtained for the case at 1000 slpm and 0% sticking
coefficient.
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Table 2. Performances of the nanoparticle synthesis
process, simulated for the cylindrical chamber using
different sticking coefficients (100%, 50% and 0%).
Simulations were carried out for 60 kW plate power (39
kW coupled power), precursor feed rate of 0.46 g/s [3].
̅ 𝑷 at
Particle loss
𝒅
Quench
Sticking
Yield
on porous
outlet
(slpm) coefficient
wall
(nm)
No

100%

20%

11%

116

500

0%

0%

21%

116

500

50%

23%

11%

81

500

100%

44%

2%

64

1000

0%

0%

27%

73

1000

50%

10%

22%

71

1000

100%

20%

17%

67

Furthermore, lower sticking coefficients result in higher
mean diameters of the nanoparticles at the outlet of the
chamber, as particle growth mechanisms (coagulation and
coalescence) are enhanced due to the higher concentration
of particles downstream the quench wall section.
Table 3 reports the yield and mean diameter of
synthetized nanoparticle for the case of a conical reaction
chamber with 500 slpm of shroud gas (250 slpm for each
of the two inlet regions), compared to the corresponding
case in the cylindrical chamber, with 500 slpm quench gas
flow rate and 50% sticking coefficient on the porous wall
section. The synergic effect of the geometry and shroud
gas in the conical chamber allows achieving both a high
process yield (48%) and a low particle diameter (77 nm).
Conversely, the quench gas injection in the cylindrical
chamber does not positively affect the process yield, due
to turbulent diffusion phenomena, as discussed in [3].
Table 3. Yield and mean diameter of the synthetized
nanoparticles for the both the case without quench gas
and with 500 slpm quench gas flow rate. All simulations
were carried out for 60 kW plate power (39 kW coupled
power) and a precursor feed rate of 0.46 g/s [3].

Chamber

Quench

Yield
(%)

̅ 𝑷 at outlet
𝒅
(nm)

No

11%

116

500 slpm

11%

81

No

16%

87

500 slpm

48%

77

Cylindrical

Conical
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Fig. 2 Nanoparticles concentration (a) and nanoparticle
radial diffusive flux towards the walls (b) for the cases of
the cylindrical chamber (left) and the conical chamber
(right) Both simulations were carried out for the case of
60 kW plate power (39 kW coupled power), 500 slpm of
quench gas flow rate and 0.46 g/s precursor feed rate [3].
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The nanoparticle concentration (displayed in Figure 2a)
is peaked on the porous wall for the case of the cylindrical
chamber, while it is peaked on the axis and low in
proximity of the walls for the case of the conical chamber,
thanks to the effect of the shroud gas flow. Similarly, the
diffusive flux towards the walls (shown in Figure 2b) is
lower in the conical chamber compared to the cylindrical
chamber. A higher nanoparticle yield is thus achieved in
the case of a conical chamber with 500 slpm shroud gas
flow rate, as a result of a lower particle loss through
deposition on the chamber walls.

poster

the other hand, the conical chamber presents a laminar
behavior with no notable vortices.
3. Conclusions
The design-oriented modelling approach adopted in the
present work allowed to gain insights on some of the
phenomena governing the nanoparticle synthesis process,
providing guidance towards the optimization and
upscaling of the process, as an alternative to expensive try
and fail experimental approaches. Radiation losses from
the Cu vapour, when correctly included in the model,
induce a significant reduction of the temperature observed
in the region downstream the injection probe, resulting in
a lower evaporation efficiency for the injected solid
micrometric precursor. A method to model the
nanoparticle deposition onto a porous wall carrying a
quenching gas flow into the reaction chamber is proposed,
and the effects of varying the sticking coefficient of the
particles on the walls are highlighted. A comparison
between two different chamber designs and quenching
strategies is offered, with regards to the yield of the
synthetized nanoparticles: the porous quench wall
solution in a cylindrical can determine nanoparticle
deposition losses due to turbulent diffusion that causes a
low production yield. The use of a shroud gas in a conical
chamber can instead reach much higher nanoparticle
yield, which is a most important industrial target.
4. Acknowledgments
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Fig. 3 Vector velocity fields for the cases of the
cylindrical chamber (left) and the conical chamber (right).
Both simulations were carried out for the case of 60 kW
plate power (39 kW coupled power), 500 slpm of quench
gas flow rate and 0.46 g/s precursor feed rate [3].
Velocity field vectors are reported in Figure 3 for each
reaction chamber. In the cylindrical chamber vortices are
generated close to the outlet of the plasma torch and
below the porous quench wall section. These vortices
affect PSD by increasing the particle mean size and have
negative effect on the yield, as they increase the residence
time of the powders in the chamber and the amount of
powders lost to the walls. On the other hand, the conical
chamber presents a laminar behavior with no notable
vortices. Even with the same flow rate, the injection
velocity of the quench gas coming from the porous wall is
considerably lower than the shroud gas one. In the
cylindrical chamber vortices are generated close to the
outlet of the plasma torch and below the porous quench
wall section. These vortices affect PSD by increasing the
particle mean size and have negative effect on the yield,
as they increase the residence time of the powders in the
chamber and the amount of powders lost to the walls. On
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Synthesis of cosmic dust analogue nanoparticles by induction thermal plasma
T. H. Kim, A. Tsuchiyama, A. Takigawa, J. Matsuno
Mineralogical Laboratory, Division of Earth and Planetary Sciences, Kyoto University, Kyoto, Japan
Abstract: A new ITP system at relatively low power (6 kW) was examined for understanding
of the formation process and environment of various cosmic dust. Iron embedded amorphous
silicate nanoparticles, which are very similar to amorphous silicates in cometary dust, were
successfully reproduced. In order to obtain a wide range of the vaporization and condensation
conditions in the system, we performed vaporization and condensation experiments in the
system of MgO-SiO2 using different plasma flame patterns.
Keywords: ITP (induction thermal plasma), cosmic dust, GEMS, nanoparticle synthesis,
tangential gas, radial gas
1. Introduction
Cosmic dust grains consist of silicate, oxides, and
carbon-bearing materials (organic matters, graphite,
diamond, and SiC). They formed by condensation of high
temperature gases around young and evolved stars, and
thought to be one of the building blocks of the solar system.
Amorphous silicate particles with embedded metallic iron
and iron sulphide (GEMS, glass with embedded metal and
sulphides) nanoparticles are considered to be the most
primitive materials of the solar system and some of them
came from pre-solar environments [1,2]. Therefore, it is
important to understand how the cosmic dust formed and
evolved to reveal the birth of the solar system.
The induction thermal plasma (ITP) provides the
vaporization and condensation environments for refractory
materials from discharged high temperature flame with a
rapid temperature gradient [3,4]. It enables us to simulate
the formation of cosmic dust nanoparticles from
supersaturated vapours by homogeneous nucleation
followed by condensation due to the rapid quenching. The
reproduction experiments of the cosmic dust analogues
could contribute to understand condensation processes of
solid materials from pre-solar to solar systems by
comparing the analogues with natural samples and/or their
optical properties with astronomical observation.
In the previous study, an ITP system at 30 kW has
reproduced successfully GEMS-like materials [2,5].
However, it was limited in controlling of the plasma
operating condition. A new ITP system (TP-40020NPS,
JEOL Ltd., Japan) of 6 kW was installed in our laboratory
for examination of the formation processes of various
cosmic dust analogues [6]. Plasma forming gases in
conventional ITP systems are injected into both inside and
outside of a quartz tube at the torch as the central and
sheath gas, respectively. In contrast, in the new ITP system,
the direction of plasma forming gas is selected between the
inside or the outside of the quartz tube to form distinctly
different high temperature pattern of the plasma flame and
changes the residence time in the high temperature flame.
In this study, a condensation experiment to reproduce
GEMS-like grains was carried out to evaluate the
performance of the new ITP system in our laboratory
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Fig. 1. (a) Schematic diagram of ITP system and (b)
detailed illustration on types of injection patterns of plasma
forming gas patterns. (tangential flow on left, radial flow
on right).
because the power of our ITP system (6 kW) is lower than
that used in the previous study (30 kW) [2]. In addition, in
order to examine the dependence of the evaporation and
condensation conditions on the plasma flame patterns, we
also performed evaporation and condensation experiments
using the different plasma flame patterns in the new ITP
system.
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Table 1. Operating conditions in ITP system.
Purpose

GEMS
analogue

-

Run 1

Starting
materials

System Si-MgFe-Na-Al-CaNi-O

System MgO-SiO2

Plasma forming
gas

30 L/min Ar +
2.5 L/min He

30 L/min Ar + 2.5 L/min He + 0.5
L/min O2

Direction of
plasma forming
gas

Tangential

Pressure

30 kPa

Carrier gas
Feeding rate of
starting materials

Different injection directions of
plasma forming gas
Run 2

Run 3

Tangential

Radial
70 kPa

3 L/min Ar
266 mg/min

155 mg/min

131 mg/min

2. Experiments
A schematic diagram of the new ITP system is indicated
in Fig. 1(a). The system consists of a power supply, a
plasma torch, a powder feeder for the injection of the
starting materials. A reactor is separated into a chamber
and quenching part. All side of the reactor is cooled by
running water. Input power was fixed at 6 kW and reactor
pressure was set under atmospheric pressure. The thermal
plasma was generated by Ar gas mixed with O2 or He gas.
One of the two injecting directions of plasma forming gas
called tangential and radial flows are applied. The detailed
illustration for the inside of the torch is indicated in Fig.
1(b). In the case of tangential gas flow, plasma forming gas
is injected swirly inside of the quartz tube. The radial
plasma forming gas is introduced to outside of the quartz
vertically. The swirl tangential gas escapes through the
torch, expands broadly (left figure in Fig. 1(b)). The radial
gas generates the long plasma flame with vertical gas
injection (right figure in Fig. 1(b)).
Experiments in systems of Si-Mg-Fe-Na-Al-Ca-Ni-O
and MgO-SiO2 were carried out in this work. Detailed
operating conditions are shown in Table 1. In order to
examine the ITP performance, the starting material used in
the previous study [2] was adopted in Run 1. It consists of
micron-sized oxides and metallic powders (Si, SiO2, MgO,
Fe, Al2O3, CaO, Na2SiO3, and Ni powder reagents) as
representative of the solar abundance (Table 2). Their
average particle size was 4 µm.
Condensation experiments in the system of MgO-SiO2
were carried out with different injecting directions of
plasma forming gas (tangential and radial flows). The
mixed powder of MgO and SiO2 was injected into the
thermal plasma flame. We used a mixture of micron-sized
periclase (MgO) and quartz (SiO2) (1:1 molar ratio)
powders as starting materials in Runs 2 and 3 because the
MgO-SiO2 system is one of the simplest systems that
mimic natural systems. The operating parameters were
feeding rate of starting material, reactor pressure,
application of the additional slit gas, and injecting direction
of plasma forming gas. In order to improve the
vaporization rate, the reactor pressure was fixed at 70 kPa.
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Fig. 2. XRD patterns (CuKα) of starting material (system
Si-Mg-Fe-Na-Al-Ca-Ni-O) and run products collected in
the chamber and quenching part in Run 1.

Fig. 3. (a) DF-STEM image and (b) elemental map of run
product, which can be regarded as GEMS analogue,
collected in the chamber in Run 1.
Table 2. Chemical composition of the starting material and
GEMS analogue nanoparticle in Run 1 determined by
TEM-EDS (atomic %).
Chemical elements

O

Mg

Al

Si

Ca

Fe

Ni

Starting material

2.65

1.03

0.08

1

0.06

0.85

0.05

Synthesized product

3.29

0.93

0.07

1

0.08

0.43

0.03

The starting materials and condensates were analysed
with X-ray diffraction (XRD, SmartLab, Rigaku) and
Fourier Transform Infrared Spectroscopy (FT-IR, MFT680, JASCO), and observed with field-emission scanning
electron microscope (FE-SEM, JEM-7100F, JEOL) and
transmission electron microscope (TEM, JEM-2100F,
JEOL)
3. Results and discussion
Figure 2 shows the XRD patterns of the starting material
and products at the chamber and quenching parts in Run 1.
The run products were mounted on a reflection-free sample
holder for detection of amorphous materials. In the XRD
pattern of the starting material, most of the components
were detected except for Al2O3, CaO, and Na2SiO3,
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Fig. 5. TEM images of products synthesized by two
different gas flow patterns; collected in the upper chamber
for (a) tangential flow in Run 2 and (b) radial flow and the
bottom chamber for (c) tangential flow and (d) radial flow
in Run 3.

Fig. 4. XRD patterns of synthesized products by (a)
tangential plasma forming gas (Run 2) and (b) radial
plasma forming gas (Run 3). The products were collected
separately in the upper and bottom chambers and
quenching part.
because of their small amounts. The run products have a
broad peak around 20~40 degrees and sharp peaks of
metallic iron, periclase, and silicon. It means that the
amorphous materials were synthesized from the starting
material, however, some unreacted starting materials
survived from the thermal plasma processing.
Figure 3 presents a dark field scanning TEM (DF-STEM)
image and energy dispersive X-ray spectroscopy (EDS)
map of the particles collected at the wall of the chamber in
Run 1. Spherical grains of 30~100 nm in diameter coloured
in magenta are amorphous silicates. These grains include
>20 nm metallic iron particles inside. This texture of the
condensates is similar to GEMS as reported in the previous
work [2]. The chemical composition of the produced
particles is similar with the starting material as shown in
Table 2. We confirmed that the power of the new ITP
system is enough to form the GEMS-like grains.
Figure 4 shows the XRD patterns of synthesized
nanoparticles collected at the each position in Run 2 and 3.
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For tangential flow gas (Fig. 4(a)), the XRD patterns show
a broad peak around 20-40 degrees due to amorphous
silicate and some sharp peaks assigned to periclase,
forsterite (Mg2SiO4), and protoenstatite (MgSiO3). It was
considered that the periclase peak is for residual material
which is not fully vaporized from the starting powder due
to its high vaporization temperature. We also observed
resin-embedded polished sections of the run products and
recognised numerous ~10 micron-sized rounded materials.
The texture of these materials obviously showed that they
were un-vaporized residuals. The amount of the periclase
is high at the quenching part probably because most of the
un-vaporized particles were fallen down at the bottom of
the quenching part by gravity. For radial flow of the plasma
forming gas, amorphous silicate shoulders, periclase, and
some tiny forsterite (Mg2SiO4) and protoenstatite (MgSiO3)
peaks were observed in the XRD patterns in Fig. 4(b).
However, the intensities of the crystal peaks are lower than
those in Fig. 4(a). Periclase peak are especially weaker than
those in Run 1 (tangential gas condition), suggesting that
periclase particles, which have a high vaporization
temperature, was more efficiently vaporized in the radial
flow gas.
The different flow direction of plasma forming gas
influences high temperature pattern of the plasma flame.
The tangential flow facilitates the rapid quenching due to a
widespread flame as shown in Fig. 1(b). The radial flow
provides a longer and narrower plasma flame by vertical
gas injection compared with tangential flow. It improves
the residence time of starting material at the high
temperature region of the plasma flame. The flow patterns
should be selected depending on the kind of starting
materials and targeted product. For vaporization of MgOSiO2 mixture, the radial plasma forming gas works
positively than tangential flow, and a larger amount of
starting powder was vaporized in Run 3.
The different flow patterns of the plasma forming gas
also lead to noticeable difference in the uniformity of the
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produced nanoparticles. TEM images of the synthesized
nanoparticles in Run 2 and 3 are indicated in Fig. 5. For
tangential gas flow, the nanoparticles less than 20 nm were
observed in the upper chamber (Fig. 5(a)), while larger
nanoparticles around 100 nm were in the bottom chamber
(Fig. 5(c)). In contrast, the size of produced nanoparticles
is similar in the both positions for radial gas flow (Figs. 5(b)
and (d)). The size of nanoparticles is more uniform in the
radial plasma forming gas condition. Contrary to the radial
gas condition, synthesized nanoparticles at the upper
chamber was rapidly quenched for a short residence time
in the tangential gas condition, and condensed
nanoparticles in the bottom chamber grew due to the
relatively longer residence time than those at the upper
chamber. The weights of the produced powders in the
upper and bottom chambers support the above
interpretation. In Run 2, the powder weights were 648 and
112 mg in the upper and bottom chambers, respectively,
while they were 174 and 414 mg in Run 3. A larger
proportion of the run product in the bottom chamber in
radial plasma forming gas condition is consistent with its
longer residence time of the injected starting material
compared with tangential flow.
It is concluded that the injected direction of plasma
forming gas influences the pattern of high temperature gas
flow and thus residence time of starting materials in that
region. We can perform further experiments in the system
MgO-SiO2 or related systems using radial gas flow for
understanding of the formation process of cosmic dust
analogues.
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4. Summary
Iron embedded spherical amorphous silicate grains of
30~100 nm was successfully synthesized by ITP system of
6 kW. This texture is similar to GEMS analogues as
produced at 30 kW. The performance of ITP system for
cosmic dust synthesis was evaluated sufficiently at 6 kW.
The dependence of the evaporation and condensation
conditions on the plasma flame patterns was investigated
to find the plasma condition to form uniform nanoparticles
from refractory starting materials. The swirl tangential gas
forms plasma flame expanded broadly with rapid
quenching. The vertical radial gas generates the long
plasma flame followed by long residence time of the
starting material in the high temperature region. Therefore,
in the radial flow of the plasma forming gas, the
vaporization degree of starting materials was improved
compared with tangential flow. Moreover, size uniformity
of the produced nanoparticles produced in upper and
bottom chambers was advanced by growth of nanoparticles
in long plasma flame.
The more detailed condensation process will be studied
in improved vaporization environment.
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Effect of current changes on interacting arc structures in a twin-cathode DC
electric arc furnace
D. Burkat1, S.Coulombe1
1
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Abstract: The structures of interacting arcs forming in a twin-cathode DC electric arc
furnace are being investigated using high-speed imaging combined with current and voltage
measurements. An image analysis program was developed to classify each frame into one of
the two structures: separated or merged arcs on the common anode. The effect on the arcs’
structure of suddenly doubling the current through one arc from its nominal value of 50 A
was investigated for increasingly large cathode-anode distances. For low cathode-anode
distance (lower than 2.50 cm as studied in this work), the sudden current increase led to an
increased time the arcs spent in a merged structure, in accordance with the increased Lorentz
force-induced interactions.
Keywords: Electric arc furnace, twin-cathode, Lorentz force, arc interaction

1. Introduction
Electric Arc Furnaces (EAFs) have rapidly been adopted
in the metallurgical industry and its history now spreads
over more than a century [1]. The EAF makes use of the
heat produced by thermal arc plasmas to melt and vaporize
a load, and to sustain high-temperature thermochemical
processes. These furnaces are popular in steel production
and smelting of mineral ores. Recently, they have been
used to process solid waste for environmental and resource
recovery applications [2].
An EAF can be designed to use alternative current or
direct current (DC). The advantage of DC EAFs is reported
to be a 50% reduction in electrode consumption, and a 510% reduction in power consumption [3]. A configuration
of the DC EAF called twin-cathode is one where two
similar electrodes, acting as cathodes, are mounted above
the load, acting as an anode, to be treated [4]. The electric
arcs sustained in the twin-cathode configuration interact
due to the Lorentz force one induces on the other, as
depicted in Figure 1. Since both cathode-anode systems are
parallel, the interacting force is attractive. Low-speed
imaging of these interactions led us to identify two main
arcing structures: 1) separate arcs where two anode
attachment spots exist, see Figure 2a; and 2) merged arcs,
where the anode attachment spots are merged into one, see
Figure 2b. When the two cathodes are supplied the same
amount of current the probability of having the anode
attachment spots merged was reported to increase with
cathode-anode distance [4].
This study reports on the effects of supplying different
amounts of current to the individual arcs on the arcing
structures that develop inside the furnace.
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Figure 1. Diagram of twin-cathode arcs interactions.

Figure 2. The two arcing structures observed in the twincathode EAF are: a) separate arcs, b) merged arcs.
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2. Experimental Methodology
2.1 Experimental setup
A diagram of the EAF used for the experiment is shown
in Figure 3. The furnace consists of a water-cooled doublewalled cylindrical stainless steel barrel with an inside
diameter of 25 cm and a height of 38 cm. The 1.27 cm
diameter graphite cathode rods are mounted on individual
motorized stages that move vertically above the anode. The
centre-to-centre inter-cathode distance is 3.2 cm. The
common anode consists of a 15 X 15 cm2 graphite plate. A
quartz viewport allows a direct observation of the arcs. A
data acquisition system is used to log the voltage, current,
and position for each cathode. A detailed description of the
furnace and the acquisition system can be found in [4]. The
image acquisition system used was a Photron SA5 high
speed imaging camera with a Tamron focusing lens, and a
HOYA NDX4 filter to avoid saturation of the sensor. The
camera was imaging at 1000 frames per second with a
shutter speed of 1/1,000,000 sec and a resolution of 384 x
256 pixels. The camera was programmed to output a high
TTL signal while acquiring images. This signal was used
to synchronize the camera and the electrical data
acquisition system. The voltage, current, and
synchronization signals were sampled at 1 kHz.
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seconds. Initially, both arcs were sustained at the same
current (section S1). At time t=4 sec, the current set-point
of cathode 2 was doubled while the current set-point of
cathode 1 remained unchanged (section S2). Between time
t=5 sec and t=15 sec, the current to cathode 2 was
approximately twice the current through cathode 1 (section
S3). At t=15 sec, the current set-point of cathode 2 was
lowered to its initial value (section S4). Finally, both
currents were once again the same (section S5). This
experiment was done at 5 different cathode-anode
distances (0.75, 1.00, 1.50, 2.00 and 2.50 cm) with 5
repeats for a total of 25 runs.
The images acquired with the high-speed imaging
system were used to analyse the morphological changes in
the arcs resulting from the current step change. An example
of an image that is acquired by the high-speed camera is
shown in Figure 5. On this image, the arc under cathode 1
is stretched towards cathode 2.

Figure 4. Typical current vs time signal for the current
step experiment. The signal is separated into 5 sections
denoted on the plot as S1 to S5.

Cathod e 2

Cathod e 1

1 cm

Figure 3. Diagram of the twin-cathode EAF.
2.2 Current step experiment
The effect of doubling the current through one of the two
cathodes (referred to as current step) on the resulting arcs’
structure was studied. The two arcs were first ignited by
contacting the cathodes with the anode, and lifting the
cathodes up. Figure 4 shows the typical arcing current vs
time signals observed during an experiment that lasted 20
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Figure 5. High speed image of arcs in section S3 at a
cathode-anode distance of 0.75 cm. The cathodes have
been drawn on top of the image to give the reader a visual
reference.
2.3 Image analysis method
To quantify the effect of the current step on the arc
structures an image analysis method was developed. Each

703

poster

image acquired was placed in one of two categories:
separate or merged. Each experimental run lasted 20 sec at
a frame rate of 1000 frames/ sec, giving rise to 20,000
images per run. We performed 25 runs for a total of
500,000 images to process. An actual visualization of all
images would be a very lengthy and tedious process, so an
image analysis method was developed. The strategy of the
method was to determine the number of anode attachment
spots on each image. An image with two anode attachment
spots would be categorised as ‘separate’ and one anode
attachment spot would be categorised as ‘merged’. Since
cathode and anode spots are in regions of high pixel
intensity, they were easily identified as regions of interest
(ROI) using a threshold filter, see Figure 6. The difficult
part was determining if the ROI contains an anode
attachment spot or not. MATLAB’s ‘computer vision
system toolbox’ was used to implement the recognition of
a ROI that contains an anode attachment spot. In specific,
MATLAB’s support vector machine multiclass classifier
was used to determine if a ROI contains an anode spot
based on features of the ROI. To train the classifier, a
training data set was prepared so the ROI from 5000
randomly selected images from the 25 runs were classified
manually. A summary of the manual classification is in
Table 1. The ROI that were neither a cathode spot nor an
anode spot were classified as category 3, error ROI. To deal
with the problematic category 3, an algorithm was
developed to identified error ROI and exclude them.
Category 4 represents the cases where two separate anode
attachment spots are in the same ROI because they are too
close to each other. An algorithm that could identify this
problematic case was not successfully developed so all
category 4 ROI were grouped in with category 1 because it
was such a small percentage that it would not affect the
result. The manually classified data set was then separated
into a training set of 3947 ROI (30%) and a validation set
of 9210 ROI (70%). The training set was used to train the
SVM multiclass classifier and the validation set was used
to validate the predictions made by the classifier. Table 2
summarises the prediction results. Overall the classifier
misclassified 21 out of 9210 ROIs, that is a 0.16% error
rate. This classifier was then used to identify ROIs on all
the images.
3. Results and Discussion
The interacting arcs can adopt only one of two structures:
separate or merged on the common anode. Therefore, the
results of the structure quantification were reported as the
normalized amount of time the arc spent merged. The
normalized values were calculated for the section before
(S1), during (S3), and after (S5) the current step at the 5
different cathode-anode distances.
Figure 7 compares the normalized time spent merged
before and during the current step. At cathode-anode
distance of 0.75, 1.00, 1.50 and 2.00 cm, the current step
increased the time the arcs spent merged. An increase in
one arc’s current leads to an increase in the magnetic field
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a)

b)

c)

Figure 6. Region of interest identification. a) original
image, b) image after threshold filter, c) image with regions
of interest identified by red rectangles.
Table 1. Summary of manual ROI classification.
Category Description
Count Fraction
1
Contains 1 anode spot
7264
0.550
2
Cathode spot
5869
0.445
3
Error ROI
46
0.003
4
Contains 2 anode spots 24
0.002
Total
13203 1.000
Table 2. Prediction results of classifier on validation set.
Predicted category
Total
1
2
1
5087
14
5101
Known
category
2
7
4102
4109
intensity at the location of the second one and
consequently, an increased pulling force on the second arc.
This causes the arc to spend more time as merged.
At a cathode-anode distance of 2.50 cm, there is not
much difference for time spent merged for before and after
the current step. The merged structure is the dominant one
for both of those sections. This can be explained by the
findings that increasing the cathode-anode distance
increases the probability of arc being merged when both
cathodes are supplied the same amount of current [4]. The
trend observed on Figure 7 for the sections before the
current step is indeed consistent with this finding.
Figure 8 compares the normalized time the arcs spent
merged before the step and after the step. At cathode-anode
distances of 0.75, 1.00 and 1.50 cm, there was a slight
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increase is not understood at this point, but we suspect the
phenomenon is linked to increased anode heating.
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increase in the amount of time the arcs spent merged after
the step. At 2.00 cm, there was a large difference between
the time spent merged before and after the step. At 2.50 cm,
there was not much difference. The reason for the increase
in time spent merged after the current step is not known.
Perhaps the temperature of the anode influences the
likelihood of the arc attachment spots to be merged. Having
one arc being maintained with twice the current the other
receives increases the power delivered to the anode by
approximately a factor of 1.5. This certainly leads to a
higher anode surface temperature.
4. Conclusion
The two arcs sustained in a twin-cathode EAF attract
each other due to electromagnetic forces and these
interactions lead to two arcing structures: separate and
merged arcs on the common anode. At low cathode-anode
distances, doubling the current through one arc was shown
to increase the time the arcs spent as a merged structure. At
a cathode-anode distance of 2.50 cm and equal currents
through both cathodes, the merged arcs structure is
dominant and the current step does not increase the time
spent merged by much. An increase in the time spent
merged was observed after the step. The reason for this
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Thermodynamic and transport properties of nitrogen plasmas mixed with
molybdenum vapor
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Abstract: Motivated by the influence of metal-electrode erosion on the performance of
high-energy spark gap switches, the thermodynamic and transport coefficients of nitrogen
plasmas mixed with molybdenum vapor are studied in this paper. The calculations, which
assume local thermodynamic equilibrium, were performed for pressures from 0.1 to 5 atm
and for the temperature range 300-30 000 K. Some of the results are compared with those
of previously published studies, and the influence of molybdenum vapor is discussed.
Keywords: transport coefficients, thermodynamic properties, nitrogen plasma, metal vapor.

1. Introduction
High-energy spark gaps are widely used as the switches
in pulsed power systems. The performance, reliability and
lifetime of spark gap switches are influenced by the
electrode erosion due to the arc discharge [1]. Numerical
methods are usually adopted to estimate those influences.
As is well known, accurate values of the thermodynamic
and transport coefficients of high-temperature gases and
plasmas are required for the reliable numerical simulation
of arc discharges. Nitrogen and molybdenum are
respectively the typical filler gas and electrode material in
the spark gaps [2,3]. Composition, thermodynamic
properties (mass density, specific heat at constant pressure,
specific enthalpy) and transport coefficients (viscosity,
thermal conductivity, electrical conductivity) of plasmas
formed from nitrogen mixed with molybdenum vapor are
calculated for mole fractions of Mo from 0.1% to 10%,
for pressures 0.1 to 5 atm, and for the temperature range
300-30 000 K.
2. Method of calculation
The calculations were performed under the assumption
that the plasmas are in local thermodynamic equilibrium
(LTE). The components of the plasma considered in the
calculations were N2, N, N+2 , N+, N2+, N3+, N4+, N-, Mo,
Mo+, Mo2+, Mo3+, Mo4+ and the electron.
The composition of the plasma was calculated by the
method of minimization of Gibbs free energy. The
thermodynamic properties were calculated using standard
methods [4]. The transport coefficients (viscosity, thermal
conductivity and electrical conductivity) were calculated
using the Chapman-Enskog method [5,6]. In addition, the
combined diffusion coefficients introduced by Murphy
were also calculated [7,8]. Details of the method of the
calculation were given by Murphy and Arundell [9] and
Murphy [10].

data curves of species N+2 , N3+, N4+ and N- are not shown
here due to their small values), and good agreement is
shown. For the same pressure, figure 2 gives the number
density of a plasma in nitrogen mixed with 1%
molybdenum by mole. Figure 3 takes the electron number
density of nitrogen plasmas as an example to present the
influence of pressure, and it can be seen that the electron
number density increases with pressure.

Fig. 1. Comparison of N2 plasmas composition at 1 atm
with the published data of Meher et al [11].

Fig. 2. Number density of N2 plasmas mixed with 1% Mo
vapor by mole at 1 atm.

3. Results and discussion
The calculated composition of nitrogen plasmas at 1
atm is compared with the result of Ref. 11 in figure 1 (the
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Fig. 3. Electron number densities for N2 plasmas at
different pressures.
The comparison of the specific heat at constant pressure
of nitrogen at 1 atm with the published data of Colombo
et al [12] is presented in figure 4, and good agreement can
be seen. The specific heat at constant pressure of pure
nitrogen at different pressures is shown in figure 5. The
specific heat has peaks corresponding to the dissociation,
the first and second ionization reactions, which are shifted
to higher temperatures as pressure increases. Figure 6
shows the influence of molybdenum vapor with different
mole fractions on the specific heat of the mixed gas at 1
atm. As we can see, the specific heat decreases as the
mole fraction of molybdenum increases.
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Fig. 5. Specific heat at constant pressure of N2 plasmas at
different pressures.

Fig. 6. Specific heat at constant pressure of N2 mixed with
Mo vapor of different mole fractions at 1 atm.
The thermal conductivity has peaks associated with
dissociation and ionization at low temperature, which are
shifted to higher temperatures as pressure increases. At
high temperatures, the thermal conductivity increases
with pressure.

Fig. 4. Comparison of the specific heat at constant
pressure of N2 plasmas at 1 atm with the published data of
Colombo et al [12].
The viscosity, thermal conductivity and electrical
conductivity of nitrogen at pressures from 0.1 to 5 atm are
shown in figure 7. The viscosity increases with
temperature, reaches a maximum and then decreases as
ionization becomes significant, because the collision
integrals for the Coulomb interactions between charged
species are much larger than those for interactions
between neutral species, and viscosity is almost inversely
proportional to the collision integral.
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Fig. 7. Transport coefficients of N2 at different pressures.
The electrical conductivity increases with pressure at
temperatures above about 10 000 K. This is because
electrical conductivity is proportional to the electron
density normalized to the total density, and inversely
proportion to the collision integral. The first and
subsequent ionizations are delayed by increasing pressure.
This means that, as indicated in figure 3, the electron
density increases less rapidly with pressure than the total
density, which is proportional to the pressure. This
decreases the electrical conductivity as pressure increases
at lower temperatures, for which the first ionization
occurs. At higher temperatures, the delay in second and
third ionizations for higher pressure leads to weaker
Coulomb interactions and lower collision integrals,
leading to an increased electrical conductivity at higher
pressure.
The influences of molybdenum vapor with different
mole fractions on the transport coefficients of nitrogen
plasmas are shown in figure 8. As we can see, for the
range we considered here, the viscosity is almost
independent of the Mo content. The thermal conductivity
decreases slightly with additional Mo vapor. The
electrical conductivity increases with Mo vapor fraction at
the lower temperatures, since Mo ionizes at a lower
temperature than N, while the trend is reversed at higher
temperature.
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Fig. 8. Transport coefficients of N2 with Mo vapor of
different mole fractions at 1 atm.
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the combined temperature diffusion coefficients show a
strong dependence on the relative concentrations of N2
and Mo at all temperatures.
4. Conclusions
Compositions, thermodynamic properties and transport
coefficients of nitrogen mixed with molybdenum vapor
have been calculated for the temperature range from 300
to 30 000 K, for pressures from 0.1 to 5 atm and for the
mole fractions of Mo vapor from 0.1% to 10%, assuming
local thermodynamic equilibrium. The influence of
temperature, pressure and the mole fraction of
molybdenum vapor on the properties have been discussed.
Fig. 9. (a) Combined ordinary diffusion coefficient, (b)
combined temperature diffusion coefficient for a mixture
of 90% N2 and 10% Mo by mole at different pressures.

Fig. 9. (a) Combined ordinary diffusion coefficient, (b)
combined temperature diffusion coefficient for N2 with
Mo vapor of different mole fractions at 1 atm.
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The dependence of combined diffusion coefficients on
pressure is shown in figure 9. The combined ordinary
diffusion coefficient decreases strongly as the pressure
increases. The combined temperature diffusion coefficient,
in contrast, is approximately independent of pressure.
Combined diffusion coefficients for different mixtures
of N2 and Mo vapor at atmospheric pressure are presented
in figure 10. Combined ordinary diffusion coefficients are
independent of the N2–Mo ratio at low temperature, and
then increase with Mo vapor mole fraction. In contrast,
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Abstra t: In this paper, the inuen e of gas ow rate was studied on two-dimensional (2D)
rapid oxidation pro essing of a Si substrate using a loop type of indu tively oupled thermal
plasma (a loop-ICTP). The loop-ICTP with s anning substrate has been developed for 2D
rapid surfa e modi ation of a 2 in h- substrate surfa e. Gas ow rates for Ar are key
parameters to enhan e the uniformity of the oxidation pro essing using Ar/O2 loop-ICTP. It
was found that de reasing Ar gas ow rate an improve the uniformity of 2D rapid oxidation.
Keywords:

1.

Thermal plasmas, Indu tively oupled plasmas, Oxidation.

Introdu tion

The indu tively oupled thermal plasma (ICTP) has some
benets of high gas temperature of around 10000 K and
high radi al density of approximately 1021 1022 m 3 . In
addition, the ICTP requires no ele trode, whi h leads to
no ontamination from the ele trode material in the ICTP.
From the above reasons, the ICTP has been used for various materials pro essing su h as plasma spray oating,
nanopowder synthesis, et . The ICTP used for the above
appli ations is usually sustained in a ylindri al diele tri
tube in an ele tromagneti eld indu ed by an rf indu tion
oil. However, the onventional ylindri al ICTP is hardly
applied for large-area materials pro essing be ause it requires a large volume plasma and then high input power
to sustain. For the purpose of large-area surfa e modiation using thermal plasmas, we rst developed a planar
type of ICTP tor h [1℄, and then a loop type of ICTP (loopICTP) tor h [2℄. This loop-ICTP tor h omprises a loop
narrow quartz tube, a re tangular quartz vessel, and two
rf indu tion oils [2℄. We su essfully established an Ar
loop-ICTP in the loop narrow quartz tube stably [2℄. One
feature of this loop-ICTP is that a part of the loop-ICTP
an be established stably and linearly on the substrate with
a long length, when the substrate is pla ed below the loopICTP. Previously, the Ar/O2 loop-ICTP was a tually applied for rapid and longitudinally long oxidation pro essing as an example of materials pro essing [3℄. This result
indi ated that almost uniform oxidation layer with a thi kness of 100 nm ould be obtained within only one minute
Ar/O2 loop-ICTP irradiation with 50 mm length [3℄. Further, s anning the substrate enabled plasma irradiation for
whole two-dimensional (2D) surfa e of a 2-in h Si substrate [4℄. The substrate s anning system therefore realized
a 2D large area pro essing. In addition, our previous work
onrmed that higher pressure in the tor h an o er a more
uniform oxide layer thi kness [4℄.
In the present work, the inuen e of gas ow rate was
studied on the uniformity of the fabri ated oxide layer thi k-
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ness on the Si substrate using Ar/O2 loop-ICTP. The Ar gas
ow rate QAr is one important parameters to vary thermal
plasma properties. Firstly, opti al emission spe tros opi
(OES) observation was ondu ted for the linear thermal
plasma formed on the substrate. The OES result indi ated
that de reasing QAr an improve the uniformity of the radiation intensity from O atomi line. After that, the 2D
rapid oxidation was done for a 2-in h Si substrate surfa e
lo ated below Ar/O2 loop-ICTP with the substrate s anning system. The 2D distribution of a fabri ated oxide layer
thi kness and the oxidation rate were estimated with an interferometer measurement system. As a result, lower QAr
o ered a more uniform oxide layer thi kness, and the oxidation rate was estimated as about 100 nm/min.
2.

Prin iple of loop-ICTP

Fig. 1 shows a omparison between the onventional ylindri al ICTP and the developed loop-ICTP. The onventional
ylindri al ICTP is established in a ylindri al diele tri
tube by ele tromagneti oupling. Su h a ylindri al ICTP
an form a high gas temperature eld about 10000 K with
a large volume in the tube with little ontamination from
ele trodes be ause of ele trode-less dis harge. Nevertheless, ICTP of this type is less adequate for large-area materials pro essing be ause large-area surfa e pro essing requires a larger volume of ICTP and then higher input power
for its sustainment.
In ontrast, the loop-ICTP we developed is formed by
ele tromagneti oupling in a loop narrow tube. The loop
tube has one inlet port and two outlet ports. From the inlet port, Ar gas is inje ted to the loop-tube as a plasma
forming gas. The two outlet ports are onne ted with the
quartz vessel. The thermal plasma formed in the loop tube
is eje ted from the two tube outlet ports to the quartz vessel. If the substrate is lo ated under these outlet ports of the
loop tube, then the eje ted thermal plasma lies dire tly on
the substrate in longitudinal dire tion to form a linear thermal plasma there. This linear thermal plasma irradiation
enables long-area materials pro essing in one-dimensional
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(1D) dire tion. Furthermore, s anning the substrate in another dire tion perpendi ular to the linear plasma o ers
two-dimensional (2D) large-area materials pro essing.
3.

Opti al emission spe tros opi observation for Ar/O2
loop-ICTP

3.1.

Experimental setup and

onditions

Before 2D oxidation test by loop-ICTP with a s anning
substrate holder, we rst studied the uniformity of the Ar/O2
thermal plasma lying on the substrate by OES measurement. In the OES measurement, O atomi lines were observed along the thermal plasma in longitudinal dire tion.
This is be ause the uniformity of O atoms just on the substrate surfa e may be related to the uniformity of an oxide
layer thi kness on the Si substrate along longitudinal dire tion. Fig. 2 shows the loop-ICTP tor h for assessment of
the plasma uniformity in longitudinal dire tion on the substrate. This tor h does not have a substrate s anning system
be ause more a urate OES observation an be made due
to this tor h design. The loop-ICTP tor h has a loop quartz
tube with 8 mm diameter. Lower tip parts of the loop quartz
tube are onne ted with a re tangular quartz vessel downstream. In the vessel, there lo ated a substrate holder made
of Si3 N4 with a size of 95 mm  10 mm  2 mm. Argon gas
was supplied from the top of the loop quartz tube as plasma
forming gas, whereas O2 gas was fed from the top of the
re tangular quartz vessel under the loop through a Al2 O3
porous erami blo k. The porous erami blo k was used
be ause O2 gas an be supplied on the substrate di usively
and almost uniformly. The above loop tube is sandwi hed
by two oils. To this oils, an rf urrent is supplied from an
rf inverter power sour e to generate the thermal plasma inside the loop tube and also linearly on the substrate holder.
For this tor h, the OES observation was made at 21 points
in longitudinal dire tion at 3 mm above the substrate holder
surfa e as shown in Fig. 2. The experimental onditions are
as follows: The input power was xed at 8 kW. The fundamental frequen y of the oil urrent was 345 kHz. Argon
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gas was supplied with di erent gas ow rates QAr of 0.5
L/min, 0.7 L/min, 1.0 L/min and 1.5 L/min. Oxygen gas
was fed with a xed gas ow rate QO2 of 0.2 L/min. The
pressure was set to 10 Torr.
3.2.

Radiation intensity distribution of O atomi

line

in longitudinal dire tion

Fig. 3 represents the OES observation result in wavelength range of 700875 nm at a position of X = 0 mm at
QAr of 0.5 L/min. The Ar atomi lines and O atomi lines
were dete ted as depi ted in Fig. 3. This strongly dete ted
O atomi line implies that the O2 mole ules were remarkably disso iated to produ e O atoms in the region on the
substrate holder. This O atom may play a role for oxidation
of a Si substrate surfa e. The longitudinal distributions of
the radiation intensity from O atomi line at wavelength of
777.6 nm were plotted in Fig. 4 for di erent QAr of 0.5
L/min, 0.7 L/min, 1.0 L/min and 1.5 L/min. The O atomi
intensity is almost uniform for jX j < 20 mm. However, for
jX j > 20 mm, the radiation intensity de reases with in reasing QAr markedly. This is be ause of redu ed O on entration and de reased temperature there due to strong Ar gas
ow eje ted from the outlet ports of the loop-tube. In other
words, de reasing QAr o ers a more uniform longitudinal
distribution of O ex ited atoms for jX j < 25 mm. Therefore, de reasing QAr may provide a more uniform oxide
layer thi kness along the longitudinal dire tion.
4.

2D rapid oxidation test of a 2-in h Si substrate by
loop-ICTP irradiation

4.1.

Experimental setup and

onditions

Two-dimensional oxidation test was ondu ted for a 2in h Si substrate using the loop-ICTP tor h with a substrate
s anning system as shown in Fig. 5. The feature of this
tor h is that the substrate holder is movable perpendi ular to the loop plane in whi h the thermal plasma is sustained. On this substrate holder, a 2-in h Si substrate an
be pla ed. S anning the substrate in one dire tion o ers a
2D oxidation pro essing of the Si substrate surfa e.
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The experimental onditions for 2D oxidation are as follows: The input power was xed at 6 kW. Argon gas was
supplied from the top of the tor h at di erent ow rates QAr
of 0.5 L/min and 1.0 L/min. Oxygen gas was fed through a
porous erami blo k at a xed ow rate QO2 of 0.2 L/min.
The pressure was set to 15 Torr. A Si (100) substrate with
2-in h diameter was pla ed on the substrate holder. The Si
substrate was s anned on e in one dire tion with a s anning speed of 0.25 mm/s, resulting in 200 s irradiation of
the loop-ICTP for one operation. The ba kside temperature of the substrate holder at the enter of the substrate position was measured with a radiation thermometer during
oxidation. The oxide layer thi kness fabri ated on the Si
substrate was measured with opti al interferen e method.
4.2.

Two-dimensional oxidation results

Fig. 6 displays visible light emissions from Ar/O2 loopICTP inside the loop tube and on the substrate during 2D
oxidation pro essing. The Ar/O2 loop-ICTP was able to
be sustained stably. As seen in this gure, the Ar thermal plasma is established inside the loop tube, whereas the
Ar/O2 thermal plasma is formed lying dire tly on the substrate. The ba kside temperature of the substrate holder
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2D oxidation pro essing.

were measured as 1103 K and 1116 K at QAr of 0.5 L/min
and 1.0 L/min, respe tively.
After 2D oxidation pro essing, the surfa e olor was hanged
on the whole region of a Si substrate due to oxidation by irradiation of Ar/O2 loop-ICTP. For the detailed evaluation,
the fabri ated oxide layer thi kness was measured with opti al interferen e method. In this measurement, the fabriated oxide layer was assumed to be SiO2 with a refra tive
index of 1.46. Figs. 7 (a) and (b) illustrate the 2D distributions of the oxide layer thi kness on a 2-in h Si substrate
after irradiation of Ar/O2 loop-ICTP at QAr of 0.5 L/min
and 1.0 L/min, respe tively. The X -axis is the dire tion
of the linear plasma lying on the substrate, whereas the Y axis is the dire tion of the substrate s anning. As seen in
this gure, 2D oxidation an be realized using the loopICTP irradiation with the substrate s anning system. In addition, it is found that only one minute irradiation of Ar/O2
loop-ICTP provides an oxide layer with an around 100 nm
thi kness on the Si substrate surfa e. The oxidation rate
is thus estimated as 100 nm/min. This oxidation rate is
extremely higher than that by the onventional thermal oxidation, whi h has an about 10 nm/min oxidation rate at a
temperature of 1273 K [5℄.
For the uniformity of 2D oxidation, almost uniform oxide layer was obtained in dire tion of the substrate s anning along the Y -axis, as shown in Fig.7. On the other
hand, the oxide layer thi kness is less uniform along the
X -axis dire tion espe ially at QAr of 1.0 L/min. At QAr of
1.0 L/min in Fig. 7 (b), the Si substrate has mu h thi ker
oxide layer near the right edge. In other words, the uniformity of the oxide layer thi kness was improved using lower
QAr of 0.5 L/min as shown in Fig. 7 (a). For the purpose
of quantifying the uniformity, we dened the u tuation
fa tor  = (tmax tmin )=tmax where tmax is the maximum
value of an oxide layer thi kness and tmin is the minimum
value of an oxide layer thi kness. The u tuation fa tors
are estimated as 29.2% and 43.5% for QAr of 0.5 L/min
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5.

Con lusions

The unique and original loop-ICTP tor h have been applied to 2D rapid oxidation pro essing as an example of
large-area materials pro essing. Firstly, the OES was observed for the linear thermal plasma formed on the substrate. The OES result indi ated that de reasing QAr an
improve the uniformity of the radiation intensity from O
atomi line. After that, 2D oxidation test was ondu ted
with di erent QAr . S anning a substrate enabled 2D oxidation for whole surfa e of a 2-in h Si substrate. Only one
minute irradiation of Ar/O2 loop-ICTP provided an oxide
layer with an around 100 nm thi kness on a Si substrate surfa e. The oxidation rate is thus estimated as 100 nm/min,
whi h is 10 times higher than the onventional thermal oxidation. De reasing QAr o ered a more uniform oxide layer
thi kness. Therefore, ontrolling gas ow rate more adequately is e e tive for 2D rapid surfa e modi ation using
the loop-ICTP tor h.
Referen es
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and 1.0 L/min along the X -axis at position Y = 0 mm, respe tively. On the other hand, the fa tor  of 14.1% and
16.0% is respe tively obtained at QAr of 0.5 L/min and 1.0
L/min along Y -axis at position X = 0 mm. The above result presents that the uniformity of an oxide layer thi kness
along the Y -axis is better than along the X -axis, and dereasing QAr an improve the uniformity of the oxide layer
thi kness along the X -axis. The uniformity of the oxide
layer thi kness along the X -axis may be due to that of the
thermal plasma distribution on the substrate. As mentioned
before, we found a thi ker oxide layer thi kness at the edge
of the substrate in Fig.7. Possible reasons for this are that
O radi als are strongly transported to just near the substrate
surfa e by Ar gas ow onve tion, and that the surfa e temperature may be higher at the edge during irradiation of the
loop-ICTP. This an be improved by ontrolling gas ow
rate more adequately.
The above result implies that loop-ICTP with s anning
the substrate an provide 2D rapid oxidation.
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Voltage Fluctuation of A Few kW Class Non-Transferred DC Plasma Torch
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Abstract: Arc voltage’s characteristics of a few kW class, non-transferred direct current
plasma torch with argon gas were examined for arc currents of 30 to 100 A and gas volume
flow rates of 30 to 50 slm. Measurement results of arc voltages showed that an average arc
voltage decreases with increasing arc currents and it increases with increasing gas volume
flow rates. In addition, a distinctive high frequency component of arc voltage is shifted to a
much higher frequency side by increasing arc currents and gas volume flow rates.
Keywords: Low power plasma spray, non-transferred dc plasma torch, voltage fluctuation

1. Introduction
Thermal plasma spray process has been commonly
employed for thermal barrier, erosion-resistive, and
corrosion-resistive coatings. Non-transferred directcurrent(dc) plasma torches are typically utilized for the
thermal plasma spray process. Conventional nontransferred dc plasma torches are operated by an
equipment with a high-power source over a few ten kW,
leading to high equipment cost.
Ando et al.[1][2] have recently developed a 1 kW class,
low power thermal plasma spray equipment using a nontransferred dc plasma torch, which will be able to be
operated by electric power from battery as well as by a
small power source. The aim for developing the
equipment is to reduce a high equipment cost of the
thermal plasma process and its high-energy consumption,
which expands the use of thermal plasma spray process
in small companies and in non-electrified areas. In Ref.
[1], Ando et al. demonstrated that Al2O3 film could be
deposited with the 1 kW class thermal plasma spray
equipment using Ar working gas added with N2.
Furthermore, it was successfully demonstrated in Ref. [2]
that this equipment could be utilized for atmospheric
solution precursor plasma spray process of a rutile-rich
titania film deposition.
Although the low power thermal plasma spray
equipment developed by Ando et al. is a unique plasma
spray equipment, the plasmadynamic characteristics of
arc jets produced by the non-transferred dc plasma torch
installed in the equipment have not been understood so far.
Dynamic behavior of arc jet during thermal plasma spray
processes strongly influences the quality of deposition
films. The authors, therefore, commenced experimental
and numerical studies on the dynamic behavior of arc jets
in a few kW class non-transferred thermal plasma torch
based on the plasma spray torch developed by Ando et al.
As a preliminary experimental study, we measured arc
voltages for various cases of arc currents and gas volume
flow rates. This paper reports the measurement results,
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especially, the dependence of arc voltage fluctuation,
which strongly correlates with arc dynamic behavior, on
arc currents and gas volume flow rates for our low power,
non-transferred dc thermal plasma torch.
2. Experimental Apparatus and Operating Conditions
Figure 1 illustrates the schematic view of the
experimental apparatus used in this study, which is
mainly composed of a few kW class dc power source for
welding, a non-transferred dc plasma torch, a gas supply
system, a current-voltage measurement and record system.

Fig. 1. Experimental apparatus.
Figure 2 depicts the cross section view of the nontransferred dc plasma torch. The torch nozzle has the
circular cross section. The distance between the cathode
tip and the nozzle exit is 33 mm. The anode and the
cathode are made of cupper and tungsten added with 2%
cerium, respectively. The anode was cooled by water in
the experiment, while the cathode was not cooled.
The arc voltage was measured with a passive high
voltage probe (Yokogawa 700929, dc–100 MHz). The arc
current was measured with a Hall effect current sensor
(U_RD HCS-20-100-AS, dc–20 kHz). Output signals
from the voltage probe and the current sensor were
recorded with a high-speed data acquisition unit
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(Yokogawa SL1000 with the module 720210, dc–20
MHz).
Pure argon (Ar) was adopted as working gas; in our
future work, Ar gas added with N2 or CO2 will be used for
elevating a plasma jet’s enthalpy. Arc currents and gas
volume flow rates were parametrically varied in a range
of 30 to 50 slm and in a range of 30 to 100 A, respectively.

poster

flow set to 45 slm. The power spectra in Fig. 5 were
calculated by using the data of arc voltage signals for the
duration of 50 ms during stable operation. For the case of
40 A, the arc voltage has two distinctive frequency
components in the frequency band except near dc: about
1.3 kHz and 3.6 kHz, respectively. As the arc current
increases, the low frequency component gradually
disappears, while the high frequency component shifts to
a much higher frequency side, as can be seen from Fig. 4.
The distinctive high frequency component is 4.4 kHz for
60 A and 5.5 kHz for 80 A, respectively. Although the
authors made no observation of arc columns, we guess
from this result that an increase in arc currents intensifies
a quasi-periodic movement of arc root on the anode in a
take-over mode or a restrike mode.

Fig. 2. Cross-sectional view of non-transferred dc
plasma torch used in this work.
3. Results and discussion
Figure 3 depicts the dependence of arc voltage on arc
current for the gas volume flow rate of 45 slm. Each value
of arc voltages in Fig. 3 shows an average for 100 ms of
the ten measurements; each of the error bars mean the
standard derivation of the average arc voltages for the ten
measurements. Overall, the arc voltage decreases with
increasing arc currents. The slope of the decrease in
average arc voltage, however, changes significantly
around 45 A; it becomes gentle when the arc current gets
greater than 45 A. This result implies that arc
characteristics such as arc’s shape, length, or electrical
conductivity drastically change around 45 A.

Fig. 4. Time traces of arc voltage signals for threedifferent arc current cases: (a) 40, (b) 60, and (c) 80 A.
Gas flow rate is 45 slm.

Fig. 5. Power spectra of arc voltage signals for threedifferent arc current cases: (a) 40, (b) 60, and (c) 80 A.
Gas flow rate is 45 slm.

Fig. 3. Dependences of average arc voltage
on arc current for gas flow rate of 45 slm.
Figure 4 and 5 show time traces of arc voltage signals
and their power spectra, respectively, for three-different
arc current cases: 40, 60, and 80 A. The arc voltage
signals in Figs. 4 and 5 were obtained for the gas volume
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Figures 6 and 7 illustrate time traces of arc voltage
signals and their power spectra, respectively, for threedifferent gas volume flow rates cases: 30, 40, and 50 slm.
All the data in these figures were obtained for the arc
current of 80 A. The time average value of arc voltage
signals in Fig. 6 slightly increases with gas volume flow
rates; its value is 18.3 V for 30 slm, 18.5 V for 40 slm,
and 19.1 V for 50 slm. It can be also obviously
recognized in Fig. 7 that the increase in gas volume flow
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rates leads to shifting a distinctive frequency component
observed in high frequency side to a much higher side; it
is about 3.4 kHz for 30 slm, 4.7 kHz for 40 slm, and 5.8
kHz for 50 slm. From this result, we guess that the
increase in gas volume flow rates as well as the increase
in arc currents intensifies a quasi-periodic movement of
arc root on the anode.
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Fig. 6. Time traces of arc voltage signals for threedifferent gas volume flow rate cases: (a) 30, (b) 40, and
(c) 50 slm. Arc current is 80 A.

Fig. 5. Power spectra of arc voltage signals for threedifferent gas volume flow rate cases: (a) 30, (b) 40, and
(c) 50 slm. Arc current is 80 A.
4. Summary
In this work, we measured the arc voltages of a few kW
class, non-transferred dc plasma torch for various arc
currents and gas(Ar) volume flow rates. The measurement
results showed the average arc voltage decreases with
increasing arc currents and it increases with increasing
gas volume flow rates. Furthermore, both the increases in
arc currents and gas volume flow rates leads to shifting a
distinctive high frequency component of arc voltage to a
much higher frequency side.
The authors will conduct the time observations of arcs
in the plasma troch to comprehend the relationship
between the arc voltage and the arc behavior.
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Abstract: Plasma applications such as wire-arc spraying and circuit breakers require
understanding the interaction of an electric arc with a stream of cold gas flow perpendicular
to the arc. A canonical arc in crossflow is simulated using a three-dimensional timedependent thermodynamic nonequilibrium plasma flow model. The obtained shape of the
arc, electron and heavy-species temperature distributions, and degree of thermodynamic
nonequilibrium with varying total current are discussed.
Keywords: plasma-flow interaction, thermal plasma, thermodynamic nonequilibrium.

1. Introduction
Industrial plasma applications such as wire arc
spraying, low voltage circuit breakers, as well as
plasma arc tunnels for re-entry vehicle testing, involve
the interaction of an electric arc with a stream of cold
gas flow perpendicular to the arc. The so-called ‘arc in
crossflow’ is a canonical plasma configuration whose
study can provide important physical understanding
directly relevant to those applications as well as
elucidate fundamental plasma phenomena [1].
Figure 1 shows schematically the arc in crossflow.
The system consists of direct-current (dc) cathode and
anode electrodes enclosed within confining parallel
walls separated by a distance H. Arc plasma is formed
when an imposed electric field is established between
the electrodes, permitting the transfer of a total amount
of electric current Itot. The plasma is subjected to a
stream of gas parallel to the walls with mean axial
velocity Ui at the inlet. The gas produces convective
cooling and drag on the plasma, forcing the plasma
column to bend and causing an afterglow of ionized
gas downstream from the electrodes. The system
mainly depends on the type of gas, the inter-electrode
spacing H, total current Itot, and inflow velocity Ui.

Fig. 1. Schematic of an arc in crossflow system with an
inter-electrode distance H, showing the plasma
attachment to the electrodes, the current path, and the
nonequilibrium afterglow plasma.
Due to their marked relevance to thermal plasma
applications, the arc in crossflow has been extensively
studied by both, experimental and computational
means. Benenson et al [2] used the integrated line
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emission coefficient technique to determine the arc in
cross flow stability and obtained the radial temperature
distribution for different current inputs. Maeckar et al
[3] developed an analytical model to explain the arc
formation and bending. Kelkar et al [1] developed a
three-dimensional (3D) arc in air cross flow model
used to investigate the effect of variations in current
and electrode spacing on the temperature, current
density, and axial velocity fields. Lincun et al [4]
developed a 3D arc in crossflow model for argon,
which was used for a parametric study based on axial
velocity, current electrode spacing.
All previous computational investigations of the arc
in crossflow have relied on models based on the Local
Thermodynamic Equilibrium (LTE) assumption. The
LTE assumption implies that the heavy species
(molecules, atoms, ions) are in kinetic equilibrium with
electrons, and hence both can be characterized by a
single equilibrium temperature T. The LTE
assumption, often used to describe thermal plasmas
such as atmospheric-pressure arcs, is valid within the
core of the plasma, but is often invalid in the plasma
periphery, especially when the plasma interacts
strongly with its environment. The latter is particularly
expected for an arc in crossflow, especially for high
values of Ui and/or low vales of Itot. In spite of the
relevance of thermodynamic nonequilibrium, there
have been no reports on the analysis of the arc in
crossflow using non-LTE (NLTE) plasma models.
NLTE models can describe the interdependence
between heavy-species and electron energy, for
example, given by the evolution of the distributions of
heavy-species temperature Th and electron temperature
Te. An NLTE model can provide novel fundamental
insight of the arc in crossflow, particularly of the
dynamics occurring in regions near the electrodes and
in the region surrounding the arc, where
nonequilibrium is expected to be predominant.
This paper presents simulation results of an argon arc
in crossflow using for the first time a time-dependent,
3D, chemical equilibrium and thermodynamic
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nonequilibrium (NLTE) model. The numerical
formulation of the model is based a monolithic
approach that treats the fluid and electromagnetic
equations in a fully-coupled manner using a Variational
Multiscale Finite Element Method (VMS-FEM).

• Charge transport is dominated by the electric field
distribution and electron diffusion; ion diffusion
and Hall currents are assumed negligible.
• The plasma is considered to be optically thin.

2. Modeling of arc in cross flow
2.1. Assumptions
• The plasma is treated as a compressible, reactive
electromagnetic fluid in chemical equilibrium and
thermodynamic nonequilibrium (NLTE).
• The plasma is considered to be quasi-neutral, nonmagnetized, and non-relativistic.

2.2. Model equations
Consisting with the prior assumptions, the set of
equations describing the plasma flow are constituted
by: mass conservation, mass-average momentum
conservation, conservation of thermal energy of heavyspecies and of electrons, electric charge and magnetic
induction conservation [5]. These equations form a
single set of transient-advective-diffusive-reactive
(TADR) transport equations listed in Table 1.

Table 1: Set of fluid-electromagnetic evolution equations for the NLTE plasma flow model. For each equation:
Transient + Advective – Diffusive − Reactive = 0.
Equation

Transient

Advective

Diffusive

Reactive

Conservation
of total mass

∂t ρ

u ⋅ ∇ρ + ρ ∇ ⋅ u

0

0

Conservation
of linear
momentum
Thermal
energy of
heavy species
Thermal
energy of
electrons

ρ ∂tu

ρ u ⋅ ∇u + ∇p

ρ ∂t hh

ρ u ⋅ ∇hh

∇ ⋅ (κ hr∇Th )

ρ ∂t he

ρ u ⋅ ∇he

∇ ⋅ (κ e∇Te )

Charge
conservation

0

0

Magnetic
induction

µ0 σ ∂ t A

µ 0σ∇φ p −
µ 0σ u × (∇ × A)

In Table 1, ∂ t = ∂ / ∂t represents the partial
derivative with respect to time, ∇ and ∇ ⋅ represents
the gradient and divergence operators, respectively; ρ
is mass density, p pressure, he and hh are the enthalpies
of electrons and heavy-species, respectively; u
represents mass-averaged velocity, µ is the dynamic
viscosity, T is the transpose operator, δ is the
Kronecker delta tensor. The momentum and thermal
energy conservation equations implicitly represent
mass conservation, mathematically ∂ρ + ∇.( ρu) = 0 . The
diffusive term in the electron thermal energy
conservation gives the transport of electrons due to
conduction where κ e is the electron translational
thermal conductivity. The first two terms ∂ t pe and
u ⋅ ∇pe in the reactive column of the electron thermal
energy conservation equation describe pressure work,
Keh is the energy exchange coefficient between electron
and heavy-species, which is inversely proportional to
the characteristic time for inter-particle collision [5].
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∇ ⋅ µ (∇u + ∇u T ) −

Jq × B

∇ ⋅ ( 23 µ (∇ ⋅ u)δ)

∂t ph + u ⋅ ∇ph +
Keh (Te − Th ) − τ : ∇u
∂ t pe + u ⋅ ∇pe − K eh (Te − Th ) − 4πε r
+ J q ⋅ (E + u × B ) +

∇ ⋅ (σ∇φ p ) −

5k B
2e

J q ⋅ ∇Te

0

∇ ⋅ (σ u × (∇ × A))

∇2 A

0

The term J q ⋅ (E + u × B) represents Joule heating,
where E is the electric field given by E = ∇φ p − ∂ t A , in
which φp is the effective electric potential and A the
magnetic vector potential such that ∇ × A = B , and Jq
represents current density. The viscous heating of
heavy-species is given by −τ : ∇u . In the charge
conservation equation, it is assumed ∇.(σ ∂ t A) ≈ 0
[5]. A more detailed description of the model and the
nomenclature used are described in [6].
The set of equations in Table 1 can be expressed in
residual form for the vector of unknowns Y as:
R (Y) = A 0∂t Y + (A i∂i )Y −
$ $
#
!"# !"
transient

advective

(1)

∂i (K ij∂ j Y) − (S1Y − S0 ) = 0,
#
!$"$# !$"$
diffusive

reactive

Where A0, Ai, Kij, S1, S0 are coefficient matrices that
are used to characterize the different transport
processes, i and j are spatial indices, and Einstein’s
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convention of repeated indexes has been used. The
system in Eq. (1) is solved for the set of primate
variables given by:

boundary conditions used is listed in Table 2. The noslip condition is applied at electrodes and the wall
surrounding them (Anode, Cathode, Wall). Gas flow at
the inflow is specified by a parabolic velocity profile
u0(x). At the Outflow_z, the atmospheric pressure
condition is applied; while zero normal gradient is used
at the Outflow_y boundary.

(2)

Y = [ p u Th Te φ p A].

2.3. Numerical method
The inherent advantages of Finite Element Methods
(FEM) have led to their extensive use in diverse fields,
including plasma flow modeling. Among FEMs, the
Variational
Multiscale
method
(VMS)
has
demonstrated to provide a general and robust
formulation for diverse types of problems, such as
scalar transport, incompressible, compressible, reactive
and turbulent flows, radiation transport, and
magnetohydrodynamic flows. The VMS method has
also been proven to be effective for the modeling
plasma flows, which are highly nonlinear [6]. The
VMS method starts with a Galerkin FEM formulation
of the problem in Eq. (1), and then on decomposing it
into two sub-problems: one for the large scales, which
can be captured by the discretization, and another one
for the small scales, which is parametrically solved in
terms of the large scales. A detailed description of the
VMS formulation used is found in [6].

Fig. 2. Physical domain and boundary conditions.
The current density Jqcath applied at the Cathode
boundary follows a Gaussian distribution, which
provides a total value of current Itot to the system. Four
set of imposed currents 17 [A], 25 [A], 30 [A] and 34
[A] are considered in the simulations. The cathode
temperature Tc is taken to be closer to the melting point
of Tungsten, similarly as used in [2].
In Table 2, p∞ = 1.01325 ⋅ 105 [Pa] (atmospheric
pressure), u0 = [0 0 Ui] = 0.5 [ms-1], T0 and Tw = 500
[K], Tc = Gaussian distribution from 500 to 3000 [K].
The geometrical dimensions Lx x Ly x Lz are 6.64 [mm]
x 14 [mm] x 25.3 [mm].

3. Simulation set-up
The geometrical set-up for the arc in cross flow is
shown in Fig. 2, which depicts the physical domain,
boundary sides, and plasma column. The set of

Table 2: Set of boundary conditions for arc in cross flow.
Boundary

p

u

Th

Te

φp

A

Inflow

∂n p = 0

u = u0

Th = T0

Te = T0

∂ nφ p = 0

A=0

Anode

∂n p = 0

u=0

− kh∂ nTh = hw (Th − Tw )

∂ nTe = 0

φp = 0

∂n A = 0

Cathode

∂n p = 0

u=0

Th = Tc

∂ nTe = 0

− σ ∂ nφ p = J qcath

∂n A = 0

Wall

∂n p = 0

u=0

Th = Tw

∂ nTe = 0

∂ nφ p = 0

∂n A = 0

Outflow_z

p = p∞

∂n u = 0

∂ nTh = 0

∂ nTe = 0

∂ nφ p = 0

∂n A = 0

Outflow_y

∂n p = 0

∂ nu = 0

∂ nTh = 0

∂ nTe = 0

∂ nφ p = 0

∂n A = 0

4. Results
Figure 3 summarizes the effect of imposed current
on the distributions of heavy species temperature Th,
the nonequilibrium parameter θ (θ = Te /Th), and the
axial velocity uz. The maximum heavy species
temperature varies from 14 [kK] for 17 [A] of imposed
current up to 25 [kK] for 34 [A] of imposed current.
Similarly, the maximum axial velocity varies from 90
[ms-1] to 450 [ms-1]. The imposed current increases the
overall system temperature due to Joule heating. Due to
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the constricted cathode arc attachment and diffuse
anode attachment, the temperature at the cathode
vicinity is relatively higher. This in turn results in an
asymmetrical velocity distribution, manifested by the
formation of a cathode jet. The nonequilibrium
parameter θ shows minimal variation throughout most
of the plasma column, except upstream. This indicates
that under the studied conditions, the plasma is mostly
in a LTE state. However, the variation from LTE state
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to NLTE is very abrupt near the walls and electrodes.
Also, as the current is increased, the arc shape changes
from bow-shaped to cusp-shaped. This was also
experimentally observed by Benenson et al [2].
A dimensionless analysis helps to understand the
effect of varying the model parameters. Specifically,
for the arc in cross flow, the main parameters
(electrode gap, inflow velocity, and imposed current)
can be combined to form the dimensionless number Π h
, often referred as the ‘enthalpy number’, and defined
in Eq. 3 [7]. In Eq. 3, r denotes a reference value of the
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given property evaluated at the reference temperature
stated in [7] for the arc in cross flow system.

Πh =

σ r hr ρrUi H 3
.
2
I tot

(3)

The parameter Π h represents the relative strength of
the imposed flow over the arc. Therefore, low values of
Π h indicate that the arc is relatively unaffected by the
imposed flow. In the studied simulations, Π h varies
from 0.3 for 17 [A] to 0.075 for 34 [A], which may
explain the observed minimal deviations from LTE.

Fig. 3. Isosurfaces of heavy species temperature Th (left), nonequilibrium parameter θ = Te/Th (center), and axial
velocity uz (right) for imposed currents (a) 17 [A], (b) 25 [A], (c) 30 [A], and (d) 34 [A] depicting the variation in arc
shape from bow- to cusp-shape, the predominance of nonequilibrium upstream of the arc, and the cathode jet.
5. Conclusion
The arc in crossflow is a canonical arc discharge
relevant to diverse applications, such wire arc spraying
and circuit breakers. The heavy-species temperature,
degree of thermodynamic nonequilibrium, and velocity
distribution for an argon arc in cross flow are
investigated using a three-dimensional thermodynamic
nonequilibrium (NLTE) model. The model is
numerically solved using a VMS-FEM method. The
results show the transition from bow-shaped to cuspshaped arc for increasing value of current. The
nonequilibrium effects show minimal variation except

for an abrupt change at the electrode vicinity. The
obtained behaviour can be partially explained by the
relatively low values of the dimensionless enthalpy
number, which characterizes the relative strength of the
interaction between the imposed flow over the arc.
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Modelling of the Solid Propellant Ignition Process under Different Plasma
Ignition Schemes
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State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an,
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Abstract: In this work, a one-dimensional transient plasma ignition model of solid
propellant was developed. Two different ignition schemes, namely, the axial discharge
scheme and the radial discharge scheme were researched. The experimental pressure curves
of plasma jet were introduced into the numerical model. Results show that the higher
ambient pressure at the early ignition stage leads to higher burning rate in the whole
ignition process and better ignition performance.
Keywords: Electrothermal chemical launcher, plasma propellant interaction, plasma
ignition model
1. Introduction
Plasma ignition has been widely used for decades due
to the advantages of a greatly-reduced and reproducible
ignition delay and a high adaptability to a wide range of
ambient temperatures[1-3]. In an electrothermal chemical
launch device, the ignition process of propellant by a
plasma jet generated by a plasma injector is crucially
important to the comprehensive launch performance.
However the ignition process itself is highly transient and
complicated, which makes some of the parameters
difficult to diagnose in experiments. Therefore numerical
modelling is necessary to probe into the underlying
mechanisms in the phenomenon.
A number of theoretical studies have been performed to
predict the ignition characteristics of solid propellants in
the past decades. In recent years, most models focus on
the laser ignition occasions. Ritchie et al.[4] modelled the
combustion process of XM39. In their model, the pressure
in the gas phase and the flux input were assumed to be
constant. Tian et al.[5] developed a laser-induced ignition
model of RDX, coupling with the detailed chemical
kinetics. Meredith et al.[6] also established a fully
transient laser-induced ignition model of HMX,
consisting of conservation equations in both condensed
and gas phases.
However, the plasma propellant interaction (PPI) is
quite different from the laser propellant interaction.
Generally, electrothermal (ET) plasma jet is dense, high
temperature and high pressure [7-9]. Thus, the constant
ambient pressure is not applicable for the plasma ignition.
Also, the PPI process is believed to be the combination of
plasma radiation and convection, which makes it difficult
to estimate the heat flux input. As a result, previous PPI
models [10, 11] were described by a one-dimensional heat
conduction problem, ignoring chemical reactions, specie
transportations, multiphase flow and so on. These
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assumptions might be reasonable in the pre-ignition PPI
stage, but not appropriate for the plasma ignition process.
Therefore, in this work the ignition process of XM39 by
a plasma jet was modelled. Both the axial and radial
ignition schemes were researched. The ignition model
took into account propellant phase transition, the time
varying ambient pressure, as well as the solid phase and
gas phase chemical reaction kinetics by using a simplified
reaction model. The plasma jet was modelled not only as
the incident heat flux source, but also the incident source
of reaction reagents. Finally the influence of plasma jet
properties was analysed, including the temperature,
pressure and constituents.
2. The model description
The numerical model is spatially one-dimensional and
includes the transient development of two regions: the
solid phase and the gas phase. To simplify the calculation,
some assumptions are made.
1) The perfect gas law is applied.
2) The vaporization or ablation of the solid propellant
do not change the characteristics of the solid
propellant. Therefore, the density, thermal
conductivity and specific heat of the solid
propellant remain constant in our simulation.
3) The variation of pressure caused by the products of
gasification is neglected while the variation of
pressure caused by plasma jet is introduced into the
model.
4) The propellant is considered to be homogeneous.
The model is presented by the following mathematical
equations. The coordinate system is fixed at the solid-gas
interface. The negative and positive values of the x
coordinate represent the solid and gas phase, respectively.
The solid phase is described by a heat conduction
equation:
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𝜌𝑠 𝑐𝑠

𝜕𝑇𝑠
𝜕𝑡

+ 𝜌𝑠 𝑐𝑠 𝑣𝑠

𝜕𝑇𝑠

= 𝜆𝑠

𝜕𝑥

𝜕2 𝑇𝑠

(1)

𝜕𝑥 2

where ρs is the density, cs is the specific heat, Ts is the
temperature, vs is the regression velocity and λs is the
thermal conductivity.
The gas phase consists of the conservation equations of
mass, energy and species.
𝜕𝜌𝑔
𝜕𝑡

𝜌𝑔

𝜕𝑐𝑔 𝑇𝑔
𝜕𝑡

+ 𝜌𝑔 𝑣𝑔

+

𝜕𝜌𝑔 𝑣𝑔

𝜕𝑐𝑔 𝑇𝑔
𝜕𝑥

𝜕𝑥

= 0

𝜕

=

𝜕𝑥

(𝜆𝑔

(2)
𝜕𝑇𝑔
𝜕𝑥

𝜕𝑌𝑖,𝑔
𝜕𝑡

+ 𝜌𝑔 𝑣𝑔

𝜕𝑌𝑖,𝑔
𝜕𝑥

=

𝜕
𝜕𝑥

(𝜌𝑔 𝐷𝑖

)+

𝜕𝑌𝑖,𝑔
𝜕𝑥

𝑄𝑔′′′

′′′
) + 𝜔𝑖,𝑔

(4)
∑𝑖 𝑌𝑖,𝑔 = 1

(5)

where the subscript g is gas, Y is the mass fraction, 𝑄𝑔′′′
is the volumetric heat release rate, Di is the diffusion
′′′
coefficient, and 𝜔𝑖,𝑔
is the volumetric production rate of
specie i. The source term of energy and specie
conservation equations are solved based on the chemical
reactions of XM39. The chemical mechanisms and
transport properties are obtain from NIST Chemistry
Webbook and literatures [4, 12, 13]. The simplified gas
phase reactions includes 7 reactions and 15 species. The
gas phase equations are closed by the ideal gas equation
of state. Pressure is acquired from the experiments.
𝜌𝑔 =

𝑝(𝑡)
𝑅𝑢 𝑇𝑔 ∑𝑖

𝑌𝑖,𝑔

−𝜆𝑠

𝜕𝑇𝑠

| −
𝜕𝑥 0

= −𝜆𝑔

(6)

𝑀𝑖

The initial temperature for both solid and gas phase are
set equal to 300 K. Meanwhile, the initial gas-phase
composition is air (YN2 = 0.76, YO2 = 0.23, and YAr = 0.1).
𝑇𝑠 (𝑥, 0) = 𝑇0

(7)

𝑇𝑔 (𝑥, 0) = 𝑇0

(8)

𝜕𝑇𝑔

| +
𝜕𝑥 0

′′
′′
′′
+ 𝑞𝑝𝑙𝑎𝑠𝑚𝑎
+ 𝑞𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
− Δ𝑞𝑒𝑣𝑎𝑝
(12)

Both the solid phase and the gas phase are assumed to
be semi-infinite. Therefore, the boundary conditions at the
end of the phases are given by
𝜕𝑇𝑠

|
𝜕𝑥 −∞

(3)
𝜌𝑔

by chemical reactions and the last term is the heat lost due
to the evaporation at the interface.

=

𝜕𝑇𝑔

|
𝜕𝑥 +∞

=

𝜕𝑌𝑖,𝑔
𝜕𝑥

|+∞ = 0

(13)

To solve the plasma ignition model, the plasma heat
flux input need to be calculated. The plasma heat flux
input is comprised of two parts, the radiative heat flux and
the convective heat flux. The radiative heat flux could be
estimated by the grey-body radiation assumption, which is
closely related to the temperature of plasma jet. If the
temperature of bulk plasma jet varies from 5000 K to
10000 K, the radiative heat flux would be increased from
~3.5×106 W/m2 to ~5.7×107 W/m2. The estimations is
closed to Porwitzky’s simulation and Thynell’s
experiments[14, 15]. Porwitzky also calculated the
convective heat flux as a function of time during the
ignition using the sheath model[16]. The fraction of the
convective heat flux to the total heat flux could change
from 0 to 0.8 according to the plasma density and velocity.
Since the temperatures of atmospheric arc plasmas are
almost constant, then the radiation heat fluxes for both
ignition schemes are almost the same, leaving convective
heat flux mainly responsible for the differences between
heat fluxes in different ignition schemes. Therefore, in our
work, the heat flux input remains constant while the
ambient pressure is obtained from the experimental
results in these two ignition schemes.
3. Results and discussions
The typical experimental pressure curves at the
propellant surface of two ignition schemes are illustrated
in Fig.1. The peak surface pressure in the axial discharge
is about 10 times of that in the radial discharge. This is
expected, since the ablation of capillary liner material
dominates the axial discharge.

The boundary conditions for the gas phase at the
interface (x = 0) are:
𝑇𝑔 = 𝑇𝑠

(9)

𝜌𝑔 𝑣𝑔 = 𝜌𝑠 𝑣𝑠

(10)

𝜌𝑔 𝑣𝑔 𝑌𝑖,𝑔 |0+ = 𝜌𝑔 𝐷𝑖

𝜕𝑌𝑖,𝑔
𝜕𝑥

+ 𝜔𝑖′′

(11)

The boundary conditions for the solid phase at the
interface is presented by Equation (12). In this equation,
′′
𝑞𝑝𝑙𝑎𝑠𝑚𝑎
is the plasma heat flux input, which will be
′′
discussed later, 𝑞𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
is the heat flux variation caused
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Fig. 1. Typical experimental pressure curves at the
propellant surface
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Therefore, the influence of the ambient pressure on the
burning rate is investigated. Four types of pressure curves,
including axial discharge, radial discharge, and two
constant values. As shown in Fig.2, with higher ambient
pressure, the burning rate and its rise velocity is much
higher. The ignition delay time is also shorter. That is to
say, the propellant is easier to be ignited with higher
ambient pressure. The different pressure curves before 1
ms of two ignition schemes result in the significant
different burning rate after 3 ms. That is to say, the
increase of the ambient pressure at the early ignition stage
is quite important in the whole ignition process. So it’s
necessary to analyse temperature profiles and species
concentration profiles at the early ignition stage of the
two ignition schemes.
In Fig.3, it’s noted that the temperature at the interface
of the two ignition schemes is close. However, the
temperature profiles in the gas phase are different. The
high temperature zone. At the early stage (t < 3 ms), the
conductive losses to the gas phase due to the plasma
heating result in the profiles in Fig.3. The temperature
profiles in gas phase of the axial discharge is concentrated
in x < 0.01 cm. But at 5 ms, the effects of gas-phase
chemical reactions are recognized. The gas phase
temperature rises above the surface temperature due to the
exothermic reactions.
The species concentration profiles of the two ignition
schemes are also studied. Four gas-phase species are
presented in Fig.4 and Fig.5. From 3 ms to 4 ms, the
concentration of all species increases significantly, which
implies the ignition time is around 4 ms.
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The higher plasma pressure at the early ignition stage
contributes to the better ignition performance.

Fig. 3. Comparisons of the calculated temperature profiles
in different ignition schemes (a. axial discharge, b. radial
discharge)
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Fig. 2. Calculated burning rate of different ignition
schemes
4. Conclusions
In this work, an ignition model of XM39 by a plasma
jet was presented. The model is fully transient and one
dimensional, consisting of solid phase and gas phase. A
simplified general reaction model was coupled with the
ignition model. In our model, both the axial and radial
ignition schemes were researched. The experimental
pressure curves of the plasma jet were also considered.
Results show that the burning rate of the axial ignition
scheme is higher than that of the radial ignition scheme.
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Fig. 4. Species concentration profiles in the gas phase of
axial discharge
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Fig. 5. Species concentration profiles in the gas phase of
radial discharge
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Transport properties of multi-temperature SF6 plasmas: influence of
assumptions done in the plasma composition calculation
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Abstract: 6 lines
This paper deals with the compositions, thermodynamic and transport properties of SF6
plasmas in two-temperature conditions for Te [300-50 000 K], ratios  [1–10], and 1bar. two
According to two opposite assumptions concerning the population of internal energy modes,
the compositions are determined by the tow-temperature mass action law, and the transport
coefficients are determined according to the Chapman-Enskog method by decoupling the
electrons and heavy species. Depending on two assumptions, the results are compared and
surprising behaviors can be observed when Tex=Te or Tex=Tg.
Keywords: thermal plasmas, transport properties, multi-temperature, SF6, HVCB.

1. Introduction
The assumption of LTE is often used in the numerical
modelling devoted to arc phenomena in High Voltage
Circuit Breakers. Unfortunately, LTE is debatable in
certain regions of the plasma where the energy is fairly less
distributed such as areas near the electrodes, in the
surrounding gases or during the cooling and the extinction
of an electrical arc. While the electron temperature Te can
be sufficient to characterize the high temperatures area of
the plasma, the “heavy” particles temperature T g is needed
for low temperature regions. Consequently, the numerical
simulations have to be performed by considering these
nonequilibrium phenomena. The Laplace laboratory
contributes to it by developing studies on the 2T properties
of SF6 plasmas and mixtures with SF6. Few papers are
already available in the literature such as the works of
Wang et al [1] on SF6, Chen et al on SF6-Cu mixtures [2],
Yang et al on SF6-N2 [3]. Here, we propose thermophysical
properties of 2T-SF6 plasmas with plasma compositions
deduced from two opposite assumptions, temperatures
between 300K and 50000K, ratios of electron to heavy
species temperature =Te/Tg between 1 and 5, and pressure
of 1 bar.
The first part deals with the two-temperature mass action
law used to determine the composition of pure SF6 in two
opposite assumptions concerning the population of internal
energy modes: (case 1) Tex=Te, Tv=Te and Trot=Tg; and
(case 2) Tex=Tg, Tv=Tg and Trot=Tg. The results are
proposed in order to identify and analyze the differences
obtained between the two cases. The second part concerns
the calculation of the mass density ρ, enthalpy H and heat
capacity at constant pressure CP according to the two cases
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used to calculate the plasma composition. The last part is
dedicated to the calculation the electrical conductivity, the
thermal conductivities except the reaction and internal
conductivities, and the viscosity at two temperatures..
2. Compositions and thermodynamic properties
We calculated the compositions of 2T-SF6 plasmas
according to the tow-temperature mass action law and the
chemical base concept defined by Godin and Trépanier
[4,5], at 1 bar and different ratios =Te/Tg. We considered
46 chemical species and their thermodynamic and
spectroscopic data. We reevaluated the partition functions
on the basis of the various temperatures allowing to
describe the system: translation kinetic temperatures of
electrons and heavy particles T e and Tg, temperatures
characteristic of the population of the various internal
energy modes i.e. excitation temperature T ex associated to
the population of excited electronic states (atomic and
molecular), vibration temperature T v linked to the
distribution of vibrational levels and rotation temperature
Trot related to the population of rotational states. In the
present work, Trot is assumed equal to Tg because collisions
between heavy particles are very efficient for rotational
transitions. On the other hand, for the other excitation
temperatures Tex and Tv, two extreme and opposite cases
are considered: (1) Tex = Te, Tv = Te and Trot = Tg and (2)
Tex = Tg, Tv = Tg and Trot = Tg. We included the virial
pressure corrections at low temperature (2nd order) and the
Debye-Hückel corrections (1st order).
The two-temperature thermodynamic properties were
deduced from the mathematical formalism described in
details by Capitelli et al [6]. We calculated the mass
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-1

-1

Cp (kJ.kg .K )

density, the mass specific enthalpy and the mass specific
heat at constant pressure. In recent works associated to the
development of hydrodynamic models for plasmas under
thermal non equilibrium conditions, two coupled but
distinct equations of energy conservation (one for
electrons, the other for heavy particles) are considered. As
a consequence, we separated the contributions of electrons
(low mass particles) and the one of other heavy chemical
species. We calculated a total mass density, a specific
enthalpy for each subsystem (electrons and heavies) in
order to deduce the specific heats at constant pressure CPe
and CPg for electrons and heavy particles as these quantities
are involved in the two separated energy conservation
equations used in modeling. The influence of θ on the
heavy particles specific heat is shown in figures 1 & 2 for
the two cases.
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Fig. 1. Heavy particles specific heat. Influence of θ for the
case 1.
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Fig. 2. Heavy particles specific heat. Influence of θ for the
case 2.
3. Transport coefficients
As mentioned in the introduction, we noticed a lack of
data in the literature about the SF6-2T transport
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coefficients, and any method is definitively accepted by the
community to determine them efficiently. Before 2000’s
two theories were used considering separately the electrons
and the heavy particles and calculating the transport
coefficients either with the expressions from Hirschfelder
et al. [7] or from Devoto [8] and modified by Bonnefoi [9].
In the 1980’, Bonnefoi [Bo-2] developed this theory in
order to better understand the transport phenomena in
industrial applications such as thermal spraying or cutting.
In 2001, Rat et al. [10-13] showed that these two theories
did not consider correctly not only the diffusion in 2T
plasmas but also the coupling between electrons and heavy
particles. This new theory leaded to new definitions of
collision integrals, transport coefficients and consequently
new terms in energy fluxes. Ghorui et al. [14,15] in 2008
and Colombo et al. in 2009 [16,17] showed in their works
that the method of Devoto was sufficient to determine the
transport properties (electrical conductivity, thermal
conductivity and viscosity) in 2T assumption only if
diffusion coefficients defined by Ramshaw were used [18].
In this work, we applied the theory of Bonnefoi/Devoto
including the diffusion coefficients of Ramshaw. Due to
various expressions used for the internal and reaction
thermal conductivities showing a disagreement of the
community to calculate these properties, we decided not to
discuss these two coefficients in this paper. The electrical
conductivity was calculated assuming T e, the viscosity
assuming Tg, the translation thermal conductivity of
electrons assuming Te, and the translation thermal
conductivity of heavy particles assuming Tg. The results
are presented for the two cases of plasma composition and
different values of θ, showing the influence of the
temperature for a given θ, the influence of the θ for a given
pressure, and the influence of the assumptions done in the
calculation of the plasma composition.
4. Results
The results obtained for the electrical conductivity, for
the two cases and the different values of θ, are given in
figures 3 & 4. Whatever the value of θ, the electrical
conductivity increases with the temperature: a strong
increase for the low temperatures; a quasi-linear variation
for the high temperatures. At low temperatures, electric
conductivity varies proportionally to the square of the
electron number density. The strong variation is due to the
ionization reactions of the neutral species leading to the
apparition of ionic species and to the rapid increase of the
electron number density. The electron-neutral collisions
have therefore a strong influence on the behaviour with
higher values for the species having weak ionization
energies (10.36eV for S and 17.4228eV for F). At high
temperatures, the collisions between charged particles
became the main interactions leading to a quasi-constant
variation of the coefficient, which can be explained by the
rise of the electron number density, by the presence of
multiply ionized species, by integrals

e, sX ( n1) higher
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e, sX n , and by a ceaselessly decreasing number of

these collisions. For the case 1, we remark some changes
at low temperature, the values diminish slowly when θ
increases. For T>Tlim, there are no very marked changes.
For the case 2, the values diminish strongly when θ
increases.
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Fig. 3. Electrical conductivity. Influence of θ for the case
1.
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boundary between a gas weakly ionized and plasma
controlled by ion-ion collisions. For higher temperatures,
the plasma is dominated by charged particles and therefore
by Coulombian interactions due to the various ionizations.
The decrease of viscosity can be explained not only by
weaker binary diffusion coefficients and interactions
essentially between charged particles for which values of
collision integrals are higher, but also by the rarefaction
phenomenon. For the case 1, the viscosity increases and
then decreases with the temperature, and the maximum of
the viscosity is as the same temperature whatever the value
of θ. For the case 2, the viscosity increases and decreases
with te temperature but the shape is not the same when θ
varies. The maximum is strongly shifted to the high
temperature with the increase of θ. The plateau is more
pronounced for high θ. The decrease of the viscosity is
delayed when θ increases. No really differences for the
high values of θ.
The results obtained for the translational thermal
conductivity of heavy particles, for the two cases and the
different values of θ, are shown in figures 5 & 6. The
behaviours are similar to the viscosity. The viscosity
increases and then decreases with the temperature
whatever the value of θ. For the case 1, the shape is the
same when θ varies. The values decrease when the θ
increases but the maximum is at the same temperature
whatever the value of θ. For the case 2, the maximum is
strongly shifted to the high temperature with the increase
of θ. The plateau is more pronounced for high Θ. The
decrease of the viscosity is delayed when θ increases. No
really differences for the high values of θ.
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Fig. 4. Electrical conductivity. Influence of θ for the case
2.
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We did not show the viscosity but this coefficient has the
same shape than in LTE for the low θ and changes when θ
increases due to the temperature of the dissociation which
changes with θ: at very low temperatures, the viscosity is
controlled by the neutral-neutral collisions (mainly
between neutral atoms and molecules) then between
neutral atomic particles when molecules are dissociated.
For intermediate temperatures, the viscosity presents a
maximum which mainly depends on ionization energies
and on masses of species. This peak corresponds to a
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Fig. 5. Translation thermal conductivity of heavy
particles. Influence of θ for the case 1.
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Fig. 6. Translation thermal conductivity of heavy
particles. Influence of θ for the case 2.
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Abstract: A two-temperature non-local chemical equilibrium model is employed to study
the chemical processes in a free-burning argon arc. The radial profiles of the temperature
ratios (Te/Th) from the arc axis to the cold gas region are obtained. The modeling results show
that the energy transfer and particle balance processes are coupled strongly; and the chemical
processes not only affect the species spatial distributions, but also have great influences on
the electron (Te) and heavy-particle temperature (Th) distributions.
Keywords: Non-local chemical equilibrium, modeling, thermal plasma
1. Introduction
Low temperature plasmas, widely used in different fields
including cold plasmas [1, 2] and thermal plasmas [3, 4]
(e.g., arc plasmas used in carbon nanoparticle synthesis),
are possibly in non-local equilibrium states. This nonequilibrium phenomenon of the plasmas is not only
affected by the local effects such as chemical reactions,
Joule heating or radiation cooling, but also influenced by
its surroundings. Firstly, if a conductive or non-conductive
object is inserted into the plasma region, a sheath deviating
from the quasi-charge neutrality condition arises between
the object surface and the plasma region [5-7], and most of
the total voltage drop occurs at this non-electrical
equilibrium region. Secondly, the mass ratio of electrons to
heavy-particles (e.g., argon) in plasmas is usually on the
magnitude of 10-4 or less. This results in an insufficient
elastic energy exchange between electrons and heavy
particles; and consequently, the whole plasma system will
be in a non-thermal equilibrium state, especially if the
plasma number density is also not high enough. Thirdly,
since the mean electron temperature is around several
electron volt (eV), which is lower than the inelastic
collision energy thresholds of tens of eV, the excitation and
ionization rates decrease significantly, particularly when
interacting with cold gas; and thus, the plasma will be in a
non-local chemical equilibrium state.
The preceding 3 kinds of non-equilibrium phenomena
have been studied enormously both in experiments [8-10]
and in numerical modeling [11-13] with sustained efforts,
especially concerning the former two aspects, i.e. the nonlocal electrical and thermal equilibrium. In our opinion, the
chemical reactions are very important for revealing the
foregoing strongly coupled non-equilibrium phenomena
self-consistently because the chemical reactions determine
not only the spatial distributions of the species number
densities, but also the corresponding energy exchange
processes significantly.
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So, the goal of this study is to investigate the coupling
effects of the non-local thermal, electrical and chemical
equilibrium factor, especially the non-local chemical
equilibrium, on the features of the arc plasmas.
2. Model Descriptions
In This study, a new unified model is developed to study
the non-equilibrium features of a free-burning argon arc.
As shown in Fig. 1, the plasma generator is composed of a
cylindrical tungsten cathode and a flat copper anode
operating at an arc current of 100 A. The diameter and
length of the tungsten cathode are 4.0 and 15.0 mm,
respectively, with a tip angle of 60°, while the thickness
and radius of the copper anode are 2.0 mm and 25.0 mm,
respectively. The electrode gap spacing between the
cathode tip and anode surface is fixed at 8.0 mm.

Fig. 1. Schematic of the free burning arc system.
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In this study, the two-dimensional (2-D) numerical
model in an axi-symmetric coordinate system includes 3
sub-models, i.e., a heat and electric conduction model for
the solid cathode and anode bodies, a one-dimensional (1D) collisionless electrode sheath model, and the non-local
thermodynamic equilibrium (NLTE) and non-local
chemical equilibrium (NLCE) arc column model. The nonequilibrium model for the plasma bulk is based on our
previous work which includes the governing equations and
the self-consistent transport properties with the
consideration of three components, i.e., argon atoms,
firstly-ionized ions and electrons [14-15]. The electrode
sheath model is a simple kinetic model combing the sheath
voltage with the charged particle fluxes [16] since our goal
is mainly to study the NLCE phenomenon in the arc
column region without bringing too much numerical
difficulties from the micro-spatial sheath region. Therefore,
the electrode sheathes are coupled as the form of boundary
conditions with other parts of the arc system. The
preceding complete non-equilibrium plasma model is
solved numerically using a computer code based on the
SIMPLE-like algorithm [17] to study the different kinds of
non-equilibrium phenomena, particularly the NLCE
phenomenon, and their mutual interactions in an
atmospheric direct-current free-burning argon arc.

arc fringe in the radial direction, both Te and Th decrease,
while θ increases to a peak value first, and then, decreases
to unity at the arc fringe where the cold gas dominated.
This phenomenon can be explained as follows: On one
hand, with approaching the arc fringe, the electron
temperature decreases due to a lower current density and
lower Joule heating, which leads to a lower species number
densities; and consequently, a lower collision frequencies
between electrons and heavy-species, which results in a
NLTE state of plasmas accompanied by a significant
increase of θ. While on the other hand, with a further
decrease of Te below 3000 K, the recombination rate
increases significantly, and exceeds the ionization rate.
Under such conditions, the frequent inelastic collision
energy exchange process will make Te and Th close to each
other, which make the value of θ approach unity again in
the arc fringe region where exist strong interactions
between the plasma main stream and the cold surrounding
gas, and the plasma decays to ordinary cold gas quickly.

3. Results, Discussions and Summary
In this section, a numerical modeling is conducted with
a calculation domain, ABCDEOA, as shown in Fig. 2.

Fig. 3. Radial profiles of θ (solid line) and  (dashed line)
along Line GH.

Fig. 2. Calculation domain
In this study, we use the temperature ratio, θ (=Te/Th), to
describe the NLTE state of the arc plasmas; while the
chemical reaction ratio,  (=rion/rrec), is employed to
indicate the NLCE state of the plasmas. For the case of
I=100 A, the calculated radial profiles of θ and  at an axial
position which is 1 mm away from the cathode tip (Line
GH in Fig. 2) is shown in Fig. 3. It is seen that: (i) In the
region near the geometrical axis of the arc, due to the
higher current density near the cathode tip, there exist
strong Joule heating of electrons and very frequent energy
exchanges between electrons and heavy-species, thus, the
ionization process is dominated with a local chemical
equilibrium and the values of Te and Th are both around
15000 K with θ around unity. (ii) When approaching the
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In summary, a unified physical-mathematical model is
developed in this paper to study the complex nonequilibrium phenomena and their interactions in a directcurrent free-burning argon arc at atmospheric pressure.
The modeling results indicate that the chemical nonequilibrium is essential to explain the energy and particle
balance processes self-consistently in an arc plasma system.
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Abstract: A non-transferred direct current arc plasma generator was designed. The water-cooled
anode has an arc channel with flow-restrictor of 3mm diameter and downstream expansion halfangle of 10°, for the purpose of creating a dispersed arc column by strong gasdynamic expansion
effect at the downstream passed through the restrictor, combined with suitable working parameters.
Results show a sufficiently diffused arc root attachment on the anode surface, when thermal blocking
condition existed in the flow restrictor.
Keywords: Pure nitrogen arc, Diffused arc root attachment, Gas dynamic expanding action
1. Introduction
Direct-current non-transferred arc is a kind of widely

2. Generator designing consideration and experiment
condition

used thermal plasma. The arc root attachment at the water-

Schematic drawing of the structure of a self-designed arc

cooled anode surface is generally highly constricted, and

plasma generator and the basic setup of the experimental

the current density at the attached point could be over the

system are shown in Fig.1. The key feature of the generator

order of 108 A/m2. This causes very limited working life of

is the anode structure, with a small arc channel upstream

the generator due to the local deep-erosion of the electrode.

connecting the cathode cavity, called the flow-restrictor,

Various ways were attempted to reduce electrode erosion.

and the downstream passage has an expansion half angle of

The most common way is making large-scale jumping of

10°. Suitable working parameters of arc current and gas

the attachment point to reduce the local deep erosion [1];

flow rate ensure the arc column to pass through the flow-

using external magnetic field to cause rapid motion of the

restrictor with no arc root attachment on the anode surface

arc root is of similar consideration [2]; insertion of inter-

in the cathode cavity, and at the same time, thermal

electrode sections to increase arc length for higher voltage

blocking or choking state occurs in the restrictor section.

and lower current [3] is also an effective method; or using

Thus, the pressure difference between cathode cavity Pc

multi electrode sets [4]. However, all these methods cannot

and anode exit Pe can cause the arc column to expand under

essentially reduce the local high current-density of the arc

the gasdynamic action and to reach the anode surface in a

root attachment point on the cooled electrode surface.

dispersed state of much lower current density forming

This work tries to disperse the arc column to a larger

diffused attachment at the divergent section.

volume and lower current density long before it reaches the

Pure nitrogen, pure argon and their mixture were used as

anode surface, through a suitable combination of generator

the plasma working gases at flow rate of 7-18 slm. The

structure and working parameters of the plasma, thus

generator was fixed on the same chamber as used in

basically avoiding the formation of the much constricted

previous work [5]. The chamber pressure here is

anode attachment of the arc root and avoiding the local

considered to be near the same value as the anode exit. It

deep erosion essentially.

was reduced to about 15 Pa with a vacuum system, and then
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arc voltage does not change with the chamber pressure in

cooling water

cathode

cathode cavity

gas inlet

Pc
water
outlet

flow
restrictor

arc root
attachment

water
inlet

anode

10 °

plasma jet

the range of 10-50 kPa, when gas type and flow rate and
the arc current were fixed at certain values, no matter
whether N2/Ar mixture or pure Ar was used as the plasma

r*
cooling
water
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gas. But the arc voltage of N2/Ar mixture at 75 A has the
value of 59 V, about as twice as 28 V with pure argon gas
at almost the same gas flow rate. Fig.2 b) shows that the
arc voltage of pure N2 at 10.1 slm decreases with the
increasing arc current, which is similar to the volt-ampere

Pe
environment

characteristics of general free burning arcs.
ICCD
camera

70

hole

(cross section)

60

Arc Voltage (V)

Copper mirror

a)

50
75A; 10.1N2+7.1Arslm
140A; pure Ar17.6slm

40
30
20

Fig.1 Schematic diagram of the generator structure

10

and the observing of arc root attachment behavior.

10

20

30

40

50

Chamber Pressure (kPa)
65

the plasma working gas was filled in to the desired

b)
60

ignited and maintained, at a set chamber pressure at 3-50
kPa by a valve between the chamber and mechanical pump.
Pressure in the cathode cavity was measured with a
transducer connected to the oscilloscope, and the
environmental pressure was measured with resistance and

Arc Voltage (V)

experimental chamber pressure. The arc discharge is

55
50
45

10.1 slm pure N2
25-50 kPa chamber pressure

40

thin-film pressure gages. The arc current producing the

90

105

120

135

150

Arc Current (A)

plasma was 75-140A. A self-designed copper mirror with a
hole of 3 mm diameter at the center was used to observe

Fig.2 Arc voltage changes with a) chamber pressure and b)

the arc root attachment as shown in Fig.1, hoping the hole

arc current.

in copper mirror can avoid the reflection of strong emission
from the high current-density arc column in the restrictor

It is easy to understand that high gas flow rate and high

channel and near the cathode portion, to enable a clear

arc current (high gas temperature) could easily cause

observation of the light signal from the diffused attachment

thermal blocking or even thermal choking with the fixed

area of the arc root in the expansion section. And an ICCD

generator structure and flow restrictor. That is, the pressure

camera was used to record the arc-root attachment

in cathode cavity would generally increase with the

condition. The state of the plasma jet was recorded with a

increasing gas flow rate and/or arc current, by which the

camera and a video recorder.

pressure difference between the cathode cavity and anode
exit will increase. The previous work [6] showed that

3. Results and discussions

thermal blocking in the flow restrictor is necessary to

Fig. 2 indicates the arc voltage changes with the chamber

produce high-enough pressure difference and much

pressure, gas type and arc current. Fig.2 a) shows that the

stronger gasdynamic expansion than the self-magnetic
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contraction effect of the arc, for effectively dispersing of

arc current of 140 A and the flow rate around 10 slm.

the arc column.

According to the dimension of the anode structure and the
projection relationship to the copper mirror, it is analyzed
that the arc root attachment in Fig.4 d) locates mainly from
flow-restrictor exit to an axial distance about 29 mm
downstream, with an area about 743 mm2 on the anode
surface, while that in c) is 24 mm with about 553 mm2 area.
The average current density at the attachment area is
estimated to be 1.9×105 A/m2 for Fig.4 d) and 2.5×105

Fig. 3 pictures shown the arc root attachment situation at

A/m2 for c), several orders lower than that in constricted

the divergent section of the anode, at Ar flow rate of 7.1slm

arc root attachment on typical water-cooled anode surface.

and arc current 100A, chamber pressure at 18.6 kPa (left)

The strong emission in the center part of each picture can

and 13 kPa (right), ICCD exposure time was 10 s.

be omitted because it was due to the reflecting from the
wall of the hole in the cupper mirror.

Fig.3 shows the arc behavior at relatively low argon flow
rate and low arc current. Thin gray cycle around and the
dark gray disc at the center in each picture are artificially

a)

b)

c)

d)

added to indicate the anode exit edge and the flowrestrictor area respectively. It can be seen that at gas flow
rate of total 7.1 slm and arc current 100 A, the arc root
attached on the anode surface near the downstream of the
restrictor exit partially constricted with jumping movement.
That is, thermal blocking effect was not enough to produce
sufficient dispersing of the arc at this low gas flow rate
condition.
At relatively high gas flow rate, the arc root tends to
show broader and uniform attachment at anode surface in
the divergent section, as shown in Fig.4. The emission

Fig.4 ICCD pictures of arc root attachment situations taken

intensity indicating the arc root attachment increased with

at 10 s exposure time. a) At 75 A arc current,

the arc current, comparing the situation in Fig.4 a) of 75 A

7.1Ar+10.1N2 slm flow rate, 5.6 kPa chamber pressure; b)

and b) 140 A at similar gas flow rate of Ar and N2 mixture.

140 A, 6.3Ar+10.1N2 slm, 9.2 kPa; c) 140 A, 10.1 slm pure

And pure Ar arc shows broader attachment area, as shown

N2, 33 kPa; d) 140 A, 10.9 pure Ar, 42.3 kPa.

in Fig. 4 c), than that in d) for the pure N2 arc, at the same

a)

b)

c)

d)

e)

f)

g)

Fig.5 Pictures of plasma jet generated at 90 A, 10.1 slm pure N2 and chamber pressure of 47 kPa.

734

ISPC23, Montreal, Canada

Thermal plasma fundamentals and applications

Fig.5 shows pictures of pure N2 plasma jet under
turbulent flow condition generated at 90 A and 47 kPa
chamber pressure with 10.1 slm flow rate. Fig.5 a)
indicates the normal situation of the jet flow. Arrows in
pictures b)-g) indicate the abnormal bright emission
portion randomly injected from the anode exit. These could
suggest the non-uniform dispersing of the arc column in the
anode divergent-section with partial rushing out with the
uncoordinated gas dynamic action under this generating
condition.
4. Conclusions
Experiment results and analysis show that, the arc
column of pure Ar and N2 or their mixture can be
effectively dispersed to form diffused attachment at the
water-cooled anode surface, in the present generator design
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Ablation test of graphite rods using a small arc-heated plasma
testing facility
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Abstract: A spiked-nose may promote the reduction of shock-induced drag and the
decrease of heat flux over blunt bodies. It is interesting to find that the tip of the graphite
rod is able to be ablated to a very sharp shape and the shape can be maintained during the
test. A series of experimental tests are designed and conducted in a small arc-heated plasma
testing facility, aiming to clarify the ablation mechanism.
Keywords: plasma testing facility, graphite rod, ablation, spiked-nose

1. Introduction
Shock-induced drag and heat flux are two major impact
factors of the design of hypersonic vehicles. Previous
studies have been carried out on these two aspects, and
one of the most effective methods is to install a
spiked-nose [1-3].The physical spike can make the bow
shock into a conical shock, which induces less shock
drag. Moreover, the reduced shock drag can also result in
the decrease of the heat flux on the main body, which is
beneficial for thermal protection. [4]. In the past decades,
the spiked-nose has been widely investigated and has
served as a drag-reduction device on hypersonic vehicles
[5-7]. Although the spiked-nose is the simplest yet an
effective mean to reduce drag in hypersonic speeds, the
sharp tip of the spike could hardly be maintained under
severe ablation conditions, which makes the spiked-nose
less effective in long-term tasks. Therefore, whether the
heat-resistant materials can maintain the sharp tip of the
spike in the whole process is the key technology.
In this research, the ablation behaviour of different
kinds of graphite rods was studied using a small
arc-heated plasma testing facility. A series of
experimental tests are designed and conducted aiming to
clarify the ablation mechanism. There are three main
factors leading to the failure of the material under thermal
ablation tests. The first one is the thermal load, which is
directly connected with the heat flux impinging on the
material. The second is the mechanical load, which is
closely related to the forces acting on the structure and the
third is the chemical reaction which might occur during
the tests. These factors could be simulated by adjusting
the flow properties, such as its enthalpy, pressure, gas
composition, etc.

2. Experimental setup

736

Stable plasma jets with adjustable gas compositions,
temperature and velocity can be conveniently obtained on
the small arc-heated plasma testing facility. The main part
of the facility is schematically shown in Fig.1. Samples to
be tested were held on a multidimensional motorized
stage which placed at a distance of 33mm from the
plasma torch exit. An infrared pyrometer was adopted to
monitor the surface temperature of the samples. The
measurement chamber was designed to be operated in
vacuum.
The chamber pressure was kept at 500-1000Pa during
the whole experiment process. Pure nitrogen and nitrogen
with oxygen were used as the discharge gas with a total
flow rate of 30slm and 50slm, respectively. The power
varies from 18kW to 30kW. The whole process of the
graphite rod ablation was recorded with a video camera.
Different types of graphite rods as listed in Table.1 with
the diameter of 6mm or 8mm were tested under different
gas flow rates, powers and durations.The mass change of
the samples before and after ablation tests were measured
with a precise balance.

Fig.1.Schematic diagram of the main part of the small
arc-heated plasma test facility.
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Table 1. Types of graphite rods
Type

Density (g/cm3)

Carton

1.83

Spectral

1.60

JL-4

1.76

JL-5

1.85

JL-8

1.92

poster
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Facilities, 11, 315(2002).
[5] A.G. Panaras. AIAA Journal,19, 804-806(1981).
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H. Suenaga. Journal of the Faculty of Engineering, 42,
65-71(1993).

3. Results and discussion
With plasma input power of 30kW, obvious ablations
were observed.The length of the graphite rod decreases
with time. Figure 2(a) and (b) show the ablation histories
of JL-5 graphite rod under plasma conditions of pure
nitrogen and 25% volume fraction of oxygen-nitrogen
mixture, respectively. The total gas flow rate is 30slm,
and the ablation times for the two conditions are 10 and
5minutes, respectively. It can be seen that the linear
ablation rate of the graphite rod is much larger under
aerobic condition and it shows an acceleration trend of the
ablation rate. While in the case of pure nitrogen test, the
ablation rate keeps almost constant. At the same time, it
can be clearly seen that the tip of the graphite rod appears
a sharp shape and can be maintained under the aerobic
conditions.

Fig.2 Photos of ablation of graphite rod under different
gas compositions. (a)N2; (b) 20%vol O2-N2.

4. Conclusions
A small arc-heated plasma testing facility was
employed to simulate a local thermal environment for the
study of ablation characteristics of graphite materials.
Preliminary experiments of ablation tests were carried
out. It is concluded that the tip of the graphite rod is able
to be ablated to a very sharp shape and the shape can be
maintained during the whole test process. Although the
ablation behaviour is affected by the coupling effects of
heat, force and chemistry, oxidation might play the most
important role.
5. Reference
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40,1018-1020(2002).
[3] V. Menezes, S. Saravanan, G. Jagadeesh, and K.P.J.
Reddy. AIAA Journal, 41, 1955-1961(2003).
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Modelling of three gas mixtures in gas metal arc welding
Hunkwan Park1, Marcus Trautmann1,2 and Anthony B. Murphy1
2

1 CSIRO Manufacturing, PO Box 218, Lindfield NSW 2070, Australia
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Germany

Abstract: The initial simulation using combined diffusion coefficient method is presented to
consider three gas mixtures in gas metal arc welding. It focuses on mixing of iron vapour and
shielding gas of a mixture of two gases, and two separate equations of conservation of mass
fraction for species are required. Results obtained by including and neglecting iron vapour or
different shielding gas mixtures are compared. The model could be used for applications of
thermal plasmas including three gas mixtures.
Keywords: Gas metal arc welding, thermal plasmas, plasma modelling, gas mixtures.
1. Introduction
Arc welding is widely used in industry for joining
metals. Mixtures of different gases are widely used for the
shielding gas to improve the welding process and quality.
Mixtures of argon and oxygen, carbon dioxide, helium or
hydrogen are typically used, depending on the type of
material being welded and the process being used. Gas
metal arc welding (GMAW) is the form of arc welding
most widely used in manufacturing, and the shielding gas
used is generally a mixture of argon with oxygen or carbon
dioxide.
Experiments and simulations have been performed to
understand mixing and demixing of gas mixtures in the
welding process, but mixing of metal vapour into a gas
mixtures is not well understood. For numerical simulation
in thermal plasmas, including arc welding, the combined
diffusion coefficient method [1,2] is generally applied to
treat the diffusion of gas mixtures; in this method, the
individual species of a parent are combined. Previous
works using the combined diffusion coefficient method in
GMAW focused on mixtures of only two different gases,
such as diffusion of metal vapour in a shielding gas, or of
mixtures of two different gases without metal vapour [3].
However, this approach is not accurate, because:
1.

2.

gas composed of a mixture of argon and oxygen as well as
iron vapour, the combined diffusion coefficient method
extended to a mixture of three gases by Zhang et al. [4].
2. Three-gas mixture model
A schematic of the arc welding process modelled is
shown in Fig. 1. A computational model that includes the
arc plasma, wire electrode and workpiece is based on the
work by Murphy [5]. The model solves the equations of
mass conservation, momentum conservation, energy
conservation, current continuity, and mass fraction
conservation for three gases. The model assumes local
thermodynamic equilibrium (LTE) and deformation of the
workpiece by droplet from wire electrode is neglected.
Thermodynamic and transport properties were calculated
using the methods presented by Murphy and Arundell
[6,7]. The net emission coefficients for iron vapour were
taken from Menart and Malik [8], and those for argon and
oxygen were calculated using the method of Cram [9]; the
values for the gas mixtures were obtained by linear
interpolated based on mole fractions, as recommended by
Gleizes et al. [10] Simulations were done for an arc current
of 200 A, a wire electrode of diameter 1.2 mm, an arc
length of 5 mm and a wire feed rate of 100 mm s-1.

Demixing of the two gases in a shielding gas
mixture occurs due to the occurrence of
dissociation (in the case of molecular gases) and
ionization in the arc plasma;
Mixing of metal vapour into the gas mixture
should be considered because it dramatically
affects the thermophysical properties, and
through this the distribution of temperature,
current density and flow velocity, of the plasma.

Therefore, it is important to consider the mixture of three
gases in when modelling arc welding.
In this paper, we present initial simulation results of
GMAW in a mixture of three gases, including a shielding
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Fig. 1. Schematic of computational model of gas metal
arc welding
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Two separate equations for the mass fraction for oxygen
and iron vapour are required to describe diffusion of a
mixture of three gases:

   vYO    J O





(1)

   vYFe    J Fe  SFe



(2)



where subscript O represents oxygen, Fe represents iron
vapour,  is the mass density, v is the plasma velocity,

YI is the mass fraction of oxygen or iron, J I is the mass
flux of oxygen or iron, and SFe is the source term related to
vaporization of iron vapour at the wire electrode. The mass
fraction of argon is determined after solving the two
equations for the mass fraction for oxygen and iron vapour.

a large oxygen concentration close to the workpiece.
Demixing also causes the lighter gas to become
concentrated in the higher temperature regions, which
leads to a concentration of oxygen near the arc axis.
However, when the iron vapour is included in the
simulation, the oxygen concentration near the arc axis is
strongly reduced. The temperature distribution is also
clearly affected by the presence of iron vapour. The
temperature decreases near the arc axis, mainly because of
the much higher radiative emission from iron than from
argon and oxygen, and is maximum off axis. A relatively
large mass fraction of oxygen is predicted at a radius of
about 0.2 cm, in the region corresponding to the
temperature maximum. There is also an increase in oxygen
concentration, relative to that of argon, just below the wire
electrode, although here the plasma is almost entirely
composed of iron vapour.

The source term SFe in (2) is calculated using the Hertz–
Knudsen–Langmuir equation to consider evaporation and
condensation of iron vapour [11]. The mass flux of oxygen
or iron vapour is determined using the combined diffusion
coefficient method [4], and is given by

JO 

n2





mO mFe mAr  DOx Fe  xFe  DOx Ar  xAr
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P
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T
 DFe
 ln P  DFe
E  DFe
 ln T


(4)
where subscript O, Fe and Ar are, respectively, oxygen,
iron and argon, mI is the average mass of the heavy
species xI is the sum of the mole fractions of the species,
x
, DIP , DIE , DIT are the combined diffusion
and DIJ
coefficients.

3. Results and discussion
Fig. 2 shows the distribution of temperature and the mass
fraction of oxygen in the shielding gas YO

YAr  YO 

for

an initial mixture of argon and 5 mol% oxygen, with and
without evaporation of iron vapour from wire electrode.
The results without iron vapour are in agreement predicted
in a model of the free burning arc obtained by Murphy [12].
The demixing of the argon and oxygen leads to an
increased oxygen concentration at temperatures just below
its dissociation temperature (about 3500 K). . This leads to

ISPC23, Montreal, Canada

Fig. 2. Mass fraction of oxygen in the shielding gas (left)
and temperature (right) (a) neglecting and (b) including
iron vapour. The maximum temperatures are 24 100 and
15 600 K respectively.
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Fig. 4. Temperature distribution for shield gas containing
5 mol% oxygen (left) and 20 mol% oxygen (right)
The mass fraction of iron vapour and of oxygen in the
shielding gas is shown for three different argon–oxygen
mixtures in Fig. 3. Increasing the concentration of oxygen
in the shielding gas from 5 to 20 mol% leads to an increase
in the maximum temperature, from 15 600 to 16 400 K,
and a more constricted arc, as shown in Fig. 4. The
vaporization rate of the wire electrode is about 1.2% of its
feed rate for each case, and the iron vapour is spread over
a wider radius for the 20 mol% oxygen case. The mass
fraction of oxygen in the shielding gas has a similar
distribution regardless of the initial gas mixture. The
largest mass fraction of oxygen is predicted to occur
directly below the wire tip on the arc axis, reaching more
than twice the input mass fraction. Thus, the argon
concentration is very low near wire tip due to the high
concentrations of iron vapour and oxygen. Furthermore, a
high concentration of oxygen is predicted near the
workpiece around a radius of 2 mm for 5 mol% oxygen and
10 mol% oxygen. However, a relatively uniform
concentration of oxygen near the workpiece is observed for
20 mol% oxygen. The demixing effect should nevertheless
be taken into account in all cases, since oxygen
concentration increases near the electrodes.
Previously, demixing of the gas mixture with iron vapour
has not been considered in modelling of arc welding.
However, the results presented indicates that shielding gas
is not uniformly mixed in the arc, and consideration of
demixing of shielding gas as well as iron vapour is required
to give an accurate arc composition.

Fig. 3. Mass fraction of iron vapour (left) and oxygen in
the shielding gas (right) for shielding gas containing (a)
5 mol% oxygen, (b) 10 mol% oxygen and (c) 20 mol%
oxygen
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4. Conclusions and outlook
Results of initial simulations of gas metal arc welding
with a mixture of three gases, an argon–oxygen shielding
gas and iron vapour, are presented. The iron vapour
strongly influences the composition of the shielding gas
mixture as well as temperature distribution near the arc
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axis. A similar trend is observed for the distribution of
oxygen for different fractions of oxygen in the shielding
gas.
The work demonstrates that the combined diffusion
coefficient method can be used to treat mixtures of three
gases. In addition to modelling the mixing of metal vapour
with a shielding gas mixture, the approach could be applied
to the mixing of two metal vapours (for example, two
components of an alloy) with a pure shielding gas.
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The predicted higher concentration of oxygen near the
workpiece is expected to affect the formation of welding
fume, since this has been shown to depend on the oxygen
concentration [13]. Therefore, as well as providing a better
understanding of diffusion processes in three gas mixtures,
out approach will also be important in modelling the fume
formation process.
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Li–Mn–metal oxide nanoparticles synthesized by induction thermal plasmas
for Li-ion batteries
H. Sone, S. Yoshida, T. Kageyama, M. Tanaka and T. Watanabe
Department of Chemical Engineering, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
Abstract: Li–Mn–metal oxide nanoparticles were synthesized as the active materials of the positive
electrodes of Li-ion batteries using induction thermal plasma. The crystal structures of the nanoparticles
during the thermal plasma processing were examined in two different systems: Li–Mn–Ni–O and Li–Mn–
Fe–O. In the Li–Mn–Ni–O system, NiO nucleated first, whereas in the Li–Mn–Fe–O system, MnO nucleated
first. X-ray diffraction and transmission electron microscopy analyses showed that these systems were
successfully synthesized in the LiMn1.5Ni0.5O4 and Li2Mn1.5Fe0.5O4 nanoparticles.
Keywords: thermal plasma, Li–Mn–Fe oxide, Li–Mn–Ni oxide, lithium-ion battery
1. Introduction
Thermal plasma processing offers many advantages for
producing nanomaterials, including high enthalpy, high
chemical reactivity, choice of oxidizing or reducing
atmosphere, and rapid quenching. Induction thermal
plasma is characterized by long residence time of in-flight
processing compared to other types of thermal plasmas.
Moreover, many types of nanoparticles, including metals,
oxides, borides, nitrides, carbides, and silicides can be
synthesized using induction thermal plasma [1-4].
Currently, Li–Mn–metal oxide nanoparticles are used as
the active material in the positive electrodes of Li-ion
batteries. The chemical properties and characteristics of
Li–Mn–metal oxide nanoparticles depend on the crystal
structure. Therefore, control of the crystal structure during
the synthesis process is important.
The effect of replacing a portion of Mn with Ni or Fe in
spinel-structured Li–Mn–metal oxide nanoparticles on the
electrochemical properties was investigated in this study.
In addition, homogeneous nucleation mechanism of the
Li–Mn–metal oxide nanoparticles was examined using
thermal equilibrium considerations.
2. Experimental conditions
A schematic of the experimental apparatus used for the
induction thermal plasma process is shown in Fig. 1. The
apparatus mainly comprises a plasma torch to generate the
plasma, a reaction chamber to synthesize nanoparticles,
and a recovery section to recover the nanoparticles. The
induction thermal plasma process is described as follows:
raw materials in powdered form supplied together with a
carrier gas are evaporated in the plasma torch;
homogeneous nucleation occurs in the reaction chamber;
and nanoparticles are formed via heterogeneous
condensation.
The experimental frequency was 4 MHz, and the applied
power was 20 kW. The experiments were conducted at
atmospheric pressure with Ar as the carrier and inner gas
and Ar and O2 as the sheath gas. A mixed powder of
Li2CO3, MnO2, and Fe or Ni was used as the raw material,
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Fig. 1. Schematic of experimental setup for induction
thermal plasma process.
and the powder was fed to the plasma at 300 mg/min. The
composition of the raw material was Li:MnNi = 1:2 or
Li:MnFe = 1:1. The crystalline structures of the
nanoparticles were identified with powder X-ray
diffraction (XRD), and the particle morphology and size
distribution were evaluated using transmission electron
microscopy (TEM).
3. Experimental results
The XRD patterns of the Li–Mn–Ni–O nanoparticles
synthesized at O2 gas flow rates 0, 2.5 and 5 L/min are
shown in Fig. 2. The Li–Mn–Ni–O nanoparticles had the
same crystal structure as spinel-type LiMn1.5Ni0.5O4 at all
tested O2 flow rates. The Li–Ni oxide nanoparticles with a
cubic rock-salt structure were synthesized when only Ar
was used as the sheath gas. In contrast, LiMn1.5Ni0.5O4
nanoparticles with the spinel structure were synthesized
when O2 was added to the sheath gas. The intensities of the
Li–Ni oxide and Mn3O4 peak decreased, and the peak
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corresponding to the (111) plane of LiMn1.5Ni0.5O4 at 19
degrees appeared instead when O2 was used as the sheath
gas at a flow rate of 2.5 L/min. This peak at 19 degrees
became stronger and sharper when the flow rate of O 2 as
the sheath gas increased to 5 L/min. This suggests that
increasing the O2 gas flow rate enhances the production of
LiMn1.5Ni0.5O4. The intensity of the LiMn1.5Ni0.5O4 peaks
increased when that of the Li–Ni oxide peak decreased.
Thus, the crystalline structures of the particles switched
from an Li-Ni oxide structure to a LiMn1.5Ni0.5O4 structure
as the flow rate of O2 increased. The XRD patterns suggest
that the crystalline structure changed from a cubic rock-salt
structure to a spinel structure with increasing O2 flow rate.
The XRD patterns of the synthesized Li2Mn1.5Fe0.5O4
nanoparticles at O2 gas flow rates 0, 2.5, and 5 L/min are
shown in Fig. 3. The Li2Mn1.5Fe0.5O4 nanoparticles had the
same spinel-type crystal structures as the LiMn1.5Ni0.5O4
nanoparticles at all tested O2 flow rates. The Li–Fe oxide
nanoparticles with a cubic rock-salt structure were
synthesized when only Ar was used as the sheath gas.
Li2Mn1.5Fe0.5O4 nanoparticles with the spinel structure
were synthesized when O2 was added to the sheath gas.
When O2 was used as the sheath gas at a flow rate of 2.5
L/min, the intensity of the peak corresponding to the (400)
plane of Li-Fe oxide at 42 degrees decreased, and a peak
corresponding to the (111) plane of Li2Mn1.5Fe0.5O4 at 19
degrees appeared. The intensity of the Li2Mn1.5Fe0.5O4
peak increased as that of the Li-Fe oxide and Mn3O4 peak
decreased. Thus, the structures of the particles switched
from a Li-Fe oxide crystalline structure to a
Li2Mn1.5Fe0.5O4 structure as the flow rate of O2 increased.
The XRD patterns suggest that the crystalline structure
changed from a cubic rock-salt structure to a spinel
structure with increasing O2 flow rate. Unlike for
LiMn1.5Ni0.5O4, the Li2Mn1.5Fe0.5O4 peak did not change
when the flow rate of O2 as the sheath gas increased to 5
L/min. This is attributed to the fact that the Li content in
the Li–Mn–Fe–O system is higher than in the Li–Mn–Ni–
O system, whereas the oxygen content in the Li–Mn–Fe–
O system is smaller.
The particle size distributions were determined from the
TEM observation of approximately 200 different particles.
The average particle sizes for the Li-Mn-Ni-O and Li-MnFe-O systems were 60.2 and 65.2 nm, respectively. The
synthesized nanoparticles had polygonal structures
peculiar for the spinel structure. The nanoparticles had
tetradecahedral crystalline structure comprised of (111)
planes × eight faces for the hexagon and (100) planes × six
faces for the tetrahedron.
The energy-dispersive X-ray spectroscopy (EDS) results
for different raw material compositions (Li:Mn:Ni =
1:1.5:0.5, O2 flow rate = 2.5 L/min and Li:Mn:Fe =
1:0.75:0.25, O2 flow rate = 2.5 L/min) are shown in Fig. 5.
All the observed Li-Mn-Ni-O nanoparticles contained both
Mn and Ni. Similarly, all observed Li-Mn-Fe-O
nanoparticles contained both Mn and Fe. These results
suggest that the Li-Mn-Ni-O and Li-Mn-Fe-O
nanoparticles were spinel-type LiMn1.5Ni0.5O4 and
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Fig. 2. XRD spectra of synthesized nanoparticles in
Li–Mn–Ni–O system.

Fig. 3. XRD spectra of synthesized nanoparticles in
Li–Mn–Fe–O system.
Li2Mn1.5Fe0.5O4 nanoparticles, respectively.
Electron diffraction analysis indicated the synthesis of
additional products, Li0.4Ni1.6O2 (Fm-3m) and LiMnO2
(Pnma), without O2 addition. LiMn1.5Ni0.5O4 (Fd-3m) was
produced in all samples when the O2 flow rate was 5 L/min.
The electron diffraction results are consistent with the
XRD patterns, which indicated that LiMn1.5Ni0.5O4 was
synthesized. Additional products, LiFeO2 (Fm-3m) and
Fe3O4 (Fd-3m), were also synthesized in the Li-Mn-Fe-O
system without O2 addition. Li2Mn1.5Fe0.5O4 (Fd-3m) was
produced at the O2 flow rate of 2.5 L/min. These electron
diffraction results are consistent with the XRD patterns,
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S

P ,
Ps

(1)

where S is the saturation ratio, P is the partial pressure of
the vapor species, and Ps is the equilibrium vapor pressure.
Many different equations were previously proposed to
describe the homogeneous nucleation rate. In a thermal
plasma, the following equation based on the classical
theory of Girshick and coworkers [8, 9] is often used:
J

 ij n s2 S
12


Θ
4Θ 3  ,
exp Θ 
2 
2
27ln S  


(2)

where J (m-3 s-1) is the nucleation rate, ns (m-3) is the
number density under equilibrium vapor pressure, and Θ is
the dimensionless surface tension, which depends only on
the temperature and physical properties of molecules. The
parameter Θ is expressed as
Θ

Fig. 4. Particle size distribution of LiMn1.5Ni0.5O4 and
Li2Mn1.5Fe0.5O4 nanoparticles at O2 2.5 L/min.

 3 1 

 4 

which indicated that Li2Mn1.5Fe0.5O4 was synthesized.
The diffraction patterns of the nanoparticles of the Li–
Mn–Ni–O and Li–Mn–Fe–O systems were interpreted on
the basis of nucleation theory [5-7] and thermodynamic
considerations. Figure 6 shows the nucleation temperature
of the Li–Mn–Ni–O and Li–Mn–Fe–O systems. Figure 7
shows the Gibbs free-energy change of the Li–Mn–Ni–O
and Li–Mn–Fe–O systems. The homogeneous nucleation
temperature was estimated on the basis of the
homogeneous nucleation rate to investigate the process of
forming LiMn1.5Ni0.5O4 and Li2Mn1.5Fe0.5O4 nanoparticles
in induction thermal plasmas. The vapor generated in the
thermal plasma is quenched as it flows downstream.
Because the saturated vapor pressure of the raw material
decreases rapidly, homogeneous nucleation occurs with
supersaturation as the driving force. The saturation ratio is
defined as
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(3)

where σ (N/m) is the surface tension, s1 (m2) is the surface
area of a monomer particle, and k (J/K) is the Boltzmann
constant. Homogeneous nucleation starts when the
supersaturation is >1. Since the production and evaporation
rates of a particle are large at a low supersaturation level,
the generated nucleus is usstable. When the supersaturation
is ≥1, a nucleus is generated.
ij  

Fig. 5. TEM-EDS images of synthesized nanoparticles
of the Li–Mn–Ni–O and Li–Mn–Fe–O systems.
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where v1 is the volume of the monomer particle and ρp is
the density of the monomer. Here, collision between the
molecules occurs when i = j = 1. It was experimentally
demonstrated that stable nucleation begins when the
homogeneous nucleation rate is 1 cm-3 s-1, and the
corresponding temperature is the nucleation temperature
[9].
These nucleation discussion reveals that NiO nucleated
first in the Li–Mn–Ni–O system, whereas MnO nucleated
first in the Li–Mn–Fe–O system. For Li–Mn–Ni–O system,
formation of LiMn2O4 is the dominant reaction due to
lower ΔG of LiMn2O4 than that of LiNiO2 [10]. Similarly,
for Li–Mn–Fe–O system, LiMn2O4 is the dominant
reaction. The spinel-type Li-Mn-Fe-O system is formed on
the basis of LiMn2O4, the most stable compound in the LiMn system.
Electrochemical characteristics were confirmed by
current-voltage characteristics. The measured currentvoltage characteristics of LiMn1.5Ni0.5O4 nanoparticles are
peculiar for nanoparticles. LiMn1.5Ni0.5O4 showed reaction
patterns peculiar for those of Ni at around 4.7 V, and the
conductivity of trivalent tetravalent Mn was confirmed by
hopping conduction. The reaction from 4 to 5 V of peculiar
to Ni is expressed as
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Fig. 6. Nucleation, boiling, and melting temperatures
for LiMn2O4, LiNiO2,of Mn, Ni, Fe, Li, and their oxides.
LiNiII 0.5 Mn IV 1.5 O 4

 Li 0.5 NiIII 0.5 Mn IV 1.5 O 4  0.5Li   0.5e 

.

(5)

 Li 0.5 NiIV 0.5 Mn IV 1.5 O 4  0.5Li   0.5e 

Similarly, the conductivity of trivalent tetravalent Mn was
confirmed in Li2Mn1.5Fe0.5O4 by hopping conduction. The
reaction from 3.5 to 5 V for Mn and Fe is expressed as
Li 2 FeIII 0.5 Mn III 1.5 O 4

 Li 0.5 FeIII 0.5 Mn IV 1.5 O 4  1.5Li   1.5e 

.

(6)

 FeIV 0.5 Mn IV 1.5 O 4  0.5Li   0.5e 

Therefore, the synthesized
LiMn1.5Ni0.5O4 and
Li2Mn1.5Fe0.5O4 nanoparticles were revealed to be
nanoparticles possessing electrical conductivity.
4. Conclusion
The crystal structures of Li–Mn–metal oxide
nanoparticles in this study suggest that the nanoparticles
can be controlled by replacing a portion of Mn with Ni or
Fe during synthesis in induction thermal plasmas.
Furthermore, Li–Mn–metal oxide can be controlled by
adjusting the partial pressure of O2.
In the formation mechanism, the Li–Mn–metal oxide is
formed by first nucleating the oxide at a high nucleation
temperature and then condensing the nucleated oxide.
Thermodynamically stable Mn-oxides are produced (ΔGLiMetal-oxide > ΔGMetal-oxide) at a low O2 partial pressure. In
contrast, thermodynamically stable spinel type Li–Mn
oxide is produced (ΔGSpinel < ΔGLayered) at a high O2 partial
pressure. The electron conductivity of synthesized crystal
structure was improved by electron hopping of Mn.
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Fig. 7. Gibbs free-energy change for LiMn2O4,
LiNiO2, LiFeO2, MnO, NiO, and Li2O.
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Numerical investigation of joint impact of thermophoresis and radiative losses in
induction plasma synthesis of copper nanoparticles
S. Bianconi1, M. Boselli1,2, M. Gherardi1,2 and V. Colombo1,2
Alma Mater Studiorum-Università di Bologna
Department of Industrial Engineering, Bologna, Italy
2
Industrial Research Centre for Advanced Mechanics and Materials, Bologna, Italy
1

Abstract: A numerical model for the simulation of the copper nanoparticles synthesis
process by an induction thermal plasma system has been developed, taking into account the
joint effects of radiative losses from the metallic vapour and thermophoretic transport of the
synthetized nanoparticles on the process performance, for different reaction chamber
geometries combined with different quench gas injection strategies and different power
levels, in order to evaluate the impact of these phenomena in process design strategies.
Keywords: Thermal plasma modelling, thermophoresis, ICP, nanoparticle synthesis.
1. Introduction
Induction thermal plasma (ITP) technology has been
proved to be a viable technique for continuous production
of nanoparticles at high throughput, capable of satisfying
the ever-increasing demand for high-quality nano-sized
materials from many industrial fields. The advantages of
this technology rely on its great versatility, thanks to the
large number of process parameters, high energy density,
intrinsic process purity, being an electrodeless discharge,
large plasma volume and long residence time for process
precursors. Because of the complexity and large number
of variables that characterize these systems, process
design and optimization can hardly rely on try and fail
experimental approaches. For this reason, over the last
decades modelling techniques have been extensively
employed for the investigation of the performance of the
nanoparticle synthesis processes in an ITP system,[1-3].
As significant advances in the understanding of the
phenomena related to the nanoparticle synthesis in ITP
systems have been reported in last four decades, an
increasing effort has been devoted to the development of
more and more sophisticated physical-mathematical
models aimed at offering an accurate prediction of the
process performance [4-8].The radiative power loss
contribution due to the vapour produced in the plasma by
the solid precursor has recently been pointed out as one of
the main mechanisms limiting the precursor evaporation
rate in the system [4]. This effect is particularly
significant for materials with a high emissivity, typical of
metal vapours, and results in a strong local cooling of the
plasma near the region where the material is injected in
the plasma and evaporated, hence decreasing the
precursor evaporation efficiency (the fraction of the
injected precursor that is effectively evaporated in the
plasma). Since the precursor evaporation efficiency is one
of the key parameters that influence the total throughput
of synthetized nanoparticles, hence this phenomenon has
a relevant effect on the process performance.
Thermophoresis is known to play an important role in the
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transport of the synthetized nanoparticles, due to the steep
temperature gradients in the tail of the plasma, increasing
the deposition of nanoparticles on the chamber walls, with
a detrimental effect on process yield [5-8].In a recent
paper, the authors reported, through design-oriented
modelling results, on the impact of including radiative
losses from Cu vapours in the description of the process
for the ITP synthesis of Cu nanoparticles starting from a
solid precursor [9]. In the present paper we extended the
adopted simulative model to also include the
thermophoretic transport of the synthetized nanoparticles,
together with the radiative losses from Cu vapour. The
simulations were carried out both including and
neglecting these two phenomena in the model, in order to
present a quantitative evaluation of their impact on the
process performance. The numerical results are reported
for two different chamber designs and quenching
strategies, as in [9], and the power level and the quench
gas flow rate have been varied, allowing to assess the
effects of the abovementioned phenomena under different
process parameters and operating conditions. The
methodologies and considerations presented in this work
have been recently submitted as a paper [10] and can be
applied to a broad range of ITP-assisted processes, when
dealing with the in-flight treatment of materials with a
high emissivity, like most metals.
2. Modelling approach
The ICP nanoparticle synthesis process, including
plasma thermo-fluid dynamics, electromagnetic field,
precursor injection and evaporation, and nanoparticle
formation, transport and growth, is modelled within a 2D
axisymmetric framework in the ANSYS FLUENT©
environment. The employed model describes plasma
thermo-fluid dynamics, electromagnetic field, precursor
behaviour (injection, trajectories, thermal history and
evaporation) and nanoparticle formation, transport and
growth.
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The precursor particles are assumed to be spherical and
with a negligible internal resistance to heat transfer.
The equations of motion, thermal history and vaporization
of precursors and the vapour conservation are described in
[9].
2.2 Thermophoresis and method of moments
The thermophoretic velocity, 𝒖𝒕𝒉 , was modelled using the
interpolating formula proposed by Talbot [8,17]:
𝑘

𝒖𝒕𝒉 = −

2.3 𝜈 (𝑘𝐺 +1.09 𝐾𝑛) [1.2+𝐾𝑛 (0.6+0.2 𝑒
𝑃

− 1.76⁄
𝐾𝑛 )]

𝑘
(1+1.71 𝐾𝑛) (1+2 𝐺 +2.18 𝐾𝑛)
𝑘𝑃

𝜵𝑻
𝑇

(1)

where 𝜈 is the gas kinematic viscosity, 𝑘𝐺 and 𝑘𝑃 are the
thermal conductivity of the fluid and of the particle
respectively, 𝑇 is the gas temperature and 𝐾𝑛 is the
Knudsen number, defined as 𝐾𝑛 = 2 𝜆⁄𝑑𝑃 , 𝑑𝑃 being the
diameter of the nanoparticles and λ the mean free path
length of the gas molecules, computed as [8,15]:
𝜆=𝜈 (

Fig. 1 Schematic of the reaction chambers (a) and of the
torch (b). Dimensions are in mm [10].
2.1 Plasma and precursor modelling
Plasma thermo-fluid dynamics calculations rely on the
following assumptions, which have been widely adopted
in the literature [11,12]:
-plasma is in local thermodynamic equilibrium (LTE);
-turbulent effects are taken into account using the
standard k-ε model;
-plasma is considered optically thin;
-the effect of Cu vapour on the transport and
thermodynamic properties of the gas mixture is neglected,
except when accounting for radiative losses;
-the viscous dissipation term in the energy equation is
neglected;
-displacement currents are neglected.
The governing equations for the plasma modelling are
reported in [9].
In calculating the radiative losses the contributions from
both Ar and Cu vapour are taken into account, using data
from [13]. The volumetric radiative loss was obtained by
linear interpolation of the Net Emission Coefficients
based the molar fractions of Ar and Cu vapour as
suggested by Gleizes et al. [14], using an equivalent
radius of 5 mm.
Turbulent effects have been taken into account using the
standard k-ε model [9].
The standard wall function approach is used to model
turbulence in the near-wall region [10].
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𝜋 𝑀𝐺
2 𝑘𝐵 𝑇

)

1⁄
2

(2)

where 𝑀𝐺 is the molecular mass of the gas and 𝑘𝐵 is the
Boltzmann constant. A simplified formula has been
proposed, based on the kinetic theory of gases, if particle
size is much smaller than the mean free path in the gas
(i.e. 𝐾𝑛 ≫ 1, namely free molecular regime) [18]:
𝒖𝒕𝒉 = −

3𝜈
4(1+

𝜋𝛼
)
8

𝜵𝑻
𝑇

(3)

where 𝛼 is an accommodation coefficient, usually set to
0.9. In the free molecular regime the thermophoretic
velocity does not depend on the particle size and
composition.
In this model the aerosol GDE is mathematically
reformulated by means of the moment method [19] to
obtain a system of equations that is easier to solve. The
following assumptions are made:
-spherical nanoparticles;
-same nanoparticle temperature to that of the plasma flow;
-heat generation by condensation is neglected;
-negligible electrical charge of nanoparticles in the
reaction chamber;
-condensing vapour is treated as an ideal gas;
-nanoparticle size with a unimodal log-normal
distribution.
The moment method handles the first three moments of
the PSDF, defined as:
∞

𝑀𝑘 = ∫0 𝑣𝑃𝑘 𝑛(𝑣𝑃 )𝑑𝑣𝑃

𝑘 = 0, 1, 2

(4)

where 𝑣𝑝 is the particle volume and 𝑛(𝑣𝑝 ) is the PSD
function.
The steady-state aerosol GDE is the written in the form:
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𝛻 ∙ [(𝒖 + 𝒖𝒕𝒉 ) 𝑀𝑘 ] = 𝛻 ∙ [𝐷𝑃𝑡𝑜𝑡 ∇𝑀𝑘 ] + [𝑀̇𝑘 ]𝑛𝑢𝑐𝑙𝑒𝑎𝑡𝑖𝑜𝑛
+[𝑀̇𝑘 ]𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 + [𝑀̇𝑘 ]𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑘 = 0, 1, 2

(5)

where 𝒖 is the fluid velocity and the terms [𝑀̇𝑘 ] represent
the net production rates due to nucleation, condensation
and coagulation, whose exhaustive description can be
found in [6]. 𝐷𝑃𝑡𝑜𝑡 is the total diffusion coefficient
accounting for both turbulent and laminar diffusion,
calculated as in [16].
The mean diameter of the nanoparticles in a
computational cell can be computed as [8]:
〈𝑑𝑃 〉 = (

6 𝑀1
𝜋 𝑀0

)

1⁄
3

(6)

2.3 Computational domain, material properties and
boundary conditions
The computational domain (Figure 1a) presented in [9]
has been employed in the simulations: it includes an
induction plasma torch (whose detailed geometry and
dimensions are reported in Figure 1b) and two different
reaction chambers for the synthesis of nanoparticles The
working gas (pure Ar) is supplied through three different
inlet regions located in the head of the torch: the carrier
gas flow rate through the injection probe was set at 4
slpm, while the central gas one was set at 12 slpm; the
flow rate for the sheath gas, supplied through the gap
between the quartz and ceramic tubes, has been adjusted
between 80 slpm and 150 slpm as a function of the
different power levels investigated. Investigation of the
process behaviour of the cylindrical reaction chamber,
takes into account that in the frame of this active
quenching strategy [9], the quench gas is supplied through
a porous wall section located at 200 mm from the torch
outlet. The second chamber is composed of a conical top
section terminating in a cylindrical bottom part, in the
frame of those presented in [20]. In this chamber design a
shroud gas is injected through two inlet regions located in
the conical section (Figure 1a), in the frame of what can
be described as passive quenching strategy [9]. The
simulations were carried out for two different plate power
levels 60 kW and 80 kW, corresponding to 39 kW and 50
kW coupled power to the plasma, respectively, assuming
a plate coupling efficiency of 65% as suggested by
Boulos [4]. The operating pressure and the coil current
frequency are set to 100 kPa and 3.8 MHz, respectively.
A no-slip boundary condition is applied on all the internal
walls; boundary conditions for turbulence equations at the
torch inlet are set according to Chen et al. [21], while a
uniform flow with 10% turbulent intensity was specified
for the quench gas inlet through the porous wall [10]. A
temperature of 300 K is fixed at the external walls of the
torch and at the internal walls of the reaction chambers,
corresponding to a water-cooled system. In order to
model the nanoparticle deposition onto the porous wall
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section carrying a quench gas flow into the cylindrical
chamber, a sticking coefficient was employed, as
proposed in a recent paper by the authors [9].
A 50 % sticking coefficient, as presented in [9], is used to
set the concentration of the nanoparticles on the quench
wall boundary according to the particle balance at the
porous wall. Such value was employed in all the
simulations for the cylindrical chamber with an active
quenching strategy, and it can be considered as a more
realistic value to model the particle deposition on the
porous wall section, rather than assuming complete or
null deposition on the wall (100% and 0% sticking
coefficient) [9]. The values of the three moments were set
to zero at all the other boundaries.
Plasma thermodynamic and transport properties for pure
Ar in LTE have been computed as in [22]. The physical
properties for copper powders used in the implementation
of the moment method of moments [6] are reported in [9].
The feed rate of the micro-sized copper precursor
particles (mean diameter = 7.3 μm) injected through the
probe were assumed to have a Rosin-Rammler
distribution with mean diameter of 7.3 μm. The precursor
feed rate injected through the probe was varied between
0.23 g/s and 0.93 g/s.
3. Results and conclusions
.

Fig. 2 Vapour consumption in the chamber by nucleation
and condensation of nanoparticles (left half) and
nanoparticle thermophoretic flux (right half) in the two
chambers for 1000 slpm quench gas flow rate (500 slpm
for each inlet in the conical chamber). Simulations were
carried out for 60 kW plate power (39 kW coupled power)
and a precursor feed rate of 0.46 g/s [10].
Figure 2 shows the profiles of the vapour consumption
by nucleation and condensation of the nanoparticles,
together with the details of the thermophoretic particle
flux, in the two chambers: these mechanisms are both
localized in the upper region of the chamber, as both are
connected to the cooling of the plasma. The steep
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temperature gradients that allow the quenching of the
metallic vapour in the plasma and the consequent
formation and growth of the nanoparticles, are also
consistent with strong thermophoretic forces in such
regions. Therefore, even in the upper region of the
chamber there is a reduction of the nanoparticle
concentration and axial flux due to thermophoresis.
Table 1. Summary of the synthesis process performances
in the two chambers, with and without the effect of the
thermophoresis, for two power levels. The simulations
were carried out for 1000 slpm quench gas flow rate
(using 50% sticking coefficient to model the particle
deposition on the porous wall in the cylindrical chamber)
and a precursor feed rate of 0.46 g/s.
̅
Plate power
Thermo- Yield 𝒅𝑷 at
Chamber
outlet
(coupled power) phoresis
(%)
(nm)
No
22%
71
60 (39) kW
Yes
17%
65
Cylindrical
No
17%
59
80 (50) kW
Yes
12%
52
No

42%

66

Yes

38%

64

No

49%

65

Yes

46%

64

60 (39) kW
Conical
80 (50) kW

Table 1 reports the comparison of the effects induced by
thermophoresis on the quenched process performances for
two power levels compared (60 and 80 kW plate power,
39 and 50 kW coupled power). In the cylindrical chamber
with active quenching the increase in power level has a
detrimental effect on the process yield, and the effect of
thermophoresis is also more intense, due to the stronger
thermal gradients generated. Conversely, in the conical
chamber with passive quenching, the increase in power
level results in a higher process yield, probably thanks to
a higher efficiency in the evaporation of the precursors
(82 % [9]), while thermophoresis reduces its negative
effect on yield, as well as it also reduces the positive
effect on mean particle size.
When radiation losses from Cu vapour are taken into
account, a significant reduction of temperature is
observed in the region downstream of the injection probe,
resulting in a lower evaporation of the injected solid
micrometric precursor. Thermophoresis was shown to
play an important role in the transport of the
nanoparticles, in particular in the regions where steep
temperature gradients exist, leading to a reduction in the
process yield and a smaller particle mean diameter. The
effect of thermophoresis is less detrimental on the yield
when a quench gas is employed, especially in the case of
a conical chamber with a passive quenching strategy.
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The implementation of models that include radiative
losses from metal vapours as well as thermophoresis,
seem to be required in order to achieve a reliable results
from design-oriented simulations for the optimization and
up-scaling of the process of nanoparticle synthesis by an
ITP system.
Although the effects of the above-mentioned phenomena
are strongly dependent on the properties of the material to
be synthetized, the results shown in the present work can
nonetheless be extended to different materials and
operating conditions, in particular for the synthesis of
metallic nanoparticles by an ITP system.
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Investigation of thermal plasma of electric arc discharge between
composite C–Cu electrodes
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Abstract: Plasma of free burning electric arc discharge in air between C–Cu composite
electrodes at arc current of 30 A was studied. Radial distributions of temperature and electron
density were determined in the average cross section of arc plasma column. Composition of
multicomponent plasma mixture was calculated in assumption of local thermodynamic
equilibrium. The technique of rough estimation of metal vapours’ content in plasma is
realized and can be recommended in studies of erosion properties of the electrode material.
Keywords: Multicomponent plasma mixture, arc discharge, composite electrodes, erosion
properties.

1. Introduction
Usually copper wire and various types of inserts, which
are fixed on the contact surface of the pantograph, are
widely used in power supply circuits of electric transport.
Graphite, copper-graphite composite or copper alloys can
be used as materials in producing of such inserts [1,2]. In
spite of perfect lubricating properties of graphite inserts,
they have a comparatively high electrical resistivity. So,
deterioration of tribological parameters of copper trolley
wire takes place due to annealing in a result of significant
Joule heating [3]. Moreover, such inserts have a
sufficiently low hardness, so their service life is reduced.
The metal contact inserts on a base of copper alloys are
characterized by a significantly less resistivity and a longer
life. However, because of their affinity with the copper
wire, the last one is significantly abraded by such inserts.
That is why, the design engineers of such inserts usually
recommend a copper-graphite composite as an optimal
material for their produce [2]. Such composite has good
lubricating properties due to its graphite component. The
additions of copper in these materials provide the much
higher electrical conductivity in comparison with graphite
inserts. To avoid an affinity of these composite inserts with
a conducting wire, the copper content in such material is
insignificant.
It should be noted additionally, an electric arc between a
conducting wire and a pantograph contact frequently
occurs, which leads to a significant erosion of the material.
This phenomenon is greatly enhanced when icing of
contact wire takes place. Understanding of a mass transfer
processes in discharge gap and knowledge of plasma
parameters will help to optimize the techniques with the
aim to reduce the erosion of contact and wire. Therefore, it
will be contribution to improvement of economic
performance of contact material fabrications.
The aim of this work is a study of plasma properties of
model electric arc ignited in air between C–Cu composite
electrodes. Namely, this paper deals with experimental
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studies of parameters of multicomponent thermal plasma
mixture.
2. Experimental investigations
2.1. Arc discharge arrangement. The free burning
electric arc was ignited in air between the end surfaces of
C–Cu composite non-cooled vertically arranged
electrodes. At the fabrication technology the copper
content in this composition was controlled around 20% [4].
The diameter of the rod electrodes was 6 mm, the
discharge gap was 8 mm, and arc current was 30 A. To
avoid the electrodes melting, a pulsing current mode was
used: namely, the current pulse of 30 A was put on the
"duty" low-current (3.5 A) discharge. The current pulse
duration was of 1 s. The registration of arc plasma emission
was performed at 7 ms after current pulse rise when a
steady-state mode of electric arc discharge was realized.
We found in our previous investigation that in such steadystate mode of arc discharge in air between copper
containing electrodes the local thermodynamical
equilibrium (LTE) is realized [5].
A more detail description of experimental setup and
measurement procedure one can find in [6,7].
2.2. Experimental techniques. Boltzmann plot method
was applied for plasma temperature determination in the
average cross section of arc plasma column by optical
emission spectroscopy. The recording of the radial
distribution of spectral line intensities was used [5-7].
Monochromator MDR-12 with 3000-pixels CCD linear
image sensor (B/W) Sony ILX526A accomplished fast
scanning of spatial distribution of radiated intensity. Due
to the instability of the discharge, statistical averaging of
the recorded spatial distributions of the emission
characteristics was carried out.
Selection of appropriate for plasma diagnostics copper
spectral lines and analysis of their spectroscopic data was

ISPC23, Montreal, Canada

Thermal plasma fundamentals and applications

previously carried out in [5].
So, spectral lines Cu I 510.5, 515.3, 521.8, 570.0 and
578.2 nm were used for measurement of radial profile of
plasma temperature.
The solution of energy balance equation (ElenbaasHeller equation) is used to calculate the conductivity and
the electron density of arc discharge plasma [1,8]. This
method requires to determine preliminary the radial
temperature distribution and the electric field in positive
column of the arc discharge plasma.
The determination of electric field in the positive column
of arc was performed by technique based on modulation of
discharge gap [9]. Interelectrode distance was varied
periodically with a frequency of 25 Hz using a specially
designed device (so called, electromechanical modulator).
Consequently, the arc voltage contains the harmonics of
frequency of 25 Hz. The amplitude of the first harmonic
can be used to determine the electric field in the positive
column of arc discharge plasma. The bandpass filter and
the second-order discrete Fourier transform were used for
measuring of this first harmonic amplitude. This technique
allows measuring the electric field in real time mode.
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plasma with carbon and copper vapours of arc discharge
between C–Cu composite electrodes at arc current of 30 A.
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Fig. 2. Temporal dependence of electric field in the
positive column of arc discharge
(one pulse of current of 30 A).
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3. Results and discussion
Experimentally measured temperature profile with
additionally obtained voltage and electric field in the
positive column of arc were used to determine the electron
density (see, Fig. 1 – Fig. 3).
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Fig. 3. Radial distributions of temperature and electron
density in arc plasma column.
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Fig. 1. Temporal dependence of voltage of arc discharge
(one pulse of current of 30 A).
Experimentally obtained data of electron densities and
temperature can be plotted on the diagram in the
coordinates Ne and T. Additionally, the curves of electron
density in air plasma with different contents of metal
vapours as a function of temperature can be plotted as well
in this figure. Such curves are obtained by calculation of
equilibrium plasma composition of air/carbon/copper
vapours mixtures in an assumption of LTE [10].
In Fig. 4 such diagram with experimentally obtained data
and calculated electron density within temperature range of
6000 – 7500 K is shown. This figure is plotted for air
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As one can see, that experimental data are in region
between curve of pure air plasma (air/C/Cu(100/0/0)) and
curve of air-copper metal vapours plasma mixture
(air/C/Cu(99/0/1)). It means, that content of metal vapours
in plasma does not exceed 1 %.
So, we proposed in this study the technique of rough
estimation of metal vapours’ content in plasma and,
respectively, the properties of material erosion processes
on the electrodes’ surface.
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Problems of Atomic Science and Technology. Series:
Plasma Physics, 20, 6, 226-229 (2014).
[9]
A.N. Veklich,
S.O. Fesenko,
M.M. Kleshich,
V.F. Boretskij, Y. Cressault, Ph. Teulet, Problems of
Atomic Science and Technology. Series: Plasma Physics,
22, 6, 207-210 (2016).
[10] V.F. Boretskij, Y. Cressault, Ph. Teulet, A.N. Veklich,
Proceedings of XIXth Symposium on Physics of Switching
Arc (FSO 2011), Brno, Czech Republic, 121-124
(September, 5-9, 2011).

4. Conclusions
Thermal plasma of free burning electric arc discharge in
air between C–Cu composite electrodes at arc current of
30 A was studied. Radial distributions of plasma
temperature and electron density were determined in the
average cross section of arc discharge plasma column.
Composition of multicomponent air/carbon/copper
vapour plasma mixture was calculated in assumption of
local thermodynamic equilibrium.
It was found that, the content of copper vapours does not
exceed 1% in plasma of arc discharge between C–Cu
composite electrodes at current of 30 A.
The realized technique of rough estimation of metal
vapours’ content in plasma can be recommended in studies
of the erosion properties of the material on the electrodes’
surface.
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On the effect of inhomogeneous mixing of plasma species in argon–steam arc
discharge
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This research focuses on numerical simulation of mixing of plasma chemical species in the
discharge and near-outlet regions of the worldwide unique type of thermal plasma generator
with hybrid stabilization of an electric arc by axial argon flow and tangential water vortex.
The results show the effect of mixing of plasma species on the arc performance for currents
150-400 A. Calculated radial temperature and velocity profiles exhibit very good
qualitative and quantitative agreements with measurements.
Keywords: arc, combined diffusion coefficients, (in)homogeneous mixing, mass fraction
1. Introduction
The so-called hybrid stabilized electric arc, developed 2. Assumptions and physical model
The following assumptions for the model are applied:
at IPP AS CR, v.v.i. in Prague, utilizes a combination of
gas and vortex stabilization. In the hybrid argon–water 1) argon-water plasma itself is in local thermodynamic
plasma torch, the arc chamber is divided into the short equilibrium, 2) the model is axisymmetrical (2cathode part, where the arc is stabilized by tangential dimensional), 3) plasma flow is turbulent and
argon flow, and the longer part, which is stabilized by compressible, 4) gravity effects are negligible, 5) the
water vortex. The arc is attached to the external water- magnetic field is generated only by the arc itself, 6) the
cooled rotating disk anode at a few millimeters partial characteristics method for radiation losses is
downstream of the torch orifice. At present, this arc has employed, 7) transport and thermodynamic properties for
been used for plasma spraying, pyrolysis and gasification argon-water plasma mixture are calculated rigorously
from the kinetic theory [9, 10] and they depend on
of waste and production of syngas from biomass [1].
In our experimental configuration water species are temperature, pressure and argon mass fraction, 8) the
created by evaporation of steam from a water column in combined diffusion coefficients are also functions of
the tangential direction, while argon flows axially into the temperature, pressure and argon mass fraction.
Radiation losses from the argon-water arc are calculated
discharge chamber (Fig. 1). Both gases mix inside the
chamber and create plasma containing argon, oxygen and by the partial characteristics method [11]. Continuous
hydrogen species. It was proved from spectroscopic radiation, discrete radiation consisting of thousands of
experiments made in IPP AS CR, v.v.i., [2] that argon and spectral lines, molecular bands of O2, H2, OH and H2O
water plasma components are mixed only partially within have been included in the calculation of partial
the discharge chamber and, in addition, that mixing of characteristics [12]. Broadening mechanisms of atomic
individual components depends also on arc current. Since and ionic spectral lines due to Doppler, resonance and
the studied plasma in the hybrid stabilized electric arc is Stark effects have been considered. The partial
quasi-laminar with steep radial temperature and velocity characteristics are function of temperature, pressure and
gradients [3] it can be expected that mixing and demixing argon mass fraction.
Turbulence is modelled by Large eddy simulation
processes will be important.
In the present study we investigate the effect of mixing (LES) with the Smagorinsky subgrid-scale model with the
of argon, oxygen and hydrogen plasma species on the constant values of the Smagorinsky coefficient ( CS =
thermal and fluid-dynamic properties of the hybrid- 0.1) and the turbulent Prandtl number ( Pr = 0.9). The
t
stabilized argon-water electric arc. The so called "comVan
Driest
damping
function
near
the
walls
is employed
bined diffusion coefficients method" [4, 5] was applied as
to
suppress
turbulence
[13].
a species mixing model. In contrast to some other authors
The resulting set of conservative governing equations
who successfully applied this method to describe mixing
for
density, velocity, energy and argon mass fraction
of species in different arc discharges [6, 7] we consider
(continuity,
momentum, energy and species equations)
diffusion processes due to all possible physical mechawas
solved
numerically by the LU-SGS method [14]
nisms (gradients of mass density, temperature, pressure,
coupled
with
Newtonian iterative method. The same
and an electric field). The results are compared with our
previous calculations for the simplified assumption of method was successfully applied for calculation under the
assumption of homogeneous plasma mixing. To resolve
homogeneous mixing [8] and with available experiments.
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compressible phenomena accurately, the Roe flux
differential method [15] coupled with the third-order
MUSCL-type TVD scheme [16] is used for convective
term. The electric potential is calculated using the
Tridiagonal Matrix Algorithm (TDMA) enforced with the
block correction method.
The computer program is written in the Fortran
language. The task has been solved on an oblique
structured grid with nonequidistant spacing. The total
number of grid points equals 193 914, with 1134 and 171
points in the axial and radial directions respectively.
Calculation domain is shown in Fig. 1.
3. Details of the species mixing model
Only one species equation is required in the combined
diffusion coefficients method, say for the species of gas A
(argon), with the equation for argon species flux [17]:
r
¶
r
(1)
( rf A ) + Ñ × ( ruf A ) = -Ñ × J A ,
¶t
r
f
f
J A = -G f Ñf A + G f A ÑM A - G f A ÑM +
MA
M
m
G P Ñ ( ln P ) - DTAB Ñ ( ln T ) - G E ÑF - t Ñf A ,
Sct

(2)

where r is the mass density, f A is the mass fraction of
r
species A (gas A = argon), J A is the argon diffusion
mass flux, G f , G P , G E are the transport coefficients for
the ordinary, pressure and electric field diffusions respectively, M A is the average molecular weight of argon, M
is the average molecular weight of all particles of gas
mixture, DTAB is the combined temperature diffusion coefficient, mt is the eddy viscosity, Sct is the turbulent
Schmidt number ( Sct =1). The last term accounts for the
diffusion of the argon species due to turbulence. The water species mass fraction f B can be easily calculated from
the closure condition f A + f B = 1 .
4. Results
Mixing of plasma species has been studied for 150–400
A and for 15.0 and 22.5 slm (standard liter per minute) of
argon. The results of the model are compared with our
previous homogeneous mixing model [8] which neglects
the mixing process and assumes that argon mass fraction
is constant within the whole calculation domain and determined easily from the ratio of argon to steam mass
flow rates.
Some of the results are illustrated in Figs. 2-5. Comparison with the homogeneous mixing model shows the following facts: from the temperature and enthalpy contours
(Figs. 2, 3) we can conclude that 1) the arc is slightly
squeezed with higher temperatures at the arc axis, 2) arc
fringes (low-temperature regions) are thicker, 3) enthalpy
has a qualitatively different distribution within the discharge with a maximum in the nozzle region. Calculated
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and experimental radial temperature profiles near the nozzle exit (Fig. 4) demonstrate very good agreement if we
realize that measurements have certain error bars, even
though unknown in this case. Temperature was measured
by optical emission spectroscopy. As for the velocity profiles (Fig. 5), measurements are very close to the calculated profiles for the present inhomogeneous mixing model.
A large difference is obvious between the calculated velocity profiles for 400 A. A small asymmetry of the velocity profile (double peak) calculated by the present model
for 400 A remains unexplained so far.
The other principal results not shown here can be summarized as follows:
● Mixing of water and argon plasma species is inhomogeneous under all the studied conditions (150-400A, 1522.5 slm of argon). Argon species are dominant in the
central regions of the arc, water ones in arc fringes.
● All the diffusion coefficients exhibit highly nonlinear
asymmetric profiles within the discharge, depending on
temperature, pressure and argon mass fraction in the
plasma. The local maxima are related mostly to ionization
of atoms or dissociation of steam.
● Temperature and ordinary (concentration) diffusions
are the most dominant contributions in the equation for
the argon mass diffusion flux. Diffusions due to pressure
gradients and due to the electric field are by about one
order lower.
● Compared to the homogeneous mixing model, we obtained higher reabsorption of radiation, i.e., higher arc
efficiency, and lower radiation flux and its divergence
(radiation losses) in the discharge.
● Qualitative agreement was also obtained for the radial
argon mole fraction profiles.
5. Conclusions
The results exhibit a principal difference in enthalpy
and a small difference in temperature distribution within
the discharge region compared to our previous model,
omitting the mixing of species. Temperature profiles for
300 and 400 A calculated by the present (inhomogeneous)
and previous (homogeneous) models agree well with the
experimental profiles. Agreement for the velocity profiles
is much better for the inhomogeneous model.
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Fig. 1. Calculation domain for our problem. Argon flows axially through the AB line (+z direction) while water
evaporates along the water vapor boundary AF (-r direction).

Fig. 2. Isotherms for 300 A (steam mass flow rate = 0.228 g s -1) and 22.5 slm of argon. Geometry of the plot
corresponds to Fig. 1. Left (right) – inhomogeneous (homogeneous) mixing model. Contour increment is 1 000 K.
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Fig. 3. Contours of enthalpy for the same conditions as in Fig. 2. Again, left (right) plot corresponds to inhomogeneous
(homogeneous) mixing model.

Fig. 4. Calculated and experimental radial temperature profiles 2 mm downstream of the nozzle exit. Index ‘i’ means
inhomogeneous, index ‘h’ homogeneous.

Fig. 5. Calculated and experimental radial velocity profiles 2 mm downstream of the nozzle exit with the same notation
as in Fig. 4.
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Abstract: In this paper, macro-particles (MPs) behaviours are observed by high-speed
camera. From a series of clear images, the behaviours of MPs from cathode and melting old
anode (new cathode) are investigated respectively. Some MPs from cathode move toward
anode and others toward radial vacuum environment. MPs located in the center positions of
electrode have smaller velocities, on the contrary, MPs near to arc edge have larger radial
and axial velocities, maximum radial and axial velocities reaches to about 13m/s and
7.5m/s respectively. MPs located in different electrode positions have different velocity
characteristics. Separation phenomena of MPs also have been observed. The diameters of
MPs from anode melting pool (AMP) are bigger than that from cathode. Due to the swirl
effect of AMP and motion inertia, MPs from AMP will continue rotating and reach vacuum
environment and seldom reach other electrode. When the current zero lasts for a long time,
the MP velocity is smaller (about 0.7m/s) than that with short current zero time. The MPs
should be in part responsible for the re-ignition of vacuum arc and failure of vacuum
interruption.
Keywords: Vacuum arc, Macro-particle, anode melting pool, motion velocity

1. Introduction
At present, vacuum arcs under axial magnetic field
(AMF) were more popular in vacuum interrupters.
Typical experiments of AMF vacuum arcs have been
conducted by many researchers. In the papers [1] [2], the
influence of AMF distributions on HCVA appearances
and electrode erosions has been paid more attention to,
their research results showed that Saddle-shaped AMF
were better than Bell-shaped AMF to control vacuum arc.
Schellekens [3] has researched and analysed the flow of
anode melting pool, but only described the radial flow of
liquid; they also explained the disparity between larger
erosion area of anode and smaller light diffuse column arc
appearance through analysis of anode melting pool.
As it is well known, macro-particles (MPs) always
accompany with vacuum arcs. MPs sometimes also are
said as liquid droplets. For thin film deposition, the MPs
will deteriorate the deposition quality of treated samples.
For vacuum interrupters, MPs also can lead to reignition
and unsuccessful interruption. So, the experimental
observation of MPs behaviors is very important for
vacuum arc research. According to our previous research
for vacuum arc, when arc currents are high enough, the
rotation of anode melting pool (AMP) and motion of MPs
can be obviously observed in previous experiments [4] [5].
In [4] [5], more attention was paid to AMP rotation
phenomena. A. Kumada et al also has researched the
particle behaviour by optical diagnostic method [6].
Behaviors of MPs are critical for successful
interruption of vacuum interrupters. In this paper, for

ISPC23, Montreal, Canada

different electrode diameters and gap distances, behaviors
of different MPs from cathode and AMP are investigated
simultaneously by high-speed camera, and the difference
between them will also be analysed. The motion
characteristics of MP for longer current zero time also
will be observed and analysed. The motion velocities of
MPs under different conditions also have been calculated
and analysed based on the experimental observation.
2. Experimental arrangement
Experiments were conducted in a detachable vacuum
chamber with an internal pressure of 1×10-3Pa
maintained by a turbo-molecular pump. The alternating
current with an approximate frequency of 50Hz was
supplied by an LC circuit. Images of arc column were
photographed through the observation window with a
digital high-speed camera (Phantom V10.0), whose
exposure time is 2μs. Arc current and voltage were
recorded by a low-inductance shunt and a high-voltage
probe of an oscillograph (Tektronix TDS2014),
respectively. Schematic experimental circuit was shown
in Fig.1. In the experiments, pure copper electrode is used,
and the electrode diameters D are 58mm and 35mm
respectively. Gap distance h is in the range between 8mm
and 16mm, the interrupting current I is from 10kA (rms)
to 20kA (rms). The experiments have been conducted
under fixed contact gap for the axial magnetic field (AMF)
contact systems with the vacuum arc triggered in the
centre of electrode.
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3. Experimental results and analysis
A Electrode diameter 58mm
Fig.2 and Fig.3 show arc current, arc voltage and arc
photographs at different moments respectively (D =
58mm; h = 16mm; I = 20kA (rms)). The arc is ignited at
about 0ms moment, at 1ms, the arc is in the diffuse status,
the MPs are not observed. With the increase of arc
currents, at 2ms, diffuse column arc starts to appear, at the
same time, the MPs appear in the interelectrode. After
2ms, the MPs continuously appear in the arc column and
vacuum chamber. From 2ms to 6ms, significant diffuse
column arc can be observed, and after 7ms, diffuse
column arc starts to transit into diffuse vacuum arc. From
Fig.3, it can be seen that when arc current is high, vacuum
arc intensity is very strong; it is difficult to investigate
MPs behaviors in the whole interelectrode, especially in
center region of arc column. When the time comes near to
current-zero, vacuum arc is becoming darker, but MPs are
still bright, and their behaviors can be observed more
obviously.
Based on above reasons, we select the images of
vacuum arcs near to current zero, which is shown in Fig.4.
At current experimental conditions, current zero appears
at about 10.6ms. In Fig.4, time interval between two
adjacent images is 340us. In Fig.4, we track typical MPs
by rectangles and ovals symbols with different colors.
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According to the tracking results, it can be seen that the
MPs located in cathode center, some of them move
toward anode normal to cathode surface, which have been
tagged by pink oval. Others of them not only move
toward anode direction, but also move along radial
direction toward vacuum environment, which has been
tagged by red oval and rectangle. The MP tagged by red
rectangle exists in the interelectrode for a long time, it
lasts until 1.7ms after current-zero, and it begins to
disappear in the bright vacuum arc. When the MP tagged
by red oval impacts melt anode surface (10965us), the
reignition phenomenon happens. So, the MPs and melting
anode should be responsible for reginition. MPs near to
electrode edge always move not only toward anode, but
also move toward vacuum environment along radial
direction, which is tagged by blue, white and green oval,
it can be seen that the radial motions of these MPs are
dominant, from evaluation of radial and axial velocity, it
also can be found that radial velocity is larger than axial
velocity. From Fig.4, the rotation phenomena of AMP
also are obvious, which has been analyzed in the previous
papers [4] [5].
Here, the behaviors of MPs escaped from AMP also
have been observed; two MPs have been tracked by red
and green rectangles. It can be seen that the size of these

kinds of MPs is much bigger than that emitted from old
cathode in the first half sine wave. Due to the bigger
rotational inertia around arc center axis, in the second half
wave, these MPs continue rotating toward the
interelectrode region. The shape of MPs will be changed
due to the interaction of them and vacuum arcs. Most of
them can move toward the wall of vacuum chamber under
the combined actions of motion inertia and vacuum arc
pressure gradient, these kinds of MPs seldom reach new
anode. The averaged axial and radial velocities of MPs
from cathode are shown in Tab.1, it can be seen that the
radial and axial velocities near electrode edge are larger.
The velocities are smaller near to electrode center, radial
velocity is very small, especially for pink oval, it has no
radial motion. At the cathode center, there exist more
cathode spots and their mixing, that is likely to lead to
smaller radial velocity of MPs. Due to larger radial
pressure gradient of vacuum arc and lower motion
viscosity near to arc edge, and radial velocities of MPs at
this region are larger. Diameters of MPs from cathode are
less than about 600um. Size of MPs from old AMP is
much larger than that from old cathode. The MPs length
from AMP reaches 5mm (12665us), this kind of MPs are
likely to be the fragments of solidified AMP.

Table 1 Averaged axial and radial velocity of different MPs unit: m/s (D = 58mm; h = 16mm; I = 20kA (rms))
Velocity

Blue Oval

Pink Oval

Red Rectangle

Red Oval

Green Oval

White Oval

Axial

5.2

4

3.1

4.8

5.6

7.5
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6.66

0

2

4.2

8

13
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Fig.5 Vacuum arcs and MPs behavior at different
moments (D = 35mm; h = 10mm; I = 10kA (rms); Cu
electrode)
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Vacuum arcs and MPs behavior at different moments
(D = 35mm; h = 10mm; I = 10kA (rms)) is shown in Fig.5.
Similar to Fig.3, the MPs and arc column deflection
phenomena can be observed. Diffuse column arc appear
near 3ms~4ms. From 6ms, diffuse column arc begins to
transit to diffuse vacuum arc. At the same time, the
significant anode melting can be observed, and the
significant AMP flow also can be observed from 6ms, the
most significant flow velocity is near to 8~10ms. At 2ms,
3ms moments, the arc near anode side appears blue color,
which is different from arc phenomena of (D = 58mm; h
= 16mm) electrode system.
In order to more effectively observe MPs behaviors for
D = 35mm electrode system, the vacuum arcs and MPs
before and after current zero moment are observed by
high-speed camera, which is shown in Fig.6. Time
interval of each image is equal to 352us in this case. The
behaviors of different MPs are tracked by different
symbols. The radial velocity of red rectangle MP is about
1.55m/s, moves from left to right. The axial velocity is
4.03m/s, direction is from cathode to anode. This MP is
generated from cathode, and at near to current zero
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Fig.6 MPs behavior tracking
before and after current zero
moment (D = 35mm; h = 10mm; I = 10kA (rms); Cu
electrode)

moment, this MP reach anode, reignition phenomenon
appears. For red oval MP, it moves from new anode (old
cathode) toward new cathode (old anode); also
accompany radial motion, from arc center to arc edge.
Their radial and axial velocities are 2.33m/s and 3.41m/s
respectively. For green oval MP, it is split into two
particles. Green rectangle MP is split into six particles.
They are both from new cathode, and move toward new
anode. One of the particles reaches to new anode
(11926us). At arc edge, the motion velocity of MPs is
higher than that in arc center. The axial and radial
velocities of blue oval MP are 8.7m/s and 12.4m/s
respectively. The axial and radial velocities of pink oval
MP are 8.07m/s and 7.44m/s respectively. At the arc
center region, the radial velocity of MPs is very small, for
pink and blue rectangle MPs, the radial velocity is zero.
For white rectangle MP, which comes from old cathode,
when the reignition happen, the old cathode becomes new
anode, at this second half period, when the current is
smaller, this MP move toward new cathode due to the
motion inertia. When the arc current becomes bigger, the
pressure gradients of arc column along axial and radial
direction become larger, the MP velocity become slower
and slower, at certain time, the MP begins to move toward
and reach new anode (old cathode). The averaged axial
and radial velocities of MPs from cathode are shown in
Table 2 (D = 35mm).

Table 2 Averaged axial and radial velocity of different MPs unit: m/s (D = 35mm; h = 10mm; I = 10kA (rms))
Blue

Pink

Red

Red

Green

Yellow

Blue

Pink

Green

Oval

Oval

Rectangle

Oval

Oval

Rectangle

Rectangle

Rectangle

Rectangle

Axial

8.7

8.07

4.03

3.41

3.41,3.1

1.86

6.61

4.03

6.2

Radial

12.4

7.44

1.55

2.33

2.17,1.24

1.24

0

0

1.24

Velocity

4. Conclusions
In this paper, different MPs behaviours under different
conditions are observed by high-speed camera. From a
series of clear images, the behaviours of MPs from
cathode and melting old anode (new cathode) are
investigated respectively. Some MPs originated from
cathode move toward anode and others toward vacuum
environment. MPs located in center electrode positions
own smaller velocities, on the contrary, MPs near to arc
edge own larger radial and axial velocities, maximum
radial and axial velocity reaches about 13m/s and 7.5m/s
respectively. The diameters of MPs from anode melting
pool (AMP) are bigger than that from cathode. Due to the
swirl effect of AMP and motion inertia, MPs from AMP
will continue rotating and reach vacuum environment and
seldom reach other electrode.
For third case, when the current zero lasts for a long
time, the MP velocity (about 0.7m/s) is smaller than that
with short current zero time. The MPs should be in part
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responsible for the re-ignition of vacuum arc and failure
of vacuum interruption.
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Mobility of Xe+ ions in Xe for cold plasma modelling
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Abstract: Mobilities of Xe+ ions in Xe plasma are calculated for both states 2P1/2 and 2P3/2.
Collision cross sections are calculated with three different methods (quantum, semiclassical
and hybrid) by using two different internuclear potential models. An optimized Monte Carlo
code uses this cross section as input to calculate mobility over a large range of reduced
electric field. Ion transport data of this work can be used in kinetic models of low temperature
plasma to quantify and improve active species production for better usage in multiple fields.
Keywords: ion mobility, elastic scattering, intermolecular potential, Monte Carlo simulation
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for all distance required in the calculation. The second
model is an analytical fit done by Rupper et al. [4] using
experimental data. By using the Cohen-Schneider
semiempirical model[5], the spin orbit coupling was added
to both models. In Fig. 1, the internuclear potential for Xe2+
using values from Paidarová et al [3] is shown.
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1. Introduction
Ion swarm data, like diffusion coefficient or reduced
mobility, provided from this work can be useful for
optimising plasma jet models. Research about usage of
Xenon plasma is done in different fields. For example, an
topical biomedical application of Xenon plasma is the
production of UV used to sterilize surface of a
biomaterial[1]. Research is performed in this field to
improve the usage of this plasma and also to discover new
biomedical application. Research using Xenon plasma for
space craft propulsion is also made to obtain the best
thruster[2].
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Fig. 2. Deviation of potentials [4] from potentials [3] with
the inclusion of the spin orbit coupling.
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Fig. 1. Interaction potential curves with the inclusion of
the spin orbit coupling for the six lowest electronic states
of Xe2+.
II(1/2)u,
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I(3/2)u,
I(1/2)u,
II(1/2)g.
In this work, two internuclear Xe+/Xe potential models
were used for cross section calculation. For the first one, a
spline curves was fitted on ab initio points calculated by
Paidarová et al [3] in order to obtain internuclear potential
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Differences between both internuclear potential models
can be seen in Fig. 2. Differences between both model
appeared in shorter distance than the classical equilibrium
distance in Xe2+ corresponding to the position of the well
of the ground-state curve. Major differences are observed
for curves I(1/2)g and II(1/2)g.
3.Method
Calculation were made in two steps. First, calculations of
collision cross sections were performed. Once these cross
sections were obtained, an optimised Monte Carlo code
was used to obtain Xe+ mobility in Xe gas[9]. Calculated
mobility was compared to available experimental value.
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where l is the angular momentum quantum number, Pl is a
Legendre polynomial of order l and # $ is the phase shift
depending on the energy of the system ( ) and the angular
momentum quantum number (l)[6].
For semiclassical method an approximation is used to
obtain the phase shift. This approximation is known as
JWKB (Jeffreys – Wentzel – Kramer - Brillouin)
approximation.
#$ =

)

%*" &1 − (* + −

, *
$

)

- . − %) /1 − ( +0 . (3)
*

b is equal to (l+0.5)/k, k is the wave number equal to
reduced mass multiplied by the velocity divided by the
Planck constant (ℏ , r is the distance going from infinity to
r0. r0 is the distance of closest approach for the potential.
The purpose of the usage of this approximation in this work
is to obtain reliable phase shifts with optimised
computational time. Therefore, calculation of this method
are done by using equation 3 [7].
Quantum method introduces no approximation in the
resolution of the phase shift and is therefore considered as
a benchmark.
Last method, the hybrid approach consists of treating the
nuclei classically which follows a classical theory
trajectory while their effective interaction is computed
using the time-dependent Schrödinger equation. Initial
conditions has to be appropriately generated. Nuclear
motion treatment was done by using the Ehrenfest meanfield approach[8]
>?
65
<=
(4)
34 5 =
,
648 = − 〈: ;
; :〉
75
<35
and the quantum Schrödinger equation was used for
electrons
<:
>? :
(5)
ℏ
= =
<A
qj and pj represent respectively nuclear coordinates and
momenta of each atom j of mass Mj , ψ is the electronic
>? represents the electronic
wave function and =
Hamiltonian.
Once cross sections are obtained, an optimised Monte
Carlo method is used to produce transport data such as
mobility and diffusion coefficient.
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HLM

HN

GHIH G A J dA′O

(5)

P(t) is the probability of the free time of flight between
two collisions (t0 and tcol). The total collision frequency
given by
(6)
GHIH = P G A
is directly related to the momentum transfer cross section
(
) calculated previously. Momentum transfer cross
section provided from the integration over angle of the
differential cross section multiplied by (1-cos(θ)). N is the
density of the gas and G A is the time dependant velocity
modulus.
It is already proven in the past that momentum transfer
cross section can be used in the Monte Carlo code to obtain
mobility [7]. Using the momentum transfer cross sections
calculated before, the Monte Carlo code treats a
sufficiently large number of seed particles one by one. A
fictitious ionization is added to improve the accuracy of the
results if the process of ion removal is too intensive [9].
4.Results
2000
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is the energy used in the system, is the angle of the
scattering and Ω is equal to 2πsin(θ)dθ.
Resolution of the equation 2 to obtain scattering amplitude
is the same.
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Three different methods were used to calculate
differential cross section (d
, /dΩ), namely quantum
method, semiclassical method and hybrid method.
For two first method the major calculation time was to
obtain the scattering amplitude ( ,
(1)
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Fig. 3. Symmetrized momentum transfer cross section
calculated in both states 2P3/2 (a) and 2P1/2 (b).
Semiclassical method: , , quantum method: , ,
hybrid method: , using potentials of references [3]
and [4], respectively.

ISPC23, Montreal, Canada

Thermal plasma fundamentals and applications

An important point to observe in Fig.3 is that Xe+
momentum transfer cross section in Xe obtained by using
the JWKB approximation gives the same values as the Xe+
momentum transfer cross section calculated with the
quantum method (without any approximation).
It is clear, by looking on Fig. 4, that mobility obtained by
using internuclear potential given by Rupper et al. [4] are
closer to the experimental data [10-12] than the values
calculated using the potentials of Paidarová et al. [3].
Regarding the better of the two internuclear potential
model, deviations between experimental values and results
of this work reach a maximum of 4% for 2P3/2 and 3% for
2
P1/2 for mobilities obtained via quantum or semiclassical
method.
The well apparent difference between Xe+ mobilities in
Xe results between the hybrid method and the other two
method was not expected. New calculations are running to
understand exactly why this difference is higher than
expected, especially for 2P3/2 states mobilities using cross
section obtained with the internuclear potentials by
Paidarová et al. [3]. These differences probably result from
the treatment of the angular momentum in the hybrid
method where a random coherent mixture of all group l
potentials was used.
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5.Conclusion
The second potential model used for this work (Rupper
et al. [4]) gives the best mobilities agreement with
experiment. The difference between experimental results
and calculated values can be reduced in the future by an
improvement of the internuclear potential, but the
mobilities obtained with this internuclear potential are near
to the experimental values found in the literature [10-12].
The Rupper potential will be used in the future for further
calculations on the Xe2+ mobility in Xe gas.
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Fig. 4. Standard reduced mobility of Xe+ ions in 2P3/2 (a)
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Performance of Low-Power Ammonia Arcjet Thruster
Xian Meng, Wenxia Pan, Chengkang Wu
State Key Laboratory of High Temperature Gas Dynamics,
Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China
Abstract: A low-power arcjet thruster of 100W-class with natural-radiation-cooled
nozzle can be stably operated using ammonia propellant. Thruster performance and
discharge characteristics have been systematically studied. Experimental results show that
the maximum specific impulse of the thruster is up to 300s, the arc voltage can exceed
600V, and the discharge shows falling volt-ampere characteristics.
Keywords: Low-power arcjet thruster, specific impulse, voltage.
1. Introduction
With the development of satellite miniaturization, there
has been an urgent need for small propulsion system in
order to achieve the better precise location in orbit. Low
power arc-heated jet (arcjet) thruster, which is simple in
structure and can be made compatible with the satellite
system, could be one of the suitable propulsion systems
for this use. Cold ammonia has the advantages of high
density, easy of liquefaction and carrying on board, thus
could be considered as a kind of propellant for propulsion.
However, cold ammonia cannot be sufficiently gasified in
low temperature environment, as a result, the performance
of the arcjet thrusters will be significantly reduced. Arc
heating the ammonia propellant may be a feasible method
to promote the gasification and enhance the specific
impulse and stability of the thrusters. There have been
studies on the ammonia arcjet thrusters at electric power
around kilowatt-class or more than 20 kilowatts [1-3] in
the past, but few studies at electric power below 100W. It
is not easy to achieve stable discharge state under small
gas flow rate and small current conditions with ammonia
propellant, and work needs to be done in order to obtain
the stable discharge state under such working conditions.
In this study, choosing ammonia as the propellant, a
100W-class arcjet thruster with natural-radiation-cooled
nozzle was built and fired in a vacuum chamber at
pressure below 1 Pa. Thrust was measured indirectly
using the impinging force method [4], the end-on photos
of discharge status within the nozzle were taken through a
45° inclined copper mirror, thrusters performance and
volt-ampere characteristics have been systematically
measured and analyzed.
2. Experimental details
Fig. 1 shows the schematic diagram of the experimental
setup. The stable operating parameters for ammonia
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propellant were gas flow rate 200-700mL/min and arc
current 90-160mA.
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chamber
movable
stage

rotary
vane
pump
roots
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Fig.1 Schematic diagram of the experimental setup.
The inner structure of the anode/nozzle, which was
producing the supersonic plasma plume, has a conical
shape with a convergent half angle of 40° and a divergent
half angle of 20°, throat diameter 0.3mm, throat length
0.5mm, and area expansion ratio 200. The flat plate of
100mm in diameter of the force stand for thrust
measurement was set perpendicular to the plume axis, and
attached to a sensitive force transducer to receive the
impact effect of the plume, which is equal to the thrust
acting on the thrust [4]. The distance between the nozzle
exit of the thruster and the flat plate was kept at 50mm.
The pumping system is capable of keeping the chamber
pressure below 1 Pa with a gas flow rate of 700 mL/min
for ammonia propellant. Signals from the force, mass
flow meter, arc voltage and arc current sensors were
sampled in real time by a data acquisition and processing
system. A digital camera was used to take the end-on
photos of the discharge status within the nozzle through a
45° inclined copper mirror, and the emission lines of the
discharge region were detected by a spectroscopic
measurement system, which consisted of a lens with focal
length of 120mm, an optical fiber of 0.1mm in diameter, a
spectrometer with focal length of 550mm and an ICCD.
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3. Results and discussions
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(a)

(c)
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Fig.2 End-on photos of nozzle and arc discharge with
different working parameters. (a) before ignition, small
yellow circle indicates the throat edge, and the large blue
circle: the nozzle exit edge; (b)120mA, 100mL/min;
(c)120mA, 300mL/min, (d)180mA, 300mL/min.
Fig.2 shows the end-on photos of the thruster nozzle (a)
and arc discharge with different working parameters (b)(d), it is seen that the size of the discharge spot becomes
large with the increase of gas flow rate or arc current, and
it exceeds the throat diameter at arc current of 180mA and
gas flow rate of 300mL/min, which may indicate that the
arc has passed through the throat and attached to the
nozzle surface in the expansion section, rather than at the
nozzle surface somewhere upstream of the throat.
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Gas flow rate (mL/min)

Fig. 4 Variations of arc voltage with gas flow rate
Fig. 4 presents the arc voltage changes with gas flow
rate and arc current. It shows clearly falling volt-ampere
characteristics, and the arc voltage exceeds 600V at
higher gas flow rate. An interesting phenomenon is that
the voltage is no longer monotonously changing with gas
flow rate, for current of 140mA, at small gas flow rate,
the voltage may decrease at increasing gas flow rate,
while at high gas flow rate, the voltage increases with the
increase of gas flow rate. It is indicated that gas discharge
in such small gas flow rate and arc current conditions may
become complicated. Photos in fig.2 can also reflect the
complexity of the gas discharge, i.e., at small gas flow
rate and small current conditions, the gas discharge does
not pass through the nozzle throat, while the gas discharge
passes through the throat at the relatively large gas flow
rate and current conditions, and there may exists
difference in gas discharge mode in these cases.

700

Gas flow rate (mL/min)

Fig. 3 Variations of specific impulse with gas flow rate.
Fig. 3 plots the variations of specific impulse with the
gas flow rate. It is shown that the specific impulse
increases appreciably with small gas flow rate, but tends
to become almost constant at large gas flow rate. This
may be related to the complex arc heating and flow
conditions of the propellant within the thruster nozzle.
With such small thrusters working at the conditions of
high total temperature, there are major losses of many
kinds, i.e., the frozen loss, heat and friction losses in the
flow through the nozzle, and so on, so the structure and
operating conditions must be optimized to achieve the
best specific impulse. The maximum specific impulse of
the thruster is up to 300s at arc current of 160mA and gas
flow rate larger than 450mL/min, which is increased by
20% compared with our previous research [5], it may be
due to the improved structure of the arcjet thruster and the
enhanced vacuum capacity of the vacuum chamber.
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4. Conclusions
Experimental results show that the specific impulse of
the low-power ammonia arcjet thrusters reached up to
300s, much higher than cold ammonia; the gas discharge
within the nozzle is complicated, and the voltage exceeds
600V in the present study.
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Addition of iron (II) phthalocyanine on nitrogen functionalized graphene
nanoflakes for catalyst application.
U. Legrand1, J.-L. Meunier1, D. Berk1
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Abstract: A thermal plasma reactor is used to grow graphene nanoflakes (GNFs), a stack
of 5 to 20 graphene sheets generated from the thermal decomposition of methane. The
GNFs are then functionalized with a solution of iron (II) phthalocyanine in the same
thermal plasma reactor. Iron phthalocyanine molecules are attached to the surface of the
GNFs in order to make an atomic dispersion of iron, and turn the GNFs into active catalysts
for the Oxygen Reduction Reaction (ORR). The iron content is estimated to go up to 0.46
wt%, but the optimal samples showing the highest ORR performance have an iron content
at 0.15 wt%.
Keywords: graphene nanoflakes, thermal plasma, iron (II) phthalocyanine, catalytic sites.

Introduction
Catalysts are a major part of fuel cells, these energy
conversion devices consuming hydrogen and oxygen
and producing water, heat and electricity. The catalyst
facilitates mostly the oxygen reduction reaction (ORR)
at the cathode, and replacing the platinum based
catalyst by a corrosive resistant and non-noble catalyst
are major issues for fuel cells market.
In 1964 Jasinski observed that iron phthalocyanine
were highly active in the ORR [1], but poorly resistant
to the corrosive environment of a fuel cell. Studies
showed the advantage of creating catalytic sites by
incorporating the iron phthalocyanine molecule in
various carbon-based matrices resistant to both acidic
and basic conditions [2], including graphene sheets [3].
These studies however generally use carbon-based
material with poor crystalline structure, such as
graphene oxide, preventing the stability of such
catalysts in corrosive environment. Following the work
of Pristavita on graphene nanoflakes (GNFs) [4], this
work focuses on the direct addition of iron (II)
phthalocyanine solution in the thermal plasma
conditions as a functionalization step to add catalytic
sites on the GNF surface.
Methods
A. Catalyst synthesis
The GNFs are grown following Pristavita et al.
procedure [4], using methane decomposed by the argon
thermal plasma in an inductively coupled plasma (ICP)
torch at a temperature of approximately 10,000 K. Carbon
atoms form nuclei under homogeneous nucleation and
grow into well-crystallized graphitic nanoparticles when
the plasma is cooled down to 3700 to 4900 K [5]. The
high crystallinity of the GNFs comes from the
axisymmetric conical shape of the thermal plasma,
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preventing gas recirculation as well as the formation of
amorphous carbon. Then, the GNFs are deposited on the
walls and the bottom plate by thermophoretic force.
Nitrogen is added using a small flow rate (0.1 slpm)
during the GNFs growth, leading to nitrogen content up to
2 at% at the surface of the nanoparticles.
The iron functionalization step is performed by
changing the gas feeding conditions, where the methane
and nitrogen gases are stopped, and an iron (II)
phthalocyanine solution is introduced in the argon-based
thermal plasma reactor. The solution is made with iron
(II) phthalocyanine powders (Sigma Aldrich) and distilled
water at a concentration of 5 mg/mL. The solution is
injected through a side window of the thermal plasma
reactor located 9 cm downstream of the ICP torch nozzle
in a colder region of the conical reactor. The droplets are
carried by nitrogen gas at a flow rate of 5 slpm and are
fed using a 20 mL stainless steel syringe from Chemyx
where the flow rate is controlled by an electronic pushsyringe. The liquid flow rate is chosen to be 1 or 5
mL/min to vary the quench rate of the liquid feed and its
influence on maintaining the phthalocyanine structure.
The total volume of iron (II) phthalocyanine solution
injected during the functionalization step is also studied.
The total volume injected can have an impact on the total
amount of functionalities added to the surface of the
nanoparticles, potentially resulting on higher ORR
performances for the resulting catalysts.
The pressure in the reactor, as well as the power
delivered to the ICP torch were adjusted using two sets of
coupled conditions: 20 kW/55.3 kPa and 25 kW/13.8 kPa.
Extensive modelling of the temperature and flow fields in
the reactor [6] indicated that both conditions exhibit
similar temperature profiles: the plasma (generated in the
ICP torch) enters the conical reactor at approximately
10,000 K to be cooled down to 300 K in the vicinity of
the water-cooled walls and the bottom collecting plate.
However, the two coupled conditions differ in their
velocity profile. The plasma at 25 kW/13.8 kPa reaching a
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maximum velocity of 160 m.s-1 presents velocities four
times greater than the 20 kW/55.3 kPa [6]. The difference
in these velocities implies that the time where the solution
is vaporized and the phthalocyanine molecule is
potentially decomposed is shorter for the 25 kW/ 13.8 kPa
condition. The experimental conditions are summarized in
Table 1.
Table 1: Experimental conditions of the N-Fe/GNFs
synthesis.
Pressure/Power
Total
Sample
Liquid
volume
Name
flow rate Conditions
injected
(mL/min)
(mL)
N/Fe-GNF1
1
20 kW / 55.3 kPa
N/Fe-GNF2
5
05
N/Fe-GNF3
1
25 kW / 13.8 kPa
N/Fe-GNF4
5
N/Fe-GNF5
1
20 kW / 55.3 kPa
N/Fe-GNF6
5
10
N/Fe-GNF7
1
25 kW / 13.8 kPa
N/Fe-GNF8
5
B. Physical characterization
After synthesis, the powders are collected and
analysed. The N-Fe/GNFs are observed by Transmission
Electron Spectroscopy (TEM) on a FEI Tecnai G2 F20
200 kV Cryo-STEM. The elemental composition of the
N-Fe/GNFs is determined by X-ray Photoelectron
Spectroscopy (XPS) on a Scientific K-Alpha XPS from
Thermo Scientific using an aluminium x-ray source on
400 µm spot size area. The total amount of iron contained
in the N-Fe/GNFs has been determined by Neutron
Activation Analysis (NAA) on the SLOWPOKE nuclear
reactor,
an
Ortec
GEM30185-P
germanium
semiconductor gamma-ray detector, an ortec DSPEC
ProTM multichannel analyser, a Sartorius precision
balance and the EPAA analysis software [139]. The NAA
has been conducted at the SLOWPOKE Laboratory of the
Institute of Nuclear Engineering located at École
Polytechnique de Montréal.
C. Electrochemical characterization
The electrocatalytic activity of the N-Fe/GNFs is
studied through Rotation Disk Electrode RDE) technique.
The catalysts are suspended in an ink that consists of the
powder, a solvent made of 70 wt% of isopropyl alcohol
and 30 wt% water, and a 5 wt% Nafion© solution
purchased at Sigma Aldrich. After sonication for 1h in an
ice bath, the ink is then deposited on a 5 mm diameter
glassy carbon electrode to obtain a thin and homogenous
deposit of 0.1 mg·cm-2 of catalyst. The alkaline solution
consists in a 0.1 M KOH solution having a pH of 13. The
electrode is immersed in the alkaline solution and rotated
at 1600 rpm when Linear Sweep Voltammetry (LSV) is
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performed against a silver/silver chloride (Ag/AgCl)
reference electrode and a platinum wire counter electrode.
The catalysts pass first through a conditioning protocol
based on loops between -1 and +1 V at a scan rate of 500
mV·s-1 under N2 bubbling until the LSVs do not shown
any variation. The aim of this process is to remove any
impurities from the electrode surface and allow the
maximum utilization of the electrocatalytic area [7]. The
LSVs are then recorded under O2 bubbling between +1
and -1 V, cathodic sweep, at a scan rate of 20 mV·s-1 to
evaluate the ORR performance. The contribution of the
capacitive current is subtracted from the measurements by
recording LSVs under N2 bubbling with the same
conditions. The potential is converted from Ag/AgCl to
Reversible Hydrogen Electrode (RHE) using Equation 1.
Equation 1
where

is the standard potential for Ag/AgCl

electrode and equal to 0.1976 V.
Results and discussion
A. Chemical composition of the N/Fe-GNFs
The surface of the samples was analysed by XPS.
From the spectra shown on Figure 1, the samples appear
to be composed of carbon, nitrogen and oxygen with
respective amounts summarized in Table 2. The presence
of iron is not confirmed by XPS.
A closer inspection of the high resolution peaks of
carbon, nitrogen and oxygen gives some insight on the
chemical bonding in the samples. Carbon is mostly in its
sp2 form, characteristic of the asymmetric XPS peak at
284.4 eV. Functionalities of nitrogen and oxygen are
attached to the carbon, at respectively 286.0 and 287.5 eV
[8]. The oxygen functionalities are involving C-O and
C=O bonds, at 531.6 and 532.9 eV [9]. Also, some nitric
oxide functionalities are found at 534.2 eV. The oxygen
functionalities originate mainly from the water based
solution, where water molecules are decomposed by the
thermal plasma and form species which react with the
surface of the deposited GNFs. Four different types of
nitrogen functionalities are found in the N/Fe-GNFs [10].
Oxidized nitrogen is found at 402.2 eV and confirms the
observation based on the oxygen peak. Quaternary
nitrogen at 400.9 eV corresponds to atoms of nitrogen
substituting an atom of carbon in the graphitic structure.
Pyrrolic nitrogen at 399.9 eV is the type of nitrogen found
in the phthalocyanine molecule and represents between 35
and 50% of the total nitrogen for the samples. Pyridinic
nitrogen is found at 398.9 eV. Both pyridinic and pyrrolic
nitrogen have the potential to form catalytic sites. The
nitrogen functionalities originate from the phthalocyanine
molecules themselves, but also from the nitrogen gas used
to carry the injected solution during the functionalization
step.
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The iron amount being too low to be detected by
XPS, NAA has been used to determine the total weight of
iron contained in the N-Fe/GNFs. Based on the previously
established elemental composition, the iron concentration
has been converted from wt% to at%. This conversion
requires to assume the surface composition and the bulk
composition are identical; this may not be completely true
because functionalization occurs mostly on the surface of
the nanoparticles. However, the depth of penetration of
the x-rays used in the XPS technique (~5-10 nm) being
higher than the thickness of the GNFs and the small
difference in molecular weight between carbon, nitrogen,
and oxygen, the conversion is estimated to give
acceptable values of iron concentration in at%. These
values are lower than or equal to 0.1 at%, confirming the
impossibility to detect iron by XPS.
Figure 1: (a) Typical XPS survey obtained for NFe/GNF7. High resolution peaks of (b) carbon C1s, (c)
nitrogen N1s, (d) oxygen O1s for the sample N-Fe/GNF7.
N1, N2, N3 and N4 respectively correspond to oxidized,
quaternary, pyrrolic, and pyridinic nitrogen.
By inspecting the elemental composition of the
samples, it appears that the samples functionalized under
the 25 kW/13.8 kPa conditions (N-Fe/GNF3,4,7,8)
generally contain more nitrogen and oxygen
functionalities than the samples functionalized with the 20
kW/55.3 kPa conditions (N-Fe/GNF1,2,5,6). This trend
has been already confirmed by previous studies and come
from the much shorter transit time of the flow stream
between the higher temperature plasma region and the
deposited GNFs of the 25kW/13.8 kPa conditions. This
allows more reactive species to reach the deposited GNFs
and then a higher functionalization rate [6]. However, the
elemental composition also shows that the samples
functionalized with 10 mL of iron (II) phthalocyanine
have smaller amounts of nitrogen and oxygen compared
to the samples functionalized with 5 mL of solution. This
observation contradicts the intuitive hypothesis that
adding a higher volume of solution would increase the
level of functionalization. It however goes along the
influence of the temperature and flow profiles
modifications generated by the phthalocyanine solution
injected.
Table 2: Elemental composition of the N-Fe/GNFs
surface.
Carbon
Nitrogen
Oxygen
Samples
(at%)
(at%)
(at%)
N-Fe/GNF1
90.87
2.96
6.17
N-Fe/GNF2
89.96
4.71
5.33
N-Fe/GNF3
87.40
4.76
7.83
N-Fe/GNF4
90.55
4.29
5.16
N-Fe/GNF5
93.28
1.92
4.80
N-Fe/GNF6
96.12
1.13
2.75
N-Fe/GNF7
91.63
2.72
5.65
N-Fe/GNF8
90.17
4.30
5.53
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Table 3: Iron level in the N-Fe/GNFs and conversion to
an elemental composition.
Fe concentration
Converted
Samples
(wt%)
concentration (at%)
N-Fe/GNF1
0.17
0.04
N-Fe/GNF2
0.14
0.03
N-Fe/GNF3
0.15
0.03
N-Fe/GNF4
0.39
0.09
N-Fe/GNF5
0.06
0.01
N-Fe/GNF6
0.16
0.04
N-Fe/GNF7
0.17
0.04
N-Fe/GNF8
0.46
0.10
B. Observation of the N/Fe-GNFs
The N-Fe/GNFs are observed using electron
microscopy, and the sample containing the highest
amount of iron, N-Fe/GNF8, is represented on Figure 2.
The samples contain no amorphous carbon, which
typically exhibits a cauliflower-like structure [11], this
being confirmed by the shape of the carbon peak in XPS.
Also, the absence of iron oxide nanoparticles has been
confirmed in all of the observed samples, mostly by TEM.
This observation confirms the hypothesis that the iron
phthalocyanine molecule can be incorporated to the GNFs
without being decomposed and forming sub-products
such as amorphous carbon and iron oxide nanoparticles.
C. Electrocatalytic activity of the N/Fe-GNFs
The N-Fe/GNFs are tested through the RDE technique to
evaluate their respective electrocatalytic activity, in terms
of onset potential, half-wave potential and limiting current
density, measured at 0.4 V vs RHE. The onset potential is
the potential where the current density starts to decrease
and is no longer equal to 0. The onset potential for
platinum based catalysts is generally between 0.8 and 0.9
V vs RHE, while the onset potential of non-functionalized
graphene nanoflakes is closer to 0.7 V vs RHE. The halfwave potential is the potential at which the current density
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is equal to half of the limiting current density and denotes
the sharpness of the LSV, related to the kinetics of the
ORR. The limiting current density is directly proportional
to the rate of reduction of oxygen. The LSVs of some
typical samples compared to non-functionalized GNFs are
shown in Figure 2, while the numerical values of onset
potential, half-wave potential and limiting current density
are summarized in Table 4.

poster

samples functionalized with the 25 kW/13.8 kPa have
globally better performances than the one functionalized
with the 20 kW/55.3 kPa and correspond to samples
which have a higher amount of functionalities, as
observed in the chemical composition section. The flow
rate had no real impact on the composition of the samples,
and the same observation can be done on the ORR
performance of the catalysts. A lower volume of solution
was related to higher functionalization rates, resulting in
slightly better ORR performance for the samples NFe/GNF1,2,3,4.
Conclusion

Figure 2: LSV of two typical catalysts compared to the
non-functionalized GNFs.
Table 4: Quantitative evaluation of the electrocatalytic
activity of N-Fe/GNFs through the onset potential, the
half-wave potential and the limiting current density.
Limiting
Onset
Half-Wave
Potential
current density
Potential
Sample
(V vs
@0.4V
(V vs
RHE)
(mA.cm-2)
RHE)
GNFs
0.66
0.55
-1.38
N-Fe/GNF1
0.73
0.62
-2.35
N-Fe/GNF2
0.73
0.59
-2.31
N-Fe/GNF3
0.74
0.62
-2.40
N-Fe/GNF4
0.73
0.62
-2.27
N-Fe/GNF5
0.73
0.60
-2.25
N-Fe/GNF6
0.74
0.61
-2.34
N-Fe/GNF7
0.73
0.60
-2.38
N-Fe/GNF8
0.74
0.63
-2.23
The overall ORR performances of the NFe/GNFs remain in a close range of values. The onset
potential values of the N-Fe/GNFs are comprised between
0.73 and 0.74 V vs RHE, which shows an improvement
compared to the non-functionalized GNFs. However,
these values are still around 0.1 V lower than the onset
potential of platinum based-catalyst. Due to close range of
onset and half-wave potential, the best parameter to
compare the ORR performances of the N-Fe/GNFs is the
limiting current density. The sample showing the best
performance is N-Fe/GNF3, with a limiting current
density of -2.40 mA·cm-2. From the composition of the
N-Fe/GNFs, this sample is containing one the highest
amount of nitrogen with a particular strong proportion of
pyrrolic nitrogen. Aside from the nitrogen level, NFe/GNF3 show a low level of iron (0.15 wt%), indicating
that optimal iron content is not always the highest, as
several studies suggest [12]. N-Fe/GNF3, and the other
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Graphene nanoflakes have been grown and
functionalized with iron (II) phthalocyanine to create
catalytic sites based on the atomic dispersion of iron on
the surface of the GNFs. Previous attempts to atomically
incorporate iron by thermal plasma lead to the formation
of iron oxide nanoparticles, but the method used in the
present study showed no presence of iron oxide
nanoparticles. The effective presence of iron has been
confirmed by NAA, at amounts lower than the detection
limit of the XPS technique. The resulting catalysts see
their overall ORR performances increase after the
addition of iron (II) phthalocyanine, the best results being
observed for 0.15 wt% of iron in the sample.
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Model and validation of DC transferred arc with a constricting nozzle
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Abstract: this study deals with the modelling of a transferred arc stabilized by a gas flow
parallel to the cathode and a constricting nozzle. It is a step towards the predictive model of
a plasma spray torch with a cascaded anode and thus an arc length fixed in a small range of
variation. The model solved the heat and electromagnetic equations in the electrodes and gas
and, the Navier-Stokes equations in the gas phase. The predictions of arc voltage and heat
flux to anode were validated against experimental data. The model predicted correctly the
trends with the variation of the operating parameters and the correct heat flux to anode.
However, the predicted voltage was about 15 V lower than the experimental one whatever
the operating conditions.
Keywords: plasma spray torch, electric arc, CFD model, validation, heat flux to electrodes

1. Introduction
The use of plasma spray coatings in healthcare,
aerospace, and energy & power industry and, the
development of the Asia-Pacific market lead the growth of
the plasma spray coatings market [1]. The success of the
technology is explainable by its simplicity, versatility and
capability to work with high-temperature materials.
The key component of the process is the DC nontransferred plasma torch. Conventional plasma torches
involve single cathode and co-axial anode and, self-setting
arc length but, this simple geometry makes the arc
unstable. The recent plasma torch designs eliminate this
shortcoming by fixing the arc length in a small range of
variation. They generally use a cascaded anode consisting
of a stack of copper rings insulated from each other and
ending with an anode-ring on which the arc attaches.
Numerical simulations of plasma torch operating are
now conventional tools to improve their designs and
optimize operating conditions for specific powder
feedstock [e.g. 2, 3, 4] . However, a fully predictive model
of the operation of plasma spray torches has not been
developed yet. A recent paper by Chazelas et al [5]
explained the possible approach to progress toward a fully
predictive model. This approach involves the incorporation
of electrodes with sheath models in the computational
domains, use of non-chemical and thermodynamic
equilibrium models and resolution of rapid transient
events, including the so-called arc reattachment events.
This study lies within this approach; it aims to validate
against experimental data the predictions of an electric
CFD model with the incorporation of the electrodes in the
computational domain. The electric arc was stabilized
thanks to a gas flow along the cathode and constricting
nozzle coaxial with the cathode. The geometry comes close
to that of a DC plasma torch with a fixed arc length except
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that the arc attaches to an anode perpendicular to the
cathode axis and not parallel as in the spray torch.
2. Experimental setup and operating conditions
The experimental set up is shown in Fig.1 [6]. The
distance d between the nozzle exit and water-cooled copper
anode was varied between 6 and 15 mm for an arc current
equal to 20 and 30 A and gas flow rate of 0.2 g/s (6.6
L/min) of either argon or argon-hydrogen (25 vol%).

Fig. 1. Experimental setup for arc voltage and heat flux
to anode measurement
The measured data were the total arc voltage and the heat
flux transferred to the nozzle and anode.
3. DC transferred- arc model
The time-dependent and 3-D model simultaneously
solved the heat and electromagnetic equations both in the
solid and gas phases of the domain, and, the Navier Stokes
equations in the gas phase for a non-isothermal semicompressible fluid.
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A detailed description of the model has been published
elsewhere [7]. If a 2-D steady model could have been good
enough for the geometry of this study, the 3-D transient
model, which is required for the modeling of a spray torch,
makes it however possible to check that the predictions
converge to those of a 2-D steady model.
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Where Φc is the cathode material work function, Uc the
cathode voltage drop and Φi the ionization energy. The
thermoionic electron current density Jem was calculated
from the Richardson law:
eF
2
Jem : Tcathode
exp 3–
5
(5)
kTcathode

Where A is a constant and Φc the work function of the
cathode material. The ion current density Ji was calculated
from Jem and J, total current density, by:
&6 & Jem
(6)

Fig. 2. Computational domain
The arc current was imposed on the rear surface of the
cathode.
The energy conservation at the electrode-arc interface
was expressed by:
(1)
The fraction of heat flux lost by electrode evaporation
was not taken into account in the energy balance as it was
negligible under the conditions of the study.
The left side of Equation 1 represents the heat dissipated
by conduction in the electrode while the first term of the
right side represents the heat transferred by conduction to
the gas, the second Qelec a heat flux characteristic of the arcelectrode interaction and the third term QR the thermal
radiation emitted by the electrode. The latter was expressed
as:
" # $%
(2)
Q

The set of equations was solved using the CFD computer
code Code_Saturne [8] that uses the SOLU (Second-Order
Linear Upwind) scheme and SIMPLEC (Semi-Implicit
Method for Pressure-Linked Equations, Consistent)
pressure correction scheme. This code is only suitable for
flows and, the inclusion of solid electrodes in the
computational domain requires implementing some
modifications in the code core that have been detailed in
[7].
4. Inclusion of the electrodes in the calculation domain
Figures 3a and 3b show the current streamlines colored
with the current density without and with the incorporation
of the electrodes in the computational domain,
respectively. With the inclusion of cathode, the predicted
current density in the cathode for a 20-A current, was 4.1
106 A/m2 while the experimental value, drawn from the
ratio of the current to the cathode cross-sectional area, was
4 106 A/m2. The current density at cathode tip was then
around 107 A/m2 when the cathode was not included in the
domain.

Where ε is the hemispherical emissivity of the surface, σ
the Stefan-Boltzmann constant and Telectrode the temperature
of electrode surface.
At the anode, where electrons essentially bring the heat
flux, Qelec was written as:
&'

()*
+

'$

$

,

-

.

/ -

(3)

Where J is the current density component normal to the
anode wall, 0 the Boltzmann constant, e the elementary
charge ; Tplasma the gas temperature z ; Tanode the anode
wall temperature ; . the anodic voltage fall (. = 4 V)
and Ф the electron work function (Ф =4.2 V) .
At the cathode, the heat flux was calculated as a balance
between the heat flux carried away by the electrons and
heat flux brought by the ions formed in the ionization zone
while the heat flux from the electrons back diffused from
this zone was neglected:
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a)

b)

Fig 3. Current flow lines colored by the current density
(a) no electrode in the computational domain, (b) with
electrodes in the computational domain; Argon plasma,
I= 20 A and d= 9 mm
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The inclusion of the cathode brings about changes in the
current density field that, to a great extent, result from a
better prediction of the magnetic field close to the cathode
tip (as expected from the Biot-Savart law) and, thus, of the
cathodic jet.
This is also confirmed by the increase in the arc velocity
(Fig. 4) that cannot be explained by an increase in gas
temperature and thus by a more effective dilatation of the
gas as the current density is lower at cathode tip when the
cathode is included in the computational domain. The
velocity increase can only be explained by an increase in
KH ) thanks to a better description of
the Laplace force (&H ∧ J
the magnetic field.

Fig. 4. Variation of plasma velocity as a function of Z.
Argon plasma, I= 20 A and d= 9 mm
The temperature field in the gas and electrodes is
shown in Fig. 5. The temperature at the tip of the cathode
reached 3670K and is close to the melting temperature of
tungsten (3695K). The maximum temperature in the anode
is about 500 K and isotherms exhibit hemispherical profiles
as predicted in previous works for copper anodes with
bottom temperature imposed to a low value (300 K) . The
predicted heat flux to the anode is about 2.107 W/m2.

Thermal plasma fundamentals and applications

5. Comparisons between predictions and experiment
Fig. 6 compares the predicted and measured arc voltage
for an argon-hydrogen plasma when the distance between
the exit of the constricting nozzle and anode was varied. As
expected, the arc voltage varied almost linearly and
depended little on the arc current value. The electric field
in the arc column is about 2900V/m. The same trends were
found for the argon gas with an arc voltage about 22 V
lower.
If the predicted and experimental curves have about the
same slopes, they present an almost constant gap of about
15 V.

Fig. 6. Variation of arc voltage with d. Argon plasma.
This gap could be explained by the anode and cathode
falls that are not taken into account in the model while they
can be rather high for arc current lower than 50 A [9].
Figure 7 shows the effect of the arc current, plasma gas
and distance between nozzle exit and anode on the total
heat flux to the anode. The latter increased with the arc
length, arc current and addition of hydrogen.
If the convective contribution of the heat flux to anode
corresponds to a part (α) of the electric power dissipated in
the arc column, the heat flux to anode can be expressed as
the sum of a convective contribution and electric
contribution as follows.
(
L'MNO
.
/ (7)
,
0$
+

Where I is the arc current, E the average electric field in the
arc column, L the arc length and Te the electron temperature
assumed to be equal to the heavy particle temperature.
For a given arc current, the electric contribution is
constant and the convective contribution in the heat flux to
the anode increased with the length of the arc column
whatever the gas plasma as shown in Fig. 7.

Fig. 5. Temperature field in electrode and gas. Argon
plasma, I= 20 A and d= 9 mm
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Fig. 7. Variation of heat flux to anode with d for different
arc currents and for argon and argon-hydrogen plasmas.
Also for a given arc length, the heat flux increased with
the arc current and, addition of hydrogen in the plasma gas
thanks to its higher thermal conductivity. For an arc current
of 20 A, the predicted convective contribution varied
between 61 and 69% when d varied between 6 to 15 mm
for the argon plasma while it varied between 76 to 84 % for
the argon-hydrogen plasma.
6. Concluding remarks
The incorporation of the electrodes in the model of a
transferred arc stabilized by a gas flow parallel to the
cathode and a constricting anode made it possible to have
a better description of the magnetic field at the cathode tip
and, therefore, of the cathodic jet and arc velocity. The
predicted arc voltage and heat flux to anode exhibited the
same trends than the experimental ones. However, if the
projections of the heat flux to anode have a good agreement
with the experimental values, those of the arc voltage were
about 15 V lower than the experimental ones. This could
be explained by the fact that the cathode and anode fall
were not considered in the model.
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The implementation of electrode sheaths in the arc model
seems a necessary step towards a predictive model of a
plasma spray torch operation [10, 11].
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Abstract:
In this study a packed coaxial dielectric barrier discharge plasma with different coated silica
spheres was used for CO2 conversion at ambient conditions. The core shell spheres were
made by a spray coating with the aid of a pan coater. To determine the specific surface area,
nitrogen–physisorption was carried out. UV-Vis diffuse reflectance measurements were
applied to determine the photon induced electronic transitions of the catalyst phases and
temperature programmed reduction was used to identify the dispersion state and reduction
behavior of the catalysts.
Keywords: Plasma-catalysis, CO2 conversion, Packed bed dielectric barrier discharge,
Spray-coating, Core-shell packing.
1. General
Carbon dioxide abatement is of major importance for
industry as well as society, as CO2 is one of the main
greenhouse gasses and its emission leads to climate
change and global warming. Conversion of CO2 is an
attractive tool for utilization of low value CO2 as a
feedstock, while reducing CO2 emissions. Although the
CO2 molecule is chemically quite stable, many
investigations have been done to seek the reduction of this
molecule. Studies showed that reasonable conversion of
CO2 by conventional methods like non-catalytic thermal
conversion can only be obtained at 3000-3500 K [1]. Non
thermal plasma technology has been considered as an
attractive alternative to the conventional thermal or
catalytic route due to its non-equilibrium character,
reasonable energy cost and unique ability to initiate
physical and chemical reactions at low temperatures [2].
However, using plasma alone leads to low selectivity and
yield towards the target end-products, and consequently
causes low energy efficiency of the plasma processes.
Recently the combination of plasma with catalysis, known
as plasma-catalysis, has attracted tremendous interest for
environmental clean-up, greenhouse gas reforming,
ammonia synthesis and catalyst treatment [3, 4]. The
integration of plasma and solid catalyst has great potential
to generate a synergistic effect, which can activate the
catalyst at low temperatures and improve the activity and
stability, resulting in remarkable enhancement of reactant
conversion, selectivity and yield of target products, as
well as energy efficiency of the plasma process [3].
However, finding a suitable and cost-effective catalyst for
CO2 conversion to enhance the overall efﬁciency of the
process is a great challenge, as very limited work has
been focused on plasma-catalytic CO2 conversion [5, 6].
Packing materials and plasma can interact with each
other, initiating physical and chemical effects. Both
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physical and chemical effects can take place at different
scales of the material, either in the bulk of the material or
at its surface. It is clear that bulk and surface effects need
to be optimal to create the best performing materials.
Moreover, the surface effects and bulk effects play a
different role in plasma catalysis. Furthermore, the
physical surface effects and catalytic surface effects are
not always regulated by the same material, often requiring
metal-supported materials, in which the support has a
different role than the active catalytic nanoparticles.
Hence, we like to adopt a methodology to create the
required design rules by working with core-shell materials
activated with catalytic nanoparticles.
In this study, a coaxial DBD plasma has been used for
plasma-catalytic conversion of pure CO2 into CO and O2
at low temperatures. The effect of different coated silica
core-shell spheres and also of the thickness of the shell on
the CO2 dissociation and energy efficiency has been
investigated.
2. Experimental
2.1. Experimental set up
CO2 conversion experiments are carried out in a
cylindrical DBD reactor as shown in Fig. 1. A stainless
steel mesh (high voltage electrode) was wrapped around
the outside of the alumina dielectric tube with internal
diameter of 17 mm. A stainless steel tube with an outer
diameter of 8 mm was used as inner electrode (ground
electrode). The discharge gap was fixed at 4.5 mm and the
discharge length was 10 cm. CO2 was used as the feed gas
at a flow rate of 39 ml/min in the packed bed reactor and
150 ml/min in an empty reactor to keep the residence time
constant at 7.5 s. The DBD reactor was supplied by an
AC high power supply with a frequency of 3 kHz. The
plasma power was 30 Watts in all experiments, and was
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measured by Lissajous figures. Different silica coated
spheres of 1.6-1.8 mm diameter in core and 20-250 µm in
shell thickness were fully packed in the discharge volume.
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1 g of γ Al2O3 was suspended in the mixture to achieve a
10 wt. % Cu/γ Al2O3. The suspension was then stirred for
48 h at room temperature, followed by drying and
calcination (dried at 60 °C overnight without washing nor
filtration and calcined at 550 °C for 6 h with 1 °C min-1 in
ambient atmosphere) resulting in the formation of CuO on
alumina.
3. Results and discussion
3.1. Catalyst characterisation
The textural properties of the packing materials were
characterized using N2-sorption analysis. Table 1 shows
an overview of the material’s structural properties from
their isotherms.
Table 1. Characteristics of packing materials used

N2-physisorption was carried out with a Quantachrome
Quadrasorb SI automated gas adsorption system. Prior to
the measurements, the samples were outgassed at 150 °C
for 16 h. The specific surface area was calculated using
the Brunauer-Emmet-Teller (BET) equation. The BarretJoyner-Halenda method was applied to estimate the pore
size distribution. UV-Vis diffuse reflectance (UV-VisDR) analysis was carried out on a Nicolet Evolution 500
spectrophotometer equipped with an integrating sphere.
The spectra were taken in the range of 200-800 nm with a
scan speed of 120 nm/min. An average of 3 spectra was
applied. The samples were diluted to 2 wt% with dried
KBr. Temperature programmed reduction (TPR)
measurements of the catalysts were performed by a
Quantachrome Autosorb-iQ-C equipped with a thermal
conductivity detector (TCD). Prior to the measurements,
the samples were degassed under high-vacuum conditions
at 200°C for 16 h. After the determination of the dry
sample weight, the samples were degassed again by
flowing helium at 200°C in order to remove any eventual
adsorbed molecules. The temperature is then lowered to
90°C. Subsequently, TPR is performed through the
controlled heating of the sample under a flow of hydrogen
gas (5% in argon) from 90°C to 800°C (for powders) or
600°C (for spheres) at a heating rate of 10 K min −1, which
is analyzed with the TCD.
2.2. Core-shell packings
A spray coating technique was used to coat different
shells on a silica core. By subjecting the silica supports to
a rotating motion during spraying (pan coater), a uniform
exposure of the particles to the spray is endeavoured. The
solution for spray coating is made with 68 wt. %
deionized water, 1 wt. % methylcellulose, 1 wt. % silica
as inorganic binder and 30 wt. % powder loading. To put
active metals on the shell, Cu on alumina in this study, the
ammonia driven deposition precipitation (ADP) method
was used. Typically a 50 ml, 0.03 M aqueous copper
nitrate solution (Cu (NO3)2.3.H2O, >99 %, Merck) is
mixed with ammonia hydroxide (NH4OH, 28-30 %,
Sigma Aldrich) to gain a molar Cu/NH3 ratio of 1/6. Then
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Powder/Core shell
sphere

S BET (m2/g)*

α Alumina/α
Alumina@SiO2
Cu-γ Alumina /Cu-γ
Alumina@SiO2
TiO2 /TiO2 @SiO2

Non porous/1
101/3

Average
pore
radius**
(nm)
Non
porous/1.5
2.3/2.1

99/14

3.9/6.0

* BET surface area
** Average pore radius (BJH method)
It can be seen that the synthesised Cu-γ Alumina is rather
porous. The porosity of Cu-γ Alumina coated spheres is
very low because of the dense SiO2 core that adds a large
percentage of the weight but no porosity to the structure.
On the other hand, TiO2 coated spheres are still more
porous than Cu-γ Alumina@SiO2 spheres with a larger
pore radius and the α Alumina@SiO2 spheres have the
lowest porosity among them. UV-Vis diffuse reflectance
measurements were carried out to illustrate the structural
differences of the catalyst phases in different steps of the
coating process.
Kulbeka-Munk Units (a. u.)

Fig. 1. Schematic diagram of the packed DBD plasma
reactor

TiO2 before calcination
TiO2 after calcination
TiO2 coating before calcination
TiO2 coating after calcination

200

300

400

500

600

Wavelength (nm)

Fig. 2. UV-vis diffuse reflectance spectra of TiO2 powder
and coating before and after calcination
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Kulbeka-Munk units (a.u.)

The UV-Vis-DR spectrum of the TiO2 powder and the
coating powder, which is scratched from the coating wall
tool, are depicted in Fig. 2. As can be seen, the bandgap
of the TiO2 coating powder remained unaltered in
comparison to the TiO2 powder for both calcined and
uncalcined samples. For the coated powder, no
differences seem to be induced by the calcination process,
used to strengthen and adhere the coating.

Cu-γAl2O3 @SiO2 spheres

H2 consumption (a. u.)
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α2

α1

Cu-γAl2O3 coating powder α

2

α1

Cu-gamma Alumina@SiO2 before
calcination
Cu-γAlumina powder before
calcination

100
Cu-γAlumina powder after
calcination
Cu-gamma Alumina@SiO2 after
calcination

200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 3. UV-vis diffuse reflectance spectra of Cu-γAl2O3
and Cu-γAl2O3 coating before and after calcination
Fig. 3 shows the UV-Vis-DR spectrum of Cu-γ Al2O3 and
coating powder before and after calcination. The band at
600-800 nm in Cu-γ Al2O3 powder before calcination
corresponds to the d-d transition of Cu2+ situated in an
octahedral environment, which is the typical band for
bulk CuO [7]. After calcination a slight increase of the
contribution of the peaks at higher wavelengths can be
observed, indicating a slight increase in particle size of
the CuO particles although the majority is still well
dispersed (below 500 nm). The presence of different
peaks, indicates that the CuO particles are not uniform in
coordination and size.
Temperature programmed reduction (TPR) has been
implemented in this study in order to identify the
dispersion state and the reduction behavior of the Cu-γ
Al2O3 coating powder and Cu-γ Al2O3@ SiO2 catalysts.
The H2-TPR profiles of the calcined samples are shown in
Figure 4.

200

300

400

500

Temperature (°C)

Fig. 4. H2-TPR profile of Cu-γAl2O3@SiO2 spheres (top)
and Cu-γAl2O3 powder (bottom).
It can be seen that there are two main H2-TPR peaks in
both Cu-γAl2O3@SiO2 spheres and Cu-γAl2O3 powder,
namely α1 (230-255 °C) and α2 (275-300 °C). TPR peak
α1 is attributed to reduction of highly dispersed CuO
species, and α2 is due to the reduction of bulk CuO
species. As visible, there are some differences in the
reduction temperature of the coated spheres versus the
powders indicating that the CuO dispersion and/or metal
support interaction altered to some extend during the
coating procedure and/or its subsequent heating. The
occurring
mechanisms
needs
to
be
further
investigated.[8].
3.2. Plasma assisted CO2 conversion
The plasma assisted conversion of CO2 is carried out in
the DBD reactor with and without packing materials. The
experiments were performed at ambient temperature and
atmospheric pressure. The products of the reaction were
CO and O2 which were separated and quantitatively
analysed by an online gas chromatograph. To evaluate the
performance of the plasma process, the CO2 conversion
and energy efficiency are deﬁned as follows:
CO2 conversion: 𝑋𝐺𝐶 =

𝐶𝑂2,𝑖𝑛 −𝐶𝑂2,𝑜𝑢𝑡
𝐶𝑂2,𝑖𝑛

× 100%

(1)

The actual CO2 conversion after correction for gas
expansion is: 𝑋𝐺𝐶 = 1 − (

1−𝑋𝑅𝑒𝑎𝑙
)
𝑋
1+𝛼( 𝑅𝑒𝑎𝑙 )

(2)

2

In which XReal is the CO2 conversion and α is the fraction
of CO2 in the initial gas mixture [9].
Energy efficiency: 𝜂 (%) =
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𝑘𝐽
)∗𝑋𝐶𝑂2 (%)
𝑚𝑜𝑙
𝑘𝐽
𝐿
𝑆𝐸𝐼 ( )∗22.4 (
)
𝐿
𝑚𝑜𝑙

∆𝐻𝑟 (

(3)
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Where ΔHR is the reaction enthalpy of CO2 splitting
[279.8 kJ/mol),], XCO2 is the amount of CO2 converted
and SEI is the specific energy input in the plasma:
𝑘𝐽

𝑆𝐸𝐼 ( ) =

𝑃𝑙𝑎𝑠𝑚𝑎 𝑃𝑜𝑤𝑒𝑟(𝑘𝑊)

𝐿

𝐿
)
min

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒(

∗ 60 (

𝑠
min

)

(4)

Actual CO2 Conversion (%)

Fig. 5 shows the CO2 conversion when packing different
dielectric materials inside the reactor.

14

Thin shell

12
10

Thick shell
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photocatalysts and thicknesses as well as the impact of
catalytic activation with different wt. % of Cu. the
catalytic activity is probably absent in case of CO2
splitting but is expected to play a role when a hydrogen
source is added.
4. Conclusion
A packed bed DBD with core-shell materials is used to
overcome the drawbacks of plasma and catalyst alone,
and also to have both physical and chemical effects of a
packing at different scales of the material, being the bulk
and the surface. The ADP method was used to put active
metals on the shell. TiO2 on silica spheres showed better
results in CO2 conversion that may be related to the
porosity of the material. Finally, increasing the thickness
of the shell did not change the conversion considerably.

8
6

Empty reactor 39
ml/min

4
2

Empty reactor
150 ml/min

0
TiO2

Cu-γAl2O3

SiO2

α Al2O3
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Plasma-excited H2O induced coking suppression
in DBD-Ni/Al2O3 catalyst hybrid dry methane reforming at low temperature
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Abstract: DBD-enhanced catalytic dry methane reforming was investigated. Excited-H2O
reduced coking dramatically. Carbon mapping over the cross-section of porous catalyst
pellets (φ 3 mm with mean pore size of ca. 1 µm) showed that plasma-generated species are
so reactive that they are fully consumed at the outer surface of pellets before diffuse into
pores, which is explained by using non-dimensional parameters known as Catalyst
effectiveness factor and Thiele modulus. Streamer-type discharges do not propagate into
pores: The outer surface of pellets becomes much more important reaction sites than pore
surfaces.
Keywords: Plasma catalysis, Catalyst pores, Greenhouse gas conversion, Syngas, Coking.
1. Introduction
Dry methane reforming (DMR, R1) converts the
greenhouse gas (CH4, CO2) into syngas (H2, CO).
CH4 + CO2 → 2H2 + 2CO

(R1)

Syngas is converted into various types of value-added
products via C1 chemistry processes [1]. Therefore DMR
is recently highlighted as a viable greenhouse gas
conversion technology [2]. DMR, however, is
accompanied by a serious coke deposition (coking)
causing catalyst deactivation and collapse [3], which is
more serious at low temperature as in Fig. 1. We found
that dielectric barrier discharge (DBD) and Ni/Al2O3
catalyst hybrid DMR showed slow coking rate and high
syngas selectivity due to plasma-excited H2O at low
temperature [4]. This study aims to inspect the reaction
enhancement mechanism and coking suppression
mechanism brought by plasma-excited H2O.
2. Experimental
2.1. Experimental setup
Figure 2 shows a DBD and catalyst (12 wt.%, Ni/Al2O3;
Süd-chemie) hybrid reactor, consisting of a quartz tube
(19.5 mm i.d.; 1.5 mm thick), a high voltage electrode (3
mm dia.), and a grounded electrode (60 mm length). The

Fig. 1. Thermodynamic analysis of DMR.
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grounded electrode has a 10 mm width slit as an
observation window. Catalyst pellets were packed over 40
mm length and were supported by metallic disks at both
ends of the catalyst bed.
The catalyst bed temperature was measured by a
thermography (TH5104; NEC San-ei Instruments, ltd.)
through the observation window. Output gas was
analyzed by a quadruple mass spectrometer (QMS,
Prisma; Pfeiffer Vacuum GmbH) after removing water
via a cold-trap (ca. − 40 °C). Analyzed gas species were
H2, CH4, CO, and CO2. The applied voltage was 16 kVp-p
and 12 kHz. Pressure was reduced to 5 kPa. Prior to the
experiments, catalysts were reduced in a H2/N2 = 100/900
cm3/min at 600 °C.

Fig. 2. DBD and Ni catalyst hybrid reactor.

Fig. 3. Schematic diagram of pulsed CH4 supply:
0 < t < τ reforming period; τ < t < T de-coking period.
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Table 1. Experimental conditions.
Total flow
Discharge
CH4/CO2
τ
T
rate
power
(-)
(min) (min)
(cm3min-1)*
(W)
0.5
85
1.0
2000
1
4
85
2.0
90
*Flow rate at STP (25 °C and 101.3 kPa).

2.2. Reforming experiments
Figure 3 represents a schematic diagram of
time-dependent changes of supplied gas: CO2 was
continuously supplied whereas CH4 was repeated supplied
for 1 min at constant interval of 4 min. Deposited coke
during the reforming period is removed by the reverse
Boudouard reaction (R2) during the de-coking period.
Detail conditions are tabulated in Table 1.
C + CO2 → 2CO

(R2)

2.3. Analysis of coked carbon
An electron probe microanalyzer (EPMA, JXA-8200;
JEOL ltd.) was used for the evaluation and visualization
of coke left on the catalyst pellets after reforming. EPMA
measurements were performed under an accelerating
voltage of 15 kV, an electron beam current of 500 nA,
and the beam diameter of 20 µm.
3. Reaction enhancement mechanism by DBD
Figure 4 shows a representative result of one-cycle
pulsed reforming: CH4 and CO2 were consumed to
produce H2 and CO during reforming period. CO
production and corresponding CO2 consumption
proceeded by coke removal during de-coking period.
Reforming were carried out at ca. 550 °C. Conversion of
CH4 and CO2, yield of H2 and CO, and coking rate are
defined as follows.

Fig. 4. Time-dependent gas changes in 1 cycle with
DBD at ca. 550 °C: CH4/CO2 = 1.0.
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Here, subscripts represent chemical species: i = CH4 or
CO2, j = H2 or CO. A superscript ‘0’ represents the initial
flow rate of CH4 and CO2. Conversion, yields, and coking
rate are summarized in Fig. 5. Fig. 5 shows that the
synergistic effect appeared in the syngas yield and the
CO2 conversion especially at large CH4/CO2 ratio where
coking was significant. This result indicates that reactions
between the plasma-excited CO2 or H2O and coke were
enhanced (R2, R3) [4]. H2O was produced via reverse
water-gas shift reaction (R4) whenever CO2 and H2 are
present in a mixture [5] and this is sufficiently fast to
reach quasi-equilibrium during CH4 reforming [6-9].
C + H2O → H2 + CO
H2 + CO2 → H2O + CO

(R3)
(R4)

Conventional catalytic CH4 reforming is first-order
reaction for CH4, whereas zeroth-order for H2O and CO2
[6,7,10]. An important finding of our results is that DBD
enhances the reaction order for H2O and CO2 that
increases overall syngas production rate.
4. Carbon mapping as a reaction footprint
As in Fig. 5, coking was too small to detect at CH4/CO2
= 0.5 when the reforming period was 1 min. However,
coking became detectable by long time reforming even at
CH4/CO2 = 0.5. Fig. 6 compares the coking rate
calculated by Eq. (3) during the de-coking period after 60
min reforming between with and without DBD. Fig. 6
shows that DBD suppressed the coking drastically at low
temperature (460 °C). High temperature thermal energy
can suppress coking irrespective of DBD, therefore
coking suppression effect by DBD became small at high
temperature conditions.
After 60 min reforming, cross-section of catalyst pellet
was analyzed by the EPMA. Both CH4 and CO2 flow was
turned off at the end of the reforming, and then the
catalyst bed was cooled under N2 flow: That is, coke
deposited during reforming was left on the catalyst pellets.
Catalyst pellets were cut into 2 hemisphere-pieces, and
then the carbon distribution over pellet cross-section was

Fig. 5. CH4/CO2 ratio effect for DBD-assisted DMR at ca. 550 °C:
(a) CH4/CO2 = 0.50; (b) CH4/CO2 = 1.0; (c) CH4/CO2 = 2.0.
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analyzed. Fig. 7 shows results of carbon mapping on the
cross-section over the catalyst pellets.
4.1. Interaction of reactive species with porous catalyst
Consider reaction in porous catalyst pellets as shown in
Fig. 8. Porous catalysts have two types of surface: Outer
and pore surfaces. When a reaction rate is faster than
diffusion rate, reaction is most likely completed at the
outer surface before gaseous species diffuse into the pores.
Although catalyst metals are loaded over the entire
network of pore surfaces, these metals are not fully
utilized for catalytic reaction. This effectiveness factor is
defined as catalyst effectiveness factor (η) and η for
spherical pellet is expressed as follows [11]:








 

 !















(4)
(5)

Equation (5) describes the Thiele modulus (m) with the
first-order reaction rate constant (k, s-1) and the pore
diffusion coefficient (D, m2s-1). R represents a radius of
pellets, thus m becomes a dimensionless factor comparing
the reaction rate and the diffusion rate. Detailed
mathematical formulation for η and m is provided in [11].
The m is increased by either increasing k or decreasing D,
leading to decreasing η which is schematically shown in
Fig. 9. At low temperature, gas diffusion through pores is
possible and catalysts on pore surfaces are fully utilized.
The reaction at low temperature is in the reaction-limited

regime as in Fig. 9. In contrast, at high temperature
condition, reaction is characterized as diffusion-limited
regime and the outer surface of catalyst pellets becomes
the major reaction sites. It is interesting to note that gas
conversion at diffusion-limited regime (high temperature)
is greater than reaction-limited regime (low temperature),
although the catalyst metals cannot be fully used (small
η).
4.2. Overall reaction rate enhancement by DBD
It is well known that η of CH4 reforming on Ni catalyst
is significantly decreased as temperature increase [8].
Therefore reactivity is characterized by the outer surface
of porous catalyst pellets such as diameter, shape and
packing geometry; the pore size and distribution are not
important at high temperature condition. This is well
agreed with our carbon mapping results (see Fig. 7c,f).
Coking and de-coking reactions were accelerated at high
temperature and completed at the outer surface. Therefore
carbon was not detected over the cross-section of pellets.
DBD hybridization suppressed coking dramatically as
in Figs. 6 and 7a,d at low temperature. At low
temperature, gaseous species diffused into the pores,
therefore reactions occurred at the outer and pore surfaces.
Here, formation of streamer type discharges is possible
only when pore size is greater than ca. 10 µm [12,13]. On
the other hand, propagation of discharge is not possible
and extinguished when the pore size are below ca. 1 µm
[12]. The mean pore size of the catalyst used in this study
was approximately 1 µm: We hypothesize that the
interaction between DBD and catalyst pores is negligible,
and reaction enhancement was originated from the excited
species contacting with the outer surface.

Fig. 6. Coking suppression by DBD. Discharge power
were 77, 90, and 90 W for 460, 530, and 630 °C,
respectively.

Fig. 8. Concentration profile in a porous catalyst pellet.

Fig. 7. Carbon mapping by EMPA over cross-section of
spherical porous pellets. See Fig. 6 for discharge power.
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Fig. 9. Catalyst effectiveness factor (η) as a function of
the Thiele modulus (m), clarifying rate-limiting regime.
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At low temperature, carbon is deposited over the entire
cross-section because CH4 diffusion through catalyst pore
is faster than CH4 dehydrogenation (m is small).
Interestingly, such carbon deposition was suppressed
greatly by DBD (see Fig. 7a,d). The apparent reaction rate
constant must be increased by reactive species and the
reaction completed at the outer surface before diffuse into
the pores. In other words, DBD hybrid operation (plasma
catalysis) at low temperature is equivalent to high
temperature thermal catalysis.
Conversion of CH4 and CO2 is characterized by catalyst
effectiveness factor (η) and reaction rate constant (k):
 ∝ #  
η << 1, # ∝ 4%& ; Diffusion-limited regime

η ≈ 1, # ∝ %& ; Reaction-limited regime
 ∝ exp *

+






(6)
(7)
(8)
(9)

Here, W represents the gross amount of catalyst metals
which contribute reforming reaction; subscript D and R
represent the rate-limiting regime (see Fig. 8 and 9). CH4
and CO2 conversion during 60 min reforming is shown in
Fig. 10. As discussed in the previous section, η and W
were decreased significantly by DBD at 460 °C;
nevertheless, CH4 conversion was the same level as
thermal catalysis because plasma-generated species
enhanced apparent rate constants (k). At 630 °C, CH4 and
CO2 conversion in plasma catalysis exceeded the thermal
catalysis: Although reaction enhancement by DBD was
not observed clearly in terms of carbon deposition at 630
°C (compare Fig. 7c,f), CH4 and CO2 conversion was
clearly promoted by DBD at 630 °C.
5. Conclusions
The reaction mechanism induced by the plasma-excited
H2O of DMR was investigated in relation to coke
formation and removal. The reaction enhancement by
DBD was observed clearly at higher CH4/CO2 ratio. This
indicates that excited-H2O and -CO2 enhanced coke
removal; higher syngas selectivity and slow coking rate
were obtained. Moreover, carbon mapping by EPMA
indicated that the DBD-enhanced catalysis showed similar
trend of higher temperature thermal catalysis.
Streamer-type discharges cannot propagate into pores
with pore sizes less than 1 µm, therefore the reaction
enhancement was originated from the interaction between
excited species and the outer surface of catalyst pellets. In
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such situation, catalyst effective factor decreased
remarkably, but CH4 and CO2 conversion were kept
constant because apparent rate constants are increased by
DBD. At high temperature, plasma and thermal catalysis
are characterized as diffusion-limited regime where the
outer surface of pellet is the dominant reaction sites:
Catalyst metal on pore surfaces is unused. Reaction
enhancement by DBD was not observed clearly from the
carbon deposition behavior, indicating that H2 and CO
selectivity was not influenced by DBD. However, CH4
and CO2 conversion was increased clearly by DBD.
Conventional catalyst designed for thermal catalysis have
pores below 1 µm and net zero interaction with plasma is
expected. For further development of plasma catalysis,
catalyst design must be modified from a viewpoint of an
accessibility of reactive species to catalyst metals.
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Abstract: Atmospheric-pressure plasma packed bed reactors (PBRs) are being investigated
for conversion of gases and remediation of toxins. Catalysts in PBRs are small metal particles embedded in the surface dielectric beads. Evolution of humid air plasmas was simulated between dielectric rods with embedded metal particles to investigate plasma surface interactions with catalysts. Secondary electron emission and redistribution of charge seeds
microdischarges, while the particles can slow formation of surface ionization waves.
Keywords: Plasma catalysis, packed bed reactor, dielectric barrier discharge, modelling
1. Introduction
Atmospheric-pressure plasma packed bed reactors
(PBRs) are being investigated for remediation of toxic
gases, CO2 removal and conversion of waste gases into
higher value compounds [1]. The presence of high energy
electrons in the microdischarges and surface ionization
waves that occur in PBRs initiates reaction pathways
producing high radical and ion densities. Similarly, presence of metallic catalysts can increase chemical reaction
rates at lower temperatures and improve selectivity and
efficiency. The catalysts typically take the form of small
metal particles (tens nm to many micron) embedded in the
surface of the dielectric beads of the PBR. Combining
plasmas with catalysts in PBRs has demonstrated these
synergetic increases in energy efficiency and selectivity
[2]. The nature of this synergy, however, is poorly understood, and particularly so for the nature of the plasmacatalyst interaction. In this paper, we report on the results
of a computational investigation of plasma-catalyst interactions using an idealized PBR geometry. We found that
secondary electron emission and redistribution of charge
can seed localized microdischarges, while the particles
can slow formation of surface ionization waves.
A short overview of the modelling platform and a description of the initial conditions appear in Section 2.
Section 3 contains the discussion of plasma evolution in
the base case geometry. The discussion on the effects of
metallic particles (catalysts) imbedded in the dielectric on
plasma dynamics is presented in Section 4. Finally, concluding remarks are included in Section 5.
2. Description of the Model
nonPDPSIM is a multi-fluid plasma simulator, which
simultaneously integrates continuity and Poisson’s equations over an unstructured triangular mesh [3]. Local
densities of species and solutions of Boltzmann energy
equation are used to calculate chemical reaction rates. All
charged particle transport is represented by drift-diffusion
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using the Sharfetter-Gummel formulation. Photoionization is addressed using line-of-sight approach radiation
transport and a Green’s function transport technique. Gas
heating is calculated with contributions from resistive
electron and ion transport, Frank-Condon heating contributions due to changes in enthalpies in reactions. Surface
heating additionally takes into account kinetic and ionization energies of incident charged particles.
This investigation addresses discharges in humid air
(N2/O2/H2O=78/21/1) at atmospheric pressure and 300 K.
A small background ionization (N2+ = ne ≈ 105 cm-3) at the
start of the simulation. The reaction mechanism includes
111 species and 1,900 reactions in the gas phase. The only
surface reactions included were ion neutralization, relaxation of reactive species and recombination of atoms of
molecular species.
The geometry and numerical mesh of the base case,
shown in Fig. 1, consists of sections of two dielectric rods
(d=0.8 cm, εr=8.0) separated by 450 m. The numerical
mesh includes 6016 nodes, 3774 of which were within the
plasma, with a smallest resolution of 60 m. The powered
electrode is at the top of the geometry, while the ground is
at the bottom. Both electrodes are covered by a dielectric
to prevent formation of conductive channels. The plasma
formation in this microscopic geometry was found to
follow the same trends found in our previous investigation
of PBRs in which the entire reactor was addressed [4].
3. Discharges Between Rods
In the base case, the powered electrode is pulsed to -8
kV. The electric potential lines are bent by the presence of
the dielectric rods and the electric field is excluded from
the high permittivity dielectric, resulting in the formation
of an electric field enhancement region shown in Fig. 1.
The peak reduced electric field (E/N) is 300 Td (300 ×
10-17 V-cm2). Electron density during discharge formation
between the rods is shown in Fig. 2. Electrons drift in the
electric fields towards the ground and impact with the
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Fig. 1. Geometry and mesh, and initial electric potential and reduced electric field.

Fig. 2. Time evolution of electron density in the gap
between the dielectric rods for the base case.

surface of the bottom rod, charging the surface (ρ ≈ -16
nC-cm-3). This drift leaves a positive space charge behind
which prompts propagation of a positive streamer across
the gap. This discharge is characterized by positively
charged propagation front (ρ ≈ 0.48 μC-cm-3) followed by
a largely neutral column. The same behaviour is observed
regardless of the pulse polarity – while the direction of the
positive discharge changes. The process of formation
remains the same.
The streamer crosses the gap on sub-nanosecond timescales. Once the positive ionization front reaches the
surface of the top dielectric, the surface begins to positively charge. Simultaneously, a semi-stable, column-like
microdischarge forms in the gap, as shown in Fig. 2(b).
The microdischarge has low electron temperature (Te ≈1
eV) and moderate electron density (4 ×1012 cm-3). The
continuous charging of the surface destabilizes the microdischarge, prompting formation of a surface ionization
wave (SIW), as shown in Figs. 2(c-d). The large electric
field at the head of the SIWs heats electrons (Te≈4.5 eV),
with the SIW propagating around the rod at high velocity
(3.5 × 107 cm-s-1). As a result, the SIW produces high
densities of reactive species.

lectric rod, flush to the surface, as shown in .shown in
Fig. 4(a). In order to reproduce the floating potential of
the metal particles, they were represented as dielectrics
with high conductivity (100 1/-cm). Each particle had a
width of 200 μm, which is acknowledged as being considerably larger than catalysts used in industrial applications. A multiplicative factor of 120 was applied to the
electric field at the surface of the metal in calculating
thermionically enhanced electric field emission to account
for unresolved surface roughness and the increased size of
the catalyst particles.
When an electric field is applied to the vicinity of a
conductor charges are redistributed to its surface, which
terminates electric field lines and leads to the expulsion of
the field from the interior of the metal. The conductivity
of the dielectric was chosen large enough so that there is
essentially no electric field in the volume of the particles,
as shown in Fig. 4. The resulting positive and negative
charge distributions are also is shown in Fig. 4. The positive charges move to the top surface of the catalysts (towards the cathode), while the negative charges collect at
the bottom surface towards the ground. Simultaneously,
the electric field in neighbouring non-conductive regions
is increased.
Initially, the plasma breakdown process for the geometry with catalyst particles follows the same steps as for the
base case – positive space charge left behind by electrons
leads to formation of a positive streamer. As the positive
streamer propagates across the gap and distorts the electric field in the vicinity of the particles, the negative
charges at the surface of the catalyst redistribute, leading
to a highly charged (16 μC-cm-3) triple point between the
gap, metal and dielectric. This charge accumulation pro-

4. Consequences of Catalyst Particles
Metal catalysts such as platinum provide energetically
favourable reaction pathways due to the lower activation
energies the catalyst enables coupled with additional
selectivity. In experiments, the addition of catalysts to
chemical plasma reactors has shown improvements in
reaction rates, selectivity and energy efficiency. To investigate the nature of this synergetic behaviour, three metal
particles were embedded into the surface of the top die-
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Fig. 4. Geometry including metal catalysts. (a) Full
computational domain, (b) close-up of the catalysts
with initial electric field strength contours, (c) initial
densities of positive and (d) negative charges.
duced an intensified electric field at the triple point, which
redirects the positive discharge and causing it to preferentially impact the edge of the catalyst. As the streamer
propagates across the gap, the electric field between the
streamer and the catalyst continues to increase. The maximum field strength at the surface of the catalyst for these
conditions is 130 kV-cm-1. The total positive charge density prior to the streamer reaching the surface is shown in
Fig. 5(a) with the corresponding electric field shown in
Fig. 5(b). This magnitude of electric field, coupled with
enhancement due to surface roughness, produces electric
field emission of electrons. The field emission leads to an
intense discharge at the surface of the catalyst particles,
which may explain formation of plasma on the surfaces of
catalyst-impregnated dielectrics seen in experiments [5].
The density of electrons is shown in Fig. 5(b) after
breakdown. The streamer did not cross the gap at its narrowest point, as occurred in the base case. Rather, the
streamer was redirected towards the electric field enhancement at the edge of the catalyst, further aided by the
electric field emission of electrons. This redirection leads
to a high flux of ions to the surface of the catalysts, which
as a minimum heats the catalysts and likely perturbs the
surface band structure of the metal. The intense ion bombardment may lead to some sputtering of surface contaminants or additional roughening of the surface, thereby
increasing the density of active catalyst surface sites.
These factors may contribute to the synergy observed in
plasma catalysis. Finally, since the electric field is not
intensified on the surface of the catalyst, surface ioniza-
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Fig. 5. (top) Density of positive charge and electric
field strength directly prior to streamer crossing the
gap between rods and (bottom) electron density and
electric field strength several nanoseconds after the
streamer crosses the gap.
tion waves do not propagate across the catalysts. The
plasma remains in the form of a volumetric microdischarge for the duration of the simulation, whereas in the
absence of the catalyst, SIWs were the final product.
Since SIWs are energetic discharges responsible for production of large volume of reactive species, their absence
may negatively affect energy efficiency.
5. Conclusions
Metal catalyst particles embedded into the surface of
dielectric beads have significant effects on plasma formation in PBRs. Electric field enhancement and the redistribution of charge within the metallic particles can lead
to streamers being attracted to the surface of the catalysts
and particularly to its triple-point terminated edge, electric
field emission of electrons and suppression of surface
ionization waves. The former will lead to high fluxes of
ions to the catalyst which can lead to catalyst heating and
or cleaning by sputtering, deformation of band structure
in the metal, effects which could contribute to increased
reaction rates and efficiencies.
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Abstract
Uncertainty analysis of large non-linear models requires a large number of simulations. Even for
a small model the computational cost can quickly become impractical. This suggests to reduce
the number of uncertainty variables, before starting the analysis. In this work we want to present
our findings on applying pathway analysis on the results of a CO2 microwave plasma, and the
results of the uncertainty analysis which follows after the pathway analysis.
Keywords: Uncertainty analysis, Pathway analysis, CO2 , Global Model, Microwave

1

Introduction

Numerical simulations rely on input data, and the errors and
uncertainty in those data will propagate into the model predictions. Analytical evaluation of the propagation of the uncertainty is possible for simple, linear models. Uncertainty
analysis in models in which the uncertainty propagates via
strongly non-linear interactions is too complex to calculate
analytically.
Uncertainty analysis for a global model with a strongly
non-linear chemistry was presented recently in [1]. The propagation of the uncertainty was calculated in that work for a
helium-oxygen chemistry, consisting of 25 species and interacting in 373 reactions. The uncertainty analysis is done
by sampling the rate coefficients from log-normal distributions. The log-normal distribution function is characterized
by the measured rate coefficient and the accompanied uncertainty. Uncertainties are estimated when data is presented in
literature without a measure for the uncertainty. Estimated
uncertainties are based on the uncertainty in comparable experiments.
Within the scope of CO2 reformation for the use of energy
storage, we presented [2] a model of a CO2 plasma, containing 75 species and 5400 reactions. The asymmetric vibrational model of the CO2 molecule was included in the model
with the aim to study the dissociation mechanism of CO2
via vibrational ladder climbing. In this work we focus on
the analysis of the uncertainty in the input data, in particular
to the resulting uncertainty in the dissociation efficiency of
CO2 . Uncertainty analysis of the complete model is impractical in terms of calculation time. First we reduce the number
of reactions for which we take the uncertainty into account,
without losing correctness of the result, with pathway analysis.
In the following section the model is discussed, introducing
the Global Model of PLASIMO. After the model, the application of the uncertainty in the model is introduced, followed by

786

a discussion on the uncertainty parameters reduction method
via pathway analysis. Thereafter we present some preliminary results on a feasibility study of this uncertainty analysis,
which does not include pathway analysis yet. Finally we will
give a discussion and outlook.

2

Model

2.1 Global Model
For studying the dissociation of CO2 we make use of the
Global Model of PLASIMO [3, 4]. The model solves the zeroth order moment of the Boltzmann equation, but disregards
the spatial dependence. It solves the species density balance
equations which, for species s with density ns , reads as:
dns
= Snet,s ,
dt

(1)

with Snet,s the net source, which is a function of the density
of the interacting species, and the mean electron energy hεi.
Simultaneously the electron energy density balance Ue , with
Ue = hεi ne , is solved via:
dUe
= P − Qelas − Qinelas ,
dt

(2)

with P, Qelas and Qinelas the input power density, the energy
density of the elastic processes and the energy density of the
inelastic processes. Considering the reaction format or reaction i as:
(3)
∑ αi,s Xs ⇔ ∑ βi,s Xs ,
s

s

with Xs the species s, the source term is determined by the
reactions:
Snet,s
Ri

=

∑ (αi,s − βi,s )Ri ,

i=1

α

= ki ∏ ns i,s .

(4)
(5)
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Here, αi,s and βi,s are the stoichiometric coefficients for the
left- and right hand side of the reaction, respectively. Ri is the
rate of reaction i, ki is the rate coefficient of that reaction, and
with the summation over all reactions. Rate coefficients of
electron impact reactions are calculated from a cross section
via:
Z ∞
√
(6)
ki =
σi (ε) ε f (ε),
0

with ε the electron energy, σi (ε) the cross section, and f (ε)
the electron energy distribution function, calculated using
BOLSIG+[5].

oral

the cross section to be independent of the electron energy, as
can be learned from equation (6). The impact of the uncertainty in the cross section on the electron energy distribution
function is not taken into account.
Application of the uncertainty analysis is slightly different
for data belonging to category III, which most of the reaction data does. δk depends on several species- or reaction
dependent parameters, which also introduce an uncertainty.
Parameters which are used to obtain δk are sampled from a
normal distribution.
4.5

Uncertainty analysis

We apply the uncertainty via the rate coefficients. To be able
to apply the uncertainty on the rate coefficients, we have to
distinguish between three type of input data for the rate coefficients:

3.5
3

(I) The heavy species collisions, for which the rate coefficient is obtained from literature.

(III) Reactions for which the rate coefficients are obtained
from scaling relations of a base rate coefficient. This is
of the form ki = k j δk , with ki the scaled rate coefficient,
k j the rate coefficient which is used as base for scaling
and δk the scaling term. This type of reactions includes
both electron impact relations and heavy species interactions.
Rate coefficients of reactions which belong to the category
I are sampled from a log-normal distribution, following the
method of [1]. The log-normal distribution reads as:
!
1
(ln x − µ)2
,
(7)
f (x; µ, σ ) = √ exp −
2σ 2
xσ 2π
with µ and σ given by:
µ
σ


x̄2
√
= ln
,
Var(x)+x̄2
r 

= ln 1 + Var(x)
.
2
x̄

(8)
(9)

Here, we use x̄ and Var(x) for the average and variance of x,
respectively. Figure 1 shows two examples of a log-normal
distribution, for x̄ = 1, and Var(x) = 0.1 and Var(x) = 1. Rate
coefficients which belong to category II are treated similarly:
rate coefficients are calculated from their cross sections. After that the uncertainty is taken into account by sampling the
mean electron energy dependent rate coefficient from a lognormal distribution. This method holds as long as the relative
uncertainty in the rate coefficient is equal to the relative uncertainty in the cross section. This restricts the uncertainty in
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(II) The electron impact reactions, for which the rate coefficient is calculated from a cross section (via equation
(6). The cross sections are obtained directly from literature.
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Figure 1: The log-normal probability density function (pdf)
for a small (red curve) and large (black curve) uncertainty.
For this example we used x̄ = 1, and Var(x) = 1 (red)
Var(x) = 0.1 (black).
The number of simulations needs to be high enough to have
a statistically significant result. This means that adding more
simulations to the uncertainty analysis should not change the
outcome of the analysis. For that reason we take the average
and standard deviation in the electron temperature and density as a function of time. If the average electron temperature
and density do not change while increasing the number of
simulations with 25%, we assume that the number of simulations is sufficient.

2.3

Pathway analysis

Uncertainty analysis on a large reaction set requires the application of a reduction method. Reduction is required since the
number of simulations which are needed to obtain a statistically significant result may become too large. Ideally, reduction is applied without having impact on the expected result.
To that end the less important reactions are not taken into account in the uncertainty analysis. Pathway analysis is used
to determine the less important reactions. Pathway analysis
is based on the determination of important reaction paths by
connecting reactions.
In the initialization of the pathway analysis tool the species,
densities, rates and reactions are loaded. The reactions are
called pathways now. From the densities and the rates with
which species are produced or consumed a life time of the
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species is calculated. The species are ordered based on descending life time. Iteratively over all species, and with the
species with the shortest life time first, the following steps
are made: Pathways net producing that species are connected
with the pathways net consuming that species. New pathways are formed, and the used pathways are removed. Rates
of the pathways are calculated from the reactions they are
constructed of. The pathways which are left are simplified
such, that there are no pathways that form a sub-set of another pathway. This method is repeated until there are net
no species produced or consumed in the pathways. Figure 2
gives a flow chart of the pathway analysis code. For more
information about this method we refer to [6].
Initialization

in logarithmic scale. The uncertainty is approximately 1 2 eV. This is significant considering the strong non-linear
dependence of many rate coefficients with the mean electron
energy.

6
50% of solutions
5

Temperature (eV)

oral

4

3

2

1

Calculate life time
of species and order

0
1e-10

1e-09

1e-08

Time (s)

Choose species with
shortest life time

Figure 3: The spread in the results of the electron temperature during the power pulse of t =30 ns. Only the 50% of the
results which are closest to the average of the results are depicted. The spread is approximately 1-2 eV during the power
pulse.
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Figure 4 gives the uncertainty in the densities of the vibrational species. Results of the distribution are taken at the end
of the power pulse (at t = 30 ns). The spread in the results is
within half an order of magnitude. Considering the large uncertainty in the electron temperature this is only a moderate
spread.

no
Output

1e+26

1e+24

Results

A dielectric barrier discharge is modeled with a power pulse
of 30 ns, as described in [2]. We have not yet applied pathway analysis to the reactions set yet. The reactions for which
the uncertainty is taken into account is chosen manually. Uncertainties of the electron impact reactions are taken into account, for which the input data is not scaled (category II, section 2.2). Consequently, rate coefficients of 171 reactions out
of a total of 5400 are varied. For this number of variables
32867 simulations are required. Following the method of [1],
50 % of the data which is closest to the average of the results
are depicted, filtering out results which are non-physical. Figure 3 presents the uncertainty in the electron temperature,
during the length of the power pulse. The time axis is given

788

Density (m^(-3))

Figure 2: A flowchart of the pathway analysis code.
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Figure 4: The spread in the density of the asymmetric vibrational modes of CO2 . The data is given at the end of
the power pulse at t =30 ns. The spread in the densities is
roughly half an order of magnitude. Again only 50% of the
results are depicted.
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Outlook

We presented results from our uncertainty analysis study.
Only the uncertainties for the electron impact reactions are
taken into account, which are not obtained via scaling. We
showed that the spread in the electron temperature is, with
1-2 eV, significant. The spread in the population of the vibrational modes is approximately half an order of magnitude.
This is relatively small considering the large uncertainty in
the electron temperature, indicating that the uncertainty in the
electron temperature has a small impact on the density of the
asymmetric vibrational modes of CO2 .
In the presented uncertainty study we did not make use
of pathway analysis yet. Via pathway analysis we want to
determine which reactions are most dominant present in the
model. Based on that we want to determine for which reactions we are going to take the uncertainty in the rate coefficient into account. We want to apply the uncertainty analysis
on the results of a CO2 microwave plasma, with a power pulse
of 1µs.
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discharge for flame initiation.
S.A. Shcherbanev1, J. Williams1, N.A. Popov2, S.M. Starikovskaia1
1

Laboratory of Plasma Physics (CNRS, Ecole Polytechnique, Sorbonne Universities,
University of Pierre and Marie Curie-Paris 6, University Paris-Sud, Observatoire de Paris),
Ecole Polytechnique, route de Saclay, 91128 Palaiseau, France
2
Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow 119991, Leninsky gory, Russia
Abstract: The investigation of the nanosecond surface dielectric barrier discharge
(nSDBD) at elevated gas pressures is the aim of the work. The hydrodynamic effects and
the initiation of combustion of lean H2:air mixtures, (ER=0.5) are studied experimentally.
The discharge was studied in different gas mixtures for the pressure range 1–10 bar. The
ignition is initiated by two different discharge modes: streamer or filamentary nSDBD. The
influence of the discharge structure and energy deposition on the ignition is demonstrated.
Keywords: Nanosecond surface dielectric barrier discharge, plasma-assisted combustion
1. Introduction
Initiation and sustaining of combustion of lean mixtures
at high gas densities is a challenge for the combustion
community. One of the possible solutions is the
ignition/combustion assisted by low temperature
nonequilibrium plasma, or so–called plasma assisted
ignition/combustion (PAI/PAC) [1]. The mechanisms of
plasma assisted ignition and combustion [2,3] include
dissociation of molecular species by electron impact,
energy transfer from electronically excited species, like
N2(B3Πg), N2(C3Πu), O(1D) and others to dissociation or
to fast increase of gas temperature [4] and partial
reforming of fuels [5].
The spatial distribution of active species is
characterised by discharge morphology. Sustaining
homogeneous plasmas at high gas density is a complex
technical problem. A lot of conditions should be fulfilled:
it is necessary to provide significant pre-ionization of gas
mixture by UV or fast electrons [6], to keep the voltage
rise time short enough and so to provide the conditions
when the local field is higher than the critical ionization
field [7] etc.
In nanosecond SDBD the deposited energy is equally
distributed over the set of 100–200 streamers or 40–60
filaments. The nanosecond SDBD was suggested for
PAI/PAC [8] due to the fact that a quasi-uniform plasma
pattern is produced at elevated pressures in the plane of
high voltage electrode for a typical time much shorter
than the ignition delay for combustible mixtures; the
produced plasma is a non-equilibrium plasma acting on
the gas via the production of atoms/radicals/excited
species and temperature increase due to their
recombination and relaxation, and via possible
hydrodynamic effects. Although the advantages of
nSDBD for the initiation of combustion were clearly
demonstrated, the discharge in high–pressure combustible
mixtures was practically not studied and the picture of
ignition of gas mixtures by nSDBD plasma was not clear.
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The aims of the present work are (i) to develop a high
pressure high temperature (HPHT) discharge cell
providing a broad optical access to the discharge and
combustion experiments; (ii) to study the nSDBD
morphology and the conditions of streamer-to-filament
transition at pressures up to 12 bar; (iii) to demonstrate,
on the example of lean hydrogen/air mixtures, a
correlation between the discharge appearance and the
behaviour of the ignition pattern; (iv) to check if the
ignition along the multiple channels, over the maximum
possible surface, can be achieved at elevated pressures.
2. Experimental setup
Dielectric barrier discharge (DBD) is a discharge
originating in a discharge gap at the conditions when at
least one of the electrodes is covered by a dielectric layer.
The current in the DBD is limited by charging of the
dielectric. One of the modifications of DBDs is a surface
DBD (SDBD). In this case, the electrode system has a
"sandwich-like" structure, consisting of the low-voltage
electrode, covered with a thin (fraction of mm) dielectric
layer, and high-voltage (HV) electrode of a smaller
surface, placed upon the dielectric. The discharge starts
from the edge of HV electrode and propagates along the
dielectric surface.

Fig. 1. Cylindrical electrode configuration for initiation of
nanosecond SDBD.
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The cylindrical configuration of SDBD is presented in
Figure 1. The HV electrode has a disk–like shape. In such
electrode geometry the discharge propagates in the radial
direction from the edge of HV electrode.
The high voltage pulse generator (FID Technology,
FPG20-03NM) used in the experiments provided the
following parameters: 2 ns front rise time, 20 ns pulse
duration on the half-height and ±(12 - 30) kV voltage
amplitude in the cable. All experiments were performed
in a single shot regime.
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no closing of the discharge gap. So, it is not a spark but a
kind of transient plasma. Figure 3 demonstrates the
integral ICCD images of streamer (at P=2 bar and U=25 kV) and filamentary (P=6 bar and U=-50 kV) nSDBD.
For the corresponding conditions the energies per channel
are demonstrated below (Fig.3).

Fig. 2. High-pressure chamber.
To study the discharge at high pressure the cubic
chamber was used. The schematic representation of the
high–pressure chamber is demonstrated in figure 2. The
chamber and all flanges are made of stainless steel. The
chamber is equipped with three optical quartz windows,
with a thickness of 15 mm and a diameter of 50 mm. One
optical window is situated in front of the electrode. The
gas was uploaded from the bottom of the chamber (black
arrows in figure 2). The experiments in the chamber were
performed for ambient temperatures and for gas pressures
up to 10 bar.
3. Results
Streamer-to-filament transition. The nanosecond
surface barrier discharge develops as a set of streamers
propagating synchronously and in parallel. In general,
surface streamers represent a complex 3D structure with
strong gradient of electric field and electron density in the
direction perpendicular to the surface. However, in most
cases the distance between streamers is significantly
smaller than their diameter. Therefore, for numerical
simulation 2D model is used and represents the results
that coincide pretty well with experiment.
With increase of gas pressure nanosecond surface DBD
can transform to another, filamentary form when voltage
and/or gas pressure is increased. Transition to filamentary
regime, if it exists in the combustible mixtures, can be
extremely important for re–distribution of energy in the
discharge during the ignition processes. The experiments
of the present work, conducted at higher pressures, and at
lower rise time of the high voltage pulse, show that
filamentation in air and in H2/air happens at both negative
and positive polarity of applied HV pulses and the
parameters (pressure and applied voltage) significantly
depend on the composition of gas mixture.
The filamentation occurs within a few nanoseconds
after the discharge start. For filamentary nSDBD there is

ISPC23, Montreal, Canada

Fig. 3. (a) ICCD images of streamer and filamentary
nSDBD; (b) energy deposition per channel and (c) surface
charge density under streamers and filaments per unit of
area
The energy deposition per channel for two applied
voltages U = −25 and −50 kV as a function of gas
pressure are shown in figure 3 for the discharge in air. In
the first case, when applied voltage is U = −25 kV, the
discharge always is in quasi–uniform mode. When the
voltage amplitude is U = −50 kV, the discharge in air at
pressures 5, 6 and 8 bar is filamentary. It is clearly seen
that the deposited energy is higher for the filamentary
discharge and is not very dependent on gas pressure for
streamer SDBD in the pressure range 1−4 bar. It can be
noticed, that for filamentary discharge the energy
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deposition has a maximum at P = 5−6 bar, and then
decreases with pressure, despite that the discharge
remains filamentary. As far as the deposited energy is
proportional to the product j·E, there are two possibilities
to get high deposited energy in the filamentary mode:
(i) the electric field in the filaments is higher than in
streamers; (ii) the electron density ne is higher in
filaments.
In surface discharges, the electron emission from the
surface of dielectric under the action of UV radiation of
the streamer head can be an important additional process
sustaining the discharge propagation. So, the experimental
study of parameters and of a structure of the surface
dielectric barrier discharge with a different fraction of
hydrocarbons or H2O molecules in the mixture at fixed
high voltage pulse characteristic, pressure and
temperature is an important task in the problem of
plasma–assisted combustion.
Hydrodynamic effects. Gas heating and electrostatic
body force generation are two basic mechanisms
controlling the flow by SDBD plasmas. In AC SDBDs the
dominant mechanism of the effect on the low–speed flows
is associated with ions acceleration in a space charge
region of the plasma, so–called electrohydrodynamic
(EHD) force. In SDBDs powered by high–voltage
nanosecond (∼10−100 ns) pulses, the EHD accelerations
can be neglected. It was suggested in [9] that in the case
of nanoseconds SDBDs the dominant effect of the
discharge on the flow is caused by localized heat
generation.
Figure 4 demonstrated the Schlieren images of the
compression waves produced by streamer and filamentary
nSDBD. The shock wave propagates from the plane of
electrode, in the direction perpendicular to discharge
propagation. During the first few microseconds the
wave’s velocity slightly exceeds the sound speed, M=1.2
for streamer nSDBD and M=1.7 for filamentary
discharge. As far as the streamer discharge covers the
dielectric layer homogenously, the propagating wave can
be considered as a plane disk–like wave. The radius of the
"disk" is practically equal to the discharge radius.
Therefore for P=1 bar the diameter of the compression
wave is higher than that of the streamer discharge at 6 bar.

The first thing that catches an eye is high contrast of the
compression wave produced by filamentary nSDBD. The
ratio between drops for the three considered cases was
estimated and is ∆Ps,1 bar/ ∆Ps,6 bar/ ∆Pf,6 bar=1/1.2/3. That
underlines that fast gas heating processes are considerably
more intense in filamentary nSDBD.
Flame initiation. Lean hydrogen/air mixtures were
selected for the PAI experiments because H2 combustion
is one of the most classical and the most studied
processes.
Both discharge modes, streamer and filamentary, are of
interest for plasma assisted ignition. The conception of
the distributed, multi–point ignition at high pressures is of
particular value. As it was demonstrated, the discharge
morphology is directly related to gas density. In real
systems such as SI engines, we have to deal with elevated
gas pressures. So, to analyze the efficiency of flame
initiation with both discharge modes is a very important
problem.

Fig. 5. Flame propagation initiated by streamer and
filamentary nanosecond SDBD.

Fig. 4. Schlieren images of the shock wave produced by
streamer and filamentary discharges at P=1 and 6 bar.
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To analyze a correlation between the discharge
appearance and the behaviour of the ignition pattern,
imaging of combustion was made for the initial period of
flame development in the discharge cell for two different
amplitudes of the high–voltage pulse. To acquire well
developed filamentary nSDBD the following conditions
were selected: positive polarity HV pulses, P=6 bar,
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equivalence ratio (ER) is 0.5. For streamer discharge the
amplitude of applied pulses was +33 kV, for filamentary +52 kV on the HV electrode.
Figure 5 presents ICCD images of ignition by streamers
and filaments. The first column demonstrates the ignition
by streamers. The combustion kernels are distributed
evenly along the edge of the high-voltage electrode, and
ignition starts from a quasiuniform structure near the
electrode. In this case, maximal energy release is
presumably concentrated near the high-voltage electrode,
whatever polarity is, and synchronous structure of
combustion waves propagates with a high visible velocity.
Emission from excited OH appears approximately 50 µs
after the discharge initiation. The repeatability of the
experiments in this mode is high enough: the scattering of
ignition delay time did not exceed 10%. Total energy
deposition was W=11±2 mJ.
For filamentary mode of of the discharge the flame
initiation is demonstrated right column of Figure 5. This
regime has not been observed before. The total energy
deposition was W = 21±2 mJ. In this mode, similarly to
streamer mode of the discharge, the initial distribution of
energy is inhomogeneous along the discharge channel: a
few bright spots in the near–electrode region can be easily
seen in the frame corresponding to time period t < 150 µs.
The bright spots do not expand and decay in 150−250 µs
(see figure) not influencing the morphology of the
ignition. Combustion starts along entire length of each
filament. We believe that quenching of the bright spots
near the electrode can be explained by heat removal to the
electrode or by non–sufficient size of the ignition kernel.
The ignited channels expand in three directions: (i) in
radial direction, that is elongation of the ignition
channels; (ii) in azimuthal direction; (iii) in direction
perpendicular to the electrode, in the volume of the
discharge chamber.
4. Conclusion
The nanosecond surface dielectric barrier discharge was
studied at elevated pressures. It was found that depending
on the gas pressure and amplitude of applied pulses the
discharge has two modes: streamer and filamentary. The
parameters of the transition to contracted phase, {Pth,Uth},
depend on the gas nature and polarity of the applied pulse.
We conclude that the filamentation is the common and
general phenomenon for the nanosecond surface
discharges at high pressures. The energy deposition per
channel in filaments is at least one order of magnitude
higher than in the streamer mode. Produced regular
structure of the discharge channels with “concentrated”
specific energy is of particular interest for high–pressure
combustion applications. For the first time, plasma
parameters in the channel of a filamentary nSDBD have
been studied.
High energy release in the filament was confirmed by
analysis of hydrodynamic effects. The compression wave
produced by filamentary nSDBD propagates with high
velocities (about M = 1.7) at the very beginning and
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decreases to approximately sound speed within a few µs.
The pressure drop in the front of the compression waves
is ∼3 times higher when the wave is produced by
filamentary nSDBD. More intense heat release is
observed near the dielectric surface for the case of
filamentary nSDBD.
It was found that depending on deposited energy and
discharge mode two different regimes of flame initiation
can be observed: (ii) when energy deposition is high
enough, ∼10 mJ, but the discharge is still in streamer
mode, the quasiuniform ignition of the combustible
mixtures occurs along the perimeter of HV electrode;
(iii) when the discharge is filamentary and energy
deposition is about 15−22 mJ, the ignition starts
uniformly along entire lengths of the filaments.
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Abstract: Plasma technology is considered to have great potential as a gas conversion and
reforming technique. A combined computational and experimental study is presented to
investigate plasma-based multi reforming processes using a dielectric barrier discharge. First
of all an extensive chemistry set has been compiled to investigate these processes and
elucidate the underlying chemical pathways. Secondly, the experimental and calculated
results are compared for varying N2 contents, as well as O2 and H2O addition for CH4/CO2.

Keywords: CO2, CH4, DBD, multi reforming, N2, plasma modelling.
1. Introduction
The conversion of greenhouse gases (mainly CO 2 and
CH4) into value-added chemicals and fuels is one of the
challenges of the 21st century.[1-2] Such a conversion
process can be considered to fit into the visionary “cradleto-cradle” concept, converting waste (greenhouse gases)
into a new feedstock (esp. fuels and raw materials).[3]
The combined reforming of both CH4 and CO2, i.e. dry
reforming of methane (DRM), has therefore gained
significant interest over the years. Its main advantages over
other reforming processes are the use of CO2 as both a
carbon source and oxidizing agent and the production of
syngas (H2/CO) in a ratio which is easily controllable. The
main disadvantage for implementing catalytic DRM on an
industrial scale is its inherent carbon deposition, which
leads to catalyst poisoning. Nevertheless the formation of
synthesis gas by dry reforming of methane could provide a
substantial use for CO2 from industrial and natural
sources.[4] As a result, interest for alternative reforming
technology grew quickly, of which a promising one is nonthermal plasma technology.
Other pathways that are being investigated besides DRM
are the combined conversion of CO2 and H2O,[5] the
partial oxidation of methane (POX),[6] the hydrogenation
of CO2,[7] and the influence of N2 on these processes.[8],
[9] Finally, studies inherently combining some of these
process through biogas reforming have already been
reported as well.[10]
From all these studies in literature, evidence reveals itself
that the right combination of these gases in a plasma-based
multi reforming process might lead to a significant
improvement in conversions, energy efficiency and hence
product yields compared to the independent processes. The
same effect has also been observed for the classical thermal
reforming process.[11]
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Therefore, in this work we present the development of a
0D chemical kinetics model combined with experimental
data, used for a preliminary investigation into the
underlying chemical pathways for future plasma-based
multi reforming processes.
2. Description of the model
2.1. 0D Chemical Kinetics Model
The model used in this work to explain the plasma
chemistry is a zero-dimensional (0D) chemical kinetics
model, called ZDPlaskin.[12] In this model, the timeevolution of the species densities is calculated by balance
equations, taking into account the various production and
loss terms by chemical reactions. Transport processes are
not considered; hence, the species densities are assumed to
be constant in the entire simulation volume. Although this
means that the plasma is treated as a “batch reactor”, we
can convert this to represent a “plug-flow reactor”, which
is indeed close to the real situation, by translating the
temporal behavior into a spatial behavior, as described
below. The rate coefficients of the heavy particle reactions
(i.e., atoms, molecules, radicals, ions, excited species) are
assumed to be constant and adopted from the literature (see
below), whereas the rate coefficients for the electron
impact reactions are calculated with a Boltzmann solver,
BOLSIG+,[13] which is integrated into ZDPlaskin. For a
more detailed description of the model, we refer to the
work of Panchesniy et al.[12]
2.2. Plasma Chemistry Included in the Model
The data necessary to compile the plasma chemistry, was
taken from different sources and expanded with additional
interactions. For example, the CO2 chemistry and the
H2O/O2 chemistry used in this study are mainly adopted
from Aerts et al.[14] and van Gaens et al.,[15] respectively,
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while the DRM and hydrocarbon chemistry was mainly
taken from Snoeckx et al.[16] Finally, the N2 chemistry and
interactions were taken from Snoeckx et al.[9] for the
hydrocarbon interactions, and Heijkers et al.[17] and
Snoeckx et al.[8] for the interactions with the CO2
chemistry. The corresponding rate coefficients and the
references where these data were adopted from are listed
in[8], [9], [14]–[17]
2.3. Application of the 0D model to a DBD reactor
0D models can only calculate the species densities as a
function of time, and thus they neglect spatial variations.
Nevertheless, by using the gas flow rate, the time evolution
can be translated into a spatial evolution (i.e. as a function
of position in the DBD reactor). This spatial evolution is
necessary to mimic the typical filamentary behavior found
in DBDs used for CO2 conversion. On their way
throughout the reactor the gas molecules will pass through
several micro-discharge filaments. This is mimicked in the
model by applying a large number of consecutive
triangular micro-discharge pulses, in the same way as
described in our previous work.[16] This approach has
already proven to be applicable for a variety of conditions,
gas mixtures and different 0D simulation codes.
3. Experimental
The experimental apparatus consisted of a temperature
controlled DBD reactor, a power supply system, a reactant
supply system, and measurement system (as described
before [18]). The temperature-controlled DBD reactor was
composed of a coaxial DBD with a quartz tube with an
inner diameter of 20 mm and a length of 180 mm. A
stainless-steel rod with a diameter of 17.5 mm, was used as
high voltage electrode. A 45mm wide stainless-steel mesh
was wrapped around the tube to serve as a ground
electrode. CH4, CO2 , H2O, O2 and N2 are used as feed
gases with a constant total flow rate of 200 ml min-1 and
several different combinations. The reactor is supplied by
an adjustable high voltage AC power supply, which could
supply voltage and current up to 20 kV and 30 mA. The
discharge power was set to be 10 W, providing a specific
energy input for all investigated cases of 3 J/cm³.
4. Results
First we will show the results for the effect of varying the
N2 content in the mixture (section 4.1), then we will discuss
the effect of adding O2 to the mixture (Section 4.2), and
finally we will discuss the effect of H2O (Section 4.3). For
section 4.2 and 4.3 the CH4 and CO2 content is both 10 %
with the remainder being N2. Figure 1 illustrates the
experimental and calculated conversions of CH4 and CO2
as a function of the N2 (a), O2 (b) and H2O (c) content, for
a 1:1 CH4/CO2 ratio, a fixed total flow rate of 200 ml/min
and a corresponding SEI of 3 J/cm³. From the comparison
between the experimental and calculated results it becomes
clear that in general the model agreement with the
experiments is acceptable, but further optimization is still
needed, as well as additional experimental analyses.
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Fig. 1. Experimental and calculated conversion of CH4
and CO2 diluted in N2 as a function of the N2 (a), O2 (b)
and H2O (c) content, for a 1:1 CH4/CO2 ratio, a fixed total
flow rate of 200 ml/min and a corresponding SEI of 3
J/cm³. For cases (b) and (c) the CO2 and CH4 content was
both 10 % with the remainder being N2.
4.1. Effect of Varying the N2 Content
Effluent gas flows from industrial and Carbon Capture
Sequestration/Utilization/Recycling (CCS/U/R) often
contain impurities, of which in most cases N2 is the main
component. Furthermore, a lot of research on plasma-based
DRM has been performed in diluted N2 streams, without
accounting for its effects on their presented results.
Therefore, it is of great importance to study the effect of N2
on the plasma conversion. The following specific questions
need to be answered: how does N2 affect the conversion
and energy efficiency, and which products (e.g., useful
products or harmful NOx compounds) would be formed. In
our previous work we already investigated the effect of N2
for both pure CH4 reforming,[9] and pure CO2 splitting.[8]
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In both cases the presence of N2 led to unwanted effects,
i.e., soot deposition and NOx production, respectively. In
theory, from a chemical kinetics point of view, this can be
explained by the absence of an oxidant and the absence of
a hydrogen source, respectively. As such, in theory both
unwanted effects should not present themselves for the
DRM process and N2 might have a beneficial effect. Our
preliminary results indicate that this is indeed the case, i.e.,
no excessive soot deposition or NOx production is
observed. This can be explained by the chemical pathways
constructed based on the chemical kinetics modelling
results. Indeed, whereas in a CO2/N2 mixture the O/O2
species react with N/N2 to form NOx,[8] in the presence of
a hydrogen source they form H2O due to the faster reaction
rates of the reactions involved in the latter process.[19]
Regarding the conversion of CH4 and CO2, Figure 1(a)
shows that increasing the N2 content leads to an increase in
the conversions. Additional experiments for a lower N2
content are being performed, as well as a further
optimization of the chemistry set used in the model.
4.2. Effect of the Addition of O2
As mentioned, the addition of O2 to a DRM mixture has
already been investigated experimentally by several
researchers to simulate biogas reforming. To our
knowledge this is, however, the first time that an extensive
chemical kinetics model has been developed for the
mixture of CH4/CO2/O2/N2. Figure 1(b) shows the effect of
the O2 content on the conversion of CH4 and CO2. The
addition of O2 leads to an increase in the CH4 conversion
as a result of POX becoming the dominant process over
DRM. As a result, part of the converted CH4 is oxidized
towards CO and CO2, which in combination with Le
Chatelier’s Principle leads to a severe decrease in the CO2
conversion. While the trend for the calculated CH4
conversion is in good agreement with experiments, the
discrepancy between the experimental and calculation
results for CO2 might be attributed to two possibilities.
First of all, it is well known that carbon deposition on the
surface of DBD reactors can be oxidized to CO and CO 2
by O/O2 species. However, our 0D model does not take
surface reactions into account, neglecting this process. A
second possibility is a mismatch in the model between the
reactions balancing CO and CO2 in the presence of N2 and
especially the interaction with N2 metastable species.
Further investigations will focus on the optimization of the
model for this case.
Figure 2 shows the experimental syngas (H2/CO) ratio as
a function of the O2 content (red curve). From this figure it
becomes clear that upon addition of O2 the syngas ratio
decreases significantly. This clearly cannot be the result of
the partial oxidation of methane to CO and H2 alone, since
theoretically this yields a syngas ratio of one. Together
with the decrease in CO2 conversion, this points to the
decrease of the H2 yield as source for the observed
decrease. Again it is the rapid formation of H2O out of O
and H species, which is responsible for this observed trend.
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4.3. Effect of the Addition of H2O
An interesting co-reactant and hydrogen source for the
conversion of CO2 is H2O. It is not only the most
ubiquitous and cheapest hydrogen source, compared to
CH4 and H2, but in addition, converting CO2 in
combination with H2O to produce value-added products by
using renewable energy would successfully mimic the
natural photosynthesis process. Nevertheless, it appears
that this process is not an interesting one to pursue by
means of plasma technology due to the intrinsic properties
of the process.[5] In a DBD a severe decrease in CO2
conversion and energy efficiency is observed when adding
H2O. This was mainly attributed to the tendency of H
species to recombine with O species to H2O as also
discussed in section 4.1.[5], [19]
However, from Figure 1(c) it becomes clear that the
conversion of both CH4 and CO2 remains almost
unchanged upon addition of an increasing H2O content.
This is good news, since it also becomes evident from
Figure 2 that the experimental syngas ratio increases,
which means that the H2O present is successfully being
converted into H2 as well and the formation of H2O from O
and H species is limited due to Le Chatelier’s principle.

Fig. 2. Experimental H2/CO ratio as a function of the O2
and H2O content, for a 1:1 CH4/CO2 ratio, a fixed total
flow rate of 200 ml/min and a corresponding SEI of 3
J/cm³. The CO2 and CH4 content was both 10 % with the
remainder being N2.
5. Conclusions
First successful steps have been taken towards the
development of a complete chemistry set which can be
used to investigate plasma-based multi reforming
processes and elucidate the underlying chemical pathways,
which allows optimizing the plasma-based reforming
processes in a second step.
From the initial results investigating a possible plasmabased multi reforming process, it has become clear that the
addition of O2 has a beneficial effect on the CH4 conversion
due to a shift towards POX over DRM. Nevertheless, this
results in a severe decrease in CO2 conversion and syngas
ratio. Furthermore, a large fraction of the converted CH4 is
transformed into H2O rather than value-added products.
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The addition of H2O to a CH4/CO2 mixture on the other
hand seems very promising. The influence on the CH4 and
CO2 conversions is negligible, while in a pure CO2/H2O
mixture, H2O addition leads to a drop in CO2
conversion.[5] Furthermore, the syngas ratio increases due
to the effective conversion of H2O into H2, as well as Le
Chatelier’s principle limiting the backward reactions
leading to the formation of H2O.
Future work will first focus on further optimizing the
chemical kinetics model to further evaluate the possibilities
for a plasma-based multi reforming process, with for
example the combined addition of H2O and O2 to simulate
biogas as a feedstock.
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Analysis of Interaction Mechanism for CO2 Methanation Plasma Catalysis by
In-situ Transmission FTIR Technique
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Abstract: Interaction mechanism of CO2 methanation plasma catalysis was investigated by
In-situ transmission FTIR technique. Thin catalyst layer was deposited on an IR
transmissive window by using a modified sol-gel method for direct analysis of plasmacatalyst reaction. The IR beam was transmitted directly through the catalyst layer on which
a plasma was formed under CO2 methanation reaction. The CO2 methanation had taken
place in a reactor and during the plasma generation on the catalyst, the plasma-catalyst
reaction pathway was investigated by the In-situ transmission FTIR technique.
Keywords: transmission technique, CO2 methanation, reaction pathway

1. Introduction
Recently, plasma catalysis has been widely studied to
improve the performance of conventional catalysis. Many
research groups have reported a synergetic effect between
plasma and catalyst, which improved the catalytic activity
and selectivity. They reported that the synergetic effect
was proven by presenting data of improved activity when
the plasma and catalyst were working simultaneously in a
same volume. However, the collected data were almost
obtained by analysing products after the reaction. Even
though we concede their conclusion that the synergetic
effect between plasma and catalyst was proven, strictly
speaking it was not revealed how the synergetic effect
occurs and what happens between the plasma and catalyst.
Eventually, the investigation of the reaction pathway
through the analysis of products after the plasma catalysis
is not perfect way to understand the interaction between
the plasma and catalyst.
Recently, various techniques such as an in-situ FTIR
(Fourier transform infrared)-ATR (Attenuated total
reflectance) and in-situ DRIFTS (Diffuse reflectance
Fourier transform spectroscopy) have been used to
understand the interaction between the plasma and
catalyst. However, the above techniques were an indirect
analysis because the scattered reflection of IR beam on
the surface of catalyst particles was corrected.
In this study, the direct analysis of the plasma catalyst
interactions was applied by using the in-situ transmission
FTIR technique.
2. In-situ Transmission FTIR Technique
The in-situ transmission FTIR reactor is shown in
Fig. 1. The reactor was made of Teflon to generate the
plasma discharging in the outside of the electrode. The
plasma was generated on the ZnSe window of which the
surface was coated by the catalyst. The catalyst-coated
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ZnSe window was possible to the IR beam transmission
for the analysis of chemical species on the catalyst.

Fig. 1. Structure of the in-situ transmission FTIR reactor
3. Catalyst Deposition on IR Transmission Window
The bare γ-Al2O3, 1 wt.% Ni/γ-Al2O3 and 1 wt.% Ru/γAl2O3 catalysts were prepared in this study. The modified
sol-gel method was used for the catalyst deposition on the
IR transmission window. If the catalyst was deposited on
the window directly by using a conventional manner, the
ZnSe window would be damaged during the curing
process at the high temperature. The damage of the
window made the intensity of IR transmittance seriously
reduced. Thus, the plasma-catalyst interaction was not
correctly analysed. Therefore, the modified sol-gel
method was used to prevent the window from being
damaged. First, the catalyst powders were prepared by a
wet-impregnation method on the alumina powders. The
powders were mixed with an alumina sol and then the sol
was deposited on the window. The detailed procedure of
the catalyst deposition on the window is as follows.
The deionized water was heated to 70°C and then in the
heated deionized water, PVA (polyvinyl alcohol) and AIP
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(aluminum isopropoxide) were added and melted by the
agitator. The nitric acid was added to the above solution
to adjust the pH to be 2 at the room temperature. Next, the
catalyst powders were prepared by wet-impregnated
method. The fine alumina powders were immersed on the
catalyst precursor and after the prefect impregnation, the
powders were dried and calcined, resulting that the
catalyst powders were obtained.
The catalyst powders were added in the alumina sol and
stirred for 12 hours. The catalyst sol was deposited on the
surface of ZnSe window by the spin coater. Finally, the
window was dried at the convection oven.
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The Ar (15cc/min), H2 (4cc/min) and CH4 (1cc/min)
was supplied in the reactor through the MFC (mass flow
controller). DBD (Dielectric barrier discharge) plasma
was generated in the vacuum condition of 100 mbar so
that the onset voltage of the plasma discharge was low. If
the plasma occurred at the high voltage, the Teflon reactor
would be damaged. The plasma was generated at 10 kV at
the ambient pressure at 3 kHz. On the other hand, the
plasma generation was initiated at 4 kV in the vacuum
condition of 100 mbar. The plasma discharge across the
catalyst-coated window in the reactor is shown in Fig. 3.

4. Model Reaction of the Plasma Catalysis
Our research group reported that the CO2 methanation
could be activated on the Ru/γ-Al2O3 catalyst under the
plasma even though the activation condition was not
provided. Moreover, CO2 conversion and CH4 selectivity
were considerably improved in comparison with the case
that the catalyst was used only as shown in Fig. 2, and
carbon balance was higher as well. Thus, we guessed that
the different reaction pathway was activated because of
the interaction between the plasma and catalyst.
Unfortunately, the exact reaction pathway was still veiled
because it could not be seen what happened between the
plasma and catalyst during the reaction.

Fig. 3. Picture of the plasma discharge in the reactor at 4
kV and 3 kHz with CO2, H2 and Ar gas at the vacuum
condition of 100 mbar

Fig. 2. Result of CO2 conversion and CH4 selectivity on
the Ru/γ-Al2O3 catalyst under the plasma [1]

Absorbance

5. Possible Interaction Mechanism
The plasma-catalyst interaction was analysed through
the in-situ FTIR transmission technique to understand the
reaction pathway of the CO2 methanation reaction when
the DBD plasma was discharged with CO2, H2 and Ar gas
in the vacuum condition.

The CO2 methanation was selected as a reaction model
as expressed in Eq. 1.
CO2 + 4H2 → CH4 + 2H2O (∆H = -165 KJ/mol)

(1)

1000

2000

3000

4000

-1

The discharge voltage and frequency were 4 kV and 3
kHz, respectively. The plasma was generated in vacuum
condition of 100 mbar for the analysis of the plasmacatalyst interaction. The in-situ transmission FTIR was
used for the direct analysis to investigate the interaction
between the plasma and catalyst during the reaction.
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Fig. 4. The absorbance of the in-situ transmission FTIR
analysis during the CO2 methanation reaction under the
DBD plasma.
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The absorbance signal of the in-situ transmission FTIR
analysis during the CO2 methanation reaction under the
DBD plasma as shown in Fig. 4.
The three groups were found in the in-situ FTIR as
presented in Table. 1. The spectra between 3590 and 3800
cm-1 were the hydroxyl group. The spectra between 3590
and 3650cm-1 were species of phenols and monomeric
alcohols. The peak between 3650 and 3800 cm-1 peak was
H2O [2].
C-H bands at 3000-3300 cm-1 were the chemical bond
of carbon and hydrogen ions. The spectra at 3000 cm-1
were species of aromatic rings and sp2 orbitals. The
spectra at 3300 cm-1 were species of alkanes and sp3
orbitals. Analysing the products of CO2 methanation
reaction, sp2 orbitals were the CH3 bond. In addition, sp3
orbitals were the CH4 bond. The spectra between 2250
and 2400 cm-1 were CO2 gas, which means that the
conversion of CO2.
The spectra of carbon-oxygen double bond were species
of aldehydes, ketones and carboxylic acids at 1690-1760
cm-1. The spectra between 1050 and 1300cm-1 were the
carbon-oxygen single bond by CO2 dissolution. In
addition, these spectra were species of alcohols and ethers.

The species corresponding to OES spectra in the CO2
methanation reaction by plasma-catalyst interaction is
presented in Table 2.
The species of H, CH and OH was detected in the result
of OES analysis. In addition, the spectra of OES analysis
were different according to the catalyst.
The emission spectra of OES analysis during the
plasma-catalyst interaction are shown in Fig. 5, 6. Under
the DBD plasma discharge in the vacuum condition,
emissions from CH radicals (314 nm, 387 nm, 431 nm), H
atoms (434 nm, H𝛾 ; 410 nm, H𝛿 ; 486.1 nm, H𝛽 ; 656.28
nm, H𝛼 ; 820 nm, H + ) were observed by OES analysis.
When using Ru/γ-Al2O3 catalysts, the spectra of C-H
radicals at 387nm were observed higher than others. The
spectra of C-H radical (431nm) and H𝛽 (486.1nm) were
observed when the DBD plasma discharge at Ru/γ-Al2O3
catalysts. Emissions of OH radical (434nm) and Ar (700800nm) were observed by OES analysis.

Table 1. The peak able to observed CO2 methanation
Group

Peak(cm-1)

Group

Peak(cm-1)

O-H

3600

C=C

1650

C-H

3000

C=O

1750

C≡C

2150

C-O

1100

If CO2 methanation reaction was occurred by the DBD
plasma discharge, the electron transfer was occurred
between gas species. The electron transfer was occurred
at the right of particular wavelengths. In the study, OES
(optical emission spectroscopy) was used to investigate
the electron transfer.

300

350

400

450

500

Wavelength[nm]
alumina catalyst

Ni catalyst

Ru catalyst

Fig. 5. Result of OES analysis at 150 gr, 500 nm blazed 350 centered (wavelength range of 300-500nm)

Table 2. OES peak of CO2 methanation reaction with
DBD plasma [3, 4, 5]
Species

Transition

Peak(nm)

H𝛾

Balmer n = 5 → n = 2

434

H𝛿

Balmer n = 6 → n = 2

410

H𝛽

Balmer n = 4 → n = 2

486.1

H𝛼

Balmer n ≥ 3 → n = 2

656.28

+

Paschen n = 1 → n = 3

820

H

2 +a

2

C Σ → X Π
B 2 ∆ → X1 Π
A2 ∆ → X 2 Π

314,
387,
431

CH +

A1 Π → X1 Σ

417.1

OH

C−B

434

CH

802

600

650

700

750

800

850

Wavelength[nm]
Alumina catalyst

Ni catalyst

Ru catalyst

Fig. 6. Result of OES analysis at 150 gr, 500 nm blazed 650 centered (wavelength range of 600-850nm)
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6. Conclusion
The plasma-catalyst interaction was studied to unveil
the chemical reaction pathway during the plasma catalysis
by using the in-situ transmission FTIR technique. In this
study, CO2 methanation under the plasma was analysed to
investigate the interaction mechanism between the plasma
and catalyst. The thin catalyst layer was deposited on the
IR transmission window. The DBD plasma was generated
on the catalyst at the discharge conditions of 4 kV and 3
kHz in the vacuum condition of 100 mbar. The CO2, H2
and Ar gas were supplied to plasma reactor that was
developed for the in-situ FTIR to probe the improved
performance of CO2 methanation under the plasma. As a
result, the different OES emission spectra were observed
according to whether the plasma was applied or not. The
interaction between the plasma and catalyst was analysed
according to the wavelength of the OES spectra for more
detailed observation of the chemical reaction pathway.
The H atoms and CH radicals were observed from the
result of the in-situ OES and in-situ transmission FTIR
analysis. The radicals that was generated by the plasma
were an important factor to activate the interaction
between the plasma and catalyst.
7. References
[1] Chung Jun Lee, Dae Hoon Lee, Taegyu Kim, Catal.
Today (2017) 8.
[2] M. Goujon, T. Belmonte, G. Henrion, Surface &
Coatings Technology 188-189(2004) 756-761
[3] Zheng Bo, Yong Yang, Junhong Chen,
Nanoscale 5.12 (2013): 5180-5204
[4] R. Bogdanowicz, Acta Phys. Pol. A 114(2008) 33-38
[5] Fendrych, Frantisek, Journal of Physics D, Applied
Physics 43.37 (2010) 374018.
8. Acknowledgement
Funding: This research was supported by the Basic
Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Science, ICT and Future Planning [grant number
2014R1A2A1A11054686].

ISPC23, Montreal, Canada

803

oral

Plasma-assisted conversion, combustion and aerodynamics

Direct CO2 hydrogenation to synthesize Methanol in a Dielectric Barrier
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Abstract: The output of most of the renewable energy sources is in the form of electrical
energy, hence use of plasma for the synthesis of methanol from recycled CO2 is a
promising way to introduce this renewable energy in the CO2 neutral cycle. In this study
plasma-assisted catalytic hydrogenation of CO2 to yield Methanol is being investigated by
means of DBD reactor at ambient pressure and temperature. The scans of performance will
be discussed in the light of DBD specific plasma chemistry.
Keywords: Dielectric Barrier Discharge, CO2, methanol, plasma, catalysis
1. Introduction
Energy crisis and fuel shortage are already taking their
toll on the mankind and the situation is getting worsened
by the increasing levels of carbon dioxide (CO2) in our
atmosphere. Converting CO2 to a feedstock for the
manufacture of chemicals and fuels i.e. methanol, has
been suggested to be one of the best ways of storing
energy as well as CO2 recycle [1]. Current techniques of
CO2 hydrogenation to methanol are falling short as they
require high temperature, high pressure, high cost and
give low yields, but plasma assisted catalytic conversion
can help us achieving this goal. Utilization of plasma for
this synthesis of methanol from recycled CO2 is a
favourable method to introduce this renewable energy in
the CO2 neutral cycle since output of most of the
renewable energy sources is in the form of electrical
energy. The synergistic catalytic effect between the nonequilibrium cold plasma and suitable catalyst can
synthesize the methanol directly from CO2 and H2 under
low temperature and atmospheric pressure [2,3].
CO2 + 3H2↔ CH3OH + H2O ΔH25°C = −49.5 kJ/mol

(1)

The above reaction (eq. 1) is facilitated at high pressure
and low temperature as it is highly exothermic and results
in a reduction in the number of molecules. Also CO2 is a
highly oxidized, thermodynamically stable compound
having lower activity. Hence in order to perform direct
hydrogenation of CO2, it is necessary to overcome a
thermodynamic barrier at ambient conditions [5].

also initiate changes in catalyst resulting in modification
of its catalytic properties, which renders it to be a key
process parameter. This synergy between catalyst and
plasma benefits the reaction by making the reaction
conditions of pressure and temperature milder [6,7].
Although this synergy increases the complexity of
understanding the reaction kinetics/mechanism, it can be
used to affect the methanol yield positively. Hence, a
systematic approach is being developed in an attempt to
understand the underlying reaction mechanism. The latest
experimental results of the plasma-assisted catalytic
hydrogenation study of CO2 till the end of June, 2017 will
be presented in the conference.
2. Experimental
The schematic of experimental setup is shown in the
fig. 1. The plasma assisted catalytic experiments were
carried out in a cylindrical reactor made up of quartz.
Here quartz serve as reactor material as well as dielectric
barrier required for the generation of the plasma
discharge. The outer diameter of the reactor is 10mm and
inner diameter is 6mm, making dielectric barrier thickness
to be 2mm. The discharge zone in the reactor is 100mm
long. Discharge gap was 2mm determined by the diameter
of inner electrode (2mm). A stainless steel mesh wrapped
around the reactor serves as ground electrode.
High Voltage
(AC) Power
Supply

Oscilloscope
Product out

MFC
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MFC

Computer

DBD Reactor

H2

Optic Fiber

CO2

Plasma-assisted Catalytic hydrogenation of CO2 to
yield Methanol is being investigated by using Dielectric
barrier Discharge (DBD) reactor, as it has potential for
scale-up, evident from its industrial establishment in
various fields. Catalysts are specially tailored to maximize
methanol production via plasma-catalyst synergy. Plasmacatalyst combination affects the hydrogenation reaction
either by modifying the input gases individually or the
reactant gases as whole [1,4]. The plasma discharge can

Optical Emission
Spectroscope

Gas Chromatograph

Fig. 1. Schematic representation of experimental setup
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The inner electrode is connected to high voltage power
supply (AFS G15S-150K). And this applied voltage is
measured using a high voltage probe (Tek P6015A). Also,
an external capacitor (100nF) is connected at the ground
electrode end and voltage on this capacitor is measured to
obtain the generated charges (Q) in the plasma. Plotting Q
as a function of the applied voltage (U) gives a Q-U
Lissajous plot. All electrical signals are recorded by an
oscilloscope (Picoscope 3405D).
The reactant gases, hydrogen and carbon dioxide were
supplied to the reactor via mass flow controllers
(Bronkhorst). The products were analysed by an online
Gas Chromatograph (Thermo Scientific). And further
calculations are done using following formulae (2&3).
For real time plasma diagnostics, emitted light from
plasma zone is collected by an optic fibre cable and these
signals are measured using an Optical Emission
spectroscope (OES- Ocean optics).
The conversion, X, of CO2 is defined as:
𝐶𝐶𝐶𝐶2,in − 𝐶𝐶𝐶𝐶2,out
𝑋𝑋 (%) =
𝑥𝑥100
(2)
𝐶𝐶𝐶𝐶2,in
The Specific Energy Input (SEI) is defined as:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊)
𝐽𝐽
(3)
𝑆𝑆𝑆𝑆𝑆𝑆 � � =
1
𝑚𝑚𝑚𝑚
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚)𝑥𝑥( )
60

This reactor is operated at atmospheric pressure and
reactor wall temperatures from 25 to 100 °C. Total gas
flow is varied from 20 ml/min to 400 ml/min. The high
voltage supplied is a sinusoidal alternating current
operated at 50 kHz. The catalyst is packed in the form of
pellets in the active plasma zone. The catalysts used for
this research are synthesized in the lab by standard coprecipitation and/or impregnation. The blank runs without
catalyst are also performed for comparison purpose.

3. Results and discussion
The hydrogenation of CO2 was investigated in the DBD
reactor in absence of a catalyst. Applied power was varied
through power supply and flow rates of input gases are
kept constant. With higher SEI, conversion of CO2
increases but in absence of a catalyst selectivity of
methanol is very low and mainly carbon monoxide is
formed with a significant amount of methane (figure 2a).
Sometimes traces of ethane and ethylene are also
observed. Initial experiments were also performed using
CuO-ZnO/Al2O3 catalyst. Prior to the reaction, the
catalyst was reduced in the DBD reactor itself with 20%
H2 in argon plasma for 60 mins. By this catalyst we did
not observe any significant change in the conversion of
CO2, but selectivity towards methanol has increased
compared to that of blank case (figure 2b). Therefore it
can be concluded that use of catalyst packing in active
plasma zone is beneficial to increase selectivity of
methanol. Along with enhanced electric field effect a
catalyst also provides surface sites to carry forward the
reaction. Hence use of specially tailored catalyst for this
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particular reaction scheme can be beneficial to increase
overall yield of methanol from direct hydrogenation of
CO2. The research including these tailored catalysts is
currently under investigation and the results will be
presented in the conference.

(a)
(b)
Fig. 2a & 2b. Frequency: 50 kHz and 1:3 CO2:H2 ratio,
total flow rate: 40ml/min, Pressure: atmospheric, T:
100°C, for (a) No catalytic packing
4. Outlook
Ozone production, analytical techniques, surface
treatment, etc. have exploited plasma technology
industrially. However, plasma technologies for synthesis
of chemicals, bulk as well as fine, are underdeveloped for
industrial applications. The main reasons being lower
product yield and energy inefficiency of plasma assisted
processes compared to that of conventional ones. Hence
this research aims to achieve higher energy efficiency,
higher product yield and a holistic evaluation to give
green and cheap solutions for the future industrialization
of plasma assisted CO2 valorisation.
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Characteristics of an Atmospheric Pressure Diffuse Nanosecond Pulsed
Discharge for Methane Dissociation
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Abstract: This contribution presents a preliminary characterization of an atmospheric
pressure diffuse discharge in methane using optical emission spectroscopy and electrical
measurements. Excited species in the plasma were identified and the measured energy per
pulse was correlated to the intensity of atomic and molecular emission lines as well as the
broadening of atomic hydrogen lines. There is a correlation of deposited energy per pulse to
emission intensity up to 1.96 mJ/pulse, after which the emission intensity remains almost
constant. Electron number density for this type of discharge was estimated at 1015 – 1016 cm‑3.
Keywords: Fuel reforming, repetitively pulsed plasma, nanosecond discharges, atmospheric
glow discharge, optical diagnostics.
1. Introduction
A recent rise in energy demand has prompted the fastgrowing need for new energy sources. A long-overdue
attention is now paid to renewable and clean energy
alternatives to reduce greenhouse gas emissions and our
dependency on fossil fuels. Hydrogen is an attractive
energy carrier because it oxidizes without producing
carbon emissions. Today, hydrocarbon reforming is the
main process by which hydrogen is produced [1].
Additionally, reforming processes can also be adapted to
enhance the reactivity of low calorific value fuels and low
reactivity conditions such as lean-premixed combustion
[2]. Therefore, fuel reformers represent an interesting
technology to be further developed.
Traditional fuel reformers are a mature technology, and
research in this field currently focuses on process
optimization. Traditional methane reforming for hydrogen
generation is a high-temperature and high-pressure process
involving transition metal catalysts [3]. The harsh
operating conditions of these reformers require that these
devices are often bulky, and built from specialized
construction materials. Transition-metal catalysts are
prone to coking, which leads to their deactivation [4].
Typically, non-thermal plasma processes do not require
a catalyst, and operate at low translational temperatures to
efficiently break down molecular bonds. Many plasma
sources, such as thermal plasma torches, dielectric barrier
discharges (DBD), corona, glow, and microwave
discharges, have been used for reforming [5-9]. Nonthermal plasma sources based on glow and corona
discharges sustain high electron temperatures and number
densities, while the gas remains close to room temperature.
These sources are energy efficient as bulk heating of the
gas is minimized. Non-thermal plasma can be easily
produced at low pressures, which unfortunately implies
low reforming conversion [5] and additional infrastructure.
At atmospheric pressure, large, uniform diffuse discharges
can be produced using short-duration high-voltage pulses.
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Such an excitation scheme produces non-equilibrium
plasmas with high energy electrons and highly
vibrationally excited molecules [8,9]. Overall, nanosecond
pulsed discharges offer a high number density of highly
reactive species at low temperature, enabling promising
reactions and pathways.
In this contribution, we present the characterization of a
diffuse nanosecond pulsed discharge produced in pure
methane at atmospheric pressure. The discharge is
electrically characterized, and the energy per pulse is
reported for each applied voltage level. Optical emission
spectroscopy (OES) is used to characterize the plasma, and
correlate emission intensity with the energy calculations.
Finally, a preliminary assessment is made on the
applications of this technology for fuel reforming.
2. Experimental
Fig. 1 shows the experimental setup used in this study. A
homemade nanosecond high-voltage pulse generator
capable of reaching 40 kV pulse amplitude, at a repetition
rate of 1 kHz [10], is used to produce ns-duration
atmospheric pressure diffuse discharges in CH4 between a
needle anode and a grounded mesh.

Fig. 1. Schematic of the experimental setup.
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A needle embedded in a ceramic to prevent corona
formation outside the reactor is used as anode and conduit
to feed CH4 to the reactor. The grounded mesh cathode is
mounted on an axial translation stage allowing the pin-tomesh distance to be varied. This distance enables control
of the voltage pulse amplitude, in the diffuse regime, as
well as its shape. This inter electrode gap is enclosed in an
optically accessible 20 mm I.D. quartz tube.
CH4 is injected at a flow rate of 1 slpm. The optical
emission from the discharge is measured using an
intensity-calibrated spectrometer. The applied voltage is
measured with a passive high voltage probe (Tektronix
P6015A) while the current is measured using a wideband
current transformer (Pearson Electronics model 110A).
The initial inter-electrode distance was 1.2 cm. This initial
distance was experimentally determined as the shortest gap
allowing for the generation of a diffuse plasma. The interelectrode gap was increased in steps of 0.15 cm (the
minimum increment of this setup). The maximum
attainable gap for diffuse plasma generation was 2.1 cm.
Above this value, spark discharges are produced at any
applied voltage. Measurements were performed at 7
equally-spaced positions. The pulse generator repetition
rate was set to 1 kHz for all experiments.

Fig. 3. shows the instantaneous peak power and energy
per pulse for each inter-electrode distance. The peak power
and energy per pulse delivered to the diffuse discharge
steadily increase as the inter-electrode distance increases.
These increased almost linearly up to 1.95 cm of interelectrode distance, point at which energy and peak power
plateaued.

3. Results and Discussion
Fig. 2 shows the applied voltage waveforms,
corresponding to each of the 7 different inter-electrode
distances. The peak voltage varied from 15.1 to 26.7 kV
and the pulse duration at half-maximum ranged 167 to 85
ns, respectively. The voltage waveforms were obtained for
the highest voltage amplitudes giving rise to a diffuse
discharge for a given inter-electrode gap. Above this value,
a spark discharge was produced. The results show that, as
the inter-electrode gap increases, the maximum voltage
under which a diffuse discharge can be sustained increases
until the threshold for spark discharge ignition is reached.
This trend continues up to a pulse amplitude of 26.7 kV,
after which, even though the pulse generator can deliver
higher voltages and narrower pulses, no diffuse discharge
could be sustained in CH4.

Fig 3. Instantaneous peak power and energy per pulse (E)
as a function of inter-electrode distance (d).

Fig. 2. Voltage waveform for different inter-electrode
distances.

ISPC23, Montreal, Canada

Fig 4. shows a typical emission spectrum collected at the
tip of the needle, with a digital photograph of the diffuse
discharge in the insert. The C2(A3Πg–X3Πu) transition is
responsible for the strongest emission. CH(A2Δ–X 2Π) and
CH(C2Σ+–X2Π) transitions, as well as atomic hydrogen
(Hα) can also be observed suggesting a high degree of CH4
dissociation in the discharge. The continuous background
emission is suspected to be molecular hydrogen [7], but no
confirmation was made.

Fig. 4. Emission spectrum of the discharge with digital
photography insert (d = 1.8 cm, Vpeak = 25 kV).
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Analysing how intensity changed for each excited
species as the energy per pulse changed, it was found that
as more energy was deposited into the gas, the emission
increased for all excited species up to a certain point, as
seen in Fig. 5. The strongest emission corresponds to the
(0-0) vibrational band of C2(A3Πg–X3Πu) at a deposited
energy of 1.96 mJ/per pulse. Above this value, there
appears to be no correlation with energy deposited per
pulse.

Fig. 5. Emission intensities as a function of energy per
pulse (E).
Assuming an optically thin medium and normalizing
C2(A3Πg–X3Πu) emission spectra with respect to the
highest intensity of the (0-0) vibrational band as seen in
Fig. 6, a change of intensity of the other vibrational band
heads is observed. This change suggests that the C2(A3Πg)
vibrational levels become more heavily populated.

Fig. 6. Normalized C2(A3Πg–X3Πu) band emission
profiles.
The intensity ratios with respect to the (0-0) vibrational
band head can be seen in Fig. 7. An increasing trend with
increasing energy deposition is observed up to 2.3 mJ. A
similar trend happens with power and increasing inter-
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electrode distance, suggesting a relationship between the
available power and vibrational excitation of C2(A3Πg).
The increase in vibrational temperature indicates that C2
becomes more reactive as the energy per pulse increases.
The increase in emission intensity implies that the
production of carbon species (C and C2) increases as well
[11]. This leads us to believe that in the presence of other
reactants, like O2 in partial oxidation, carbon products such
as CO and CO2 can be produced in significant quantities.

Fig. 7. C2 vibrational band intensity ratios as a function
of energy per pulse (E).
Atomic hydrogen was also observed in the spectra. The
increase in the atomic line intensity can be seen in Fig. 6.
Fig. 8 shows the peak broadening of the Hα transition. The
broadening of the Hα line is due to the effects of resonant,
Van der Waals, Doppler, instrumental and more
importantly, Stark broadening. If the contribution of the
latter is extracted from the overall width, it is possible to
obtain the electron number density of the plasma at the
anode tip.

Fig. 8. Normalized Hα emission line profiles.
Broadening of the Hα line depends mostly on properties
of the emitting particle and background gas. The equations
used for the calculations in this work are described in [12]
except for the Van der Waals broadening which depends
on the surrounding gas. The latter was calculated assuming
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methane as the main perturber, with a polarizability of
2.6x10-30 m3 and using the equation described by [13].
With these, the Stark broadening contribution was
extracted and the electron number density calculated as
seen in Fig. 9.

Fig. 9. Electron number density (ne) as a function of
energy per pulse (E).
Line broadening depends on the gas temperature. Since
this parameter was not explicitly determined, Fig. 9 shows
the uncertainty as error bars. However, a range in electron
number densities (ne) from 1015 to 1016 cm‑3 is clear. These
values are higher than what is typically observed with other
non-thermal plasma sources used for reforming [14].
Assuming that most of the dissociation is due to electron
impact and since the produced diffuse discharges have a
high electron number density, this plasma source shows
interesting performance in the context of fuel reforming.
4. Conclusion
Optical emission spectroscopy and electrical diagnostics
were used to investigate diffuse atmospheric pressure
pulsed nanosecond discharge in CH4. Increasing the energy
deposition per pulse increased the emission intensity of all
characteristic atomic and molecular emission lines up to a
certain point. Following a similar trend, vibrational band
ratios increased suggesting an increase in C2 vibrational
temperature. Finally, we estimated the electron density to
be in the 1015 to 1016 cm‑3 range, which values are very
high. We conclude that this plasma source shows great
promise for gas dissociation and fuel reforming.
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The heat of plasma controlled kinetic aspects of octane reforming assisted by AC
rotating arc plasma
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Abstract: This study investigated effects of the thermal condition on the kinetic aspects of
synthesis gas production by reforming octane using the rotating arc plasma around the
partial oxidation. At a constant of O2/C ratio, an increase of temperature in the reaction
chamber is mainly controlled by heat of plasma which is proportional to the plasma power
or the specific energy input (SEI) in the case of a constant total flowrate. The selectivity of
synthesis gases rapidly increases with an increase of SEI while an oxygen excess can
increase or decrease the synthesis gas selectivity, which depended on the SEI range. An
optimized O2/C ratio for the synthesis gas production is revealed basing on the maximum
value of energy efficiency at each SEI.
Keywords: Rotating arc, gasoline reforming, oxygen to carbon ratio, oxygen excess.
1. Introduction and reaction performance assessment
1.1. Introduction
To have a better knowledge about the kinetic aspects of
heavy hydrocarbon reforming using a low temperature
plasma, this study focused on heat of plasma effect on the
synthesis gas production by oxidation of n-octane using a
AC rotating arc, [1-2]. The thermal effects on the kinetic
aspects were extremely studied. Sources heat determined
the temperature in the reaction chamber was quantified.
The study also revealed that kinetic aspects of the
reforming process and an optimal O2/C ratio for
maximum synthesis gas selectivity depend on the SEI
which is defined by ratio of the real power consumption
(Pin) per the total flow rate (F).
1.2. Experiment
In this study, the rotating arc includes a high voltage
electrode which have a conical shape and a cylindrical
ground electrode. The arc is made by an AC power supply.
Firstly, the arc is ignited at the closest gap between those
electrodes (at the left, and about 30(mm) far from the tip of
the high voltage electrode). After that it wrists and elongates
to make a larger plasma volume. The arc is rotated by the
fluidic force which is made by a swirling flow within the
reactor because an air flow is inserted tangentially. The fuel
inlet is inserted into the reactor though out 4 small holes
(0.5mm) located in circumference of the surface of high
voltage electrode, and 15mm far from smallest gap between
two electrodes. A 3D shape of the reactor was pointed in the
previous literature [3].To have convenience in labeling
measured temperatures, a coordinate is set with the zero
point is at the tip of the high voltage electrode, in fig.1.
To study thermal effects on the synthesis gas
production, the residence time should be kept a constant
by fixing the air flow rate (8 slpm). An experiment model
is designed as figure 1. Only one sample is gotten at a
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distance of 100 (mm) far from the high voltage electrode,
the residence time is about 0.2(s). Six thermal couples are
arranged along with reactor length to get information
about inside and surface temperature in the reaction
volume from the ignition point. All information about
heat sources will be revealed as well as quantified basing
on the temperature information and product one. In the
described coordinate, the position of ignition and TC3
(x=-30mm), TC4 (x=0mm), TC1 and TC5 (x=50mm),
sample, TC2, and TC6 (x=100mm). The sampling line is
installed with quenching devices by bigger volumes
which are filled by with alumina beads of the diameter
less than 1(mm).

Fig.1. Experiment design; 1) oscilloscope, 2) isolation
layer 3) high voltage electrode, 4) ground, 5) quenching
system.
1.3. Reaction assessment
SEL(CHC )(%) =

x ∑ nCx Hy
8nf

× 100(%)

(1)
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nCO2 +nCO +x ∑ nCx Hy
8nf

FCO LHVCO +FH2 LHVH2

η=

× 100(%

× 100(%

QC8 H18 LHVC8 H18 +Pin

1800

(2)

Where SEL(CHC), Xf, η are selectivity of C molecule in
total hydrocarbon, fuel conversion, and energy efficiency
respectively. Fi and LHVi are molar flowrate and lower
heating value of chemical species i, P in is the real plasma
power applied.
2. Results and discussion
2.1. Equilibrium calculation
The equilibrium is calculated at a given constant of
pressure and temperature. The results pointed that an
increase of temperature promoted an increase of both H 2
and CO selectivity while selectivity of CO2, CH4 and C(s)
reduce, fig.2a. In addition, at an enough high temperature,
more than 1300K, the selectivity of H2 and CO get the
maximum value at the partial oxidation, fig.2b. However,
at a low temperature condition, about 800K, a lot of
methane and C(s) remained. So selectivity of synthesis
gas slightly increases with an oxygen addition because of
oxidation of methane and C(s) to synthesis gas, fig.2c.
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Fig.2. Selectivity of H2/CO/CO2/CH4/C(s) derived from
equilibrium; (a) at different temperatures, O2/C=0.6, (b)
an additional oxygen, T=1300K, (c) an additional
oxygen, T=800K.
2.2. Temperature characteristics and plasma efficiency
a. Temperature characteristics
In a real reforming process, because the O2/C ratio is
usually around the partial oxidation the temperature in
reaction chamber is not high as that is calculated at the
adiabatic condition, fig.3a. The real temperature is around
800(K) to under 1000(K) while the temperature at the
adiabatic condition always higher 1100(K).
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Fig.3. (a) The temperature against O2/C ratio, measured
temperature at x=50(mm), and SEI=1.2 kJ/L; (b) The
temperature profile inside and on surface of the reaction
chamber, SEI=1.2 kJ/L.

20

1000

80 80

20 20

900

600

0
0.3

40

Temperature (K)

100 100

20

900

60

(a)

80

40 40

1200

(b)

100

40

1200

80

0
500

60 60

1500

100

20

60

1800

1500

(3)

Real temperature (K)

Xf (%) =

poster

0

b. Plasma efficiency
In this study, an experiment is done with only air (8
slpm) inlet to calculate the plasma efficiency. There is no
reaction occurring in the reaction chamber because of no
inserted fuel. The temperature of gas inlet is 300K which
is heated by only the plasma arc. Heat balance can be
written.
(∑ 𝑛𝑖 𝐶𝑝𝑖 ) × ∆𝑇 = μ × Pin − 𝑄𝐿

(4)

The heat loss is divided into 3 different parts basing the
change of surface temperature profile and surface area:
QL1: heat loss in the area of 30mm length from the
ignition point to the tip of the high voltage electrode
(from x=-30mm to x=0mm), QL2: heat loss in the area of
50mm length from the tip of the high voltage electrode to
50mm far from that (from x=0 to x=50mm, and Q L3: heat
loss in the area of 50mm length from 50mm to 100mm far
from the tip of the high voltage electrode (from x=50 to
x=100mm), fig.3b.
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3

𝑄𝐿1 > 𝑄𝐿3
5
𝑄𝐿2 > 𝑄𝐿3

(5)
(6)

With above assessments, the total heat loss in the
studied reaction volume is evaluated in the bellow disequation 7.
30

3

𝑄𝐿 = 𝑄𝐿1 + 𝑄𝐿2 + 𝑄𝐿3 > 𝑄𝐿3 + 𝑄𝐿3 + 𝑄𝐿3 =
5

25

13
5

15

8)

10

Using Eq. 4, dis-Eq. 7, and Eq.8, dis-Eq. 9 is derived.
μ>

13
𝑄
5 𝐿3

(∑ 𝑛𝑖 𝐶𝑝𝑖 )×∆𝑇+
Pin

b) Heat of plasma effect on the reaction kinetic aspect
The experimental result showed that the selectivity of
both H2 and CO increase fast while fuel conversion rate is
slightly increase with a higher temperature.

𝑄𝐿3
(7)

Where: QL3 can be accurately calculated by20 Eq.8 by
experimental data.
𝑖𝑛
𝑖𝑛
𝑄𝐿3 = (∑ 𝑛𝑖 𝐶𝑝𝑖 ) × (𝑇𝑥=0.05
− 𝑇𝑥=0.1
)

The calculation result showed that the contribution of
heat of plasma increases from estimated 15% to 65% heat
of reaction, fig.4b. In addition, in this study, heat loss is
quit big, about 55% total heat (sum of heat of plasma and
heat of reaction) at O2/C=0.6.

(9)

This evaluation pointed that it is about 40% of plasma
50
power.

5
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2.3. Heat of plasma
40
a. Heat source
An increase of plasma power is mainly referred to an
30 of reaction
increase of the heat of plasma, fig.4a, [4]. Heat
can be estimated basing on the enthalpy formation of the
reactants and the product.
20
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0
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Basing on the surface temperature profile, and heat
transfer area of each heat loss component, 2 dis-equations
can be derived.
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Fig.5. Selectivity of H2/CO/CO2 /CHC obtained from
experiment at different SEIs O2/C=0.6.
At low temperature conditions (at O2/C=0.6, SEI<0.85
kJ/L), all fuel conversion rate, selectivity of CO, CO2, and
CHC increase with the increase of temperature. It pointed
that oxidation and cracking remained fuel is main reaction
which increased both synthesis gas and hydro carbon (C1C4), fig.5. However, at high enough temperature (at
O2/C=0.6, SEI>0.85 kJ/L), the fuel conversion is almost
unchanged while the total selectivity of CO and CO 2
increase oppositely with decrease of that of CHC. This
point revealed that almost fuel converted. However
selectivity of carbon monoxide still increases with a
higher temperature because of a continuous oxidation of
hydrocarbon species (C1-C4) to produce synthesis gas.

Fig.4. (a) Measured value of plasma current and voltage
at O2/C=0.7; (b) main heat sources, O2/C=0.6.
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2.4. The O2/C effect
The experimental data pointed that in the range of SEI
increases from 0.55kJ/L to 2kJ/L, the energy efficiency
always increases because of a fast increase of the both
hydrogen and carbon monoxide. However, highest energy
efficiency does not always is at the partial oxidation. At
low SEI (lower 1.6 kJ/L), the highest energy efficiency
value is obtained at a higher O2/C ration that the partial
oxidation (at O2/C=0.8 when SEI=0.55 kJ/L). At high SEI
(higher
2kJ/L),
the 0.5maximum
energy
efficiency
is 0.9
at the
0.3
0.4
0.6
0.7
0.8
partial oxidation, fig.6a. A line is named “optimized
condition” also is drawn, which collected the highest
energy efficiency condition in the low SEI range, less
than 2kJ/L.

Energy efficiency (%)
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Fig.6. (a) Energy efficiency at different O2/C ratios and
SEIs; (b) Selectivity of H2/CO/CO2/CHC and fuel
conversion rate at a low SEI (0.55 kJ/L).
In this study, at low temperature condition, means both
low SEI and low O2/C ratio, (SEI=0.55 kJ/L and
O2/C=0.4÷0.6), all selectivity of CHC and CO2, and fuel
conversion rate increase with an oxygen excess which
showed that remained fuel oxidation is main source to
increase both selectivity of CO2 as well as that of CHC,
fig.6b [5].
However at high enough temperature
condition (O2/C is higher than 0.6 or SEI is higher 1.2
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KJ/L), the selectivity of CHC decreases opposite with an
increase of selectivity of CO2 and fuel conversion rate
only slightly increase which pointed that hydrocarbon
oxidation is main source to an increase of CO2 selectivity.
3. Conclusion
Thermal effect on synthesis gas production of the
reforming octane using a rotating arc is extremely studied.
Plasma efficiency and main heat sources were quantified.
The research pointed that heat of plasma controlled the
kinetic aspect of reaction. Firstly, it contributed about
15%-65% heat of reaction in this study. Increase of heat
always refers to increase of synthesis gas as well as
energy efficiency even when almost fuel is converted.
This
is because hydrocarbon still continuously is oxidized
20
to produce synthesis gas. Secondly, heat of plasma
determined the optimal O2/C ratio for the highest energy
efficiency. Only at a high heat of plasma enough (SEI
15
higher than 2kJ/L), a reforming at the partial oxidation is
the best condition which has maximum energy efficiency.
While, at lower SEI, it is better to reform octane at higher
O102/C ratio than the partial oxidation.
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Abstract: To achieve on-board hydrogen production with high energy efficiency and low
energy cost, oxidative pyrolysis reforming (OPR) of methanol in a heat-insulated warmplasma catalytic (WPC) reactor combining gliding arc with Ni/γ-Al2O3 catalyst is explored.
Under the same conditions of warm plasma (input power = 60 W, F1 = 3 SLM,
CH3OH:H2O:Air = 1:0.5:1.5), two WPC modes (without or with F2 of 0.9 SLM CH3OH)
are compared without any extra heating. In Mode 1 (without F2), methanol conversion, t-H2
dry basis concentration and production rate increase from 78%, 47%, 1.7 SLM of plasma
alone to 99%, 52%, 2.3 SLM, respectively. In Mode 2 (with F2), although methanol
conversion decreases to 75%, dry basis concentration and production rate of t-H2 increase to
56% and 3.3 SLM. Since the heat energy for the subsequent catalytic reaction is supplied
by plasma, energy efficiency of 80% and energy cost of 0.30 kWh/Nm3 are achieved in
Mode 2.
Keywords: Hydrogen production, Methanol reforming, Plasma, Catalyst
1. Introduction
The major difficulty for the automotive applications of
hydrogen fuel cells technology is the lack of low cost,
reliable hydrogen storage technologies. On-board
hydrogen production from liquid fuels [1-3] can be an
efficient way to solve the severe problems on hydrogen
storage. Methanol is a suitable liquid fuel because it has
the advantages of being biodegradation, no C-C bond and
has the highest ratio of hydrogen to carbon (H/C = 4).
Methanol steam [4,5] or pyrolysis [6,7] reforming is
endothermic and hence has the drawbacks of high energy
cost, slow start-up and large reformer volume which are
not suitable for on-board hydrogen production system.
Oxidative reforming [8,9] of methanol with O2 or air is
exothermic and the above-mentioned drawbacks do not
exist. However, oxidative reforming using conversional
catalytic technique suffers a drawback of hot-spot which
causes sintering of catalyst and subsequent deactivation.
Plasma is an attractive alternative technique due to its
fast response and compact structure which is more
suitable for automotive applications [10,11]. Futamura et
al. [12] reported energy cost of 40.79 kWh/Nm3 and
energy efficiency of 7% for methanol pyrolysis reforming
in a DBD plasma reactor. Using microwave discharge,
Wang et al. [13] reported energy cost of 10.24 kWh/Nm3
and energy efficiency of 21%. Zhang et al. [14,15]
reported energy cost of 1.71 kWh/Nm3 and energy
efficiency of 48% using gliding arc discharge. Obviously,
low energy efficiency and high energy cost are major
drawbacks of plasma technique. To achieve high energy
efficiency and low energy cost, the combination of
oxidative reforming and pyrolysis reforming (designated
as “Oxidative Pyrolysis Reforming” and abbreviated to
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“OPR”) of methanol is studied in a heat-insulated gliding
arc plasma reactor in our previous work [16]. At a ratio of
CH3OH:H2O:Air = 1:0.5:1.5, methanol conversion of 88%
with energy efficiency of 74% and energy cost of 0.45
kWh/Nm3 was achieved. Although the warm plasma
features such a high energy efficiency and a low energy
cost for OPR of methanol, there still a lot of heat energy
released in overall reaction has not been utilized. In this
work, the gliding arc plasma followed by Ni-based
catalyst is employed to take advantage of the heat energy
released from the warm plasma zone thus further increase
energy efficiency and reduce energy cost.
2. Experimental

Fig. 1. Schematic diagram for the warm-plasma catalytic
reactor.
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The warm plasma is fed with a flow rate of F1 = 3 SLM
and a ratio of CH3OH:H2O:Air = 1:0.5:1.5, which is the
best condition for OPR of methanol in our previous work
[16]. Two WPC modes are conducted for OPR of
methanol in this study: Mode 2 has another feeding (F2 =
0.9 SLM, pure methanol) but Mode 1 does not have (F2 =
0). As a result, the total flow rate (F1+F2) of Mode 2 is
3.9 SLM and its CH3OH:H2O:Air molar ratio is 1:0.3:0.8.
Ni/γ-Al2O3 catalyst is prepared by impregnation of γAl2O3 pellet (particle size: Φ = 0.9-2.0 mm) with
Ni(NO3)2·6H2O aqueous solution, followed by drying at
110 oC for 6h and calcination in air at 500 oC for 6 h. The
prepared catalyst has nominally 10 wt.% of Ni. In Mode 1
and Mode 2, 10 g Ni/γ-Al2O3 catalyst with bed height of 8
cm are packed into the plasma catalytic reactor without
pre-reduction. The temperature variation with axial
distance from the catalyst-bed entrance is measured by a
thermocouple.
Definition of conversion, selectivity, dry-basis
concentration, energy efficiency and energy cost are the
same as those in our previous paper [16], and they
are briefly stated as follows:
Conversion of CH3OH (XCH3 OH ) and O2 (XO2 ) are:
out
out
out
FCO
 FCO
 FCH
 2  FCout
2
4
2Hx

X CH3OH 

XO =

in
FCH
3 OH

FOin2  FOout
2
FOin2

2

 100%

 100%

(1)
(2)

Selectivity of H2 (SH2 ), CO (SCCO ) and CH4 (SCCH4 ) are:
S H2 

FHout2
2 F

C
SCO


C
SCH

4

in
CH3 OH

 X CH3OH

100%

out
FCO
 100%
 X CH3OH

in
CH3 OH

F

out
FCH
4
in
CH3 OH

F

 X CH3OH

100%
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(3)
(4)
(5)

The total-hydrogen (t-H2) production rate ( rt-H2 ) and
energy cost (EC) for hydrogen production are:
out
(6)
rt  H  FCO
 FHout
2

2

P
EC  out in out
FH2  FCO

(7)

where the total hydrogen includes CO because CO can be
easily converted to H2 without additional energy input by
the exothermal reaction of water gas shift (WGS).
Pin denotes the input power of the power source and is
measured by a wattmeter from the primary side of the
transformer. The H2 and CO2 produced is double the CO
converted in WGS reaction, therefore the total-hydrogen
Dry
dry-basis concentration (Ct-H ) is:
2

Dry
t  H2

C



out
FHout2  FCO
out
out
out
FHout2  FN2  2  FCO
 FCO
 FCH
 FCout
2
4
2Hx

(8)

100%

Energy efficiency (𝜂) is:


out
( FHout2  FCO
)  LHVH2
in
FCH
 X CH3OH  LHVCH3OH  Pin
3 OH

(9)

100%

where LHVH2 and LHVCH3 OH denote the lower heating
value of H2 and CH3OH, respectively.
3. Results and discussion

Catalyst bed temperature (oC)

The experimental setup is the same as that in our
previous paper [16]. The warm-plasma catalytic (WPC)
reactor, as shown in Fig. 1, is made of stainless steel and
is wrapped at outer wall by ceramic fiber cotton for heat
insulation. A high-voltage electrode with a ceramic
electric insulator is located at the axis of a 20-mm inner
diameter cylinder that is grounded. A sine-wave high
voltage with a frequency of 90 kHz is powered by a high
voltage AC power source (CTP-2000K, Nanjing Suman
electronics Co., China). Methanol or a solution of
methanol in de-ionized water flows continuously into a
vaporizer through a HPLC (high-performance liquid
chromatography) pump. Air flow rate is controlled by a
mass flow controller. For the WPC modes, Ni/γ-Al2O3
catalysts with bed height of 8 cm follow gliding arc
plasma. It should be pointed out that the thermal energy
only comes from the warm plasma and there is not any
extra heater.
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Fig. 2. Axial change of catalyst-bed temperature in two
WPC modes.
OPR of methanol in the WPC reactor is examined with
two modes under the same warm plasma conditions (Pin =
60 W, F1 = 3 SLM, CH3OH:H2O:Air = 1:0.5:1.5). Due to
no any extra heating, the heat energy released from the
warm plasma zone would affect the catalyst bed
temperature. The axial change of catalyst-bed temperature
is shown in Fig. 2. In Mode 1 (without F2), the
temperature decreases from 759 to 582 oC on the upper
half of catalyst-bed and then decreases at a slight slower
pace to 485 oC with increasing the distance from the
catalyst-bed entrance. In Mode 2 (F2 = 0.9 SLM, pure
methanol), the temperature decreases at a faster pace than
that in Mode 1 on the upper half of catalyst-bed, which
suggests that more heat energy is utilized by the
endothermic reactions occur over the catalyst.
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In Fig. 3b, compared with plasma alone, SH2 increases
from 67% to 83% in Mode 1 follows the increasing
XCH3 OH . However, SCCO decreases from 83% to 64%. Since
SCCH4 is almost unchanged, the decrease in SCCO implies
that water gas shift reaction occurs over the catalyst. In
Mode 2, the higher rCH3 OH results in a higher SCCO (67%)
than that in Mode 1. Methanation reaction which favors at
low temperature occurs over Ni/γ-Al2O3 catalyst in Mode
2 due to the relative low catalyst-bed temperature (Fig. 2).
An increase in SCCH4 from 3% to 7% leads a slight
decrease in SH2 .

Plasma

Mode 2

2.0

Conversion(%)

1.2
60
0.8

40

0.4

20
0

XCH OH

XO

3

Plasma

Mode 1

rCH OH

0.0

Plasma

To study the contribution of pyrolysis reforming of
methanol to methanol conversion in two WPC modes, the
reaction rate ratio of pyrolysis reforming to oxidative
reforming (α, [16]) is defined as:


CH OH  CO  H O
CO  H O
3

2

2

20

(10)

2

2

where 𝜐CH3 OH , 𝜐CO and 𝜐H2 O denote stoichiometric
coefficients of CH3OH, CO2 and H2O, respectively, which
is obtained from dividing their converted or formed
amount by the converted amount of O2.
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Fig. 4. Reaction rate ratio (α) of pyrolysis reforming to
oxidative reforming in plasma and two WPC modes.
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Fig. 3. Comparison among plasma and two WPC modes
in (a) oxygen conversion, methanol conversion and
consumption rate, (b) selectivity.
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As shown in Fig. 3a, XCH3 OH and consumption rate of
methanol (rCH3 OH ) are 78% and 0.8 SLM for plasma alone.
In Mode 1, oxygen conversion almost keeps at 100%,
whereas XCH3 OH and rCH3 OH increase to 99% and 1.0 SLM,
respectively. That implies the residual methanol after
plasm reforming is almost completely pyrolysed over
catalyst. The high XCH3 OH and high catalyst-bed
temperature shown in Fig. 2 in Mode 1 imply that the
catalyst is responsible for the increased methanol
conversion. With the introduction of F2 in Mode 2,
although XCH3 OH decreases to 75%, rCH3 OH increases to
1.4 SLM. The high rCH3 OH in Mode 2 explains that the
fast decrease in catalyst-bed temperature (Fig. 2) is
attribute to pyrolysis reforming of methanol.

Dry-basis concentraton of t-H2 (%)

poster

Fig. 5. Comparison among plasma and two WPC modes
in (a) dry-basis concentration and production rate of t-H2,
(b) energy efficiency and energy cost of oxidative
pyrolysis reforming of methanol.
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The α in plasma and two WPC modes are shown in Fig.
4. Compared with plasma alone, α increases from 0.24 to
0.58 in Mode 1, suggests that pyrolysis reforming of
methanol is promoted by Ni/γ-Al2O3 catalyst. In Mode 2,
α further increases to 1.01, which leads fast increase in
rCH3 OH (Fig. 3a). The α of 1.01 indicates that pyrolysis
reforming of methanol contributes more than half of
methanol conversion in Mode 2.
Dry

As shown in Fig. 5a, Ct-H and rt-H2 increase from 47%
2
and 1.7 SLM to 52% and 2.3 SLM in Mode 1, and further
increase to 56% and 3.3 SLM in Mode 2. Under the same
warm plasma conditions, subsequent catalytic pyrolysis
reforming of methanol takes advantage of heat energy
from OPR in warm plasma therefore leads an increase in
energy efficiency and a decrease in energy cost. In Fig. 5b,
energy efficiency increases from 71% of plasma alone to
77% in Mode 1 and further increases to 80% in Mode 2.
The energy cost decreases from 0.58 for plasma alone to
0.43 kWh/Nm3 in Mode 1 and further decreases to 0.30
kWh/Nm3 in Mode 2.
4. Conclusion
Oxidative pyrolysis reforming (OPR) of methanol in a
heat-insulated WPC reactor is explored. Two WPC modes
combining warm plasma and Ni/γ-Al2O3 catalyst without
extra heating are compared. In Mode 1 (without F2), the
catalyst helps to pyrolyse the residual methanol after
plasma reforming thus methanol conversion of 99% is
obtained. With another feeding of methanol (F2) in Mode
2, more methanol are converted via pyrolysis reaction
over the catalyst thus the rt-H2 further increases. The heat
energy released by OPR of methanol in warm plasma is
utilized by the subsequent catalytic pyrolysis reforming of
methanol, therefore the energy efficiency and energy cost
increase and decrease, respectively. In Mode 2, XCH3 OH of
75% with energy efficiency of 80% and energy cost of
0.30 kWh/Nm3 are achieved.
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Abstract: Pure plasma and plasma-assisted catalytic conversion of CO2 into CO was
performed in a coaxial dielectric barrier discharge (DBD) plasma reactor. The temperature
of DBD plasma was a key factor affecting the conversion of CO2. Under the condition of
cooling the DBD reactor to approximately room temperature, both the CO2 conversion and
CO formation were higher than those without cooling at a specific energy density (above 30
kJ/L). The cooperation effect of DBD plasma with g-C3N4 catalyst was achieved.
Keywords: DBD plasma, CO2 conversion, g-C3N4-based catalysts.
1. Introduction
Carbon dioxide (CO2) as the main greenhouse gas has
attracted increasing attention as its emission has caused
serious climate problem. Because of its highly stable
molecule-structure, considerable energy is required for
direct conversion of CO2 into CO. Methods of
photochemical reduction, electrochemical reduction and
thermal catalysis have been reported for CO2 conversion
[1-3]. DBD plasma technology can provide a large
number of reactive species generated in the plasma field
at ambient condition, which can break chemical bond of
C-O, making the thermodynamically unfavourable
chemical reaction of CO2. In order to improve the reaction
performance of DBD in CO2 conversion and selectivity
towards the desired products, the combination of a
heterogeneous catalyst with DBD plasma is suggested as
a promising approach and novel catalyst with improving
catalytic performance in discharge zone is key to
enhancing the CO2 conversion. Graphitic carbon nitride
(g-C3N4) as a novel stable photocatalyst was firstly
reported by Wang et al. in 2009 [4]. It is composed of
carbon and nitrogen elements, possessing layered
structure metal-free composition [5, 6]. In DBD discharge
zone, the high electron temperature is satisfactory to
activate the g-C3N4-based catalyst and it will be of
important significance to exploring the feasibility of
applying this novel catalyst for CO2 conversion.
In the present study, CO2 conversion to CO by
combination of DBD plasma with g-C3N4-based catalyst
was studied under ambient conditions without extra heat.
The temperature of DBD reactor increased with the
reaction time, which was a key factor affecting the
conversion of CO2. The experimental condition with or
without cooling and the effect of catalyst on the CO2
conversion for CO production are well investigated.

2. Experimental
The experiments are performed in a coaxial DBD
reactor, which consists of a quartz tube with an inner
diameter and thickness of 12 mm and 1.5 mm,
respectively. A stainless tube with an inner diameter of 8
mm on the inside of the tube serves as high voltage
electrode and the outer electrode is aluminum foil
wrapping around the outer tube. The discharge length is
13 cm. DBD plasma is generated by an AC high-voltage
generator (CTP-2000K) with a variable frequency of 4-12
kHz. Carbon dioxide, controlled by mass flow controllers
(MFC), flows to the DBD reactor. The experimental
system is shown in Fig. 1. After reaction, on-line
detection of the reaction mixture is performed on a gas
chromatography (Shanghai Tianmei, GC7900) equipped
with a thermal conductive detector (TCD) and a flame
ionization detector (FID).
Mass flow meter
Cold trap
Gas chromatography

CO2

External Capacitor

High-frequency
AC power
High-voltage
probe

Oscillosco

Fig. 1 Experimental system.
G-C3N4 was prepared by heating melamine powder
(heating rate 5 oC/min) at 500 oC in a muffle furnace for 2
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h and then heated at 520 oC for 2 h. After naturally
cooling to room temperature, the yellow product was
collected and milled into powder. In the plasma-assisted
catalytic experiments, the catalyst packed in the plasma
zone.
3. Results and discussion
Effects of DBD reactor temperature on CO2 conversion
and CO formation were investigated. Under the condition
of cooling the temperature of DBD reactor to
approximately room temperature and the specific energy
density (SED) below 30 kJ/L, both the conversion
efficiency of CO2 and CO yield were lower than those
without cooling. As the SED was above 30 kJ/L, they
were higher than those without cooling. The results
showed that the temperature of DBD reactor affected the
CO2 conversion, which was related to SED. The
temperature of DBD reactor increased rapidly with the
discharge time. It exceeded 100 oC after 4 min discharge.
With the increase of SED, more active species are
generated and lower temperature favoured for these active
species involving in CO2 conversion rather than side
reactions.
G-C3N4 exhibited good catalytic activity for CO2
conversion. As the catalyst was placed in the discharge
zone, the CO2 conversion efficiencies both increased by
100% under the conditions without and with cooling (40
W discharge power). The results show that g-C3N4 can be
excited by DBD plasma because of its narrow band gap
(2.7 eV). Moreover, the generated electrons have strong
reducing ability because of extremely negative position (1.35 vs. NHE) of the g-C3N4 conduction band, which is
expected to favour the conversion of CO2. In DBD
plasma-catalytic system, stronger externally applied
electric field as well as micro- and surface discharges are
formed and more excited species are adsorbed on the
surface of the catalyst, favouring the conversion of the
reactants comparing [7].
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4. Conclusion
Conversion of carbon dioxide under pure plasma and
synthetic action of plasma-assisted g-C3N4-based catalysis
was investigated in DBD reactor. The temperature of
DBD reactor was found to affect the CO2 conversion
significantly. G-C3N4 placed in DBD plasma zone
exhibited good catalytic activity for CO2 conversion.
5. Acknowledgement
This work was supported by the Joint Funds of the
National Natural Science Foundation of China under
Grant No. U1462105.
6. References
[1] M. Tahir, N.S. Amin, Renewable and Sustainable.
Energy Reviews, 25, 560 (2013).
[2] N.S. Spinner, J.A. Vega, W.E. Mustain, Catalysis
Science and Technology, 2, 19 (2012).

ISPC23, Montreal, Canada

819

poster

Plasma-assisted conversion, combustion and aerodynamics

Ni/g-C3N4 Catalyst Enhanced Reforming CH4–CO2
in Gliding Arc Discharge Reactor
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Abstract: A novel Ni/g-C3N4-based catalysts were prepared and introduced into a gliding
arc plasma reactor for CO2-CH4 reforming process. Pure plasma and plasma-assisted
catalytic activation of reforming of methane and carbon dioxide into syngas production was
performed and discussed. The hybrid effect of gliding arc plasma with Ni/g-C3N4 catalyst
was achieved that contributed more to the activation of carbon dioxide than that of methane
at a temperature of 200 oC.
Keywords: Gliding arc plasma, catalyst, g-C3N4, Ni-base catalyst, CO2-CH4 reforming.
1. Introduction
Gliding arc discharge has been regarded as a promising
and efficient technology for environmental clean-up,
energy conversion, and fuel production. Although the
energy efficiency of warm plasma in biogas reforming is
much higher than that of cold plasma, it should be further
improved to meet the requirement of practical application.
The incorporation of discharge plasma and catalyst
system has been recently focused on and considered to
have synergistic effect between them in order to increase
the efficiency of the conversion and to introduce a higher
degree of selectivity in environment pollutant treatment
and reforming process. However the efforts to introduce
catalyst into warm plasma reactors were very limited
especially in CH4-CO2 conversion reaction. Several
studies on combination of Ni/Al2O3 catalysts with warm
plasma have been as reported for the dry reforming of
methane [1-5]. The low catalytic effect of CO2 on Ni and
carbon deposition on catalyst is still a problem.
In order to improve the conversion of CO2, a catalytic
with CO2 activity need to be introduced. Graphitic carbon
nitride (g-C3N4) was recently reported as a novel stable
photo-catalyst by Wang et al. in 2009 and shows good
performance in photo-catalytic decomposition of CO2. It
was reported that –NH3 on the edge of g-C3N4 layered
structure is strongly attracted to CO2 [6]. Besides, the
strong light and active species give out by plasma may
invoke the photo-catalyst activity of g-C3N4. In order to
improve the conversion of CO2 in dry reforming reaction,
g-C3N4 was first introduced in to CH4-CO2 reaction
system in a gliding arc discharge reactor .In this work, we
tested the performance of Ni/g-C3N4 and compared it to
Ni/Al2O3.
2. Experimental Method

820

A post-catalyst plasma hybrid reactor was used, as
shown in Fig. 1. Two semi-ellipsoidal aluminium
electrodes (50 mm long, 30 mm wide) are mounted in an
insulating bracket and symmetrically placed on either side
of a gas nozzle (φ = 0.9 mm) to generate gliding arc
plasma. The electrodes (thickness 1 mm) are connected to
an AC high voltage (4.7 kHz) power supply. The
narrowest electrode gap is 2 mm. The total gas feed flow
rate is 0.6 SLM (CO2:CH4 = 1:1.5). The temperature in
reactor is measured by a thermocouple. The gas products
are analysed by a gas chromatograph (Shanghai Tianmei
Corp. GC7900) equipped with two detections (TCD and
FID).
To support the catalyst, a woven stainless steel gauze
was placed beneath the discharge at a distance of about 5
cm from the end of the electrodes.
G-C3N4 was prepared by heating melamine powder
(heating rate of 5 oC/min) at 500 oC in a muffle furnace
for 2 h and then heated at 520 oC for 2 h. After naturally
cooling to room temperature, the yellow product was
collected and milled into powder.

Fig. 1 Schematic diagram of experimental setup.
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3. Results
In this experiment, catalysts of Ni/g-C3N4 and Ni/Al2O3
with the same particle size and same quality (15 g) are
placed under the discharge zone, respectively. Power
input is 105 W. Ni-based catalysts can be significantly
influenced by temperature. Conversion of CH4-CO2 is a
strongly endothermic reaction. So the reactor temperature
increases with reaction time after the beginning of plasma
discharge. When the temperature reached 130 oC, the
conversion rate of CH4 and CO2 with no catalyst (short
for No cata. in Fig. 1) and the two Ni-base catalysts are
calculated and showed in Fig. 1. Both of CH4 and CO2
conversion rate are depressed with Ni/Al2O3 at low
temperature, while Ni/g-C3N4 shows almost the same
value with plasma only condition. It can be deduced that
Ni-base catalysts cannot be activated at this temperature.
Desorption of adsorbed reactants on the surface of Al2O3
leads to the low conversion rate than plasma only
condition.
After the temperature reached 200 oC, the catalysts
started to show some activity. Conversion of CH4 was
50.8 % when plasma along. The addition of Ni/Al2O3 and
Ni/g-C3N4 improved it to 52.6 % and 52.8 %, respectively.
As to CO2, when plasma along it was about 40.0 %. The
add of Ni/Al2O3 and Ni/g-C3N4 improved it to 41.8 %and
43.5 %, respectively. From the results of No cata. and
Ni/Al2O3, the addition of Ni increase both of CH4 and
CO2 conversion. To compare the results of Ni/Al2O3 and
Ni/g-C3N4, it is obviously that g-C3N4 has extra effect on
CO2 conversion that the conversion of CO2 was 1%
higher than Ni/Al2O3 while the CH4 conversion rate was
almost the same.

55

Conversion rate (%)

CH4
CO2

50

Fig. 2 Conversion rate of CH4 and CO2 with different
catalysts at 130 oC.
60
CH4

55

Conversion rate (%)

Ni/g-C3N4 and Ni/Al2O3 catalysts was prepared by
wetness impregnation method of g-C3N4 powder and γAl2O3 pellets (particle size: 0.5–1 mm) with
Ni(NO3)2·6H2O ethanol solution, respectively. Then
drying at 80 oC to remove ethanol and calcination in N2 at
400 oC for 2 h with heating rate of 5 oC/min. Ni/g-C3N4
powder then pressed, cracked and sized into 0.5–1 mm
particles. Both of the catalysts have 5 % wt. Ni as main
part.
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CO2

50
45
40
35
30

No cata.

Ni/Al2O3

Ni/g-C3N4

Fig. 3 Conversion rate of CH4 and CO2 with different
catalysts at 200 oC.
4. Conclusions
With this simplistic experiment, we have shown that a
catalytic–gliding arc arrangement can be applied to the
conversion of CH4-CO2 process improving methane and
carbon dioxide conversions. The addition of g-C3N4
enhanced the performance of Ni catalyst in catalytic–
gliding arc reactor at temperature of 200 oC.
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Combined experimental and modeling study of direct plasma conversion of
methane
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Abstract: We present a combined experimental and modeling study of direct plasma
conversion of methane.
Keywords: methane, atmospheric-pressure plasma, DBD, plasma catalysis, non-oxidative
1. Introduction
Among the various gas conversion reactions that have
been explored using plasmas, the direct conversion of
methane is attractive for several reasons. One, the nonoxidative conversion of methane is important to avoid COx
and provide a clean source of hydrogen for applications
such as fuel cells. Two, the methane molecule is difficult
to dissociate by thermal energy alone and tends to coke and
inactivate catalysts.
Finally, from a fundamental
perspective, the reaction is simpler than reforming
reactions since there is only one reactant molecule,
facilitating modeling. Here, we present a combined
experimental and modeling study of direct plasma
conversion of methane. While this reaction has been
previously studied by plasma methods, it has rarely been
looked at simultaneously by experimental and modeling
techniques [1].
2. Methods
Experiments were performed in an atmosphericpressure, dielectric barrier discharge (DBD) device with a
coaxial electrode geometry. A key contribution of our
work is that the DBD was confined between two additional
grounded metal pieces which was found to decouple power
and volume. A pure feed of methane gas was reacted at
different flow rates, volumes, and powers, and the reactor
effluent was characterized by gas chromatography.
A microkinetic model for methane conversion in a DBD
was developed to support the experiments, solving 352
elementary reactions involving 36 species including
neutrals, ions and radicals. The rate constants of the
electron impact reactions were obtained by solving
Boltzmann’s equation. Our model takes into consideration
both spatial and temporal dependencies of the filamentary
behavior of the DBD. The plasma parameters were based
on filament features from experimental measurement
without approximation.
3. Results and Discussion
Our experimental results show that for a given volume,
methane conversion increases relatively significantly with
plasma power. As the volume is increased from 16 to 61
mm3, the plasma power can be varied over a wider range,
but the conversion does not show a strong dependence on
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volume (see Fig. 1). The specific energy input (SEI) is
found to increase with power and decrease with volume,
the latter of which may be related to increased heat
dissipation with an increase in power density. The product
distributions are generally a stronger function of power at
small volumes, with a tendency to form hydrocarbons at
smaller volumes and lower powers, and hydrogen and solid
carbon at larger volumes and higher powers. In agreement
with experiments, the simulations show that methane
conversion increases with plasma power at different
volumes, but that as the volume is increased, the
conversion is dominated by the power, rather than the
volume or power density. The modeling results also show
that the product distribution and selectivity is a function of
the extent of conversion, independent of other operating
conditions.
We acknowledge the Donors of the American Chemical
Society Petroleum Research Fund for support of this
research under Grant No. 54607-ND6.
4. References
[1] K. Thanyachotpaiboon et al., AIChE Journal 44, 2252
(1998).

Fig. 1. Conversion of methane in an atmospheric-pressure
coaxial dielectric barrier discharge (DBD) reactor as a
function of power at different reactor volumes.
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Cathode-Directed Streamer in Methane-Air Mixtures at Atmospheric Pressure
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1
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Abstract: This contribution presents an experimental investigation on the propagation of
cathode-directed primary streamers in methane-air mixtures (0.0 < φ < 1.5) at atmospheric
pressure. Electrical diagnostics and ICCD imaging were performed to evaluate and
characterize streamer propagation. Results show that with the addition of methane to air,
the streamer propagates with an increased velocity.
Keywords: Repetitive high-voltage pulsed discharges, atmospheric pressure plasmas,
plasma diagnostics, plasma-assisted combustion, streamer propagation.

1. Introduction
Over the last few years, short-duration (10 ns – 1 µs)
high-voltage pulsed power has been used as an efficient
means of producing and sustaining non-equilibrium
plasma at atmospheric pressure. Various fields, such as
plasma medicine [1], pollution mitigation [2], plasmaassisted ignition [3], and plasma-assisted combustion
(PAC) [4] now actively make use of this. Short-duration
pulsed plasmas are of particular interest for PAC in the
gas turbine industry, where increasingly stringent
regulations are being imposed to eliminate temperaturedependent pollutant emissions (NOx, SOx, CO, ...). PAC
for gas turbine engines is intended as a means of
providing a more complete combustion process through
the addition of low-temperature radical pools to the flame.
These reactive species and energetic electrons increase
the laminar flame speed, and provide augmented stability
for the flame. Radical pools produced by short-duration
pulsed power and at atmospheric pressure have low
rotational temperatures, a high level of disequilibrium,
and are free of high-current spark channels [5]. Sparks
increase the gas temperature by several thousand Kelvin
[6], and should be avoided to decrease pollutant emissions
in engines. A spark channel will form after the primary
streamer has crossed the inter electrode gap, and if the
applied electric field persists above a critical value for a
given period of time. Therefore, if a primary streamer
propagates with an increased velocity, the applied electric
field must be turned off sooner to avoid spark channel
formation. Streamer propagation velocity can depend on
many parameters such as pulse rise time, repetition
frequency, and gas composition [7]. The increase in
streamer propagation velocity for methane-air mixtures
has been predicted computationally for stoichiometric
methane-air mixtures [8] but, to our knowledge, never
experimentally investigated.
In this study, we present the experimental observation
of primary streamers in various methane-air mixtures at
atmospheric pressure. Electrical diagnostics are presented,
and the energy per pulse is reported for increasing
methane concentration. Time-resolved ICCD imaging is
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presented, and the position of the streamer head is
measured and reported for increasing methane
concentration.
2. Experimental
Fig. 1 shows the gas discharge cell and the nozzle
assembly used in this study. A methane-air mixture flows
through the inner nozzle, and a nitrogen co-flow in the
outer nozzle. The nitrogen co-flow isolates the discharge
from the surrounding air of the laboratory, which may be
subject to small variations in humidity and temperature.
The electrodes are sharpened stainless steel pins, placed
in a pin-to-pin configuration. The anode is connected to
the output of a high-voltage pulse generator [9], and the
cathode is grounded. The inter-electrode distance was set
to 11.2 mm. The average velocity of the methane-air
mixture at the exit of the nozzle was set to 1.5 m/s, and
the fuel equivalence ratio (φ), described in (1), was varied
from 0.0 to 1.5.

φ=

(n
(n

fuel

fuel

)
)

nair
nair

(1)

st

Here, nfuel, and nair are the molar flow rates of fuel and
air respectively, and (nfuel/nair)st is their stoichiometric
ratio.
Pin anode

Non-equilibrium plasma

Pin cathode

High-voltage
pulse generator

Inner nozzle

Outer nozzle
N2

CH4/Air

N2

Fig. 1 Experimental apparatus of the gas discharge cell
and nozzle assembly
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Fig. 2 shows the experimental apparatus used for timeresolved ICCD imaging. Briefly, the TTL generator acts
as a master-clock for the entire experiment,
simultaneously triggering the high-voltage pulse
generator, ICCD camera, and oscilloscope. The exposure
time of the camera was set to 3 ns, using 51200 on-CCD
accumulations per frame. Each frame of a sequence was
obtained by sequentially increasing the value of the delay
from the TTL generator sent to the ICCD camera, in steps
of 20 ns. This was repeated until the streamer had
propagated across the gap.
Trigger Generator

Oscilloscope

!!!

!!!

Voltage Probe

Fig. 4 shows a sample sequence of ICCD images for the
propagation of the primary streamer, starting from
streamer inception time, in a stoichiometric mixture (φ =
1). It is to be noted that the emission intensities on all
images presented were scaled between the global
maximum and minimum of all experimental conditions
performed throughout this study. It can be seen that the
primary streamer propagates from anode to cathode in a
sequential manner. Here the propagation of the primary
streamer occurs over a period of approximately 80 ns.

Current Probe

Non-equilibrium
plasma

ICCD Camera

Inner nozzle

Outer nozzle

Fig. 4 ICCD images of the primary streamer propagating
in a methane-air mixture (φ = 1.0)
Fig. 2 Time-resolved ICCD imaging experimental
apparatus
3. Results & Discussion
Fig. 3 (left) shows the excitation voltage waveform
used to generate non-equilibrium plasma in the methaneair mixtures, and the inset shows a digital photograph of
the diffuse plasma. The peak value of the voltage was
11.3 kV, the duration at half-maximum was 300 ns, and
the pulse repetition frequency was 10 kHz. Fig. 3 (right)
shows the energy coupled per pulse of the discharge as a
function of φ. Overall, the energy increases from 107 to
117 µJ with φ increasing from 0.0 to 1.5. The increase in
coupled energy is an indicator of eventual transition to a
spark discharge [10] with increasing φ.

Fig. 3 Excitation voltage waveform with digital
photograph of the methane-air discharge (left), and energy
per pulse coupled to the discharge as a function of the
equivalence ratio (right)
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It has been observed that the general appearance of
streamer discharges in hydrocarbon-air mixtures changes
with increasing φ [11]. Fig. 5 shows the change in the
streamer’s appearance upon methane addition at two
different times (t = 60, 80 ns). The discharge becomes
fainter, but occupies a larger expansion diameter with
increasing φ. For t = 60 ns, a premature detachment of the
streamer is observed, while for t = 80 ns, the streamer
appears to have travelled further in the gap with
increasing φ.

Fig. 5 ICCD images illustrating the effect of methane
addition (φ = 0.0, 0.5, 1.0) on the propagation of the
primary streamer at t = 60 ns (top row), and at t = 80 ns
(bottom row)
In an effort to analyse the dynamics of the streamer’s
propagation, the location of the streamer head was
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numerically found. Fig. 6 (top) shows the result of the
algorithm used to extract the wave front location. Briefly,
to obtain the distance travelled by the streamer head, a
wave front threshold, above the background signal, was
defined. Every pixel, within 2.5% of this value is found,
and marked. These marked pixels can be seen as the red
outline. The top 10% of these horizontal position values
were extracted and their mean was defined as the streamer
head location, χ, along the discharge gap. Fig. 6 (bottom)
shows a complete analysis for a given value of φ. The
streamer head initially moves with a constant speed and
decelerates when reaching the cathode. It is to be noted
that the emission propagates further than the cathode’s
position, as the streamer propagates in both the horizontal
and vertical directions.

χ

χ
Fig. 7 Position of the streamer head, χ, as a function of φ
for various time steps
As was computationally predicted, the increase in
streamer velocity occurs due to the decreased value of the
photoionization coefficient in methane-air mixtures [8].
With the addition of CH4, the ionizing radiation issuing
from the streamer’s head, most likely from transitions
between electronic states of N2, travels a shorter distance
because CH4 absorbs a large part of this radiation. The
photon absorption by CH4 does not cause photoionization,
and decreases the overall number of photoionization
events occurring with O2. Thus, a decreased electron
number density may occur in front of the streamer head,
and increases it’s reduced electric field (E/n). The
increase in E/n enhances the propagation velocity of the
streamer, and thus a more rapid and sudden spark
transition occurs with increasing values of φ.
4. Conclusion
In this contribution, streamer velocity propagation was
measured in methane-air mixtures at atmospheric pressure
using a pin-to-pin geometry. The predicted increase in the
streamer’s propagation velocity with the methane/air ratio
was confirmed experimentally.

Fig. 6 ICCD images showing the extraction of the
streamer head position, χ, (top) and the total streamer
position as a function of time (bottom) for φ = 0.0
Fig. 7 shows the position of the streamer head as a
function of φ, for three points in time. It can be seen that
the streamer has travelled further across the interelectrode gap with the addition of methane. A larger
increase in the distance travelled by the streamer, by up to
2 mm, is observed for t = 80 ns. Additionally, the effect of
methane on the streamer’s propagation is more readily
observed for fuel-lean equivalence ratios (0.0 ≤ φ ≤ 0.7).
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Microwave discharge igniter for combustion applications: discharge
development and energy distribution in time and space.
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Abstract: The aim of the work is to study of physics of breakdown by a microwave
discharge igniter. ICCD imaging provided spatial structure of the discharge; spectral
analysis revealed a correlation between plasma extension and transition from the mode with
high electrode erosion to the low temperature plasma mode with minor erosion. Rotational
and vibrational temperature measurements provided a non-equilibrium character of the
plasma.
Keywords: Plasma-assisted ignition, microwave discharge.

1. Introduction
In recent decades particular interest for the problem of
plasma-assisted ignition (PAI) and plasma-assisted
combustion (PAC) has been observed. Ignition of extralean mixtures or mixtures with increased exhaust gas
recirculation fraction, controlled ignition in homogeneous
charge compression ignition engines, improvement of
cold startup performance are just a few examples of
potential applications of PAI/PAC[1].
Requirements for reducing consumption of hydrocarbon
fuels, as well as reducing emissions force us to develop
new ignition systems. In spark ignition (SI) engines, lean
combustion is a one way to lower exhaust emissions
while improving efficiency. Much effort has been made to
promote combustion in SI engines by trying to extend the
lean limit of stable combustion. With the decrease of the
stoichiometry of combustible mixture the minimal size of
the ignition kernel (necessary for development of
combustion) increases. Therefore, it is necessary to use
some special techniques to extend the ignition kernel
region. Another possible solution is the usage of the
microwave discharge that has two key points: (i)
discharge can be produced in relatively large volume; (ii)
the high E/N values allow efficient dissociation and
excitation of fuel/oxidizer molecules. The produced active
species extend the ignition limit and provokes the
efficient flame initiation of lean mixtures[2].
The aim of the present work is to study, in submicrosecond and sub-millimeter scale, a distribution of
energy in microwave discharge igniter (MDI); and to
analyze the MDI modification with pressure and
parameters of the microwave power supply.

parameters of the pulse burst and sequences of the pulses
are controlled by external controller associated with
power supply.

2. Experimental setup
Microwave discharge was initiated by MW igniter in
ambient air. The scheme representing the structure of the
discharge cell is demonstrated in Figure 1. The

3. Results
The ICCD images of the discharge were taken for each
of the pulses and between the pulses, to build a general
picture of the discharge development. Figures 3a and 3b

ISPC23, Montreal, Canada

Fig. 1. Experimental setup.
The plasma was generated by the sequence of
microwave pulses. An example of this sequence is
represented in Figure 2.

Fig. 2. Sequence of high voltage microwave pulses.
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present a development of the Microwave Discharge
Igniter (MDI) discharge in atmospheric pressure air.
Starting from the 3rd pulse (40 µs after the start of the
first pulse), a shape of the MDI discharge becomes similar
to a “butterfly”, clearly showing that the discharge
spreads out from the inter-electrode gap. The expansion
of the discharge continues up to the last in the series, 5th
pulse.

Fig. 3. ICCD images of the MID discharge (a) during and
after 1st pulse and (b) during and after 3rd pulse of the
pulse sequence.

The first spectral analysis revealed a significant
difference in observed spectra for the different time
intervals. Before the discharge extension, the spectrum
consists mainly of numerous atomic lines. When the
discharge volume starts to increase a clear spectrum of the
second positive system of molecular nitrogen is observed.
The “boundary” between two modes under considered
conditions is the pulse number 3, where both the intense
atomic spectrum and the spectrum of the second positive
system of molecular nitrogen are present.
To calculate the rotational temperature, the molecular
band for v′ = 0 → v′′ = 0 vibrational transition of the
second positive system was built in linear (“as in the
experiments”) and in the semi-logarithmic scale for all the
sets of experimental conditions. Due to the fact that
Princeton Instruments ICCDs provide the linearity of the
signal within a wide dynamic range, we were able to
operate with 2−3 decades of the signal, depending upon
the intensity of the spectra.
The spectra were simulated using the Specair[3] code
with a slit function measured experimentally. To estimate
the error caused by comparison of the spectra, a few
spectra were plotted around the sought-for value. An
example of such calculations is presented in the Figure 5
comparing experimental data with three plots calculated
for different rotational temperatures. As a result, we
estimate the accuracy of the measurements of rotational
temperature as ±150 K.

Special experiments were carried out to compare the
emission intensity in the pulses and between the pulses.
The results: the intensity of optical emission in the 1st
pulse and between the first and the second pulse is related
as 100:1, that is the intensity of the emission during the
discharge phase is practically 2 orders of magnitude
higher than in the pauses.
The analysis of emission spectra of the discharge was
performed. The following parameters of the ACTON
spectrometer (SP-7500i) were used in the experiments to
take the spectra in the wavelength range 200−500 nm:
grating 600 l/mm, gain 100, gate 8 µs, slit 10 µm, number
of accumulations 50.
Fig. 5. Measurements of rotational temperature in the
pulse number 3 (semi–logarithmic plot). The
experimental data and the fit are presented in the plot.
ICCD camera gate is 9 µs, frequency of the bursts of the
microsecond MW pulses is 1 Hz, the number of
accumulations is 100.

Fig. 4. Comparison of emission spectra of the pulses 1-5
in the wavelength range 200-500 nm.
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Vibrational temperature was calculated from the
sequence of vibrational transitions 0−2, 1−3 and 2−4 at
380.5, 375.5 and 371.1 nm respectively. Figure 6
illustrates the experimental data and the Specair fits in
semi-logarithmic scale.
Figure 7 summarizes the obtained data for vibrational
and rotational temperatures. It is clearly seen that the
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rotational temperature measured for the pulses 3, 4 and 5
(40, 60 and 80 µs starting from the sequence of pulses)
provides similar values: Trot = 2150 ± 170 K. This gives
for the gas temperature, Tg ≈ 2340 K. The situation is
complicated by the fact that (i) three first pulses are not
suitable for the temperature measurements; (ii) the
discharge expands progressively, so heating in the
discharge is accompanied by cooling during
hydrodynamic expansion. Additional experiments with
changing the initial parameters are needed to be sure that
the observed value of rotational temperature do provides a
value of gas temperature.

Fig. 6. Measurements of vibrational temperature in the
pulse number 3 (semi–logarithmic plot). The
experimental data and the fit are presented in the plot.
ICCD camera gate is 9 µs, frequency of the bursts of the
microsecond MW pulses is 1 Hz, the number of
accumulations is 100.

Fig. 7. Summary of the measurements of vibrational and
translational temperatures. Dashed line indicates gas
temperature.
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From the first experimental observations it follows that
(i) no Hα line is observed if no ethanol is placed near the
discharge, so the H atoms come from the ethanol vapours;
(ii) when the ethanol vapour is added to the system, the
Hα-line is clearly seen in the spectra, the signal-to-noise
ratio is S/N ∼ 10. The preliminary analysis of the atomic
line broadening showed the ne value (1-4)·1015cm-3.
4. Conclusion
The discharge is confined into a small volume during a
few (1-2) first pulses. The spectra in this period consist
mainly of the atomic lines corresponding to the material
of electrodes; so we conclude that significant erosion of
the electrodes takes place during a few first pulses. The
spectra at the period of the gas expansion (3-5 pulses) are
similar to typical spectra of pulsed discharges in air
consisting mainly form the second positive system of
molecular nitrogen, with much smaller amount of the
same atomic lines.
Analysis of rotational spectra of molecular nitrogen in
the pulses number 3, 4 and 5 shows that the rotational
temperature does not change during the pulses and stay on
a high level, Trot ≈ 2100 K, so gas temperature is expected
to be Tg ≈ 2300 K. Rotational temperature measurements
were confirmed by measurements with different
diffractional gratings (1200 and 2400 l/mm) and in two
different spectral ranges: 337 nm corresponding to the 0-0
transition of the second positive system of molecular
nitrogen and in the same wavelength range where the
vibrational temperature was calculated. Vibrational
temperature was calculated from the sequence of
vibrational transitions 0-2, 1-3 and 2-4 at 380.5, 375.5 and
371.1 nm respectively. Measured vibrational temperature
is Tvib ≈ 4000 K.
Measurements of electron temperature are restricted
with the fact that the bands of the first negative system of
molecular nitrogen are very low in intensity. The upper
estimate of possible electron temperature is Te∼2−3 eV.
The measurements of electron density are restricted by
spectral resolution of the system. The upper estimate for
the electron density is about of (1-4)·1015cm-3.
5. References
[1] Starikovskaia S M 2006 Plasma assisted ignition and
combustion Journal of Physics D: Applied Physics 39
R265.
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To study a possibility to measure the electron density,
the line of atomic hydrogen (656.3 nm, Hα) was used to
estimate a possibility to measure the electron density.
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On the applicability of Directed Relation Graphs to plasma chemical kinetics
mechanisms
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Abstract: A systematic approach for mechanism reduction, Directed Relation Graph, is
investigated in plasma. The skeletal mechanism is generated from a detailed mechanism with
specified accuracy requirement. The computation is performed for a CO2 model involving
state-to-state vibrational kinetics and a series of chemical reactions involving neutrals and
ions. This application demonstrates the potential of the DRG method for chemical reductions
in plasma. Finally, the limitations of the directed relation graphs are discussed.
Keywords: Reduced mechanism, Directed Relation Graph, Skeletal mechanism
1. Introduction
The increasing demand on energy and the high energy
content of fossil fuels result in a rising trend of greenhouse
gas (GHG) emissions. Carbon dioxide accounts for one of
the most important GHG and thus contributes negatively to
climate changes. GHG emissions have been targeted for
reduction. Carbon capture is one of the available solutions
to achieve this target [7]. Plasma-assisted CO2 discharge
systems are excellent carbon decomposition approaches
that represent several advantages over other approaches;
Not only they mitigate CO2 emissions, but also contribute
to the conversion of CO2 into valuable chemicals and fuels,
such as syngas and methanol [5]. One of the most effective
ways to achieve this conversion can be realized under nonequilibrium plasma conditions [1]. However, such
mechanisms include many reactions with different time
scales. Therefore, the detailed mechanism becomes stiff to
be solved and the need to reduce the computational load
becomes apparent. Two different categories can be used to
reduce the dimensionality: the reparametrization of the
chemical state space and mechanism reduction. Of the
various reduction examples we mention the lumping of
rovibrational energy levels into smaller number of bins in
a N2(v, J) + N non-equilibrium plasma [6] and the lumping
of CO2 vibrationally excited levels in 3 groups [8]. In [8],
it is pointed out that the number of bins necessary to predict
efficiently the Treanor distribution depends on the pressure
of plasma. However, the increase of number of bin leads to
higher
computational
loads.
Recently,
the
reparametrization of the chemical state space was
investigated in plasma physics and it was shown that an
accurate prediction of CO2 conversion can be achieved by
using only two principal components [1]. However, the use
of large-dimensional lookup-tables for the source terms
make this option cost-prohibitive for three-dimensional
computational fluid dynamics [8]. Therefore, a preliminary
application of skeletal reduction mechanism is needed to
remove unimportant species and unimportant reactions
prior to the application of the time-scale analysis [3]. For
this purpose we employed the DRG algorithm as it is
constructed to identify unimportant species and
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unimportant reactions. This method was applied in
combustion simulations and has shown impressive results
[2]. However, it had not yet been applied in plasma
chemistry. In this paper, we investigate the application of
this reduction mechanism to plasma chemistry.
2. Model description
The accurate modeling of CO2 plasma kinetics for
plasma reactors is a very complex task. The full chemistry
involves hundreds of species and thousands of reactions. In
this study, we report on two different kinetic mechanisms
that have been investigated to assess the applicability of the
DRG in plasma.
The method is firstly applied on a series of CO2 chemical
reactions (neutral-neutral, ion-ion and ion-neutral) and
secondly on the vibrational-vibrational CO2 transfers
between asymmetric modes of CO2 molecules which were
found to be significant channels of CO2 dissociation in a
microwave discharge system [4].
Finally, the zero-dimensional kinetic model performs a
time-evolution calculation of species densities according
the conservation of mass under the assumption that the
perfect mixing inside the control volume is achieved. The
following mass conservation equation is used for
simulations:
𝑅𝑁

𝑑𝑛𝑖
= ∑ [(𝜈𝑖𝑗𝑅 − 𝜈𝑖𝑗𝐿 )𝑘𝑗 ∏ 𝑛𝑙𝐿 ]
𝑑𝑡
𝑗=1

𝑙

Where 𝑛𝑖 is the density of species i, 𝜈𝑖𝑗𝑅 and 𝜈𝑖𝑗𝐿 are the
right-hand side and left-hand side stoichiometric
coefficients of species i in the reaction j, 𝑘𝑗 is the reaction
rate constant and 𝑛𝑙𝐿 is the density of the lth reactant of
reactions j.
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Figure 1: Evolution of the number of species and
reactions as a function of threshold
3.

Skeletal reduction by directed relation graph
The theory of DRG [2,3] is based on the identification of
species being strongly linked through the analysis of
production/consumption rate of the detailed mechanism.
This procedure starts by defining the target species. The
target species are the dominant species in the reactions’
path with a significant influence in the production and
consumption rate of other species. The selection of the
subsequent important species consist to assess firstly if
they are involved in reactions with target species and
secondly how important their contribution is to the
production rate of target species. The considered species
can be removed if it is not directly involved in reactions
with target species or if it is involved but its removal does
not changes dramatically the consumption or production
rate of target species. Otherwise it must be kept in the
skeletal mechanism.
The normalized contribution of a given species A to the
production/consumption rate of a target species is
expressed as:
∑𝑖=1,𝑙|𝜈𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠,𝑖 𝜔𝑖 𝛿𝐴𝑖 |
𝑟𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝐴 =
∑𝑖=1,𝑙|𝜈𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠,𝑖 𝜔𝑖 |
Where 𝜈𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠,𝑖 is the stoichiometric coefficient of
target species in reaction i, l is the total number of
reactions, 𝜔𝑖 is the reaction rate of reaction i and 𝛿𝐴𝑖 :
1,
𝑖𝑓 𝑡ℎ𝑒 𝑖𝑡ℎ 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑣𝑜𝑙𝑣𝑒𝑠 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝐴
𝛿𝐴𝑖 = {
0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
The dependence of a given species to the target species
is evaluated with respect of a predefined threshold 𝜀. If
𝑟𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝐴 ≥ 𝜀, the species A must be kept in the
skeleton. In fact, 𝜀 is a measure of the error induced by the
removal of one species with a direct impact on the
prediction of the consumption/production rate of target
species.
As a result, the DRG identifies a group of important
species linked to each target species. The skeletal
mechanism is built up by considering exclusively all the
species and reactions being involved in these groups.
3.1. Application to chemical reactions involving
neutrals and ions
The reactions included in this kinetic package involve
the following neutrals and ions: CO2, CO, C2O, C, C2, O2,
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Figure 2: Source terms for a fixed threshold of
0.6
O3,O,CO2+,CO4+,CO+,C2O2+,C2O3+,C2O4+,C+,C2+,O2+,O4+,
O+,CO3-,CO4-,O-,O2-,O3-,O4- (the table A3 and A4 in [5]).
The mixture composed of neutrals and ions involved in
this kinetic package is considered as a perfect gas. The
mixture density is obtained by fixing the pressure and the
temperature.
Three different series of simulations have been executed
in order to confirm the validity of the application of DRG
on these kind of chemical reactions in plasma:
 The temperature is kept constant and the threshold is
changed to have insight on the DRG reduction extent.
 The threshold and the temperature are kept constant.
The time-evolution of the species densities is studied.
 The threshold is kept constant and the temperature is
changed. The time-evolution of the species densities is
studied.
This kinetic model is composed of 106 reactions and 26
species.
In the first case, see Figure 1, the application of DRG leads
to a gradually finer skeletal mechanism as a function of the
threshold. When the threshold is equal to 0, the reduced
mechanism is identical to the detailed mechanism and
when the threshold is equal to one, the reduced mechanism
contains only the target species and all reactions are
removed. The threshold is varied by a step of 0.1. The
important species and reactions, respectively, for each
threshold steps are [26,7,7,7,7,6,5,5,5,5,1] and
[106,15,15,15,15,11,7,7,7,7, 0]. Without time integration,

Figure 3: Time evolution of CO2 and CO for
fixed temperature and threshold
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the only parameter to be compared with the detailed
mechanism is the source term (species density variation).
An example is given in Figure 2 for a fixed threshold of
0.6. The blue and red circles are referring, respectively, to
the species kept in and removed from skeletal mechanism.
At higher thresholds, the species with larger source terms
have been selected.
In the second case, see Figure 3, the threshold and the
temperature are set, respectively, to 0.3 and 3000 K. The
resulted skeletal mechanism is made up of 7 important
species and 15 important reactions. The important species
are: (CO2, CO, C2O, C, O2, O3, O). The important reactions
are limited to reactions in which only neutral species are
involved. A static method is adapted in this case. That is to
say that DRG is just applied in the beginning of the timeevolution integration and the initial important species and
reactions are kept in the skeletal mechanism during the
whole simulation. A good agreement between the detailed
mechanism and the skeletal mechanism can be observed in
Figure 3.
In the third case, see Figure 4, the threshold is set to 0.2.
A wide range of temperature variation from 9000K to
1000K with a sharp temperature step of 1000K is
examined. This results in a DRG with a high reduction
degree. The results show a very good agreement with the
detailed mechanism. A dynamic method is adapted in this
case. The dynamic application of DRG explores the
possibility of having a more precise skeletal mechanism.
This is achieved by examining at the beginning of each
temperature step if the number of important species under
the current condition is changed. Accordingly, the number
of important reactions is updated which results in a more
precise skeletal mechanism. In some circumstances, the
dynamic application helps to have a finer skeletal
mechanism. The number of important species and
important reactions for each temperature step are
respectively, [7,5,6,4,4,5,4,4,5] and [15,6,11,5,5,8,5,5,7].
The important species are among neutrals species (CO2,
CO, C2O, C, O2, O3, O) and important reactions are among
reactions of neutrals.

Figure 4: Time evolution of CO2 and CO for
fixed threshold and variable temperature
3.2. Application to vibrational-vibrational transfers
The vibrational-vibrational transfer is given by
following reaction:
CO2(0,0,n)+CO2(0,0,m) CO2(0,0,n-1)+ CO2(0,0,m+1)
Note that when the CO2 molecule is assumed to be a
harmonic oscillator, this reaction would be energy neutral.
However, when the anharmonic oscillator model is
assumed, the energy spacing between the levels becomes
smaller for an increasing vibrational quantum numbers [4].
In the absence of anharmonicity, CO2 molecules remain
in their initial vibrational modes in any circumstances.
Time-evolution and temperature variations do not
stimulate any deviation from equilibrium. In the presence
of anharmonicity, the CO2 vibrational modes remain at
equilibrium unless there is a temperature variation.
Therefore, by setting the DRG threshold to 1, no reaction
would be selected as important and during the entire
simulation, the initial density of each vibrational mode
would stay constant.
Two different series of simulations have been executed
in order to assess the applicability of DRG for this kinetic
package:
 The threshold is kept constant and the temperature is
increased. The time-evolution of the species densities
is enabled.
 The threshold is kept constant and the temperature is
decreased. The time-evolution of the species densities
is enabled.
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Figure 5: Time evolution of first and second CO2 vibrational levels for fixed threshold
and increasing temperature
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Figure 6: Time evolution of first and second CO2 vibrational levels for fixed threshold and
decreasing temperature
This kinetic model is composed of 190 reactions and 21
vibrational levels. Each vibrational level is considered as a
species.
We assume that the vibrationally excited CO2 molecules
are at equilibrium at the beginning of the time interval of
each two cases. The concentration of vibrationally excited
CO2 molecules at equilibrium are obtained by using the
analytic Maxwell-Boltzmann distribution.
In the first case, see Figure 5, a wide increasing range of
temperature from 1000K to 9000K is considered.
Threshold is set to 0.1 and a dynamic mode of DRG is
applied. A high degree of reduction is obtained. The
important species and reactions, respectively, for each
temperature
steps
are
[3,3,4,5,3,4,6,3,4]
and
[1,1,3,6,1,3,10,1,3]. A good agreement between the
detailed mechanism and skeletal mechanism for first
vibrational levels can be observed. Note that for an
increasing temperature, the source terms of higher
vibrational levels become less important compared to those
of lower vibrational levels. As a consequence, discarding
the higher vibrational levels has no dramatical impact on
the prediction of concentration of lower vibrational levels.
In the second case, see Figure 6, threshold is set to 0.5
and a wide decreasing range of temperature from 9000K to
1000K is considered. The time evolution of species
densities is enabled. The dynamic mode of DRG is applied.
It can be deduced from these time-evolving simulations
that DRG does not provide a good agreement between the
detailed mechanism and the skeletal mechanism. The
reason is twofold: a) at higher temperatures, all the
vibrational levels are populated and the population spacing
between the levels becomes smaller for an increasing
number of quanta on the mode. b) the exothermic reactions
2 CO2 (0, 0, n)  CO2 (0, 0, n − 1) + CO2 (0, 0,n + 1)
between higher levels becomes as important as those
between lower levels. As a result, species are chained
together with these exothermic reactions.

involving different chemical species (ions and neutrals) is
remarkable. A good agreement between the skeletal
mechanism and the detailed mechanism is obtained in this
case. However, in the case of vibrational-vibrational
transfers, only for an increasing temperature, DRG results
predict well the trend of variation of concentration of lower
vibrational levels.
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4.

Conclusion
In this paper, the applicability of DRG in the framework
of two different plasma chemical kinetics mechanisms is
investigated. The reduction extent of the mechanism
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Thermal Plasma Methane Reforming for Hydrogen Production
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Abstract: Reactions of methane with water and CO2 in steam plasma flow were studied for
the torch power 88 to 136 kW and methane flow rates 75 to 150 slm. The output H 2/CO
ratio could be adjusted by a choice of feed rates of input reactants in the range 1.1 to 3.4.
Depending on experimental conditions the conversions of methane was up to 99.5%, the
selectivity of H2 was up to 99.9%, and minimum energy needed for production of one mole
of hydrogen was 158 kJ/mol. Effect of conditions on process characteristics was studied.
1. Introduction
Currently, hydrogen is primarily used in the chemical
industry, but in the near future it will become a significant
fuel. In addition to using the hydrogen from these
processes as energy directly in fuel cells, the hydrogen
rich streams can be used for the production of gasoline,
methanol, ethanol, and other high value chemicals.
Among many processes used for hydrogen production
[1], reforming of hydrocarbons play an important role.
Methane is the most commonly adopted hydrocarbon for
H2 generation. Today, 95% of the hydrogen produced in
the United States is made by natural gas reforming.
Natural gas is a naturally occurring hydrocarbon gas
mixture consisting primarily of methane.
There are two main processes of methane reforming. In
steam-methane reforming, methane reacts with steam
under pressure 0.3–2.5 MPa in the presence of a catalyst
to produce syngas, which is a mixture of hydrogen,
carbon monoxide, and a relatively small amount of other
components. In dry reforming methane reacts with carbon
dioxide to produce syngas with higher content of carbon
monoxide. Dry reforming of methane has recently
attracted significant interest due to simultaneous
utilization and reduction of two abundant and undesirable
greenhouse gases, CH4 and CO2. Syngas is produced in
reaction of methane with CO2. This process generates
syngas with a low H2/CO molar ratio close to 1, which is
suitable for the synthesis of value-added fuels. Both the
steam and dry reforming are endothermic – that is, heat
must be supplied to the process for the reaction to
proceed.
Subsequently, in what is called the "water-gas shift
reaction," the carbon monoxide and steam are reacted
using a catalyst to produce carbon dioxide and more
hydrogen. In a final process step called "pressure-swing
adsorption," carbon dioxide and other impurities are
removed from the gas stream, leaving essentially pure
hydrogen. Steam reforming can also be used to produce
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hydrogen from other fuels, such as ethanol, propane, or
even gasoline.
Apart from conventional processes of methane
reforming, plasma processing is a new efficient technique,
which can be used for converting hydrocarbons and
organics into syngas. Most of published investigations on
hydrocarbons plasma reforming are based on nonequilibrium, non-thermal plasmas [2-4]. Comparing with
that by non-thermal plasmas, the CH4 reforming by
thermal plasma exhibits the significant advantages like
large treatment capacity, little by-products, and relatively
high energy conversion efficiency [5].
In this work we studied dry and steam methane
reforming in steam thermal plasma with substantially
higher arc power than the power in up now published
experiments.
2. Experimental System
The experiments were performed in plasma reactor
PLASGAS described in [6, 8]. Plasma torch with hybrid
water/gas stabilization of arc is attached at the top of the
reactor. This principle of arc stabilization is characterized
by extremely high plasma enthalpy and temperature, and
very low plasma flow rate [7]. The internal volume of the
reactor was 200 l. The reagents, i.e. methane, carbon
dioxide and water were injected into the volume of the
reactor, where they were mixed with plasma. Gaseous
reaction products were fed into the quenching chamber
where their temperature was reduced to 300 0C in a water
spray with automatically controlled flow rate. The gas
was then exhausted by the water jet pump into the filter
and the cyclone where solid particles were separated. A
water ejector installed between the filter and the cyclone
maintained the reactor at the slight under-pressure of
several hundreds of Pa. Gas was then fed into the
afterburning chamber where it was combusted.
The measuring system included monitoring of plasma
torch operation parameters, measurement of inner wall
temperatures in several positions inside the reactor,
calorimetric measurements on cooling water loops, and
monitoring of flow rates of added reaction gases and
water. The flow rate of produced syngas was measured
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using a Pitot tube flow meter. As this measurement was
complicated by a high level of signal fluctuations, the
additional method of syngas flow rate evaluation was
used which was based on a measurement of concentration
of argon in produced gas for a case with known amount of
argon supplied into the reactor. The gas temperature was
measured at the input and output of the quenching
chamber by thermocouples. A sampling probe for
composition measurements was located at the reactor
output before the quenching chamber, the second
sampling probe was positioned after the filter. A
quadrupole mass spectrometer Pfeiffer Vacuum Omnistar
GSD 301 with direct inlet was used as a main gas on-line
analyzer. A freezing unit is placed between the mass
spectrometer and the sampling probe to avoid water
condensation in the mass spectrometer.
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Steam plasma flow rate: 12 – 18 g/min
Argon flow rate in plasma: 10 – 12 g/min
Water injected in steam reforming: 38 – 94 g/min
CO2 flow rate in dry reforming: 51 – 134 slm
The temperature in the reactor volume was controlled by
the plasma power and flow rates of reactants and it was
kept between 1 200 K and 1 400 K.
An example of measured syngas composition for
several flow rates of reactants and flow rate of sample
argon 50 slm in case of steam reforming is presented in
Fig. 1.

3. Experimental Procedure and Results
Reactions of methane with CO2 and water, which were
introduced into steam plasma flow, were studied for the
torch power 88 to 136 kW and methane flow rates 75 to
150 slm. CO2 and water were added to reach molar ratio
C/O equal or close to 1 at the input reactants. Steam and
dry methane reforming is characterized by following
chemical reactions:
Steam reforming
𝐶𝐻4 + 𝐻2 𝑂 = 3𝐻2 + 𝐶𝑂

∆𝐻 = 206 𝑘𝐽/𝑚𝑜𝑙

(1)

∆𝐻 = 247 𝑘𝐽/𝑚𝑜𝑙

(2)

Dry reforming
𝐶𝐻4 + 𝐶𝑂2 = 2𝐻2 + 2𝐶𝑂

Both reactions are endothermic, the reaction enthalpies
are given in the equations (1) and (2). Energy needed for
realization of reactions is supplied by plasma.
In the experiments certain amounts of steam and argon
are introduced into the reactor by plasma flow, as
water/argon plasma torch [7, 8] is used. For realization of
steam reforming additional water was supplied to reach
ratio of methane to steam corresponding to the equation
(1). In the experiments with dry reforming carbon dioxide
was added to balance molar concentrations of C and O,
some hydrogen and oxygen came from steam plasma.
Thus, the conditions in the dry reforming experiments do
not correspond exactly to the equation (2), but an amount
of added steam in plasma was substantially lower than an
amount of supplied carbon dioxide, as plasma density was
extremely low. The flow rate and composition of gas at
the output of the reactor were measured for various
combinations of plasma torch power and flow rates of
methane, carbon dioxide and water. The range of
variation of experimental parameters was as follows:
Torch power: 88 – 136 kW
CH4 flow rate: 75 – 150 slm
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Fig. 1. Syngas composition for several combinations of
flow rates of methane and water. Arc power 120 kW.
From measured data following process characteristics
were evaluated.
CH4 and CO2 conversion:
𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

𝑚𝑜𝑙 𝐶𝐻4 𝑖𝑛 − 𝑚𝑜𝑙 𝐶𝐻4 𝑜𝑢𝑡
𝑚𝑜𝑙 𝐶𝐻4 𝑖𝑛
𝑚𝑜𝑙 𝐶02 𝑖𝑛 −𝑚𝑜𝑙 𝐶02 𝑜𝑢𝑡
𝑚𝑜𝑙 𝐶02 𝑖𝑛

(3)

x 100

x 100

(4)

H2 and CO yields:
𝐻2 𝑦𝑖𝑒𝑙𝑑 =
𝐶𝑂 𝑦𝑖𝑒𝑙𝑑 =

𝑚𝑜𝑙 𝐻2 𝑜𝑢𝑡
𝑚𝑜𝑙 𝐻2 𝑂 𝑖𝑛 + 2 𝑚𝑜𝑙 𝐶𝐻4 𝑖𝑛
𝑚𝑜𝑙 𝐶𝑂 𝑜𝑢𝑡
𝑚𝑜𝑙 𝐶𝑂2 𝑖𝑛 + 𝑚𝑜𝑙 𝐶𝐻4 𝑖𝑛

(5)

x 100

(6)

x 100

H2 and CO selectivity:
𝐻2 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑂 𝑠𝑒𝑙. = (𝑚𝑜𝑙

𝑚𝑜𝑙 𝐻2 𝑜𝑢𝑡
2 (𝑚𝑜𝑙 𝐶𝐻4 𝑖𝑛−𝑚𝑜𝑙 𝐶𝐻4 𝑜𝑢𝑡) + 𝑚𝑜𝑙 𝐻2 𝑂 𝑖𝑛

x 100

𝑚𝑜𝑙 𝐶𝑂 𝑜𝑢𝑡
𝐶𝐻4 𝑖𝑛 − 𝑚𝑜𝑙 𝐶𝐻4 𝑜𝑢𝑡) + (𝑚𝑜𝑙 𝐶𝑂2 𝑖𝑛−𝑚𝑜𝑙 𝐶𝑂2 𝑜𝑢𝑡)

x 100

(7)
(8)

For various combinations of arc power and reactants
flow rates the values of process characteristics were
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dependent on value of the ratio of energy available for the
process to the amount of input methane defined as
𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 =

𝑡𝑜𝑟𝑐ℎ 𝑝𝑜𝑤𝑒𝑟 − 𝑡𝑜𝑟𝑐ℎ 𝑙𝑜𝑠𝑠 − 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑙𝑜𝑠𝑠
(𝑚𝑜𝑙 𝐶𝐻4 )𝑖𝑛

(9)

The dependences of evaluated characteristics on process
enthalpy are in Figs. 2 - 9.

Fig. 5. Dependence of CO yield on process enthalpy.
It can be seen that for higher values of process enthalpy
both the H2 and CO yields are close to 100%.
Values of H2 and CO selectivity are shown in Figs. 6
and 7. The values of H2 and CO selectivity were between
80% and 100%, similarly like for other characteristics the
highest values were obtained for high process enthalpies.
Fig. 2. Dependence of CH4 conversion on process
enthalpy in steam reforming.

Fig. 6. Dependence of H2 selectivity on process enthalpy
Fig. 3. Dependence of CH4 and CO2 conversion on
process enthalpy for dry reforming.
It can be seen in Figs. 2 and 3 that for high ratios of
available energy to methane flow rate almost complete
methane conversion was achieved, CO2 conversion in a
dry reforming was maximum 93%. Figs. 4 and 5 show H2
and CO yields, again in dependence on the process
enthalpy.
Fig. 7. Dependence of CO selectivity on process enthalpy
Fig. 8 presents H2/CO ratio determined from measured
gas composition. For both the steam and the dry
reforming the ratio was close to the values corresponding
to equations (1) and (2) with hydrogen content a little bit
higher than theoretical values. Higher hydrogen content
corresponded to higher hydrogen amount supplied in
reagents and in plasma.
Fig. 4. Dependence of H2 yield on process enthalpy
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The last characteristic evaluated from the measured
results was energy cost of hydrogen production, which is
shown in Fig. 9 for both the steam and dry reforming.

Fig. 8. Ratio H2/CO in produced gas.

Fig. 9. Dependence of energy cost of hydrogen on process
enthalpy.
4. Discussion and Conclusions
In all measured conditions, for the steam as well as the
dry reforming, the produced gas was composed of
hydrogen and carbon dioxide with small amount of other
gases (CO2, CH4, and O2). Argon was added into the
reactor for determination of the output gas flow rate. For
stable conditions the composition was stable, the
composition change after any change of experimental
parameters (flow rate of input reactants, arc power)
occurred within 30 s, as can be seen in Fig. 1. The delay is
probably caused by a transport time in gas sampling
circuits, the time of change of composition in the reactor
is even shorter. This short reaction time and easy
possibility of control of composition of produced gas are
important advantages of plasma treatment. The process
can be started on or shut down, as well as gas composition
can be changed, with a short delay time.
Main characteristics of the conversion process are
dependent on ratio of energy supplied by plasma to input
flow rate of methane, which we call process enthalpy. The
hydrogen yield, methane conversion, and H2 and CO
selectivity are high, for high values of the process
enthalpy are above 90%. The ratio of H2/CO was 3 – 3.4
for steam reforming and 1.1 – 1.2 for dry reforming,
which are values close to theoretical values following
from (1) and (2). Higher content of hydrogen was given
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by additional hydrogen supplied in steam plasma, which
was not involved in determination of flow rates of input
reactants.
Equilibrium composition of a gas mixture containing
carbon, hydrogen and oxygen can be determined by
thermodynamic calculations. It follows from these
calculations, that produced gas is composed from
hydrogen and carbon monoxide, with very small amount
of other gases, at temperatures above 1200 K [6]. Thus,
theoretical value of energy needed for the realization of
reactions (1) and (2) can be determined as a sum of
reaction enthalpies given in (1), (2) and energy needed to
heat reaction products to the temperature 1200 K. This
energy could be recuperated by cooling down produced
gases. The resulting total enthalpy is 316 kJ/mol for steam
reforming (equation (1)) and 359 kJ/mol for dry
reforming (eq. (2)). These values of enthalpies can be
compared with process enthalpies in experiments which
are given in Figs. 2 – 9. For lower values of reaction
enthalpies, the values of all characteristics given in Figs.
2-8 are lower. Also the energy cost of hydrogen given in
Fig. 9 is lower for low values of reaction enthalpy. Thus
optimum conditions for hydrogen production and
optimum value of process enthalpy should be determined
from a compromise between energy cost, hydrogen yield
and selectivity.
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Investigation of O(1 D) chemistry dynamics in premixed
methane/air combustion by ozone photolysis
Yupan Bao, Wubin Weng, Kajsa Larsson, Marcus Aldén and Andreas Ehn
Division of Combustion Physics, Lund University, Lund, Sweden
Abstract: The O(1 D) chemistry is known to occur on rather rapid timescales. This
initial investigation shows that planar laser-induced fluorescence (PLIF) studies of OH in
methane/air or water/air gas mixtures using wavelengths around 282 nm could result in
photochemically induced interferences using nanosecond laser excitation in the presence of
ozone. In addition, it is shown that picosecond laser excitation can be used to circumvent
this obstacle.
Keywords: O(1 D) chemistry, PLIF, OH, Ozone photolysis, Plasma-assisted combustion
1. Introduction
was around 283 nm and the full width half maximum
Investigation of the temporal dynamics of O(1 D) of the temporal pulse duration was of just below 10 ns.
chemistry is important for both atmospheric- and
plasma-assisted combustion chemistry as the reactions
of O(1 D) with H2 O and CH4 result in production of hydroxyl radicals (OH). The hydroxyl radical plays a crucial role in eliminating the natural and anthropogenic
gaseous pollutants in atmosphere as the most important oxidant[1, 2]. The majority of the OH radicals in
the troposphere and stratosphere are produced by the
reactions:
O3 + hν → O(1 D) + O2 (a1 Σg )
1

O( D) + H2 O → OH + OH
1

O( D) + CH4 → OH + CH3 ,

(1)
(2)
(3)

where O(1 D) is formed by photodissociation of ozone
in the ultraviolet.
Similarly, as O(1 D) is one of the most unstable
and active molecules that are formed in plasmas and
plasma-assisted combustion, the investment of its effect on OH-radical formation can not be ignored. In
addition, ozone is also formed in plasmas and it is
known to have an accelerating effect on the combustion chemistry[3, 4, 5]. This effect seems to be due to
thermal decomposition of ozone into ground state Oatoms that starts reacting with CH3 [6]. If, however, a
standard nanosecond UV pulse could photochemically
produce O(1 D) atoms as well as excite OH radicals
(which has been newly formed from O(1 D) reacting
with methane or water), photochemical interferences
would affect the results.

Figure 1: OH PLIF in a Bunsen flame seeded with O3 using nanosecond (left) and picossecond (middle) excitation. The
dashed lines display in the position where cross section data,
shown in the graph to the right, are taken. The photochemically
induced OH signal in the unburned region is shown as δS in the
graph to the right.

A typical result from these measurements is displayed to the left in Fig.1 where the OH in the post
flame region is seen in super equilibrium. The additional OH signal, seen in the unburned region, is the
photochemically produced OH signal. This signal is
a result of rapid O(1 D) chemistry that form OH radicals within the time period of the laser pulse passing
through the probe volume. This additional photochemical interference is not seen in the image in the middle of Fig.1, where shorter laser pulses were used in
the excitation process with a temporal duration of 80
ps. This indicates that such pulses are short enough
to avoid excitation of photochemically produced OH
2. Planar laser-induced fluorescence measure- interferences. Cross-sectional graphs are displayed to
the right in Fig.1 where the OH interference signal is
ments
Such planar laser-induced fluorescence (PLIF) mea- assigned as δS.
Initial measurements to study the dynamics of this
surements were carried out using standard nanosecond
laser pulses to visualize the OH distribution in a pre- rapid O(1 D) chemistry and to get a full understanding
mixed laminar cone flame. The methane/air mixture of the limitations of excitation in UV using picosecond
was seeded with ozone. The wavelength of the laser laser excitation have been carried out in ozone-seed gas
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mixture of O2 and H2O. The measurements were conducted at room temperature and atmospheric pressure
using a pump-probe configuration with a pump laser
wavelength of 260 nm, used for photolysis of ozone.
The OH radicals were then probed with a laser wavelength of around 282 nm, tuned to match the transition A(2 Σ+ (ν 0 =1)) ← X(2 Πi (ν 00 =0)). By increasing
the time delay of the photolysis and probe lasers, the
OH signal starts appearing. This is illustrated in Fig.2
where the OH-signal is doubled after merely 2 ns indicating a rapid increase in OH concentration.

poster

seeded gas mixtures containing methane or water is
investigated using laser pulses with pulse durations between 5 and 10 ns and that such interferences could be
suppressed by using picosecond laser excitation. More
detailed measurements have to be performed to conclude the absolute limitations of nanosecond excitations that also could give new insights in the timescales
of O(1 D) chemistry that would be of interest for atmospheric and plasma-assisted combustion chemistry.
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Effect of spark discharges to methane jet on the direct conversion of methane
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Abstract: Methane direct conversion with spark discharges to the methane jet was studied.
Pressurized methane and argon were supplied into the reactor. The effect of the supply
pressure on the methane conversion was investigated for 2 and 3bar, respectively. Methane
conversion and hydrogen selectivity under 3bar was higher than under 2bar. However, the
selectivity of C2 and C3 hydrocarbon showed opposite results. Infra-red thermography was
measured to investigate the heating effect. The reactor was heated up to 288°C after the spark
discharge at 3 kHz and 9 kV was applied for 30 minutes. The effect of the spark discharge
on the methane upgrading and methane decomposition was investigated.
Keywords: Methane direct conversion, Spark discharge, Plasma jet

1. Introduction
Methane was well known as a main component of natural
gas [1]. Recently, the study of methane direct conversion
to hydrocarbons was actively progressed to use as a fuel.
In addition, the methane conversion to acetylene has been
studied because acetylene was widely used for welding,
portable lamp and materials of plastic [2, 3].
In general, the methane conversion to hydrocarbon
process is a very complex process with high energy input
[4]. The methane conversion process was activated by the
catalyst at the high temperature and pressure condition [5,
6]. Recently, the study for solving the above problem
through using the plasma has been performed because the
plasma chemistry features the high selectivity even at the
lower temperature and pressure condition than the
traditional catalyst chemistry [7, 8]. The study was
conducted to improve the conversion with high-enthalpy
plasma because the plasma chemistry process has the low
conversion at low-temperature condition despite the high
selectivity [9].
In this paper, we have used the spark discharge to
understand the high-enthalpy plasma process in the
methane conversion. The experiment was conducted at the
high flow rate with the spark discharge plasma. In addition,
the conversion, selectivity, heating effect of the plasma
discharge were investigated.
2. Experimental
Fig. 1. was the schematic diagram of experimental
equipment used in this study. The experimental equipment
was composed of reactor, gas supply equipment, analysis
equipment, plasma discharge equipment and monitoring
equipment.
That the reactor used in the experiment composed of
quartz glass tube of 1inch diameter and gas supply pipe of
SUS (steel use stainless) material. The electrode of SUS
material equipped in the reactor for spark discharge. The
upper electrode was composed of SUS material. And the
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lower electrode was installed nickel form of the circular
plate. The nickel form was installed for spark discharge
consistently during the experimental. Whenever
experiment conducted, the nickel form changed the new
one

Fig. 1. Structure of reactor for the plasma discharge at high
inlet pressure condition
The reaction gas was supplied from the high-pressure
cylinder through the Reservoir chamber to the reactor.
Methane and argon gas were stored in the reservoir
chamber with 7.5 bar pressure. That methane and argon gas
were stored at reservoir chamber was supplied at reactor
with steady pressure through the pressure regulator. The
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pressurized methane and argon gas were supplied to nozzle
from reservoir chamber. The nozzle was located in the end
of the upper electrode. That gas mixture was sprayed from
the nozzle was exposed to spark discharge plasma. The part
of reactor gas flowed to gas analysis equipment. the
remainder of reactor gas was emitted to the outside.
The experiment was used function generator (Agilent 33220A) and high voltage amplifier (Trek – model 20/20C)
for spark discharge. And the discharge characteristic was
observed with high-voltage probe, capacitor and the digital
oscilloscope (Tektronix – MDO3014) for monitoring spark
discharge plasma. Also, that the gas was heated up due to
spark discharge was measured with the thermographic
camera (FLIR - T62101).
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐶𝐻4 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑
×100
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝐻4

(1)

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑥 𝐻𝑦 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝑥 𝐻𝑦
×100
𝑥 ∗ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑

(2)

Methane conversion and hydrocarbon selectivity
compared according to pressure with spark discharge
plasma. The conversion and selectivity calculated with
equation (1), (2). Also, all experiments processed at
ordinary temperature. That methane and argon gas used in
experiments was the gas of pure 99.999 percent.
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thermal image was filmed with the thermographic camera
when plasma discharge after 30 minutes. In the infrared
thermal image, the reactor was heated up 235℃ at 2bar
pressure and 288℃ at 3bar pressure. Because the resistance
of plasma discharge differenced as the flow-rate, 3bar
pressure condition generated heat than 2bar pressure [11].
The reason of difference selectivity was internal heating of
the pyrolysis or catalytic activation of nickel form.

Fig. 3. The infrared thermal image of 2bar pressure after 30
minutes with plasma discharge at 9kV, 3kHz

Converstion(%)

60

40

20

0
2bar

3bar

Fig. 2. Comparison of conversion according to 2bar and
3bar pressure inject gas
3. Results and discussions
Fig. 2. and Table 1 compared the data of methane
conversion and hydrocarbon selectivity about supply
pressure of 2bar and 3bar. The spark discharge plasma
discharged at 9kV, 3kHz condition. The methane
conversion was 44.26% at 2bar pressure and 56.83% at
3bar pressure. In general, the space velocity and selectivity
have inverse proportion [10]. The internal flow-rate of
reactor meant increase as pressure increase. So,
thermography analysis performed for understanding the
cause for the increase of selectivity.
Fig. 3. and Fig. 4. were the infrared thermal image when
the plasma discharged in the reactor. And the infrared
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Fig. 4. The infrared thermal image of 3bar pressure after 30
minutes with plasma discharge at 9kV, 3kHz
Table 1 Selectivity of the hydrocarbon and hydrogen by the
plasma discharge at 9kV and 3kHz
H2

C2H4

C2H6

C2H2

C3H8

2bar
Pressure

85.36

0.72

0.34

13.52

0.06

3bar
pressure

92.67

0.81

0.53

5.97

0.23
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At the change of selectivity was examined as pressure,
the selectivity of C2 and C3 hydrocarbon was higher at 2bar
pressure than 3bar pressure. As pressure was the increase,
the selectivity of C2 and C3 hydrocarbon decreased but the
selectivity of hydrogen increased. The spark discharge
plasma caused decomposition reaction of methane than
hydrocarbon conversion.
4.Conclusion
We studied the plasma chemistry reaction according to
supplied pressure of methane and argon gas. The
selectivity increased according to gas supply pressure
increased. And the selectivity of hydrocarbon was
comparatively higher at 2bar supply pressure. But the
selectivity of hydrogen was higher at 3bar supply pressure.
Because the heat by plasma discharge was caused the
catalyst reaction. Therefore, the decomposition reaction of
methane occurred than hydrocarbon conversion.
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Industrial Plasma Pilot for Flame Stabilization
J. Pleis1, R. Geiger1, and D. Kendrick1
1
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Abstract: Industrial pilots are required to be robust, maintain a stabilized flame over a
range of operating conditions. Plasma discharges can enhance flame stabilization, this is
considered a well understood phenomenon. While gliding arc plasma is a well-known
technique in plasma-assisted combustion, industrial relevant scales have not yet been
developed. ClearSign Combustion Corporation is currently developing a plasma-assisted
industrial pilot using a gliding arc system. Such a piloting system is meant for operations
speciffically pertaining to large industrial burners such as once through steam generators
(OTSG), process heaters, and enclosed ground flares.
Keywords: Plasma, Combustion, Plasma-assisted Combustion, Pilot, Industrial Plasma
1. Introduction
The Plasma Piloting system will be a useful technology
for industrial burners that operate in refineries, process
heaters and enclosed ground flares. Having a reliable pilot
system that can ensure operation under varying fuel
conditions would allow for the use of free pilot fuel
utilized in the refinery burner market. Enclosed ground
flares require robust pilot system that cannot be
extinguished from the environmental conditions such as
wind and rain. By constructing a gliding arc Plasma Pilot
the reliability and fuel flexibility can be greatly improved
in comparison to traditional piloting systems.

DAQ. Allowing for useful information that helps govern
design of helpful products.
Design Equations are as follow:
Mass Flow:
𝑀̇1 + 𝑀̇2 = 𝑀̇3 = 𝑀̇4

(1)
−𝛾+1

𝐴1∗𝑃1

𝑀̇1 =

√𝑇1

𝛾

∗ √𝑅 ∗ (

𝛾+1 2∗(𝛾−1)
)
2

(2)

chocked mass flow [3].

2. Design

Orifice

𝑀̇2 = √(

Swirler

1

3

4

2

𝑀̇1
𝜌1 ∗𝐴1

) −2∗

(𝑀̇1+𝑀̇2)2
𝜌3 ∗(0.1414∗𝐶𝑑∗𝐴3)2

(3)

Design equations:
Area of swirler [4].

2

Eductor

Figure. 1 Schematic of self-aspirating plasma pilot

𝜋

𝐴3 =

4

(𝐷 2 − 𝑑2 ) ∗ 𝑐𝑜𝑠 𝛼 −

𝑁∗ℎ3
2

𝑀̇

(5)

𝜙 = 17.19 ∗ (𝑀̇1 )
2

Designing of the Plasma Pilot requires an eductor to
create a premix combustion pilot which is governed by
the orifice size, the eductor size, the upstream pressure,
the back pressure from the swirler, and the temperature.
Coupling this relationship allows for the design of the
pilot to operate within certain parameter spaces dictated
by the equivalence ratio and thermal output. The swirlers
purpose is to help the air and fuel mix more uniformly for
better emissions standards, it also gives a tangential
velocity to the gliding arc to move the plasma around
resulting in a longer electrode life time. The power supply
utilized for testing and plasma characterization is a
variable power supply with a micro processing feedback
attribute monitoring the power supply real time from the
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∗ (𝐷 − 𝑑) (4)

(For methane air)
0 = 𝑎 ∗ 𝑀̇22 − 𝑏 ∗ 𝑀̇2 − 𝑐

(6)

Solving the quadratic for M2:
𝑎=−
𝑏=𝜌

(𝜌3∗(0.1414∗𝐶𝑑∗𝐴3)2+2)

4

3 ∗(0.1414∗𝐶𝑑 ∗𝐴3)

𝑐=

(7)

𝜌3∗(0.1414∗𝐶𝑑∗𝐴3)2

(8)

2

2∗𝑀̇1
𝜌3∗(0.1414∗𝐶𝑑∗𝐴3)2

+ (𝜌

𝑀̇12

1 ∗𝐴1)

2

(9)
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∅ = 17.19 ∗ 𝑀̇1 ∗ (

2∗𝑎
−𝑏±√𝑏 2−4∗𝑎∗𝑐

(10)

)

3. Experimental Setup
Discharge Gap

initial results an optimized efficiency of electric field
plasma discharge and plasma power can be observed.
With a longer plasma discharge (V/n) the preliminary
findings suggest that the energy input is more efficient to
the energy output from the combustion reaction, therefore
making the total energy input of the system more
efficient.

Ball Height
Swirler

Eductor
Orifice

Figure. 2 Plasma pilot arrangement
The experimental setup utilized one of
Clearsign’s test furnaces to create a safe and
repeatable test apparatus for the Plasma Pilot.

•
•
•
•
•
•

The Plasma Pilot Design requirements are as
follow:
Does not require compressed air
Reliably destabilizes above 70 – 100 SCFH (3340 SLPM) without plasma-assistance
Reliably sustains ignition at 100 – 150 SCFH (47
– 70 SLPM) with plasma-assistance
Maintenance-free pilot lifetime of about 2000
hours
NOx emissions below 40 ppm corrected to 3%
O2
BOM is below 1000$ for the Pilot

4. Preliminary Results and Future Work

figure. 4 Shows the relationship between the plasma
power, chemical power, and electric field strength from
the change in electrode distance
future considerations:
1) External circuit considerations (optimizing for both
economics and performance)
2) Scaling of the system for larger industrial burners
3) Plasma diagnostics (plasma temperature effect on
blow-off)
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Figure. 3 Flame extinction limits varying plasma power
and electric field discharge volumetric discharge
The Plasma Pilot results begin to show that an
optimization of design parameters can potentially lead to
a robust pilot for reliability and flexibility. From the
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Effect of Ozone on NOx Remediation Efficiency using Nanosecond Pulsed
Plasma Discharges
Sriram Subramanian1, Sanjana Kerketta1, William P. Schroeder1 , Martin A. Gundersen1
1

Department of Electrical Engineering- Electrophysics, University of Southern California, Los Angeles, USA
Abstract: In this paper, we report studies of the effect of various electrode geometry on
ozone generation efficiency (g/kWh) using nanosecond pulsed discharges in a wire electrode
reactor setup. Based on the most efficient electrode geometry, we conducted experiments on
a 5 kW Kubota diesel engine to study the effects on NOx reduction. Further, we also look to
correlate the effect of ozone on NOx remediation and present NOx remediation as a function
of ozone generation.
Keywords: Ozone generation efficiency, NOx removal efficiency, multi wire electrodes
reactors: 2.78” and 2” in diameter respectively
and made of stainless steel. Both reactors were 3
feet in length.
We used 3 sets of electrodes, each 3 feet long, to
act as the anode: a single 20 mil stainless steel
wire and two 4 wire electrodes with cross
sectional diameters of 0.25” and 0.5”
respectively.

1. Introduction
NOx and particulate matter from diesel engines are
potent pollutants and a great cause for concern among the
scientific community. A great deal of time and effort has
been expended in studying different ways of remediating
NOx from diesel exhaust. At the Pulsed Power Research
Lab at USC, we have focused our efforts on using Non
Thermal Plasma (NTP) in treating diesel exhaust. We use
a cylindrical reactor- wire electrode assembly coupled with
high voltage nanosecond pulses in our work.
Ozone generation efficiency is seen as a primary indicator
of the efficacy of any treatment mechanism that uses
electrical discharges. So our first round of experiments will
involve investigating the most effective ozone generation
configuration followed by using that configuration to treat
the exhaust from a 5 kW Kubota Diesel engine to
understand the effect that ozone has on NOx treatment as
well as quantify the effect of the initial NO concentration
on the final removal efficiency.
2.Experimental Setup
Thus follows a brief description of the experimental
setup at USC.
a.

Pulse Generator
For all of our experiments, we have used the
Transient Plasma Systems 20x pulse generator. It
is a diode based pulser that generates a peak
voltage of 13 kV into a matched 48 Ohm load. The
pulse has a 5 ns rise and is 12 ns wide at its base.
The energy delivered into a matched load is
37mJ/pulse. The pulse generator can be operated
at repetition rates upto 10kHz. The average power
deposition into the load is ~200W.

b.

Reactor Geometry
For our first set of experiments we have used
different reactor geometries to arrive at the most
efficient ozone generation technique. We used 2
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c.

Current and Voltage Measurements:
For our current and voltage measurements, we
have incorporated a B Dot (current sensor) and D
Dot (electric field sensor) on the coaxial cable at
the cable- load interface. These sensors allow us
to measure the current and voltage waveforms as
they enter the reactor. The sensors have a
bandwidth of 200 MHz. The raw signal is fed into
a passive integrator which integrates the raw
sensor signal to give us the raw voltage and
current signal on a 2.5 GHz, 8 GS/s LeCroy
Oscilloscope. The original voltage and current
signals are reconstructed by using the formula in
page 32 of reference [1].
The energy deposited into the plasma is calculated
by integrating the product of V and I. All readings
presented from here on represent the average of
50 samples.

Figure 1 shows the experimental schematic
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Ozone Measurement:
Ozone concentrations developed in the reactor are
measured using UV absorption spectrum in the
Hartley band (230 nm – 290 nm) where ozone
absorption dominates. An ocean optics Deuterium
lamp was used as a UV light source and an
HR2000 Ocean Optics spectrometer was used for
collecting the data on to a computer. The data was
processed using MATLAB to solve for the
concentration according to the Beer Lambert law.
The code for this data processing was provided by
Prof. Tom Huiskamp from Technische
Universiteit Eindhoven.

ozone production geometry. The configurations
have been compared at same operating voltages
of ~15 kV with slightly differing energies/pulse
but mostly around 12.5 mJ/pulse for the multi
wire electrode. The single wire on the other hand
delivers 18 mJ/pulse. The flow through the 2.78”
reactor was 11.5 lps while the flow through the 2”
reactor was 7.5 lps. These flows were chosen as
they closely mimic the expected flow from our
Kubota diesel engine.
The ozone yield was calculated based on the
formula:
𝜂=

3.Reactions

NO + O3

NO2 + O2

(1)

This NO to NO2 conversion is also a function of the initial
concentration of NO. We shall be studying the effect of the
initial concentration in greater detail in our experiments in
the coming weeks.
In an oxygen rich (or for that matter any oxygen
containing) environment, the production of ozone is a
product of electron impact. The concentration of ozone
produced will be dictated by the density of high energy
electrons produced by the fast rising electric field.
O2 + e
O2 + O + M

O + O + e ΔW = 6 eV (2)
O3 + M

(3)

But this process is also temperature sensitive and oxygen
radicals would be produced in smaller amounts at high
temperatures thereby lowering the ozone yields.
But for our experiments, the exhaust stream will contain
unburned hydrocarbons due to non ideal combustion of
diesel and this alters reaction pathways for NO removal.
Mizuno, Shimizu, Chakrabarti et al showed using FTIR
measurements that introduction of UHC leads to formation
of acetic acid (CH3COOH) among other compounds as the
final by product [3].
4. Experiments and Results
a) Reactor and Electrode Geometry
Most researchers across the world have reported
ozone generation yields in the 50 g/kWh to about
150 g/kWh based on the technology in use [4]. In
these experiments, we have compared various
reactor geometries to look for the most efficient
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Where η = generation efficiency (g/kWh),
CO3 = ozone concentration (ppm),
E = energy per pulse (J),
frr = repetition rate (Hz),
F = flow rate (lps).

Ozone Generation Efficiency (g/kWh)

R. Dorai and M. J. Kushner have mentioned in their paper
[2] on modelling NO removal chemistry that the most
dominant method for removal of NO is via oxidation by
ozone. The reaction proceeds as:

3.6 ∗ 48 ∗ 𝐶𝑂3 ∗ 𝐹 ∗ 1000
22.4 ∗ 𝑓𝑟𝑟 ∗ 𝐸

160

3 inch 0.25 inch multi
140

3 inch 1 wire
3 inch .5 inch multi

120

2 inch 0.5 inch multi
100

80

60

40
0

5

10

15

Energy Density (J/L)
Figure 2 shows the plot for ozone generation
efficiency vs energy density for different
reactor geometries
From the plot, we see the single wire electrode fall
off very rapidly as the energy density is raised.
One possible explanation for this could be the
local rise in temperature due to the high density of
streamers at high average powers. This localized
heating impedes the formation of ozone thereby
raising the energy cost. This has been postulated
in reference [3].
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b) Planned experiments:
We have experiments planned for the coming
weeks that would help us pin down the exact
effects of ozone on NOx remediation.
 We would be looking deeper into the
effect of number of wires on the multi
wire electrode setup. We have
experiments planned on the effect of 3
wire and 8 wire electrodes on the ozone
generation efficiency as well as
matching.
 We would be performing experiments on
the diesel exhaust by injecting ozone
generated from a commercial oxygen fed
ozone generator into the exhaust stream.
We know from Prof. Tom Huiskamp’s
thesis [5] and reference [3] that the initial
concentration in the exhaust stream
decides how the remediation progesses.
And so we postulate that injecting ozone
before pulsing would assist in lowering
the concentration of NO at high initial
concentrations before entering the
reactor. And thereby, it would help us
achieve greater remediation. We would
be able to understand this effect by
studying remediation with and without
ozone injection and calculate the energy
cost incurred by injection of ozone into
the system.
 In order to exactly understand the
correlation between ozone and NOx
remediation, we would be studying
remediation due to different reactor
geometries at the same energy densities
to be able to accurately pin down the
aforementioned correlation.
 All of this exercise should enable us to
deliver a plot of NOx remediation
efficiency as a function of the initial
concentration of NOx as well as a plot of
the ozone generation efficiency vs NO
remediation efficiency.
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We postulate that ozone injection into the pre
treated diesel exhaust will help treat a larger
quantity of NOx than we currently can at high
initial concentrations. This will be proven in the
experiments in the coming weeks.
We also postulate that ozone injection might
increase the energy cost per remediated NO
molecule but that will be offset by the ability to
treat a larger portion of the exhaust at high initial
concentrations.
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5.Conclusions
From the experiments we have conducted thus far, we
see that the multi wire electrode tends to have a much lower
energy cost for ozone generation in comparison with the
single wire electrode when operated under similar
conditions. In the coming weeks, we shall also be reporting
important findings on the effect of ozone on NOx
remediation.


We will quantify the effect of ozone on NO
remediation by correlating it with an increase in
NO2 concentration in the post treated exhaust or
by a marked increase in the concentration of a by
product in the diesel exhaust.
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Plasma Processes for Innovative Vascular Prostheses Combining 3D
Electrospun Nanofiber Matrices and Bioactive Coatings
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Abstract: We describe research designed to develop a new generation of synthetic vascular
grafts (VGs) of small diameter (< 6 mm). Unlike current commercial VGs, these are based
on electrospun PET scaffolds that are plasma treated in order (i) to optimize their mechanical
properties; (ii) to allow colonization by the required cell types. Here, we emphasize adhesion
of endothelial cells on the VG’s innermost luminal (intima) layer.
Keywords: Vascular graft, electrospinning, plasma etching, plasma polymer, endothelium
1.General Introduction
Conventional large-diameter prosthetic vascular grafts
(ePTFE, Dacron® poly(ethylene terephthalate - PET), have
proven unsatisfactory for small-diameter vessels (below 6
mm) due to poor endothelialization and compliance
mismatch, which lead to thrombosis and to lack of patency
[1]. To address these vital issues, scaffolds that simulate
the extracellular matrix (ECM) of native blood vessels and
that possess similar 3D nano-fibrous structure can be
produced by electrospinning [2]. However, the efficacy of
endothelial cell adhesion and growth on such PET
scaffolds will likely be limited. Therefore, to improve
biocompatibility of a polymeric scaffold, a suitable surface
treatment is needed to enable strong cell-adhesion and growth. A particularly powerful method to promote cell
activities is to deposit a thin plasma-polymerized (PP)
coating (for example, nitrogen-rich PP-ethylene,
designated “L-PPE:N”) on the surface. In this study, an
innovative random 3D electrospun PET (“ePET”)
nanofiber scaffold for the lumen side of a graft was
developed, one which is structurally and mechanically
suitable for accommodating human umbilical vein
endothelial cells (HUVECs) [3]. PP coating was then
carried out and its effect on mechanical properties and
HUVEC adhesion and growth was evaluated in vitro [3, 4].
We have also investigated scaffolds with aligned
nanofibers that simulate the medial layer of natural blood
vessels, as well as plasma-based etching designed to
optimize scaffolds’ mechanical compliance [5]. Finally,
different PP coatings were compared in regard to HUVEC
colonization efficacy [6].
2. Experimental Methodology
A schematic diagram of the electrospinning process is
shown in Fig. 1, while Fig. 2 presents the radio-frequency
(r.f.) low-pressure plasma reactor [7] used for etching and
PP deposition experiments carried out here. Since both
have been described in detail elsewhere [5, 7], no further
details will be presented.
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Fig. 1. Schematic diagram of the electrospinning
process; from http://www.people.vcu.edu/~glbowlin.

Fig. 2. Schematic diagram of the capacitively coupled
plasma reactor [7].
Materials were characterized by several techniques:
Scanning electron microscopy (SEM). The diameters of
100 randomly-selected fibers (at least two experiments
with triplicate samples) were examined by SEM and
analyzed using image analysis (NIH ImageJ software).
Mercury intrusion porosimetry. Porosity and pore size of
nano-fiber mats were determined by this method.
Tensile testing (dry and wet). Mechanical properties of the
mats were evaluated using a uniaxial tensile testing
machine
(Instron,
ElectroPuls™
E10000).
Surface-chemical (XPS) analyses. X-Ray photoelectron
spectroscopy (XPS) analyses were performed in a VG
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ESCALAB 3MkII instrument, using non-monochromatic
Mg Kα radiation [7, 8]. For the case of N-rich mats, the
surface-near concentrations of primary amine groups,
[NH2], were determined using the derivatization reaction
with 4-(trifluoromethyl) benzaldehyde (TFBA) vapor and
data acquired with XPS survey spectra [8].
Biological Testing. To investigate HUVEC adhesion and
growth, Alamar Blue (resazurin; cell viability indicator)
was used after different culture times (e.g. 1, 4, 7, 14 and
21 days). The cell morphologies were also analyzed by
SEM after fixation in 0.5% glutaraldehyde at 4 ºC and gold
sputtering. The details have been described earlier [3].
3. Results and Discussion
Fig. 3 shows SE micrographs of three different types of
electrospun PET mats (̴ 100 µm thick), described in the
caption, while Table 1 specifies typical mat characteristics.

Fig. 3. SEM and 2D FFT images (insets) of (A) random
(RL), (B) aligned (AL) mat for the luminal layer; and (C)
aligned (AM) mat for the media layer (scale bar: 10 µm).
Adapted from ref. [4].

Fig. 4. Young's modulus of pristine and plasma-etched
aligned ePET mats (three experiments, at least 12 samples
in each experiment; adapted from ref. [5].
culture plates were also used as positive controls, namely
tissue-culture polystyrene (O-rich “TCP”), and Primaria®,
which contains both O- and N- surface functional groups
[6]. This study, illustrated in Fig. 5, revealed that both Oand N-functionalized surfaces favour HUVEC adhesion to
comparable extents: Both of these types of
functionalizations displayed the ability to foster
endothelialization, with results greatly superior than bare
PET. The hoped-for synergistic effect of combined O- and
N-bearing moieties observed on Primaria® could so far not
be reproduced by plasma coating, although “L-PPE:O,N”
does have potential for further improvement [6].

Table 1- Porosity and pore properties of electrospun mats
(bare and L-PPE:N-coated, n=4). Fibre diameter ̴ 550 nm.
Mat sample
Bare
PP-coated

Porosity (%)

Pore Diameter (µm)

87±1

3.2±0.5

86±1

2.5±0.9

It turned out that the mechanical compliance, inversely
proportional to Young’s modulus, was significantly higher
than that of native blood vessels, for example human
femoral artery. We therefore undertook a series of plasmabased etching experiments, both at low- (LP) and
atmospheric pressure (HP), all using O2 gas or O2-based
gas mixture, including in the apparatus of Fig. 2, but others
as well [5]. Fig. 4 shows that all resulted in significantly
reduced Young’s moduli, close to that of femoral artery.
Next, a series of experiments was carried out which had
the objective to study the effect of different surface
compositions on the colonization by HUVECs. In order to
render them feasible and simple, these were done not with
ePET mats, but for the most part on smooth PET films,
although two types of plasma-modified commercial cell-
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Fig. 5. Endothelial cell (HUVEC) culture results for the
various bioactive materials examined (blue bars: after
24h; red bars: after 4d). All results are normalized with
respect to those obtained with TCP plates after 24h (≡
100%). Adapted from ref. [6].
Based on the investigations just described, one is faced
with the choice between O- or N-rich PP coatings as the
means to promote HUVEC adhesion on ePET mats. The
main reason why we settled for L-PPE:N is that highly
reactive primary amine (NH2-) functional groups at the
sample surface enable grafting of other bio-active groups
or compounds, which turned out to be a major asset. The
PP coating, by itself, favors not only colonization by
HUVECs, but also by platelets in human blood, cells
responsible for thrombosis (blood clot formation), of
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course highly undesirable in this present context.
Therefore, we have elected to covalently graft chondroitin
sulfate (CS), a polysaccharide, to L-PPE:N-coated ePET
surfaces. CS-containing coatings have already been shown
to possess anti-apoptotic properties for vascular cells and
to prevent platelet adhesion, while promoting HUVEC
adhesion and growth [9-11]. Fig. 6 (top) compares the
extent of HUVEC attachment after 21 days of incubation
in media (a) on bare ePET; (b) on L-PPE:N-coated ePET,
where the latter, unlike the former, clearly revealed nearcomplete coverage of the mat surface by a confluent
monolayer of HUVECs. The two SEM images below, (c)
and (d), respectively show corresponding (bare and LPPE:N-coated) woven Dacron® surfaces: although (d)
shows some HUVEC adhesion, it is clearly not possible to
form the requisite confluent monolayer of HUVECs on
such an irregularly profiled surface topography.

a

b

c

d

Fig. 6. SEM micrographs of electrospun nanofiber mats
with HUVECs after 21 days of growth: a) bare mat
(ePET); b) mat after L-PPE:N coating; c) bare woven
PET (wPET, Dacron®); d) woven PET after L-PPE:N
coating (scale bar: 100µm). Adapted from ref. [3].

Fig. 7. HUVEC retention after laminar shear stress (15
dynes.cm -2,1h), evaluated by AlamarBlue assay (n=4). *,
#
p < 0.05 with reference to bare and LP-coated surfaces
under shear, respectively. Adapted from ref. [4].
One main advantage of these coatings is their versatility,
because they can be deposited on any electrospun material
and therefore enable one to optimize, in parallel, the
compliance of the VG and its biocompatibility. The present
bioactive coatings should help development of a novel
generation of synthetic vascular prostheses with increased
patency.
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Now, HUVEC coverage on a CS-grafted (L-PPE:N+CS,
“LP+CS”) ePET surface turned out to be comparable with
(b), even slightly higher. The major difference, however,
was noted when the cells’ adhesion was tested in a special
flow cell, designed to simulate shear stress on the HUVEC
layer comparable to the 15 dynes.cm-2 caused by fluid flow
in natural blood vessels. Fig. 7 illustrates the percentage of
cell retention after 1 hour of exposure to shear, for the cases
of (i) HUVECs on bare ePET; (ii) L-PPE:N (here “LP”)coated ePET; and (iii) “LP+CS”-coated ePET. Clearly, the
latter shows statistically significantly improved
performance over the former, both on random and aligned
mats (see Fig. 3).
4. Conclusions
Clearly, the approach based on combining electrospun
matrices with plasma processing has already led to much
progress regarding the intima, emphasized here, but similar
advances are now also being achieved for the case of the
medial layer, populated by vascular smooth muscle cells.
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Abstract: A novel non-thermal plasma source for endoscopic application is presented. After
giving a brief overview of applicable plasma source concepts, the setup of a small and flexible
plasma source setup is given. By utilizing a shielding gas, it allows the generation of a jetlike plasma even inside hollow bodies. The bactericidal effect is shown on P. aeruginosa
germs. In dependence on the applied feed gas, different antimicrobial efficacies were
obtained. The plasma power is not solely responsible for this observation.
Keywords: plasma jet, endoscope, bactericidal
1. Introduction
Ever since non-thermal plasma jets showed efficacy in
decontamination and wound healing, the idea of deploying
plasma medical therapy within the human body emerges.
Several approaches of generating plasma for medical
purposes within or at the end of small flexible tubes were
developed in the last decade [1-3]. However, apart from the
well-known argon plasma coagulation technique [4],
intracorporeal plasma medical applications via endoscopes
have a status rather far from being deployed regularly in
the clinics. Two major challenges prevent an immediate
clinical implementation of endoscopic plasma therapy.
First, the intracorporeal plasma generation in a safe,
reliable and reproducible way is a major challenge since
strong demands have to be met when designing a plasma
endoscope. The most important requirements are
flexibility,
minimal
dimension
and
biological
effectiveness. Furthermore, the plasma generation and
characteristic must not depend on the cavity dimension or
on the unique surrounding gas mixture within the cavity.
Moreover, the plasma source should be built from
materials known in classical endoscopy without creating
critical material erosion in plasma operation mode.
The second obstacle is that the risk assessment of nonthermal plasma for outer-body treatment cannot be adapted
flatly to inner-body plasma applications. For instance, the
unwanted inhalation of reactive species, the damage of
epithelial cells or the electro-magnetic compatibility are
issues that need to be addressed with respect to the unique
environment of an endoscopic treatment. This contribution
focusses on the first challenge, namely the generation of a
non-thermal plasma suitable for endoscopic applications.
2. Endoscopic plasma source
In principle, several non-thermal plasma generation
concepts can be utilized for endoscopic applications. In
order to give a rough orientation, a simple classification
scheme is displayed in figure 1. Here, a first distinction is
made by considering the type of gas supply, which is feed
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gas driven or feed gas free. In case of a feed gas driven
operation, the area of interest is treated by a jet-like plasma
(direct), by a plasma-activated gas (indirect) or by a
combination of both. When no feed gas is applied, the
plasma generation is performed by igniting a volume or
surface dielectric barrier discharge (DBD). Although
DBDs are easy to operate, their reactive species output
strongly depends on the surrounding gas composition. This
is disadvantageous, especially when such plasma sources
are to be operated inside a body, where no stable
environment can be guaranteed for different patients.
In contrast, feed gas driven plasma sources can bring
their own gas environment and are therefore almost
independent of the in-body gas composition. Furthermore,
wide knowledge has been gathered for direct plasma
applications. Thus, in the following the focus is laid on a
jet plasma concept for endoscopic treatments.

Fig. 1. Scheme of non-thermal plasma generation
concepts for building a plasma endoscope.
A sketch of the investigated endoscopic plasma source is
shown in figure 2. It has a cylindrical shape and consists of
two coaxial plastic tubes forming a flexible region. In the
head area of the device, the inner plastic tube is connected
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to an 8 mm long ceramic tube. This rigid part of the plasma
source is placed inside the outer plastic tube. By this
coaxial tube design an inner feed gas channel and an outer
shielding gas channel are formed. As feed gas, different
noble gases (Helium, Argon, or Neon) were used. In the
outer gas channel, CO2 or Air is introduced as shielding
gas. The gas flow rate is 300 sccm for both gas channels.
The diameter of the entire setup is 1.8 mm.
A high voltage electrode is placed around the ceramic
capillary which is connected to a high voltage source
(sinusoidal, 18 kHz, 6 kVpp) by means of a 0.1 mm thin
copper wire. In order to maintain the flexibility of the tube
the high voltage wire is wrapped around the inner plastic
tube. A grounded electrode is arranged around the outer
plastic tube at the rigid region. By applying a high voltage
signal to the high voltage electrode, a capacitively coupled
plasma is ignited and a 3-5 mm long plasma jet is formed.
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that by means of an air containing shielding gas a
negatively charged space charge forms around the plasma
jet [5], as it is schematically drawn in figure 4. This space
charge generates an electrostatic force on the electrons to
remain in the central parts of the jet (figure 4a). When the
jet is surrounded by atoms or molecules lacking the ability
to attach electrons, the electrons diffuse in radial direction.
Consequently, no appropriate plasma jet forms. Beside air,
CO2 also acts as electronegative gas and can therefore be
used as shielding gas as well.

Fig. 4. Scheme of the charge situation in case of
surrounding air (a) and in case of pure helium (b) as
surrounding gas.

Fig. 2. Sketch of the endoscopic plasma source.
3. Plasma jet operation in a cavity
When the above described plasma source is operated in
surrounding air, no severe advantage in terms of plasma
formation is observed when using the shielding gas.
However, when operating the jet inside a cavity the benefit
of the additional gas channel becomes visible. The
situation with and without shielding gas is opposed in
figure 3.

4. Bactericidal effect of direct plasma treatment
The bactericidal effect of the plasma source on
Pseudomonas aeruginosa was tested by using a viability
assay. In order to gain quantitative results, a quadratic agar
test sample (size: 10 mm x 10 mm) was homogeneously
inoculated with 10 µL of bacteria solution and dried
afterwards. The so prepared agar sample was then plasma
treated for 5, 10 and 15 minutes. By means of two stepping
motors, the plasma jet moved over the sample area in a
meandering manner making sure that all regions were
treated similarly.

Fig. 3. Plasma jet operation in a cavity with (left) and
without (right) air as shieling gas.
In the left hand picture of figure 3, no shielding gas is
used and consequently the feed gas helium flows
constantly into the cavity. This leads to an accumulation of
helium and, due to this, to the formation of an arc plasma
between the high voltage driven electrode and the ground
housing (the plasma source is integrated into a grounded
endoscope housing). On the contrary, when air is used as
shielding gas no arcing occurs and a pure jet form as it
would form without the cavity. The reason for this effect is
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Fig. 5. Bactericidal effect of the plasma generated by
the endoscopic plasma source in dependence on the
treatment time and the type of feed gas. All
measurements have been repeated 6 times.
The result of this microbiological test is displayed in
figure 5 for three different feed gas settings. CO2 was
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applied as shielding gas in all cases. The feed gas as well
as the shielding gas flow rate was set to 300 sccm. The
weakest inactivation of about 1 log was found for pure
helium. Admixing 5% of argon to the helium feed gas
significantly increases the bactericidal effect. After 15
minutes the detection limit of 102 Colony forming units
(CFU) per mL was reached. The same was observed for
pure neon plasma. The question arises whether this feed
gas dependency is due to the nature of the feed gas type
and their different excitation and ionization levels leading
to different plasma chemical reactions, or simply due to
different plasma power setting resulting from changing the
feed gas. So far, this question could not finally be
answered. However, a first step in this direction was made
by obtaining the power dissipated into the plasma from
voltage-charge Lissajous plots. The result is shown in
figure 6 for the three investigated feed gas settings.

Plasma medicine

inactivation results differ strongly. Thus, the dissipated
power alone cannot explain the drastic differences in the
inactivation curves. In future, more experiments are
planned to reveal the specific role of feed gas type for the
bactericidal effect.
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The same experimental arrangement as for the
microbiological tests were used. By means of a micrometer
screw, the distance between the jet nozzle and the agar
surface was varied. For a ‘free jet’ (the effluent not
touching the surface, 6 – 11 mm) a rather small plasma
power of about 40 mW was measured in all three cases. In
case of Ne, the effluent starts to touch the agar surface at a
distance of about 5 mm. For He and He + 5% Ar this
touching point is between 3 and 4 mm. By further
decreasing the distance at this point, a steep rise of the
plasma power is observed in all cases together with a
visible brightening of the jet. The highest power value of
0.33 W was observed for Ne at a 3 mm distance. This value
is 1.5 – 2 times higher than the power values of the other
two feed gas settings. Interestingly, at 2 mm distance the
measured power values are almost similar again. The
elevated power values in case of Ne feed gas give rise to
the assumption that differences in power are responsible
for the different inactivation results. However, although the
power curves of He and He + 5% Ar are quite similar, their
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Abstract:
It is crucially important that polymeric coatings on orthopedic implants resist delamination
upon contact with biological media even when scratched. This study reports the fabrication
of plasma polymer coatings on carbide-forming substrates that show long-term chemical and
mechanical stability in a simulated body fluid. We provide evidence that the excellent
stability of developed plasma polymer coatings is due to the formation of carbide bonds
induced by ion implantation at early stages of film growth.
Keywords: bone implant, plasma polymer, growth mechanism, stability, transition metals

1. Introduction
The use of bone implantable devices has become a viable
alternative treatment for patients suffering from bone
diseases. In 2014, there were more than 100,000 knee and
hip replacement surgeries undertaken in Canada alone.
Zirconium-based alloys are promising materials for
orthopaedic prostheses due to their low toxicity, superb
corrosion resistance, and favourable mechanical properties
[1, 2]. The bare surfaces of metals, however, lack the
specific surface chemistry and may trigger foreign body
response, inflammation, or infection. The integration of
such bio-implantable devices with local host tissues can be
strongly improved by the development of free radicalfunctionalized plasma polymer (PP) coatings that
covalently immobilize bio-active molecules such as
osteocalcin and bone morphogenetic proteins (BMPs), as
schematically shown in Figure 1. The stability of the PP
layer in body fluids is, however, critically important; and
the coating must resist failure even when scratched [3]. In
this study, we present a novel approach for the fabrication
of chemically and mechanically robust coatings through
deposition of PP films on carbide-forming substrates that
are negatively biased during the deposition. Our findings
also shed light on the growth mechanisms of the first layers
of PP films and challenge the property of substrate
independence [4] typically attributed to plasma
polymerized coatings.
2. Experimental Section
A custom-made plasma polymerization reactor consisting
of a radio frequency (RF) electrode and a pulsed voltage
source was utilized to deposit plasma polymer films from
mixtures of argon, acetylene, and nitrogen gases on
zirconium substrates. The substrate holder was connected
to a DC pulsed voltage source (Figure 2). The precursor
gas composition, pulsed bias voltage, and RF input power
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were varied to achieve optimized deposition conditions.
The surface chemistry of

Fig. 1. Schematic illustration of the fabrication of
biomimetic plasma polymer interfaces.

PP coatings were analysed using X-ray photoelectron
spectroscopy (XPS) and time of flight secondary ion mass
spectroscopy (ToF-SIMS), while atomic force microscopy
(AFM) was applied to evaluate the morphology of coatings
at early stages of growth. PP-coated zirconium surfaces
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were scratched using a custom-built macro scratch unit
before incubation to evaluate their robustness in a
simulated body fluid, even after being physically damaged.
The chemical and mechanical stability of coatings were
examined by incubation of samples in Tyrode’s solution at
37 oC for durations of 1 week to 2 months. The chemical
stability and delamination resistance of the coatings was
evaluated using XPS and scanning electron microscopy
(SEM), respectively.

Plasma medicine

To further investigate the early growth mechanisms of PP
films on different substrates, we utilised AFM and ToFSIMS. AFM results show that PP film grow in a 2D-like
manner on titanium whereas an island-like, 3D form of
growth is observed for silicon substrates. Such a
discrepancy in the mode of growth of PP films is attributed
to the formation of carbide bonds on the titanium surface
and lack of such chemical interactions on the silicon
surface. It is rational to hypothesise that the formation of
carbide bonds increase the sticking probability and thus
result in a contiguous mode of growth.

Fig. 2. Schematic illustration of the plasma polymerisation
setup [5].
3. Results and Discussion
XPS results confirmed the chemical stability of PP films
prepared under optimum deposition conditions
(acetylene/nitrogen ratio = 0.5, argon/acetylene ratio = 3,
total flow rate = 30 sccm, substrate pulsed bias voltage = 500 V, RF input power = 50 W). As shown in Figure 3,
minimal changes of elemental composition are observed
for all incubation durations. The limited changes of
zirconium atomic percentage of PP films, deposited at
different polymerization times, after incubation in the
simulated body fluid further validate the stability of plasma
polymerized coatings. No evidence of film failure and
delamination was witnessed after scratching and
subsequent incubation in Tyrode’s solution for 2 months
(Figure 4.) Such excellent resistance to delamination is
associated with the formation of metallic carbide and
carbonate bonds, induced by ion bombardment, at early
stages of film growth as revealed by XPS C 1s high
resolution spectra (Figure 5).
The coating deposited under the optimum conditions on the
silicon surface, however, shows either a complete
delamination or partial failure in the form of buckling or
wrinkling (Figure 6). The failure of PP film on silicon
surfaces highlights the importance of the chemical
interactions at the PP coating/substrate interface and
suggests that the initial stages of PP films growth are
strongly substrate-dependent.
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Fig. 3. XPS elemental composition of optimized PP film
deposited on the zirconium substrates before and after
incubation in Tyrode’s solution.

Fig. 4. SEM micrographs of PP films on zirconium
substrates (a) before and (b) after incubation in Tyrode’s
solution at 37oC for 2 months.

ISPC23, Montreal, Canada

Plasma medicine

oral

Fig. 5. XPS C 1s high-resolution spectra of PP-coated zirconium surfaces at early stages of growth from films with plasma
polymerization times of 15−120 s. The C 1s spectra were curve-fitted by five components: C1: C−C/C−H, C2: C−O/C−N,
C3: C=O/N−C=O, C4: ZrC, and C5: zirconium oxycarbides.

Fig. 6. PP-coated silicon surface before and after
incubation in Tyrode’s SBF for 2 months at 37 °C. Scale
bar = 200 µm.
Another possible explanation for the incoherent mode of
growth on the silicon surface is postdeposition
restructuring [6, 7]. The absence of a strong molecular
interaction between the coating and the substrate possibly
increases the mobility of deposited layers. The
postdeposition restructuring of PP film is thus more readily
achieved on a silicon surface to obtain a conformation with
the lowest free energy.
The distinctly different growth mechanisms of early PP
films on zirconium substrates was further supported by
ToF-SIMS data. As observed from Figure 7, no Zr+ counts
are detected for the coating deposited on zirconium surface
(deposition time = 30 sec), whereas significant signals
from the substrate (Si+) are still recorded for the coating
deposited for the same time onto the silicon substrate. The
absence of Zr+ signals for the zirconium substrate implies
that a PP layer with a thickness greater than the sampling
depth of ToF-SIMS is uniformly deposited on the surface.
Deposition of PP films on negatively-biased, carbideforming metals holds great promise for the fabrication of
robust bioactive surfaces on other early transition metals
such as titanium and niobium.
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Fig. 7. ToF-SIMS distribution maps of Si+ and Zr+
originating from the underlying substrates. Scale bar = 100
µm.
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Abstract: The parameters needed for helium plasma jet to induce a cell membrane
permeabilization on cancerous cells for drug delivery purposes have been investigated. Using
our optimal settings, different fluorescent molecular markers were used in order to determine
pore size, opening kinetics and the importance of endocytosis in the process. It is shown that
plasma induced chemistry but also electric field play a role in drug uptake and that
endocytosis is one of the mode of membrane permeabilzation.
Keywords: Plasma medicine, cell permeabilization, electric field, plasma jet.
1. Introduction
Cold atmospheric pressure plasmas have demonstrated
their ability in biomedical applications thanks to their low
gas temperature and their capacity to produce radicals,
ions, electrons, UV radiation and electric field.
One of the first evidence for cold atmospheric pressure
plasma inducing cell permeabilization was reported a few
years ago by Ogawa et al. They were able to introduce
nucleic acids into cells [1]. This technique could be useful
for medicine and biology applications such as gene therapy
or cancer treatment [2-3]. However, the understanding of
the interactions between plasma, living cells and tissues is
still far from being completely understood.

2. Experimental setup and method
The so called plasma gun, plasma jet used in this study was
a coaxial dielectric barrier discharge reactor with a quartz
capillary tube. A scheme of this reactor is shown on Fig. 1.
In the tube, a ring electrode was connected to the high
voltage, while a second ring electrode around the tube was
connected to the ground. The device was powered by
microsecond-duration voltage pulses of 14 kV with a
repetition frequency between 10 Hz and a few kHz. Pure
helium was flowing through the device with 0.5 slm flow
rate. The plasma is generated in a 4 mm inner diameter
quartz capillary having a 1.4 mm inner diameter tapered
outlet.

It has been demonstrated that electric field can play a
very important role in cell permeabilization, especially in
electroporation for drug delivery where electric pulses are
used [4]. Robert et al. measured the electric field produced
at the output of the plasma. The range of this electric field
measured was in the same order of magnitude than electric
fields used in cell electroporation protocols. They also
showed that the electric field from a plasma jet can
propagate deeply, up to several millimeters in tissues [5].
In this work, we investigated the parameters needed for
helium plasma jet to induce a cell membrane
permeabilization on cancerous cells for drug delivery
purposes. Using our optimal settings, different fluorescent
molecular markers were used in order to determine pore
size, opening kinetics and the importance of endocytosis in
the process.
Furthermore, in order to get more insight in the role of
the electric field produced by the plasma jet in cell
membrane permeabilization, a comparison between the
plasma and the electric field alone will be presented.
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Fig. 1. Scheme of the plasma setup.
The biological model used in this work was human
cervical cancer cells (HeLa). The cells were adherent and
seeded on multi-well plates. They were incubated at 37°C
with 5% concentration of CO 2 in a complete culture
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medium until the number of cells reached the 100%
confluency.
Propidium iodide (668 Da) and FITC-Dextran were used
as fluorescent molecular markers to detect the
permeabilized cells, respectively with a concentration of
0.05 mg/mL and 1 mg/mL (1Da = 1.66 x 10-27 kg). Two
different sizes of FITC-Dextran were used: 70 kDa and
150 kDa.
A metallic grounded plate lied under the multi-well plate,
while the plasma jet was put vertically above the plate with
the plasma plume toward the bottom. The treatment time
was between 10 and 100 s.

oral

cells depends also on the time when the florescence
molecular maker is injected into the solution.
Finally, to know whether endocytosis could be involved
in cell membrane permeabilization as observed for other
physical methods, chlorpromazine was used as a clathrin –
mediated endocytosis inhibitor. When cells were treated
with this compound, the percentage of permeabilized cells
decreased, suggesting that endocytosis could be partly
responsible for cell membrane permeabilization.

3. Results and discussions
Fig. 2 presents pictures of fluorescence microscopy of
HeLa cells 30 minutes after treatment by helium plasma in
the presence of propidium iodide (PI) and FITC-Dextran.
The left and right columns show bright field and
fluorescence images of permeabilized cells, respectively.
In all conditions, a circular empty space was observed with
permeabilized cells forming the borders. This result is
surprising, since there is no direct interaction between the
plasma and the cells standing a few millimeters below the
liquid solution. The plasma interacts with the liquid which
covers the cells. The empty circle comes likely from cell
detachment. The diameter of the circle rises most of the
time up to 1 mm like shown on the pictures (a) and (c) of
the Fig. 2, but can sometimes fluctuate and reach some mm
like in the picture (e) of the Fig. 2.
With PI and 70 kDa FITC-Dextran the fluorescence
exhibits a ring shape. The majority of permeabilized cells
were located at the edge of the plasma spot. Almost 30%
of permeabilized HeLa cells was obtained after an
incubation time of 30 minutes at 37°C for a plasma
treatment generated at 14 kV with a repetition frequency of
100 Hz and a time treatment of 100 s. This value is
probably underestimated since the measure takes into
account only the adherent cells. It has to be pointed out that
a cytotoxicity of 20% was measured 24 h after treatment.
Efficient drug delivery was obtained using molecules up to
70 kDa (Fig. 2 – (b) and (d)), while with 150 kDa Dextran
a low fluorescence was observed (Fig. 2 – (f)).
In order to get more insight on the permeabilization of
cell membrane by plasma, the influence of the electric field
generated by the plasma jet was also investigated. For this
purpose, a dielectric barrier was used between the plasma
and the biological target. Electric field alone has a weak
but
non-negligible
contribution
to
the
cell
permeabilization. Therefore the main contribution with
plasma treatment is probably due to the chemistry in the
gas and liquid phases.
Moreover, experiments using plasma activated media
were also done to understand the contribution of radical
formation on cell membrane e and will be presented (data
not shown). We also found the percentage of permeabilized
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Fig. 2. Fluorescence microscopy images of HeLa cells 30
minutes after treatment by helium plasma in the presence
of propidium iodide, 70 kDa FITC-Dextran or 150 kDa
FITC-Dextran.
4. Conclusion
In this work, we have studied the cell membrane
permeabilization following plasma treatment using a
plasma gun under various conditions. It has been shown
that permeabilization is very sensitive to plasma
parameters such as pulse repetition rate and discharge pulse
number. Plasma action not only results from the generation
of reactive species, but also from the transient electric field
produced at the tip of the plasma plume. Dedicated
experiments realized with plasma electric field alone seem
to indicate that part of drug penetration resulted from that
plasma component. It also seems that endocytosis
mechanisms
are
partly
responsible
for
cell
permeabilization while transient pore formation in the cell
membrane may also be involved in drug uptake. Our results
partly correlate with recently reported role of both
electrical and chemical factors in plasma induced gene
transfection [6].
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Plasma-Created Vaccine for Immunotherapeutic Control of Deep Tumors
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Abstract: Using a nanosecond-pulsed dielectric barrier discharge plasma, we have created a
cancer vaccine consisting of CT26 colorectal cancer cells. Plasma was operated to induce
immunogenic cancer cell death in CT26 for the generation of this vaccine. Challenge of
animals with live tumor cells one week after vaccination resulted in significantly smaller
tumors. This provides an alternative, non-invasive strategy for treatment of non-superficial
tumors.
http://www.ispc23.com/submit-a-contribution/
Keywords: Immunotherapy, Vaccination, Cancer Treatment, Nanosecond-pulsed DBD
1. Introduction
Although cancer related morbidity and mortality have
significant reduced due to advancement in conventional
cancer therapies (e.g. surgery, chemotherapy, radiation
therapy, etc.), a major challenge still remains: cancer cells
that escape treatment cause relapse and may even lead to
resistance to therapy [1]. Cancer immunotherapy, is a
promising treatment modality to overcome this challenge.
In contrast to conventional therapies that focus on direct,
and often only partially selective destruction of cancerous
cells, immunotherapy aims to activate the patient’s natural
defenses to selectively target tumors for resolution of
cancer [2]. As a result, non-specific damage to normal
tissue and corresponding side-effects of treatment are
reduced. Current immunotherapeutic methods in use
clinically include adoptive transfer of immune effectors
and blockade of immune checkpoints, alone or in
combination with traditional treatments [3].
We have previously reported that plasma may be adapted
to destroy cancer cells through the immunogenic cell death
(ICD) pathway resulting in the emission of danger signals
that recruit and interact with immune cells to initiate a
protective, adaptive T-cell response [4]. However, not all
tumors are superficial and accessible for plasma
application, so alternative approaches are required to target
deep-seated tumors. To address this, we have developed a
methodology to create a vaccine in vitro that engages the
immune system, when injected in vivo. This vaccine
consists of cancerous cells undergoing ICD. Danger
signals emitted from cells undergoing ICD will engage key
immune cells (antigen presenting cells) to initiate the
cascade required to develop tumor-specific T-cells
necessary for cancer elimination [5].
In this study, we performed a vaccination assay using three
groups of Balb/c mice (10 mice per group). The first group
received CT26 cells treated with ICD-inducing regimes of
plasma (plasma vaccine). In the second group, CT26 cells
were treated with Cisplatin (50 μM) for 24 hours. Although
Cisplatin is a chemotherapeutic drug that elicits cancer cell
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death, it does not induce ICD, and therefore, we do not
expect a protective response from vaccination. The third
group consists of CT26 cells cultured in media and served
as the negative control. One week after immunization mice
were challenged with live CT26 cells and followed for
tumor development and growth. Our results show that
following vaccination, challenge with live tumor cells
resulted in a significantly reduced tumor burden in mice.
While this is the first reported use of plasma for
creation of a vaccine, the pathway is analogous to the
tradition vaccination pathway for infectious diseases
and can lead to development of a promising therapeutic
cancer vaccine.
2. Materials and Methods
Creation of Vaccine with nspDBD plasma
CT26.WT colorectal cancer cells were grown to
confluence in 24-well plates. Cells were then treated with
a nspDBD plasma at 300 mJ (29 kV, 30 Hz, 10 seconds, 1
mm application distance), previously described to induce
ICD. Cells were cultured for an additional 24 hours in
complete media (RMPI+10% fetal bovine serum).
Following 24 hour incubation, cells were detached, washed
with PBS, centrifuged and resuspended in PBS at 30 x 106
cells/mL. This served as the vaccination.
Vaccination Assay
Balb/c mice were immunized with CT26 cells treated with:
plasma (plasma vaccine) or Cisplatin. Mice immunized
with cells cultured in media served as the negative control
(Media). Mice were inoculated subcutaneously by
injecting 3 x 106 cells into the left flank (100 μL/mouse).
One week after immunization, they were challenged with
live CT26 cells (3 x 105 cells/mouse) on the opposite flank
and monitored for 26 days when tumor volumes exceeded
size limit stated in the ethical use of animals protocol.
Vaccination effect was determined by measuring percent
protection against challenge and tumor volume.
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Figure 1. The vaccination assay followed the timetable
depicted here. Balb/c mice were immunized with
colorectal cancer cells (CT26) treated with Cisplatin (a
non-ICD inducer), or with plasma in the ICD-inducing
regime. Cells cultured in media and injected into mice
served as a control (Media).
3. Results
Challenge tumors in the control group and the Cisplatin
group grew rapidly while tumors in the plasma group
remained small, even at day 26. The average tumor volume
for the plasma immunized group was significantly smaller
compared to that of the media group at day 26 (415 mm3 vs
850 mm3; p<0.001). Moreover, 90% of the mice in the
plasma immunized group had tumor volumes smaller than
850 mm3 and 3 out of the 10 mice in the plasma group did
not develop subcutaneous tumors on the challenge site.
Taken together, our data strongly indicate that these mice
were partially protected by our plasma-created vaccine.

Plasma medicine

challenge is the administration of plasma to non-superficial
tumors. Solutions include a combination of surgery and
plasma applications, where tumour resection is followed
by treatment of tumour margins with plasma to destroy any
stray and residual cancer cells. This procedure is invasive
and its benefits are yet to be documented. Another modality
being tried is the perfusion of plasma-activated media
(PAM) through areas with cancerous lesions [6]. While it
reduces tumour burden, questions of storage, stability, and
composition are raised. Our vaccination strategy provides
an alternative, non-invasive strategy for treatment of deep
tumors which would also result in long-term protection.
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Figure 2. Mice immunized with plasma-created vaccine
showed significantly smaller mean tumor sizes compared
to other groups. Data represented here as mean value ±
S.E.M. *p<0.05, **p<0.05, ***p<0.001 (Two-way
ANOVA, Dunnett’s multiple comparisons test).
Table 1. Tumor size and incidence
Mice with tumors
Mice without tumors
< 850 mm3
Media
40%
0%
Cisplatin
40%
10%
Plasma
90%
30%

4. Discussion and Conclusion
While plasma has demonstrated therapeutic effects against
cancer and potential for clinical translation, a major
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Model-based Feedback Control Strategies for Atmospheric Pressure Plasma
Jets
D. Gidon, B.S. Curtis, A. Mesbah, D.B. Graves
Department of Chemical & Biomolecular Engineering, University of California - Berkeley, Berkeley, CA, USA
Abstract: Atmospheric pressure plasma jets (APPJs) are promising tools for medical
applications however they can suffer from operational variability, and they are sensitive to
disturbances. Implementation of model-based feedback control strategies can alleviate some
of the challenges pertaining to APPJ operation in presence of external disturbances, such as
changing surface-to-jet-tip separation distance during hand-held treatment. Usefulness of
conventional proportional-integral (PI) control, tuned based on a model of the jet, is of
disturbances and tracking of time-varying setpoints is demonstrated in experiments. The
performance of PI controllers is compared to that of an optimization-based feedback control
strategy, known as model predictive control (MPC), in simulation studies for a scenario with
multiple objectives. The PI strategy is computationally simple and easy to implement, yet the
MPC strategy can account for system constraints, multivarible system dynamics, and
multiple control objectives. While the choice of feedback control strategy depends on the
specifics of the applications, the use of feedback control appears to have potential for
increasing reliability and broadening the use of APPJs.
Keywords: Atmospheric Pressure Plasma Jet, Dielectric Barrier, Control, Model Predictive
Control, Internal Model Control
1. Introduction
In the last decade, there has been an increased
interest in the medical use of atmospheric pressure
plasma devices. Effects such has reduction of size and
bacterial load in tumors, deactivation of multi-drug
resistant bacteria and enhanced healing of chronic
wounds have been reported with plasma treatment.
Specifically, atmospheric pressure plasma jets (APPJs)
are preferred for medical treatment (e.g., kINPen
Greifswald INC) as they can be easily used in hand-held
treatment and the plasma chemistry can be readily
influenced through molecular gas admixtures and
introduction of shielding gasses [1].
APPJs suffer from certain operational challenges
that hamper their wide-spread use as medical devices.
Observed current waveforms in APPJs can vary from run
to run [2], steep spatial gradients for temperature
(~10K/cm) and concentrations of reactive oxygen and
nitrogen species (~1015 m-3/cm) can be observed [3] as
well as fluctuations during normal operation. Such
operational issues can raise concerns pertaining to safety,
effectiveness and reproducibility of therapeutic plasma
treatment. Particularly in hand-held treatment, it is
especially difficult to maintain the separation distance
between the plasma device and treated substrate,
introducing an additional source of variability in
operation. In this context, this work investigates
opportunities in model-based feedback control for
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improved reliability in APPJ operation in presence of
changing operating conditions i.e., in presence of
disturbances.
APPJ dynamics are multivariable and may be
highly nonlinear. There are multiple inputs and outputs
that need to be considered for effective medical use of
APPJs. For instance, the therapeutically relevant effects
of APPJs are thought to rely on synergistic effects of
multiple components (e.g., reactive neutrals, heat, UV
photons, electric fields) whose production is highly
coupled and is influenced by several independently
adjustable inputs (e.g, applied voltage frequency and
amplitude, flow rate, flowing gas composition).
Moreover, APPJs are known to exhibit mode behaviour,
which can be an additional source of nonlinearity in
dynamics [4].
One of the most common feedback control
approaches is proportional-integral (PI) control, which
relies on computation of a control move proportional to
instantaneous and accumulated deviations of a process
variable from a desired setpoint. PI controllers are
inherently linear and individually they can only
accommodate single-input-single-output processes.
Strategies involving PI controllers configured in multiple
loops have been proposed to overcome this limitation,
however, at the expense of a more complicated design
and implementation procedure that rely heavily on
heuristics and experience.
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Advanced control strategies, such as model
predictive control (MPC) can handle multivariable
system dynamics, conflicting objectives and constraints
systematically. In contrast with PI, MPC relies on the
recursive solution of an optimization problem based on
forecasted system behaviour [5]. The formulation of the
control problem as an optimization allows for a flexible
framework where safety and operation constraints can be
explicitly formulated and, ‘weights’ put on individual
inputs and control objectives can be independently
selected. In fact, the optimization objective in MPC can
be defined in terms of any arbitrary mathematical
function, including integrating process variables, which
can especially be important for medical applications the
context of dose delivery [6]. Furthermore, as the system
model enters the optimization problem as a constraint,
the coupling between different process outputs can is
accounted for. However, the success of the MPC strategy
relies on the construction of an accurate system model,
based on physics or process data, as well as the rapid
solution of the optimal control problem. Thus, the key
challenge for MPC design arises from balancing the
computational complexity (and consequently solution
speed) of the optimization problem and the accuracy of
the system model. [7].
In this work, the MPC and PI strategies (with
model-based tuning) are evaluated for the feedback
control of kHz-excited APPJ. The plasma intensity and
the thermal effects of the plasma on the device (i.e., the
dielectric tube) and the substrate are measured variables
with applied voltage amplitude, frequency and flow rate
are independently adjustable inputs. A single PI
controller is used to demonstrate the usefulness of
feedback control in terms of disturbance (e.g., sudden
change in separation distance) rejection and tracking
time-varying setpoints. PI and MPC strategies are
compared in simulation studies for a multi-objective
scenario (i.e., simultaneous tracking of setpoints on
multiple outputs) in terms of performance and adherence
to constraints.
2. Experimental Setup and Methods
A kHz-range APPJ in helium is chosen as a model
system. The jet consists of a copper ring electrode
configured around a dielectric tube, which also acts as a
dialectic barrier. The jet is operated in floating electrode
configuration; a grounded metal plate is used to provide
a well-defined ground with a piece of glass coverslip
acting as the treated dielectric substrate.
Infrared thermal sensors are directed at the treated
substrate and the glass tube, providing temperature
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Figure 1 – APPJ set-up consisting of a powered ring electrode
situated around a dielectric tube. There is no grounded
electrode on the tube, instead the treated substrate is grounded
allowing for coupling between the plasma and substrate.
Thermal and optical sensors are around the set-up to measure
tube and surface temperatures as well as the total optical
emission from the plasma.

measurement. An optical emission detector is used to
measure plasma optical emission intensity, which is
assumed to correlate with power dissipation in the
plasma. An Arduino UNO © microcontroller board is
used to collect sensor data and implement PI controllers.
The actuation for voltage amplitude and frequency is
done through modulating signals to a homemade
function generator. The flow is adjusted through
interfacing a conventional mass flow controller with the
microcontroller board. A schematic of the experimental
set-up is shown in Figure 1. In experiments, performance
of the PI control is evaluated for tracking a time-varying
setpoint in optical emission intensity and, maintaining
surface temperature in presence of a disturbance in
separation distance between the jet and substrate The
process outputs are most sensitive to the applied voltage
amplitude VA, thus for PI control experiments, VA was
chosen to be input variable coupled with plasma
emission intensity and surface temperature for setpoint
tracking and disturbance rejection studies respectively.
The performance of the above PI control system
is compared to that of a MPC strategy for simultaneous
tracking of setpoints in plasma intensity and substrate
temperature in presence of constraints for inputs and
outputs in a simulation study. Using subspace
identification techniques [8] a data driven-model, linear
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is first obtained offline for the operating window of
interest. MPC which are used in the simulation. For a
fair comparison with MPC, PI controllers are optimally
tuned using internal model control principle (IMC) [9],
based on first order dynamics obtained from the linear
data-driven model.
3. Results
Figure 2 depicts the performance of the PI in
following setpoint in plasma intensity. The PI controller

Figure 2 – Experimentally observed a) time dependent profile of
the plasma optical emission intensity (red) following a
prescribed time-varying setpoint (black). b) Corresponding input
profile implemented by PI controller.

shows satisfactory performance in tracking the setpoint
in optical intensity. At t=90-100 s, the voltage is cut-off
at the maximum value of 10 kV causing a discrepancy
between the setpoint and the output. In this case, the
setpoint cannot be attained with the sole manipulation of
VA within input bounds.
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The response of the surface temperature to a
sudden increase in separation distance in absence and
presence of a PI controller is shown in Figure 3. Figure
3a shows a steep increase in surface temperature as the
gap distance is increased. In practice this condition may
cause thermal damage to be inflicted on the treated
substrate. Figure 3d and c show the same disturbance
applied with the PI controller in closed loop. In this case,
the controller is able to bring the surface temperature
back to its desired value, however, it is not possible to
eliminate the initial peak in surface temperature as it is
not possible to systematically handle constraints with PI.
To assess the applicability of MPC to the APPJ
system a mutli-objective control problem is devised for
simultaneous tracking of setpoints in surface
temperature and plasma intensity. The performance of
MPC is compared to that of two IMC-tuned PI
controllers. In this case, input/output coupling for the
two PI controllers was chosen based on singular value
analysis on the data-driven system model, resulting in
coupling of VA to surface temperature and, gas flow rate
to optical emission intensity. For the simulation studies,
the coupling for PI controllers. Figure 4 summarizes the
performance of MPC and PI controllers in the multiobjective scenario.

Figure 4 – Simulation results for simultaneous tracking of
surface temperature and optical emission intensity using two
independent PI controllers and MPC. With output profiles for a)
tube temperature (uncontrolled), b) surface temperature and c)
optical emission intensity, and input profiles for d) applied
voltage, e) frequency and f) gas flowrate.
Figure 3 – Experimentally observed responses to doubling of
the separation distance (shaded region) for a) surface
temperature and b) corresponding input in absence of any
control; and of c) surface temperature and d) profile of voltage
amplitude when PI controller is active.
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The surface temperature response shown in
Figure 4b shows that PI and MPC strategies have
comparable performance in following the time-varying
setpoint in temperature. However, as shown in Figure 4c
the PI strategy does a poor job in following the intensity
setpoint simultaneously and violates its constraint. There
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is no control on the tube temperature in the PI case, thus
it fluctuates violating the imposed upper constraint
(Figure 4a). In case of MPC, as the controller takes into
account the entire multivariable system model, it is able
to maintain the tube temperature within desired bounds.
The fluctuations in the input profiles observed with MPC
can be attributed to the fact that the chosen setpoints, at
times, correspond to conflicting objectives. In this sense
MPC appears to require more ‘control effort’ compared
to the PI to achieve its objective
4. Conclusions and Future Work
Based on the experimental results, PI control
strategy appears promising in tracking a time-varying
setpoint in plasma intensity and in maintaining the
substrate temperature in presence of a disturbance in
separation distance. However, due to their its singleinputsingle-output nature, each PI controller relies on
manipulating a single input for control and cannot
effectively account for the coupling in system dynamics.
Thus, complex objectives may not be possible to easily
fulfil with PI control strategies, as is evidenced by the
simulation studies. Furthermore, the inability of PI to
systematically handle constraints can raise concerns,
especially in the context of safety as seen in the
experimental results (Figure 2) and in simulation studies.
In contrast, MPC is able to take the multivariable
nature of system dynamics into account and modulate all
three inputs to simultaneously to achieve the specified
performance criteria. However, to do so MPC needs to
solve an optimization problem online, which can become
computationally complex and resource-intensive
depending on the formulation of the control problem.
Experiments and simulation studies point to an
immense potential for model-based feedback control
strategies in maintaining specific aspects of the plasma
effect on substrates. Both MPC and PI strategies can be
used in plasma applications, to control specific aspects
of operation, depending on the respective importance of
the constraints and individual outputs. Implementation
of some form of feedback control however, can help
improve operational reliability in presence of common
disturbances and open the way for further applications
for APPJs such as surface treatment of three-dimensional
structures and robotics-assisted treatments strategies for
plasma medicine.
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Inactivation of feline calicivirus (FCV) by 2D array of micro-discharges in air on
metal surface and in solution
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Abstract: A 2D array of micro-discharges generated in air at atmospheric pressure was used
to treat feline calicivirus (FCV), which is an often-used surrogate for human Norovirus, a
virus responsible for causing gastroenteritis. The treatment of virus present on a metal surface
(gas-phase treatment) and of virus suspended in a solution (liquid-phase treatment) was
compared. The results showed the importance of humidity for gas-phase inactivation. The
FCV inactivation in gas-phase was shown to be due to a combination of ozone (O3) and
reactive nitrogen species (RNS). The liquid-phase inactivation mechanism is dominated by
RNS such as acidified nitrites and possibly peroxynitrites, with negligible effect by O 3.
Keywords: feline calicivirus, micro-discharges, reactive oxygen and nitrogen species,
inactivation.

2. Methods
The schematic of the setup with details of the plasma
source are shown in Figure 1. The multi-layered electrode
consists of an array of micro-scale holes punched through
it, and has alumina as the dielectric. The micro-discharges
are generated within each hole and operated in dry air at a
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constant flow rate of 16.4 standard litres per minute (SLM)
and a discharge power of 14.5 ± 0.3 W. The dependent
parameters include treatment time and exposure distance
of the sample from the source. The discharge effluent is
blown onto FCV samples, either coated on stainless steel
discs (gas-phase) or suspended in a liquid medium in 3
wells of a 96-well microtiter plates (liquid-phase), which
are placed on a platform that can be linearly translated
relatively in the plasma effluent allowing to adjust the
distance between the sample and the discharge source from
2 mm to 40 cm. An enclosure is added around the platform
to avoid losses of plasma-generated reactive species to the
surrounding ambient air before they reach the biological
sample.
Gas Flow
Microdischarge
Array
HV Source

Electrode
Holder

2 mm – 40 cm
from Source

Hole Dia
600 µm

25 mm

1. Introduction
The interaction of cold atmospheric pressure plasma
(CAP) with biological matter is one of the fastest growing
research areas in the field of plasma science and
technology [1, 2]. CAPs have been shown to be able to
effectively disinfect surfaces due to low gas temperature
and high reactivity owing to the production of complex
chemistry involving numerous reactive oxygen and
nitrogen species (RONS), notable among which are O3,
O2(a1Δg), NO, NO2, HNO3, HNO2, ONOO-, H2O2 and OH
[2]. The interaction between this cocktail of species and the
microbial agents (bacteria/virus/spore) makes the
understanding of the detailed underlying disinfection
mechanism quite challenging. Further complexities and
variations arise due to use of different plasma devices and
experimental conditions by different plasma groups.
The use of non-thermal disinfection technologies for
viruses is a challenge because these technologies are often
geared towards bacteria [3]. In this study, we focus on the
non-thermal decontamination of food contact surfaces
infested by food-borne viruses (such as human norovirus
or NoV). We used Feline Calicivirus (FCV), a surrogate
for NoV, on metal surface and in solution. This work is
primarily focussed on assessing the inactivation efficiency
of CAP as well as on unravelling the underlying
inactivation mechanism. A flow-through reactor consisting
of a 2D array of micro-discharges is operated in
atmospheric pressure air. The device allows for a treatment
area of 25 mm × 25 mm and can easily be scaled up if
required.

O3, O2(a1Δg),
NO, NO2, N2O

FCV Sample
Platform

25 mm
Front View

Fig. 1. Experimental schematic of the plasma source used
for FCV inactivation in gas/liquid phase (not to scale) [4].
After the plasma treatment, virus titrations are performed
using standard protocols [5], and incubated under certain
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conditions to allow for the appearance of cytopathic effects
(CPE), when observed under an inverted microscope.
Using the Kärber method, the virus titer is calculated and
expressed in terms of logarithmic value of 50% tissue
infective doses per 100 μl (log10 TCID50/100 μl of eluent)
[6].
3. Results and discussions
The gas-phase treatment shows promising results in
terms of complete FCV inactivation (>5 log10 reduction in
titer) within 3 minutes, even at a long exposure distance of
40 cm. However, this is observed only when the samples
are humidified by spraying distilled water prior to the
plasma treatment. The effect of humidity has also been
studied by Hudson et al while comparing the virus
inactivation efficacy of O3 with short duration exposure to
high relative humidity during ozonizer treatments [7]. The
efficient inactivation at a distance of 40 cm from the
discharge also indicates that long-lived species (O3 and
NxOy) are responsible for FCV inactivation. Compared to
the Ct-values (product of concentration and treatment time)
of previous work with ozonizers reported in literature [7,
8], the O3 density in this work is sufficient for complete
FCV inactivation. However, further investigation with Ar
+ 20% O2 plasma, producing the same O3 density leads to
less inactivation, suggesting that O3 is not the only
virucidal species and RNS contribute to the inactivation (as
shown in Figure 2).

treatment in NTE at a pH of 4.8 leads to 2 log10 reduction
in FCV titer, suggesting a potential contribution of O3.
However, similar studies in Ar + 20% O2 with the same O3
concentration as for the air discharge show little to
negligible reduction in FCV titer. The concentration of
nitrite (NO2-) in the liquid is found to be 5 times higher than
the estimated O3 concentration in the liquid from gas phase
densities assuming Henry’s law, further supporting this
result.
Liquid-phase treatment at larger exposure distance (40
cm) in both DI water and NTE has a much smaller effect
on the FCV titer (pH 6.9) than for 1 cm. Indeed at 1 cm,
the gas flow originating from the plasma source is able to
enhance mass transfer at the gas-liquid interface. The
results are consistent with Pavlovich et al that emphasized
mass transfer limitations from the gas to the liquid phase
for O3, although this is also valid for RNS [10]. The
presence of O3 might even be counter-productive by
oxidizing NO2- into NO3- with limited virucidal attributes.
The results suggest an inactivation pathway by acidified
nitrites (NO2-) or peroxynitrites (ONOOH), as discussed by
Lukes et al in case of bacteria [11]. Although the
involvement of peroxide chemistry for the investigated
plasma source remains unexplored, particularly because of
a lack of H2O2 (due to the use of dry air), it can be certainly
concluded that RNS are responsible for FCV inactivation
in liquid-phase treatment.

5

8

4
6
3
4
2
2

1
0

0
Control

Dry Air

Ar + 20% O2

Virus Titer (log10 TCID50/100 L eluent)

10

O3 Density (1021 m-3)

Virus Titer (log10 TCID50/100 L eluent)

6
6

DI
NTE

5
4
3
2
1
0
Control

Dry Air
1 cm

Dry Air Ar+20%O2 Ar+20%O2
40 cm
1 cm
40 cm

Fig. 2. Gas-phase FCV inactivation in dry air and Ar +
20% O2. Corresponding O3 densities are also provided.

Fig. 3. Liquid-phase FCV inactivation in deionized water
(DI) and NTE buffered solution at 1 cm and 40 cm.

Figure 3 shows a comparison of liquid-phase FCV
inactivation by 2D array of micro-discharges operated in
dry air and Ar + 20% O2 in deionized (DI) water and
buffered NaCl-Tris-EDTA (NTE). More than 3 log10
reduction in virus titer is achieved by dry air treatment of
FCV suspended in DI water having a pH of 2.6 at 1 cm
exposure from the discharge source. Compared to the
results obtained by Hamada et al [9], the significant drop
in pH suggests the importance of RNS in the inactivation
process. Hamada et al also showed that O3 contributed to
FCV inactivation at a pH greater than 5 [9]. Similar

4. Conclusion
The present work is focused on the inactivation of virus
on metal surface and in solution using a flow-through
reactor consisting of 2D array of micro-discharges
generated in air at atmospheric pressure, and understanding
the underlying inactivation mechanism. It is found that
humidified samples are more susceptible to gas-phase
plasma treatment of surfaces than the dry samples. Both
RNS and O3 contribute to the gas-phase inactivation of
FCV, while in the liquid-phase, the effect of O3 is found to
be negligible. The results suggest that RNS can play an
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important role in disinfection of virus even for conditions
as in DBDs when an abundant amount of O3 is produced.
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In search of the plasmaporation mechanism during plasma treatment of skin
J. Van der Paal1, G. Fridman2, A. Fridman2, E.C. Neyts1 and A. Bogaerts1
1

2

Research group PLASMANT, Department of Chemistry, University of Antwerp
Plasma Bioengineering & Medicine Lab, Nyheim Plasma Institute, Drexel University, Philadelphia, PA
Abstract: Ex vivo experiments have shown the ability of cold atmospheric plasmas (CAPs)
to enable the transdermal delivery of large molecules, without causing any skin damaging
effect, which is a major advantage over all previously tested methods. By combining
computational and experimental techniques, we investigate whether a ceramide crosslinking mechanism would allow reversible plasmaporation of the skin, which has been
suggested as the underlying reason behind CAP enabled transdermal drug delivery.
Keywords: Transdermal drug delivery, stratum corneum, CAP, plasmaporation

1. Introduction
Transdermal delivery of drugs has many advantages
over other drug administration methods, including, e.g.,
the localized, non-invasive nature of the method, but also
the avoidance of the first-pass metabolism [1]. However,
to obtain a therapeutically effective drug-level, the skin
permeation has to be enhanced artificially. Many different
methods to achieve this have been tried so far, but until
now, success has been very limited and efficient drug
delivery through the skin remains a big challenge.
Recently, ex vivo experiments on porcine skin have
shown that Cold Atmospheric Plasmas (CAPs) efficiently
enable the transdermal delivery of significantly large
molecules, without causing any skin damaging effect [2].
A reversible plasmaporation mechanism is suggested,
although the exact mechanisms which allow the transient
pores to be formed remain elusive.
In this study, we use a combined approach, using both
computational as well as experimental techniques, to test
a new theory which could explain the formation of
transient pores during plasma treatment of skin. This
theory is based on the cross-linking of ceramides, present
in the outer layer of the skin (i.e. the stratum corneum,
SC), which is initiated by impinging reactive species
generated by the plasma. A general overview of the
theory is presented in Figure 1.
Before CAP treatment, none of the ceramides (i.e., the
skin’s model system) are cross-linked (top left corner
Figure 1). During CAP treatment, the oxidative stress
inducted by the RONS generated by plasma causes crosslinkages to be formed between ceramides (top right
corner). This leads to the formation of pores between noncross-linked ceramides (bottom right corner Figure 1).
Subsequently, i.e., after longer treatment times, crosslinkages will be created across the generated pores, due to
which these pores would be closed again (bottom left
corner Figure 1). Finally, the skin is renewed by the body,
leading to the removal of the cross-linked ceramides,
which restores the skin’s barrier function (initial structure
at top left corner Figure 1 again). The net result of this
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process is the creation of transient pores in the skin lipid
structure, which allows the transdermal delivery of drugs.

Fig 1. Schematic representation of the suggested theory.
2. Methods
2.1 Computational methods
In the computational part of this study, molecular
dynamics (MD) simulations are performed using the
coarse-grained Martini force field [3]. Ceramide bilayers
are studied as a model system for the stratum corneum
structure. The ceramide used during the simulations is
shown in Figure 2a. Polymerized structures were created
by cross-linking this ceramide monomer (see Figure 2b).
The bilayer systems consist of 1,800 ceramides, which are
equally divided over both leaflets, surrounded by 36,000
water beads (representing 144,000 water molecules).
Multiple structures were created; (i) in which the crosslinked fraction was varied (i.e. varying the number of
cross-linked ceramides in the system), and (ii) in which
the cross-linking degree, or degree of polymerization
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(DOP), was varied (i.e. varying the length of a
polymerized chain).
The cross-linked fractions
investigated are 0, 22, 44, 66 and 88%, whereas the DOPs
investigated are 1 (native), 5, 10 and 20.

a

b

monomer
dimer
trimer
Fig 2. Schematic illustration of the native (i.e. non-crosslinked) ceramide used in this study (a), and of the
polymerized, cross-linked structures with polymerization
degrees of 2 and 3 (b). The cross-linkages are depicted as
red bonds. The correspondence between the all-atom
structure (part a) and the martini representation (part b) is
illustrated in Figure 2a by the dashed circles.

with void sizeR the relative increase in void size, void
sizeCL the total free void size of the cross-linked system
and void sizeN the total free void size in the native (noncross-linked) system.
To determine the average void size and the associated
error bars, 50 snapshots were selected from the last 250 ns
of each simulation (one every 5 ns). Furthermore, all
systems were simulated in duplicates (starting from
different lateral distributions of the lipids in the input
geometry). The free void size was calculated for each
individual snapshot, which renders a total of 100 values
for all data points shown in the graphs below.
2.3 Experimental set-up
Transdermal delivery of large molecules was
demonstrated in an in-vivo study with vitamin D3
penetration into swine skin. The 5-week study was
conducted using Sinclair minipigs. Uniform nanosecondpulsed dielectric barrier discharge, previously described
by the authors, was used [8]. Pigs were exposed to plasma
(approximately 17 cm2/sec) once a week for 4 weeks
followed by daily application of the Vitamin D3 cream
formulation. Serum levels of VitD3 were measured on
Day 0, after the last application of VitD3 on day 35 and at
the conclusion of the study on day 42.
3. Results and discussion
The measured relative increases in void size for the
cross-linked systems are illustrated in Figure 3.

After generating the structures using the Packmol
package [4], first an energy minimization run was
performed using the steepest descent algorithm.
Thereafter, the minimized structures were equilibrated at
body temperature (i.e. 310K) for 650 ns. Finally, 250 ns
simulations were performed during which data collection
took place. The equilibration and data collection
simulations were run in the NPT ensemble, using the vrescale thermostat [5] (present in the GROMACS
software package) and the Parrinello-Rahman barostat[6].
2.2 Analysis
According to the suggested theory (see above), the
cross-linking of ceramides should lead to the formation of
void spaces in the SC structure. Therefore, we calculated
the free void volume and void space distribution in all
simulated systems. This calculation was performed based
on a search and find algorithm using a 3D grid, which was
originally developed by Falck et al. [7] In the graphs
shown below, the relative increase in void size is
depicted, which is calculated as follows:
𝑉𝑜𝑖𝑑 𝑠𝑖𝑧𝑒𝑅 =

𝑉𝑜𝑖𝑑 𝑠𝑖𝑧𝑒𝐶𝐿 −𝑉𝑜𝑖𝑑 𝑠𝑖𝑧𝑒𝑁
𝑉𝑜𝑖𝑑 𝑠𝑖𝑧𝑒𝑁
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𝑥100 %

(1)

Fig 3. Effect of cross-linking fraction and degree of
polymerization on the total void size
Figure 3 illustrates that upon increasing the cross-linked
fraction of the system, the free void size first increases
(up to cross-linked fractions of 44%), after which the total
free void size decreases again. Moreover, the DOP
doesn’t have a big effect on this trend. These results are
thus in good agreement with the suggested theory, i.e.,
initial cross-linkages generate voids in the system but
once a certain threshold cross-linking degree is exceeded,
cross-linkages are created over voids that were generated
before, leading to a decrease in free void size again.
It should be noted that the error bars are in general
relatively large. However, further investigation (results
not presented here) has shown that these can’t be reduced
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by increasing the number of simulations, meaning that
these error bars are inherent to the combination of
simulation/analysis techniques used.
Visualization (performed using the VMD software [9])
of the observed voids is shown in Figure 4. The
membrane lipids are omitted in this figure for
clarification. Moreover, only the three largest clusters of
free void cells are shown. From this illustration, it is clear
that the generated voids are able to span across the entire
membrane lipid system, which would facilitate the
transport of drug molecules across the SC.

Fig 4. Illustration of the observed voids in a membrane
system (front view of the three dimensional structure),
depicted as white spheres surrounded by dashed circles.
The water beads are represented as red spheres.
Pigs were exposed to plasma (approximately 17
cm2/sec) once a week for 4 weeks followed by daily
application of the Vitamin D3 cream formulation. Serum
levels of VitD3 were measured on Day 0, after the last
application of VitD3 on day 35 and at the conclusion of
the study on day 42. We observed that during continued
cream application all pigs had comparable serum VitD3.
However, pigs treated with plasma maintained 24%
higher serum levels after VitD3 withdrawal. Skin
tolerability tests showed no adverse effects on the plasma
treated areas of the skin [10].

Plasma medicine

part using the Turing HPC infrastructure of the CalcUA
core facility of the Universiteit Antwerpen, a division of
the Flemish Supercomputer Center VSC, funded by the
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(department EWI) and the Universiteit Antwerpen.
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4. Conclusion
Molecular dynamics simulations have been applied to
study the effect of cross-linked ceramides on the free void
size in a ceramide membrane system (which serves as a
model system for the outer skin layer). The simulation
results show that a certain cross-linked threshold fraction
exists up until which the total void size increases, and
after which the void size decreases again. This is in
agreement with the suggested theory, which gives a
possible explanation for the underlying mechanism
behind CAP enabled transdermal drug delivery.
Moreover, in-vivo validation with vitamin D3 penetration
through swine skin also illustrated the ability of CAP to
enable transdermal delivery of large molecule through
skin, without causing any adverse effects.
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TEMPO production by O Atoms in Plasma-Liquid Interactions Driven by
Spatio-Temporally Varying Atmospheric Pressure Plasma Jet
D.T. Elg, I. Yang, and D.B. Graves
Department of Chemical & Biomolecular Engineering, University of California - Berkeley, Berkeley, CA, USA
Abstract: In plasma biomedicine, plasma-liquid interactions are important due to the high
water content of biological material. However, experimental methods of quantifying
plasma-liquid interactions often lack selectivity for individual plasma species. Here,
oxidation of the spin trap TEMP is differentiated by oxidizing species, showing most
oxidation to be due to O atoms. This method can also track trends in O atom production in
a spatio-temporally varying plasma for which optical diagnostic methods are difficult.
Keywords: Atmospheric Pressure Plasma,
TEMPO
1. Introduction
Atmospheric pressure plasmas can be used to treat
surfaces that are not suitable for treatment in traditional
low-pressure plasma environments.
One prominent
application of atmospheric pressure plasmas is the field of
plasma biomedicine, which consists of using plasmas to
treat biological material. While there are multiple ways in
which plasma treatment can cause a beneficial biological
response, most biological effects are thought to be caused
by interactions with the reactive oxygen and nitrogen
species (RONS) generated by the plasma.
Atmospheric pressure plasma chemistry is quite
complex, containing a multitude of species with
concentrations that vary by many orders of magnitude
over small distances. Thus, understanding the chemistry
of these plasmas can be quite difficult. Experimental
diagnosis by spectroscopic techniques can be quite
challenging. Additionally, the plasmas themselves are
often unstable and can be operated in different modes,
resulting in changes in the plasma profile. Thus, many
plasmas are not easily probed by optical techniques such
as laser-induced fluorescence or spectroscopy.
One method of quantitatively analyzing these plasmas
is to treat liquid with the plasma and measure products
produced by interactions between dissolved reactants and
the plasma. In this configuration, the net effects of the
plasma can be measured, even if the point of incidence on
the liquid surface changes due to plasma variations.
Additionally, this method yields information about the
plasma composition at the plasma-liquid interface, which
is the relevant parameter for treatment applications.
Finally, the use of a liquid allows for investigation of
plasma-liquid interactions, which are relevant to plasma
biomedicine because of the high water content of
biological material.
The disadvantage of such a method is that the reactant
often lacks selectivity, which means that multiple species
from the plasma can produce the same product. One
process often used to test for the presence of reactive
oxygen species is the oxidation of 2,2,6,6tetramethylpiperidine
(TEMP)
to
2,2,6,6-
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tetramethylpiperidine-1oxyl (TEMPO). TEMPO is a
stable radical; accordingly, its concentration can be
quantified by electron paramagnetic spectroscopy (EPR).
This is known as “spin trapping”. TEMPO is often used in
biological studies as an indicator of singlet oxygen (1O2),
a reactive excited state of oxygen that has applications in
cancer treatment [1]. However, plasmas produce a
plethora of reactive species, and the production of
TEMPO has not been shown to be selective to any
particular one of these. In the past, it has been shown that
addition of 1O2 scavengers can reduce the TEMPO
concentration caused by plasmas that produce 1O2, but the
production of TEMPO was not completely eliminated [2].
Various scavenger experiments have shown that certain
species, such as O2- and OH, do not form TEMPO from
TEMP. Through such experiments, the possible range of
TEMPO-producing species from a rare gas plasma in air
was narrowed to O3, 1O2, and O [3,4].
Here, we undertake experiments to separate the
TEMPO contributions from each species. It will be
shown that O3 is a relatively minor contributor to TEMPO
creation. Additionally, scavenger experiments will show
a lack of 1O2, demonstrating that atomic oxygen
dominates the production of TEMPO in our system. This
enables, for the first time, the use of the TEMP spin trap
to track production of an individual plasma-produced
species, and trends in TEMPO production can be
correlated with trends in plasma-produced O atoms
incident on the liquid surface. Additionally, due to the
use of a liquid method, the O atom trends can be observed
in an often-unstable plasma that does not easily lend itself
to optical analysis.
2. Experimental Setup
The setup used in this paper is an atmospheric pressure
plasma jet within a sealed chamber. The chamber has an
inlet for the jet feed gas and a separate inlet for the
environment gas; the purpose of the chamber is to allow
experiments in a dry air environment without humidity
variations from ambient air. An outlet allows for exhaust
to avoid causing a significant pressure buildup above
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Fig. 1. Plasma jet with a filament incident on the liquid
surface.
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3. Results
TEMPO concentrations were measured by EPR as a
function of O2 content in the jet while holding the
treatment distance at 8 mm and the voltage at 3 kV.
Additionally, O3 concentrations were measured by means
of a Fourier Transform Infrared spectrometer (FTIR)
located downstream of the chamber exhaust. Results are
shown in Figure 2.

0
0.0
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1.5

2.0
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Fig. 2. As O2 is added to the jet, ozone production
increases; however, TEMPO concentration decreases to
approximately 10 µM. TEMPO concentrations an order
of magnitude higher are seen with no O2 in the jet and no
O3 production.
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The results in Fig. 2 show that TEMPO production does
not track O3 density. Furthermore, TEMPO production
rises by an order of magnitude with 0% O2 in the jet, a
condition which produces no O3. Thus, it may be
concluded that O3 is at most a minor producer of TEMPO
and that all of the TEMPO made with 0% O2 in the jet is
produced by non-O3 species. These species are produced
by intermixing with dry air in the entrainment between
the tube and the cup. When O2 is present in the jet as well
as the entrainment, the excess of O2 quenches the plasma,
resulting in fewer reactive species being produced.
A control experiment was also undertaken with an N2
environment and 0% O2 in the jet. This experiment
produced TEMPO yields below noise values, confirming
that TEMPO is not produced in the absence of oxygen
and ruling out the possibility of any “background” signal.
Since maximum TEMPO production and an absence of
O3 were observed with no O2 in the jet, the treatment
distance between jet and liquid was varied at this
condition in order to better understand the role of the
entrainment. As shown in Figure 3, the treatment
distance experiments show the existence of an “optimal”
treatment distance in which the TEMPO yield is
maximized. This is due to the need for oxygen from the
entrainment for the creation of TEMPO-producing
reactive oxygen species. At too low of a treatment
distance, not enough O2 can reach the plasma, and less
TEMPO is produced. However, at large treatment
distances, the entrainment provides so much O 2 that the
plasma begins to be quenched.

TEMPO Concentration (uM)

atmospheric pressure. The plasma source consists of a
powered needle electrode at 30 kHz encircled by a glass
tube, which is itself encircled by a ground electrode. A
glass cup containing 1mL of TEMP dissolved in
deionized water to a 100mM concentration is placed
below the jet at a controllable distance. Plasma species
mix and react with the dry air while flowing from the jet
to the cup. Often, a plasma filament will extend out of the
jet to the liquid surface; this filament often changes
position on the liquid surface rapidly. A picture of the
plasma jet with a filament incident on the liquid surface is
shown in Figure 1. Experiments were carried out for 5
min, following a 2 min purge time during which the
chamber was purged with dry air before turning on the jet
gas and the power. The jet gas used was He with
controlled addition of small amounts of O2. The flow
rates were 1.5 slm for the environment and 1 slm for the
jet.
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Fig. 3. TEMPO production is optimized at an intermediate
treatment distance. For distances below 6 mm, the gap
between the tube and the cup is so small that very little O2
can reach the plasma and be used to create TEMPOproducing species. For distances above 6 mm, too much
O2 reaches the plasma and quenches it.
To differentiate between 1O2 and O atom, experiments
at some of the treatment distances from Fig. 3 were
repeated with 100mM NaN3 dissolved in the TEMP
solution. NaN3 is a known scavenger of 1O2, and lower
TEMPO concentrations in the presence of NaN3 could
show how much TEMPO is created by 1O2 in our system.
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Fig. 4. TEMPO production is not hindered by the
presence of 1O2 scavenger NaN3 when treatment distance
is varied. Thus, TEMPO in these experiments is not
produced by 1O2.
The data in Fig. 4 show that no reduction in TEMPO
concentration occurs when NaN3 is added. Thus, it may
be inferred that 1O2 does not play a role in TEMPO
creation in these experiments and that the TEMPOproducing species is atomic O. To further explore the
lack of 1O2, scavenger experiments were also carried out
with voltage variation, since it was possible that the lower
reduced electric fields associated with lower voltages
would yield 1O2. However, as shown in Figure 5, no
difference was observed at different voltages with and
without NaN3. Thus, 1O2 was not observed in these cases,
either.
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treatment distance of 8 mm positioned the cup far enough
away from the jet that, sometimes, the plasma filament
flickered out during experiments (such as in Fig. 4), even
the plasma remained ignited in the jet. The 8 mm, 3 kV
experiment was repeated several times, and the plasma
streamer lost contact with the liquid at different times in
each iteration. Each experiment was carried out for the
full 5 minutes, and the plasma-liquid contact time in each
was noted. As shown in Figure 6, the TEMPO yield is
linear with plasma-liquid contact time.

TEMPO Concentration (uM)

TEMPO Concentration (uM)

Results are shown in Figure 4. The difference between
Figs. 3 and 4 at 8 mm should be noted; this is due to the
extinguishing of the plasma streamer partway through the
experiments in Fig. 4 and will be discussed later.
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Fig. 6. Over multiple repetitions of the 8 mm experiment,
the plasma filament lost contact with the liquid at
different times, though the plasma remained ignited in the
jet for the full 5 minutes in each repetition.. The TEMPO
concentration appears to be linear with the plasma-liquid
contact time.
As seen in Fig. 6, contact between the plasma filament
and the liquid is necessary for TEMPO production. This
suggests that the TEMPO-producing species is shortlived, which is consistent with atomic O.
4. Conclusions
In this work, experiments were performed to isolate the
contributions of plasma-produced O3, 1O2, and O atom to
the oxidation of TEMP, a spin trap used to quantify
plasma-liquid interactions, to the stable radical TEMPO.
It was shown that, within the plasma system at hand, the
dominant producer of TEMPO is atomic O, allowing for
the use of TEMP as a species-selective spin trap. The
TEMPO trends shown in this paper illuminate O atom
trends in the treatment-relevant near-surface region of a
plasma that varies quickly in space and is not easily
characterized by other means.

Voltage (kV)

Fig. 5. TEMPO production is not hindered by the
presence of 1O2 scavenger NaN3 when voltage is varied.
Thus, TEMPO in these experiments is not produced by
1
O2.
Having experimentally eliminated O3 and 1O2, it was
clear that O atom was the dominant TEMPO-producing
species. This was further confirmed by the necessity of
plasma-liquid contact. As previously mentioned, the

ISPC23, Montreal, Canada

5. References
[1] Y. Lion, et al., Nature 263, 442-443 (1976).
[2] H. Wu, et al., Plasma Processes and Polymers 9, 417424 (2012).
[3] P. Popisil, et al., Biochemica et Biophysica Acta 1767,
854-859 (2007).
[4] Y. Gorbanev, et al., Chem. Eur. J. 22, 3496-3505
(2016).

875

oral

Plasma medicine

Peroxynitric acid (HOONO2) is the active component in cryo-preserved plasmatreated water with the reduced-pH method for effective and safety disinfection
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Abstract: Plasma-treated water (PTW) has strong bactericidal activity under acidic
condition and it can be kept by cryo-preservation. Although PTW had many chemical
components, respective chemical components were isolated by ion chromatography. Based
on our experimental results, we conclude that peroxynitric acid (HOONO2) is the key active
component. It could be a precursor of O2–• /HOO•. Higher concentration of HOO• under
acidic condition (pKa 4.8) would bring higher bactericidal activity.
Keywords: plasma medicine, disinfection, atmospheric plasma, plasma treated water.
1. Drastic plasma disinfection technique in liquid by
the reduced-pH method
Considering the disinfection of human bodies for dental
[1-4] and surgical applications by low-temperature
atmospheric-pressure plasmas (Fig. 1), the inactivation of
bacteria in liquid is essential. For that purpose, the
reduced-pH method was developed that strong
bactericidal activity by direct plasma exposure can be
achieved if the solution is sufficiently acidic [5]. Drastic
enhancement of bactericidal activity is achieved by
controlling the pH of the solution under 4.8, and D value
(decimal reduction time) surprisingly became 1/100 when
pH is changed from 6.5 to 3.8. D value (Escherichia coli)
at acidic condition can be controlled to quite small (< 2
sec) under some condition. We call this technique as the
reduced-pH method.
It is considered that relatively strong bactericidal
activity is brought by the production of hydroperoxy
radical (HOO•) from the association of hydrogen ion (H+)
and superoxide anion radical (O2–•). The critical pH value
is associated with pKa of the dissociation equilibrium
between these radicals, which is known to be
approximately 4.8. This well-known chemical reaction
means that O2–• can be changed into HOO•, which have
much stronger bactericidal activity, in lower pH [6].
Penetrating HOO• brings oxidative stress in cell to be

Fig. 1 Plasma jet exhausted to a finger without
burning.
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killed.
Because body fluid has neutral pH buffer capacity of
pH ~7.4, bactericidal activity is limited to 1/100 if plasma
disinfection is applied without pH buffer solutions. To
achieve drastic plasma disinfection, this reduced-pH
method is indispensable. Just before plasma treatment of
infected area, acidic pH buffer solution should be applied
to its surface.
2. Conservation of bactericidal activity of plasmatreated water by cryo-preservation
In addition to direct and remote plasma exposures to
bacteria suspension, the reduced-pH method can be
applied to the sterilization by plasma-treated water (PTW).
As shown in Fig. 2, Bacillus subtilis (spore) was
inactivated in a rapid manner with high concentration
PTW [7].
Bactericidal activity of PTW is known to decay
exponentially. Half-lives of this activity were in
accordance with Arrhenius equation in the liquid and the
solid states (Fig. 3). From the experimental results of ESR
(electron spin resonance) measurements [8] of O2–• with
spin trapping method, half-lives of obtained ESR signals
were also in accordance with Arrhenius equation (Fig. 3).
Both activation energies are calculated to be almost equal
to ~109 kJ/mol. Half-lives at deep freezer temperature (80 ºC) and body temperature (+37 ºC) are estimated to 7
centuries and 3.9 seconds from Arrhenius equation,
respectively. This indicates that PTW can be cryopreserved in freezer and toxicity to human body seems to
be low due to fast disappearance of the bactericidal
activity [9, 10]. In addition to this temperature
dependence, half-lives were found to depend also on the
pH. Above absolute values of half-lives were obtained at
pH 4.5. From experiments at various pH condition,
activation energies were same and frequency factors were
different.
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Fig. 2 Inactivation of B. subtilis (spore cell) with
PTW at pH 3.0.
3. Bactericidal activity of PTW
Relative bactericidal activity was estimated comparing
commercially available bactericides. Serial diluted PTW
or commercial bactericides were mixed with bacteria
suspension. Bactericidal activity of PTW is calculated to
be so high that 22 log reduction (i.e. 10-22) of spore cell (B.
subtilis) would be achieved with undiluted PTW. This
corresponds to 65% hydrogen peroxide (H2O2), 14%
sodium hypochlorite (NaClO) and 0.33% peracetic acid
(CH3COO2H) respectively, which are deadly poison for
human. Unlike such stable chemicals, bactericidal activity
of PTW is inactivated quickly by body heat. Strong
oxidative stress by PTW would exert only upon the
surface of applied area. This property of short lifetime is
ideal as a disinfectant for human body.
For disinfection of caries cavity and root canal therapies
in dentistry, PTW was applied to infected models using
human extracted tooth. Only 10 sec. treatment brought
reduction of cariogenic bacteria (Streptococcus mutans,
Enterococcus faecalis, Candida albicans and Candida
glabrata) in dentine tubules under detection limit [3, 4].
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4. Purification of the active component in PTW by ion
chromatograph
After high concentration PTW was prepared by 1 m
long special device which can continuously irradiate
atmospheric-pressure plasma to pure water flowing
slowly with cooling system [11], PTW was analyzed by
the ion chromatograph (IC) [12, 13]. The analysis was
carried out at low temperature condition to avoid the
thermal deactivation of PTW. Result of the analysis (Fig.
4) revealed that PTW contained hydrogen peroxide
(H2O2), nitrate (NO3-) and nitrite (NO2-). In addition to
these peaks, a specific peak eluted after nitrite ion was
seen around at 3 min retention time. This peak was not
detected in heat-treated PTW showing no bactericidal
activity, suggesting that a substance contained in this peak
played an important role in the bactericidal activity of
PTW.
To examine the bactericidal activity of respective peaks
of PTW, eluate of IC was collected respectively by 0.5
mL and bactericidal assay (E. coli suspension with pH 3.5
buffer) was performed with each fraction. As a result,
strong bactericidal activity was observed only with
fractions around at a PTW specific peak described above,
and no bactericidal effects were observed in other peak
fractions (Fig. 4). This result revealed that the bactericidal
activity of PTW was due to single chemical substance, not
a combined effect of plural components.
Furthermore, fractions containing bactericidal species
(or its precursor) were inactivated by heating and applied
to IC again. Consequently, only nitrate and nitrite were
detected. This means that degradation products of the
bactericidal species are nitrate and nitrite ions, strongly
suggested the bactericidal species is a compound
consisting of oxygen and nitrogen atoms.
From experimental results with special air tight plasma
device, molecular nitrogen was found to be required both
in the ambient gas and in the distilled water (dissolved
gas) used to prepare the PTW [10]. We also suggest that
the reactive molecule in PTW with bactericidal effects is
not a free reactive oxygen species but a compound
containing nitrogen atom(s). We consider that O2–• or

4.2

1000/T [1/K]

Fig. 3 Arrhenius plots for bactericidal activity and
ESR measurements of PTW.
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Fig. 4 Ion chromatogram of PTW and CFU assay of
its each fraction.

877

oral

Fig. 5 Most stable structure of PNA. Blue stands for
nitrogen, red for oxygen and white for hydrogen.
HOO• is released from this compound, such as
peroxynitrous acid (HOONO) or peroxynitric acid (PNA,
HOONO2).
5. Peroxynitric acid in PTW
Many researchers are interested in this area of PTW,
where the waters are treated/activated by their original
devices. Many kinds of chemical species generated by
plasma are supplied to water [14, 15]. Concentrations of
respective chemical species contained in each PTW are
different. For scientific approach, we should discuss
something based on chemical species and consider that
the key active component is different and dependent on
each specific application.
As previously mentioned, we demonstrate that the
bactericidal activity of PTW can be enhanced by the
reduced-pH method and be kept by the cryo-preservation.
Our approach is different from the other PTW in these
respects, and this means that the key active component
which we used for the disinfection possibly differs from
other. For example, we think our PTW has strongest
bactericidal activity than others. Respective chemical
components in our PTW were clearly separated by IC and
the specific peak of the key active component in PTW
with our method was purified.
Considering the activation energy for degradation of
these species, we assume that PNA stored in PTW
induces the bactericidal effect. Our experimental results
showed 109 kJ/mol and another paper reported 110
kJ/mol [16]. These are quite similar values [10].
PNA is known to be obtained just by mixing chemicals,
as shown in chemical reaction formulas (1, 2) [17].
→
(1)
→
(2)
From IC analysis of chemical synthesized PNA, a same
specific peak was seen at same retention time by IC and
bactericidal effect was also same. At this stage, we
convinced that PNA is the key active component in cryopreserved PTW.
From the viewpoint of PTW, HNO2 and H2O2 are
supplied to water from plasma chemical reactions in gas
phase. On the surface of the water (i.e interface), it seems
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natural that PNA would be generated from these chemical
species and be stored if the water temperature is enough
low.
PNA is not ROS like HOO• but RNS. Although it is
known that PNA is in equilibrium with HOO•, the
equilibria constant was reported with various values [18,
19]. Now we started the quantum chemical calculation on
PNA decomposition to understand PNA decomposition.
As a result, it was found that there are three stable
structure groups next to the most stable structure (Fig. 5)
with the highest existence probability. One of them has a
cleavage pathway to NO2 and HOO• in the vicinity and
no other pathway exists in the near energy range.
6. Summary
For further understanding of plasma medicine,
experimental results must be discussed based on not the
parameter of plasma generation but that of key active
species. In this paper, we discussed the effective plasma
sterilization in liquid (direct plasma / PTW) with the
reduced-pH method, based on the chemical kinetics
concerning temperature. Detailed analysis of PTW
concluded that key bactericidal chemical agent of cryopreserved PTW with the reduced-pH method is
peroxynitric acid (PNA). We found the use of
peroxynitric acid solution as bactericidal agent at acidic
pH condition for the first time in the world. These
experimental results and understandings would contribute
to plasma chemistry in liquid, especially to the research
area of plasma medicine.
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The safe lightening, non-thermal argon plasma against Atopic Dermatitis
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Abstract: For treating severe inflammatory skin condition, such as atopic dermatitis (AD),
not only anti-microbial activity, but also the ability controlling several immune reactions is
essential. Here, non-thermal argon plasma (NTAP) was adopted for testing the effect of the
plasma on immune responses of atopic dermatitis using DNCB-induced AD mice model.
Since the use of NTAP effectively reduced the symptoms of AD, we hope that this technique
can be widely used for patients in the near future.
Keywords: Non-thermal argon plasma, Atopic dermatitis, anti-inflammation, itching

1. Background
AD is a severe inflammatory skin condition with a
prevalence of approximately 30% during the childhood in
2008 [1]. Several kinds of immune cells are participated in
the development of AD, but many dermatologist believe
that T helper cells are crucial. There are no cure for this
disease, but several anti-inflammatory drugs are used as
first option to reduce exaggerated immune reactions.
However, since the long-term use of these drugs can cause
severe side effect, the new therapeutic options for AD are
needed.
Meanwhile, non-thermal plasma (NTP) is recently
introduced technology in the field of dermatology. Many
researchers reported NTP’s most well-known medicinal
features such as anti-bacterial, anti-cancer and wound
healing, but only few reported the effect of NTP on
inflammatory reactions.
Here, the effect of NTAP on the inflammatory reactions
of AD were tested using HaCaT keratinocytes and 2,4Dinitrochlorobenzene (DNCB)-induced AD mice model.
2. Materials & Methods
2.1. NTAP device: The DBD type low-frequency argon
plasma generating device were used (Fig. 1). The detailed
information of the device and the treating methods can be
found in our previous report [2].

described in Fig. 2. The detailed information can be found
at elsewhere [2].

Fig. 2. The schematic diagram describing the whole
procedures of the experiments using AD-mice.
3. Results
3.1. The treatment of NTAP blocked SLIGRL-induced
TSLP production of HaCaT keratinocytes.
As a first barrier of the skin, keratinocytes protect the body
from the harmful subjects, but this cell can also sense some
microbial invasion through protease activated receptor 2
(PAR2), and trigger the inflammatory reaction by secreting
thymic stromal lymphopoietin (TSLP). In order to test the
effect of NTAP on TSLP production from keratinocytes,
HaCaT human keratinocytes were stimulated with PAR2
agonist, SLIGRL and then the cells were treated with
NTAP as described in Fig. 3.

Fig. 1. The NTAP generating device.
2.2. AD mice model: In order to induce AD-like
inflammatory reactions, Nc/Nga mice were challenged
with the chemical inducer, DNCB along with NTAP as
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Fig. 3. The effect of NTAP treatment on TSLP production.
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As Fig.3A shows, the treatment of NTAP completely
blocked SLIGRL-mediated TSLP production. Furthermore,
the NTAP treatment also inhibited the SLIGRL-mediated
nuclear localization of Nuclear Factor Activating T cell 1
(NFAT1) effectively (Fig.3B).
3.2. The NTAP treatment on DNCB-induced Atopic
Dermatitis mice prevented from exaggerated
inflammatory reactions.
In order to test the effect of NTAP on several immune
responses of AD, DNCB-induced AD mice model were
adopted as described in Fig.2. As Fig.4 shows, 5 times of
NTAP treatment did not affected on DNCB-induced
epidermal expansion, but it significantly reduced the
accumulation of several inflammatory cells, including T
helper cells, mast cells, and eosinophil.

Fig.5. The effect of NTAP on the NFAT1 activity in AD mice.
4. Conclusion
Along with our previous report [2], the topical treatment
of NTAP on AD mice significantly reduced several
inflammatory reactions by inhibiting the activities of
crucial transcription factors including nuclear factor-kappa
B cell (NF-κB) and NFAT1. The NTAP-mediated
blockage of NF-κB and NFAT1 activation in the
keratinocytes of AD lesion was directly linked to reduced
accumulation of several immune cells. Although this study
focused on the effect of NTAP on the keratinocytes, the
activities of NFκB and NFAT1 is also crucial for the
immune cell activation, such as B cell and T cells.
Therefore, the treatment of NTAP on immune cells might
can regulate immune cell activity directly. In addition to
the exaggerating immune reactions, the hypersensitivity of
the neurons of AD lesion causes another big problem,
itching. This study also elucidated that the treatment of
NTAP can block the inflammation-induced neuronal end
network. In a line with the report of Wilson et al. [3], our
data shows that the reduced expression of TSLP might be
the one of the reason of NTAP mediated inhibition of
neuronal network formation in AD. Taken together, NTAP
treatment on AD not only reduces inflammatory reaction,
but also might protects the patients from itching (Fig.6).
Therefore, NTAP can be a good alternative option for
treating AD

Fig.4. The effect of NTAP on DNCB-induced AD mice.
In addition to the Inhibition of the accumulation of immune
cells, the inflammation-mediated development of neuronal
end networks of the lesion was reduced significantly by
NTAP treatment.
3.3 NTAP treatment on AD-mice reduces the NFAT1mediated expression of TSLP in the lesion.
In order to confirm the relationship between the NTAPmediated inhibition of NFAT1 activity and the reduction of
DNCB-mediated inflammatory reactions, the mice tissues
were subjected to immunofluorescence assay against
NFAT1. As Fig.5a shows, the treatment of NTAP
completely blocked the DNCB-mediated activation of
NFAT1. The result of RT-PCR using the mice tissue also
shows that this inactivation of NFAT1 might directly
linked to the reduction of TSLP expression in the lesion
(Fig. 5b), which is crucial for the initiation of inflammatory
reactions of AD.
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Fig.6. A schematic diagram for NTAP effects on AD.
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Plasma-assisted decontamination of ex vivo human skin tissue
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Abstract: In clinical practice, there is a great interest in innovative methods to sterilize
tissues for transplants, with considerable attention to the preservation of their integrity.
With this work, we demonstrated the implementation of a dielectric barrier discharge
(DBD) treatment in air to decontaminate human skin from Staphylococcus aureus, while
maintaining tissue morphology and cell vitality.
Keywords: Bacterial decontamination, cold atmospheric-plasma treatment, skin integrity.

1. Background
The use of allografts to replace damaged skin represents
an important therapeutic resource, but the risk of
transmitting infectious diseases has to be minimized,
since naturally occurring contamination can be present on
skin or can be introduced during processing. Tissue and
organ transplant (skin, bone, corneas, heart valves,
hematopoietic stem cells and amnion) is a risky procedure
for the receiving host, due to bacterial, viral or fungal
contamination. [1]. Different procedures, like antibiotic
treatment [2] or gamma radiation sterilization can be
performed to decontaminate tissues for allografts.
However, a large number of samples are discarded
because of their too high bacterial load [3] or because of
the loss of tissue integrity. In fact, radiation can cause a
decrease in the biomechanical properties and in skin cells
vitality. Antibiotics, on the other hand, can persist in the
tissue for a long time and thus pass into the host’s body,
not to mention the possible onset of bacterial resistance.
One of the most important pathogens responsible for soft
tissue infections is Staphylococcus aureus, a pyogenic
microorganism that normally resides on the human body
as a commensal bacterium [4] and which can lead to
nosocomial infections, such as pneumonia and sepsis [5].
S. aureus is very frequently found after a donor explant,
when grafts are delivered to Skin Banks and are subjected
to sterility analysis [1]. It causes numerous infections and
possesses the ability to spread from person to person, by
evading the immune response and acquiring resistance
against antibiotics [6].
Given this background, there is a strong need for new and
innovative methods able, at the same time, to sterilize or
strongly decontaminate tissues and to guarantee the
maintenance of their viability, integrity and
biomechanical properties.
Application of cold atmospheric plasmas (CAPs) can
open a new scenario for the sterilization of tissues in Skin
Banks. In fact, in the last decades, atmospheric plasmas
have raised great interest for their ability to inactivate
viruses, bacteria and fungi, through the production of
reactive species, UV radiation and charged particles [7,8];
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moreover, the gaseous form of plasma can reach areas not
easily accessible to disinfection fluids [9].
The above-mentioned characteristics allow the application
of plasmas in different fields, such as dental care, chronic
skin wounds, cancer treatment, cosmetics and hygiene
[10]. CAPs exert their antibacterial activity through the
production of reactive species, without the release of
chemical residues, thus preventing the possible inhalation
of toxic aerosols, skin irritation or any other harmful
consequence. Therefore, plasma represents a valid
alternative to standard asepsis [11]. Several studies
showed that ex vivo skin, treated with CAPs, preserve its
histomorphological properties, while being disinfected
[12]. Different known CAP devices designed for
dermatological purposes (kINPen MED, PlasmaDerm,
MicroPlaSter) have been tested on clinical trials. For
example, kINPen Med proved to efficiently reduce
microbial load in infected head and neck cancer
ulcerations; PlasmaDerm has been used for the treatment
of chronic venous leg ulcers and MicroPlaSter has been
tested to reduce bacterial growth in infected wounds.
These studies provide further evidence of the efficacy and
safety of the in vivo treatment on human skin [13, 14].
In this work, we present the effective decontamination of
ex vivo human skin from Staphylococcus aureus, by
means of a DBD plasma source in open air, and we also
provide evidence of its safety regarding tissue structure
and morphology.
2. Materials and methods
Skin samples from multi-organ and/or multi-tissue
donors were provided by the Emilia-Romagna Regional
Skin Bank (Bufalini Hospital, Cesena, Italy), in
accordance to the national guidelines of the Italian
National Transplant Centre [15]. Before treatment,
tissues, cut into 2x2 cm pieces, were preserved in RPMI
1640 medium (Biological Industries, Cromwell, CT,
USA) at 4°C; experiments were performed within 3 days
from the explant, thus assuring skin vitality.
Plasma treatments were performed with a DBD plasma
source, consisting in a 6x6 cm aluminium foil as high
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voltage electrode (2 mm gap between the electrodes),
with a stainless steel plate as grounded electrode and a 1
mm alumina foil as dielectric. The plasma source (Figure
1) was connected to a high voltage micropulsed generator
(PVM500, Information Unlimited, New Hampshire,
USA) producing sinusoidal pulses at 20 kHz, with peak
voltages of 7.7 kV and a duty cycle of 7.5%, with a
dissipated mean power of 12.5 W.
Skin was contaminated with S. aureus (ATCC number
6538, American Type Culture Collection, Manassas,
Virginia, USA), with concentrations ranging from 102 to
104 CFU/cm2. 100 µl of contaminated physiological
solution were applied to the epidermal side of the tissue,
which was allowed to dry at room temperature for 15
minutes under a laminar flow hood. Samples were then
treated on both sides (2 minutes for each side) with the
DBD. Infected but untreated samples were used as
positive controls, while samples in a 1% mixture of
penicillin, streptomycin and amphotericin B (Biological
Industries) in RPMI 1640 were used as negative controls.
Each sample was cut into 1x1 cm pieces, used for
microbiological, histological and cell viability evaluation.
Microbiological tests, according to the usual practice at
the Skin Bank, were performed incubating each sample
on Columbia Agar + 5% sheep blood plates (Biomérieux,
Marcy-l’Étoile, France) at 37°C for 24 hours.
Histological analysis was performed with hematoxylineosin staining (Sigma-Aldrich, Saint Louis, Missouri,
USA), to assess the overall condition of the tissue; while a
MTT assay (Acros Organics, Thermo Fisher Scientific,
New Jersey, USA) was carried out to check cell vitality.
Three independent experiments were performed.
Unfortunately, it was not possible to perform each
experiment in multiple repetitions (except for MTT
assays, since we used very small pieces obtained by 6 mm
biopsy punches), because of the shortage of raw material,
in terms of quantity and of availability over time, being
human ex vivo tissues.

Fig. 1. Schematic representation of the DBD plasma
source (top) and picture during plasma treatment (bottom)
[16].
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The results of MTT assay are expressed as average optical
density/weight (gr) ± standard deviation. Statistical
analysis were performed with two-way ANOVA test and
Bonferroni correction test, with P value < 0.05.
3. Results
The epidermal side of skin samples from multi-tissue
donors was inoculated with increasing concentrations of
S. aureus (from 102 to 104 CFU/cm2); then each side of
the samples was treated for 2 minutes with a DBD plasma
source. After 24 hours of incubation on agar plates,
plasma-treated samples with initial bacterial load of 102
and 103 CFU/cm2 showed no growth at all (Figure 2) and
this result was confirmed in each one of the three
independent experiments performed. Moreover, the
sample inoculated with 104 CFU/cm2 displayed a reduced
bacterial growth, compared to the antibiotic-treated
control.
Regarding the histological overall evaluation of the tissue,
its morphologic and structural features were always well
preserved, with no significant difference compared to
untreated samples (Figure 3).
Finally, treated and untreated samples were examined for
cell vitality with MTT assay (three experiments in
triplicate), which demonstrated the safety of plasma
treatment, considering the absence of statistically
significative difference between treated samples and
untreated controls (Figure 4).
4. Discussion
This was meant to be a preliminary study to verify the
possibility of a plasma-assisted method, specifically
designed to effectively disinfect skin samples from
Staphylococcus aureus, which represents a recurrent
source of contamination in skin grafts. As this was a
feasibility study, we chose to make a qualitative
evaluation, to appreciate in a simple way the differences
between infected-treated and infected-untreated samples.
This being anyway the standard procedure at the Emilia
Romagna Regional Skin Bank.
We demonstrated that we succeeded in sterilizing the
tissue inoculated with 102 and 103 CFU/cm2; furthermore,
we were able to strongly reduce an initial bacterial load of
104 CFU/cm2. We considered these three concentrations
(102 to 104 CFU/cm2) because Italian Skin Bank
guidelines allow usage of donor materials only if their
microorganisms load does not exceed 102 CFU/cm2. In
the best clinical practice of the Emilia Romagna Regional
Skin Bank, donor tissues with this bacterial load are
decontaminated with antibiotic, while tissues with higher
loads are discarded, since the use of antibiotics cannot
assure sterilization. So, achieving a complete sterilization
of 103 CFU/cm2 through a DBD plasma treatment, is
already a promising result, allowing to discard smaller
amounts of tissues.
Moreover, comparing treated samples with untreated
controls, histological and cellular analysis gave evidence
of a complete lack of damage in plasma-treated samples.
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maintaining their integrity, while avoiding the use of
antibiotics [16].

Fig. 2. Microbiological evaluation of skin contaminated
with S. aureus. After plasma treatment, skin with initial
load 102 and 103 CFU/cm2 proved to be sterile; while
DBD treatment strongly decreased microbial growth for
a contamination of 104 CFU/cm2. Plates were evaluated
after 24 hours of incubation at 37°C [16].

Fig. 3. Cell viability after MTT assay. There were no
significant differences between untreated and plasmatreated samples [16].
For all these reasons, we believe this study could open a
new perspective in the field decontamination of skin
transplants through plasma-assisted techniques; this
would increase the number of eligible donor tissues,
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Fig. 4. Histological evaluation of skin tissue. No changes
in the collagen and in the overall structure of the treated
samples is evident when compared to untreated ones [16].
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APPENDIX
To provide the reader with a significant reassurance of the
validity of the qualitative procedure in triplicate followed
in this work, in the following images [16] we present the
results concerning the decontamination of human skin
samples for two additional independent experiments with
respect to results of Figure 2.

In one of the three experiments on tissue with initial
bacterial load of 104 CFU/cm2 we were able to reach
complete sterility; however, we did not take this result
into account, because it was not obtained in triplicate and
a higher number of tests would be necessary to confirm it.
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Effect of nanosecond-pulsed dielectric barrier discharge on human
T-lymphoblastoid leukemia cells
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Abstract: The aim of this study is to investigate the oxidative stress pathway induced by
plasma treatment of human T-lymphoblastoid leukemia cells (Jurkat) and identify some of
the molecular mechanisms triggered by cold atmospheric pressure plasma. CAP treatment
was performed by means of a wand electrode dielectric barrier discharge source driven by
nanosecond high voltage pulses. CAP treatment caused apoptosis in Jurkat cells and
significantly increased ROS intracellular level.
Keywords: T-lymphoblastoid leukemia cells (Jurkat), apoptosis, DBD.
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3. Plasma treatment
5 x 105 cells in 1 mL complete medium were seeded
in a monolayer through centrifugation and directly exposed
to plasma treatment in a 24-well plate. . The adopted
plasma source is a nanosecond pulsed dielectric barrier
discharge (DBD) [3]. Two different operating condition
were investigated: the first one consisted in 60 s treatment

4. CAP induces ROS and RNS production in treated
medium
In Fig.1, the concentrations of hydrogen peroxides, and
nitrites using red hydrogen peroxide assay Kit (Thermo
Fisher Scientific) and nitrate/nitrite colorimetric assay
(ROCHE).
The RONS concentration produced by plasma treatment
in 1 mL of cell culture medium after plasma treatments are
reported. Nitrites concentration induced by T2 resulted
significantly higher compared to the concentration
produced by T1. On the other hand, the concentrations of
hydrogen peroxides induced in culture medium by both T1
and T2 are similar.

T

2. Cell culture
Human T-lymphoblastic cells (Jurkat) were purchased
from LCG standard (Teddington, UK) and cultured in
RPMI 1640 supplemented with 10% heat inactivated fetal
calf
serum,
1%
antibiotics
[penicillin
5000
UI/streptomycin 5mg/mL] and 1% L-glutamine solution
(all purchased from Biochrom, Billerica, MA, USA).
Cultured cells were maintained in 5% CO2 and humidified
air at 37°C.

keeping a distance of 1.25 mm between the tips of plasma
source and the surface of cell medium (gap) (T1) and the
second treatment condition consisted in 120 s performed
setting the gap at 2.50 mm (T2). During the treatments,
peak voltage (PV) and pulse repetition frequency (PRF)
were kept constant at 20kV and 500Hz, respectively.

c [M]

1. Introduction
Previous researches have repeatedly proven the
anticancer effects of cold atmospheric plasmas (CAPs).
Plasma effect on cancer cells is mediated by biologically
active factors such as charged particles (ions, electrons),
photons and UV radiations, free radicals, reactive oxygen
and nitrogen species (RONS). In particular, the reactive
oxygen species (ROS) and nitrogen species (RNS)
responsible of CAP activity are atomic oxygen (O),
hydroxyl radical (OH), superoxide (O2-), hydrogen
peroxide (H2O2), and nitrites (NO2-), generated both in gas
and liquid phase [1]. The alteration of redox signaling,
induced by CAP-treatment, correlates not only with the
induction of apoptosis, but also with DNA damage [2]. In
this study, the proapoptotic effect of CAP and its ability to
modulate the oxidative stress pathway in human Tlymphoblastoid leukemia cells (Jurkat) is presented.

Figure 1. H2O2 and NO2- concentrations in plasma
treated medium. * P < 0.05 versus T1 NO2-.
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5. CAP induces apoptosis in Jurkat cells
Both tested CAP treatment conditions induced an
increase of apoptotic cells as reported in Fig.2.

30

Untreated
T1 1.25mm 60''
T2 2.50mm 120''

**

*
20

2.0

Bax relative expression

% of apoptotic cells

40

(a)
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T1 1.25mm 60"
T2 2.50mm 120''

**

*

1.5
1.0
0.5
0.0
24h

10
0
24 h

Fig. 2. Apoptotic cells after 6, 24, and 48 h of CAP
treatment. * P < 0.05; ** P < 0.01 versus untreated cells.
To evaluate the apoptotic mechanisms evoked by CAP,
the expression of key proteins involved in the apoptotic
pathway was analyzed. CAP increased p53 protein
expression after 48 h from treatment. (Fig. 3[a]).
2.0
1.5

Untreated
T1 1.25mm 60"
T2 2.50mm 120''

(b)

48 h

Time after CAP exposure

Bcl-2 relative expression

6h

p53 relative expression

48h

Time after CAP exposure

2.0
1.5

**

24h

48h

1.0
0.5
0.0
Time after CAP exposure

***
**

***

***
**

Fig. 4.(a)Relative protein expression of Bax and (b)Bcl-2.
*P < 0.05; **P <0.01; ***P< 0.001 versus untreated cells.
The expression of caspase-8 was significantly increased
after both 24 and 48 h from CAP treatment and at both
conditions. In particular, after 24 h and at the T1 condition,
the expression was 1.36-fold higher than untreated cells
(Fig. 5).

1.0
0.5
0.0
24h

48h

Untreated
T1 1.25mm 60"
T2 2.50mm 120''

Time after CAP exposure

To investigate the intrinsic and/or extrinsic pathway in
CAP-induced apoptosis, the expressions of Bax/Bcl-2 and
caspase-8 were analyzed. An increase in Bax and Bcl-2
expression was observed, with the highest effect at the T2
condition and after 48 h from CAP exposure. (Fig. 4). Of
note, the Bax/Bcl-2 ratio was not significantly changed
following CAP treatment.

2.0

Activated caspase-8
relative expression

Fig. 3. Modulation of p53 protein and after 24 and 48 h
from CAP treatment at T1 and T2 conditions. ** P < 0.01;
*** P < 0.001 versus untreated cells.
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Fig. 5. Relative expression of caspase-8 after 24 and 48 h
from CAP treatment. *P<0.05 versus untreated cells.

ISPC23, Montreal, Canada

887

oral

Plasma medicine

***

0.8

T1 1.25mm 60"
T2 2.50mm 120''

0.6
0.4
0.2

"

12

60

m

m

50
m
2.

1.
T1

***

0.5

T2

***

0'
'

0.0

25
m

1.0

***

Untreated

nt
re
at
ed

ROS

1.5

1.0

U

2.0

Untreated
T1 1.25mm 60"
T2 2.50mm 120''

***

exposure, a huge increase was recorded in cells treated
using T2 condition compared to untreated cells (Fig. 8).

% MN

6. CAP increases intracellular ROS levels and
modulates the oxidative stress pathway
A significant increase in intracellular ROS levels after
CAP treatment was measured as reported in Fig.6.
However, after 6h from CAP treatment, a significant
reduction of intracellular ROS levels was observed at both
T1 and T2 conditions (Fig. 6).

Fig. 8. Frequency of MN after 24 h from CAP exposure.
* P < 0.05; *** P < 0.001 versus untreated cells.

0.0
3h

6h

Time after CAP exposure

Fig. 6. Effect of CAP on ROS levels and antioxidant
enzymes. Intracellular levels of ROS after CAP exposure.
*** P < 0.001 versus untreated cells
7.CAP has a genotoxic and mutagenic effect
Different tests of genotoxicity were used with the aim
to detect the net and actual mutagenic effect of the plethora
of lesions caused by CAP and to directly relate the DNA
damage to the mutagenic effect. To investigate whether
CAP was able to induce DNA damage, the phosphorylation
of H2AX was analyzed. After 6 h from CAP exposure, an
increase in H2AX phosphorylation compared to untreated
cells was observed. After 24 h from CAP treatment, the
level of phosphorylated H2AX (γ-H2AX9) was significant
only for cells treated using T2 condition (Fig. 7).
3

***
 -H2AX

***

Untreated
T1 1.25mm 60"
T2 2.50mm 120''

8.Conclusions
Reactive species produced by plasma treatment induce
cellular modifications [3]. In particular, plasma treatment
of complete medium induces the increase of extracellular
RONS concentration and this plays a crucial role in the
effects of CAP on cells [1]. In this study, we demonstrated
that the exposure of complete medium to a nanosecond
pulsed DBD induced the generation of nitrates, nitrites and
hydrogen peroxide, which are considered the most
important RONS contributing to plasma toxicity on cancer
cells.
In conclusion, our results provide a deeper understanding
of the potential of CAP as a promising physicpharmacologic strategy in the oncological field and pose
the basis for the evaluation of its toxicological profile.
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888

ISPC23, Montreal, Canada

Plasma medicine

oral

Plasma activated water to enhance plant defenses
Assunta Bertaccini1, Enrico Biondi1, Alessandro Canel1, Vittorio Colombo2,3, Nicoletta Contaldo1,
Matteo Gherardi2,3, Romolo Laurita2, Set Perez1, Augusto Stancampiano4, Yuri Zambon1
Alma Mater Studiorum-Università di Bologna, Bologna, Italy
1
Department of Agricultural Sciences, Plant Pathology,
2
Department of Industrial Engineering,
3
Industrial Research Centre for Advanced Mechanics and Materials,
4
Department for Life Quality Studies.
Abstract: Plasma activated water is produced treating sterile distilled water by means of an
atmospheric pressure dielectric barrier discharge. Tomato plants, belonging to different
cultivars and experimentally inoculated with Xanthomonas vesicatoria under greenhouse
conditions, and phytoplasma infected grapevine plants in vineyards were treated with plasma
activated water in order to evaluate its effectiveness as an alternative means to control plant
diseases.
Keywords: plasma activated water; atmospheric pressure dielectric barrier discharge;
reactive oxygen and nitrogen species; plant diseases.
1. Introduction
The plasma treatment of sterile distilled water (SDW)
induces several changes in water chemical composition: in
particular, reactive oxygen and nitrogen species (RONS)
are produced [1]. These RONS might have an important
role in plant defense responses, involving both
hypersensitive reaction and systemic acquired resistance.
Nowadays, the control of plant bacterial pathogens is
addressed with the use of preventive treatments based on
copper compounds, or, in the worst cases, on antibiotics.
Thus, plasma activated water (PAW) treatment could
represent an innovative and alternative tool to control plant
diseases due to bacteria and phytoplasmas (bacteria lacking
the cell wall). In this study, the effect of PAW application
was tested in planta on tomato plants experimentally
inoculated with Xanthomonas vesicatoria (Xv) under
greenhouse conditions. Moreover, the use of PAW as a
control strategy against phytoplasmas infecting grapevine
plants in vineyards.

Diffusion method: Luria and Bertani (LB) Agar plates
were contaminated with 200 µL of bacterial suspension
(approx. 107 CFU/mL). A drop of PAW was poured onto
an antibiogram disc; the plates were then incubated for 24
h at 27°C. The antibacterial effect was evaluated measuring
the inhibition area. The assay was repeated 3 times.
Dilution method: 15 mL of LB broth were contaminated
with 150 µL of bacterial suspension (approx. 108
UFC/mL). PAW was added to the bacteria suspension and
incubated at 25°C for 24 h at 80 rpm, in a rotative
incubator. The bacterial population of each tube was
evaluated after 24 of incubation by collecting 1 mL LB
broth. Each sample was tenfold diluted, plated and
incubated at 27°C for 48. The assay was repeated 3 times.

2. Materials and Methods
2.1 Plasma source and PAW production
DIW was treated by means of a nanosecond pulsed
dielectric barrier discharge (Fig. 1), operating in ambient
air. 10 min treatment with a peak voltage of 19 kV and a
pulse repetition frequency of 1 kHz induced the formation
of nitrates and peroxides (measured by means of analytic
strips, Quantofix), and a pH decrease (measured with a pH
meter, InLab Micro Pro).
2.2 Antimicrobial activity of PAW against Xv
The in vitro antimicrobial activity of PAW was tested with
diffusion and dilution methods recommended by the
Clinical and Laboratory Standards Institute [2].

ISPC23, Montreal, Canada

Fig. 1. DBD reactor for the production of PAW [1]
2.3 Greenhouse in planta experiment on tomato plants
PAW was assayed to evaluate its ability in inducing
resistance in tomato plants against Xv (strain IPV-BO
2684, Xv). Tomato plants 'Moneymaker' and ‘VF 10’ were
individually grown in pots. The plants at 3°-4° leaf stage
were uprooted, and the root apparatus was soaked for 10
min into PAW, DIW (control) and acibenzolar-S-methyl
(ASM, resistance inducer). The inoculation was carried out
by spraying the pathogen in a water suspension (ca. 107
CFU/mL) on the leaf surfaces; tomato plants were then
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sealed in polyethylene (PE) bags overnight. The disease
assessments were carried out on 4 to 6 leaves/plant, 21 days
after the experimental inoculation. Data were elaborated
with ANOVA test using SPSS for Windows; moreover,
relative protection (related to the negative control, SDW)
were calculated [2].
In addition, from tomato plants (cv. Moneymaker)
pretreated with PAW, SDW (negative control), ASM
(resistance inducer, positive control) and jasmonic acid
(JA, resistance inducer, positive control), and from plants
inoculated with the pathogen, the total RNA was extracted
and the increase of phenylalanine ammonia-lyase (pal)
gene (defense-related gene) transcripts was also evaluated
up to 48 hours from root treatment by using RT-qPCR. ßactin gene was used as reference gene. All gene
transcription levels were reported as Mean Normalized
Transcription relative to ß-actin, used as the reference
gene. Gene transcription was determined by the 2− ΔΔ CT
method [4]. Standard errors were calculated to evaluate
statistically significant differences among samples.
2.4 Phytoplasma infected grapevine plants in vineyards
During 2015 and 2016, preliminary trials using PAW
were carried out on grapevine plants in five ‘Glera’
vineyards; the PAW treatment was performed on selected
symptomatic and asymptomatic plants previously analyzed
for phytoplasma presence by nested PCR/RFLP assays,
Experiments were carried out injecting at three different
times (April, June and July) 10-20 ml of PAW or SDW in
each selected phytoplasma-infected and phytoplasma-free
grapevine plant; the remaining plants of the vineyards were
used as untreated control to verify the natural behaviour of
the disease. Specially adapted syringes were used to inject
the liquids into the plant vascular tissue.
3. Results and Discussion
3.1Chemical analysis of PAW
The plasma treatment of DIW induced the production of
nitrites, nitrates and hydrogen peroxide. As reported by the
Authors [1], nitrites completely disappear few minutes
after plasma treatment, due to their reaction with hydrogen
peroxide.
Hydrogen peroxide and nitrate concentrations in PAW
(reported in Table 1) are stable for 2 days when stored at
room temperature; so the delay time between PAW
production and PAW treatment of plants was mantained
below 2 d in order to have stable concentrations of
hydrogen peroxide and nitrate.
H2O2
NO3pH
[mM]
[mM]
1,5-3
8-4
2,5
Table. 1 RONS concentration in PAW and pH after 10
min of plasma treatment.
3.2 Antimicrobial activity of PAW against Xv
Plasma activated water did not show antimicrobial
activity against Xv either in diffusion and dilution in vitro
experiments. This can be appointed to the delay time (30
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min) adopted in the experiments, which caused the water
to contain no more nitrites at the moment of application.
Indeed, this correlation between the loss of antimicrobial
efficacy and the post discharge is well known; as an
example, it was previously reported in [1], where PAW
was tested against Candida albicans and Staphylococcus
aureus using the dilution method.
3.2 Greenhouse in planta experiment on tomato plants
In Fig. 2, results on the disease assessment are reported.
PAW treatment significantly reduced the number of leaf
spots caused by Xv in tomato plants 'Moneymaker' and ‘VF
10’. The relative protection provided by PAW treatment
was approx. 38% in both tomato cultivars, independently
from the disease pressure, depending in this case only by
the susceptibility of the host to the pathogen. ASM, as
positive control, confirmed its ability in reducing disease
severity giving a relative protection of approx. 83%.

Fig.2 Results of the in planta efficacy of PAW applied 6
days before pathogen inoculation at root apparatus (PAWR), compared to the negative (SDW) and positive controls
(ASM), against Xv, strain IPV-BO 2684, on tomato plants
cv. Moneymaker and cv. VF 10 grown under greenhouse
conditions. Different letters indicate significant
differences according to the Duncan's test (p 0.05).
In Fig. 3, the abundance of pal gene transcripts are
reported. Transcriptomics results highlighted a significant
increase of pal gene transcripts starting from 1 h and
reaching its highest transcription level after 48 h. In every
assessment, the pal transcript abundance resulted
significantly higher than the one detected in negative
control plants: untreated (NT) or treated with SDW (SDWR). On the other hand, tomato plants treated with JA started
pal transcription 7 h after the treatment and after 48 h, the
transcript abundance resulted significantly higher than that
of negative control plants, thus confirming the JA role in
the defense response. Moreover, tomato plants inoculated
with Xv began the pal transcription after 48 h from the
inoculation, demonstrating the involvement of pal gene
during the pathogenetic process. 48h after the treatment,
the pal gene transcription abundance for tomato plants
treated with PAW and then inoculated with Xv was
significantly higher than that for plants only inoculated
with the pathogen, but similar to those only treated with
PAW.
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Furthermore, PAW did not induce any phytotoxic effect in
tomato and grapevine plants.

Fig.3 Transcription abundance of pal gene present 3 young
leaves of plants treated by root drenching in PAW, SDW,
ASM and JA for 10 min. The histograms show the genes
transcription at 1h, 7h, 24h and 48h after the treatment.
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3.3 Phytoplasma infected grapevine plants in vineyards
In a relevant number of cases, the infected plants treated
with PAW showed reduction of symptoms and a
production increase (Fig. 4), while the SDW and untreated
plants did not show any symptom reduction.

Fig. 4. Phytoplasma infected grapevine treated with
PAW showing an increasing performance during the two
years of treatment. From the left: April 2015; April 2016;
June 2016 and July 2016. The same plant in the previous
year was not able to unfold leaves and set fruits.
PCR/RFLP analyses carried out on leaves of PAW
treated plants showed a reduction of phytoplasma positive
plants (62%); it is worth noting that a reduction (33%) of
phytoplasma positive plants was observed also for plants
treated with SDW. No phytotoxicity was observed in the
phytoplasma-free plants treated with PAW. At this stage of
the research, results are very promising and have prompted
to increase the number of tested grapevine plants, in order
to achieve statistically valuable data.

4. Conclusions
The presented results demonstrated a reduction of the
disease severity both in tomato and grapevines plants, but
no direct antimicrobial activity of PAW against Xv was
observed; taken together, these results demonstrate that
PAW works as resistance inducer for plants, triggering
plant defenses against both bacteria and phytoplasmas.
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Triggered Cell-to-Cell Signaling Enables Plasma Effects to Penetrate Deep into
Tissue to Affect Target Cells
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Abstract: The depth of penetration of nanosecond pulsed dielectric barrier discharge
(nspDBD) plasma for cancer treatment was investigated using a 3-D tissue model. The
model was used as a barrier between plasma discharge and target cancer cells. Presented is
the role of cell-to-cell signaling from plasma-stimulated cells embedded in the barrier on
extending the depth of penetration of plasma effects. Potential intercellular signaling
mechanisms influenced by plasma treatment will also be presented.
Keywords: Depth of Penetration, Cell-to-Cell Signaling, NspDBD, Tissue Model
Introduction
Biomedical applications of atmospheric pressure
plasma have shown sterilization [1], wound healing [2, 3],
anti-tumor [4, 5] and immunostimulatory potential effects.
[6-8] The efficacy of each is linked to the plasmagenerated ROS at the site of application. [9-11] The
difficulty in translating these effects seen in-vitro to invivo or clinical application comes from the lack of
understanding of the complex interactions between
plasma-delivered ROS and their cellular effects. [12] For
example, plasma treatment of cancer cells through
dielectric barrier discharges (DBD), atmospheric pressure
plasma jets (APPJ), or plasma-activated liquids or media
(PAL, PAM) have shown reduction in viable tumor cells
both in-vitro and in-vivo. [13-15] The efficacy of such
treatment for PAM is attributed to plasma-generated ROS
in the solution. [15, 16] However, for the case of DBDs
and APPJs, application occurs on the surface of the
overlying skin of xenograft tumor mouse models [17], yet
the tumor shrinkage effect is seen one order deeper than
the theorized depth of penetration of plasma (1 mm vs
0.05mm). [18] Mouse skin thickness can be near 1 mm
thick [19], therefore it is unlikely that plasma-generated
ROS will diffuse to the tumor below due to their high
reactivity and short lifetimes. [11] This suggests that the
plasma components must stimulate intercellular signaling
to propagate the anti-tumor effects further than the
physical depth of penetration of plasma.

Fig. 1. Fabrication of the tissue model, used as a cell-laden
barrier between plasma treatment and target cells.
biological response increased due to nspDBD treatment,
surface calreticulin (ecto-CRT) expression [21], was
measured in the target cells as an indicator for plasma
penetration through the tissue model. We evaluated the
depth of penetration of plasma components by applying
nspDBD plasma atop an acellular barrier and measuring
the ecto-CRT expression in the target CT26 colorectal
cancer cells below. Preliminary tests show that the plasma
components are impeded by the acellular barrier and
result in an attenuated response in the target cells. This

Investigation of the Depth of Penetration
To investigate the mechanism of plasma penetration
through tissue to affect target tumor cells, we modeled the
in-vivo setup in-vitro using 3-D, cell-laden extracellular
matrices. (Fig. 1) This ECM is made from crosslinkable
microfibers, which are an emerging type of biomaterial
able to create cell-sized micropores that support cellular
adhesion, proliferation, and migration. [20] These
matrices are used as 150 μm barriers applied between the
applied plasma and target cancer cells (Fig 1D). A
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suggests that plasma components generated at 300 mJ
could not penetrate the acellular barrier to affect the target
cells (Fig 2), but possibly higher energy plasma could.
Therefore, we assessed if plasma energies up to 2000 mJ
could affect the cells which resulted in a partial recovery
at the highest energy tested (Fig 2). Due to the observed
depth of penetration of plasma effects in animal models
[2, 14, 22], the transfer mechanism for these effects may
be facilitated by biological signaling. To address this, we
populated the barrier with cells to allow for the interaction
between plasma components and the embedded cells. The
resultant effect on the target cells would presumably be
due to plasma-stimulated intercellular signaling.
Treatment atop a cell-laden barrier increased the ectoCRT expression in the target cancer cells regardless of the
energy applied (Fig 2). These results indicate that plasmastimulated cell-to-cell signaling within the cell-laden
barrier extends the depth of penetration of plasma
treatment.
Mechanism of Propagation of Plasma Effects
The biological signaling initiated by plasma components
may be through calcium wave mechanisms utilizing gap
junctions [23, 24], singlet oxygen dependent processes
[25], released factors like cAMP signaling [26] or other
intercellular signaling processes. A proposed cell-to-cell
signaling mechanism that accurately fits our model is
called calcium-induced calcium release (CICR). [23]
Briefly, calcium stores within the endoplasmic reticulum
(ER) are released in response to ER stress. [27] The
increase in intracellular calcium can trigger the release of
ATP or be transferred between cells by gap junctions, one
method for cells to transfer ions to adjacent cells. [24]
The released ATP can bind to purinergic receptors of
neighboring cells to induce the release of calcium stores
[28], thus inducing a wave-like propagation. Several
Plasma Treated Cell
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Fig. 3. Proposed plasma-stimulated cell-to-cell signaling
pathway utilizing calcium-induced calcium release.
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studies have shown ER stress [16, 21], an increase in
extracellular ATP [21, 29] and an increase in intracellular
calcium concentration [30, 31] in response to plasma
treatment of cancer cells. This mechanism will be
presented along with potential intercellular signaling
pathways influenced by nspDBD treatment. Results from
these studies identifying the mechanism of intracellular
signaling propagation through tissue will be presented.
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He (23S) helium metastable monitoring through N2+ (B-X) emission in
atmospheric pressure plasma jets
T. Darny1, J.M. Pouvesle1, C. Douat1, V. Puech2, S. Dozias1 and E. Robert1
GREMI UMR 7344 CNRS/Université d’Orléans, Orléans, France
2
LPGP UMR 8578 CNRS/Université Paris Sud, Orsay France

1

Abstract: He (23S) helium metastable is a key state in the energetic transfers occurring in
atmospheric pressure plasma jets now widely used for applications related to biology or
material processing. Its measurement mainly relies on laser absorption which is not always
easy to perform. In this work, we show that a simple way to follow the time evolution of this
state can be found in the late time evolution of the transitions emitted from the N 2+B state
which is mainly populated by Penning ionisation from He (23S).
Keywords: He (23S) helium metastable, Penning ionisation, charge transfer, atmospheric
pressure plasma jet
1. Introduction
The use of non-thermal atmospheric pressure plasma jet
is now widely spread for a large variety of applications in
biology, medicine, agriculture, cosmetic, and materials
processing. In this type of jet, expanding into the
atmosphere, the important reactive oxygen and nitrogen
species, RONS, are mainly created from the transfers of the
energetic species of the carrier rare gas, in many cases
helium. In this context [1,2], it is important to be able to
follow the evolution of the concentration of the species
responsible for these transfers, particularly the atomic
metastables of helium, He(23S). The usual method used is
laser absorption (LA), which, however, requires a set-up
which is rather difficult to set if it is desired to have good
spatial and temporal resolutions (in case of plasma jets less
than mm and on ns time scale). It would therefore be useful
to have another simple means for measuring the population
variations of this species without implementing a complex
system, as also shown in [2]. Studies carried out in the 70s
and in the 80s on gas lasers, in particular excimer lasers
and charge transfer lasers [3], led to the study of reaction
kinetics in atmospheric pressure media based on
experiments involving rapid discharges with wide range of
partial pressures of minority components in carrier gases.
During these experiments, in helium-nitrogen mixtures it
was shown that the emission radiated in the transitions of
the molecular ion of nitrogen between the B and X states
could allow to follow the temporal evolution of its main
population terms [4]. Indeed, in helium-nitrogen plasmas,
in which nitrogen is in small amounts, the temporal
evolution of the N2+(B-X) transition results from both the
charge transfers from the helium molecular ions,
dominating in the first phase of the discharge, and the
penning ionization from atomic helium metastables. In the
second phase of the discharge, while the highly reactive
molecular ions have virtually disappeared, the temporal
evolution of the N2+(B) state is virtually completely
dominated by the state production through the Penning
ionization reaction. Since the radiative lifetime of N2+(B)
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state is very short compared to the lifetime of the
metastables, the temporal evolution of N2+(B), which is
reflected by the light emission at 391.4 nm (or 427.8 nm),
follows the variations of the metastable concentration.
It is therefore interesting to study if this method, which
allowed to follow the evolution of He(23S) in laser
discharges, is also valid in the case of plasma jets
experiments. This is what we have studied in this work,
through a combined analysis of the measurement of the
metastable density by spatially and temporally resolved
laser absorption for the measurement of He(23S) and the
monitoring of the time evolution of the N2+(B) state by
emission spectroscopy. The results obtained are clearly
positive and suggest a simple way to monitor the temporal
evolution of metastables. In a first step, we describe the
experimental set-up and then present the results on the
measurement of the concentration of the atomic metastable
of helium, as well as on the temporal evolution of the
N2+(B) state. Finally, we will present an analysis of these
results.
2. Experimental set-up
The plasma jet used in this work is a plasma gun (PG)
device [5]. Figure 1 shows a schematic view of the PG.
Briefly, the PG is a coaxial dielectric barrier discharge
reactor with a quartz capillary, in this work flushed with
helium and powered by μs duration voltage pulses (up to
18 kV peak amplitude with either positive or negative
polarity), shown in figure 2, repeated at 1 kHz. A 10.5 cm
long dielectric quartz capillary with a 4 mm inner diameter
and a 6 mm outer diameter was used. A 2 cm long electrode
is set inside the capillary. He buffer (1l min ) is injected
through this inner hollowed electrode (0.8 mm inner
diameter). A 5 mm wide grounded ring electrode is set on
the outer surface of the quartz capillary with the tip of the
inner electrode a few mm behind it. The absolute
concentration of the He(23S) atoms in the plasma jet were
measured by LA. The setup and the procedure were similar
to the ones used by Douat et al [6] and Darny et al [7].
−1
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Fig. 1. Schematic of the plasma Gun

Fig. 2. High voltage pulse temporal evolution
The light source was a tunable laser diode (Toptica, DL100
DFB), which delivers a laser beam at 1083 nm. This
wavelength is tuned to He(23P ←23S) triplet transition. The
averaged He(23S) concentration was measured along a line
of sight. The spatial resolution was determined in the same
way as in Douat et al’s work [6] with a sharp razor blade.
The laser beam diameter measured (i.e. the spatial
resolution), defined by the width for which 80% power was
transmitted, was 48 μm. A step by step motor allows
micrometric translation of the PG: the whole capillary and
the plasma plume were probed vertically on the symmetry
axis of the jet. The measurement of the He(23S)
concentration was averaged over 400 pulses. The
absorption length was assumed to be 4 mm in this work.
However, we must underline that in positive polarity,
because of the filamentary structure of the discharge, the
absorption length was overestimated leading to an
underestimated absolute concentration value in this
polarity. N2+(B-X) transition was recorded at 391.4 nm
using a Acton VM series Vacuum Monochromator VM504 with a R955 Hamamatsu PMT through an optic
mounting allowing to gather the light emitted over 5 mm
along the capillary (which approximately induce a time
blurring of 50 ns). Two different sets of experiments have
been realized: one with a high purity system regarding the
He(23S) measurements; another one using a more
conventional system (for N2+(B-X) spectroscopy) with a
higher level of impurity. Results will be discuss taking that
into account.
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3. Results and discussion
Figure 3 and figure 4 show typical data obtained
respectively for He(23S) and N2+(B) state time evolutions
(semi-log plot) in the capillary at the same distance from
the DBD reactor (5.5 cm from the ground ring electrode)
in the case of 0.1% admixture of N2 in He. It can be seen
on figure 3 that the decay of He metastable is almost mono
exponential while, as expected, the time evolution of
N2+(B) state (figure 4), after its maximum intensity,
presents two different phases, the rapid first one
corresponding to the period where charge transfer from
He2+ ions is dominant, following the reactions (1) and (2)
shown below, and a second one much slower
corresponding to the period in which N2+(B) state is mainly
populated through Penning ionization following the
reactions (3) and (4). The second slope correspond to the
decay of the metastables shown in figure 3. Then analysis
of the late time slope of N2+(B) may lead to the time
evolution of He(23S).
He2+ + N2  N2+(B) + 2 He

(1)

He2+ + N2 + He  N2+(B) + 3 He

(2)

He(23S) + N2  N2+(B) + He + e

(3)

He(23S) + N2 + He  N2+(B) + 2 He + e

(4)

Fig. 3. He(23S) time evolution measured by LA for 0.1%
admixture of N2 in helium; 18 kV, positive polarity

Fig. 4 N2+(B-X) transition (391.4 nm) time evolution for
0.1% admixture of N2 in helium; 16 kV, positive polarity
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When the N2 concentration is largely increased, He
molecular ions are destroy very efficiently and their
contribution to the N2+(B) is slightly reduced leading to a
time evolution of that state very close (beside the first
~100ns) to the measured decay of the He metastables as
shown on figure 5 in the case of 0.5% N2 admixture in He.

Fig. 6. He(23S) (blue point) and late time N2+(B) (orange
point) destruction frequencies versus % of nitrogen
admixture to helium.
Fig. 5. Comparison of the time evolution of the He(23S)
(green curve) and N2+(B) (blue curve) states for 0.5%
nitrogen admixture to helium.
If the reactions (3) and (4) are the main reactions leading
to the destruction of He(23S), the destruction frequency of
the atomic metastable can be derived as
m = 0 + km [N2]
(5)
where 0 represents the intrinsic losses in “pure” helium
(that takes into account all impurities including traces of
nitrogen) and km = k3 + k4 [He] is the global rate coefficient
for the reactions of N2 with the atomic helium metastables.
The evolution of the He(23S) destruction frequency versus
nitrogen percentage deduced from LA measurements is
shown in figure 6, together with the late time destruction
frequency of N2+(B) deduced from the emission at 391.4
nm. From this graph, two mains results can be drawn. First,
the extracted value of km from direct measurements of the
atomic metastable concentration, 6.5 ± 0.7 10-11 cm3s-1, is
in quite good agreement with previously reported values at
atmospheric pressure [3]. Second, the deduced value of km
through the proposed analysis of the late slope of the
N2+(B) emission is very close to the precedent one,
6.1 ± 0.5 cm3s-1 which indicates that N2+(B) production is
clearly mainly dominated by the reactions depicted in (3)
and (4). This implies, that late time evolution of N2+(B-X)
transition can be clearly used to follow the evolution of the
atomic helium metastables in plasmas obtained in plasma
jet experiments. The difference in 0 between the two series
of measurements comes from a difference of the impurity
level between the two systems used for those experiments.
The lowest value of 0 (3.5 106 s-1) obtained in the highest
purity conditions gives a good indication of the effect of
intrinsic loses due to other processes in pure helium and
processes induced by the very low remaining impurities.
Then, taking into account that above 0 given value, the
analysis of the late time slope of N2+(B-X) transition in
“pure” helium can give a good appreciation of the purity of
the used helium gas in a given reactor. Changes in the flow
rate for a given system will lead to changes of the 0 value.
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4. Conclusion
In this work, we have studied the possibility to monitor
the atomic helium metastables, He(23S), in plasma jet
experiments using helium/nitrogen mixtures, by following
the late time decay of the N2+(B) state. He(23S)
concentration has been measured by laser absorption and
N2+(B) time evolution followed through the N2+(B-X)
transitions at 391.4 nm. The measurements over a wide
range of He/N2 mixtures revealed that both He(23S) and
N2+(B) states exhibit the same late time destruction
frequency and lead to an estimated value of the Penning
ionization rate coefficient of N2 by He(23S) in very good
agreement with reported values. This indicates that in the
second phase of the post-discharge, the N2+(B) state is a
good tracer of the time evolution of the atomic helium
metastable as it has been shown a long time ago in direct
fast discharges dedicated to charge transfer laser. Then, this
also shows that the measurement of the N2+(B) late time
post-discharge destruction frequency in “pure” helium can
give a good idea of the level of impurities since He(23S) is
efficiently quenched by those. In the same manner, it can
give a very good estimation of the variation of the
air/helium mixture in the plasma plume. Thus, the
monitoring of He(23S) through N2+(B-X) transitions
appears very convenient for the study of atmospheric
plasma jets and their various applications.
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Activation of the chaperone Hsp33 by atmospheric pressure plasma
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Abstract: Treatment of enzymes with plasma usually leads to fast inactivation e.g. by overoxidation of amino acids of catalytic or structural importance. Here, we describe the
plasma-induced activation of heat shock protein 33 (Hsp33), a bacterial chaperone known
to be activated by HOCl. HOCl formation in plasma-treated buffers was confirmed using
fluorescent dyes. Plasma-activation of Hsp33 is reversible by applying reducing conditions
indicating that the protein is not permanently damaged by plasma treatment.
Keywords: heat shock protein, Hsp33, bleach, HOCl, thiol, protein folding

Non-thermal plasmas are a promising tool in fields of
biomedical and clinical application, as they exhibit
several benefits like enhancing wound healing or blood
flow. Furthermore, plasmas have decontaminating and
disinfecting properties due to the high susceptibility of
microorganisms. Plasma interacts with all cellular
components. For instance, it introduces modifications into
proteins, such as irreversible (over-) oxidation of sulphurcontaining amino acids leading to unfolding, denaturation,
and aggregation of proteins [1].
The impact of plasma on the heat shock protein 33
(Hsp33) was investigated using a dielectric barrier
discharge known from cosmetic applications. Hsp33 is a
so called chaperone and responds to oxidative and heat
stress by binding to unfolded proteins to prevent lethal
protein aggregation. Hsp33 has four cysteine residues that
coordinate a zinc ion. During oxidative stress, the thiol
groups of the cysteines are oxidised and form disulphide
bonds, while the zinc ion is released. Additionally, when
there are unfolding conditions like elevated temperature, a
linker region within the protein is unfolded and
dimerisation of Hsp33 takes place resulting in the active
form of Hsp33 [2]. Hypochlorous acid (HOCl), which is
the main component in household bleach, combines both,
oxidative and unfolding conditions and is a known
activator for Hsp33 in vitro [2].
While treatment of enzymes with plasma and the
accompanied oxidation of certain amino acids usually
leads to inactivation, in case of Hsp33 plasma exposure
activates the protein. To our knowledge, Hsp33 is the first
protein described to be activated rather than inactivated
by plasma treatment.
In vivo, the activation of Hsp33 is reversible, as the
disulphide bonds can be reduced, the zinc ion recoordinated, and the linker region folded again as soon as
the oxidative and unfolding conditions subside. Three
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independent methods were used to investigate
reversibility of plasma-mediated Hsp33 activation: citrate
synthase activity assays, measurements of the redox state
of cysteines using thiol-trapping, as well as analysis of
protein fold using CD spectroscopy. The plasma
activation of Hsp33 was reversible indicating that the
thiol groups within the protein were not over-oxidised to
sulfinic or sulfonic acids as it was observed for other
proteins [1,3]. After reductive inactivation, a second
activation was also possible indicating that Hsp33 was not
damaged by plasma treatment.
Further, experiments were performed to identify
plasma-generated species responsible for Hsp33
activation. No changes in plasma-induced activation of
Hsp33 were observed when scavengers like thiourea,
dimethyl sulfoxide, catalase, or ascorbic acid were
applied indicating that the reactive oxygen species
superoxide, hydrogen peroxide, and hydroxyl radicals
were probably not the key activators of Hsp33.
Additionally, the necessity of the presence of both oxygen
and water during plasma treatment was confirmed. It has
been postulated that HOCl could be generated in plasmatreated media/buffers [4]. The generation of HOCl during
treatment of Hsp33 was analysed using the fluorescent
probes
hydroxyphenyl
fluorescein
(HPF)
and
aminophenyl fluorescein (APF), which both react with
hydroxyl radicals and peroxynitrite causing a fluorescent
signal, while APF additionally reacts with HOCl [5].
Formation of HOCl in the µM range was observed in
chloride containing solutions treated with plasma for one
minute.
The identification of the first plasma-activated stress
protein that protects cells from protein aggregation,
warrants to reconsider the risks of repeated plasma
application in the clinic or in cosmetic treatments.
Proteins like Hsp33 could mediate plasma tolerance and
provide a basis for resistance development limiting future
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medical applications. Moreover, the detection of HOCl in
plasma-activated liquids is an important step in further
understanding of plasma chemistry and plasma
interactions with biological matter.
[1] J.-W. Lackmann et al., J Phys D: Appl Phys
48:494003 (2015).
[2] J. Winter et al., Cell 135:691–701 (2008).
[3] J.-W. Lackmann et al., Journal of The Royal Society
Interface 10:20130591–20130591 (2013).
[4] K. Wende et al., Biointerphases 10 (2015).
[5] K. Setsukinai et al., Journal of Biological Chemistry
278:3170–3175 (2003).
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The inactivation mechanism of planktonic bacteria in buffered and non-buffered
solutions by an atmospheric pressure plasma jet
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Abstract: The mechanism of inactivation of planktonic Pseudomonas aeruginosa by an
atmospheric pressure plasma jet was studied in detail. Different inactivation mechanisms
were found using the same plasma source on changing the reactive species production by
adding O2 or air. Inactivation of bacteria in buffered solutions containing saline was
achieved with Ar + 1% O2 or air plasma. Short-lived species play a role in the case of Ar
plasma whereas long lived species (OCl-) plays a dominant role when an admixture of O2 or
air is added to the Ar gas.
Keywords: Planktonic bacteria, Plasma, Bacterial inactivation, APPJ, OCl-, ESR.
1. Introduction
Atmospheric pressure plasma jets (APPJs) have been
studied for various biological applications such as wound
healing, cancer treatment and disinfection [1]. A handful
of clinical trials have shown the immense potential of
plasmas in healing wounds, at times even in situations
where conventional medical procedures were futile [2].
Chronic non-healing wounds are infected with multi-drug
resistant bacteria that are resistant to conventional
antibiotics. APPJs offer a rich source of reactive oxygen
and nitrogen species at close to room temperature that
have the potential to inactivate bacteria. Several studies of
the inactivation of bacteria in solutions have been
reported [3]. The inactivation has been attributed to the
production of peroxynitrous acid, ozone, superoxide and
ammonium and the inactivation often coincides with a
reduction in pH of the solution [4], [5]. Wounds and the
respective wound fluids resemble buffered liquids and the
inactivation of bacteria in buffered solutions by plasmas
remains a challenge. In this contribution, we report a
detailed study of the chemical species involved in the
inactivation of Pseudomonas aeruginosa (strain PA14) in
planktonic form in saline, H2O and buffered solutions.
2. Experiment
A well characterized RF APPJ was used in this study
[3], [6], [7]. It consists of an RF powered needle
surrounded by a quartz tube. Gas flows through the gap
between the needle and the quartz tube. A concentric
ground electrode surrounds the quartz tube. Ar, Ar + 1%
O2 or air were used as feed gases for generating the
plasma. The plasma power for all the measurements was
maintained at 2.5 W. A 200 μl solution of 0.9 % saline,
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phosphate buffered saline (PBS), H2O or phosphate buffer
(PB) with PA14 in planktonic phase was treated in a 96
wells plate by the APPJ. The distance between the APPJ
and the liquid was kept constant at 4 mm. At this distance,
the Ar plasma is in electrical contact with the solution
whereas Ar + 1% O2 or air plasmas do not touch the
solution. Serial dilutions of the solution treated by the
plasma were plated on nutrient agar plates and the colony
forming units (CFU) were counted to assess the
antibacterial efficacy of the plasma jet.
The effect of long-lived and short-lived species in the
inactivation of bacteria was found by adding plasma
treated solution to the bacteria. Superoxide dismutase
(SOD), catalase and D-mannitol were used as scavengers
to assess the effect of O2-, H2O2 and OH respectively. The
relative importance of OH and O2- was estimated by
electron paramagnetic resonance spectroscopy [8]. 5-tertbutoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO)
was used as the spin trap. The concentration of H2O2 from
the plasma was measured by a colorimetric method using
titanium oxysulfate [9]. A relative assessment of the OH
radical flux towards the liquid was measured by the
fluorescence of terephthalic acid [10]. The pH of the
solution was monitored for all different plasma
conditions.
3. Results
The RF APPJ was found to inactivate both PA14 in
buffered and non-buffered solutions. Ar + 1% O2 or air
plasma is more effective in inactivating bacteria as
compared to Ar plasma (Fig. 1). This is consistent with
the larger fluxes of reactive oxygen and nitrogen species
when O2 or air are admixed to the Ar gas feed [11].
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Fig. 1. Inactivation of planktonic PA14 in different
solutions by the APPJ at 4 mm distance between the
plasma jet nozzle and the treated liquid. PBS: Phosphate
buffered saline, MOPS: 3-Morpholinopropane-1-sulfonic
acid, PB: Phosphate buffer. The pH of untreated saline,
PBS and H2O is 5.6, 7.3 and 6 respectively. The numbers
above certain bar plots indicate the pH of the plasma
treated solution.

To assess the effect of short/ long-lived species,
solutions were treated by plasma and added to the
planktonic cells after different delay times. Such indirect
treatment of PA14 planktonic has shown that short lived
species play a role in the inactivation of bacteria for the
case of Ar plasma in saline and H2O solutions. A detailed
scavenger study showed a suppression of the plasma
action on planktonic cells when SOD was added to the
solution suggesting O2- or OH to be playing a dominant
role in the case of Ar plasma in saline. A similar
scavenger study in H2O gave a recovery of cells with
SOD, catalase and mannitol suggesting that a synergistic
effect of O2- and OH plays a role in the inactivation of
PA14.
It was found that Ar plasma only inactivates the tested
bacteria strains when the plasma electrically touches the
solution which is not the case for Ar + 1% O2/ air plasma.
Long lived species play a role in inactivation of PA14
when Ar + 1% O2 or air was used as the feed gas. These
results can be attributed to OCl- as previously reported for
the same APPJ but for mammalian cells [11]. The
formation of OCl- is suggested to be due to the large flux
of atomic oxygen for Ar + 1% O2 or air plasmas. A
positive control of H2O2 for the measured concentrations
from the plasma did not yield an inactivation of PA14. As
shown in Fig. 1, a successful inactivation of PA14 was
observed in PBS solution that did not require a drop in pH
of the solution. The pH of the solution generally was
basic for the non-buffered solutions suggesting an
insignificant role of peroxynitrous acid in the inactivation
of the PA14.
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Fig. 2: Concentrations of BMPO adducts with O2- and OH
after 30 seconds plasma treatment of BMPO using
electron paramagnetic resonance for Ar and Ar + 1% O2
in NaCl and H2O. .
Inactivation with Ar + 1% O2 in H2O is attributed to
short-lived species. Scavenger studies of D-mannitol
show that OH could play a role. When plasma is not in
contact with the liquid in the case of Ar + 1% O2 plasma,
atomic O is much more abundant than OH and should
play a the role of primary specie leading to secondary
species that are able to impact bacteria [12]. Electron
paramagnetic
resonance
(EPR)
spectroscopy
measurements showed signals for OH and O2- consistent
with the results for the scavenger measurements that
suggest important bactericidal effects induced by shortlived species (Fig. 2).
4. Conclusion
Successful inactivation of PA14 in buffered solutions
has been demonstrated. Inactivation of bacteria is found
for conditions without a decrease in pH. Ar + 1% O2/ air
plasma was found to be more effective in inactivating
bacteria as compared to Ar plasma. Different modes of
inactivation of bacteria were found with the same plasma
jet. The inactivation of bacteria for the Ar plasma jet
when the plasma electrically touches the liquid correlates
with the generation of short-lived species most likely O2and OH. Long lived OCl- plays a role when Ar + 1% O2
or air plasma was used for NaCl containing solutions.
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Abstract: Nervous system trauma and neurodegeneration often result in permanent
functional deficits due, in part, to the limited regenerative capacity of neurons. Here we
report that nanosecond-pulsed dielectric barrier discharge plasma facilitated neuronal
regeneration when either applied directly to neurons post-injury or when applied to
astrocytes in co-culture with injured neurons. Therefore, plasma may enhance both intrinsic
and extrinsic factors governing neuronal health and neurite regeneration following trauma.
Keywords: nanosecond-pulsed DBD, neural regeneration, axon, neurite outgrowth
1. Introduction
The central nervous system (CNS) has a limited capacity
to regenerate following injury or disease [1]. This lack of
regenerative capability represents a huge burden, both
financially and on quality of life for patients and
caregivers. Each year in the USA more than 80,000
people are afflicted with severe traumatic brain injury
(TBI) and greater than 500,000 people suffer from stroke
[2,3]. Following brain injury or neurodegenerative
disease, successful regeneration requires reformation of
long-distance communication fibers, or axons. This
process does not occur in the mature brain, and in
particular, formation of scar tissue inhibits axon
regeneration and cell migration [4]. Tissue engineering
strategies and control of the microenvironment at the
injury site are actively being investigated to replace
damaged tissue and promote healing.
In the current study, we have taken a novel approach
wherein axonal regrowth is modulated with nonequilibrium, atmospheric pressure plasma (NEAPP). We
have previously studied the effect of NEAPP on
Peripheral Artery Disease, where stimulation of
vasculogenesis and angiogenesis are critical steps for
treatment [5]. Following plasma treatment of aortic rings
excised from C57BL6 mice, microvessel outgrowth was
significantly enhanced. Furthermore, total RNA was
isolated from plasma treated and control aortic rings,
showed upregulation of vascular endothelial growth factor
(VEGF), matrix metalloproteinase-9 (MMP-9), and
CXCL 1. Not only are these factors crucial for
angiogenesis, but VEGF and MMP-9 have been linked to
stimulation of neuron outgrowth [6,7]. We therefore
postulated that treatment of neurons can stimulate the
upregulation of these factors and enhance axonal
regrowth.
Another effector of neuronal outgrowth and regeneration
following injury are the glial cells in the local area. Glial
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cells, which consist of several different cell types,
including astrocytes, promote neuron health and viability
by maintaining homeostasis and providing support and
protection for neurons. In the healthy CNS, astrocytes
maintain neuronal health through secretion of various
proteins and neurotrophic factors; these include but are
not limited to nerve growth factor (NGF), glial derived
neurotrophic factor (GDNF), brain derived neurotrophic
factor (BDNF), and fibroblast growth factor-1 and -2
(FGF) [8]. Post injury, in their reactive state, astrocytes
secrete transforming growth factor- (TGF-and antiinflammatory molecules IL-4 and -6 [8]. Therefore, we
also proposed that stimulation of astrocytes with NEAPP
would improve neuronal outgrowth following injury, via
secretion of these factors.
In the present study, we utilized planar cultures of
primary cortical neurons and examined neurite
regeneration following a scratch assay in vitro.
Nanosecond-pulsed dielectric barrier discharge (nspDBD)
plasma was used to treat neurons directly. Additionally,
we treated astrocytes with plasma in transwell inserts and
co-cultured them with neurons following scratch injury.
This system kept the two cell types separate with a semipermeable porous membrane (0.4 μm), but allowed for
the exchange of secreted factors in the media. Since
neurons were not exposed to plasma in this system, any
enhancement of axonal growth would be attributed to
secreted factors from stimulated astrocytes. Our results
showed that neurite regeneration was enhanced
through two modalities: 1) directly via treatment of
neurons with plasma and 2) indirectly via plasmastimulation of astrocytes.
2. Methods
Cortical neuron harvest and culture:
Cortical neurons were isolated from embryonic day 18
(E18) Sprague-Dawley rat pups (Charles River). Briefly,
cortices were extracted and dissociated using 0.25%
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Trypsin+EDTA and DNase. The cells were then plated in
polystyrene dishes coated with 20 g/mL poly-D-lysine
(PDL) and 20 g/mL laminin at a seeding density of
5.0x104 cells/cm2 in Neurobasal media (Gibco)
supplemented with 2% B-27 and 0.25% L-glutamine.
The neurons extended neurites and formed immature
neural networks over 3 days in vitro (DIV), at which time
the scratch assay was performed.
Cortical astrocyte harvest and co-culture:
Cortical astrocytes were isolated from postnatal day 0
Sprague-Dawley rat pup (Charles River). Cortices were
extracted and dissociated using Trypsin+EDTA and
DNase. Astrocytes were passaged and purified over 4
weeks to ensure a pure population of astrocytes (99%),
without contaminating neurons. The cells were then
plated in commercial transwell inserts (Corning, USA) at
a seeding density of 5.0x104 cells/cm2 in DMEM/F-12
medium (Gibco) supplemented with 10% FBS. The cells
were cultured for 3 DIV and added to the neuron plate
immediately after scratch and plasma treatment.
Astrocytes were cultured with neurons for the remainder
of the experiment (using neuronal media as described
above).
Scratch test analysis:
At 3 DIV, the neuron/neurite monolayer was subjected to
a focal mechanical disruption using a p200 pipette tip.
Neurons/neurites at the site of this scratch injury were
physically ablated, creating a physical gap across the
culture. Over time, neurons adjacent to the gap re-grow
neurites across the gap. Plasma treatment was applied
immediately following scratch administration. Images
were taken immediately after plasma and at various time
points up to 72 hours post-injury. Each image was
analysed and scored for gap distance and number of cells
in the gap at each time point.
NspDBD plasma treatments:
Each well was treated with nspDBD plasma (FID GmBH,
Germany) at 29 kV for 10 seconds. Prior to treatment,
media was removed and cells were washed with PBS.
Immediately before treatment, PBS was removed and the
DBD electrode was positioned 1 mm above the cells.
Using an external function generator (TTI, USA), neurons
were treated at 2 Hz corresponding to 20 mJ while
astrocytes in transwell inserts were treated at 5 Hz
corresponding to 50 mJ.
Immunocytochemistry and Microscopy
At 3 days post plasma treatment, cells were fluorescently
labelled with antibodies to allow for visualization of axon
outgrowth
and
structure
using
established
immunocytochemistry protocols. Briefly, cultures were
fixed with 4% formaldehyde, and labelled for the
neuronal marker -tubulin III and HOECHST nuclear
counterstain [9]. Cultures were fluorescently imaged
using a Nikon A1RSI laser-scanning confocal
microscope.
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Data Analysis and Statistics
Remaining gap distance following the scratch assay was
measured using Nikon Elements Basic Research software
(4.10.01). Briefly, the distance remaining from the
furthest extending neurite to the opposite end of the gap
was measured at 5 points along the length of the scratch
for each culture. One-way ANOVA or t-test was
conducted on the data, as appropriate.
3. Results
In this study we have performed a scratch assay on
primary neuronal cultures to model central nervous
system injury in vitro. Cells were labelled with a
neuron/neurite-specific antibody and imaged with
fluorescence microscopy 3 days post-injury and plasma
treatment. We observed improved axonal outgrowth
following 20 mJ treatment compared to untreated control
cultures (Figure 1).

Figure 1. Plasma treatment of neurons directly enhanced
axonal outgrowth into scratched area.
We also exposed astrocytes to 50 mJ of plasma and cocultured them with untreated neurons. This allowed for
astrocyte-neuron interaction through secreted factors in
the media following the scratch. Untreated astrocytes cocultured with neurons provided the baseline capacity of
astrocytes to promote healing. We also observed that
following astrocyte treatment and co-culture, neurite
outgrowth was improved (Figure 2).
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4. Discussion and Conclusion
Utilization of plasma treatment following neural injury is
a unique and novel approach that may address current
challenges in the field of neuroregeneration. Presently,
axonal regeneration following injury in the central
nervous system is extremely limited due to the inherently
slow rate of axon outgrowth and glial cells serving as a
physical and chemical barrier for regeneration of axons by
secreting inhibitory proteins [4]. Direct plasma treatment
of neurons in vivo, as well as astrocytes that are then able
to interact with neurons and secrete pro-regenerative
molecules, may help facilitate axon outgrowth allowing
them to grow longer distances to the end target. This
approach may also be useful in tissue engineering
applications where neural cells within a scaffold can be
treated in vitro prior to transplantation in vivo to more
effectively promote recovery following nervous system
trauma and/or degeneration.

Figure 2. Neurite outgrowth was enhanced via co-culturing
culturing with plasma-treated astrocytes. In this system,
neurons did not come in contact with plasma, and
enhanced axonal outgrowth was a result of growth factors
secreted by astrocytes.
Gap closure due to neurite outgrowth was quantified on
day 3 following plasma treatment using ImageJ (Figure
3). Following 20 mJ treatment of neurons, mean gap
distance was significantly reduced compared to untreated
(133 μm vs 323 μm; p<0.05). Plasma treatment also
indirectly modulated neurite outgrowth via stimulation of
astrocytes. Neurons cultured with astrocytes significantly
reduced gap distance (even without plasma treatment)
compared to neurons cultured alone (100 μm vs 323 μm;
p<0.01), indiciating that astrocytes have therapeutic
properties that promote neuronal regeneration. Following
plasma treatment of astrocytes, neurite outgrowth further
closed the gap though these results were not statistically
significant (48 μm vs 100 μm).

4. References
[1] G. Yiu & Z. He, Nature Reviews Neuroscience. 7, 8
(2006).
[2] B. Gabella, et al., Annals of Epidemiology, 7, 3
(1997).
[3] C. Liverman, National Academies Press, (2005).
[4] J. Fawcett & R. Asher, Brian Research Bulletin, 49, 6
(1999).
[5] V. Miller, et al., Physics of Plasma, 22, 12 (2015).
[6] V. Shubayev, et al., Journal of Neuroscience
Research, 77, 2 (2204).
[7] K. Jin, et al., Journal of Neurobiology, 66, 3 (2005).
[8] J. Dowell, et al., Journal of Proteome Research, 8, 8
(2009).
[9] K. Katiyar, et al., Journal of Tissue Engineering and
Regenerative Medicine, (2016).

Figure 3. Neurite outgrowth was quantified by measuring
gap closure 3 days post scratch and plasma treatment.
Data are represented as mean ± SEM. *p<0.05, **p<0.01
(Student’s t-test)
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Abstract: Low temperature atmospheric plasma has been reported to have sterilization and
hemostasis effects and so on. Plasma bubbled-up water was prepared by introducing the
components in the CO2 plasma into the solvent. Then, it was analyzed by ESR,
spectrophotometry, and ion chromatography to identify components related to effects. As a
result, ion chromatography detected the presence of multiple components at retention time
close to formic acid. These components decreased over time by storage at room temperature.
Keywords: Carbon dioxide, plasma, reactive species, ion chromatography
1. Introduction
In recent years, low temperature atmospheric pressure
plasma source has been developed, the device has been
downsized, and it was able to irradiate plasma to materials
and living bodies that are sensitive to heat. So, researches
have been conducted in various fields, particularly in a
medical field, studies aimed at sterilization, coagulation,
wound healing and cancer therapy are being conducted [1].
In previous studies, there were many studies to generate
plasma using helium, argon, or a mixture of a small amount
of oxygen with them [2], [3].
We have technologies to generate atmospheric pressure
plasma using various gases, and we have developed
devices using that technologies [4]–[6]. Depending on kind
of gas, reactive species such as radicals generated in the
plasma are different, and there are also differences in the
effect obtained. Among various gases, CO2 is highly
effective in sterilization and coagulation [7], [8]. CO2 is
difficult to stably discharge for a triatomic molecule. So, it
is difficult to generate high density plasma under
atmospheric pressure, and there are few previous studies
on CO2 plasma.
If CO2 can be used as a material gas, there are various
merits. CO2 is more inexpensive than helium or argon, can
be reduced running costs. Further, since it is filled as a
liquid, the gas cylinder exchange frequency can be reduced.
In addition, CO2 is a stable substance and inert gas, and it
is used in a food field and others. As the distribution
network of gas cylinders is being developed, it can be
widely applied to facilities other than medical institutions.
In order to apply plasma to living body, not only direct
irradiation but the method of introducing plasma into a
solvent has been studied. The latter is suitable for treating
a large area and has wide application. Many studies have
been reported on the effects of plasma treated water on
bacteria, cultured cells and individuals [9]–[11].
We have been analyzing components of plasma treated
water for the purpose of identifying substances caused by
the effect of CO2 plasma. In the future, in order to apply
atmospheric pressure plasma, it is important to identify the
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causative substance and clarify the mechanism together
with the confirmation of the effect.
In this study, we report the results of component analysis
in CO2 plasma treated water prepared by our developed
plasma device.
2. Experiment
2.1. Plasma bubbling method
The plasma equipment used for our experiment is shown
in Figure 1. The multi-gas plasma jet (Plasma Concept
Tokyo, DFMJ-02) is attached to a bottom of a glass
container. Then plasma is directly introduced as bubbles
into 200 mL pure water at 25°C. A flow rate of CO2 gas is
3 L/min. In this method, compared with irradiating plasma
from an upper part of the liquid surface, the generated
plasma can be introduced into the liquid immediately after
production without touching the ambient air [7]. In this
study, the water introduced reactive species by this plasma
bubbling method is called plasma bubbled-up water (PBW).
2.2. Measurement of reactive species by ESR and
absorption spectrophotometry
In order to investigate reactive species, PBW prepared
by performing CO2 plasma bubbling for 5 minutes was
analyzed. Hydroxyl radical (HO·) and singlet oxygen (1O2)
which are short-lifetime reactive species were measured by
electron spin resonance (ESR; JES-FA 100, JEOL Ltd.,
Tokyo, Japan). The concentrations of HO· and 1O2 were
calculated
using
5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) and 2,2,5,5, - tetramethyl-3-pyrroline-3carboxamide (TPC) as spin trapping agents, respectively.
The concentrations of ozone (O3) and hydrogen peroxide
(H2O2) were measured by absorption spectrophotometer
[U-2900, Hitachi High-Technologies Co.]. O3 was reacted
from the absorbance at 350 nm. H2O2 was reacted with a
solution containing 200 µM xylenol orange, 150 mM
ammonium iron (II) sulfate, 150 mM sulfuric acid and
200mM sorbitol. Thereafter, the concentration was
calculated from the absorbance at 440 nm.
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Fig.1. Experimental device of plasma bubbled-up water

3.2. Unknown components in CO2 PBW
The ion chromatograms of PBW and 5 ppm formic acid
(FA) standard are shown in Figure 3. PBW was prepared
by CO2 plasma bubbling for 5 minutes and then stored at
room temperature for 2 hours. FA shows a single peak at
2.2 minutes, while a broad peak of PBW has been
confirmed around 2.6 minutes. The peak shape of PBW
indicates that a product other than FA is present in this
sample. Assuming that the product in PBW is a single
anionic one, the relative concentration was simply taken
from the peak integral at 2.6 minutes. The relative
concentration was calculated from the peak when the CO2
plasma bubbling time was changed from 0 to 30 minutes
and the room temperature storage time after the PBW
preparation was changed from 2 hours to 11 days. The
results are plotted in Figure 4. As a result of 2 hours after
PBW preparation, the assumed concentration of this peak
was nearly constant up to 30 min after reaching saturation
with bubbling time of 5 minutes. This peak decreased after
24 hours of PBW production and almost disappeared after
11 days. As a result, it seemed that this peak was close to
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Fig.2. Measurement of reactive oxygen species
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3. Results and discussion
3.1. Known reactive species in CO2 PBW
Figure 2 shows the results of measuring the reactive
species in PBW by ESR and absorption spectrophotometer.
Among the four, the concentration of 1O2 was the highest
at 75.6 µM, but HO·, H2O2 and O3 were very low, 1.4 µM,
4.2 µM and 0 µM respectively. It is difficult to regard that
only these reactive species are directly related to effects.
This is because the life time of 1O2 is as short as the micro
second order, and which are relatively long-lived reactive
species, H2O2 and O3, are at low concentrations.
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Fig.3. Ion chromatograms of FA standard and PBW
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2.3. Component analysis by ion chromatography
CO2 PBW was analyzed by ion chromatography (ICS 1500, Dionex) in order to investigate whether there were
other components of relatively long life. PBW prepared by
changing the CO2 plasma bubbling time from 0 to 30
minutes was measured. IonPac AS12A for the column, 2.7
mM Na2CO3, 0.3 mM NaHCO3 for the eluent were used. A
calibration curve was drawn using a solution prepared by
adjusting formic acid (FA) to 5 ppm and 10 ppm. After
generating the PBW, samples after storage for 2 hours, 24
hours and 11 days at room temperature were also measured.

60

PBW storage time
2hr

200

100
24hr
264hr
0
0

10

20

30

Bubbling time [min]

Fig.4. Stability of the component in PBW
the structure with formic acid, and it contained unstable
substance at room temperature.
In the presentation, we will report on results including
analysis by other methods such as NMR for the purpose of
identifying unknown components contained in this CO2
PBW.
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4. Conclusion
As a result of component analysis in CO2 PBW, it was
confirmed by ion chromatography that multiple
components exist at a retention time close to that of formic
acid. It was also found that these components decrease over
time after CO2 PBW preparation.
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Abstract: Lifetime of bactericidal factors in CO2 plasma bubbled-up water was
investigated to reveal mechanism of the sterilization. The number of bacteria was decreased
4-order for 1 min by direct introduction of CO2 plasma into bacterial suspension. Besides,
the number of bacteria was not decreased by mixing bacterial suspension and CO2 plasma
bubbled-up water. From these result, it is considered that the main bactericidal factor of
CO2 plasma in liquid has short-lifetime.
Keywords: Carbon dioxide, plasma, sterilization, reactive species, lifetime
1. Introduction
Atmospheric cold plasma has been attracted as a new
bactericidal method due to low temperature and high
bactericidal effect [1]. It is considered that the bactericidal
factor is reactive species such as OH radicals [2]. Hence,
it is required to generate large volume of efficient reactive
species for high bactericidal effect. Furthermore, when
applying plasma to medical field, installation of a gas
other than currently installed species is complicated.
Kind and amount of reactive species are affected by not
only the plasma gas species but the ambient air [3]. Our
group has investigated bactericidal effect of various gas
plasma such as nitrogen (N2) or carbon dioxide (CO2) [45]. From these researches, it was revealed that CO2
plasma shows a high bactericidal effect. However, it was
difficult to reveal the bactericidal factor of CO2 plasma
because the bactericidal effect was affected by the
ambient air. Therefore, we used plasma bubbling method
which can eliminate the effect of an ambient air by direct
introduction of plasma into solution.
CO2 plasma has following advantages compared to
other gas plasmas: the cost is lower than rare gases such
as helium or argon, the difficulty of introduction is lower
than oxygen or hydrogen due to inert gas, portability is
higher because CO2 becomes liquid in gas cylinder even
at room temperature. Therefore, there is a possibility that
CO2 plasma becomes a new practical sterilization tool.
For applying CO2 plasma to medical field, it is necessary
to confirm the bactericidal effect of the plasma, and
investigate the mechanism of bactericidal effect and the
safety.
To identify the bactericidal factor, it is necessary to
analyze components in plasma bubbled-up water (PBW)
of CO2. In order to analyze PBW using analytical
methods of liquid such as absorption photometry method,
FT-IR or HPLC, a measurement time from several tens of
seconds to several minutes is required from PBW
preparation to measurement. In previous studies, the
concentration of reactive species introduced into the
solution by CO2 plasma bubbling was the highest in the
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singlet oxygen, but the lifetime of singlet oxygen is on the
order of µs, it is considered that the singlet oxygen
inactivates before measurement [6]. Therefore, it is
necessary to investigate the lifetime of the bactericidal
factor in CO2 PBW, and to analyze PBW under the
condition that CO2 PBW shows the bactericidal effect. In
this study, the bactericidal effect of CO2 plasma
introduction and CO2 PBW were investigated to evaluate
the lifetime of bactericidal factor in CO2 plasma.
2. Material and Method
Plasma bubbling was conducted as shown in Figure 1.
In this method, a plasma jet (Plasma Concept Tokyo,
DFMJ-02) is placed at the bottom of a container including
solution, and CO2 plasma is directly introduced into the
solution without reacting with ambient air. The plasma
was generated with CO2 gas at 3 L/min gas flow rate.
Experiments in this study were conducted at room
temperature at around 23ºC.

Fig. 1. Setup of bactericidal experiments by direct
CO2 plasma bubbling
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Fig. 2. Setup of bactericidal experiments using CO2 PBW
Bactericidal experiment using CO2 plasma bubbling
was conducted to investigate a bactericidal effect by
short- or long-lifetime bactericidal factors in CO2 plasma.
In this experiment, 200 mL bacterial suspension including
Escherichia coli ATCC25922 (E.coli) at 106-7 CFU/mL
was bubbled for 60 seconds. The bacterial solution was
collected at each bubbling time, and after standing for 1
hour, 100 µL of the solution and 100 µL of LB medium
were mixed to inactivate the bactericidal factors in the
CO2 plasma. The number of survivors in the solution was
examined by serial dilution method.
It is considered that short-lifetime bactericidal factors
such as OH radical or singlet oxygen inactivated by
moving the bubbled solution to another container, and
only long-lifetime bactericidal factors kill the? bacteria. A
bactericidal experiment using PBW was conducted to
investigate the bactericidal effect of long-lifetime
bactericidal factors. The PBW was prepared by bubbling
200 mL of pure water for 5 min, and 990 µL of the PBW
was mixed with 10 µL of the bacterial suspension whose
initial bacterial count was 108-9 CFU/mL. The survivor of
bacteria was examined by the same process of above the
plasma bubbling experiment.
3. Results and discussion
3.1. Bactericidal effect of direct CO2 plasma bubbling
Figure 3 shows the result of the bactericidal experiment
by direct CO2 plasma bubbling. As the result, the survivor
number decreased less than 200 CFU/mL, which is the
lower limit of detection, for 60 seconds, decreasing by
more than 4-order of magnitude. Besides, with CO2 gas
bubbling for 5 minutes, the survivor number did not
decrease. From this result, it was shown that E.coli is
inactivated by short or long lifetime bactericidal factors
introduced into the suspension by the plasma.
3.2. Life-time of bactericidal factor in CO2 PBW
Figure 4 shows the bactericidal effect of CO2 PBW.
The survivor number was not decreased by the PBW, no
bactericidal effect was observed with the PBW. In the
PBW experiment, time to mix the PBW with the bacterial
suspension was about 5 seconds and the water
temperature was around 23°C. From these results, it was
considered that the main factor of the bactericidal effect
in CO2 plasma has short-lifetime in liquid and it may be
within 5 seconds at 23°C of the water temperature.
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Fig. 3. Bactericidal effect by direct CO2 plasma bubbling

Fig. 4. Bactericidal effect of CO2 PBW
In the presentation, we will report the results of
bactericidal experiments when the liquid temperature is
changed.
4. Conclusion
In this study, to investigate bactericidal factors in CO2
plasma, the lifetime of bactericidal factors was
investigated. As a result, it was revealed that the lifetime
of the main bactericidal factor in the liquid at room
temperature was within 5 seconds.
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Abstract: Dielectric barrier discharges (DBDs) are promising tools for clinical applications
though the impact of plasma treatment on various cellular structures is still under
investigation. Here, glutathione (GSH) as part of the cellular redox system is investigated to
search for chemical modifications after DBD treatment. Formation of several different
species including GSSG and sulfonic acid derivatives could be observed. This includes
modifications that can remove GSH from the cellular recycling mechanism thereby
influencing the cellular redox balance.
Keywords: glutathione, dielectric barrier discharge, chemical modifications
1. Introduction
Dielectric barrier discharges (DBDs) are already in use
in clinical trials due to their efficacy in cancer treatment
[1], wound healing, and other skin disorders [2]. One
major benefit of DBDs compared to other atmospheric
sources, such as jets, is the direct plasma ignition in
ambient air rendering additional feed gases redundant.
Furthermore, the direct ignition of the discharge at the
point of interest (e.g. patient’s skin) enables a direct
treatment of the relevant area. However, the direct
application of plasma makes the investigation of
mechanism(s) of action and the resulting plasma-cell
interactions challenging.
While it is known that several reactive species are
generated within a plasma discharge, the complex
interaction between plasma, ambient water, and the
biological target hampers our understanding of the
underlying molecular mechanisms. Several studies show
that cells treated with various plasma sources are
suffering from oxidative stress and free glutathione
(GSH) inside the cells is reduced. Nevertheless, the
molecular interaction between GSH as well as its oxidized
dimer GSSG with plasma is not yet understood. Here,
GSH and GSSG are treated with a DBD and afterwards
investigated by Raman spectroscopy as well as mass
spectrometry in search for chemical modifications. A
special focus lies on sulphur-based modifications which
have already come into recent research focus [3] as being
highly prominent during plasma treatment. Such
modifications are of great importance as they are e.g. used
by the cells themselves to regulate enzyme activity or
signal transfer.
To understand the relevance of the observed
modifications, plasma-treated GSH and GSSG are used in
a glutathione reductase assay and enzyme turnover is
monitored. Finally, simulations of GSH are performed to
further understand the underlying mechanisms of action.
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Gaining insight into these mechanisms is a significant
step towards understanding and tuning plasma sources for
specific applications, such as the generation of NOderivatives or stimulation of cell processes.
2. Methods
Plasma source and sample treatment
The dielectric barrier discharge employed in the
experiments is described in detail in [4] and [5]. In short,
a copper electrode embedded in an Al2O3 ceramic is used
as the driven electrode with the grounded electrode
consisting of a metal plate. Due to the sample positioning
between the electrodes on glass, a filamentary discharge
is generated from ambient air at a frequency of 300 Hz
and -13.5 kV. GSH and GSSG commercially available
from Sigma Aldrich were dissolved in water or various
buffers and treated for up to 20 min.
Ellman’s assay
Free thiols present in the GSH / GSSG samples were
investigated using the GSSG/GSH detection kit
commercially available from Enzo (ADI-9000).
Raman spectroscopy
Samples were analyzed by confocal Raman
spectroscopy using a WITec alpha300 RAS microscope
(WITec). A frequency-doubled Nd:YAG laser with
532 nm at 17 mW was used for excitation. The laser beam
was coupled into the microscope through a single-mode
optical fiber and then focused on the sample surface with
a 100x objective. The Raman scattered light was collected
with the same objective and registered by a backilluminated charged-coupled device detector after passing
a multimode fiber and a diffraction grating. A spectral
resolution of ± 4 cm-1 was achieved in the spectral range
from 400 to 3800 cm-1. Raman spectra were taken with a
total integration time of 20 s for each spectrum (2 s, 10
acquisitions). Raman datasets were managed using
Matlab.

911

poster

Mass spectrometry
Electrospray ionization (ESI) mass spectra were
obtained on a Bruker Esquire 6000 mass spectrometer.
The dried samples were diluted using 30 % MeOH with
0.05% NH3. Afterwards, samples were measured on a
Bruker Esquire 3000 Plus at a flow rate of 4 µl min 1
using negative ionization at -1.2 kV. The noise of the
spectra corresponded to about 100 counts. A background
of 50x noise was subtracted from the spectra. Therefore,
only peaks with more than 5000 counts were used for
further analysis. Spectra were analyzed using Mass++ and
OpenMS.
Simulation of GSH & GSSG
Density functional-based tight binding (DFTB)
simulations of GSH and GSSG in the presence of various
reactive oxygen or nitrogen species were performed in a
20 A3 cube filled with water molecules and one molecule
of interest. All simulations were run for 10 ps.
3. Results and Discussion
Free thiols in GSH were readily removed by plasma
treatment which was observed by Ellman’s assay
indicating that the DBD is indeed capable of causing thiol
modifications. Corresponding Raman spectra (Fig. 1)
indicated that several types of modifications could be
observed with various sulphur-related modifications being
the most prominent.
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with results obtained from treating GSSG where the
formation of sulfonic acid was observed as well, it is
evident that DBD treatment promotes the formation of
GSO3H from both GSSG and GSH using various
intermediate steps. Interestingly, the backbone of both
GSH and GSSG was, in contrast to cysteine [3], only
slightly modified by DBD treatment indicating that for
larger molecules sulphur residues play an even greater
role for plasma-based modifications.
These results are of special interest as GSO3H cannot be
reduced back to GSH, thereby causing a depletion of the
cellular redox pool. Such a depletion might be an
explanation why cells treated with plasma show an
extended period of oxidative stress compared to cells
stressed for example with hydrogen peroxide.
4. Conclusions
Introducing
large
amounts
of
sulphur-based
modifications in cellular macromolecules are of great
interest for various medical applications. Here, a first step
was taken to further understand which modifications can
be generated by a plasma source already in use for dermal
treatment. Further investigation might allow for a targeted
approach to generate desired modifications as well as to
assess risks of plasma treatments such as unknowing
interfering with cellular regulatory elements.
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Fig. 1. Raman spectra of DBD-treated GSH in A. dest.
DFTB simulation of GSH and GSSG during reactions
with reactive species showed that these modifications
indeed were focused at the sulphur residues for both GSH
and even GSSG. Together with mass spectrometry data,
both oxidative and nitrosative modifications of sulphur
could be observed in a time-dependent fashion.
Furthermore, short treatments of GSH resulted in the
formation of GSSG while longer treatment times caused
the formation of sulfonic acid (GSO3H). Taken together
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Non-Thermal Atmospheric Pressure Plasma Enhances Proliferation of Adipose
Tissue-Derived Stem Cells via Nitric Oxide-Response Pathways
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Abstract: Our study showed that exposure to non-thermal atmospheric pressure plasma
(NTAPP) increased the proliferation of adipose tissue-derived stem cells (ASCs) compared
with untreated cells without affecting their stem cell properties. We showed that nitric
oxide (NO) is responsible for the enhanced proliferation of ASCs following NTAPP exposure.
Altogether, this study suggests that NTAPP would be an efficient tool for the medical
application of ASCs.
Key words: non-thermal atmospheric plasma, adipose tissue-derived stem cells, reactive
oxygen species, nitric oxide, acceleration of proliferation of ASCs

1. Introduction
Plasma is described as a quasi-neutral mixture of
charged particles and radicals in a partially ionized gas.
Recently, many studies attempted to take advantage of the
low temperature of non-thermal atmospheric pressure
plasmas (NTAPPs) for biomedical applications owing to
the controllability of plasma chemistry and kinetics [1].
Recently, the clinical applications of NTAPPs have become
a very active research area.
In our previous study, we showed that NTAPP exposure
selectively induces apoptosis in cancer cells by activating
the ROS response system; however, it accelerated the
proliferation of normal fibroblast IMR 90 cells and adipose
tissue-derived stem cells (ASCs) [2]. NTAPP has also been
reported to accelerate wound healing processes by
activating the nuclear factor erythroid-related factor 2
(NRF2) signaling pathway in human keratinocyte cell line
in vitro [3]. It also has been known to promote reepithelialization and wound closure by activating
keratinocytes and fibroblasts in rats’ wound skin [4]. These
studies strongly suggested that NTAPP stimulates the
proliferation of normal and adult stem cells.
ASCs are mesenchymal stem cells (MSC) that have the
potential to differentiate into various cell types such as
adipocytes, osteoblasts, chondrocytes, and neurons [5].
ASCs are also capable for self-renewal, which is an
important property of stem cells to regenerate damaged
tissues [6]. ASCs are relatively easy to isolate from adipose
tissues by liposuction and may provide an accessible
source of adult stem cells for use in regenerative medicine
[7], [8]. However, in general, it is difficult to culture adult
stem cells in vitro while ensuring that they maintain their
stemness; moreover, adult stem cells undergo rapid
senescence in vitro [9].
In this study, we focused on the effect of NTAPP on
ACSs and its mechanisms. We showed that NTAPP can
enhance the proliferation of ASCs in vitro, thereby
supporting the potential applications of NTAPP in the field
of regenerative medicine.
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2. Results
In order to investigate the proliferative effect of NTAPP
on human adipose tissue-derived stem cells (ASCs), we
used a helium-based dielectric barrier discharge (DBD)
type NTAPP device. The schematics of the experimental
setup are shown in Fig. 1A.
To examine whether NTAPP could promote the
proliferation of ASCs, we exposed NTAPP to ASCs for a
total of 10 times, for 50 sec each time in every hour, and
further incubated the cells till 72 after initial NTAPP
exposure. Viability of NTAPP-exposed ASCs increased
1.57 fold on an average, compared with that observed with
the unexposed control cells (Fig. 1B), suggesting that
NTAPP exposure accelerated the proliferation of ASCs.
In order to use NTAPP to accelerate the proliferation of
ASCs for applications, the characteristic of ASCs must be
maintained after NTAPP exposure. We compared the
stemness characteristics of NTAPP-exposed and –
unexposed ASCs. CD44 and CD105 were used as positive
markers, CD45 was used as a negative marker, and FABP4
was used as a differentiation marker to evaluate the
characteristics of ASCs. We exposed the ASCs to NTAPP
for a total of 10 times, and incubated the cells for 72 h after
first exposure. At the indicated time, we monitored the
expression of the markers and observed that CD44 and
CD105 continued to be expressed, while CD45 and FABP4
were not expressed. The expression of markers was
identical to that in NTAPP-unexposed ASCs (Fig. 1C).
These results support that NTAPP exposure does not
change the stemness characteristics of ASCs.
It has been reported that most stem cells including human
mesenchymal stem cells (hMSCs) are prone to genotoxic
damages that eventually lead to cellular senescence when
cells proliferate in vitro [10]. Thus, we monitored whether
ASCs showing increased proliferation following NTAPP
exposure underwent cellular senescence. As shown in Fig.
1D, only 12 % of NTAPP-exposed ASCs were positive for
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Fig. 1. NTAPP accelerates the proliferation of ASCs, maintaining their stem cell properties.
(A) Schematic description of the NTAPP-generating device used in this study (B) ASCs were exposed to NTAPP for
a total of 10 times, for 50 sec in every h, and were further incubated for 72 h from the initial exposure. Cell viability
was evaluated at each indicated incubation time-point. (C) Expression of the markers of ASCs was analysed by RTPCR at 72 h after the first NTAPP exposure and compared to that unexposed control cells. (D) SA-βGal assay was
performed to evaluate senescence in ASCs at 72 h after exposure to NTAPP for a total of 10 times. ASCs treated with
100 μM H2O2 were used as a positive control. Scale bar, 100 μm. Senescent cells were counted, and the values were
expressed as percentages.
β-galactosidase staining, similar to that observed with
unexposed ASCs (9 %). These results suggest that NTAPP
did not cause cellular senescence in ASCs while it
promoted the proliferation of ASCs.
Nitric Oxide (NO) is a well-known second messenger
and a key modulator in many physiological functions
including cell proliferation [11]. NTAPP generates ROS
and RNS; among these species, plasma can easily generate
NO from N2 and O2 in the air. Given that NO at a low
concentration has been reported to promote cell
proliferation through the inhibition of cellular apoptosis
[12] and NTAPP exposure is known to promote
proliferation in ASCs, we hypothesized that NO might play
a role in enhancing the proliferation of ASCs following
NTAPP exposure. To examine whether NO generated by
NTAPP affects the proliferation of ASCs, we treated the
cells with carboxy-PTIO, a NO scavenger, with or without
NTAPP exposure. Viability was analyzed after the cells
were exposed to NTAPP (control cells were not exposed)
in the presence or absence of a NO scavenger in the
medium. The viability of NTAPP-exposed cells increased
by 199% at 72 h after NTAPP exposure, compared with
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that at the beginning of incubation (0 h; considered 100%),
while the viability of unexposed cells increased only by
148% at 72 h. However, the viability of NTAPP-exposed
cells following treatment with carboxy-PTIO was reduced
to 170% (Fig. 2A). These observations revealed that NO is
mainly responsible for the increased proliferation of
NTAPP-exposed ASCs.
To further verify that NO is responsible for the enhanced
proliferation of ASCs following NTAPP exposure, we
investigated the related cellular pathways of NO-induced
cell proliferation. NO is known to be produced by activated
nitric oxide synthase (NOS) via the PI-3K/Akt signaling
pathway [13] and to induce the mitogen-activated protein
kinase (MAPK)/ERK pathway that leads to cell
proliferation [14]. Thus, we examined the activation of Akt,
and ERK1/2 at 0, 9, and 72 h after the exposure of ASCs to
NTAPP. The expression of phospho-Akt was increased in
ASCs immediately after NTAPP exposure, which was
administered 10 times, but decreased to the normal level at
72 h after the initial NTAPP exposure. Phospho-ERK1/2
was elevated at 72 h (Fig. 2B). These results demonstrated
that NTAPP promoted the proliferation of ASCs by
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Fig. 2. NO plays a key role in NTAPP-induced proliferation of ASCs.
(A) ASCs pre-treated with culture medium alone (as the negative control) or 30 μM carboxy-PTIO were exposed to
NTAPP for a total of 10 times. Cells were totally incubated for 72 h after the initial NTAPP exposure. (B) The
expression of Akt, phospho-Akt, ERK1/2, and phospho-ERK1/2 in NTAPP-exposed ASCs was analysed by western
blot at 0, 9, and 72 h from the initial exposure. Actin was used as the loading control.
activating the Akt and ERK signaling pathways at different
time-points, demonstrating that NTAPP promotes the
proliferation of ASCs via NO by activating Akt, and
ERK1/2 pathway.
3. Discussion
In recent years, NTAPP has been studied for its clinical
applications, especially in cancer therapy and sterilization
[15]. While NTAPP has been known to induce apoptosis in
various cancer cells [16], its role in the activation of
proliferation is not well investigated. In this study, we used
a helium-based dielectric barrier discharge (DBD)-type
NTAPP device generating multiple intracellular ROS/ RNS,
demonstrating that NTAPP promotes the proliferation of
ASCs, while maintaining the stem cell characteristics of
ASCs. We also showed that nitric oxide (NO) generated
from NTAPP plays a key role in NTAPP-induced increased
proliferation of ASCs by activating the Akt and ERK1/2
pathways. Collectively, these results strongly suggest that
NTAPP can increase the efficiency of ASC culture in vitro,
thereby supporting the potential applications of NTAPP in
the field of regenerative medicine.
NO acts as an intracellular messenger and regulator in
biological functions [17]. Interestingly, different cell fates
depend on NO concentrations: low NO concentration
promotes cell survival and proliferation in various cells
including stem cells [18], while high NO concentration
leads to cell cycle arrest and cell death [19]. NO is
generated by NTAPP. Our study showed that NO generated
by NTAPP plays an important role in inducing the
proliferation of ASCs. However, not only NO but also other
unknown factors might be involved in the increased
proliferation of ASCs following NTAPP exposure because
the viability of ASCs following combined treatment with
NTAPP and NO scavenger was not recovered to the level
in control cells even though viability was reduced, as
shown in Fig. 2A. Further studies would be necessary to
understand which other components of NTAPP are
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responsible for the promotion of NTAPP-induced cell
proliferation.
As expected from the results in Fig. 2 that show that the
increased proliferation of ASCs was mainly attributed to
NO, we observed the activation of Akt and ERK1/2 in
NTAPP-exposed ASCs. However, their time of activation
was different (Fig. 2B). A study of the mechanism
underlying the differential regulation of the Akt and ERK
signaling pathways would be necessary to understand the
mechanism by which NO controls the proliferation of adult
stem cells including ASCs.
The results of this study show the potential of NTAPP to
be used to control the proliferation of ASCs and suggest a
clue as to why NTAPP activates wound healing in tissues.
To develop NTAPP as a reliable tool for use in stem cell
technology and regeneration, the effect of NTAPP on other
stem cells needs to be investigated and further chemical
evaluations of NTAPP will be necessary.
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Abstract: Cancer stem cells (CSCs) are regarded as a cause of cancer formation, metastasis
and recurrence. Unfortunately, CSCs strongly resist most known cancer therapies including
ionizing radiation, chemotherapy, and anti-cancer drugs. Therefore, we questioned whether
NTAPP could efficiently induce cell death of Huh7 and Hep3B cells that express liver CSC
positive markers-CD133, ALDH1 and EpCAM. We confirmed that NTAPP efficiently
induced apoptosis in CSCs that were resistant to conventional chemotherapy by increasing
intracellular ROS.
Keywords: non-thermal atmospheric pressure plasma, liver cancer stem cell, apoptosis, ROS

1. Introduction

NTAPP decreases cell viability of liver CSCs.

Liver cancer is one of the most commonly diagnosed
cancers, and is the second most common cancer-causing
death among males worldwide [1]. Hepatocellular
carcinoma (HCC) is the most major histological subtype,
accounting for 70-80% of primary liver cancer. High rate
of recurrence and heterogeneity are among the most typical
characteristics of HCC [2]. Recent studies have suggested
that these major characteristics are a result of the
hierarchical organization of tumor cells by a subset of cells
with stem/progenitor cell features known as cancer stem
cells (CSCs) [3]. Liver CSCs can be enriched with several
defined surface markers, including epithelial cell adhesion
molecule (EpCAM), Aldehyde dehydrogenase (ALDH),
CD133 [4, 5]. These CSCs within tumor bulk display the
capacity to self-renew, differentiate, and give rise to a new
tumor, accounting for a hierarchical organization of
heterogeneous cancer cells and a high rate of cancerous
recurrence. Because of these features, CSCs are strongly
resistant to existing chemotherapy and it makes difficult to
anti-cancer therapy [6]. Therefore, there are urgent needs
for new therapy that can effectively cause cell death of
CSCs.
Plasma is defined as a partially ionized neutral gas
containing a significant number of electrically charged
particles. Because of its advantages of low temperature and
atmospheric pressure, non-thermal atmospheric plasma
(NTAPP) provides promising applications in biomedical
research. ROS and RNS have been reported to play pivotal
roles for the biomedical effect of NTAPP. Evidence from
many studies suggests that NTAPP can be safely and
controllably applied to animals and humans.
In this study, we demonstrate that NTAPP efficiently
induces apoptosis in liver CSCs, Huh7 and Hep3B,
suggesting a new approach in cancer therapy

2. Results
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Fig. 1. (a) Expression of cancer stem cell markers,
CD133, EpCAM, and ALDH1 were analyzed by reverse
transcription PCR in liver CSCs Huh7, Hep3B, and the
normal HEK293. (b, c) Huh7, Hep3B cells were exposed
to NTAPP for 5, 10 min respectively and further
incubated. Changes in cell viability were measured in
every 24 hours from the initial exposure time of the
plasma using the MTT assay for up to 72h. Result are
shown as mean ± SD, n=3.
Before we examined the effect of NTAPP to liver CSCs,
we first analysed the expression of well-established liver
CSC markers, CD133, EpCAM, and ALDH1 in Hep3B,
Huh7 cells. The expression of EpCAM, ALDH1, CD133,
and the control GADPH in these CSCs were tested by
reverse transcriptional PCR. We found that HEK293 did
not express these three liver CSC markers. On the other
hand, CSC markers were highly expressed in Huh7 and
Hep3B cells (Figure 1a). Then, Huh7, Hep3B cells were
treated with air-based NTAPP for 5 and 10 min. After 5
minute exposure to both cells, cell viability was efficiently
decreased in Huh7 but Hep3B was slightly more resistant
to NTAPP. On the other hand, cell viability was clearly
decreased in both cells after NTAPP was exposed to both
cells for 10 minutes each. (Figure 1b, c). These results
suggest that NTAPP has efficient anti-proliferative effect
on liver CSCs.
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Based on the results of previous experiments, we
wondered which type of cell death is induced by NTAPP.
We performed flow cytometry analysis by double staining
with Annexin V and PI to determine the type of cell death.
Similar to the preceding conditions, NTAPP was exposed
to Huh7 for 5 min and Hep3B for 10 min and incubated for
48 h. As a result, a population of mainly apoptosis, not
necrosis, markedly increased compared to an unexposed
control (Figure 2a), suggesting that NTAPP exposure
induces mainly apoptosis in CSCs. To further verify
whether NTAPP-treated CSCs undergo apoptosis
biochemically, we examined the expression levels of DNA
double-strand break responding protein, γ-H2AX and
PARP, a downstream marker of apoptosis in NTAPPexposed CSCs. NTAPP clearly activated γ-H2AX and
PARP-1 as shown in Figure 2b, c. These results suggest
that NTAPP induces apoptosis in liver CSCs.
Increase of intracellular ROS by NTAPP results in
apoptotic cell death.

NTAPP induces apoptotic cell death in liver CSCs.

Fig. 2. (a) Huh7, Hep3B cells were identified by flow
cytometry after Annexin V-FITC and PI double
staining. (b) Western blot analysis of Huh7, Hep3B cells
were performed to assess the expression of PARP-1 and
γ-H2AX following NTAPP exposure after each time
point from initial treatment.
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Fig. 3. (a) Intracellular ROS in Huh7 and Hep3B cells
exposed to NTAPP for 5, 10 min were detected by
fluorescent microscopy. Their intracellular ROS levels
were monitored at 48 h from the initial exposure. Nuclei
were stained with Hoechst 33342 and intracellular ROS
was labelled by carboxy-H2DCFDA. Scale bar = 50
μm. (b) Mitochondrial superoxide level in Huh7 and
Hep3B were measured by flow cytometric analysis with
MitoSOXTM red staining.
Many previous studies have reported that ROS is
generated from NTAPP. To determine whether
intracellular ROS is increased in liver cancer stem cell
Huh7 and Hep3B, we monitored change in intracellular
ROS level after NTAPP was exposed to liver CSCs for
5,10 min. Carboxy-H2DCFDA was used, a non-
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fluorescent chemical that can be easily transformed to a
green-fluorescent when oxidized by intracellular ROS. As
shown in Figure 3a and b, Huh7 exposed to NTAPP for 5
min and Hep3B exposed for 10 min clearly increased
intracellular ROS levels compared to untreated control
after 48h of further incubation.
Excessive increase of superoxide ions in the mitochondria
is one of the well-known characteristics of apoptosis.
Therefore, we also investigated the increase of superoxide
ion in the mitochondria of liver CSCs by flow cytometry
using MitoSoxTM, which can selectively label only
mitochondrial superoxide. Superoxide in NTAPP treated
Huh7 and Hep3B cells significantly increased compare to
untreated cells.
To summarize, NTAPP induces apoptosis in liver CSCs
by increasing intracellular ROS.

3. Discussion
Hepatocellular carcinoma (HCC) is the most common
type of liver cancer, the third leading cause of tumourrelated death [7]. Like other tumours, HCC tissues contain
a heterogeneous mixture of cells [8]. Cancer stem cells
(CSCs), a small subset within tumour bulk, are considered
to be the source of tumours [9]. Liver CSCs are responsible
for liver cancer formation, metastasis, drug-resistance and
recurrence [10]. Recently, several liver CSC markers have
been identified, including EPCAM, CD133, CD13, CD90,
CD24 and calcium channel a2d1 subunit [11,12].
CSCs have recently been regarded as one of the causes of
cancer recurrence because they can survive with strong
resistance to existing conventional anti-cancer therapy
including chemotherapy, radiation, anti-cancer drugs. In
addition, since CSCs increase self-renewal and
heterogeneity of tumors, a new anti-cancer therapy is
needed to effectively induce cell death of CSCs.
Recently, anti-cancer therapy using NTAPP has attracted
new interest and many studies have been reported.
However, this study is the first one that applies NTAPP to
CSCs.
Here, we observed that air-based NTAPP can effectively
cause apoptosis to CSC marker expressing liver cancer
stem cells, which are resistant to conventional anti-cancer
therapy in vitro.
In conclusion, we have identified the potential of NTAPP
to effectively kill CSCs and to be developed as an future
anti-cancer therapy.
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Anti-proliferative effect of cold plasma in vestibular schwannoma
demonstrates its feasibility as an adjuvant treatment after surgery
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Abstract: Vestibular schwannoma (VS) is usually a benign tumor but close to brain
stem and nerve complex. Thus, complete resection of tumor can cause permanent
complications, and minimizing the removal is critical for the patient’s wellbeing after
the surgery. We showed that cold plasma efficiently induces death of VS cells and
reduced recurred tumor mass in schwannoma graft mouse. These results implied that
cold plasma as a prominent adjuvant treatment after surgery to minimize the resection.
Keywords: vestibular schwannoma, adjuvant treatment, apoptosis, cancer, cell death
1. Introduction
Cold atmospheric pressure plasma (CAP) is an ionized
gas generated by electrical discharges in atmospheric
pressure at room temperature (for a review, see Fridman et
al. [1]). Currently, CAP has been highly studied for clinical
applications since it is easily formed, causes no thermal
damage to cells, and can be controlled by addition of gases
and/or adjusting the electric field. Several previous
researches reported that CAP induces cell death in various
types of cancer via increasing intracellular ROS (for a
review, see Song et al. [2]).
Cancer cells tend to respond more sensitively to
oxidative stress than normal cells, which can be applied for
anti-cancer therapy such as chemo- and radiotherapy [3, 4].
However, unlike malignant tumors, benign tumors do not
respond to chemotherapy or radiotherapy [5, 6]. In
particular, benign tumors in the nerves of the head and neck
are known to express high levels of survivin and resistant
to chemo- and radiotherapy [7].
Vestibular schwannoma (VS) is usually a benign tumor,
but is an intracranial tumor that can cause morbidity
including hearing loss, tinnitus, dizziness and possible
mortality from brainstem compression [8, 9]. At present,
the treatment strategies of vestibular schwannoma are
conservative, because both microsurgery and stereotactic
radiation therapy carry risks of morbidity [10, 11]. During
microsurgery of tumors with large volume, trying to
complete removal of tumor can increase damage of cranial
nerves, possibility of facial palsy or hearing loss. Reversely,
incomplete resection can cause recurrence [12, 13]. Thus,
sometimes modified modality such as subtotal removal
followed by stereotactic radiosurgery can be used to
prevent both complication and recurrence. But this method
also has risk of radiation hazard [14, 15].
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Minimizing the damage of cranial nerves during surgery
may have a positive convalescence on the patient’s
wellbeing. However, large tumors compress the cranial
nerves and adhere to them and make it difficult to
distinguish and separate tumor tissues from cranial nerves
[16]. Thus adjunct therapy that efficiently removes the
possible remnant tumor cells around cranial nerves would
be helpful to minimize the damage and reduce the risk or
recurrences.
Here, we demonstrated the efficient cell death effect of
CAP on human VS cell line HEI-193 and mouse
schwannoma cell line SC4. Also, human primary VS cells
and human primary VS tumor tissue show consistent
results with CAPs. Moreover, CAP reduces reccured tumor
volume in SC4 schwannoma graft nude mouse after
ablation of tumor.
2. Materials and Methods
Cell culture and exposure to CAP. Human vestibular
schwannoma HEI-193 were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA),
and Nf2-/- mouse Schwann (SC4) cells were obtained from
the House Research Institute (Los Angeles, CA, USA).
Both cells were cultured using Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL/Invitrogen
Corporation, Karlsruhe, Germany) supplemented with 10%
fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO,
USA) and 100U/mL penicillin/streptomycin (Gibco-BRL).
Both cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO2. HEI-193 and SC4 Cells (3
× 104) were cultured in 35-mm plates. After 20 h of
incubation, the cells were placed, exposed to CAP during
each indicated time.
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Air-based cold atmospheric plasma generator. CAP was
generated by a micro dielectric barrier discharges (μ-DBD)
plasma device, which is the same device as described in
[17] and is schematically illustrated in (Fig. 1a). Air was
used as a gas supply. A pump in the control device can
pump out air to the CAP generator at a maximum of 2
standard liters per minute (SLM). Voltage and current are
supplied by a circuit located inside the control device. The
CAP-generating area can cover a 35mm dish properly (Fig.
1b, c).
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effect of CAP in human primary VS tumor. Exposure to
CAP effectively killed primary VS cells and activated
apoptosis as shown by cleaved PARP1 (Fig. 3a, b). Next,
we investigated the cell death effect of the CAP on the
tumor mass. The cleavage of PARP1, an apoptosis marker,
was observed in human VS tumors cut to a thickness of 2
mm 24 hours after the exposure: cleaved PARP1 was about
7-folds higher in treated sample than that in the untreated
group. Overall, cell death induced by CAP occurs not only
in VS cell lines but also in primary VS cell and tumor mass
(Fig. 3c).

Fig. 1. The air-based micro dielectric barrier discharges (μDBD) plasma generator used. (a) A schematic description
of the CAP-generating system. (b) CAP generated (c) a
CAP applier to a 35-mm culture dish.
Primary VS cell and sliced VS tissue preparation. To
culture primary VS cells, VS tumor tissues from patients
were immediately chopped nicely using a surgical blade
and cultured in DMEM, 10% FBS, 100 U/ml
penicillin/streptomycin and 10% N2 supplement (Sigma).
For tissue slice preparation, evenly sliced VS tissues in 2
mm thickness were immersed in DMEM, 10% FBS, 100
U/ml penicillin/streptomycin and 10% N2 supplement.
SC4 schwannoma graft mouse model. A suspension of
SC4 cells (8x105 cells in 0.1 mL PBS) was injected
subcutaneously into flanks of Balb/c nude female mice.
Tumor volume was measured during cold plasma treatment
course. Two perpendicular diameters were determined
with a caliper and tumor volume (V in mm3) was calculated
as V= (length x width2)/2.
3. Results
CAP decreases vestibular schwannoma cell viability
through apoptotic cell death.
Cell viability of CAP treated cells were assessed every 24
h up to 3 days. Treatment of CAP has a sustained antiproliferative effect on both HEI-193 and SC4 cells (Fig. 2a,
b). To investigate whether cell death is involved with CAP
–induced anti-proliferative effect or not, propidium iodide
(PI) uptake was detected by fluorescence microscopy. PI
uptake was detected in HEI-193 and SC4 VS cells treated
with CAP for 7 min, while untreated groups did not exhibit
PI stained cells and showed increased cell number as
incubation time goes on (Fig. 2c, d). These results
demonstrated that CAP completely blocks proliferation in
HEI-193 and SC4 VS cells by inducing cell death.
We showed that CAP exposure effectively kills HEI-193
and SC4 cells. We then examined the anti-proliferative
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Fig. 2. Anti-proliferative effect of CAP on HEI-193 and
SC4 schwannoma cells. (a-d) HEI-193 and SC4
schwannoma cells were treated with CAP at indicated
exposure time and further incubated for 24, 48, or 72 h. (a,
b) Cell viability was measured with MTT assays. Result
are shown as mean ± SD, n=3. (c, d) Immunofluorescence
microscopy images of PI-uptake for cells treated with CAP
for 7 min and further incubated up to 48 h. Nuclei were
counter stained with Hoechst 33342. Scale bar = 50 µm.

Fig. 3. Apoptosis is induced by CAP in human primary
vestibular schwannoma cells and tumor mass. (a, b) Human
primary VS cells were treated with CAP for 7 min and
further incubated for 24, 48, or 72 h. (a) Cell viability was
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measured with MTT assays. (b) The expression of cleaved
PARP1 was detected by western blots. Actin was used as a
loading control. (c) Tumor mass sliced in 2mm thickness
was treated with CAP for 7 min, and homogenized.
Expression of cleaved PARP1 was detected by western
blots. Actin was used as a loading control. The relative
amount of cleaved PARP over actin was plotted in the right
panel graph. Results are shown in (a) and (c) as mean ± SD,
n=3.
CAP effectively reduces tumor growth after resection
in SC4 graft mouse. It is known that in vivo cell death may
be different from that in in vitro (for a review, see Fiers et
al.[18]). Therefore, we examined the effect of CAP in vivo
by injecting SC4 cells into Balb/C nude mice. After the
tumors grew to a volume of 50 mm3, the tumors were
ablated and the residual tumor was left intentionally. The
surface of residual tumor area was irradiated once with
CAP for 7 min. Surprisingly, after surgical removal of the
tumor, CAP-treated mice showed a dramatic decrease in
the growth rate of the remaining tumors compared to the
untreated group (Fig. 4a, b). In addition, the volume of the
extracted tumor was also significantly smaller in the
plasma-treated mice after 3 week of surgery and CAP
treatment (Fig. 4a, b). Thus, CAP exposure has shown a
significant anti-tumor effect in the in vivo SC4 graft mouse.

Fig. 4. Antitumor effect of plasma as an adjuvant treatment
after ablation of tumor in SC4 graft nude mice. (a) From
the mouse with tumor growth by SC4 graft (upper), tumor
was removed by resection (middle) and mouse was treated
with plasma for 7 min (right) with untreated control (left).
Tumor mass was shown (down) after sacrificed in 4 week.
(b) Tumor volume was measure every week for 3 weeks
after the surgery in CAP-treated and control mice and
plotted.
4. Discussion
Although only 1% of vestibular schwannoma (VS; a
cancerous form of schwann cells in envelope ear nerve
cells) develops into malignant tumors, it needs to be
removed because of its location. In most cases, surgical
removal or radiation therapy are often required. However,
radiation therapy is harsh to the patient in that it essentially
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burns tissues and can result in the loss of auditory or
vestibular functions depending on the site of tumorigenesis
[19]. Surgery is also not a desirable option, since excision
for constructing a tumor-free region can result in excess
removal of tissues; this may lead to a decrease in the
patient’s recovery or post-surgical wellbeing [8].
In this study, we examined the feasibility to use CAP as a
method of removing the possible remnant cells of the
tumor after excision with VS cell lines, primary VS cell,
primary VS tumor mass and schwannoma grafts mouse.
We showed that a single exposure of CAP for 7 min
induces cell death in HEI-193 and SC4 cells. In addition,
cell death was confirmed as apoptosis in the experiment
using primary VS cell and tumor tissue. A significant
decrease in tumor volume was also observed in the mouse
tumor graft model treated with CAP after the primary
tumor growth and surgery, which artificially resembled
residual tumors similar to actual surgery.
Collectively, our result suggests that the exposure of CAP
would be an efficient adjuvant treatment for the boundary
region after surgery to remove possible remnant vestibular
tumor cells through apoptosis.
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The strong H2O2 production by cancer cells during the direct cold atmospheric
plasma treatment
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Abstract: In this study, we demonstrated new cellular response to the cold atmospheric
plasma (CAP) treatment. We discovered that only the direct CAP treatment could cause a
strong H2O2 production by pancreatic cancer cells and breast cancer cells. Due to this
unique feature, the direct CAP treatment generates a stronger anti-cancer capacity than the
indirect CAP treatment does on these cell lines. The H 2O2 self-production of cancer cells is
affected by CAP treatment dose, cell confluence, as well as discharge voltage.
Keywords: Cold atmospheric plasma, cancer cells, H2O2 generation, plasma medicine.
1. Introduction
Cold atmospheric plasma (CAP), a near room
temperature ionized gas, has shown its promising
application in the cancer treatment over the past decade
[1]. In most in vitro studies, CAP was used to directly
treat the cells grown in a petri dish or in a multi-wells
plate. A thin layer of cell culture medium is always used
to cover cancer cells. This medium layer facilitates the
transition of reactive species in the gas phase into the
dissolved species in the aqueous solution [2]. The anticancer mechanism of CAP treatment in vitro has been
extensively studied. Most studies conclude that the
apoptosis of the CAP-treated cancer cells is due to the rise
of intracellular ROS, DNA damage, as well as
mitochondrion damage [3]. The CAP-originated H2O2 has
been proved to be a main factor causing the death of
cancer cells in vitro [4,5].
In this study, we demonstrated new previously
unknown cellular response of cancer cells during the
direct CAP treatment. Pancreatic cancer cells and breast
cancer cells produced significant amount of H2O2 during
the direct CAP treatment, rather than in the indirect CAP
treatment. Several factors including the treatment dose,
the cell confluence, as well as discharge voltage
significantly affect this cell-based H2O2 production
process. Our study provides the first evidence that cancer
cells can not only consume H2O2 but also generate H2O2
during the CAP treatment, which provides a novel
perspective to understand the interaction between CAP
and cells. Clearly, the direct CAP treatment is not equal to
a H2O2 treatment.
2. Results
The H2O2 concentration in a thin layer of DMEM which
has been used to immerse cells during the direct CAP
treatment was measured. Without the protection of a layer
of medium of other biologically adaptable aqueous
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solution, the cancer cells will be killed immediately due to
the dehydration caused by the helium flow from the
plasma tube. Two trends have been observed. First, the
direct CAP treatment on pancreatic adenocarcinoma cells
(PA-TU-8988T) and breast adenocarcinoma cells (MDAMB-231) generates significantly more H2O2 than the
same CAP treatment on DMEM does (Fig. 1). Second,
the CAP-stimulated DMEM cannot generate the similar
phenomenon on two cell lines. In addition, two cell lines
do not generate H2O2 during the culture process.

Fig. 1. The direct CAP treatment triggers the H2O2
production by breast cancer cells (MDA-MB-231) and
pancreatic cancer cells (PA-TU-8988T). The H2O2
concentration was measured immediately after the CAP
treatment.
Moreover, both breast cancer cells and pancreatic
cancer cells are much more vulnerable to the direct CAP
treatment than the treatment just using the CAPstimulated medium. The anti-cancer capacity of the direct
CAP treatment on two cell lines can be completely
counteracted by pre-treating cancer cells with intracellular
ROS scavenger NAC or by removing medium immersing
cancer cells and replacing it with new untreated medium
immediately after the direct CAP treatment. Thus, the
anti-cancer effect of the direct CAP treatment on cancer
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cells is still based on the rise of intracellular ROS due to
the extracellular reactive species.
Several factors significantly affect the H2O2 generation
by cancer cells. These factors include the treatment dose,
the cell confluence, and the discharge voltage. An
optimized experimental conditions will increase the H2O2
generation by specific cancer cells.
3. Discussion
In all previous studies, the cancer cells have just been
regarded as a passive role to accept the attack from the
reactive species from CAP [1,3]. This study first
demonstrates that specific cancer cells such pancreatic
adenocarcinoma cells and breast adenocarcinoma cells
will generate H2O2 as a response to the simulation of CAP
treatment. And, such cellular response may be commonly
existed in other cells even include bacteria and yeast.
The short-life species in CAP may stimulate the cellbased H2O2 production. Superoxide may be a candidate
species. Superoxide can be generated in the gas phase of
CAP. Superoxide can cause the H2O2 production by cells
through dismutation reaction catalysed by the
extracellular superoxide dismutase (Ex-SOD) on the
cytoplasmic membrane of cells [6, 7]. Ex-SOD is widely
expressed on cells from different tissues [6, 7].
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species in CAP. This study will facilitate the
understanding on the anti-cancer capacity of the direct
CAP treatment in vivo.
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The discovery of H2O2 production by the CAP-treated
cells provides a new feature to distinguishes the direct
CAP treatment and the indirect CAP treatment. The direct
CAP treatment results in a much stronger anti-cancer
effect on these two cell lines than the CAP-stimulated
medium does. This noticeable difference may be partially
due to the additional H2O2 generation by cancer cells.
More importantly, this study provides a new
perspective to understand the potential cellular interaction
during the CAP treatment, which give clues to understand
the anti-cancer capacity of CAP treatment in vivo. The
tumor tissue may be immersed in a H2O2-rich
environment even CAP does not directly generate
significant amount of H2O2 on the relative dry skin. The
cells in skin and the cells in tumor may have similar
mutual interaction through generating toxic chemicals
such as H2O2 to their surrounding cells.
4. Conclusions
In summary, the direct CAP treatment will cause
specific cancer cells to generate a significant amount of
H2O2 in their surrounding medium. Such cell-based H2O2
generation contributes to the stronger anti-cancer capacity
of the direct CAP treatment compared with the indirect
CAP treatment. This study first demonstrates that cancer
cells not only consume H2O2 but also generate H2O2
during CAP treatment. The cell-based H2O2 generation
may be a basic response of cancer cells or even other cells
to the CAP treatment particularly the short-life reactive
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Gas flow modification by a kHz microsecond atmospheric pressure plasma jet
X. Damany, T. Darny, C. Douat, S. Dozias, J-M. Pouvesle, E.Robert
GREMI, UMR7344 CNRS Université d’Orléans, Orléans, France
Abstract: In this work we present Schlieren images of a Plasma Gun discharge fed not only
with helium but also for the first time with neon and argon buffers. It is demonstrated that
efficient gas flow channelling is observed with operation of the PG with any of the three
gases. Such gas flow channelling is also proven to be dependent on voltage polarity and
frequency. Analysis of the role of molecular admixtures (N2 or O2) confirms the non-thermal
nature of the effect and the potential crucial role of large negative ions.
Keywords: Plasma jet, atmospheric pressure, Schlieren, frequency, oxygen mixture
1. Introduction
Atmospheric pressure plasma jets have been extensively
studied in the last decades due to the wide range of
applications from surface processing to medical
treatments. Plasma jets are effective for biomedical
applications thanks to several factors as the emission of
light in several wavelength domains, high transient electric
field, and also mainly reactive oxygen and nitrogen species
(RONS). A key point for plasma treatment and analysis of
biological action of plasma jets stands in the detailed study
of plasma delivery over various targets. We need to
understand how and where we produce them. It has been
shown that the ignition of a plasma jet changes the gas flow
[1-7]. The way how the gas will mix with the surrounding
ambient air and how the flow reaches the target will deeply
influence how RONS are produced and how plasma brings
them to the target. In this work, a Schlieren imaging setup
is used to study the role of various parameters such as
voltage polarity, frequency, feeding gas, gas flow and gas
composition, on the Plasma Gun (PG) microsecond plasma
jets features.
2. Experimental setup
Details of the PG can be found in ref [8]. PG is powered
by µs duration voltage pulses. In the following, when no
other information is given, the peak voltage is 14kV and
the repetition frequency 1 kHz. In all experiments, the
inner diameter of the capillary was 4mm. As we are
interested in medical applications and organs or tissues are
treated, a conductive grounded metallic plate is placed 2
cm away from the glass capillary outlet in order mimic PG
operation for biomedical applications.
A classic Z Schlieren setup is used as documented in
figure 1. This consists in a green light illumination source
set behind a 100 µm in diameter pinhole. Then the green
light is collimated between two 15cm-diameter parabolic
mirrors having a 60cm-focal length. PG was set in between
these two mirrors vertically and downward oriented if not
otherwise specified. A razor blade is mounted on a
translation stage at the focal point of the second mirror. The
razor blade blocks the non-deflected light and acts as a
spatial filter. Green light variation then reveals the rare gas
density gradients in ambient air. The resulting images are
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recorded by a high-speed camera (FASTCAM SA5). High
frame rate camera was operated at 1000 frames per second
to measure time resolved (on ms timescale) gas flow
impact on the target set 2 cm away from the capillary
outlet.

Fig. 1. Schlieren setup with plasma gun image.
3. Effect of feeding gas
In this section, we investigate the behaviour of several
gases feeding the PG. It already has been showed that the
ignition of a plasma jet deeply changes the flow of the gas.
As noticed in [6, 9] in same conditions of low flow and
downward direction, it has been shown that while the gas
flow doesn’t touch the target without plasma due to
buoyancy, the gas flow touches it with plasma on. The way
the flow structure changes is clearly linked to the voltage
polarity. The goal of our investigation here is to find out if
this behaviour previously reported for helium also holds
true for heavier feeding rare gases such as neon and argon.
As for helium, i.e. gas flow 0.5 l/min, neon was used as the
feeding gas. As Neon is also lighter than air it doesn’t touch
the target without plasma. When plasma is ignited, (peak
voltage 14kV, frequency 1 kHz) very similar gas flow
patterns, as those reported with helium buffer in [10], are
then observed depending on voltage polarity (fig.2). The
flow is quite disturbed in positive polarity while the
channel is well defined in negative one. In argon, as its
refractive index is close to the one of air, it’s harder to
detect argon flow modifications with the Schlieren
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technique. Nevertheless, with a moderate increase of the
gas flow rate (1.8 l/min), gas flow pattern visualization was
achievable, as depicted in figures 3 and 4. Contrary to
helium and neon, argon plasma in the same conditions is
less homogeneous with local gas heating.
Fig.3. Schlieren images of a PG fed with argon. Images are
recorded each 0.17ms.

Fig.2.Schlieren images of a PG fed with Neon in positive
polarity (top) and negative polarity (bottom)
In figure 3, the time resolved argon flow pattern
evolution is documented each 0.17 ms (camera frame rate
was set to 6000 frames per second) following the triggering
of a voltage pulse of which the capture is on the first left
hand side picture. On this first picture, the camera
simultaneously collects the light from the plasma
discharge, and the green light pattern associated with the
argon mixing in ambient air. Two distinct features can be
depicted from figure 3. First at the outlet of the glass tube,
the argon flow channel is observed along 1 cm and does
not evolve on the different pictures, all together spanning
1 µs, i.e. between two plasma discharges. This is in
agreement with other, neon and helium, gas flow pattern
dynamics, which was shown to evolve on millisecond time
scale, requiring the accumulation of a few tens of plasma
discharges to reach a steady state distribution. The second
features observed in fig.3, is associated with the connection
of the plasma discharge from the inner PG high voltage
electrode with the grounded target. For argon buffer, the
plasma discharge first propagates in the argon channel and
then connects the 2 cm away target across the ambient air
layer. This is associated with the development of a streamer
discharge which is associated with a very sudden pressure
and temperature increase along the discharge path to the
target. This correlates with the Schlieren pattern visualized
all along the gap from tube outlet to the target. It must be
emphasized that there the dynamics is very fast, being
shorter than that accessible with the camera. This confirms
the very different nature of gas flow channelling through
ionic wind on ms timescale and the very fast gas flow
modification triggered when streamer discharge with much
higher current occurs.
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As argon is heavier than air we set the PG in the upward
direction with the metallic target above to see if it was
possible to counterbalance the gas column weight with
electric force associated with the ionic wind. In order to
avoid the previous plasma streamer the target was placed
3cm away from the tube instead of 2. Results are shown in
fig. 4. As argon is hardly visible, it was needed to subtract
the image without plasma from the one with it to highlight
the argon flow. In both polarities the gas was pushed up to
the grounded target. We find again a well-defined gas
channel in negative polarity (c) and a turbulent one is
positive polarity (b).

Fig. 4. Upward oriented PG fed by argon without plasma
(a), with plasma with positive polarity (b) and with plasma
with negative polarity (c)
4. Effect of the frequency
It has been shown by Darny in [9] that the frequency was
a key parameter to channel the gas to the target. For
example, in helium at 0.5 l/min, if the frequency is too low
we can’t sustain a channel and the gas will never reach the
target as observed in fig.5. Knowing this phenomenon, we
investigated it more precisely over a large frequency range.
We found again a lower limit below which the plasma can’t
channel the gas. But it appears also that pulse repetition
rate (prr) increase turns to be less efficient to achieve an
optimal gas flow channelling above an upper limit.
With 0.25 l/min gas flow rate, it is measured that the
number of plasma pulses required for helium channel to
build up all along the gap from the tube outlet to the target,
is almost constant (about 40) when frequency is changed
from 500 to 1500 Hz, while for higher prr the number of
plasma discharges for such action gradually increases.
Same measurement is done for a higher gas flow rate
(0.570 l/min) but with a higher threshold for an increase of
the number of voltage pulses (around 3000 Hz), as shown
in fig.6. This is an indication that there exists a best balance

ISPC23, Montreal, Canada

Plasma medicine

poster

condition between prr and gas flow velocity, correlated
with the best efficiency between gas flow channelling (at
each voltage pulse) and the gas flow inertia between
successive pulses, the latter being dependent on the gas
flow velocity.

Fig.5. Effect of frequency on the gas channelling, from
[9] Applied voltage is 14 kV in negative polarity.
Number of pulses needed to channel the gas to the
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Fig. 6. Effect of frequency depending on the gas flow on
the number of pulses needed to channel the gas to the
target. Lines are fitted to illustrate the discussion.
5. Mixture of Helium with O2
Reactive oxygen and nitrogen species play a key role in
biomedical applications. Then it sounds tempting adding
oxygen or nitrogen to rare gas. Besides previously reported
drastic change in RONS generation both with gas
admixtures at the entrance but also downstream along
plasma propagation in the tube [11], it has been observed
for the time, as shown in figure 7, that oxygen admixtures
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dramatically modify the gas flow pattern. In positive
polarity, instead of having a disturbed gas, we can create a
well-defined channel with admixtures of a few hundreds of
ppm of oxygen. Moreover a mixture with 2% of oxygen
allows a straight gas channel to build up even for frequency
as low as 100 Hz whereas such action was measured for He
fed PG only for frequency higher than 500 Hz, even with a
less defined channel. Adding oxygen in the reactor or
downstream the reactor leads to same results. Same
experiments with nitrogen don’t show any modification in
the gas flow.

Fig. 7. Gas flow of PG fed with He in positive polarity with
several concentration of O2. PG is ignited with a 100Hz
frequency (top) and 500Hz (bottom)
Thus adding very small amount of O2 will modify the
species in the plasma and the gas flow, i.e. how the gas
mixes with air. Moreover, as the plasma reaches the target
differently, we can expect a radically different treatment
than in pure helium.
These measurements indicate that admixtures of oxygen
allow for plasma delivery over a broader range of pulse
repetition rate than that achieved with helium or heliumnitrogen plasmas. It is suspected that the generation of
large negatively charged clusters, especially when oxygen
is mixed, are at the origin of the very efficient channelling
action. Such speculation is currently investigated and
confirmed through plasma propagation and kinetic
modelling of helium oxygen plasmas generated with the
PG as was previously performed but for helium-nitrogen
buffers. [12]
6. Conclusion
In this work we showed that plasma ignited with a PG is
able to channel gas as heavy as argon. Moreover the
behaviour according to the polarity seems also universal.
Positive polarity leads to a disturbed flow for pure rare
gases. But some experiments with mixture of O 2 showed
that we are able to create a well-defined channel even in
positive polarity. We suppose that the electronegativity of
oxygen plays a role in that.
Finally we focused on the effect of the frequency and
studied the limitations of the effect of channelling. In low
flow conditions, if the frequency is too low, gas will never
reach the target. If the frequency is too high pulse
accumulation will be less effective. Nevertheless we
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showed that at low frequencies the limitation can be
overpassed with addition of O2.
This work reveals a lot of analogies with the previous
studies dealing with gas flow modification in the frame of
plasma actuators for aeronautics applications. It was
reported that gas flow modification was much efficient
during negative polarity phase of AC driven actuators, that
negative ions play a key role and that oxygen admixtures
was an opportunity to enhance flow modification
phenomena tentatively at the benefit of large clusters
generation in the plasma.[13,14]
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cutaneous delivery of epidermal growth factor by regulating cell junctions
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Abstract: The comparison of two types of non-thermal atmospheric pressure plasma
(NTAPP) jets operating with helium and argon gases is reported on the efficiency of drug
penetration through the skin. With the same operation condition, only NTAPP operating with
argon gas reduces the expression of E-cadherin which leads to the enhanced transdermal
delivery of the epidermal growth factor (EGF). The electrical and optical diagnostics are
observed such as applied voltage, total discharge current, plasma current and the optical
emission spectroscopy (OES).
Keywords: Non thermal atmospheric pressure plasma, Transdermal drug delivery

1. Introduction
Non-thermal atmospheric pressure plasma (NTAPP) has
been well established for diverse applications in
biomedical applications and materials processing recently.
It offers a vacuum-less applications for etching, deposition,
surface modification and biomedical applications [1, 2].
The majority of plasma used in industrial applications are
operated in low pressure. NTAPP has advantages in low
manufacturing cost compared with low-pressure plasmas
which demand a vacuum chamber and vacuum pumps.
Therefore, the expensive vacuum devices are not necessary.
In NTAPP the electron energies are much higher than that
of the heavy species such as ions and neutrals. Because
these heavy species remain almost the same as the room
temperature (37˚C), the plasma do not cause thermal
damage to treatment objects. This non-thermal
characteristic enables NTAPP for treatment thermalsensitive materials including biological tissues. To date,
many promising results have been identified in NTAPP
biomedical applications, such as cancer therapy [3, 4],
sterilization [5], wound healing [6, 7], anti-aging of skin [8]
and tooth bleaching [9]. Furthermore, many strategies have
been made to enhance transdermal drug delivery by
regulating the skin barrier structure using physical devices
including ultrasound [10] and lasers [11].
Recently, the study of the effect of NTAPP on epidermal
cell treatment is also increasing. In this study, the effect of
NTAPP operating with He and Ar gases on the regulating
E-cadherin and efficiency of EGF transdermal delivery is
investigated comparatively.
2. Experimental setup
The NTAPP device used in this study (figure 1) is a
conventional plasma jet configuration which is composed
of alumina coaxial tube (relative dielectric constant 𝜀𝑟 =
9.5) for dielectric, a stainless steel inner electrode, and a
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copper outer electrode tube. The inner electrode is
grounded, and a sinusoidal high voltage with a frequency
of 50 kHz is biased to the outer electrode from a high
voltage generating circuit which can increase the applied
voltage up to 10 kV. Two different gas flows (He and Ar)
with the same 3 slm (standard liter per minute) are applied
between the inner electrode and the alumina tube for buffer
gas. The electrical parameters, such as the applied voltage
and the total discharge current are measured with a high
voltage probe and a current probe, respectively.

Fig. 1. (a) A schematic diagram of NTAPP device. (b) The
pictures of helium plasma, Argon plasma and plasma off
state.
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For the NTAPP treatment, 5 x 105 HaCaT human
keratinocyte cells were seeded in a 35 mm culture dish and
incubated for 24 h. Each cell dish was placed 2 cm
downward from the NTAPP device nozzle and exposed by
argon plasma (ArP) and helium plasma (HeP) for 5 min,
respectively. The cell dishes were placed in a CO2
incubator after the plasma treatment.
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Fig. 2. The effect of NTAPP treatment on cellular Ecadherin localization.
4. Conclusion
In this presentation, we report the effect of different
buffer gases (Ar and He) on the expression of E-cadherin
which leads to the enhanced transdermal delivery of the
epidermal growth factor (EGF). The electrical and
optical diagnostics such as applied voltage, total
discharge current, plasma current and the optical
emission spectroscopy (OES) are measured to find the
mechanism for the change of the expression of Ecadherin. The effect of the shape of driving voltage
function is also studied.
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Development of low temperature plasma jet created by 3D printer
for gastrointestinal hemostatsis
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Abstract: In this study, a mini plasma jet that can be introduced into instrument port of
endoscope was developed using metal 3D printer and the hemostasis effect of the plasma
jet on porcine gastric mucosa was confirmed. This plasma jet could be inserted into a 3.7
mm diameter instrument port of endoscope, and plasmas of various gases such as helium,
argon, nitrogen, and carbon dioxide at a flow rate of 1 L/min were generated. The
hemostasis time was about 90 s, and it found that the treated area does not cause ulcer.
Keywords: 3D printer, endoscope, low temperature plasma, blood coagulation
1. Introduction
For endoscopic hemostasis, clips and thermal
coagulators such as electrical knife and Argon Plasma
Coagulator (APC) are widely used. Although thermal
coagulators have a short hemostasis time, there is a
problem that tissue is thermally damaged by high plasma
temperature.
In recent years, heat sensitive material such as living
bodies can be irradiated with plasma, since atmospheric
low temperature plasma (LTP) can be generated at from
room temperature to around 100ºC using argon and
helium gases. Using this plasma, the effective bacterial
inactivation, blood coagulation and wound healing were
investigated[1, 2]. And, applying LTP to endoscopic
hemostasis can be expected as a minimally invasive
hemostatic method. However, conventional plasma
sources are manufactured by machining, there was
limitation for miniaturization.
To make new mini-size plasma source, which can be
inserted into instrument port of endoscope, we focused on
use of 3D printer[3]. The designing of metal 3D printing
by CAD is flexible, and the detail curve and complicated
channel, which the conventional mechanical working and
welding technology are unable to manufacture, can be
made with high accuracy. In addition, the material is
selectable from resins and metals, therefore, use of 3D
printer is effective approach to downsize plasma source.
In this study, LTP jet was made using 3D printer, and
the hemostasis effect and the safety were investigated for
medical application.
2. Experimental setup
2.1. Development of LTP jet for endoscopic use
Using 3D modeling, mini size plasma source, which the
head is within 3.7 mm in diameter, was designed. The
subject plasma source was constructed by a metal 3D
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printer [M280, Electro Optical Systems Inc.]. The body,
which is 3.5 mm head diameter, is grounded, and the
interior high-voltage 1.5 mm electrode is connected to a
power supply [Plasma Concept Tokyo, Inc.] of 2.25 kV
and 50 Hz. The discharge gap, which is the distance
between the high voltage and grounded electrodes, is
fixed at 1 mm. The electrodes are composed of titanium
and insulated by a ceramic. Generated plasma flows out
through a hole of 1 mm diameter at a flow rate of 1 L/min.
2.2. in vivo experiment
The LTP coagulation effect and biological safety on a
porcine stomach were investigated as an in vivo
experiment. All experiments were performed under deep
anesthesia. A pig took intramuscular injections of
ketamine
(10
mg/kg)
[DAIICHI
SANKYO
PROPHARMA], xylazine (2 mg/kg) [Bayel HealthCare]
and atropine (0.5 mg/head) [Mitsubishi Tanabe Pharma
Corporation], and inhalation of 5 % isoflurane [Merck]
and oxygen (3 L/min) as induction agent for anesthesia.
The pig was connected to anesthesia apparatus with
endotracheal intubation and general anesthesia was
maintained by inhalation of 1-3 % isoflurane [Merck].
Lactated Ringer’s solution (60 ml/h) was administered
through auricular veins of pig during operation.
As shown in Fig.1, endoscope was passed into the pig
which is under general anesthesia. And the 3D printed
plasma jet was inserted into instrument port of endoscope.
Artificial bleeding lesions (about 2 mm x 8 mm) were
made by biopsy forceps [Radial Jaw 4 ； Boston
Scientific] on stomach of an adult female LDW pig, and
the lesions were treated manually by LTP jet. The
treatment distance was kept about 1-2 mm, and the
treatment time was continued until the bleeding stopped
visually. Nitrogen gas was used to generate LTP. After
treatment, the treated point was observed 1 day and 5
days later.
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After observation, pig’s abdominal aorta was incised for
euthanasia and we confirmed pig’s pulse stop by
percutaneous arterial blood oxygen saturation degree
apparatus. All the procedures and protocols were
approved by an animal care and use committee of IVTeC
Japan (IVT15-05).
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rebleeding even though it is washed with water jet of
endoscope. Therefore, it suggests that the finer vessel of
bleeding area was plugged with clotting blood caused by
LTP treatment.

Fig.4. LTP treatment to bleeding of gastric mucosa
Fig.1 Endoscope inserting into pig
3. Result and discussion
3.1. 3D printed plasma jet
Figure 2 shows photographs of the plasma jet body
made by the metal 3D printer. The generated plasma is
touchable and the plasma gas temperature was below 40
ºC. In addition, the plasma jet could be inserted in
instrument channel of endoscope (I.D. 3.7 mm).
As shown in Fig. 3, it is confirmed that the plasma jet
generates stable LTP with helium, argon, carbon dioxide
and nitrogen.

3.3. Follow up after LTP treatment
Figure 5 shows follow up of hemostasis area by the LTP
treatment. In observation of day 1, there is no tissue
damage and ulcer around treated area. And 5 days later, it
is confirmed that mucosal defect area was decreased.
From these results, it is expected that the plasma jet have
high efficacy and safety.

Fig.5. LTP treatment to bleeding of gastric mucosa

Fig. 2. Small size plasma source created by 3D printer and
insertion into endoscope

4. Summary
In this study, we developed LTP jet, which can be
inserted into instrument port of endoscope, using 3D
printer. And the efficacy of hemostasis by nitrogen LTP
jet with porcine gastric mucosa was confirmed. As the
result, bleeding on gastric mucosa was stopped by
nitrogen LTP. The treated area had no tissue damage.
Therefore, our results indicate that nitrogen LTP has the
potential to be used for gastrointestinal hemostatsis.

Fig.3 Emission of various gas plasma flowed out from 3D
printed plasma source
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3.2. Hemostasis effect of LTP
As shown in Fig.4, oozing area was made using biopsy
forceps on porcine gastric mucosa, and the bleeding point
was treated with nitrogen LTP. As the result, burn scar
and acutely toxic effect were not caused by the treatment
and the blood was coagulated. After 90 s treatment, the
bleeding was stopped, and the treated area did not cause
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Inactivation of the heat-resistant geobacillus stearothermophilus spore
stored in a sterilization bag by H2O-O2 plasma
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Abstract: In order to realize the sterilization of the medical implements packed by the
sterilization bag or medical implements of a complicated structure with tiny gaps, application
of the long-lifetime oxygen active species such as ･HO2 and ･O2- formed by H2O-O2 plasma
were confirmed to be effective. These ･HO2 and ･O2- which were created by this H2O-O2
plasma have passed through two filters, the filter of a sterilization bag, and the filter of BI.
Keywords: sterilization, H2O-O2 plasma, geobacillus, biological indicator, PCI
1. Introduction
In order to realize the sterilization of the medical
implements packed by the sterilization bag or medical
implements of a complicated structure with tiny gaps, we
have demonstrated that application of the H2O-O2 plasma
were confirmed to be effective [1]. However it is not clear
which active species has the inactivation effects since there
are several kinds of reactive species in plasma. To identify
the inactivation effects of each active species, two kinds of
plasma chemical indicator (PCI) were used. PCI is a piece
of sheet strip on which a colour indication material is
coated which discolours by a plasma chemical action [2, 3]
2. Experimental
The sterilization effect by radical was confirmed by
biological indicator (BI, Fukuzawa) with spores of
Geobacillus stearothermophilus ATCC 7953 with high
heat resistance. The sectional view of BI is shown in Figure
1.

The entrance of the container was sealed by nonwoven
fabric filter to avoid microbial contamination. Finally, the
top was covered with a cap over the nonwoven fabric filter.
The cap is equipped with six square shaped small windows
from which gas molecules can trespass.
In order to check for radical existence, two types of PCI
were used. The first one is Basic-PCI (SAKURA) which
shifts toward green from the original colour of violet when
the Basic-PCI is contacted with the radicals such as ･OH,
･O and ･O2-. Whereas it shifts toward red when the PCI is
contacted with O2(1g) [2, 3]. The second one is NBT-PCI
which shifts toward reddish violet from the original colour
of pale yellow when the NBT-PCI is contacted with ･O2by the formation of diformazan. PCI was enclosed in a
sterilization bag fabricated with DuPont TyvekⓇ and the
opening was sealed by Heat Sealer (HAKKO, FV-803)
before use.
An H2O-O2 plasma sterilization experiment with BI
was carried out using a bell-jar type of plasma reactor
shown in Figure 2.

Fig. 1. The sectional view of BI with 8.3 mm outer
diameter and 45.5 mm height
This BI consists of a tubular container and a cap with six
small square windows, made of resin respectively. In this
container, the ampoule in which the culture solution with a
pH indicator was enclosed was inserted together with the
nonwoven fabric strip on which the strain was fixed. The
crevice between the container and the ampoule was less
than 1 mm. A fabric strip of 0.6 mm thickness on which a
spore was fixed was snugly fit and settled in this crevice.
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Fig. 2. Schematic diagram of plasma reactor.
The reactor was equipped with a 8.8-L bell-jar made of
stainless steel in which parallel disk-electrodes are set. H2O
vapor was supplied from a 50 mL glass ampoule which can
keep a steady temperature between 25 and 35°C, and gas
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flow stability was maintained using a needle valve. These
connecting lines made of stainless steel pipe are kept warm
enough to prevent coagulation of these liquid sources. Pure
O2 was supplied from O2 gas cylinder and controlled by
mass flow controller (STEC). The pressure inside the
reactor was monitored by capacitance gauge (MKS
Baratron). H2O-O2 plasma was generated and controlled by
rf generator (ADTEC, AX-1000) and automatic matching
unit (ADTEC, AM-1000S).
BI was placed on the lower electrode, and then H2OO2 plasma sterilization was carried out at a predetermined
system pressure and 75 W of rf power for given periods
of time. System pressure was set by controlling the partial
pressure of H2O and O2.

Plasma medicine

inactivated by heat treatment for 1 hour at 120 ℃. From
the relation between H2O pressure and the peak intensity
of 308 nm that belongs to ･OH in H2O plasma, ･OH peak
intensity decreases with the increase in the pressure of H2O,
and it seems that the absolute quantity of ･OH also declines
with it. This indicates that･OH contribution to sterilization
becomes so low that pressure becomes high.
Next, the ･O2- detection was carried out using NBTPCI which is enclosed in BI container instead of the sheet
strip with spore.

3. Results and Discussion
The results of an investigation of sterilization effect of
H2O-O2 plasma treatment onto BI with different partial
pressures of H2O and O2 and the processing time are
summarized in Table 1.
When BI was irradiated with H2O or O2 plasma
independently, the sterilization effect will not be acquired
if a pressure is low, and it turns out that the pressure of 80
Pa or more and 100 Pa or more are required for H2O and
O2 respectively to acquire the sterilization effect within 60
min of the irradiation time.

O2 partial
pressure (Pa)

Table 1. The sterilization effect of H2O-O2 plasma
treatment onto BI with different partial pressures of H2O
and O2 along with the processing time. The numbers
express plasma processing time in minutes required for
perfect sterilization to be confirmed.
H2O partial pressure (Pa)
0
20
50
80
100 200 300
+
+
60
60
30
x
0
+
+
30
30
20 +
+
30
30
15
x
50 +
30
30
15
15
x
80 +
15
15
15
x
100 60 30
x
x
x
x
200 30
300
x: BI container deformed with heat within 15 min.
+: imperfect sterilization within 60 min.
On the other hand, when H2O and O2 were mixed, the
sterilization effect increased notably with the increase in
both partial pressures. It turned out that full sterilization
could be attained by the plasma treatment for 15 minutes
when the total pressure exceeded 150 Pa. However, when
the total pressure exceeded 200 Pa, the container deformed
due to exceeding the heat-resistant temperature (130℃) of
BI container. From these results, it was found that H2O-O2
plasma treatment demonstrated higher sterilization effect
than that by independent treatment of H2O and O2. At the
pressure of 200 Pa, the temperature 15 minutes after a
plasma exposure was less than 100℃. In addition, it is
preliminary confirmed that the spores used cannot be
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Fig. 3. Detection of ･O2- by NBT-PCI enclosed in BI
container.
As a result, the color of NBT-PCI after H2O-O2 plasma
irradiation for 15 minutes discoloured to reddish violet,
indicating that the ･O2- is reachable to the bottom of the BI
container. As far as ･O2- is concerned, it is known that ･O2coexists with ･HO2 as shown in the following formula.
･O2- + H+ ↔ ･HO2
It seems that ･HO2 has contributed to inactivation of a
bacterial spore most greatly since the oxidation potential
and the lifetime of ･HO2 are 1.70 V and several minutes,
respectively.
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Abstract: This contribution presents the results of new studies revealing the role and
significant potential of self-organization phenomena at the interface between atmospheric
plasma and liquid plasma-activated therapeutical media capable of efficient killing at least
two kinds of human cancer cells, namely breast cancer MDA-MB-231 and human
glioblastoma U87 cancer lines. We have demonstrated that the activation under selforganized conditions in plasma plays a pivotal (yet still not completely clear) role in the
synthesis of novel media, capable of inducing efficient apoptosis of the tumor. Moreover,
self-organized discharge is capable of efficient controlling the ROS and RNS
concentrations in the therapeutically media, and in particular, the ROS/RNS ratios not
achievable by other types of discharges could be obtained. Thus, a novel complex
potentially adaptive cancer-active material/media platform was developed in the selforganized plasma. Our approach could be efficient in tackling the challenging problem of
high cancer-induced mortality and rising morbidity trends.
Keywords: Self-organization, Cold plasma, Plasma-liquid interface, Cancer therapy
1. Introduction
Cancer and cancer-related diseases still remain among
the most dangerous and mortiferous abnormalities
responsible for about 13% of human death cases,
accounting for more than 7 million per year. Moreover,
cancer morbidity tends to rise and about 11 million deaths
are expected in 2030 [1]. Undoubtedly, cancer represents
a problem of paramount importance and hence,
revolutionizing, sophisticatedly designed approaches are
required to tackle this challenging problem. Plasmabased cancer therapy is one of the novel techniques which
have recently demonstrated a significant potential in
curing various cancers.
Many various treatment methods are now in an active
list including surgical techniques, medication drugs, and
radiation-based approaches, but much advanced progress
is needed to cope with this problem and drastically drop
the mortality rate. Cold/non-thermal atmospheric-pressure
plasma indeed inhibits proliferation of human cancer cells
and various mechanisms were proposed to explain this
effect including the action of reactive oxygen and
nitrogen species (ROS and RNS), DNA damage and
others [2, 3]. Nevertheless, the plasma itself did not
ensure an expected breakthrough in the radical tumor
killing techniques. To move further, synergetic effects
were examined by involving new generation of
nanomaterials such as hierarchically designed nanoporous
and core-shell nanoparticles and encouraging results were
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obtained. Another idea that was put forward recently is
based on a plasma-stimulated media [4-6] to produce
highly active complex material enriched with ROS/RNS
and other active species to directly treat the tumor cells.
Although efficient in general, this approach still requires
further enhancement and specifically, much higher levels
of active species control in the plasma-activated
therapeutic media. Specifically strategies amendable for
adaptation of plasma stimulated media were proposed but
not yet realized.
In this work we present a novel approach to
significantly enhance the capability of the plasmastimulated media by involving self-organizational
phenomena at the plasma-media interface, and
specifically, by the use of atmospheric pressure glow
discharge plasma capable of engineering and maintaining
complex stratified self-organized discharge patterns. This
simple, efficient technique having adaptive features is
experimentally tested on the human glioblastoma cancer
U87 and human breast cancer MDA-MB-231 cells, and
significant drop of tumour cell viability is demonstrated.
Importantly, the plasma treatment equipment and process
are simple, cheap and human-benign, and can be utilized
at the immediate patient-contacting therapy.
2. Experimental Section
Fig. 1 shows a schematic representation of the glow
atmospheric pressure micro-discharge setup capable of
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producing well-defined self-organized stratified interface
patterns at the liquid media surface/plasma interface. The
media-producing discharge and self-organized interfacial
patterning were organized as follows. Anode was placed
at the bottom of a glass-made treat well. Above the plate,
6 ml of deionized water was added to the well. The
tungsten cathode was then installed above the water
surface. A ballast resistor was connected between the
cathode and the direct current (DC) power supply unit.

Plasma medicine

discharge voltages increases to certain degree (stage II),
the temperature of the tungsten cathode increases,
resulting into drastically enhanced heat radiation, stage II.
At stage III, the discharge enters into an unstable state
where it alternates between two (II and IV) stages
featuring strong heat radiation (stage II) and the multifilament pattern (stage IV). A plausible reason for this
behaviour could be that the high temperature results in
stronger thermionic rather than the secondary electron
emission from a comparatively cold electrode; thus the
discharge flips from the multi-filament and heat radiation
supported stage where the thermionic emission is efficient
enough to maintain the increased discharge current. At the
IV stage, the discharge stabilizes at the multi-filament
stage and stretches out to a number of discharge filaments
from the cathode to the liquid media surface. We selected
stages (modes) I and IV as the basic platforms for the biooriented studies described below in detail.

Fig. 1 Schematic representation of the atmospheric
pressure glow micro-discharge setup
UV-visible-NIR, a range of wavelength 200-850 nm,
was investigated on plasma to detect various RNS and
ROS (nitrogen [N2], nitric oxide [–NO], nitrogen cation
[N+2], atomic oxygen [O], and hydroxyl radical [–OH]).
The human breast cancer cell line (MDA-MB-231) and
glioblastoma cancer cell line (U87) were were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Life
Technologies) supplemented with 10% (v/v) fetal bovine
serum (Atlantic Biologicals) and 1% (v/v) penicillin and
streptomycin (Life Technologies). Cultures were
maintained at 37 °C in a humidified incubator containing
5% (v/v) CO2. Fluorimetric Hydrogen Peroxide Assay Kit
(Sigma-Aldrich) was used for measuring the amount of
H2O2. RNS level were determined by using the Griess
Reagent System (Promega Corporation). The cell viability
of the glioblastoma and breast cancer cells was measured
for each incubation time point with an MTT assay. All
results were presented as mean ± standard deviation
plotted using Origin 8. Student’s t-test was applied to
check the statistical significance (*p<0.05, **p<0.01,
***p<0.001).
3. Results and Discussion
The current-voltage characteristics and optical photographs discharge patterns above the DI water
corresponding to the specific current/voltage conditions
are shown in Fig. 2. The whole current-voltage
characteristic can be di- vided to the four specific stages.
At stage I (current not exceeding 7 mA) the discharge
voltage and current are low, and the discharge pattern
represent a single filament (i.e., contracted glow
discharge) following the initial corona discharge. As the
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Fig.2 Current-voltage dependence of the system with
optical photographs of the self- organized stratified
interface patterns. Four discharge stages could be clearly
determined
To avoid overheating, relative short treatment times of
24, 36, 48, 60 seconds were chosen (further
measurements have confirmed the adequacy of such a
choice). Since these measurements are essentially
concept-proof studies, the concentrations of the two main
reactive species, H2O2 and NO2-, mostly important in bioand medical applications (including cancer-killing
therapy) were measured. The time dependencies of the
H2O2 and NO2- concentrations in the plasma-stimulated
liquid media produced by the two (low- and high-current)
modes are shown in Fig. 3. For the high-current mode, the
concentration of H2O2 decreases and the concentration of
NO2- increases with the treatment time. The low-current
mode demonstrates opposite trend: both H2O2 and NO2concentrations rise with the time.
The viability of the glioblastoma cancer cells incubated
for 24h in media treated in plasma at low current was
lower than the viability of cells incubated in media
treated at high current. The minimum viability of U87
cells was detected for the media treated by high current
(mode IV self-organization at the liquid-plasma interface)
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incubated for 48 seconds. In all experiments with the U87
cells the viability decreased with the increase of the
plasma treatment time. The viability of breast cancer cells
incubated in plasma media activated at low current (i.e.,
in mode I without self-organize patterns) is in general
lower than that of cells incubated in media activated by
plasma at high current (in the self-organized pattern
mode).

Fig.3 Time dependencies of ROS/RNS concentrations and
cell viability of U87 and MDA-MB-231
The comparison of the effect of plasma-stimulated
media on human breast and glioblastoma cancer cells
reveals more pronounced effect on the viability of
glioblastoma than breast cancer cells. It’s known that
ROS can induce apoptosis and necrosis, whereas RNS
induces damage to DNA resulting into cell death [7].
Hence, the trend of both U87 and MDA-MB-231 cancer
cells death after incubation on the media activated by selforganized plasma at low current can be attributed to the
increase of ROS and RNS concentrations with the
treatment time. Moreover, a synergistic effect of RNS and
ROS could play an important role in the apoptosis effect.
When the therapeutic media is processed at high current
(i.e., self-organized plasma patterns are established at the
plasma-liquid interface), the viability trend for both types
of cells might depend on ROS more than RNS, because
the highest concentration of RNS did not result into
lowest cell viability. Comparing the viability behavior for
both cell types incubated in the high- and low-current
activated media, we can indicate that the elevated ROS
concentration may play more important role than the
RNS-induced apoptosis. Besides, we should point out that
lower viability of U87 cells versus that of breast cancer
cells is an unexpected and very important funding (given
that the U87 cells are considered to be more resilient), and
thus, more detailed studies should be encouraged.
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revealing the role and significant potential of selforganization phenomena at the interface between
atmospheric plasma and liquid plasma-activated
therapeutical media capable of efficient killing at least
two kinds of human cancer cells, namely breast cancer
MDA-MB-231 and human glioblastoma U87 cancer lines.
Based on the current-voltage characteristics of the
discharge and optical self-organized patterns at the liquid
surface, we have defined the four quite different discharge
modes and have demonstrated that the activation under
self-organized conditions plays a pivotal (yet still not
completely clear) role in the synthesis of novel media,
capable of inducing efficient apoptosis of the tumor.
Moreover, self-organized discharge is capable of efficient
controlling the ROS and RNS concentrations in the
therapeutically media, and in particular, the ROS/RNS
ratios not achievable by other types of discharges could
be obtained. Thus, a novel complex potentially adaptive
cancer-active material/media platform was developed in
the self-organized plasma. Our approach could be very
efficient in tackling the challenging problem of high
cancer-induced mortality and rising morbidity trends.
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Nanosecond-Pulsed Dielectric Barrier Discharge Plasma Enhanced Immune
Response for Wound Healing
Y. Malkova1, A. Lin1, G. Fridman1, A. Fridman1, M. Zhu1 and S. Smith1, Vandana Miller1,
1
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Abstract: Several experiments show that plasma enhances wound healing. However, the role
of immune cells for facilitating plasma-mediated wound healing have not been thoroughly
investigated. Macrophages are key immune cells which play an important role at all stages
of wound healing. In this study, we used in vitro scratch assay to study plasma effect on
wound healing through interaction with macrophages and fibroblasts cells.
Keywords: immunomodulation, wound healing, macrophages, fibroblasts, nanosecond-pulsed dielectric
barrier discharge

1. Introduction
Wound healing is a sophisticated, multistage process with
three main phases: inflammation, tissue formation and
tissue remodeling [1]. Immediately after injury, the innate
immune system is activated, setting in motion a local
inflammatory response that includes the recruitment of
inflammatory cells from the circulation [2]. Following
inflammation is tissue formation, which includes
epithelization, formation of granulation tissue and
neovascularization. The last stage of wound healing
consists of wound contraction and extracellular-matrix
reorganization [1]. A combination of various growth
factors and cytokines secreted from macrophages at the
wound site has been reported to accelerate wound healing
[3]. We have previously shown that non-equilibrium,
atmospheric pressure plasma can augment multiple
macrophage functions [4-6]. Therefore, we postulated that
plasma can also augment macrophage function to assist
wound healing.
For this investigation, an in vitro scratch assay with 3T3
fibroblasts and RAW 264.7 macrophages was used to
model wound healing [5]. We demonstrated that
macrophages treated with a nanosecond-pulsed dielectric
barrier discharge (nspDBD) plasma enhanced proliferation
of fibroblast cells likely through secreted growth factors.
This suggests that plasma may modulate wound healing
indirectly through immune cell stimulation.
2. Methods
Cells culture:
3T3 mouse fibroblasts and RAW264.7 mouse
macrophages were cultured in complete media
(Dulbecco’s Modified Eagle Medium + 10% of Fetal
Bovine Serum + 1% of Penicillin-streptomycin) at 37°C
with 5% CO2 in a humidified atmosphere. Fibroblasts were
plated into 24-well plates at 8 x 108 cells/well and grown
to confluence before plasma treatment. Macrophages were
plated into 6-well plates at 1x106 cells/well 1 day prior to
plasma treatment.
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Scratch test analysis:
Fibroblasts and macrophages were subjected to focal
mechanical disruption using a p200 pipette tip when they
grew to a uniform monolayer. Fibroblasts were scratched
once and macrophages were cross-scratched to stimulate
macrophage cells to produce secreted factors.
NspDBD plasma treatment of fibroblasts:
Plasma treatment was applied immediately after scratches
(for both macrophages and fibroblasts) using a
nanosecond-pulsed power supply at 29 kV (FID GmBH,
Germany). Before treatment, cells were washed twice with
phosphate buffered saline (PBS). PBS was removed right
before plasma treatment, and the DBD electrode was
positioned 1 mm above the cells in the well. An external
function generator (TTI, USA) was used to trigger 2, 5 and
15 Hz plasma pulses for 10 seconds corresponding to 20,
50 and 100 mJ treatment. Fresh complete media was added
into the well immediately after treatment.
Conditioned media treatment:
RAW 264.7 macrophages were cross-scratched and either
treated with 100 mJ of plasma or left untreated.
Macrophages were then incubated for 24 hours to allow for
the production and secretion of growth factors into the
media. This conditioned media (CM) was collected and
500 μl was transferred into each well of scratched
fibroblasts immediately after plasma treatment (Fig. 1).
Wells with macrophages were replenished with fresh
complete media and incubated again for 24 hours before
transfer to fibroblasts.

Figure 1. Macrophage media was transferred to fibroblast
scratches immediately after scratch and plasma treatment.
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Microscopy:
Images of fibroblast scratches were taken on a light
microscope (Nikon Eclipse TE2000-5). The Infinity 1
camera with the Infinity Analyze Program software was
used for taking images of fibroblasts scratches
immediately, 24 hours and 48 hours after plasma treatment.
The same area was repeatedly observed.
Cell counting:
Fibroblast cells were detached with 0.25% of TrypsinEDTA 200 μL/well. Cell suspension was neutralized with
400 μL of complete media, transferred into an Eppendorf
tube, pelleted and resuspended in 50 μL of complete media.
We removed 50 μl from each tube and added 50 μl Trypan
blue for life and dead cell count.
Data analysis and statistics:
For quantification of remain gap distance, the ImageJ
program was used to measure 8 different points for each
scratch along the length of the gap. The mean of the 8
points was calculated and these values were averaged per
condition. To calculate remaining gap, the means of each
condition was compare with their original gap length
(image taken immediately after scratch). Data are
represented as mean ± standard deviation.
3. Results
In this study, we have scratched a monolayer of fibroblasts,
treated them with plasma and cultured them with media
from macrophages untreated or treated with plasma. We
observed that complete gap closure occurred within 48
hours for all plasma treatments and under all media
conditions. Representative scratch images at the three time
points are shown in Figure 2.

Figure 2. Images of scratches in 0 h, 24 h and 48 h.
Remaining gap distance was measured and quantified with
ImageJ. Conditioned media prepared from macrophages
untreated or treated with 100 mJ plasma did not improve
gap closure at 24 hours when it was used to culture
scratched fibroblasts (Figure 3). However, cell counts
increased when fibroblasts were culture in conditioned
media from plasma-treated macrophages (Table 1). The
observed effect is likely due to enhanced secretion of
growth factors into the media following plasma treatment.
This suggests that while plasma-stimulated macrophages
may not help gap closure of fibroblasts, it may increase
their proliferation.
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Figure 3. Conditioned media from macrophages untreated
and treated with plasma did not affect gap closure of
fibroblasts.
Table 1. Fibroblast concentration 24 h after culture in
macrophage conditioned media
Energy, mJ
Macrophage
Macrophage
supernatant
supernatant
(0 mJ), cells/ml
(100 mJ), cells/ml
0
7.3x105
4.9x105
5
20
5.9x10
1.2x106
6
50
1.1x10
1.1x106
6
100
1.2x10
1.2x106
4. Discussion and Conclusion
Since the innate immune system is activated following
injury, plasma effect on immune cells for wound healing
should be investigated. Using an in vitro scratch assay, we
showed that supernatant from plasma-stimulated
macrophages increased fibroblast cells counts without
affecting gap closure. We have also evaluated direct
plasma treatment of scratched fibroblasts: direct plasma
treatment helped accelerate gap closure. Both cell
proliferation and migration are crucial for facilitating
wound healing, and understanding how plasma can
mediate these processes will lead to improved therapeutic
outcomes.
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COMPARISON OF PLASMA AND ELECTRIC PULSE TREATMENTS ON
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Abstract: In this preliminary work, we showed that a kHz plasma jet can induce cell
membrane permeabilization. Those results have been compared to electropermeabilization
and indicate that permeabilization by plasma is less efficient, which is probably due to the
fact that in electropermeabilization a current gets through the cells. We also showed that
chemistry and/or electric field induced by plasma plays a role in cell permeabilization.
Keywords: Plasma medicine, cell membrane permeabilization, electric field, plasma jet,
electropermeabilization.
1. Introduction
Cold atmospheric pressure plasmas have demonstrated
their potentiality in biomedical applications thanks to their
low gas temperature and their capacity to produce radicals,
ions, electrons, UV radiation and electric field.
One of the first evidence for cold atmospheric pressure
plasma inducing cell permeabilization was reported a few
years ago by Ogawa et al. They were able to introduce
nucleic acids into cells [1]. This technique could be useful
for medicine and biology applications such as gene therapy
or cancer treatment [2-3]. Leduc et al demonstrated that an
atmospheric pressure glow discharge torch was able to
induce cell permeabilization with molecules with a
maximum radius of 6.5 nm [3]. However, the
understanding of the interactions between plasma, living
cells and tissues is still far from being completely
understood and the mechanism responsible for cell
permeabilization is still unclear.
It has been demonstrated that the electric field plays a
very important role in cell permeabilization, especially in
electroporation for drug delivery where electric pulses are
used [4]. Indeed, electric pulses are able to permeabilize
cell membranes and thus to increase the uptake of nonpermeant molecules such as chemotherapies [5]. Actually,
the range of the electric field produced in cell
electroporation protocols is in the same order of magnitude
than the electric field produced by certain plasma jets. But
it must be pointed out that the pulse duration is different. It
rises at around 100µs for the electric pulses while it is
between 100 ns and some µs for kHz plasma jets. Robert
et al measured the electric field at the output of a Plasma
Gun, a kHz plasma jet, and showed that the electric field
from this plasma can in some specific conditions propagate
deeply up to several millimeters in tissues [5].
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The goal of this work is to get more insight in the role of
the electric field and the reactive species produced by a
kHz plasma jet on cell permeabilization. Electric pulses
were used to study the effect of an electric field equivalent
to that produced by the plasma jet, while the jet was used
to study the effect of the combination of reactive species
and electric field. A comparison between those two
techniques will be presented, but it must be stressed that
electric field is not applied in an equivalent manner in the
two cases.
2. Experimental setup and method
The so called Plasma Gun, plasma jet used in this study
was a coaxial dielectric barrier discharge reactor with a
quartz capillary tube. A scheme of this reactor is shown on
Fig. 1. In the tube, a ring electrode was connected to the
high voltage, while a second ring electrode around the tube
was connected to the ground. The device was powered by
microsecond-duration voltage pulses of 14 kV with a
repetition frequency between 10 Hz and a few kHz. Pure
helium was flowing through the device at 0.5 slm flow rate.
The plasma was generated in a 4 mm inner diameter quartz
capillary having a 1.4 mm inner diameter tapered outlet.
The biological model used in this work was Chinese
hamster fibroblasts DC-3F cells. The cells were cultured at
37°C with 5% CO 2 in a complete culture medium
(Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% heat-inactivated fetal bovine serum (FBS)
and 2% penicillin/streptomycin). Before treatment, the
cells were rinsed with PBS, trypsinized with TrypsinEDTA, centrifuged 5 min at 1000 rpm and counted. The
cells were then diluted in DMEM and placed in a 96-well
plate. Yo-Pro (629 Da) was used at a concentration of
1 µM as fluorescent molecular marker to detect the cell
permeabilization (1Da = 1.66 x 10-27 kg). A couple of
minutes after the plasma treatment the cells were analyzed

941

poster

Plasma medicine

using a flow cytometer. Fluorescence due to impurities was
subtracted from the total fluorescence signal, and only
fluorescence from live and dead cells will be presented.

necessary component for cell permeabilization in that case.
Another explanation would be that as DMEM media is a
conductive liquid, the electric field induced by the plasma
would have an effect on cells only on the edge of the liquid,
which means on the liquid surface and at the bottom and
on the wall of the well. A mixing of the solution would
allow to the cells to be all exposed by the electric field.

Fig. 1. Scheme of the plasma setup.
A metallic grounded plate lied under the 96 multi-well
plate, with the cells in suspension, while the plasma jet was
put vertically above the plate with the plasma plume
toward the bottom. The plasma was in direct contact with
the liquid and the treatment time was 80 s.
3. Results and discussion
Fig. 2 (a) shows a histogram of the fluorescence
measured with no treatment (ie, control, black line) and
with 80 s plasma treatment (red line). The main peak at
104 AU represents fluorescent cells, while the second peak
at 3 x 106 AU represents highly fluorescent cells.
Fluorescence of cells after plasma treatment is comparable
to the control condition, apart a slight shift on the second
peak. This indicates that under this condition, plasma has
no major effect on cell permeabilization. Fig. 2 (b) is the
same experiment condition as (a) unlike that a magnetic
stirrer is used to make the solution homogeneous. In that
case, plasma induces a change in the fluorescence. The
shape of the first peak is modified and the peak amplitude
is shifted to the right side. This reveals a slight
enhancement of cells fluorescence. Adding a magnetic
stirrer improves the mixing of the solution.
The plasma creates a multitude of components such as
radicals, ions, electrons, UV radiation and electric field and
interacts with the solution and the cells. A major challenge
is the understanding of the role of each of those
components. The results from Fig. 2 shows that solution
mixing is an important parameter. Indeed, if the solution is
not homogeneous, no cell permeabilization is observed. As
the solution mixing does not induce a modification on the
electric field and UV radiation, chemistry could be a

942

Fig. 2: Histogram of the fluorescence measured (FL1-A)
without (a) and with (b) magnetic stirrer in the well. The
black line is the control while the red line is after 80’s
plasma treatment.
Fig. 3 compares the fluorescence cell induced by a
plasma treatment (red line) with an electric pulses
treatment (blue line). A train of eight electric pulses of
100 V amplitude with a 100 μs duration at 1 Hz was
generated between two plate electrodes separated by a
1 mm gap, inducing an electric field of 1 kV/cm. In order
to make data comparable, those histograms represent the
same number of events per condition. We observe that with
plasma treatment the fluorescence increases toward the
right side compared to the control condition, while with
electric pulses treatment, the fluorescence enhancement is
even more pronounced. Initially 90% of cells were live
cells and this percentage remains unchanged after electric
pulses treatment, while it goes down to 83% after plasma
treatment.
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which is probably due to the fact that in
electropermeabilization a current gets through the cells.
We also showed that chemistry and/or electric field
induced by plasma plays a role in cell permeabilization.
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Darny et al measured that the electric field induced by
the plasma jet rises a couple of kV at 1 cm from the tube
nozzle [7]. Darny’s experiment condition were comparable
to those displayed here, apart that a solution laying on a
grounded metallic plate is in direct contact with the plasma,
while in Darny’s study there was no solution and the
plasma reached directly the metallic plate. Thus we can
assume than the electric field induced by the plasma is
comparable to the electric field produced by the electric
pulses.
In both cases, electric pulses and plasma jet enhance cell
membrane permeabilization, but the plasma induces more
cell death, while the electric fields magnitude are
comparable. As we have shown, reactive species and/or
electric field may play an important role in the case of
permeabilization by plasma. But plasma creates others
components like UV radiation or charged species which
can also play a role. The main difference between electric
pulses and plasma is the current which gets through the
solution and then through the cells with electric pulses. It
could explain why plasma is less effective than electric
pulses.
Further improvements of cell membrane permeabilization
is to be expected from the optimization of experimental
parameters, including the repetition frequency, the gap
between the tube nozzle and the gas composition.
4. Conclusion
In this preliminary work, we showed that a kHz plasma
jet can induce cell membrane permeabilization. Those
results have been compared to electropermeabilization and
indicate that permeabilization by plasma is less efficient,
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Abstract: The production of ozone, nitric oxide and nitrogen dioxide biocidal species by a
nanosecond repetitively pulsed discharge in dry air has been determined by UV and QCL
absorption spectroscopy in a decontamination. The bactericidal efficiency of these species
on dry surfaces has also been evaluated. Results show a higher activity of NO against
vegetative bacteria.
Keywords: RONS, NRP, decontamination
1. Introduction
Reactive oxygen and nitrogen species have considerable
interest in the field of plasma medicine and
decontamination because of they can strongly affect cell
functions [1]. In this study, the productions of nitric oxide
(NO), nitrogen dioxide (NO2) and ozone (O3) species
were determined at the exit of a nanosecond repetitively
pulsed (NRP) discharge working in dry air. For this
purpose, we used quantum cascade laser absorption
spectroscopy (QCLAS) in combination with a multipass
cell to measure NO density, and UV absorption to
measure O3 and NO2 in the decontamination chamber.
2. QCLAS
The main advantage of QCLAS is the selectivity of the
absorption due to the narrow linewidth of the QCL (0.006
cm-1 for our system). For this experiment, a pulsed
quantum cascade laser (Q-MACS, Neoplas Control)
excite the NO(X,2P):(X3/2,v=0)→(X3/2,v=1) R(6.5)
transition at 1900.076 cm-1. The laser is used in the socalled intrapulse mode. In this mode, a single current
ramp is used to tune the laser within the 100 ns duration
of the pulse. The chirp rate equals 0.005 cm-1.ns-1, so that
a single pulse could cover the whole absorption line
(typically 0.1 cm-1 at full width half maximum in air at
atmospheric pressure). Relative wavenumber calibration
was achieved using a Germanium crystal which acts as a
Fabry Perot etalon.
The experimental setup is shown in figure 1. The laser
chip of the QCL is placed at the focal point of an off-axis
parabolic (OAP) mirror. The collimated laser beam is
then focused to the center of 50 cm long White multipass
cell surrounding the decontamination chamber (15 litres)
using a spherical mirror of 150 cm focal length. The beam
could enter and leave the cell passing through two KBr
windows of 1 inch diameter. The beam that leaves the cell
is collimated and focused on a RT-MCT detector (300
MHz, Daylight Solutions) using an OAP mirror. First, a
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reference spectrum is taken after filling the chamber with
pure air. Second, discharge is switched on, and a second
spectrum is taken 5 minutes later once the NO density in
the chamber is stabilized. The total absorption length
equals 2 m so that the detection was estimated at 4 ppm.
The spectra are fitted using the Hitran database.

Fig. 1. Experimental setup
3. UV absorption
UV absorption was performed using a deuterium lamp
(Avantes Avalight DH-S-DUV) with a fiber output. The
lamp was turned on thirty minutes before the
measurement in order to ensure its stability. The radiation
from the fiber was collimated using a UV lens (f=10 cm)
and orientated inside the decontamination through UV
fused-silica windows. A second UV lens (f=10 cm)
focused the absorbed radiation to a fiber connected to the
entrance slit (25 µm) of a low-resolution spectrometer
(OceanOptics, Maya 2000Pro). Ozone was measured
from the Hartley absorption band, while the absorption in
the 300-600 nm range was used for NO2. Lenses cut the
light below 220 nm so that part of the ozone absorption
spectrum was not exploitable. A typical absorbance
spectrum of ozone is shown in figure 2. The absorbance
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was fitted using the absorption cross section of Gorshelev
et al. [2] for ozone and the cross section of Bogumil et al.
[3] for NO2.
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surfaces revealed a strong efficiency of the NO regime
against the microorganisms after 10 min treatment. This
result was supported by the work of Pavlovich et al. [5]
on E. Coli. Additional tests combining ozone and NOx
exposure to vegetative bacteria and endospore are
currently being performed in order to see if higher
bactericidal efficiency can be obtained in these
conditions.

Fig. 2. Typical ozone absorbance spectrum
4. Discharge setup
The plasma reactor works in a pin-to-pin configuration
where the electrodes are encapsulated in a ceramic box.
Synthetic air passed in the few milliters large interelectrode gap at a flow rate ranging from 10 to 35
standard liter per minutes (slm). The reactor and the
multipass cell were placed in the same chamber. The
nanosecond pulse plasma source delivers two pulses of 20
ns duration with opposite polarity separated by a few
hundreds of nanoseconds. The serie of two pulses could
be reproduced at a repetition rate up to 100 kHz [4]. The
voltage of the pulses could be tuned up to 10 kV.
5. Results
Figure 3 shows the measured NO, NO2 and O3 molar
fractions produced by the NRP discharge as a function of
air flow rate and pulses repetition frequency. At low
frequency and high flow rate, ozone is predominantly
produced (max 40 ppm, averaged in 15 L chamber).
Increasing the frequency leads to a transition where NO2
and NO are efficiently produced. NO molar fraction
increases by a factor of five between 30 and 55 kHz, and
reaches a maximum of 660 ppm while the maximum
value of NO2 is 190 ppm. The transition between the
different regimes can be explained as follows. At low
power, only ozone is produced. At higher power NO is
produced and efficiently oxidized by ozone:

Fig. 3. Molar fraction (in ppm) of O3, NO2 and NO
measured in the decontamination chamber
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O3 + NO  NO2 + O2
The strong NO density increase observed in figure 3 is
attributed to gas heating in the discharge region that
causes the drop of ozone density in the post-discharge
through the following reaction:

O3 + N 2  O + O 2 + N 2
Preliminary bactericidal tests on vegetative bacteria (P.
Aeruginosa and S. Aureus) deposited on dry glass
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Atmospheric pressure plasma multi-jet dynamics
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Abstract: In this work, the dynamics of a 1-dimensional plasma jet array at atmospheric
pressure have been investigated both experimentally and computationally. The dependence
of plasma propagation on parameters such as hole diameter, gas flow and voltage polarity
was studied. ICCD imaging, in good agreement with simulations, shows that the hole
diameter plays a key role in the ignition of secondary jets. A primary plasma ignited with
positive polarity is more likely to produce longer and more intense secondary jets.
Keywords: Plasma jet, atmospheric pressure, array, modeling

1. Introduction
Atmospheric pressure plasma jets have been extensively
studied in the last decade due to their wide range of
applications from surface processing to medical
treatment. These jets produce high transient electric fields
and reactive oxygen and nitrogen species (RONS) directly
in ambient air. At atmospheric pressure the plasma plume
is only a few millimeters in diameter, leading to
challenges in treating large areas. Arrays of plasma jets
would enable more practical treatment of extended
wounds, sterilization of wide surfaces and addressing
large-scale processing applications. Since early work on
arrays of plasma torches [1], more recent work on has
emphasized arrays of non-equilibrium plasma jets [2-10].
However in most cases, each jet in the array has its own
power supply or individual set of electrodes, and its own
gas inlet, which makes it challenging to operate the jets
simultaneously. Moreover electrical interactions between
individual jets in the array can produce instabilities or
unpredictable behavior.
In this paper, we present results from experimental and
computational investigations of a 1-dimensional array of
plasma jets. This array has the advantage of using only
one power supply, one set of electrodes and one gas inlet
to ignite several tens of jets even with a gas flow that is
often associated with on a single aperture (< 2 l/min). The
results in this paper were produced using ICCD imaging,
spectroscopy, and modeling. The effect of several design
parameters is explored, including hole diameter, gas flow
rate, and voltage polarity.
2. Experimental setup
The Plasma Gun (PG) is a dielectric tube with an
annular high voltage electrode within the tube, and a
grounded electrode near the powered electrode but on the
outside of the tube. Details of the Plasma Gun are
described by Robert et al. [11]. It is powered by µs
duration voltage pulses and is sustain, for the present
work, in helium. To produce a multi-jet configuration, a
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transparent dielectric tube with a series of holes drilled in
one side, is added to the end of the usual PG. In this work,
a capillary tube with 5 evenly spaced holes, 5 mm apart,
was studied. Holes with a diameter of 200, 500 and 800
μm, have been tested. Unless otherwise specified, the
experiments were performed with hole diameter of 800
μm, gas flow of 1 l/min, and peak voltage 16 kV. A
metallic grounded target is placed 1.5 cm under the multijet setup, and mimics a typical conductive target in
biomedical applications. A fast framing camera (ICCD
Pimax3) was used with a Nikon AF micro 60 mm lens to
record the propagation of the plasma. The gate width was
10 ns, and images were averaged over 100 pulses.
3. Model of multi-jets
nonPDPSIM is a 2-dimensional, plasma hydrodynamics
model which solves Poisson’s equation on an
unstructured mesh [12]. The computational geometry
used is shown in Fig. 1. The steady state gas flow profile
is allowed to develop by running the fluid simulation for
9 ms before the voltage pulse is applied. He at 1 slm is

Fig. 1. The multi-jet geometry used for nonPDPSIM
modeling, with the steady state helium density profile
after 9 ms of fluid simulation. Both axes are broken to
show the ground planes with are actually at a much
greater distance. The base case has a hole diameter of
800 μm and 5 mm between the holes.
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flowed through the tube with impurities of 0.1% H 2O, 4.7
ppm N2, and 2.4 ppm O2. Humid air flows from the
surface in between the holes to account for the 3dimensional effect of entrainment of ambient air. A
pressure boundary condition is applied to the grounded
target which affectively acts as pump. The dimensions
match the experimental geometry with one exception, the
distance from the electrode to the first hole is shorter in
the model to accelerate the computation. Experiments
have been performed using several lengths between the
electrodes and first hole, and no critical differences were
found.
The voltage pulse is -16 kV with a 5 ns rise time, and the
voltage is kept on for the duration of the simulation. The
reaction mechanism addresses helium and humid air with
36 species and 445 reactions. Radiation transport and
photoionization of the impurities is included VUV
emission by He2*.
4. Influence of the polarity
As already shown [9], contrary to a metallic tube for
which all jets ignite at the same time, in the case of a
dielectric capillary the jets ignite sequentially, as shown
in Fig. 2. The ionization wave (IW) begins at the powered
electrode, propagating down the tube toward the holes.
Each time the IW crosses over a hole, there is the
generation of a secondary ionization wave (SIW). The
horizontal primary ionization wave (PIW) continues in
the dielectric capillary while the SIW propagates out of
the hole and towards the metallic grounded target.
Polarity is a key parameter for the shape and
mechanisms of single plasma jets and streamer
propagation [9]. This is true in this multi-jet device as
well. Positive polarity creates jets long enough to touch
the target even with low He flow (<1 l/min). Nevertheless
if the flow rate is too low (<0.5 l/min) streamers in air
will then be ignited to the surface of the target. With
negative polarity and for the same flow rate, the jets are
much shorter. For the imaging results shown in Fig. 2, the
gas flow rate is 1 l/min. In this configuration, negative
polarity jets are only a few millimeters long. Consistent
with the behavior of single jets, IWs with negative
polarity are slower than with positive polarity. The
negative polarity IW requires twice the time for the PIW
to fill the capillary with plasma based on the results in
Fig. 2. With a higher flow rate (2 l/min), SIWs were able
to reach the target. Contrary to the case with positive
polarity, the propagation of the SIW was in two stages. In
the first stage, short jets are created until the plasma fills
the tube. Then all the jets at the same time become longer
and reach the target. Emitted light recorded by the ICCD
camera shows that jets were more homogeneous than with
positive polarity.
5. Light emission and Spectroscopy
When the SIW is propagating, the maximum luminosity
is recorded a few tens of nanosecond after the SIW hits
the target. The upper part of the jets, near the hole,
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become brighter, as shown in Fig. 2. This is indicative of
a restrike occurring after the IW rebounds from the
metallic grounded target. The luminosity of the jets
decreases at each subsequent hole. It seems that a smaller
and smaller voltage drop occurs at the front of the IW,
during propagation and the SIWs become weaker.
Spectroscopy measurements show that emission from a
plume originating from a single jet is different from that
from the multi-jet setup. With a grounded metallic target
under a single jet, a higher intensity near the target was
observed. The intensity from NO*, OH*, N2(C→B) and
N2(B→A) is 5 times higher near the target than at the end
of the tube for a single jet. In the multi-jet, when bright
emission near the target was observed, an even brighter
zone also occurred near the hole.
As shown in Fig. 3, the global intensity is higher near
the first hole of a multi-jet array compared to the target,
while the emitting species are essentially the same. In
single jet configuration it has been shown that this higher
luminosity is due to a rebound of the IW from the target
[13]. In the present multi-jet device, finding this same
phenomenon but near the hole shows that there may be
restrikes of each SIW from the target that then counter
propagates. This may lead to SIW merging as reported in
[14] where intense NO* and N2 (B→A) emission were
discussed.
6. Effect of the hole diameter
In this section, we investigate the behavior of the
plasma when it goes through the hole. ICCD imaging
shows that there is a delay between the time when the
PIW reaches the hole and the ignition of the SIW.

Fig. 2. Propagation of IW in (left) positive and (right)
negative polarity with 800 μm holes and 1 l/min
helium and 16 kV.
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Moreover, the smaller the holes are, the larger the delay.
Emission from the SIW for multi-jet arrays having 500
μm and 800 μm holes is shown in Fig. 4. The emission
from the SIW from the 800 μm occurs earlier However,
the PIW with 500 μm holes propagates further than the
PIW with 800 μm holes while their speeds were the
nearly the same (1  105 m/s). With 200 μm holes, the
delay for the SIW is even longer as the PIW as the time to
fill the capillary before the ignition of a SIW. For this
particular case, instead of igniting a plasma in the first
hole, the SIWs start with the last hole and then the jets are
ignited in the reverse order, potentially due to a restrike.
In the model, the PIW begins at the powered electrode
and propagates within the tube, exiting each hole in order,
which is consistent with the experiment, as shown in Figs.
5 and 6.
SIW propagation through the holes depends strongly on
hole diameter, as shown in Figs. 5 and 6. For the 800 μm
holes, the vertical SIWs exit the tube shortly after the
PIW passes by. For the case of 200 μm holes, the vertical
SIWs are significantly delayed in exiting the tube. This

Fig. 3. Spectra from SIW for first 800 m hole for
three positions with positive polarity. (top) 1 mm
downstream of the hole, (middle-dark line) 7 mm from
the hole and (middle-light line) 1 mm from the target
(below). Gate width was 500 ms and spectra collected
by a Maya2000 Pro spectrometer.

948

Fig. 4. Ignition of the first jet with hole diameters of
200, 500 and 800 μm with positive polarity. ICCD
gate width was 10ns.
.
slow vertical SIW for small holes is due to the vertical
component of the magnitude of the electric field within
the holes. For a smaller hole, the vertical electric field, in
the direction of the SIW, is much smaller. In addition, as
the PIW propagates, it emits VUV photons. Before the
PIW reaches a given hole, the photons it emits produce
photoelectrons on the vertical surface of the hole, which
initialize the SIW. The view angle of the surface for
plasma produced VUV photons for photoelectron
emission is smaller for smaller diameter holes. The
nearby surface for the smaller hole also provides a
recombination site for electrons.
The plasma within the tube is more intense at the lower
than the upper surface of the tube due to the asymmetry in
the ground planes. The lower ground plane is just 1.5 cm
from the tube and the upper ground plane is 15 cm from
the tube. As the SIW propagates through each of the
holes, it propagates along the right hand surface of the
hole, as shown for an 800 μm diameter hole in Fig. 7. As
the PIW is propagating, it is emitting VUV photons.
Before the PIW reaches a given hole, the photons only
have a line of site to the right hand surface of the hole.
This produces photoelectrons from the surface on the
right, which serve as the initial electrons for the SIW,
which is then driven by electron impact ionization. Upon
exiting the hole, the plasma propagates toward the
centerline of the hole. This is due to the humid air
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Fig. Fig. 7. Plasma propagating through an 800 m
hole. (left) Simulation and (right) experiment.

Fig. 5. The evolution of the electron impact ionization
source term (Se) for an 800 m hole diameter. The
secondary ionization wave propagates out the hole
shortly after the primary IW passes.

Fig. 6. The evolution of the electron impact ionization
source term (Se) for a 200 m hole diameter. The
secondary ionization waves are significantly delayed
from the time that the primary IW passes.
diffusing into the helium flow. As the concentration of
humid air increases at the boundaries of the hole, there are
more energy losses to vibrational and rotational modes,
and less ionization for a given electron temperature. This
leads to the plasma preferentially forming in areas of
higher He mole fraction. Higher He flow rates generate a
larger region of high mole-fraction He, making SIW
propagation more likely.

ISPC23, Montreal, Canada

7. Conclusion
The behavior of a helium multi-jet has been
investigated with respect to hole diameter, gas flow rate,
and voltage polarity. The ionization wave in this multi-jet
system propagates as a main horizontal ionization wave,
or primary ionization wave (PIW) and several secondary
ionization waves (SIW) which branch off as the PIW
passes each hole. A smaller hole diameter reduces the
propagation speed, intensity, and length of SIWs due to a
reduced vertical electric field. Positive polarity voltage
pulses produce SIWs which propagate to greater distances
at a given He flow rate. Increasing the flow rate increases
the SIW length due to a larger region of higher He mole
fraction. Models and experiments are in a good
agreement.
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Abstract: Poly(lactic acid) (PLA) is a well known biodegradable polymer in the
biomedical field due to its good biocompatibility and excellent chemical stability. Despite
this, PLA has some drawbacks, such as strong hydrophobicity, poor cell affinity and
absence of suitable functional groups for covalent immobilization with bioactive molecules.
The application of an atmospheric pressure dielectric barrier discharge treatment in N2/N2O
mixtures has shown to be a promising approach to functionalise PLA surfaces.
Keywords: Poly(lactic acid), biodegradable polymer, dielectric barrier discharges.
1. Introduction
Polylactic acid (PLA) is a biodegradable aliphatic
polyester, which is widely used in the pharmaceutical and
biomedical sectors on account of its biocompatibility and
good mechanical properties. Typical applications include
resorbable sutures, drug and growth factor delivery
systems, stents, scaffolds for tissue engineering and bone
fixation devices [1]. Nevertheless, the surface
characteristics of PLA are not optimal as far as the
cell/implant
interaction
is
concerned.
Indeed,
hydrophobicity and low surface energy, both arising from
the presence of methyl groups in the polymer structure,
adversely affect cell attachment, spreading, and
proliferation [2]. Poor cell adhesion and proliferation may
induce inflammatory responses, infection and ultimately
implant rejection. Tailoring PLA surfaces to improve their
biocompatibility may help to overcome these issues. For
that purpose, an atmospheric pressure plasma treatment
operating under different N2/N2O gaseous mixtures and
hydrolysis protocol in NaOH solutions [3] were
implemented on PLA films in order to enhance surface
wettability ergo cell adhesion [4], through the formation
of hydrophilic carboxyl functionalities. Moreover, these
chemical groups enable the subsequent covalent
bioconjugation with peptides and proteins such as
enzymes and antibodies to promote more specific cellsurface interactions.
2. Materials and methods
Plasma treatments were performed in a home-made AC
powered DBD reactor operating at atmospheric pressure
under different N2/N2O mixtures. In order to get a
homogeneous Townsend discharge in N2, the gas gap
between PLA topmost surface and the top electrode was
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set to 1 mm. The discharge was driven by AC highvoltage of 15 kV peak to peak at 3 kHz, which
corresponds to a discharge power of 0.25 W/cm2. In each
experiment, the total flow rate of N2 was set at 5 L/min,
while both the amount of the oxidant N2O (0, 100, 300
and 600 ppm) and the treatment time (1, 2, 3, 4 and 5
min) were varied. The alkali hydrolytic treatment was
performed by dipping PLA films in 0.25, 0.5 and 1 M
NaOH solutions at room temperature for different
incubation times (1, 2, 3, 4, 5, 6 and 7 h). To assess the
wetting characteristics, contact angle measurements were
carried out before and after plasma and hydrolytic
treatments while the surface composition of the as-treated
PLA films were analyzed by X-ray photoelectron
spectroscopy (XPS). The surface density of carboxyl
groups generated on PLA surfaces by plasma or alkaline
treatments were quantified by means of a colorimetric
assay utilizing Toluidine Blue-O (TBO). Topographical
features of treated PLA surfaces were examined using
both scanning electron (SEM) and atomic force (AFM)
microscopies.
3. Results
After plasma and hydrolytic treatments, the observed
decrease in the water contact angles, that is, the increase
in the wettability, highlights the enhancement of the
surface hydrophilicity of PLA films (Fig. 1a,b). Although
similar contact angles are obtained in both procedures,
shorter treatment times are required in the case of the
plasma treatment to achieve the same degree of
hydrophilicity.
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(b)

(a)

20 µm

20 µm

Fig. 1. Water contact angles for (a) plasma treated PLA
surfaces and (b) alkali treated PLA surfaces.
High-resolution XPS C1s spectra (not shown) enable to
evidence the formation of carboxyl functionalities, known
to be hydrophilic, on the PLA surface after plasma and
alkali hydrolytic treatments. Indeed, an increase in the
intensity of the 288 eV XPS feature, assigned to the
carbonyl functionality (O-C=O bonds) in COOH groups,
was observed. When compared with the untreated PLA
films, colorimetric assays show that the plasma treatment
leads to a slight increase in the surface density of carboxyl
groups (Fig. 2a). Nevertheless, the relationship between
the concentration of surface carboxyl groups and the
experimental parameters, i.e., the treatment time and the
N2O concentration, is not completely clear. On the
contrary, the density of COOH groups on the alkalitreated PLA surfaces clearly increases concomitantly with
both the treatment time and the NaOH concentration (Fig.
2b).
(a)

(d)

20 µm

20 µm

Fig. 3. SEM micrographs of PLA films. (a) Untreated, (b)
plasma treated with [N2O]=300 ppm for 5 min and (c)
hydrolysed with [NaOH]=0.5 M for 1 h and (d)
hydrolysed with [NaOH]=1 M for 7 h.
Although no significant topographical changes were
observed in SEM micrographs, AFM images evidenced
notable differences on the surface topography of plasma
treated PLA films at the nanometer scale (Fig. 4a-c).
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Fig. 2. (a) TBO results in plasma treated PLA films for
different N2O concentrations. (b) TBO results in alkali
treated PLA films for different treatment times and
concentrations; 0.25M, 0.25M and 1M.

Fig. 4. AFM images of PLA films. (a) Untreated, plasma
treated (b) with [N2O]=300 ppm for 1 min and (c) with
[N2O]=600 ppm for 4 min and hydrolysed with
[NaOH]=0.25 M for 4 h.

Scanning electron micrographs reveal that no
significant morphological changes are observed on
plasma treated PLA surfaces regardless of the treatment
time and the N2O concentration (Fig. 3a,b). The apparent
degradation noticed at the micrometer scale for PLA
samples subjected to the alkali treatment appears to rely
on both the concentration of the NaOH solutions and the
treatment time (Fig. 3c,d).

Indeed, the surface roughness slightly increased after
plasma treatment (Table 1). Regardless of the treatment
time and the amount of the oxidant in the discharge, the
roughness values are quite similar, except for the PLA
treated with 600 ppm of N2O for 4 min. However, the
roughness values of plasma-treated PLA films are lower
than that measured in alkali-treated PLA film. In table 1,
are shown roughness values for different PLA surfaces
treated by plasma and alkali solutions.
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Table 1. Rrms values for plasma and alkali treated PLA
surfaces.
Surfaces
Rrms (nm)
Untreated PLA
3±1
Plasma - [N2O]=0 ppm - 1 min
4.6±0.3
Plasma - [N2O]=0 ppm - 4 min
4±2
Plasma - [N2O]=100 ppm - 1 min
4.8±0.4
Plasma - [N2O]=100 ppm - 4 min
3±1
Plasma - [N2O]=300 ppm - 1 min
5.1±0.3
Plasma - [N2O]=300 ppm - 4 min
6.4±0.9
Plasma - [N2O]=600 ppm - 1 min
5±2
Plasma - [N2O]=600 ppm - 4 min
11±1
Hydrolysis - [NaOH]=0.25 M - 4 h 30±10
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poly (lactic acid) with an improved alkali-acid hydrolysis
method. Mater Lett 2015;140:144–7.
[4] Jacobs T, Declercq H, De Geyter N, Cornelissen R,
Dubruel P, Leys C, et al. Plasma surface modification of
polylactic acid to promote interaction with fibroblasts. J
Mater Sci Mater Med 2013;24:469–78.

4. Discussion
Carboxyl functionalised PLA has been successfully
prepared by means of an atmospheric pressure N2/N2O
plasma and alkali hydrolytic treatments. Even though
contact angle measurements and high-resolution XPS C1s
analyses provide similar results in terms of carboxyl
functionalisation, colorimetric assays point out to greater
effectiveness, i.e., more COOH functions formed per area
unit, when choosing the alkali treatment. Nonetheless, on
account of the severe deterioration observed in alkaline
treated PLA surfaces, the implementation of these
surfaces is unsuitable for biomedical purposes. In
summary, our results indicate that the plasma treatment at
atmospheric pressure for PLA surface functionalisation is
a promising strategy to promote the formation of carboxyl
groups without causing macroscopic surface deterioration.
Further to this, the carboxyl groups generated by plasma
treatment could be used for the subsequent bioconjugation
with peptides and proteins such as enzymes and
antibodies, by means of covalent binding in order to
promote more specific cell-surface interactions.
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Disinfection/sterilization of thermosensitive materials by the late flowingafterglow of a N2-O2 low-pressure discharge: assessment of DNA damage to
bacterial spores
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Abstract: Plasma disinfection/sterilization is a promising alternative to conventional
methods. Our specific system uses the late flowing-afterglow of a N2-O2 discharge at
reduced-pressure and is efficient to inactivate bacterial spores deposited on thermosensitive
materials as shown with survival curves. Since UV radiation is the main biocide agent in
the process chamber, the genomic DNA is extracted, from unexposed and exposed bacterial
spores, and analysed by gel electrophoresis to gain insight into the mechanisms of
inactivation.
Keywords: Sterilization, plasma, low-pressure, bacterial spores, DNA damage.
endospores as Biological Indicators. A given number of
B.atrophaeus spores (107 in 200 µl of sterile distilled
water) is deposited at the centre of polystyrene (PS) Petri
dishes (Sarstedt, Tissue Culture Dish #83.1801, 60 x 15
mm) and allowed to dry at room temperature in the dark.
Petri dishes are then placed in the process chamber and
exposed to the N2-O2 low-pressure discharge afterglow.
After exposure, the Petri dishes are kept 24 hours at
ambient temperature in the dark. Spores are recovered as
described in [2] and viability results are pooled from
several independent experiments using different spore
stocks and deposits.
108
107

Number of survivors

1. Introduction
Plasma disinfection /sterilization of medical devices is
an alternative to conventional methods based on wet/dry
heat, ionizing radiation and chemical treatments (O3, EtO,
H2O2, etc.). The temperature in our process chamber is
approximately 40°C and thus lower than the glass
transition temperature of most polymers. It therefore
becomes possible to disinfect/sterilize thermosensitive
medical devices. Exposure to ionizing radiation,
stemming from radioactive sources, leads to in-depth
surface modifications while requiring a relatively
spacious environment and a safety-controlled facility,
which result in high costs. When turning to chemical
treatments, it is necessary to vent medical devices
afterwards since they have been impregnated by toxic
residues. Our plasma disinfection/sterilization does not
generate toxic residues and does not require expensive
investment. The method appears to be safe for both the
patient and the operator.

106

1st phase
D1 = 3.1 ± 0.1 min

105
104

2. Experimental arrangement
The system comprises a plasma source and a flowing
afterglow chamber (50 litres) in which the process is
achieved [1]. The gaseous discharge is sustained by an
electromagnetic surface wave launched by a surfaguide.
Microwave power is generated at 2.45 GHz at an output
power of 200 W. The N2 flow rate is set at 1.4 slm and
that of O2 at 3 sccm, corresponding to 0.21% O2 in the
N2-O2 mixture, ensuring maximum UV radiation intensity
(200-400 nm). The gas pressure in the process chamber is
set at 466 Pa. The distance between the plasma source and
the process chamber entrance is 820 mm to make sure that
the chamber is filled with late-afterglow species only (no
electrons and ions).

Fig. 1. Survival curve of B.atrophaeus spores exposed to
the late flowing-afterglow of a N2-O2 discharge sustained
with 200 W of microwave power at 2450 MHz in a 50
litre chamber [1].

3. Inactivation of B.atrophaeus bacterial spores
The efficiency of our disinfection/sterilization
processing system has been validated by using bacterial

Figure 1 is a typical survival curve of B. atrophaeus
bacterial spores that shows the number of survivors
(viability) as a function of exposure time. The Sterility
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Assurance Level (SAL) is reached after 60 minutes of
exposure. Assuming that inactivation mechanisms result
from a first order kinetics, a typical survivor curve will
adopt a straight line on a semi-log graph. Figure 1 shows
two straight segments on this survival curve, which are
designated as the first and the second phases. The slope of
each segment leads to the decimal time (D-value) required
to inactivate one log10 of microorganisms. The second
phase could be attributed to spores underneath a stack
while the first phase corresponds to isolated spores or
those on top of a stack [3].
4. Assessment of bacterial spores DNA damage
The inactivation of B.atrophaeus bacterial spores in our
system is mainly due to the UV radiation (200-400 nm)
provided by NO* excited molecules [4], which leads to
DNA lesions (damage) [5]. The NO* molecules are
formed by collisions between N and O atoms resulting
from the dissociation of N2 and O2 molecules by electrons
in the microwave discharge. As such, N and O atoms,
which have a low coefficient of recombination into N2 and
O2, can infiltrate efficiently into a partially opened
Baglight®Polysilk® pouch and diffuse throughout a stack
of spores before forming a NO* excited molecule, which
immediately radiates a UV photon. As such, our approach
is totally different from that of a UV lamp, the radiation
of which cannot enter crevices, for example. DNA from
unexposed and exposed bacterial spores was extracted
according to [6]. The DNA pellet was air dried and
suspended in 50 µl of TE buffer solution (10 mM TrisHCl, 1 mM disodium EDTA, pH 8.0). Analysis of
genomic DNA samples was performed by agarose gel
electrophoresis using 0.8% agarose and 0.7 µg/ml
ethidium bromide dissolved in TAE buffer solution (40
mM Tris-Acetate, 1 mM EDTA, pH 8.3). The gel was run
at 90 V for an hour and observed with an ultraviolet (UV)
transilluminator.

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2 : Genomic DNA extracted from B. atrophaeus
spores, unexposed and exposed to the N2-O2 flowing
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afterglow
for
different
exposure
times,
and
electrophoresed through a 0.8% neutral agarose gel.
(Lanes: 1- 1Kb Plus DNA Ladder; 2 - Unexposed; 3 - 15
®
®
min; 4 – 15 min in Baglight Polysilk ; 5 - 30 min; 6 –
®
®
30 min in Baglight Polysilk ; 7 - 60 min; 8 – 60 min in
®
®
Baglight Polysilk ; 9, 10 – 120 min; 11, 12 - 120 min in
®
®
Baglight Polysilk )
Figure 2 (lanes 3,4,5 and 6) shows that there is no DNA
damage to bacterial spores exposed 15 and 30 minutes to
the N2-O2 flowing afterglow, without and within
BagLight®Polysilk®, compared to the unexposed one
(lane 2). After 60 minutes of exposure, we observe DNA
damage to bacterial spores exposed within packaging,
which corresponds to double-strand breaks (figure 2 lane
8). This result is the same when bacterial spores are
exposed free from packaging, except that there is a lesser
amount of extracted genomic DNA (figure 2 lane 7).
After 120 minutes of exposure, the DNA of bacterial
spores exposed within the packaging is damaged (figure 2
lanes 11 and 12). However, when bacterial spores are
exposed 120 minutes without packaging, similarly as after
60 min a very little amount of DNA could be extracted
(figure 2 lanes 9 and 10). This is explained by the fact that
bacterial spores are heavily physically damaged [7] and
that our extraction protocol is not able anymore to isolate
properly the genomic DNA.
5. Conclusion
We
have
demonstrated
that
a
plasma
disinfection/sterilization system, based on the late
flowing-afterglow of a N2-O2 low-pressure discharge, is
efficient to inactivate microorganisms such as
B.atrophaeus bacterial spores. The Sterility Assurance
Level (SAL) is reached after 60 minutes of exposure. The
gel shows that DNA damage (double-strand breaks) is
observed only after 60 minutes of exposure. Moreover,
since inactivation of bacterial spores begins within the
first minutes of exposure, further investigations will be
undertaken to assess other DNA damage such as UV
photoproducts and single-strand breaks.
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Exploring the nature of plasma-liquid interactions
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Abstract: The aim of our research is to provide fundamental insight in the mechanisms that
are important for plasma-liquid applications. We performed both molecular and macroscopic
scale simulations to investigate the interactions of oxygen based radicals with water and the
accumulation of plasma generated species over a gas-liquid interface as well as inside bulk
water. Our results indicate the importance of atomic oxygen at the liquid interface and the
induced convection inside the solution, in agreement with recent experimental observations.
Keywords: Plasma-liquid interactions, fluid dynamics.
1. Introduction
The use of cold atmospheric pressure plasmas (CAPPs) in
various scientific fields is governed by the interaction
between a cocktail of reactive species and the substrate of
interest, such as waste water, medical equipment and
biological tissues. In most cases, this is coupled with the
presence of liquid water, adding a new dimension in the
plasma treatment.
In the field of plasma medicine, the interaction of the used
CAPPs with liquid (water or biomedical medium) is
receiving growing interest. As medical samples and tissues
are usually covered with a water-based solution, the
delivery of plasma generated species to the substrate or
tissue is significantly affected. This greatly complicates
our understanding of which species reach the substrate of
interest and the important processes that play a role in the
application at hand [1]. On the other hand, water-based
liquids can be used to create, store and deliver plasma
generated reactive oxygen and nitrogen species (RONS)
[2-4]. These liquids are known as Plasma Activated Water
(PAW) or Media (PAM). While PAW is based on pure
water, PAM is created using water containing a mixture of
biomolecules such as amino acids. Plasma activated liquids
provide a more controlled treatment and are able to reach
places in the body which are difficult to treat with a plasma
source. This is of particular interest for plasma cancer
treatment as tumours can be treated inside the body by
injecting it with the activated liquids. Moreover, increasing
evidence shows that PAW and PAM contain similar anticancer properties compared to the treatment with CAP [34].

system; and fluid dynamics (FD) calculations providing us
with macroscopic insight in treatment mechanisms and
phenomena.
2. Molecular Dynamics
MD simulations were performed in order to evaluate the
interactions of important oxygen-based reactive species
(i.e. hydroxyl radicals, OH, and atomic oxygen, O) with
water molecules in solution. This was done using the
Density-Functional based Tight-Binding (DFTB) method
[5], which enabled us to investigate the reactivity of both
radicals in bulk water in a dynamic and quantum
mechanical manner.
DFTB is a computational technique, which utilizes a
Taylor series expansion of the Kohn-Sham total energy as
used in DFT calculations. Here, the third order DFTB is
used which employs the third series expansion of the
mentioned energy equation, resulting in a self-consistent
computational method able to accurately describe
hydrogen binding energies, proton affinities and proton
transfers, for systems up to 10³ atoms. Calculations were
performed using a canonical ensemble in a 15Å x 15Å x
15Å box containing water molecules with a density of 1
mg/ml. The oxygen-based radicals were introduced by
replacing existing water molecules in the simulation box.
Our calculations indicate that the transport of OH radicals
in the solution is governed both by diffusion as well as
through the following H-abstraction reaction with the
surrounding water molecules [6]:
OH + H2O ↔ H2O + OH

In spite of the rapid increase in knowledge and research in
these fields, fundamental insight in the mechanisms are
limited, yet of the utmost importance. In this regard,
computational research provides an excellent tool, as it is
able to elucidate the fundamental processes and
mechanisms, which are very difficult to obtain
experimentally. Here, we performed simulations on two
different levels: atomic scale molecular dynamics (MD)
simulations enabling us to obtain detailed information on
the dynamic behaviour and interactions of the molecular
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Additional simulations containing two OH radicals were
performed in order to evaluate the interaction between both
radicals in an aqueous environment. Here, we observed two
possible outcomes: i) H-abstractions reactions leading to
the formation of triplet O; and ii) a stable side-to-side
cluster formation. The latter, however, did not lead to the
formation of H2O2 as this requires much larger time scales.
These observations are supported by ab initio calculations
performed by Codorniu-Hernández [7].
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species can be transported to the liquid phase. Furthermore,
the effect on the formation of these and other species inside
the liquid are studied, as well as their life time. In this way,
the importance of the plasma generated species during the
treatment of the liquid covered materials is evaluated.
Table 1. Plasma generated species included in the model.
Gas phase

Liquid phase

H2O, H2, N2, O2, O, O2a, O3, OH,
H, H2O2, HO2, N, NO, NO2, HNO2,
HNO3, NO3, N2O5, HOONO

H2O, H2, N2, O2, O, O3, OH, H,
H2O2, HO2, N, NO, NO2, HNO2,
HNO3, NO3, N2O5, HOONO, O2-,
OH-, H3O+, NO2-, NO3-, OONO-

Fig. 1. Snapshots of the simulations of singlet O (top) and
triplet O (bottom) in water. Water molecules are depicted
in transparent grey while the complex of interest in
depicted in red and white (for O and H, respectively).
Next to the OH radicals, the interactions of atomic O (both
singlet and triplet) with water in solution have been
studied. Here, again, two sets of observations were made
(see figure 1): i) the stability of triplet O, as already
observed after the H-abstraction reactions between two OH
radicals; and ii) the formation of an O-water complex in the
case of singlet O, forming a metastable isomer of H 2O2.
Our MD calculations highlight the importance of atomic O
during the initial interactions between plasma generated
species and the liquid interface. Given the reactive nature
of both atomic O and OH radicals, they can play a
significant role during the treatment of water-covered
tissues and material during plasma treatment, as observed
experimentally [8].
3. Fluid Dynamics
We performed FD calculations to investigate the
macroscopic behaviour of plasma species, typically found
in the afterglow of a plasma jet [9], see table 1, in contact
with water, as well as the transfer of these species over the
gas-liquid interface. Our model is meant to mimic the
treatment of water with a plasma jet and predict which
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Fig. 2. Velocity magnitude and direction of the flow, both
in gas phase and liquid. An inlet flow rate of 3 L/min is
used. The magnitude of the velocity of both the gas and
the liquid is given in colour scale. Velocity vectors are
depicted using arrows which are logarithmically scaled
(red and white for the gas and liquid phase, respectively).
The liquid velocity vectors are scaled 10 times larger than
those of the gaseous phase, in order to also visualize the
movement of the liquid.
For this model, 19 gas phase species and 24 liquid phase
species have been introduced (see table 1), resulting in a
reaction set of about 105 reactions in total. The
incompressible Navier-Stokes equations for momentum
are used until a steady-state is reached for each phase (both
gas and liquid). Afterward, the time dependent equations
for mass and heat transfer are solved for the introduced
particles, taking convection and diffusion into account. In
this model the transfer of species over the gas-liquid
interface is calculated. This includes the solvation of
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species, governed by Henry’s law, and the evaporation of
water due to the gas flow. Species at the gas-liquid
interface are in equilibrium as defined by their Henry’s
constant.
By means of this model we studied the influence of various
parameters on the accumulation of plasma generated
species inside the liquid. Among these parameters are the
flow rate, temperature, treatment distance, gas and air
composition. Furthermore, we paid special attention to
convection, which is induced by the initial gas flow or the
resulting drag on the liquid phase due to shear stress
inflicted by the gas flow on the interface. This drag leads
to the formation of a vortex in the liquid, which greatly
affects the velocity profile and therefore the transport of the
simulated plasma species in the solution. The magnitude of
the velocity vectors as well as their direction is depicted in
Fig 2. This observation is in excellent agreement with
recent experimental results [8, 10].
4. Conclusion
We have investigated the mechanisms and interactions of
plasma generated reactive species in and in contact with
water, by a combination of both molecular and
macroscopic scale simulations. This knowledge allows us
to provide fundamental insight, necessary for the creation
and use of plasma activated liquids and for various plasmaassisted fields more in general.
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Electrical discharge at the interface of two dielectric liquids: application for
nanomaterial synthesis
A. Hamdan and M. S. Cha
King Abdullah University of Science and Technology (KAUST), Clean Combustion Research Center (CCRC), Thuwal
23955, Saudi Arabia
Abstract: Research in the field of plasmas-in-liquids is mostly concerned with increasing
the treatment efficiency and decreasing the energy consumption. Here we present a study of
nanosecond discharge in layered liquids with different dielectric permittivity. We show that
discharge efficiency is improved by changing the interface position with respect to the anode
tip. We also show that discharges at the interface of water-hexamethyldisilazane liquids lead
to the synthesis of hydrogenated SiOC nanomaterial with high production rate.
Keywords: Non-thermal plasma, discharge in liquid, nanomaterial synthesis.
1. Introduction
It has recently become evident that the field of plasmasin-liquids will play a significant role in plasma-based
technologies of the future generation. This is because the
potential to efficiently resolve fundamental problems
related to the environment, such as water treatment [1], fuel
reforming [2], nanomaterial [3], and biomedicine [4], is
high. Among the varying techniques of plasma generation
in liquids [5, 6], high voltage application to metallic
electrodes immersed in liquid is the one mostly used [7].
Although the generated species (electrons, ions, radicals,
and photons) have interesting properties in terms of energy
and density, the created plasma volume is limited by the
injected energy. Thus, the cost of energy for processing at
industrial scale is high.
Recently, attempts have been made to increase the
plasma volume and reduce the injected energy [8, 9]. One
interesting method relies on injecting gaseous bubbles
between the electrodes [10]. It has been shown that the low
density of the gas, as compared to the liquid, and the
discontinuity of the dielectric permittivity (ε) at the
interface liquid-gas are responsible for facilitating the
discharge conditions [11]. Consequently, the generated
plasma is confined in the bubbles [10-12], and only a small
fraction of the generated species is diffused in the liquid,
which limits the treatment [13].
Based on the fact that the discontinuity of ε at the
interface of the two dielectric materials can induce local
enhancement of the electric field intensity, like that
observed at the interface gas-liquid [10, 11], we believe
that this property can be used to create efficient discharges
in liquids. In this paper, we present a systematic study
showing that the discharge can be improved by controlling
the interface position of the two dielectric materials with
respect to the anode tip, and consequently, increasing the
discharge probability as well as the plasma volume. Two
configurations have been studied: heptane-water and
hexamethyldisilazane (HMDSN)-water. Discharges at the
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interface of HMDSN-water have been successfully applied
to the synthesis of hydrogenated SiOC nanoparticles—low
dielectric material—used in numerous applications
(electronic, optical, mechanical, nuclear, and biomedical).
2. Experimental setup
Nanosecond discharges were created using the setup
presented in Fig. 1.

Fig. 1. The schematic of the experimental setup.
A pulsed power supply (FID, FPG-25-15NM) was used
to create a positive high-voltage (HV) pulse (full-width at
half maximum of 10 ns). For imaging characterization, the
amplitude Va = 15 kV and repetition rate of 1 Hz were used,
while for material synthesis, Va = 25 kV and repetition rate
of 6.4 kHz were used. The electrodes are made of tungsten;
anode with diameter of 0.5 mm with a radius curvature of
~50 μm at the tip and cathode with diameter of 0.5 mm:
pin-to-plate configuration. Two gap distances (d) between
the electrodes were studied: d = 1.5 and 2.5 mm. The
discharge was created in distilled water (ε = 80) and, to be
improved, it was covered by dielectric material. Two
dielectric materials were tested: heptane (ε = 1.9) and
HMDSN (ε = 2.2). An ICCD camera (PI-MAX2) was used
to capture the spatial distribution of the light emitted from
the discharge. The exposure time of the ICCD was set at 1
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μs to fully accumulate emitted light from discharges. A
delay generator (BNC, 575) synchronized the ICCD and
the LED lamp with the discharge event. The LED lamp was
used to visualize the interface between the two liquids and
the electrodes in ICCD images.
Fourier Transform Infra-Red (FTIR) spectrometry
(Nicolet, 6700) was used to analyse the composition of the
liquid and solid samples based on absorption spectra in the
range of 500–4000 cmˉ1 with a spectral resolution of 4
cmˉ1. A Magellan XHR 400 FEG scanning electron
microscope (SEM) and A Titan 60-300 ST (FEI)
transmission electron microscope (TEM) equipped with a
spherical aberration corrector were employed for high
resolution imaging.
3. Discussion
3.1. Discharge Characterization
In this part, we present the results of heptane-water
configuration; note that the results can be extended to other
liquids with comparable density and ε. The position (h) of
the interface was systematically varied by controlling the
volume of water using a microsyringe; h is positive if the
interface is higher than the tip of the anode, and negative
otherwise (Fig. 1).
First, to characterize the stochastic nature of the
discharge in water, we introduced the concept of discharge
probability (DP), which is the percentage of successful
discharges out of more than 200 applied pulses. Note that
we could not generate discharges (i.e., DP = 0) at h > 7 mm
or h < 0 in the case of d = 1.5 mm and Va = 15 kV and at h
> 4 mm or h < 0 in the case of d = 2.5 mm and Va = 15 kV.
This means that we could not generate discharge in water
nor in heptane with 15 kV in the present electrode
configuration. This is expected as the applied voltage (15
kV, pulse width of 10-200 ns) is usually used to create
discharge in micrometric gaps (< 200 μm) [14].

Fig. 2. The variation of the discharge probability as a
function of the interface position from the anode tip for d
= 1.5 and 2.5 mm.
As the position of the interface was moved down closer
to the tip of the anode (h was varied from 7 mm to zero),
DP increased and reached 100% at h ≈ 2.5 mm (at d = 1.5
mm and Va = 15 kV), as presented in Fig. 2. When d is
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increased to 2.5 mm, the maximum DP (100%) was
obtained at h ≈ 1 mm.
Second, we studied the morphology of the plasma
emission at d = 1.5 mm and d = 2.5 mm; Va = 15 kV.
Typical ICCD images for selected positions h are shown in
Fig. 3; h values are indicated at the top in Fig. 3. When h
was decreased, and the interface approached the anode tip,
the spherical plasma region became bigger as indicated by
the radial expansion of the plasma discharge. Also,
additional plasma filaments originating from the plasma
sphere became more visible as h further decreased (Fig. 3,
0.75 < h (mm) < 2.75). Interestingly, when h approached
the tip of the anode (h < 0.25 mm), we observed plasma
localization and propagation along the interface heptanewater; this condition of interface position will be used in
the forthcoming section where nanomaterial synthesis is
discussed.

Fig. 3. Discharge shape as a function of the interface
position (h) for a) d = 1.5 mm and b) d = 2.5 mm. The
ICCD exposure time was 1 μs, and Va = 15 kV.
To understand the influence of the heptane-water
interface position on the discharge behaviour, we
simulated a static electric field (EF) using the Comsol
Multiphysics commercial software. The experimental
configuration has been simplified and 2D simulation has
been performed for d = 1.5 mm and Va = 15 kV. The spatial
distribution of the EF for various interface positions is
presented in Fig. 4.

Fig. 4. 2D numerical simulations of electric field
intensity. The upper and lower electrodes are the anode
(15 kV) and the cathode, respectively; d = 1.5 mm. The
water was on the bottom while the heptane was on the
top.
As the position of the interface approached the tip of the
anode, we observed two phenomena. First, the intensity of
the EF at the tip of the anode increased from 1.6×108 to
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12×108 V/m. Second, the volume of the region near the
anode, where the EF is high, increased. The electrical
discharge with different dielectric permittivity (low and
high ε) of the two layered liquids can be conceptually
understood as follows. First, the physical problem can be
explained as the presence of static electricity at the
interface of two dielectric media. We set Ex to be the
tangential component and Ey to be the normal component
of the EF. According to classical electrostatics, at the
interface of two dielectrics, the tangential components of
the EF in both media should be matched, say Ex,water =
Ex,heptane, while the density of the electric flux should be
conserved in a direction normal to the interface such that
εwaterEy,water = εheptaneEy,heptane. Therefore, the normal
component of the EF is intensified by the ratio of
εwater/εheptane, i.e., 40 times.
At –1.5 < h (mm) < 0, the intensity of the EF at the tip of
the anode dropped significantly and became insufficient to
ignite the discharge in the low dielectric material (see the
image at h = –0.85 mm).
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bands are successfully identified and annotated to the
spectra. A comparison between the spectra of liquid phase
nanoparticles and the unprocessed HMDSN shows that
after processing i) a spectral peak corresponding to the Si–
O–Si asymmetric stretching vibration mode appears at
1060 cmˉ1, ii) the peak intensities of vibrational modes
involving nitrogen, i.e., Si–N–Si at 928 cmˉ1 and N–H at
1179 cmˉ1, decrease, and iii) the OH vibrational band
intensity between 3000 and 3500 cmˉ1 increases. This
indicates that the original liquids (water and HMDSN) are
dissociated, and the O atoms originating from the water
dissociation lead to the formation of silicon-oxide-based
materials. Kinetics of liquids’ dissociation and material
formation are beyond the scope of this study.

3.2. Synthesis of hydrogenated SiOC nanoparticles
Nanomaterial synthesis experiments were conducted at d
= 1.5 mm, Va = 25 kV, and repetition rate = 6.4 kHz, for
HMDSN-water liquids with h ~> 0. The liquids’ colours
changed within several seconds after switching ON the
plasma: the HMDSN became dark-tan and the water
became milky (Fig. 5). After 15 minutes (5 min of
discharge + 10 min of resting time), a clear colour
separation of the liquid was observed: the dark-tan liquid
is localized between the colourless liquids, water (bottom)
and HMDSN (top), as confirmed using FTIR analysis.
Then, the dark-tan coloured solution was collected using a
syringe and dried in air resulting in a compact solid
material with off-white colour. Note that the rate of
material production was around 10 mg/min, indicating
therefore a high efficiency of the process as compared to
other plasma-based techniques [15-17].

Fig. 5. The liquids state during and after processing. The
coloured region indicates the transformation of the liquid
and the synthesis of nanoparticles. The drying of the
processed liquid lead to an off-white compact solid
material.
The FTIR analysis, presented in Fig. 6, has been
performed on the synthesized particles, solid phase (offwhite solid compact material) and liquid phase (dark-tan
liquid), and the spectra are compared to those of
unprocessed water and HMDSN liquids. The absorbance
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Fig. 6. FTIR spectra (absorbance) of the synthesized solid
particles, solid phase and liquid phase, and the
unprocessed water and HMDSN liquids.
Upon evaporation of the volatile liquid, 24 hours after
plasma treatment, the solid particles were analysed.
Compared to the plasma processed liquid, the vibrational
bands of N-containing molecules (Si–N–Si at 928 cmˉ1 and
N–H at 1179 and 3381 cmˉ 1) completely disappeared
indicating that the obtained solid particles are nitrogen free.
The intensity of C–H vibrational bands at 2898 and 2954
cmˉ1 also decreased. This indicates that the CH containing
components were in HMDSN or in other CH-containing
by-products (e.g., hydrocarbons). Also, the distribution of
Si–(CH3)x peaks, observed in the range of 650–900 cmˉ1
changed after the liquid evaporation indicating that the
vibrational bands of Si–(CH3)x originated from the liquid
components.
The morphology of the solid particles was obtained using
SEM, and typical agglomerates of particles deposited on an
aluminum substrate are shown in Fig. 7a. These samples
were prepared by evaporating (at room temperature) one
droplet of the plasma processed liquid onto an aluminum
plate. The material is composite-like showing
nanoparticles embedded in a matrix. Fig. 7a also shows that
the material is sandwich-like in which the nanoparticles are
embedded.
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Fig. 7. a) SEM image and b) TEM image of the
synthesized nanoparticles.
TEM images of nanoparticles are presented in Fig. 7b.
The nanoparticles are amorphous, as shown by the highresolution (HR) image (Fig. 7b, inset), with an average size
of ~30 nm. Moreover, the Electron Energy Loss
Spectroscopy (EELS), data not presented here, shows the
presence of Si, O, and C elements with a typical signature
of silicon oxide EELS spectrum.
4. Conclusion
We have introduced a new and simple technique to
improve discharges in liquids. Indeed, by simply placing a
covering layer of a low-dielectric material on distilled
water and approaching the interface position to the anode
tip, we could increase the plasma volume and the electrical
discharges probability (from 0 to 100%) of the same
geometrical configuration and under the same operating
conditions. The difference in the dielectric permittivity of
the liquids (ε = 80 for water vs. ε = 1.92 for heptane and ε
= 2.2 for HMDSN) enhanced the electric field at the
interface leading to increase in discharge efficiency. We
also showed that discharges at the interface water-HMDSN
lead to the formation of hydrogenated SiOC nanoparticles
with relatively high production rate, up to 10 mg per
minute. Using this technique, electrode erosion is
completely avoided, as no tungsten particles could be
found in the collected materials. This implies that we can
produce high purity nanoparticles and can maximize the
durability of the device.
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Degradation of phenol by a submerged DC non-transferred arc plasma jet
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Abstract: Toward high-efficient degradation of phenol in wastewater, a submerged DC
non-transferred arc plasma jet was employed in this work. Experimental results show that,
with specific input energy (SIE) of 2090 kJ/L, 90% of phenol was degraded and 50% of
chemical oxygen demand (COD) was removed. The calculated energy efficiency of phenol
degradation and COD removal at same SIE are 0.25 g/kWh and 0.35 g/kWh, respectively.
The solution PH and conductivity were strongly affect by specific input energy.
Keywords: Phenol, Arc plasma, degradation, chemical oxygen demand.

1. Introduction
Due to the high salinity, high acidity, high chemical
oxygen demand (COD) and low biodegradability of the
wastewater containing phenolic compounds, phenol has
been listed as a priority pollutant by many countries [1,
2]. In order to degrade phenol in wastewater, several
conventional methods, as filtration, coagulation,
adsorption, ion exchange and biological, have been used.
However, the conventional methods are challenged
because of the stable chemical structure, the high COD
and low biodegradability of phenol. Therefore, the
advanced oxidation processes (AOPs) attracted increasing
attentions owing to its environmental compatibility and
high removal efficiency [3]. AOPs are innovative tool that
in situ generate highly reactive species to removal organic
pollutions, such as radicals (OH and O), ozone (O3) and
hydrogen peroxide (H2O2). Plasmas, including pulsed
discharge, dielectric barrier discharge (DBD), glow
discharge and arc discharge, have been studied as the
promising AOPs technique. Amongst them, arc plasma
possesses advantages in the term of large plasma volume,
high concentrations of reactive species, high degradation
and energy efficiencies.
In this work, a submerged DC non-transferred arc
plasma jet system was used for phenol degradation. Effect
of SIE on phenol degradation, COD, solution PH and
conductivity were studied. High degradation and COD
reduction were achieved.
2. Experimental
Figure 1 indicates the schematic diagram of the
submerged arc plasma jet system. It is composed of the
bottom arc torch and the top stainless-steel (STS316L)
cylindrical chamber. The arc torch is driven by a DC
power supply (Perfect 70P, Perfect DAIDAI) with a fixed
power of 1.61 kW. The arc can be generated between a
rod-type inner cathode and a cylindrical outer anode with
an inter-electrode gap distance of 2 mm. N2 controlled by
a mass flow controller (F22720-012, Brooks Instrument)
was fed into the arc torch through two tangentially located
gas inlets with a gas flow rate of 10 L/min.
A gas chromatography mass spectrometry (GC-MS;
7890A and 5975C, Agilent Technologies) with additional
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Fig. 1. Schematic diagram of submerged arc plasma jet
system.
FID detector was used to qualitative and quantitative
analysis of phenol and by-products by using DB-5MS
column. The degradation rate and energy efficiency were
calculated by the following equations.
Degradation efficiency:
C  Ct
Phenol  ( 0
) 100
(1)
C0
Energy efficiency:
C  V 
EEPhenol (g/ kWh)  0 L Phenol
(2)
Pin  t
Where C0 and Ct are the initial concentration and
concentration with treatment time of t. VL is the treated
solution volume. And Pin is the discharge power. In
general, the degradation efficiency always related to the
specific input energy (SIE). Here SIE is defined the
electrical input energy (The input power multiply by the
treatment time) divided by the volume of the treated
wastewater as shown in Eq. 3.
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P t
(3)
SIE( kJ )  in
L
VL
The PH and conductivity of the treated solution were
measure by a PH sensor (Inlab Expert Go-ISM, Mettler
Toledo) and a conductivity meter (Inlab 731-ISM, Mettler
Toledo), respectively. The COD was evaluated by a COD
photometer (AL200, Aqualytic) based on oxidation of
Potassium dichromate (K2Cr2O7). COD removal and
energy efficiency of COD removal are defined as follow.

COD removal:
COD0  CODt
) 100
COD0

250

200

150

100

50

0

(4)

Energy efficiency of COD:

C  V 
(5)
EECOD (g/ kWh)  0 L COD
Pin  t
Where COD0 and CODt are initial COD and COD with
treatment time of t.
3. Results and discussion
Fig. 2 shows photos of treated wastewater and
degradation efficiency of phenol at various SIE with
concentration of 100 mg/L, solution volume of 600 ml
and discharge power of 1.61 kW. Degradation efficiency
of phenol increases rapidly to 90% with increasing SIE in
the range of 0 to 1290 kJ/L, and increases slowly to 100%
with increasing SIE from 1290 to 4500 kJ/L.
Correspondingly, the colour of the wastewater at various
SIE changes from transparent to light yellow and then
becomes back to transparent. Obviously, there are some
by-products should generate in water during degradation
of phenol. From analysis of GC-MS, the main byproducts of hydroquinone, catechol and benzoquinone
were detected in treated water. In general, phenol
degradation always goes through several steps. Firstly,
one H of phenol was substituted by OH to form
hydroquinone or catechol. And then, by-products of
hydroquinone and catechol were oxidized to
benzoquinone, and further to small molecules as maleic
and oxalic acids [1]. Finally, small molecules were
released as CO2. Since the similar reason from byproducts in the water, COD of treated wastewater can’t be
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Fig. 3. Chemical oxygen demand at various SIE
reduced synchronously with degradation efficiency of
phenol (see Fig. 3). At SIE=2090 kJ/L, COD of treated
wastewater only reduced to 50% of the initial value,
which is much lower than the corresponding 90% of
phenol degradation efficiency. In addition, at same SIE,
the calculated energy efficiency of phenol degradation
and COD removal are 0.25 g/kWh and 0.35 g/kWh,
respectively.
From Fig. 4, the reaction rate constant of phenol
degradation was calculated as first order. The rate
constant of 0.197 was estimated from the slope in Fig. 3.
This rate constant is much higher than that in corona
(0.02) [4] and that in DBD (0.018) [5]. This implies the
application promising of the arc system for wastewater
treatment.
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Fig. 2. Photos of treated wastewaters and degradation
efficiencies of phenol at various SIE.
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Fig. 4. Pseudo-first-order kinetic plots of phenol
degradation
Solution PH and conductivity of treated wastewater at
various SIE were plotted in Fig. 5. Since the N2 was used
as discharge gas of arc torch, nitrite (NO2-) and nitrate
(NO3-) ions produced in plasma processes can
significantly change the solution PH and conductivity.
From Fig. 5, solution PH and conductivity of treated
water with and without phenol shows similar trend in the
tested SIE range. The PH of the solution drops rapidly at
SIE lower than 800 kJ/L, and then decreases slowly. The
conductivity of solution increases linearly in the tested
SIE range. However, with 100 mg/L phenol in the water,
the treated wastewaters had lower PH and higher
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conductivity at same SIE. This should be attribute to the
organic acids generation during phenol degradation [1].
4
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Fig. 5. Solution PH and conductivity at various SIE
4. Conclusion
A submerged DC non-transferred arc plasma jet was
employed in this work for phenol degradation with high
reaction rate. 90% of phenol degradation and 50% of
COD removal were achieved at SIE of 2090 kJ/L.
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Propagation analysis of negative streamer channel in water
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Abstract: Highly spatiotemporal visualization of negative streamers in ultrapure water was
conducted when a single-shot pulsed negative voltage was applied to a needle electrode in a
cuvette. It was clarified that the negative streamers propagated with a velocity of 600-700
m/s when the pulsed currents appeared in discharge current waveform. During the
appearance of the pulsed currents, the light emission was also detected by a streak camera.
Keywords: Discharge in water, High voltage, Visualization, Electric charge
1.

Introduction
Pre-breakdown phenomena which are occurred when a
high voltage is applied between electrodes in liquid are
called ‘streamer’ same as in the air. Streamers in water
include not only discharge phenomena accompanying
light emission but also bubble channel generation
phenomena. The propagation processes of streamers
have different morphology with a polarity of applied
voltage. Especially, propagation velocity of positive
streamers reaches at about 25-30 km/s, and they are
capable of generating reactive oxygen species, ultraviolet
rays and shockwaves during their propagation [1]. On the
other hand, the underwater negative streamers have
applied to generating many microbubbles [3]. Although
it is known that the negative streamer propagates with
subsonic speed, the propagation mechanisms have not
been revealed yet.
In this study, we visualized successive propagation
photographs of underwater negative streamers by highly
spatiotemporal optical system to clarify the propagation
mechanism of negative streamer by synchronized with
the current waveform.
2.

Method
Figure 1 shows a schematic of the experimental setup.
A needle-to-wire electrode system with a gap length of 2
mm was placed in a quartz cell, which was 45 mm in
height, 10 mm in width, and 10 mm in depth. The quartz
cell was filled with 3 ml of ultrapure water. Both
electrodes were made of platinum wire with a diameter
of 0.5 mm and covered with insulation tubes. The tip

Fig. 1. Schematic of experimental setup.
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curvature radius of the needle electrode was sharpened to
around 30 μm.
Single-shot pulsed high voltage of -23 kV with rise
time of 100 ns was applied to the needle electrode using
a pulsed high voltage circuit as shown in Fig. 1. A trigger
signal for the applied voltage was sent to a camera and a
backlight with some delay through a delay generator. The
waveforms of applied voltage and the discharge current
were measured by using a high voltage probe and current
probe, respectively.
To visualize the streamer propagation in water, a 532
nm green laser was used as a light source. A series of the
propagation process of the negative streamer was
visualized by a high-speed camera and a microscope
lens.
3.

Results and Discussion
Figure 2 shows a series of shadowgraph images of the
propagation process taken with a gate time of 50 ns at 10
Mfps at -23 kV and the synchronized waveforms of the
applied voltage and the discharge current with the gate
timings. Displacement current was observed when the
voltage raised, and the streamer started to propagate after
300 ns. As shown in Fig. 3, the streamer propagated
rapidly from t = 0 μs to 0.2 μs, then the propagation
became slow, and the rapid propagation restarted again at
t = 0.9 μs. The rapid propagation corresponded to the
amount of the electric charge per 1 ns. Thus, the
repetitive pulsed current waveforms suggest that the
streamer propagates intermittently each pulsed current
appearance. The propagation velocity which is obtained
just after the appearance of pulsed current was 600-800
m/s, and the propagation velocity was around 200 m/s
when the pulsed currents were not observed. This result
implies that the faster propagation is caused by
concentration of electric field at the tip of streamer, and
the slower propagation is occurred due to heat expansion
of bubbles.
Figure 4 shows a streak image of negative streamer
propagation with the synchronized current waveform
taken with a sweep speed of 25 ns/mm when the voltage
of -22 kV was applied. The streamer, which colored in
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Fig. 2. (a) A series of shadowgraphs of the negative streamer propagation taken by using a laser as a backlight with an
exposure time of 50 ns at 10 Mfps when the voltage of -23 kV was applied and (b) the synchronized waveforms of the
applied voltage and the discharge current. (c) Magnification of the discharge current.

Fig. 3. Propagation velocity obtained from Fig. 2 and
the amount of electric charge for 1 ns.
black because the backlight was not transmitted bubbles
channels, have already started to propagate from 400 ns
to 550 ns. The propagation velocity of the streamer
channel was 763 m/s. However at around 700 ns, the
negative streamer stopped propagating because the
propagation channel deviated from the view field. Light
emissions were also visualized around the tip of the
needle electrode when the pulsed currents were
appeared in the current waveform. So the correlation of
the light emission and pulsed current was shown in the
result of streak image.
4.

Conclusion
In this study, the propagation processes of the
negative streamers were visualized successively with the
synchronized waveforms of discharge current. After
voltage was raised, the streamer propagated with the
velocity of 600-800 m/s at the same time of appearance
of repetitive pulsed currents. The light emissions were
visualized when the appearance of the pulsed current by
using streak camera.
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Fig. 4. A streak image of negative streamer propagation
with a synchronized waveforms of discharge current.
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Low temperature plasma interactions with in-flight liquid microdroplets
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Abstract: We have shown atmospheric pressure plasma – microdroplet interactions leading
to Au nanoparticle synthesis over microsecond timescales. The extremely high chemical
reaction rates are thought to derive from both radical and low energy electron flux to the
microdroplet surface. Direct measurement of downstream H2O2 and OH radicals, further
experimental characterisation of the plasma – droplet system along with chemical and
electrical modelling is used to characterise underlying mechanisms. The effect of plasma
interactions with living E coli cells, isolated in microdroplets will be presented.
Keywords: plasma – liquid, nanoparticles, droplet microreactors, solvated electrons.
1. Introduction
Transport of micron-sized liquid droplets through a low
temperature RF plasma [1] at atmospheric pressure has
demonstrated a number of remarkable and unexpected
effects. After a short flight time, ~120 s, there is
evidence that chemical reactions induced by the plasma
and gas flux proceed at a rate that is significantly faster
that observed in plasma – bulk liquid studies and many
orders of magnitude faster than in standard bulk
chemistry. [2] Current theories of microparticle charging
in a collisional environment are limited. While in-flight
charge measurements represent a significant challenge,
the relatively large size of the droplet (10 – 20 m
diameter) and the limited evaporation over the flight time,
offer the prospect of using droplets as a spherical probe to
develop enhanced collisional probe theories in the regime
where the particle size is greater than Debye lengths or
mean free paths. In-flight measurements indicate a
minimum net charge of 105 electrons, considerably higher
than that obtained by other charging methods. We report
pulse charge measurements using a dual concentric
micro-ring probe and compare results with numerical
simulation.
There exists a large potential to develop new plasmaliquid processes for medical, chemical, biological,
environmental and materials applications, among others
and we can highlight some unique features of the plasma
– microdroplet system that may provide opportunities for
exploitation, namely: (i) a controlled ambient
environment, (ii) a large surface area to volume ratio, (iii)
small volume, (iv) low droplet temperature, (v) in-flight
chemical synthesis and encapsulation, (iv) remote
delivery. The droplet system also offers new possibilities
for studying complex kinetic interactions between plasma
species and a defined liquid surface with limited
momentum transfer. We will report both experimental
measurements and simulations of plasma-induced droplet
chemistry and highlight the impact of specific species,
namely solvated electrons and OH• radicals on living
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bacterial cells carried in the droplet.
Experimental
A continuous stream of near mono-sized droplets was
obtained from a Burgener Mira Mist X-175 nebuliser
driven by neon gas flows up to 1.0 slm via a mass flow
controller. The liquid (H2O) was supplied by a syringe
pump at 3 – 16 µl/min. The divergent (20o) aerosol output
of the nebuliser was interfaced to a quartz tube with a 2
mm inner diameter via a custom-designed acrylic
manifold which focussed the aerosol and Ne gas flow
using a concentric helium gas curtain with controlled
flows between 1 – 4 slm.

Figure 1: plasma – microdroplet setup
The aerosol droplet transport efficiency is optimized by
varying the water, neon and helium gas flows. The He/Ne
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gas stream transported the droplets along the tube to the
plasma region formed by concentric ring electrodes at the
outer wall and driven by rf power from 0.35 W to 0.42 W
at 13.56 MHz, as determined from close-coupled plasma
impedance measurements during operation.
The length of the plasma region between electrodes was
~2 mm with a minimum ~1 mm to tube exit, Figure (1),
used for droplet imaging. Plasma isolation from the
ambient air was obtained by setting the plasma up to 200
mm from the tube outlet. Low resolution images show a
parallel droplet spray at the tube outlet, indicating
persistent laminar flow beyond the capillary, with a slight
reduction in spray diameter when the plasma is turned on.
Droplet velocity, position and diameter (D) after exiting
the plasma were obtained from high resolution images of
area 1805 x 1805 µm centered at 1500 µm and 4000 µm
from the end of the tube. A Questar QM-100 long focal
length microscope was used to image the droplets onto an
Andor IStar CCD camera with exposures of 10 µs or
20 µs. The object plane coincided with the central axis of
the aerosol flux and quartz tube and the depth of field was
150 µm. Velocity and diameter were determined from
streak length and width respectively.
Gas Temperature
Optical emission spectra in the wavelength range 200 nm
– 900 nm range indicate the effect of aerosol addition on
spectral lines. Features clearly visible are neon atomic
lines, as well as OH and N2 atomic bands. There is a
clear decrease in the intensity of the OH emission when
the aerosol is turned on, as a result of the increase in
humidity which leads to increased collisional deexcitation of OH via collision with water molecules. Gas
temperature was estimated from spectral fits to synthetic
spectra (N2 and OH lines) generated by Specair software.
From OH lines, average gas temperature estimates were
~335K for flow rates > 2000 sccm. For He-Ne gas flows
as used in nanoparticle formation (ratio 3.5:1), with and
without aerosol (10 µL min -1), fitting to the 0 - 2 N2 Band
produced temperature estimates of 335 K without aerosol
and 365 K with aerosol.
Droplet Diameter and Velocity
Droplet (100% H2O) size and velocity versus radial (axial
offset) position were determined from high resolution
images for a range of flow conditions with and without
plasma
exposure.
Lognormal
size distribution
characteristics were obtained from straight-line fits to log
probability plots (ln(D) v probit function). Values of
count median diameter were ~15 m for non-plasma
treated aerosol distributions and this reduced to a
minimum of 13 m for plasma treated droplets,
representing a volume loss of about 30%. The droplet rate
was ~5 x 104 droplets/s, equivalent to ~5 droplets in the
plasma region at any instant. The droplet velocity
distribution against radial offset position from the central
axis, normalised to the average gas speed of 17 ms-1 is
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contained within a parabolic envelope, suggesting nearlaminar flow conditions pertain. The peak droplet speed is
however only ~170% that of the carrier gas average
velocity. Since droplet speed is measured outside the tube,
flow effects and turbulence on entering the laboratory air
mass may cause a reduction in droplet speed. The ratio of
droplet speed Vdrop (r) to local gas speed Vgas (r) is plotted
against radial position (r) and the average varies from
50% near the edge of the tube to almost 75% at the centre.
This is consistent with enhanced gas divergence at the
edge of the gas stream as it exits the tube.

Figure 2: (a) Ratio of plasma OFF to plasma ON
measured droplet absolute velocity, averaged for each 1
um diameter bin and (b) Ratio of plasma OFF to plasma
ON measured droplet relative velocity, averaged for each
1 um diameter bin. The relative velocity is the ratio of the
droplet velocity Vdrop (r) to that of the local gas velocity
Vgas (r) at radial distance r, assuming a parabolic gas
velocity profile with radial distance.
A discernible difference in droplet velocities for plasma
exposed gas streams was observed compared to the no
plasma case, Figure 2. Plasma exposed droplets were on
average faster at the tube exit and the difference was more
noticeable for smaller and hence lighter droplets which
would be more susceptible to gas flow velocity changes.
Taking into consideration the radial distance of the
droplets from tube centre and their velocity with respect
to local gas speed, plasma exposed droplets are faster but
the size dependence is no longer observed. Overall this is
consistent with plasma-induced gas flow laminarity.
Droplet Evaporation
The evaporation rate of sessile water droplets typically
follows a D-squared law (Dfinal2 = D02 – ct) where c is an
evaporation constant, generally determined empirically
and t is the flight time.7 From log probability plots, we
determine a fitting constant k = ct to match distributions
with and without plasma exposure. Flight times were
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estimated using 10 velocity bins leading to a value of
evaporation constant of 1 x 10-7 m2 s-1 that represents the
enhanced evaporation due to plasma exposure. This rate is
approximately 2 – 3 orders of magnitude higher than the
measured droplet evaporation rate of < 1.5 x 10-10 m2 s-1
in stagnant humid N2 or a rate of 1.5 x 10-9 m2 s-1 for
flowing dry N2. Simulations indicate that the high
evaporation rates we observe would require equivalent
gas temperatures of 3000K, much higher than our cold
plasmas which are maintained below 370K.
There is an average < 5 droplets in the plasma at any one
time and for a droplet rate of 5 x 104 s-1, the observed
droplet evaporation contributes about 1000 ppm water
vapour, averaged over the plasma volume. However, for
droplets travelling at or near the gas speed, the
evaporating liquid will form a saturated vapour shell
around the droplet which will impact on the plasma-liquid
chemistry. This may allow a much higher local vapour
concentration than would normally exist in in a plasma
without causing extinction. With an evaporation rate of
107 m2 s-1 and assuming a droplet speed equal to the
average gas speed (17 m s-1), then droplets of  5 m
initial diameter will be totally evaporated within the
plasma. This represents ~5% of the total droplet number
and ~0.05% of the total liquid flow. For the same gas
speed, without plasma, and an estimated evaporation rate
of 5 x 109 m2 s-1, equivalent to that for flowing dry
nitrogen, a travel distance of 500 mm from plasma region
(or ~30 ms flight time) is required to fully evaporate 50%
of the droplets. The distance between collection liquids or
surfaces and the plasma region varied between 10 mm
and 120 mm. Therefore evaporation between the plasma
region and collector was negligible compared to that
within the plasma.
Droplet Chemistry
Since plasma – liquid interactions are known to generate
H2O2, we sought initially to measure the amount of H2O2
formed during droplet exposure from absorption
measurements of the collecting liquid for various plasma
input power values, figure 3. It has been reported
experimentally that H2O2 is formed in the gas phase and
diffuses into the liquid, owing to its high Henry’s
constant. Plasma generation of chemically active species
(OH) was investigated using Methylene blue (MB) as an
indicator, specifically its decrease in absorbance with and
without droplets. A Fenton reaction (i.e. degradation of
H2O2 in the presence of iron) was used to produce a
calibration curve for quantitative comparison. MB
degradation rate as a function of distance from the bulk
plasma region is shown in Error! Reference source not
found.. In the presence of droplets, the MB degrades
more rapidly, by up to 40%.
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Figure 3: H2O2 concentration in the microdroplet after
~120s plasma exposure at different plasma input powers

Figure 4: Methylene Blue (MB) indicator placed in petri
dish and exposed to downstream plasma effluent with and
without plasma exposed droplets. The plasma species
(from He/Ne/H2O plasma) are isolated from laboratory
air, until they reach the MB.
Experimental measurements provide key inputs to
simulations of the droplet chemistry and charge flux. The
former couples plasma - H2O reactions with radial
diffusion and vortex flow in the droplet. On-going plasma
electrical measurements and droplet charge measurements
seek to inform a spherical probe flux model under
collisional conditions.
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Combustion of organics liquids wastes with a submerged thermal plasma
ELIPSE process
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Abstract: A thermal plasma process called ELIPSE developed for the destruction of
organic liquids wastes is described. The originality of the ELIPSE process is to use a nontransferred arc plasma torch in immersion in an aqueous solution. A liquid organic is
directly injected on top of the plasma torch operating with oxygen as plasma gas. The
combustion of the organic liquid takes place in a confined zone in order to maximize the
destruction efficiency of the process.
Keywords: thermal, plasma, process, organic, liquid, waste, combustion, submerged

1. Introduction
A wide range of organic liquids are used in the nuclear
industry. Some of them can be treating through specific
processes whereas others are still waiting from outlet to
be destroyed and stabilized. A new organic liquid
incineration process (called ELIPSE process) involving a
non-transferred plasma torch working under a water
column is under development at the French Atomic
Energy Commission. Its objective is to treat a wide
variety of organic liquids which are difficult to incinerate
by conventional techniques.
2. Experimental setup
A 3D global schematic view of the ELIPSE facility is
shown in Fig. 1.

Figure 2 : View of top of the plasma torch integrated at
the bottom of the ELIPSE reactor: (a) without water then
(b) immersed in water
The plasma torch delivers an electrical power close to 45
kW (power deposited in the plasma around of 23 kW)
from an electrical arc generated between a tungsten
cathode and a copper anode. The cathode is shielded by
argon gas flow (30 NL.min-1), and oxygen is injected
downstream to form reactive plasma (200 NL.min-1) (Fig.
3).

Figure 1 : 3D global view of the ELIPSE facility
In this process, a non-transferred arc plasma torch is
submerged in the core of an aqueous solution. The plasma
torch is disposed vertically to the base of a water jacket
reactor filled with water (Fig. 2).
Fig. 3 : Plasma torch installed for the ELIPSE process.
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The water contained in the reactor is continuously filtered
and cooled via a water process system that includes a
recirculation pump, a trap filter and a heat exchanger. An
acidity/basicity regulation system allows maintaining the
pH at the required operating level. The combustion gases
pass through a water column inside the reactor and then
through a condenser-demister to eliminate the droplets
and water vapour. An infrared absorption analysis gives
the gas content of CO and CO2 at the outlet of the
condenser in a real time.
In this configuration the ELIPSE process offers several
advantages: combustion gases are quenched and cleaned
by the submersion solution which filters the mineral
particles and cools maintained for the entire process,
which guarantees excellent corrosion control.
3. Specific combustion zone
From the operating parameters of the plasma torch a
mass specific enthalpy of ~10 MJ/Kg and a mean
enthalpy temperature superior to 3450 K are evaluated.
The main chemical zone is located on top of the plasma
torch where the organic liquid is in contact with the
oxygen plasma and immediately vaporized and oxidized.
Calculations performed with C3GAZ code showed that
most of the CO are formed at high temperatures if the
organic liquid penetrates directly into the aqueous
solution after its combustion with the oxygen plasma jet
[1]. In order to displace the CO/CO2 equilibrium towards
a zone rich in CO2, three additional stages have been
integrated on top of the torch [2]:
- The first stage, which is referred to as the
injection stage, ensures the homogeneous
injection of the organic liquid into the heart of
the oxygen plasma. This stage undergoes very
high thermochemical stresses. Consequently, the
injection part contains a dedicated closed cooling
circuit and is made of inconel alloy 601.
- The second stage, which is referred to as the
reinjection stage, recycles the aqueous solution
of the process to efficiently reduce the
temperature of the gases via vaporization.
Moreover this option has the advantage of
passing the process water several times through
the plasma and ensures the destruction of any
residual toxic compounds.
- The third stage, which is referred to as the
cooling stage, ensures a sufficient resident time
for the gases so that chemical equilibrium can be
reached. It is made up of a cylinder with cooled
walls which lower the gas temperature of
approximately 200K.
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Fig. 4 : Description and views of the plasma nozzle
These additional stages form a block called the plasma
nozzle (Fig. 4) and ensure the destruction of a wide
variety of contents, such as chlorine, fluorine or
phosphorus mixtures with a high efficiency and feeding
rates up to 5 L/h.
4. An application example : combustion of a mixture
TBP/dodécane
The mixture is often used in chemical processes for the
reprocessing of spent nuclear fuel. TBP/dodecance is used
as an extractant in the PUREX retreatment process. It also
serves as a reference for the ELIPSE process because it
releases a residual thermal power of 9.4 kW.h.L-1 when it
is burned.
The curve shown in Fig. 5 represents the power balance
for a test conducted with a plasma torch supplied here
with 52kW of stabilized electrical power, and in which
different feeding rates of TBP-Dodecane mixture were
used [3]. These experiments have been performed with
simply chemical compounds without radioelements. The
feeding rates are provided by a calibrated volumetric
pump and checked thanks to the monitoring of the mass
of the supply cylinder. The red curve represents the power
injected into the torch over time; the black curve
represents the total dissipated power in all the cooling
systems, measured with the test instrumentation. The

971

oral

Plasma in and in contact with liquids

difference naturally represents the power dissipated in the
torch by combustion of the organic liquid feed.

liquids such as DMSO and chloroform. Complementary
researches are also performed to destroy the remaining
organic matters by using the UV ray coming from the
plasma itself to produce radicals OH° and then form H2O2
and to react with organic substances present.
5. Acknowledgements
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Fig. 6 : Evolution of the concentration of CO2 versus time
from different TBP/dodécane feeding rate.
Finally we evaluate the performance of the ELIPSE
process from a balance of carbon and mineral matter. The
methodology is detailed in [4]. The organic carbon
destruction efficiency is evaluated by analyzing the Total
Organic Carbon (TOC) in the residual solution from the
following equation :
𝑛 𝑇𝐵𝑃/𝑑𝑜𝑑𝑒𝑐𝑎𝑛𝑒 =

𝑐𝑖 −𝑐𝑓
𝑐𝑖

(1)

Where Ci is the TOC introduced in the process and Cf is
the final TOC analyzed at the end of the treatment.
Results obtained from diffrent TBP/dodécane feeding
rates are 𝑛 𝑇𝐵𝑃/𝑑𝑜𝑑𝑒𝑐𝑎𝑛𝑒 = 99.90 ± 0.3%.
Others experimentations are in progress to evaluate the
performance of the ELIPSE process from others organics
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Efficient oxidation of saline by atmospheric pressure plasma jet operating with
He/O2 gas flow
V. Jirásek, P. Lukeš
Institute of Plasma Physics, Czech Academy of Sciences, Prague, Czech Republic
Abstract: Studies of chlorine chemistry in salt solutions treated by cold atmospheric
plasmas (CAP) are important in the effort to complete the relevant liquid-phase chemical
mechanisms. The participating species, namely the hypochlorite ion, atomic oxygen and
singlet oxygen, are important in biochemistry and are relevant in studies including the
plasma treatment of living tissues and cells. This contribution brings a preliminary results
on the study of hypochlorite formation by CAP by means of saline oxidation by He/O 2
plasma jet afterglow.
Keywords: atmospheric pressure plasma jet, hypochlorite ion, oxygen atoms.
1. Introduction
The interaction of cold atmospheric plasmas with salt
solutions, physiological solution or phoshate buffered
saline (PBS) is of importance in the recently rapidly
developing field of plasma medicine [1]. Cold plasmas
utilizing small admixtures of oxygen to the working noble
gas are known to produce large quantities of radicals with
high oxidizing power, namely O• and O3•, or, in the
presence of humidity, OH• and OH2•. These radicals come
into interaction not only with water and other constituents
formed in the liquid phase, but also with dissolved salt
ions.
The fast reaction between hydrogen peroxide, H2O2,
and hypochlorite ion, OClH2O2 + OCl- → H2O + Cl- + O2(1Δ)

First, in order to assess the reaction rates of reaction (1)
and possibilities of tracking its reactants and products in
the liquid under plasma treatment, the reaction between
H2O2 and OCl- was studied using stock solutions. The
decay of H2O2 under excess concentration of NaOCl was
measured by well-known titanium oxysulphate method at
different initial NaOCl concentrations and different pH
under buffered and non-buffered conditions. The decay
curves are shown in Fig.1 together with the evaluated
initial reaction rates.

(1)

yielding the singlet oxygen is supposed to occur in the
plasma-treated solutions containing Cl - ions. As a source
of hypochlorite ion, reaction of O atoms entering the
liquid phase from plasma with Cl- ions
O + Cl- → OCl-

(2)

was suggested [2]. However, to the author’s knowledge,
reaction rates of this reaction are not reported in literature.
Since the participation of OCl -/HOCl, as well as singlet
oxygen, in biochemical processes is well known,
elaborating of the mechanism of Cl-relating liquid
chemistry in plasma-treated solutions is of importance.
In this contribution, we bring an introductory study of
oxidation of the saline by micro-atmospheric pressure
plasma jet (μ-APPJ) operating at the He/O2 gas flow.
2. Experiments
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Fig. 1. H2O2 decay in the reaction with NaOCl from
diluted stock solutions at different initial pH. Solid, dash,
and dot lines indicate three different initial peroxide
concentrations.
The results show very high reaction rates, which are
strongly dependent on pH. This can be easily explained
by the dissociation equilibrium of HOCl acid
HOCl + H2O = H3O+ + OCl-

(3)
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with pKa = 7.54 at 25ºC. Under more alkaline conditions,
the concentration of OCl - in NaOCl solution rapidly
increases and so the rate of reaction (1). The evaluation of
reaction kinetics between H2O2 and NaOCl solution,
consisting probably of several elementary steps including
both acidic and basic components of the hypochlorite, is
under way. However, it can be concluded that the rate of
the elementary reaction between H 2O2 and OCl- is much
higher than the rate of singlet oxygen formation published
by El Din [5], but it is in the same order like the rate of
HOCl decay published by Connick [6] under strongly
acidic conditions when extrapolated to higher pH.
The plasma-treatment experiments were conducted
using the standard type of μ-APPJ (COST Reference Jet
[3]) supplied by RF voltage (205 V RMS, 13.56 MHz)
and operating with the gas mixture consisting of 1.4 SLM
He and 8.4 SCCM O2. The distance of visible plasma
channel to the liquid surface was 4 mm. 3 ml solution of
2.67 mM KCl and 0.138 mM NaCl in DI water were
treated in the absence of pH buffer. It was found that pH
strongly increased from 5.67 to 10.34 after 20 min
treatment. The ClI signal also increases monotonically
with the treatment time and correlates with the pH
increase. In the absence of other base, OCl - is responsible
for the strong alkalization of the solution, while the pH
values correspond to the sink of H + and creation of
(undissociated) HOCl. According to the reached pH
values, total hypochlorite level in the order > 10 -4 M is
anticipated. The corresponding time dependences are
shown in Fig. 2.

Plasma in and in contact with liquids

atoms contribute, directly or indirectly, to the formation of
OCl-.
The anticipated high concentrations of hypochlorite
show that the reaction (1) was strongly suppressed under
our experimental conditions. If not, OCl- would be rapidly
consumed in the reaction (1), as is demonstrated by
measured reaction kinetics (Fig.1). Indeed, recent
chemical analyses indicate the hypochlorite and
hypochlorous acid are the only long-living chemical
species created by the discharge. The quantitative
chemical analysis is in progress and will be presented
during the conference.
4.Conclusion
Strong oxidation of saline by cold He/O 2 plasma from
μ-APPJ plasma jet was found. In the absence of other
possible long-living base species, the hypochlorite ion
was responsible for the strong alkalization of the solution.
The specific conditions and experimental arrangement
lead most probably to the formation of hypochlorite or
hypochlorous acid as the major long-living species
created by the discharge in the liquid phase. The unique
conditions provides a promising tool for further studies
filling the existing gap in knowledge of chlorine
chemistry occurring in the plasma-treated solutions
containing chloride anions.

5.References
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Fig. 2. Evolution of pH and relative ClI signal in the
plasma-treated solution in dependence on the plasma
treatment time.
3. Discussion
The obtained plasma-treatment results are in agreement
with the findings by Hefny at al. [4] about high
entrainment of atomic oxygen formed in He/O2 plasma
into the solution. Moreover, quite substantial part of O
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Spectroscopic studies of nonequilibrium plasma generated by acoustic cavitation
in aqueous solutions
S. I. Nikitenko, R. Pflieger and T. Ouerhani
Institut de Chimie Séparative de Marcoule (ICSM), UMR 5257 – CEA- CNRS – UM-ENSCM, Centre de Marcoule, Bat.
426, BP 17171, 30207 Bagnols sur Cèze, Cedex, France
Abstract: The sonoluminescence spectra of NH(A3Π) excited radicals produced during the
ultrasonic treatment of ammonia aqueous solutions were studied at low (20 kHz) and high
(359 kHz) ultrasonic frequencies in the presence of Ar and Xe. These results provide
evidence for nonequilibrium plasma formation during sonolysis of aqueous solutions. In
argon and at low ultrasonic frequency a weakly excited plasma is formed. By contrast,
strongly vibrationally excited plasma was observed at all other studied conditions.
Keywords: nonequilibrium plasma, cavitation, spectroscopy, sonoluminescence
1. Introduction
The chemical and physical effects of ultrasound in
liquids do not arise from a direct interaction of molecules
with sound waves, but rather from acoustic cavitation: the
nucleation, growth, and implosive collapse of
microbubbles in liquids submitted to power ultrasound.
The violent implosion of bubbles leads to the formation of
chemically reactive species and to the emission of light,
named sonoluminescence (SL). Spectroscopic studies of
SL offer a powerful tool to probe the intrabubble
conditions. The SL spectra of water saturated with noble
gases are composed of the emission lines of excited OH •
radicals in A2Σ+ and C2Σ+ states and a broad continuum
ranging from UV to NIR spectral range. Spectroscopic
analysis of OH(A2Σ+-X2Πi) emission bands recently
reported [1, 2] provided evidence for two kinds of
plasmas produced by acoustic cavitation. A weakly
excited plasma is observed at low ultrasonic frequency
(20 kHz) in the presence of Ar and characterized by
Tv≈5000 K for OH(A2Σ+) species. On the other hand, a
strongly excited plasma with much higher vibrational
temperature (Tv≈7600-10700 K) is formed at high
frequency ultrasound (200-1000 kHz) in the presence of
Ar and Xe and even at 20 kHz in the presence of Xe. In
this strongly excited plasma, the relative population
distribution of OH(A2Σ+) vibrational states deviates from
the equilibrium Boltzmann distribution and seem to
follow exponentially parabolic Treanor function. This
work focuses on the study of NH(A3Π-X3Σ-) emission
spectra produced during the ultrasonic treatment of
aqueous ammonia solutions in the presence of noble
gases.
2. Experimental
Reagents were all of analytical grade (Sigma-Aldrich)
and were used without further purification. Solutions were
prepared with deionized water (Milli-Q 18.2 MΩ cm). Ar
and Xe (purity >99.999%) were provided by Air Liquide.
The experiments were performed at 20 (Pac= 25 W) and
359 kHz (Pac= 50 W) ultrasound using the multifrequency
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reactor described recently [3]. For all experiments, 250
mL of 0.1M ammonia solution was sparged with the
chosen noble gas about 30 min before the experiment and
during the ultrasonic treatment. The light emission spectra
were collected through a flat quartz window fitted to the
sonoreactor and recorded in the spectral range from 285
up to 350 nm by means of SP 2356i Roper Scientific
spectrometer (grating 1200blz300) coupled to a CCD
camera with UV coating (SPEC10-100BR Roper
Scientific) cooled with liquid nitrogen. Spectral
calibration was performed using a Hg(Ar) pen-ray lamp
(LSP035, LOT-Oriel). The spectra acquisition was started
after reaching a steady-state temperature. For each
experiment, at least three 300-s spectra were averaged and
corrected for the background noise and for the quantum
efficiencies of gratings and CCD.
Hydrogen formed during sonolysis was measured in the
outlet gas using quadrupole mass spectrometer (PROLAB
300, Thermo Fischer). Hydrogen peroxide in sonicated
solutions was analyzed by UV-vis absorption
spectrometry with Ti(IV) reagent (λ = 400 nm, ε = 714
cm-1 mol-1 L). The same technique has been used for the
monitoring of hydrazine formation using pdimethylaminobenzaldehyde reagent (λ = 457 nm, ε = 6
·104 cm-1 mol-1 L).
3. Results and Discussion
The SL spectra of Ar-saturated 0.1M NH3·H2O solution
exhibit OH(A2Σ+-X2Πi), NH(A3Π-X3Σ-) emission bands
and a broad continuum for both studied ultrasonic
frequencies (Fig. 1). The shape of NH(A3Π-X3Σ-) band
observed at 20 kHz is quite similar to that reported in the
literature for "classical" plasmas [4]. On the other hand,
the NH(A3Π-X3Σ-) emission bands at high-frequency
ultrasound (359 kHz) in Ar are much broader (Fig. 2).
Fitting of NH(A3Π-X3Σ-) bands using Specair software
allowed to estimate the rovibronic temperatures of NH*
radical rather accurately at low ultrasonic frequency and
approximately at high frequency (Table 1). For both
ultrasonic frequencies Tv>Tr indicating nonequilibrium
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plasma formation during bubble collapse. The vibrational
temperature of NH* radical is much higher at 359 kHz
compared to 20 kHz in full agreement with previously
obtained data for OH(A2Σ+-X2Πi) system [1]. The relative
populations of NH(A3Π) rovibrational levels seem to
deviate from Boltzmann distribution for high frequency
ultrasound, which at least partly explains the very broad
emission spectrum.

Plasma in and in contact with liquids

NH3 and H2O in the presence of Xe followed by the
scavenging of NH radicals with OH radicals:
NH3 + (Ar*, Xe*, e) → NH(A3Π) + H2

(1)

NH(A3Π) → NH(X3Σ-) + hv

(2)

H2O + (Ar*, Xe*, e) → OH(C2Σ+, A2Σ+) + H

(3)

OH(C2Σ+, A2Σ+) → OH(A2Σ+, X2Πi) + hv

(4)

NH + OH → NO + H2

(5)

Table 1. Vibrational (Tv) and rotational (Tr) temperatures
of NH* radical calculated with Specair software from
NH(A3Π-X3Σ-) SL spectra in 0.1M NH3·H2O in Ar
Frequency, kHz

Tv, K

20

6000±1000

Tr, K

359

≥ 15000±5000*

3000±500
4000±500

*Low precision of Tv measurements at high ultrasonic frequency is
related to strong deviation of NH(A3Π) state from Boltzmann law.

Fig. 1. SL spectra in 0.1M ammonia solutions at low (20
kHz, T=11°C) and high (359 kHz, T=20°C) ultrasonic
frequency in Ar.

Fig. 3. SL spectra in 0.1M ammonia solutions at low (20
kHz, T=11°C) and high (359 kHz, T=20°C) ultrasonic
frequency in Xe. These spectra were recorded using
300blz300 grating.

Fig. 2. Comparison of NH(A-X) emission bands
normalised to (0-0)Q transition at 20 and 359 kHz in Ar.
Replacing argon with xenon causes several dramatic
changes in SL spectra as can be seen from Fig. 3: (i) the
SL intensity is much higher in Xe than in Ar, (ii) in Xe,
SL spectra clearly show a strong OH(C2Σ+-A2Σ+)
emission for both studied frequencies which is not
observed in Ar, (iii) in Xe, SL spectra exhibit NOβ and
NOγ emission bands at 280-420 nm, (iv) all emission
bands are broader in Xe than in Ar. The OH(C2Σ+-A2Σ+)
emission pointed out the significance of electron impact
for the intrabubble processes [2, 5]. Formation of NO can
be explained by more efficient sonochemical splitting of
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In Xe, the emissions are extremely broad whatever the
ultrasonic frequency making difficult the calculation of
rovibronic temperatures with Specair software. Such
anomalous line broadening could be attributed to strong
Stark effect indicating higher ionization of sonochemical
plasma with Xe compared to Ar.
Chemical analysis of ammonia solutions submitted to
ultrasound revealed formation of hydrazine similarly to
what is observed during dielectric barrier discharge in
Ar/NH3 gaseous mixtures [6]. Formation of hydrazine can
be attributed to recombination of NH2 radicals or NH
radical scavenging with NH3 at the cavitation
bubble/solution interface. In contrast to pure water,
hydrogen peroxide is not formed during the sonolysis of
ammonia solutions most probably due to OH radical
scavenging by NH radical (reaction 5) or due to the rapid
reaction between H2O2 and N2H4 [7]:
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(6)

It was shown that sonolysis of ammonia solutions leads
to the emission of H2 and trace amounts of NO into the
gas phase. The yields of H2 and N2H4 summarized in Fig.
4 and 5 indicate enhanced sonochemical activity at highfrequency ultrasound compared to 20 kHz in agreement
with recently published data for H2O2 sonochemical
formation [8]. In addition, the yields of chemical products
are higher in Xe than in Ar which is in line with SL
results.

behaviour. At high-frequency ultrasound, non-Boltzmann
vibrationally excited plasma is formed for argon. Such
kind of plasma is also formed in the presence of xenon
whatever the ultrasonic frequency. The yields of chemical
products of sonolysis correlate with sonoluminescence
data. In general, this study allows to conclude that
sonochemistry can be considered as a part of plasma
chemistry.
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Fig. 4. Yield of H2 as function of noble gas and ultrasonic
frequency in water and 0.1M NH3·H2O solution.

20 kHz

359 kHz

Fig. 5. Yield of N2H4 as function of noble gas and
ultrasonic frequency in 0.1M NH3·H2O solution.
4. Conclusions
In this work, we report for the first time the
spectroscopic study of NH(A3Π-X3Σ-) system in aqueous
ammonia solutions submitted to power ultrasound. This
research confirmed nonequilibrium plasma formation
during multibubble cavitation. The characteristics of the
sonochemical plasma are defined by ultrasonic frequency
and saturating noble gas. At low- frequency ultrasound in
the presence of argon the plasma exhibits near-Boltzmann
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Experimental study of the degradation of chemical substance
dissolved in water by an APPJ discharge
F. P. Sainct1, L. Invernizzi1, C. Muja1 and Ph. Guillot1
1

Laboratoire Diagnostics des Plasmas Hors Equilibre (DPHE), Univeristé Toulouse,
INU Champollion, Place de Verdun 81012 Albi, France

Abstract: In this work we performed physical, chemical and biological characterization of
the plasma-liquid interactions. The objective is to evaluate the plasma capacity to remove
complex molecules from water, using as model molecule the acetaminophen (paracetamol).
ICCD images, as well as OES measurements reveal important modifications of the jet when
facing a liquid surface compared to the free jet configuration. With 400 µJ per pulse, the
nitrite concentration reaches 18 µM after a 5 min plasma exposition.
Keywords: APPJ, OES, ICCD camera, colorimetric essay, energy measurement.
1. Introduction
Recently, atmospheric pressure plasma jets (APPJ) have
been applied to a wide range of applications, from
decontamination of various surfaces, sterilization to
cancer treatment. In all these applications, a strong focus
is put on the characterization of the plasma discharge with
and without its target. Several studies showed that the
presence of the target significantly changes the behavior
of the plasma jet, hence changing its properties [1].
In the last two decades, there is an increasing concern
regarding the behaviour of pharmaceutical in water cycle
[2-4]. Pharmaceuticals generally enter environment
though wastewater, where can have a potential negative
effect on the ecosystem. The residues can also escape the
water treatment systems and arrive in the drinking water.
Several chemical methods such as photocatalysis,
ultrasonic degradation and ozonolysis were proposed for
the mineralisation of these contaminants [5], methods
generally called advanced oxidation processes (AOPs).
Due to their increased oxidation capacity nonthermal
plasmas can potentially be used as oxidation processes for
the treatment of polluted wastewater.
In this work, we will present the physical
characterisation of the discharge in a first section, with the
energy per pulse, the spatial behavior of the discharge
depending on the target and emission spectrum. Then we
will perform a survey of the chemical species produced in
the liquid, with a focus on nitrite [NO2-]. Finally, we will
study the effect of the plasma jet on the degradation of
pharmaceutical products using acetaminophen as model
molecule.
2. Experimental Setup
The experimental setup (Fig. 1) consists of an
asymmetric plasma jet. The grounded electrode is located
on much larger area of the tube than the high voltage
electrode. The grounded electrode is 20 mm high, and the
HV electrode is 38 mm high. This asymmetric setup
allows having a more energetic plasma bullet. The narrow
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section has an internal diameter of 4 mm and outer
diameter of 6 mm. A quartz container can be placed under
the jet to expose a liquid to the jet.

Fig. 1. Schematic diagram of the experimental setup.
The gas used to initiate the discharge in the tube is
Helium, with a small admixture of Oxygen (0.2%) at a
flow of 2 l.min-1 corresponding to a laminar velocity of
approximately 2.7 m/s.
The high voltage power supply (NanoGen1, RLC
SARL) connected to the electrode provides a 6 kV
voltage pulse at a frequency of 20 kHz. The pulse length
varies between 500 ns (1% duty cycle) and 2.5 µs (5%
duty cycle), with a very fast rise time (12 ns).
The plasma jet is studied in three configurations: in free
jet, with a solid target (quartz container) and in contact
with a liquid surface. The solid container is a quartz
cylinder of 36,5 mm inner diameter and 25 mm height.
This container is used to expose a 12 ml volume of
solution to the plasma jet. The distance between the outlet
of the jet and the surface (liquid or solid) is kept constant
at 15 mm. The container was filled with Milli-Q water
produced by a Direct Q3-UV Water Purification System
(Millipore).
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acetaminophen concentration was then assessed using the
Glynn and Kendal colorimetric method [7,8].

Fig. 2. Voltage and current waveforms produce by the
generator for a 2.5 µs long pulse.
Diagnostics comprises of physical, chemical and
biological analysis. A high-voltage probe (Tektronix,
P6015A, bandwidth 75 MHz) and a current probe
(Pearson 6585, bandwidth 300 MHz) are used to monitor
applied voltage and discharge current on a digital
oscilloscope (Tektronix, TDS 7254, 20 Gs/s). The voltage
and current waveforms (Fig. 2) were analysed to measure
the energy deposited per pulse, with and without target.
To capture the plasma dynamics, an intensified CCD
camera (Princeton instruments, PI-MAX, 1024 pixels ×
1024 pixels) is used. The light is focused by a UV
objective (Nikkor zoom 80-400 mm f/4.5-5.6 ED)
mounted with an extension ring.
Optical Emission Spectroscopy (OES) was performed
with a collimator placed perpendicularly to the plasma jet,
allowing a special resolution of 1 mm. The spectrometer
(Ocean optics, HR 2000+) has a resolution of 1 nm. In
order to perform a spatial evolution of the optical
emission along the plasma jet, the optical fiber was
mounted on a translation platform.
Colorimetric assays were used to determine the
concentrations of nitrate, nitrite, ozone and hydrogen
peroxide in the liquid phase. Nitrite concentration was
assessed using the EPA diazotization method and the
absorbance was measured at 525 nm with a benchtop
multiparameter photometer for water analysis (HI 83200,
Hanna Instruments). Total nitrate/nitrite concentrations
were measured using a colorimetric assay kit (Caymann).
This kit uses the Griess method for nitrate/nitrite
concentration assessment measurements. Dissolved ozone
was assessed using the DPD method [6]. Hydrogen
peroxide generation following plasma exposure was
assessed using a fluorometric hydrogen peroxide assay kit
(Abcam).
In order to evaluate the plasma jet capacity to remove
complex molecules from water, several acetaminophen
(paracetamol) solutions with concentrations ranging from
20 to 200 mg/L were exposed to plasma. The
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3. Results and Discussion
Before treating the liquid water containing paracetamol,
the main physical and chemical parameters were studied.
The energy deposited in the plasma has always been a
complex question, as the plasma bullets are a very fast
and transient phenomenon. With a rise-time of about
10 ns, the probes response-time has to be taken into
account, as a small delay can lead to large errors in the
energy estimation. Moreover, the electrical capacity of the
plasma reactor is large compared to the plasma capacity
making it difficult to estimate the part of the energy
delivered to the plasma. The energy (E) of the plasma has
been assed by a direct measurement of the voltage and the
current, as:
𝐸 = !"#$% 𝑈 𝑡 ∗ 𝐼 𝑡 + ∆𝑡 𝑑𝑡
(1)
where ∆t is the delay between the two probes which
depends on the whole measuring chain. The bandwidth of
the probes is a crucial parameter, as well as the temporal
resolution of the oscilloscope, 400 ps in this study. The
energy measured for the entire pulse (rising front and
falling front) has been estimated at 400 µJ/pulse, which
corresponds to an average power of 8 W. This large value,
compared to other plasma jet configurations [9,10], is an
effect of the asymmetric design of the plasma jet. Even at
these high energies, the evaporation of the liquid target
stays low. With a 12 ml target volume, the evaporation
after 5 min exposition at 15 mm distance and a 2 l.min-1
flow is 1 %. The temperature elevation ∆T has also been
monitored, and stays under 5 K in these conditions.
The influence of the target placed in front of the plasma
jet has been studied using ICCD images. Fig. 3 compares

Fig. 3. ICCD images of the three configurations (gain
255, 10 accumulations, 2.7 µs time integration).
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the three configurations: “free jet” without target, with the
“quartz container” empty positioned at the same distance
than the liquid, and finally with a “liquid surface” target
with water in the quartz container and the jet positioned at
15 mm of the surface.
Without target (Fig. 3 left), the intensity of the jet is
higher at the outlet and then decreases slowly. The jet
length is about 50 mm. In the other two configurations,
the targets are placed 15 mm under the jet outlet, and two
different behaviors are observed. When the plasma jet
interacts with the quartz (Fig. 3 center), it spreads on the
surface with a significant change in the plasma jet
intensity at the impact point. Similar observations were
recently made in etching process treatment [11]. When
water is used as the target (Fig. 3 right), the intensity
increases close to the surface and no spreading is
observed. The behavior is similar to what is observed with
a conductive target [12].
Optical emission spectroscopy allows to follow the
evolution of the gas composition, which is important in an
environment with water vapor coming from the liquid
[13]. The two spectra presented in Fig. 4 show the
emission intensity from 280 nm to 900 nm in the center of
the jet at 14 mm of the outlet and averaged over 1 mm.
The signal is integrated for 1 s, with 50 accumulations. In
the case of the free jet, the plasma continues for several
millimetres after the acquisition point, but in the case of
the jet interaction with the liquid surface, the acquisition
is located 1 mm above the water level. The two spectra
have been normalized using the intensity of the 706.5 nm
line of He.

Plasma in and in contact with liquids

N2: the second positive system N2 (C3Πu) ➝ N2 (B3Πg) and
the first positive system N2 (B3Πg) ➝ N2 (A3Σu+).
The first observation is the overall stronger emission of
the plasma close to the surface compared to the free jet.
This modification could be due to the local electric field
enhancement in the region close to the surface. The
increase in the emission of OH and atomic oxygen can be
explained by the evaporation of water from the liquid
phase.
Unlike in the configuration with the quartz container
alone, the emission does not spread on the surface of the
liquid, suggesting that a lot of chemical reactions and
quenching reactions are taking place at the surface. This
chemistry will be studied more in detail with in gas and in
liquid chemical analysis.
The first specie of interest for the chemical
characterization is nitrite, as it is very reactive and plays
an important antimicrobial role. Fig. 5 presents the nitrite
concentration as a function of the time of exposition to the
plasma jet, for various pulse lengths. The measurement is
compared to the solution exposed to the helium flow
without plasma, labelled “no treatment”. The first
conclusion is that the nitrite production is linear, at least
up to 18 µM. The treated volume is quite large (12 mL) so
the total quantity of nitrite is important, but the
concentration stays low and the saturation is avoided.

Fig. 5. Nitrite concentration as a function of the time of
exposition to the plasma jet, for pulse lengths between
500 ns and 2.5 µs.
Fig. 4. Emission spectrum between 280 nm and
900 nm. In black is the spectrum of the jet interacting
with the liquid surface and in red the free jet.
The emission comprises of the components of the
plasma gas: helium and oxygen, as well as components
from the air around the jet mixing with the plasma: OH
coming from humidity in the air, N2+ and contributions of
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The second point resulting from Fig. 5 is the influence
of the pulse length. For very short pulse length, from
500 ns to 1500 ns, increasing the pulse length results in an
increase in nitrite production rate. This trend stops for
pulse length longer than 1.5 µs, and the nitrite production
rate stays the same for pulses from 1.5 µs to 2.5 µs. There
are numerous species that subsists during 50 µs, from one
pulse to the next, which play an important role as a preionisation for the plasma bullet propagation, but the key
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species in the nitrite production seems to have been
consumed within 1.5 µs.
Fig. 6 presents the nitrite concentration as a function of
the pulse length, for various time of exposition to the
plasma jet. The nitrite concentration reaches a plateau for
all the exposition times for pulses around 1.5 µs. The
highest concentration is achieved for a 5 min exposition.

oral

taking place at the surface. The OES measurements help
to explain this behavior, with a strong increase of the
emission from atomic oxygen, N2 and OH close to the
liquid compared to the free jet.
The chemical characterization points out that the nitrite
concentration reaches a plateau when the length of the
votage pulse forming the plasma is longer than 1.5 µs.
The nitrite concentration is linear up to 5 min of
exposition to the plasma, reaching a maximum
concentration of 18 µM. The results of the chemical
analysis also bring important information to discuss the
interaction of the plasma jet with a liquid, and the
possible mechanisms that leads to the removal of complex
molecules from water.
5. Acknowledgements
This work was supported by Occitanie region.

Fig. 6. Nitrite concentration as a function of the pulse
length to the plasma jet, for time of exposition between
30 s and 5 min.
The nitrite concentration is a first step before measuring
other chemical components in the liquid (NO3-, H2O2,
O3, …) as it provides indications as for the concentrations
and the time scales for the chemistry. The results of the
chemical analysis are used to discuss the interaction of the
plasma jet with the liquid, and the possible mechanisms
that leads to the removal of complex molecules from
water.
4. Conclusions
This study was conducted to experimentally
characterize an APPJ in He+0.2%O2 at 2 l.min-1 with a
power supply providing 6 kV pulse at 20 kHz. The
objective is to evaluate the plasma jet interaction with a
liquid using physical and chemical diagnostics, and to
evaluate the capacity to remove complex molecules from
water, using as model molecule the acetaminophen
(paracetamol).
Precise voltage and current measurements allowed
measuring the energy deposited in the plasma to be
around 400 µJ per pulse, which represents an average
energy of 8 W. Filtered and synchronized ICCD images
show the time and space evolution of the emitting species,
which gives information on the discharge behaviour
modifications depending on the nature and the
conductivity of the target. With a liquid under the jet, the
emission does not spread on the surface, suggesting that a
lot of chemical reactions and quenching reactions are
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The mechanism of reduction of Ag+ and formation of nanoparticles by a DC
driven pulsed atmospheric pressure plasma jet
V. S. Santosh K. Kondeti1, Urvashi Gangal1, and Peter J. Bruggeman1

1

Department of Mechanical Engineering, University of Minnesota, Minneapolis, Minnesota, USA
Abstract: The role of H and eaq- generated by a DC pulsed helium atmospheric pressure
plasma jet in the reduction of Ag+ and the generation of Ag nanoparticles was investigated
in detail by modelling the reactive species density in the liquid close to the plasma-liquid
interface. It is shown that for realistic plasma conditions H atoms can play an important role
in the reduction of Ag+. This is further confirmed by the synthesis of Ag nanoparticles and
flakes both for solution anode and cathodes as observed by transmission electron microscopy
and broadband absorption.
Keywords: Silver nanoparticles, Plasma-liquid interaction, radical chemistry, plasma
induced liquid chemistry

1. Introduction
Silver nanoparticles (AgNPs) are widely used in
applications such as photovoltaics, disinfection and
chemical sensors [1]. Various physical and chemical
methods have been used to synthesize silver nanoparticles
[2]. Many such processes use harmful reducing agents that
typically generate environmentally unfriendly by-products
[3]. The use of plasmas to synthesize AgNPs provides a
green manufacturing alternative. AgNPs production at the
plasma-liquid interface has been previously reported by
several groups (see e.g. [4]). Solvated electrons produced
at the plasma-liquid interface are suggested to be
responsible for the reduction of Ag+. Rumbach et al
measured solvated electrons at the plasma liquid interface
for similar conditions up to concentrations of 1 mM [5].
Plasma interaction with liquids also generates UV/VUV
photons, charged species and several radicals that impinge
on to the liquid surface resulting in a complex liquid phase
chemistry [6]. In particular, the hydrogen atom could also
play a role in the reduction of Ag+. In this contribution, we
report a study of the involvement of H and eaq- in the
reduction of Ag+ using a DC pulsed atmospheric pressure
plasma jet (APPJ) for both positive and negative polarity.
The experimental study is complemented with a numerical
model to assess the relative importance of H and e aqspecies in the liquid close to the plasma liquid interface.
2. Experiment
A DC driven pulsed APPJ was used to study the
reduction of Ag+. It consists of a powered tungsten needle
electrode (1 mm ɸ) surrounded by a quartz tube with inner
diameter of 2 mm and an outer diameter of 3 mm. Helium
gas at 1.5 slm flows through the quartz tube. A solution of
3 ml volume in a 24 wells plate is placed 5 mm below the
plasma jet nozzle which acts as a ground electrode. A + 3
kV or a – 3.5 kV DC voltage with a pulse width of 2.5 or 5
μs modulated at 1 kHz was applied to the needle electrode.
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A schematic of the system is shown in Fig 1. A 1 mM
AgNO3 solution was used with the negative polarity needle
while 10 mM AgNO3 was used with the positive polarity
needle. Absorption spectroscopy and transmission electron
microscopy were used to quantify the presence of AgNPs
in the plasma treated solution. The chemical 2-proponal
was used as a scavenger for H/ OH species as it is known
not to scavenge solvated electrons [7].

Fig. 1. Schematic of the DC pulsed atmospheric pressure
plasma jet.
To further assess the relative importance of eaq- and H in
the reduction of Ag+, a one dimensional finite difference
diffusion model was developed. It consists of 51 reactions
and 30 species simulated for a given flux of OH, H and
electrons to the liquid surface for a duration of 5 μs equal
to the pulse width of the voltage pulse. The flux of H, OH
and eaq- that impinges on to the liquid surface was estimated
based on models by the group of Kushner [8] and known
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parameters of the plasma jet. The fluxes of each of these
species was varied to find the flux ratios and amplitudes for
which different species become dominant.
3. Results
The DC APPJ was able to reduce Ag+ and produce
AgNPs without the use of any surfactant for both liquid
cathode and liquid anode conditions. The absorbance of the
plasma treated solutions gave a peak around 410 nm for
both the liquid anode and cathode conditions. The
concentration of AgNO3 was increased to from 1mM in the
liquid anode case to 10 mM for the liquid cathode case to
enable a visible color change of the solution by the plasma
treatment. Formation of AgNPs was observed for the
condition of liquid cathode where no electrons are expected
to impinge onto the liquid surface. Transmission electron
microscopy showed the production of 15 nm sized AgNPs
for the liquid anode case (Fig. 2(a)). For the liquid cathode
condition, huge agglomeration of silver was observed
although 10 nm AgNPs are still observed (Fig. 2(b)).
These large agglomerates in the case of liquid cathode is
consistent with the larger flux of reactive species produced
with a liquid cathode compared to the liquid anode [9]. The
scavenger 2-proponal which effectively scavenges H and
OH but not solvated electrons had a similar effect for both
the liquid anode and cathode conditions suggesting the
importance of H radicals.

oral

OH and leads to scavenging of the solvated electrons. The
OH and H density reach a maximum after 0.7 μs. The
saturation is caused by self-quenching of H and OH at these
high densities. The Ag+ reduction and Ag production
occurs at the same time scale of the increase in H. H
dominates for more than 99% of the time for a pulse
duration of 5 μs. As the following reactions have very
similar rates, it suggests that H atoms are mainly
responsible for the reduction of Ag+ in this case.
Ag + + H → Ag + H +

(1)

Ag + + e− → Ag

(2)

We have run the same model for various ratios of fluxes
of H radicals and electrons and found that e- concentration
should be 25 times higher than H flux in order to be the
main species responsible for the reduction of Ag+.

Fig. 3: Variation of concentration of species at the liquid
surface for a flux of 0.13 mole/s/m2 of H, OH and
electrons for a duration of 5 μs.
Fig. 2: Transmission electron microscopy images of DC
plasma treated AgNO3 solution. (a): 1 mM AgNO3, liquid
anode. (b): 10 mM AgNO3, liquid cathode.
The flux of electrons is estimated from the current density
(1.26 A/cm2) obtained by dividing the averaged current
during the discharge pulse over the emission area of the
plasma at the plasma-liquid interface. As an example, Fig.
3 shows the variation of the reactive species density at the
liquid surface when equal fluxes (0.13 mol/m2/s) of H, OH
and e- impinge on to the liquid interface. The motivation
for equal fluxes is that VUV emission will be an important
source of H and OH radicals and the effect is of the same
order of magnitude as the electron density [8]. It is assumed
for simplicity that the VUV penetration is negligible. The
concentration of electrons increases for the first tens of ns
after the plasma is switched on. However, the continuous
H and OH flux increases the near surface density of H and
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4. Conclusion
The production of silver nanoparticles has been
demonstrated by the use a DC pulsed atmospheric pressure
plasma jet for both liquid cathode and liquid anode
conditions. Transmission electron microscopy shows the
production of μm sized Ag flakes for liquid cathode
condition while only dispersed nanoparticles are found in
the liquid anode case. These differences seem to correlate
with a higher flux of reactive species for a liquid cathode
compared to liquid anode. The scavenger 2-proponal that
selectively scavenges H but not eaq- suggests an important
role of atomic H in the reduction of Ag+. A modelling study
shows that for typical flux densities of this experiment an
H dominant reduction can occur when the e- flux is not
larger than 25 times the H flux.
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Multiphysics simulation of the initial stage of plasma discharge in liquids
Ali Charchi Aghdam and Tanvir Farouk
Reacting System and Advanced Energy Research Laboratory, Department of Mechanical
Engineering, University of South Carolina, Columbia, South Carolina, USA
Abstract:
Extensive experimental studies have been reported on the field of plasma discharge in
liquids however fundamental insights into the fundamental physicochemical processes are
still unclear. In the current work, a comprehensive multi-physics model has been developed
to simulate the plasma breakdown in a liquid medium. A density based compressible
momentum solver coupled with electric forces acting on liquid together with ionization,
recombination and attachment reactions is developed to resolve the breakdown phenomena.
Results show that the electric forces are strong enough to rupture the liquid and create low
density regions that act as plasma nucleation sites.
Keywords: Plasma in liquid, polarization force, electrostriction force
1. Introduction
Non-thermal plasma discharge in liquids has found
several applications during the recent years, including
plasma surgery, chemical analysis of liquid
composition, fuel processing as well as water treatment
[1]. Typically to maintain the non-equilibrium, nonthermal state of these discharges extremely small spatial
and temporal scales are utilized which makes the initial
stage diagnostics challenging. Even though a large
number of experimental studies have been reported in
the literature, the plasma initiation process is still not
above contention. As such, the problem statement
makes it an ideal platform for conducting theoretical
studies. Several modelling studies have been reported in
the literature that attempts to simulate plasma discharge
in liquids however studies that consider any possible
phase change is limited. Shnieder and Pekker [2]
proposed a hydrodynamics model taking into account
electrostrictive ponderomotive force to simulate the
cavitation of liquid when exposed to strong electric
field. In the current study the role of polarization force
together with ponderomotive force on cavitation of the
liquid phase is investigated. The study also looks into
how these low-density region can influence the plasma
breakdown process
2. Multiphysics model
The model consists of a compressible density based
solver comprising of mass and momentum conservation
equations. The energy equation is not solved with the
assumption that any possible phase change is not
governed by thermal effects. The mass and momentum
conservation equation has the following forms:
+ ∇.
+ ∇.

.

= ∇
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=0

(1)

− ∇ +

(2)

where,  is the liquid density, U is the velocity vector, 
is the viscosity,  is compressibility and F is the body
force vector. Compressibility is defined as:
=

(3)

Eq. (3) is evaluated using an equation of state. The
liquid phase was chosen to be water and Tait equation of
state [3] was used to relate density to pressure:
=

+

−

(3)

where, p0=105 Pa, 0=1000 kg/m3, B=3.07×108 Pa and
=7.5.
The force acting on a fluid in presence of electric field
is expressed as:
=

+

∇ +

∇

(4)

where, q is the charge density, 0 is the vacuum dielectric
permittivity,  is the relative permittivity and E is the
electric field. The first term in Eq. (1) is the electrostatic
force (i.e. the force acting on free charges), the second
term is the force associated with the non-uniformity of the
dielectric and the third term is the force due to electric
field gradient [2,4]. The second and third terms are
polarization and electrostrictive ponderomotive forces,
respectively. Since the model describes the initiation of
plasma in which the liquid is neutral, the electrostatic
force was neglected for the initiation stage.
The term ∂ε/∂ρ in Eq. (4) is a fluid property. For polar
dielectrics like water, Jacobs and Lawson [5] have shown
that at constant temperature, the following relations holds
over a range of several thousand atmospheres:

=

(5)
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where a=1.34. By integrating Eq. (5), the relative
permittivity can be expressed as a function of density
used to calculate the permittivity gradient in the second
term of Eq. (4).
The electric potential was calculated by solving the
Poison’s equation for potential:
∇.

=0

(6)

where,  is the electric potential.
The total pressure acting on the fluid, is the sum of
thermodynamic pressure calculated from Eq. (3) and the
pressure associated with the electrical force of Eq. (4),
which we define as electrical pressure:
−

=

(7)

3. Schematic of the problem domain
Fig. 1 shows the schematic of the problem domain. The
area in blue is the computational domain surrounded by
the wall, powered and grounded electrodes. The geometry
is a 5 wedge where the vertical line in the left is the axis
of symmetry.

Fig. 1. Computational domain for the simulation. An inset
showing the applied pulse profile

The boundary conditions for potential are time varying
value for the powered electrode, zero potential for
grounded electrode and zero gradient for the lower wall.
Two different pulse profiles were applied to the powered
electrode. In the case 1, the electrode is subject to a
linearly ascending ramp and in the second case, the
applied pulse raises exponentially. The pulse profile is is
shown as an inset in Fig. 1. The electric pressure equation
(Eq. 8) also requires boundary conditions. By substituting
Eq. (4) in Eq. (8), and assuming that the polarization force
is zero in the boundaries, the following boundary
condition were obtained which is applicable for all
boundaries:
=

(9)

Fig. 2. Contour of electric field for case 1.

4. Results and discussion
In Figs. 2 and 3, contours of electric field and total
pressure are presented for case 1. It can be seen that large
gradients exist in the vicinity of the powered electrode.
Therefore, large electrical force is generated and liquid
cavitation is very likely to occur in that region. In Fig. 3,
the observed high negative pressure is well beyond the
threshold value for water (~-30 Mpa) confirming the
possible occurrence of cavitation.
Fig. 3. Contour of total pressure for case 1.
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The results from the ramped voltage case are compared
with those from the nano-second pulse. In Fig. 4, contour
of total pressure for case 2 is depicted. Compared to case
1 (Fig. 3), it can be concluded that the rapid pulse forms
larger negative pressure so it can be expected that in such
cases, the bubbles are formed much earlier. Figs. 5 and 6
present the longitudinal velocity distribution for both case
1 and 2 respectively. It is found that under the nanosecond
pulsing voltage the velocity generated is a factor of two
larger. The maximum velocities under both these
conditions do not exceed tens of meters per second.

Fig. 5. Longitudinal distribution of velocity over the
axis of symmetry at different times for case 1 (ramp).

Fig. 4. Contour of total pressure for case 2.
The total pressures along the axis of symmetry for both
cases are presented in Figs. 7 and 8. In both cases, results
show that increasing the applied potential results in
stronger electric force exerted on fluid and results in a
higher negative pressure. This is mostly because of the
direct effect of electric field strength which increases by
increasing electrode voltage. Although the maximum
voltage applied for both the cases are identical, in the
second case, the rise time is significantly faster.
Therefore, the fluid does not have enough time to spread
the absorbed energy and instead, it is compressed which
results in more non-uniform permittivity and electrical
force.

Fig. 6. Longitudinal distribution of velocity over the
axis of symmetry at different times for case 2 (pulse).

To evaluate the relative effects of polarization and
ponderomotive forces, simulation was conducted without
polarization force and the results are shown in Fig. 9. As
expected, at the initial stages, polarization force has
almost no effect but as the time advances, it becomes
relevant. Since at the beginning, permittivity is uniform
over the domain, polarization force which is function of
gradient of permittivity, is zero. Once the density is
changed by compression of liquid, permittivity is also
affected and its gradient is not zero anymore.
Fig. 7. Longitudinal distribution of total pressure over
the axis of symmetry at different times for case 1 (ramp).
The dashed blue line shows the pressure threshold for
cavitation of water.
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Fig. 8. Longitudinal distribution of total pressure over
the axis of symmetry at different times for case 2 (pulse).
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Fig. 9. longitudinal distribution of total pressure over
the axis of symmetry at different times. Solid lines:
Simulation with ponderomotive and polarization forces.
Dashed lines: simulations ponderomotive forces only.

5. Conclusion
A multiphysics model has been developed and the
relative effects of polarization and electrostrictive
ponderomotive forces were studied. The results for single
phase simulations show that ponderomotive forces are
dominant in all the cases studied. Polarization force seems
to be relevant at later times where a gradient in
permittivity is developed. The voltage pulse creates a
larger negative pressure than the ramp function and the
cavitation is initiated in a larger region. The negative
pressure generated by electric field is found to be below
the critical value for water (~30 Mpa), confirming the
generation of bubbles.
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Plasma activated water chemical properties and antibacterial action depend on
the plasma source and its interaction with water
Z. Machala1, B. Tarabová1, Z. Kovaľová1, K. Kučerová1, P. Terebun2, M. Kwiatkowski2,
J. Pawłat2, M. Janda1, and K. Hensel1
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Abstract: By comparing three non-thermal air plasma discharges interacting with water we
demonstrate that plasma activated water (PAW) chemical properties strongly depend on the
discharge gaseous products. The bactericidal activity of the PAW mainly depends on the
dominant aqueous reactive oxygen and nitrogen species (RONS) and their interactions: in
low power discharges ozone and in higher power discharges the combination of hydrogen
peroxide, nitrite and acidic pH. PAW can retain its antimicrobial properties for certain time
post plasma treatment, which can be prolonged by freezing.
Keywords: non-thermal air plasma, plasma activated water, RONS.
1. Introduction
Water and aqueous solutions (media) treated by cold
atmospheric plasmas – so called plasma activated water
(PAW) or plasma activated media (PAM) – are nowadays
of a great interest for multiple applications in
biomedicine. Non-thermal (nonequilibrium, cold) air
plasmas generate various radicals and reactive molecules
commonly called reactive oxygen and nitrogen species
(RONS), e.g. OH, H2O2, NO, NO2, O3, O2-. These are
transported through the plasma-liquid interface [1] and
induce formation of secondary RONS in water, H2O2,
nitrites/nitrates NO2-/NO3-, peroxynitrites/peroxynitrous
acid ONOO-/ONOOH, superoxide O2-, ozone O3, or
hydroxyl radicals OH. Thanks to the emerging role of
plasma generated RONS, sometimes combined with
effects of other plasma agents (electric field, electrons and
ions, UV radiation), and the induced chemical changes in
water resulting in aqueous RONS, PAW and PAM have
antimicrobial or therapeutic effects applicable in medicine
or agriculture and food processing. [2-5]
We compare three different cold air plasma sources to
demonstrate very different parameters of the generated
PAWs due to different gas-phase chemistry controlling
the production of active plasma species, such as O3, H2O2,
NO and NO2 [6].
2. Water activation by various air plasma discharges
A simple way how to efficiently activate water by cold
air plasma discharges is to generate the plasma discharge
between the high voltage (stressed) electrode and the
water surface as the other discharge electrode (typically
grounded) in air atmosphere. More efficient water
activation can be achieved by a combination of water
electrospray with the discharge. Our water spray system
enables the water flow directly through the high-voltage
needle electrode into the active discharge region, where it
is sprayed to micrometric droplets (Fig. 1, left). The
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Fig. 1 Experimental setup for water electrospray
through streamer corona or transient spark discharge
and mini glidarc batch water treatment.
interaction of plasma with water droplets allows for very
efficient mass transfer of plasma-generated active species
through the plasma-liquid interface into water [3,7].
Three non-thermal plasma discharge sources operating
in atmospheric air and water activation by their plasmas
with consequent bio-relevant effects tested on planktonic
E. coli bacteria suspended in water are compared. These
discharges are depicted in Fig. 1.
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Self-pulsing positive streamer corona (SC), mean
power 200 mW, pulse repetition frequency ~13
kHz, with water electrospray rate 0.01 mL/min,
treatment time 15 min [8]
Self-pulsing positive transient spark (TS)
discharge, mean power 2 W, pulse repetition
frequency ~1 kHz, with water electrospray rate 0.5
mL/min, treatment time 10 min [3]
Mini-glidarc, AC gliding arc (GA) with diverging
steel electrodes 3 mm apart in the nearest point and
the air flow rate 7 L/min. Arc frequency was 50
Hz,mean current 25 mA, power 22-37 W [9]. GA
was set upside-down and placed 3 cm from the
treated 3 mL batch water, the temperature of the
water sample increased to 36oC.

We denote ‘water’ the solution of Na2HPO4 with the
typical conductivity 600 S/cm that mimics an ordinary
tap water and has no buffering capacity. Very similar
results were obtained with deionized water.
3. Diagnostics of gas-phase plasma products
Ozone concentrations were measured by a home-made
ozone analyzer based on UV 254 nm absorption. NO and
NO2 concentrations were measured by the commercial
gas analyzer Kane KM9106 Quintox. In addition, Fourier
transform infrared (FT-IR) absorption spectrophotometer
Shimadzu IRAffinity-1S was used for the detection of O3
and nitrogen oxides.
In air SC, both O3 and NOx are produced. Similar to air
surface DBDs [10], low power discharge leads
dominantly to O3 production, while higher power
discharges increase the gas temperature which promotes
NOx production and the thermal depletion of O3 combined
with the chemical decay of O3 by fast reaction with NO.
SC with water electrospray produced: O3 (71 ppm), no
NO (<1 ppm), NO2 (17 ppm) (15 min accumulation in 1 L
volume). Interestingly enough, higher O3 concentrations
were produced with water electrospray as opposed to the
dry air. This is probably associated with faster cooling of
the discharge channel with H2O droplets and their
evaporation, thus inhibiting the thermal O3 depletion.
In TS and GA, the dominant stable gas phase products
were nitrogen oxides (NO and NO2) and no gaseous O3
was detected (under detection limit 10 ppm). TS with
water electrospray produced: not detectable O3, NO (44
ppm), NO2 (28 ppm). GA treating the water surface
produced: not detectable O3, and significant NO (605
ppm) and NO2 (65 ppm). In TS, similar to SC, with water
spray through the discharge, the NOx concentrations were
lower if compared with dry air [6], which may be due to
the discharge cooling by water and thus lower NOx
formation, as well as due to NOx dissolution into the
water droplets. GA was especially rich in NOx production
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due to higher power and higher temperature in the
discharge.
In addition to O3 and NOx gaseous products, the plasma
of all three discharges induces the dissociation of H2O
which leads to the formation of OH radicals that
recombine to H2O2 in both gas and aqueous phase.
4. Diagnostics of plasma activated water
The detection of RONS in the PAW is challenging due
to the chemical instability of the detected RONS and
possible cross-reactivities of the used analytical methods.
We tested and adapted colorimetric methods for special
PAW conditions, such as colorimetric detection of H2O2
by TiOSO4 reagent, NO2- and NO3- by Griess reagents,
and O3 by indigo blue dye; fluorescence spectroscopic
detection
of
peroxynitrites
using
2,7dichlorodihydrofluorescein diacetate and indirect
superoxide detection using superoxide dismutase.
Here we focus on the detection of RONS formation
induced by air plasma gas-liquid chemistry in PAW,
namely to H2O2, NO2- and NO3-, and dissolved O3
produced in PAW by the three discharges. Clearly, the
water RONS concentrations are related to the plasma
gaseous products. Nitrites and nitrates are generated in the
PAW from dissolved NO and NO2 [3-4].
Acidic pH is typical for PAW, in air plasmas mainly
due to the dissolution of NOx in the water that leads to the
formation of NO2- and NO3- and associated release of H+
in the PAW. In the three discharges used here, the
resulting pH of PAW was: SC: 3.6, TS: 3.3, GA: 3.4,
respectively.
Fig. 2 shows the measured concentrations of H2O2, NO2-,
NO3- and O3 in PAW. The low power SC generates
dominantly H2O2 and much less NO2-+NO3-, the ratio of
H2O2/NO2- is approximately 10. The character of this
SC-PAW is similar to the one treated by low power
surface DBD [10]. The medium power TS generates both
H2O2 and NO2-+NO3-, the ratio of H2O2/NO2- is
approximately 2. The character of this TS-PAW is
similar to those treated by pulsed multi-channel
discharge with RVC electrode or higher power surface
DBD [4, 10-11]. The reaction between H2O2 and NO2via formation of peroxynitrites (peroxynitrous acid)
occurs under acidic conditions [4]:

NO2  H 2 O2  H   O  NOOH  H 2 O

(1)

ONOOH then decomposes at acidic pH and creates
OH radicals [4]:
(2)
O  NOOH  .OH  NO 2.
The high power GA generates high concentrations of
NO2- and NO3-, the ratio of H2O2/NO2- is only about
1/300. Reactions 1 and 2 probably occur but at much
lower rate due to the lack of H2O2.
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Dissolved O3 concentrations in PAW for the three
plasma sources are the highest for TS, followed by SC
and the lowest for GA. However, there was no gaseous
O3 detected in TS and GA, so there should be no O3
dissolved in PAW either. We have previously showed
that established indigo blue colorimetric assay of
dissolved O3 might be misleading in PAW [12]. This is
especially true for PAW where the reaction (1) between
H2O2 and NO2- via formation of peroxynitrites occurs
under acidic conditions [4]. Interestingly, we detected
“apparent” ozone even in the chemically simulated PAW
prepared without plasma treatment where no ozone could
have been present. The degradation of the indigo dye in
the solution without ozone was most likely caused by the
OH radicals created as a decay product of ONOOH at
low pH (reaction 2).
10000

8

TS
GA
1000

6

Log reduction

RONS concentration [ M]

SC

treated by plasma discharges was determined by
thermostatic cultivation on agar plates and correlated with
chemical changes induced in water and generation of
RONS. Fig. 2 (right) shows the bactericidal effect as E.
coli log reduction for the three investigated plasma
sources. As we previously showed, NO2- interact with
H2O2 in acidic conditions (reaction 1) and lead to the
peroxynitrites
(ONOO-/ONOOH,
detected
by
fluorescence spectroscopy) that were identified as the
most important bactericidal RONS agents in TS-PAW [34, 13] with the strongest log reduction rate most likely
associated with their acidic decomposition (reaction 2). In
GA, this ONOOH formation in the aqueous phase is not
so large because the produced H2O2 concentration is too
low compared to NO2-, which results in much weaker
bactericidal effect.
In SC, the log reduction rate is high despite NO2concentration is very low compared to H2O2 which would
again inhibit the ONOOH formation and its bactericidal
action. On the other hand, aqueous O3 contributes to the
overall bactericidal action in SC (unlike in TS and GA).

6. Post-plasma treatment bactericidal effects of PAW
The bactericidal results shown above referred to the
**
bacteria already suspended in water that were in a direct
10
2
contact with the plasma. Another approach is to generate
*
plasma activated water and use it later for antimicrobial
action, i.e. bacteria are not in a direct contact with the
1
0
plasma. There are large potential uses of such PAW as
H2O2
NO2NO3O3
Log reduction
H2O2 NO2‾
NO3‾
O3
 antimicrobial agent “in bottle”. We have tested the
bactericidal action of such PAW treated by TS, in which
Fig. 2. RONS formation in PAW induced by air plasma of bacteria were incubated post plasma treatment during
SC, TS and GA. *’apparent’ ozone, **real + ‘apparent’ 10 min. The E. coli inactivation rate is apparently weaker
ozone. Bactericidal effect on E. coli directly treated in in this indirect exposure to PAW post plasma treatment,
water by air plasma of SC, TS and GA.
despite the chemical properties of the PAW are the same
as in the direct plasma treatment. So, RONS and
However, it is difficult to asses how much of the especially the ONOOH chemical mechanism in air spark
measured O3 in SC-PAW is apparent and how much is discharge cannot fully account for the bactericidal action
real. In SC with water spray, gaseous O3 was significant in PAW.
(71 ppm), so it is likely that it would dissolve in the
3.5
sprayed water. If complete dissolution of the gaseous O3
was assumed in the fine sprayed water droplets and the
3
water flow rate taken into account, it would result in
2.5
~20 M O3 concentration in the PAW, which is very
PAW ( -70°C)
close to the measured value. Also NO2- concentration was
PAW (4°C)
2
relatively low in SC-PAW, indicating that the reactions
PAW (22°C)
1.5
(1) and (2) certainly progressed in a lower rate than in TS
where the secondary OH produced by (2) completely
1
masked the real O3 measured by indigo blue method.
0.5
Looking for an alternative method of aqueous O3
measurement in PAW free of interactions with other ROS
0
0
50
100
150
200
250
300
350
(especially OH) is indispensable.
*

4

Log reduction

100

5. Bactericidal effects induced directly in PAW
Bactericidal effects induced in water activated by the
three air discharges were investigated. Inactivation
efficiency of E. coli bacteria suspended in the water
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Post-discharge time [min]

Fig. 3. Indirect bactericidal effect of air TS-PAW stored
at different temperatures tested on E. coli incubated for 10
min as a function of post-treatment storage time.
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Anderson et al. confirmed in experiments using indigo
carmine as an indicator of oxidative strength in a similar
air TS discharge that the activity of OH (or other highly
oxidizing species) near the plasma–liquid interface
dominates the effects of the plasma treatment. This result
is striking given the small area of contact between the
discharge and water (<1 mm2), and highlights the
importance of gas plasma–liquid transport phenomena
occurring only during direct plasma exposures [14]. In
direct plasma treatment of microorganisms in water, the
effect of other plasma agents, such as plasma generated
(UV) radiation, high electric fields interacting with the
cell membranes, or metallic nanoparticles originating
from the electrode erosion can also contribute to the
resulting bactericidal effect.
PAW antimicrobial activity decays within a few hours
(in post-plasma incubation of bacteria). Refrigerating
such a PAW slows down the peroxinitrite mechanism
(reactions 1 and 2) and so preserves the bactericidal
activity for longer. In practical applications, the long-term
storage of PAW could be addressed by fast freezing of
PAW [15], which preserves its antimicrobial activity for
days and weeks. Fig. 3 compares the time evolutions of
the indirect bactericidal effect of PAW prepared by TS.
7. Conclusions
We compared three different non-thermal atmospheric
air plasma sources interacting with water in terms of gas
phase and aqueous products in the resulting PAW, and
their bactericidal effects tested on E. coli bacteria. In low
power air discharges represented by streamer corona with
water electrospray, the bactericidal effect of ozone
dissolved in water may play an important role in addition
to the effect of aqueous H2O2 and NO2-. In medium power
transient spark, the ozone formation is suppressed and the
strong bactericidal effect is dominantly due to the aqueous
H2O2 and NO2- at acidic pH leading to peroxinitrite
formation and its decay to OH radicals in the PAW. In
high power glidarc dominated by NOx production in the
gas phase, no ozone was formed and the bactericidal
effect was still due to the same mechanism but inhibited
by low H2O2 formation.
By comparing the direct and indirect treatment of
bacteria in water we also showed that RONS chemistry
induced in PAW cannot be accounted for the full
bactericidal effect and the contribution of other plasma
agents should be investigated. The PAW can retain its
antimicrobial activity for hours, even longer when
refrigerated and for very long time when frozen.
In this paper we focused at non-buffered water which
has a great potential as antimicrobial agent in wound
healing or dentistry. For example we demonstrated a
strong inactivation of biofilms by corona discharge with
PAW [8]. When plasma activated solutions contain
buffers or biological liquids/media (typically called
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PAM), the chemical effects induced by plasmas are
dramatically modified. PAM have been shown to have
multiple bactericidal but especially biomedically relevant
effects e.g. on cancer cells [5]. Both direct and indirect
exposure of eukaryotic normal and cancer cells to SC or
TS activated medium shows that air plasma activated
medium can selectively target cancerous cells, which is
very important for possible future development of new
plasma therapeutic strategies in cancer medicine [5,16].
Our preliminary results on cold plasma treatment of
biological liquid such as fruit juice and enhancement of
germination and plant growth by PAW demonstrate new
potentials of PAW in food industry and agriculture [17].
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Contrasting characteristics of aqueous reactive species induced by cross-field
and linear-field plasma jets
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Abstract: A comparative study on a linear-field plasma jet and a cross-field plasma jet is
carried out in this paper. The linear-field plasma jet produces much more aqueous shortlived species including OH and O2- in water, which are mainly correlated to salvation of
gaseous short-lived species such as ions and electrons. Regarding the long-lived species
(H2O2), the concentration grows faster when treated by the linear-field plasma jet in the
initial stage, but achieve the ultimate equality due to the vapor-liquid equilibrium.
Keywords: linear-field jet, cross-field jet, aqueous reactive species, plasma-liquid interaction

1.

Introduction
Atmospheric-pressure plasma jets have been intensively
studied in the last decade due to their great potential in
diverse application fields such as surface modification [1]
and biomedicine [2]. Among many types of plasma jet
devices [3]0, most of them can be classified into two types
as linear-field and cross-field devices by considering the
direction relation between the electric field and the gas
flow field [4]. For linear-field devices, electric field and
gas flow field are largely parallel to each other as the
common device with just one electrode in/surrounding a
glass tube (the treated substrate in front of the glass tube
serves as the other electrode) [3]. But for cross-field ones,
these two vector fields are largely perpendicular as those
common devices with coaxial electrode structure [3].
Different direction of electric field can directly effect on
the movement of electrons in plasmas and therefore to
influence those electron-related physical and chemical
processes, leading to contrasting characteristics of these
two types of plasma jets. In particular, the linear-field
plasma jet is found to be more efficient to delivery reactive
species to the remote substrate under treatment [4]
Therefore, different designs on configurations of plasma
jet device can be regarded as an effective method to
regulate generation of gaseous reactive species to satisfy
several different demands of applications.
In this paper, a series of experiments has been reported
to investigate contrasting characteristics of aqueous
reactive species induced by the cross-field and linear-field
plasma jets. Using chemical fluorescent probes and
electron
spin
resonance
(ESR)
spectrometry,
concentrations of several reactive oxygen species (ROS)
induced by two plasmas jets have been measured
quantitatively to clearly show their differences. In addition,

ISPC23, Montreal, Canada

the underlying mechanism is discussed as well.
2.

Experimental methods
The schematic diagrams of two plasma jets are shown in
Figure 1. Similarly, we use the same quartz tube (4 mm
inner and 6 mm outer diameters) and the high-voltage rod
electrode located in the axis of the tube (sealed in another
smaller quartz tube with a thickness of 0.75 mm) for both
linear-field (Figure 1(a)) and cross-field (Figure 1(b))
plasma jets. But different locations of grounded electrode
in two devices are designed to alter the directions of
induced electric fields. For the linear-field plasma jet, the
electric field has a direction from the high-voltage rod
electrode to the underneath grounded plate electrode,
almost parallel to the gas flow direction. In contrary, a
grounded ring electrode is used which wraps around the
outer quartz tube in the cross-field plasma jet, and hence
the electric field is mainly in radial direction,
perpendicular to the gas flow field. Sinusoidal power
supply of f=20 kHz is used to generate plasma at the same
power of ~127 mW, which leads to different peak-to-peak
voltages that 5.6 for cross-field jet and 7.6 kV for linearfield one, respectively.
A glass dish of 2 mL deionized water is located 7 mm
away from the jet nozzle, and a plate copper electrode
under the dish which is grounded through a resistance of
100 Ω. The dome tip of the smaller quartz tube has a
distance of 6 mm from the jet nozzle (the nozzle of the
outer quartz tube), and helium (99.999% purity) flows
though the space between the two coaxial quartz tubes
with a rate of 3 SLM.
3.

Results and discussions
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Figure 1. Schematic diagram of two types of plasma jet
Although the discharge power is similar, the plasma
plumes are much different for two types of plasma jets.
Shown in Figure 1, the linear-field plasma plume is
pronounced and obviously in contact with the water, while
the cross-field plasma plume is very weak and just slightly
in contact with water downstream. This is in accordance
with the literature as the linear-field plasma plume is
reported to be longer than cross-field one [4]. For the
experimental conditions shown in Figure 1, the deposited
electric charge per one cycle is measured to be 2.2 nC for
the linear-field plasma jet, while it is lower to be 0.87 nC
for the cross-field counterpart.
Optical emission spectra present the components of
radiative species in gaseous plasma. As shown in Figure
2(a) and (b), the emission intensities of OH*, N2+*, O* and
He* are all similar for the two-type plasma jets. For
example, the emission intensity of OH(A) at 308.9 nm has
a peak value of 1138 a.u. for the linear-field plasma jet,
slightly higher than that for the cross-field plasma jet
(1025 a.u.). The similarity of emission intensity indicates
that two-type plasma jets have similar ability to excite
radiative reactive species such as OH(A) though the
configuration has changed.
Concentration curves of aqueous H2O2 induced by the
two-type plasmas are shown in Figure 3(a). It is clear to
see that H2O2 concentrations in both cases grow in the first
10 minutes plasma treatment and then reach closely stable
values. Aqueous H2O2 induced by linear-field plasma jet
grows faster in the first four minutes than cross-field one.
According to previous investigations [6], these plasma
produced H2O2 in liquid can be generated through several
chemical pathways. Therefore this observation in Figure
3(a) can also be explained by larger particle fluxes of
charged species and other short-lived species such as OH
on the water. Interestingly, the concentrations of aqueous
H2O2 induced by the two-type plasma jets are nearly the
same (~37μM) and invariable during 10 to 15 minutes of
plasma treatment. A possible explanation of this
phenomenon is that the H2O2 reaches vapor-liquid
equilibrium for both plasma jets when the treatment time
is larger than 10 min [8]. H2O2 can be generated in
gaseous phase because of the reaction between plasma and
water vapor near surface and penetrating into aqueous
phase through absorptions [8], or be generated directly in
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liquid through aqueous chemical network [6]. Therefore
the increasing speed of concentration of aqueous H2O2 to
be saturated in water is faster than only penetration from
upstream. With 10min plasma treatment, total H2O2 in
liquid reach equilibrium with the H2O2 outside, leading to
a stable concentration in water. This also implies that the
yields of gaseous H2O2 by the two-type plasma jets are
similar despite of their different electrode structures. In
this case their gaseous densities can be evaluated as
~9.2×1015 m-3 based on Henry's Law [9]. Also, the Griess
reagent was used to detect NO2- and NO3-, and the
absorbance was measured at λ=550 nm. However, no
desired signal was detected, indicating that the
concentration of NO2-/NO3- is lower than the detection
limit of ~1 μM.

Figure 2. The discharge image and the emission spectra
either for the linear-field plasma jet (a) or for the crossfield plasma jet (b).
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Figure 3. Concentrations of H2O2 (a), DMPO-OH (b) and TEMPONE (c) in the deionized water treated by the twotype plasma jets as a function of the treatment time.
As shown in Figure 3(b), concentrations of DMPO-OH
from two types of plasma jets increase with the plasma
treatment time. Comparatively the one for the linear-field
plasma jet is larger by 7.5~13.1 fold. Based on the fact, it
can be concluded the linear-field plasma jet is much more
efficient to produce aqueous OH compared to the crossfield counterpart. According to recent simulation results
reported by our group and others [5]-[7], three
physicochemical pathways are important for the
production of aqueous OH during the plasma treatment,
including the solvation of gaseous OH, the VUV photodissociation of H2O at the gas-liquid interface, and the
reactions in water as given by:
O3-+H+→O2+OH
(R1)
H2O++H2O→H3O++OH
(R2)
H3O++OH-→H2O+H+OH
(R3)
Compared to the cross-field plasma jet, the linear-field
plasma jet can be in contact with the water (see Figure 1)
and hence more short-lived species, especially charged
species, VUV photons and free radicals such as OH, can
dissolve into the water, which will enhance all these three
pathways as presented above. This is why the linear-field
plasma jet is more pronounced for the production of
aqueous OH in water.
As shown in Figure 3(c), the concentration of
TEMPONE for the linear-field plasma jet increases fast in
the first 10 minutes of plasma treatment, but changes only
a little in the following treatment process. In contrary, case
of cross-field plasma jet continues to increase during the
entire process of plasma treatment, and comparatively it is
lower by 1.8-3.5 μM when the plasma treatment time is
larger than 2 minutes. This difference is most pronounced
at the plasma treatment time of 2 minutes, since it
corresponds to 3.6 fold in quantity, but it only corresponds
to 1.1 fold at the instant of 15 minutes. As discussed above,
the measured TEMPONE should mainly consist of the
trapped O2- and peroxynitrite, and hence it can be
concluded that the total concentration of aqueous O2- and
peroxinitrite is larger in the water treated by the linearfield plasma jet. Based on our previous study [6], the main
production pathway of the aqueous O2- is the electron
attachment by the dissolved oxygen:
e+O2→O2(R4)
While the aqueous peroxynitrite was reported to be mainly
produced by the solvation of gaseous ONOOH and the

ISPC23, Montreal, Canada

aqueous reaction between NO and HO2 [7]:
NO+HO2→ONOOH
(R5)
The gaseous ONOOH is produced when the plasma plume
meets N2 or other nitrogen-containing molecules in
surrounding air outside the jet nozzle, and so does the
gaseous NO. The solvation of gaseous NO is then
attributed for the production of aqueous ONOOH in water
via R5. According to R4 and R5, the electron flux onto
water surface is mainly responsible for the production of
O2-, while the air additive in helium is mainly responsible
for the production of peroxynitrite. This gave us an
inspiration to clarify the amounts of O2- and peroxynitrite
as precursors for TEMPONE by varying the electron flux
and the air additions.
In order to investigate the generation mechanisms of
tested aqueous reactive species we mentioned above, we
varied the gap width between the jet nozzle and the water
surface from 4 mm to 10 mm to change the admixture of
air into plasma plume, while keeping the discharge power
constant to be ~127 mW and the treatment time of 6 min.
As shown in Figure 4(a), the amount of charges deposited
on the water during a voltage cycle decreases with the gap
width for the two-type plasma jets, because more voltage
is needed to sustain the discharge and hence the current
(mainly corresponding to the electron flux) is reduced. The
concentrations of TEMPONE for the two-type plasma jets
are shown in Figure 4(b) (The entire bars), which increase

Figure 4. The amounts of deposited charge per voltagecycle (a) and the concentrations of TEMPONE (b) after
six minutes treatment by the two-type plasma jets for
different gap distances of 4, 7 and 10 mm. The bars
with diagonal lines in (b) represent the values after
using SOD.
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4.

Figure 5. The concentrations of H2O2 (a) and DMPOOH (b) after 6 min treatment by the linear-field and
cross-field plasma jets for different gap distances of 4,
7 and 10 mm.
first and then slightly decrease. The trend is different to
that of the deposited charge. However, if a scavenger of
O2-, Superoxide Dismutase from bovine erythrocytes
(SOD, sigma, USA)), is added into the water together with
the TEMPONE-H, the residual TEMPONE has its
concentration increasing with the gap width (see the bars
with diagonal lines in Figure 4(b)). As discussed above,
the residual TEMPONE is most possible to consist of the
trapped peroxynitrite, and the increase of its concentration
with the gap width can be explained by the more air
additive with the expansion of the plasma plume.
Moreover, the different value between the TEMPONE
concentrations with and without the use of SOD should
represents the concentration of trapped O2-, which
decreases with the incresing gap distance, similar to the
trend of the deposited charge as shown in Figure 4(a).
Quantitatively, the deposited charges for the linear-field
plasma jets are larger than the cross-field counterparts by
2.5~3.5 fold for the three gap distances, while the
concentrations of trapped O2- are 1.5~3.5 fold. This
implies that the electron attachment by the dissolved
oxygen (R4) plays a significant role for the aqueous O2production.
The dependence of the concentrations of H2O2 and
DMPO-OH on the gap distance is shown in Figure 5, from
which it can be seen that the concentrations keep
decreasing with the increasing discharge gap distance. The
reductions of H2O2 concentrations are ~21% for both types
of plasma jets, while for DMPO-OH concentrations the
reductions are 30% and 45% for the linear-field jet and
cross-field jet, respectively. The concentration of DMPOOH largely represents the relative concentration of OH
radicals as discussed above. For the linear-field plasma jet,
the reduction of aqueous OH should be mainly ascribed to
the density decrease of the related plasma species (gaseous
OH, VUV photons, etc.) due to the extension of plasma
plume. In comparison, for the cross-field plasma jet the
reduction is also ascribed to the short lifetimes of the
related plasma species, and the amounts of such species
moving into the water would decrease sharply with the
increasing gap distance. This is why the reduction of the
DMPO-OH concentration is more pronounced for the
cross-field plasma jet. In contrary, H2O2 have very long
lifetime and hence their reduction degrees are similar for
the two-type plasma jets.
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Conclusion
It is found that with very little influence on circuit
structure, two-type plasma jets with change in
configuration have similar efficient to produce gaseous
reactive species such as OH(A) and H2O2, but the linearfield plasma jet is much more efficient to deliver those
species to the remote deionized water under treatment. In
comparison, the concentration of aqueous H2O2 induced
by the linear-field plasma jet grows faster in the initial
stage of treatment, but after 10 minutes it is similar to that
induced by the cross-field counterpart due to the vaporliquid equilibrium. The concentration of aqueous OH
induced by the linear-field plasma jet is 7.5~13.1 fold
larger, and for the aqueous O2- it is 1.5~3.5 fold larger for
our experimental conditions. These two short-lived species
are mainly produced directly and/or indirectly by the
solvation of the gaseous short-lived species. In particular,
it is found that the dissolved electrons are largely
responsible for the production of aqueous O2- via
attachment on the dissolved oxygen. Moreover, the
aqueous peroxynitrite is indirectly evidenced to exist
which is due to the air inclusion in the feeding gas.
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Abstract:
Pin-to-liquid discharges are investigated for the activation of liquids dedicated to
agriculture applications. They are characterized through their electrical and optical
properties, with a particular attention paid to their filaments and self-organized patterns
occurring at the liquid interface. We show how modulating their interaction with ambient
air can promote the production of reactive species in liquids such as H2O2, NO2¯ and NO3¯ .
The effects of the resulting plasma activated media are reported on lentils seeds.
Keywords: pin-to-liquid discharge, self-organized patterns, reactive species, plasma
agriculture
1. Introduction
In plasma medicine as well as plasma agriculture,
cold atmospheric discharges are commonly generated
following two distinct approaches: (i) a direct approach
where substrates or bio-tissues are directly exposed to
the plasma and (ii) an indirect approach where cold
plasma is utilized to activate a liquid medium
subsequently applied on the living system [1-2]. The
direct approach allows long/short-lived species and
ions transport, UV radiation, gas temperature, transient
electric field and gas flow effects while only long-lived
species (typically hydrogen peroxide, peroxynitrite,
nitrate and nitrite radicals) occur in the indirect
approach [3].
The plasma activation of liquids stands for an
important issue in plasma agriculture. Although most
of the teams working in this field utilize DBD and
plasma jets to activate water, we propose here pin-toliquid discharges as an alternative owing to their
simpler design, their lower cost and also the ability to
develop multiple pin-to-liquid discharges for the
treatment of large liquid areas. In that framework,
fundamental questions must be addressed, in particular
on the connection between plasma filaments and selforganized patterns on the liquid interface. Previous
works have already evidenced patterns formation using
DBD, MHCD, jet-like discharges [4,5,6,7] and
investigated parameters such as applied voltage, gap
distance, exciting frequency, gas composition. DC
current and liquid conductivity effects on selforganization have also been investigated using pin-toliquid glow-like discharges [8]. However, extensive
mechanisms on their formation on liquid interfaces are
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still challenging as well as how their interaction can be
modulated with ambient air and hence promote the
production of reactive species in the liquid phase.
Addressing these questions may be of first interest for
applications dealing with the plasma-activation of
liquids, in particular in plasma agronomy where
concentrated “cocktails” of reactive species are
expected at a lower cost.
2. Experimental setups
The single pin-to-liquid discharge device is
introduced in Figure 1. The cathode pin electrode
(tungsten, Ø = 2 mm) is supplied by a DC power
source (Power Design, model 1570A, 1 – 3012 V, 40
mA) via a ballast resistor (90 kΩ). Below this cathode
is placed a glass vessel where the liquid to be treated is
contained. This liquid is either mineralized water,
demineralized water or non-drinking water. The
distance between pin electrode and liquid interface is
2-5 mm. At vessel’s bottom is placed the anode plate
(thickness=0.2 mm, Ø=22 mm). Besides, a multiple
pins-to-liquid discharge has been designed as shown in
Figure 1, showing the same previous pins parameters.
This matrix configuration is investigated for preparing
PAMs with high ROS densities in liquid media.
The electrical properties of the gaseous phase are
characterized using voltage probes and Rogowsky coil
connected to a LeCroy Wavesurfer 3054 oscilloscope.
The discharge optical properties have been determined
with an optical emission spectrometer coupled with an
intensified CCD camera (iStar 734 from Andor
Technologies). Several methods are under study to
measure the discharge electric field, CARS laser
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spectroscopy [9], Stark polarization spectroscopy in
presence of helium gas [10], or even Pockels-effect
method [11]. Here, the electric field is determined
using a ratio of nitrogen bands intensities [12]. The gas
temperature is also determined via OES.
The main chemical properties and longlife reactive
species of the plasma-activated media are characterized
using ion selective electrode probes (Nitrates),
chemical
probes
(pH,
redox
potential),
spectrophotometry (Jenway 7315) and fluorometry
(hydrogen peroxide, nitrites, and aqueous ozone).

Figure 2. V-I characteristics of the pin-to-liquid
electrode discharge.

Figure 1. Schematics of the single pin-to-liquid
discharge and of the multiple pins-to-liquid discharge.
3. Results & discussion
The Figure 2 gives the V-I curve of a single pin-toliquid discharge operating in ambient air. Four
different stages of the discharge can be distinguished
correlating electrical and optical measurements. In
stage 1 (currents lower than 7 mA), the discharge
behaves as in normal glow regime: the applied voltage
is constant when increasing the current. A single but
large discharge filament is formed, giving rise to a ring
shape self-organized pattern on the liquid interface. In
stage 2 (7-15 mA), the increase in the current at
constant voltage makes the tungsten pin hotter, giving
rise to a strong heat radiation as well as to very
emissive nitrogen bands. The stage 3 (15-20 mA)
corresponds to an unstable regime where the discharge
switches between two states: a “high voltage” state
(800-1000V) where it presents optical properties
similar as those obtained in stage 2 and a “low voltage”
state (600-700V) where the discharge optical properties
are similar to those of stage 4. In that latter stage (>20
mA), the discharge recovers its stability while complex
self-organized patterns are formed on the liquid
interface. The typical patterns formed on this interface
are shown in Figure 3 for different current values.

Figure 3. Pictures of the pin-to-liquid discharge above
deionized liquid interface.
The Figure 4 shows a detailed picture of the discharge
interacting with liquid interface. A hot spot is clearly
identified on the tungsten pin’s tip while plasma
filaments bridge the cathode pin to the liquid. On the
liquid interface lie the plasma self-organized patterns.
Filaments and patterns behavior have been
characterized by switching DC power supply polarity,
changing type of liquid and pin-to-liquid distance.
Then the power deposited as well as number of
filaments on a given residence time have been
estimated. The temperature of these filaments a well as
an electric field profile have been determined.

Figure 4. Self-organization patterns filaments resulting
from a single pin-to-liquid discharge (stage 4)

In the treated liquids, reactive species such as hydrogen
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peroxide and nitrates have been quantified. A
correlation between their concentration as well as
plasma filaments and self-organized patterns
characteristics is suggested.
Then, a multiple pins-to-liquid discharge has been
designed to match with the expectations of plasma
agronomy applications. Electrical and optical
characterizations have been performed to compare
electric field, gas temperature and the production of
reactive species with those from single pin-to-liquid
discharge. Also, how the filaments are now distributed
and how they are connected with the self-organized
patterns is discussed.
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Lett. 70 1521
11. Sobota A, Guaitella O and Garcia-Caurel E 2013 J.
Phys. D: Appl. Phys. 46 372001
12. Paris P, Aints M, Laan M and Valk F 2004
Journal of Physics D: Applied Physics 37 1179–84

Finally, the plasma activated media prepared with the
multiple pins-to-liquid discharge are used to irrigate
lentils seeds. Their germination rate as well as the
seedlings stems growth are daily recorded. They are
compared to controls and to liquids activated by
plasma jets to show the plus-value of the pins-to-liquid
discharges in plasma agronomy applications.
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Nonequilibrium Plasma Decontamination of Corn Steep Liquor for Ethanol
Production: SO2 removal and Disinfection
Anh Huynh, Thomas Li, Mykola Kovalenko, Ryan Robinson, Alexander Fridman, Alexander Rabinovich, & Gregory
Fridman
Nyheim Plasma Institute, Drexel University, Camden, New Jersey, 08103, USA
Abstract: This study investigated the effect of plasma systems on corn steep liquor using (1)
direct current spark discharge in liquid, (2) pulsed dielectric barrier discharge with ultrafine
misting, (3) reverse vortex gliding arc, and (4) forward vortex gliding arc. Spark and DBD
showed very little effect on disinfection due to high organic load in the solution. Gliding arc
systems showed better disinfection and removal of SO2 with the addition of 1% by volume
of 30% H2O2 solution. High concentration of organic materials and minerals was
hypothesized to block antimicrobial effects of plasma.
Keywords: SO2, corn steep liquor, disinfection, decontamination, plasma

Introduction

Results

Plasma is known to have antimicrobial effects and has been
used for different applications in medicine and agriculture.
Disinfection of liquids using plasma is important as it helps
reduce the usage of harmful chemicals. In this study,
plasma was used to infection corn steep liquor - a byproduct of the wet corn milling process. Corn steep liquor
contains a mixtures proteins, minerals, and microorganism [1]. This liquid needs to be treated before use for
further processing. Cold and warm plasma were used in
this study to investigate their effect on disinfection and
removal of SO2.

Spark discharge showed the least effect among four plasma
systems. Treatment affected SO2 concentration after the
very first few seconds, but longer treatment time did not
result in further decrease in SO2 concentration. A low
disinfection effect was observed. The result from DBD
treatment was similar to that of spark discharge. Both
RVGA and FVGA showed a good effect on SO2. The
concentration was found to reduce at least 35%.
Disinfection was enhanced by adding a small percentage of
either ethanol or H2O2 (Figure 2: with addition of ethanol;
H2O2 addition produces similar result (data not shown)).

Materials and Methods
Four plasma systems used in this study were: direct current
spark discharge in liquid, pulsed dielectric barrier
discharge (DBD) with ultrafine misting, reverse vortex
gliding arc (RVGA), and forward vortex gliding arc
(FVGA) with droplet atomizer. SO2 concentration was
measured by titration before and after plasma treatment.
Treated corn steep water was plated on tryptic soy agar and
incubated for analysis of bacterial load in the solution.
Optical Characterization of each systems were also
performed. Figure 1 below shows the setup of FVGA.

Fig.2: Sterilization results using FVGA. 10% v/v ethanol
steep water before treatment (left), 10% ethanol v/v steep
water after plasma treatment (right)
Discussion

Fig. 1: FVGA system (left) setup; (right) setup schematic
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Several reports claimed that a combination of reactive
oxygen species and ultraviolet (UV) radiation was the
primary mechanism of antimicrobial effect of plasma. In
this case, the high concentration of organic materials in
corn steep water would readily react with reactive species
in plasma. In addition, this water absorbed the effect of
UV. The effect of gliding arc systems on SO2 can be
attributed high temperature in plasma channels. H2O2
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produced by plasma in combination with the added H2O2
overcame the pathogen load.
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Synthesis of ZnO nanosheets by discharges in liquid nitrogen
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Abstract: For the first time, the selective synthesis of metal-based nanosheets is showed to
be possible by nanosecond-pulsed discharges in liquid nitrogen. These 2D-nanostructures
are made of stacks of a few monolayers with thicknesses ranging from 4 to 20 nm typically.
Time-resolved optical emission spectroscopy shows the presence of zinc lines with a
maximum emission after 300 ns and gives an excitation temperature of 0.5 eV. No nitrogen
lines, either from N2 or from N, could be observed. The growth mechanism of these
uncommon objects is also discussed.
Keywords: Alloy, nanoparticles, submerged discharge, dielectric liquid.
1. Introduction
Discharges in liquids offer a simple way to synthesize
nanoparticles at high rate and low cost [1]. When spark
discharges are ignited in a dielectric liquid, a strong
heating of the electrode material occurs, producing a
metallic vapour from which nanoparticles grow by
condensation.
However, in many examples, it turns out that nonspherical nanoparticles can be produced. For instance,
zinc eroded in liquid nitrogen spontaneously form a
majority of 2D-hexagons instead of round-shaped
nanoparticles. Then, the synthesis mechanism of these
objects is likely more complicated.
In this work, we pay attention to the specific case of
zinc. To the best of our knowledge, no ZnO nanosheets
were ever produced by discharges in liquids. They were
produced by plasma [2], ZnO being hexagonal and likely
to grow along its crystal c-axis (0001 growth direction)
perpendicularly to the surface of the substrate.
By using different experimental conditions, and with
the help of time-resolved optical emission spectroscopy,
we want to investigate the synthesis of ZnO nanosheets.
2. Experimental setup
The experimental set-up was presented in detail in
reference [3]. Briefly, a pin-to-pin electrode configuration
was used. Electrodes were zinc wires (1 mm in diameter).
A high DC voltage power supply (Technix SR15-R1200–15 kV–80 mA) fed a solid-state switch (Behlke
HTS-301-03-GSM) connected to one pin-electrode, the
other electrode being grounded. The voltage rise time was
20 ns without ballast resistor.
Synthesis of nanosheets made of unoxidized zinc was
performed in liquid nitrogen, which is known to be inert
in our conditions (no nitride could ever be formed in our
conditions, whatever the metal used as electrode
material). The experimental conditions retained here are
an applied voltage of +10 kV and an inter-electrode gap
distance of 100 µm. After about one hour of successive
discharges ignited at 10 Hz, nanosheets are collected by
sedimentation on a silicon wafer located under the pin-
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electrodes. We resorted to scanning electron microscopy
(SEM) — XL30S-FEG by Philips —for structural and
chemical observations. An EDXS (Energy-Dispersive Xray Spectrometer) was used for elemental analysis and a
TLD detector (through the lens detector) was used for
high resolution imaging. A Philips CM200 device and a
JEOL ARM 200F Cold FEG device were used for TEM
investigation in order to study the crystallinity and the
chemical composition of NPs.
Optical emission spectroscopy was performed with a
550 mm focal length monochromator (Jobin–Yvon
TRIAX 550) equipped with a 100 grooves mm−1 grating
for overall spectra in the (250–900 nm) visible range,
lines being strongly broadened and high spectral
resolution useless. It was coupled with a HORIBA Jobin–
Yvon i-Spectrum Two iCCD detector. Each measurement
is averaged over 50 spectra recorded with an exposure
time of 50 ns. Although discharges in dielectric liquids
are known to be stochastic, using a solid-state switch with
a 20-ns rise time ensures a high level of reproducibility
because breakdown necessarily occurs within a time
window inferior to the exposure time (see reference [4]
for further details).
3. Results and discussion
3.1. Material results
Eroding zinc electrodes gives mainly 2-dimensional
nanostructures (nanosheets) as it is visible on a wide
image captured by SEM (Fig.1). We clearly observe that
these nanosheets are the main type of nanostructures
collected on the wafer surface. Few spread NPs (Fig. 2a)
are observed by TEM. The synthesis is then very
selective. Typically, the nanosheet thickness varies
between 2 nm and 20 nm for the thickest, the average
value being closer to 4 nm, according to AFM
measurements (Fig. 2b).
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Fig. 3. Micro-EDS analysis of nanosheets after air
exposure. Copper lines are due to the TEM grid.

Fig. 1. Wide image captured by SEM at low
magnification.
Nanosheets are made of ZnO. Unreported diffraction
patterns and micro-EDS analyses (Fig. 3) prove
undoubtedly that zinc got oxidized to form almost
stoichiometric crystalline ZnO after evaporation of liquid
nitrogen and air exposure before TEM analyses.
The behaviour of zinc is uncommon for a metal eroded
by spark discharges in liquids. The use of liquid nitrogen
as dielectric liquid could be at least partly responsible for
this specific shape. Indeed, all processes of the same kind
are usually operated in deionized water, leading to
spherical or elongated nanoparticles [5, 6].
We also noticed, by changing the polarity from +10 kV
to -10 kV, that no significant modification of the object
nanostructure was appreciable. We also tried different
substrates (silicon, aluminium, steel and copper) that the
material used to collect the nanosheets has no role on their
shape.

Our first concern was then to check whether
substituting liquid nitrogen by water or heptane, two other
dielectric liquids, would change the shape of the
nanostructures. Results are presented in Figs. 4a and 4b. It
turns out that for unchanged experimental conditions,
nanoparticles are former rather than nanosheets. In the
case of heptane, a network of carbon is also present (Fig
4b) due to the decomposition of the liquid alkane. Zinc
nanoparticles, embedded in this network, are clearly
visible. So, the use of liquid nitrogen seems to be
mandatory to get nanosheets.
a)

b)

50 nm

100 nm

Fig. 4. TEM-BF images of nanoparticles formed a) in
water and b) in heptane. The network appearing in this
latter case is made of carbon coming from the
decomposition of heptane by the discharge.
Then, we observed the tips of the pin electrodes after
erosion by SEM (Fig. 5). We could distinguish oriented
valleys in which nanosheet-like features are formed.
Then, we assume that the growth mechanism is related to
the huge gradient that prevails during the erosion process
of the electrodes, which are cooled by liquid nitrogen on
their side and heated by the discharge at their tip. After
growth, nanosheets get detached, certainly mechanically,
and fall in the liquid.
Fig. 2. a) TEM image of ZnO nanosheets with spread
nanoparticles. b) AFM image showing nanosheets with
thicknesses ranging typically from 4 to 20 nm.
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3.2. Time-resolved optical emission spectroscopy
To go a step further, we used time-resolved optical
emission spectroscopy. Results are presented in Fig. 6. At
short times after breakdown, continuum emission
dominates. It decreases when the plasma cools down and
lines start popping up. Huge line shifts and broadenings
are observed. Non-symmetric profiles are obtained before
400-500 ns typically due to the quadratic Stark effect. All
lines are Zn I transitions and the corresponding transition
are depicted in the Grotrian diagram given in Fig. 7. The
modelling of their shape has just been started.
No nitrogen lines either from N2 or N are visible (even
up 850 nm where N I lines are expected to be the most
intense), probably because they are trapped in the
optically thick medium and/or too weak in intensity with
regards to metallic lines.

Fig. 7: Grotrian diagram showing the transitions of zinc
observed in our conditions.
The time evolution of the three groups of lines
displayed in Table 1 is provided in Fig. 8. UV lines at
~330 nm are observed 50 ns before the other lines thanks
to self-absorption. Emission starts after 150-200 ns and
reaches a maximum 100-150 ns later. Then, lines start
fading away.
Negative values observed in the case of the line at 636
nm are due to self-absorption, the singlet state 4s4p 1P°
being likely very populated. The optical thickness of the
medium is also non-negligible, especially at short times
where a strong continuum is emitted. This light is trapped
by atoms and molecules at given energies, which
produces holes in the light distribution (see Fig. 6).
4 s 4 d 3 D i → 4 s 4 p 3Pj

Normalized intensity (a.u)

Fig. 5. SEM images of a pin electrode after erosion.
Insert: magnification of the dotted area showing
nanosheet-like features.
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~330 nm

4 s 5 s 3 S1 → 4 s 4 p 3Pj
~472 nm
4 s 4 d 1D 2 → 4 s 4 p 1P1

~636 nm
0

50 100 150 200 250 300 350 400 450 500 550

Time (ns)
Fig. 8: Time evolution of lines bunches at different
wavelengths. Negative values are due to self-absorption.

Fig. 6: Time-resolved optical emission spectra of
nanosecond-pulsed discharges in liquid nitrogen between
two zinc electrodes. Spectra are corrected from the optical
response of the device. Lines denote zinc transitions. No
nitrogen lines are observed.
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Using a Boltzmann plot, we can estimate the excitation
temperature at about 0.5 eV after 300 ns (Fig. 9). This
temperature is likely very close to the discharge
temperature for these spark discharges are usually close to
equilibrium. These values are huge in terms of material
treatment when compared to the temperature of the
dielectric liquid and thermal gradients are almost
identical, either in water or in liquid nitrogen. Simple
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Excitation temperature (eV)

calculations based on thermal diffusion show that after
100 ns, about 5 µm of zinc should be simply evaporated.
On the other hand, if thermal gradients were the driving
force to produce nanosheets, this would be also true for
copper. However, copper electrodes give nanoparticles
but no nanosheets.

[5] N. Tarasenko, A. Nevar, M. Nedelko, Phys. Status
Solidi A, 207, 2319 (2010).
[6] A. A. Ashkarran, S. M. Mahdavi, M. M. Ahadian,
Appl. Phys. A, 100, 1097, (2010).
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Fig. 9: Time evolution of the excitation temperature
deduced from emission data using a Boltzmann plot.
Calculations are performed only after 250 ns as line
intensities are determined without line modelling.
3.3. Discussion
We assume that the synthesis of zinc nanosheets
proceeds via a two-dimensional growth of zinc nanowalls
on the electrodes, these objects being observed postmortem by SEM on the electrode tips. These thin walls
are made of a few atomic layers and get detached from
zinc grains, likely during the quenching step that occurs
when the discharge is turned off. The way the temperature
affects this growth is unclear and further results are
needed to improve our understanding of thermal transfer
in these extreme conditions. We also noticed recently that
silver nanosheets could be produced. This rules out any
mechanism that would be based on the specific
crystallography of zinc (hexagonal close-packed), silver
being face-centered cubic.
Until now, no clear explanation dealing with the
synthesis mechanism of these nanosheets can be put
forward. Ongoing new experiments will maybe give a
more thorough understanding.
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Abstract: An atmospheric-pressure argon plasma jet was used for the treatment of poly
lactic acid (PLA) dissolved in a chloroform/dimethylformamide mixture to enhance the
electrospinnability of the polymeric solution. Plasma treatments were carried out with
various exposure times and some main properties of the PLA solution were measured
before and after plasma treatment. The plasma-modified and the untreated solutions were
used to produce nanofibers making use of electrospinning. The morphology, crystallinity,
and chemical structure of produced nanofibrous mats were examined by SEM, XRD, and
XPS, respectively.
Keywords: Argon plasma jet, electrospinning, SEM, XRD, XPS.

1. Introduction
Electrospinning makes use of electrostatic forces to
create a thin jet of a polymer solution. When the electric
field overcomes the surface tension of the droplets of the
polymeric solution, a charged jet forms and nanofibers
will collect on a collecting plate due to solvent
evaporation [1]. Research on nanofibers has been strongly
increasing due to the fact that they can be used in several
applications, ranging from textile to biomedical
applications including membranes and bioactive surfaces.
Smooth, continuous and “bead-free” nanofibers are
desirable for the most effective use of nanofibrous mats.
Formation of such fibers depends on many factors
including “fixed parameters” such as the molecular
weight of the polymer and polymeric solution properties
(like viscosity, concentration of the solution, electrical
conductivity, surface tension), and also “variable
parameters” such as the applied electric potential, flow
rate of the polymeric solution, distance between the
needle and the collecting plate, the motion of the
collecting plate, and environmental conditions.
Poly lactic acid (PLA) is a semi-crystalline polymer
which is broadly used in various biomedical applications
and clinical uses due to its biodegradability,
biocompatibility, and good mechanical properties [2].
To enhance the polymeric solution properties, without
increasing the polymer concentration, and get smooth,
uniform and bead-free nanofibers, an atmosphericpressure argon plasma jet was used in the present study.
Plasma treatment has been broadly studied for the
enhancement of surface properties of electrospun
nanofibers [3]. However, this paper aims to study the
chemical, structural, and morphological characteristics
of the nanofibrous mats produced from untreated and
plasma-treated PLA solutions with varying plasma
treatment time. In a first step, solution properties such as
surface tension, viscosity, and electrical conductivity
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were studied. Secondly, surface characteristics of the
resultant nanofibers were analysed by scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD) measurements.
2. Experimental
2.1. Materials
Biodegradable
PLA
granules
((C3 H4 O2 )n;
Mw ≈230,000 g/mol) were purchased from Goodfellow.
Chloroform (CHCl3; Sigma Aldrich, 99.5%) and N,NDimethylformamide (DMF (C3 H7NO); Sigma Aldrich,
99.8%) were used as solvents. All these chemicals were
used without further purification.
2.2. Polymeric Solution Preparation
To prepare the polymeric solution, 6% w/v PLA was
dissolved in a mixture of chloroform and DMF with a
volume ratio of 8:2.

Fig 1. Schematic diagram of the atmospheric-pressure
argon plasma jet used for the polymeric solution
treatment.
2.3. Plasma Treatment of the Solution
Treatment of the polymeric solution was performed
with an atmospheric-pressure plasma jet, as schematically
shown in Fig. 1. Argon (Ar; >99.999%) was used as
carrier gas in this work. The effect of plasma exposure
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time from 1 to 9 min was evaluated. The applied voltage,
argon flow rate, and solution volume were maintained
constant at 2 kV, 0.5 lmin−1 , and 10 ml, respectively.
2.4. Nanofiber Production
The electrospinning process was performed in a
bottom-up configuration, as schematically represented in
Fig.2. Prior to electrospinning, the polymer solution was
transferred to a 5 ml syringe, which was subsequently
installed in a syringe pump. A constant flow rate of the
solution (1 ml/hr) was ejected through a nozzle and by
applying an applied voltage of 23 kV between the nozzle
and the collector, nanofibers were collected on aluminium
foil wrapped on a rotating collector, placed 17.5 cm away
from the nozzle.

Fig. 2. Schematic representation of the electrospinning
set-up.
3. Solution and Nanofiber Characterization
3.1. Viscosity, Surface Tension, and Conductivity
Solution viscosity is one of the key parameters in
determining the fiber morphology. In addition, surface
tension as a function of solvent compositions of the
solution, is also known to significantly influence the
electrospinning process [4]. Moreover, the electrical
conductivity of the polymeric solution can also strongly
affect the spinning performance [5]. These three key
parameters were therefore examined in this work. The
viscosity of untreated and plasma-treated solutions was
measured by using a BROOKFIELD DV2T viscometer.
Surface tension measurements were performed making
use of a K20 Tensiometer (Krüss), while conductivity was
analysed with a FiveEasy conductivity meter (Mettler
Toledo).
3.2. Morphological Characterization
For scanning electron microscopy (SEM) analysis,
produced nanofibers were first sputter-coated with a thin
layer of gold by a JFC-1300 Auto Fine Coater (JEOL) and
after that SEM imaging was carried out using an InTouch
Scope JSM-6010 SEM device (JEOL).
3.3. Surface Composition
The surface chemical composition of the nanofibers
was evaluated by X-ray photoelectron spectroscopy
(XPS) on a PHI Versaprobe II spectrometer employing a
monochromatic Al K α X-ray source (hυ =1486.6 eV)
operating at 51.3 W. The pressure in the analysing
chamber was kept below 10−6 Pa during analysis and the
photoelectrons were detected with a hemispherical
analyser positioned at an angle of 45° with respect to the
normal of the sample surface. Survey scans and individual
high resolution spectra (C1s and O1s) were recorded with
a pass energy of 187.85 and 23.5 eV respectively.
Elements present on the PLA nanofiber surfaces were
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identified from XPS survey scans, which were obtained at
5 different locations per sample and quantified with
Multipak software using a Shirley background and
applying the relative sensitivity factors supplied by the
manufacturer of the instrument. Multipak 9.3.0 software
was also applied to curve fit the high resolution C1s peaks
after the hydrocarbon component of the C1s spectrum
(285.0 eV) was used to calibrate the energy scale.
Subsequently, the peaks were deconvoluted using
Gaussian–Lorentzian peak shapes and the full-width at
half maximum (FWHM) of each line shape was
constrained below 1.8 eV.
3.4. X-ray Diffraction and Crystal Structure
To determine the crystal structures in PLA nanofibrous
mats, XRD studies were carried out. XRD patterns were
recorded using a Thermo Scientific ARL X’TRA X-ray
diffractometer with solid-state detector. Scans were
carried out from 5 to 40° (2θ) at a scan rate of 0.6 2θ/min
using Ni filtered CuKα radiation (wavelength at
0.1540562 nm) at 40 kV and 30 mA.
4. Results and Discussion
4.1. Solution Characterization
In this study, we aimed to investigate the effects of
plasma treatment on the spinnability of a 6% w/v PLA
solution and evaluate the morphological and chemical
properties of the resultant nanofibers. Due to the
importance of the solution properties for fiber formation,
the changes in main solution parameters, such as
viscosity, surface tension, and net charge density were
first investigated before and after plasma treatment and
the obtained results are presented in Table 1.
Table 1. Properties of untreated and plasma-modified
PLA solutions.
Viscosity (cP)

Surface tension
(mN/m)

Conductivity
(μS/cm)

0

87.72 ± 5.46

30.4 ± 0.08

1.23 ± 0.30

1

98.04 ± 10.86

31.1 ± 0.08

7.52 ± 0.48

3

120.80 ± 12.33

31.3 ± 0.05

18.55 ± 0.67

5

146.16 ± 7.01

31.5 ± 0.09

29.73 ± 0.70

7

183.58 ± 11.01

31.7 ± 0.07

46.40 ± 1.48

9

241.52 ± 7.31

32.1 ± 0.10

62.13 ± 0.40

Treatment
time (min)

As observed in Table 1, plasma treatment led to an
increase in viscosity, surface tension, as well as
conductivity of the solution. In addition, these three
solution parameters also follow an increasing trend with
increasing plasma treatment time.
4.2. Fiber Morphology
SEM micrographs of PLA fibers produced from
untreated and plasma-treated solutions are presented in
Fig. 3. As the concentration of the pristine PLA solution
is very low (6% w/v), polymeric micro particles or beads
were obtained during the electrospinning process of the
untreated solution. This can be explained by the fact that
electrospraying overcomes the electrospinning process
due to the low viscosity and high surface tension of the
untreated solution [6].
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However, after plasma treatment owing to the
increasing viscosity and conductivity of the solution,
relatively smooth fibers with less beads, also no beads
after 5 min plasma treatment, were formed. The increased
viscosity and conductivity of the solution after plasma
treatment thus strongly improved the quality of the
nanofibers. It is also observed from Fig. 3 that treating the
PLA solution for more than 5 min resulted again in the
formation of non-uniform and beaded fibers. This
observation can be explained by the very high viscosity
and conductivity of the 7 and 9 min treated solutions, as
can be seen in Table 1. It is indeed known that the
ejection of polymeric jets via a needle is difficult at high
viscosity [4], while a very high conductivity is also
known to lead to a depleted tangential electric field along
the surface of the polymeric droplet, thereby making the
formation of a Taylor cone more difficult [7].
4.3. Fiber Chemical Analysis
Based on XPS survey scans, the deposited nanofibers
were found to only consist of carbon and oxygen.
Variations in atomic concentration (in At.%) of oxygen
and carbon on the electrospun nanofibers with plasma
exposure time are presented in Table 2. The qualitative
study of the functional groups of the deposited nanofibers
was carried out with the detailed analysis of C1s peak of
the XPS spectra (Table 2 and Fig. 4). In the curve-fitted
C1s core-level spectrum, there are three carbon atom
forms in functional groups, the main peak at 284.96 eV
assigned to the C-C/C-H of PLA, the peak with a higher
binding energy of 286.88 eV attributed to the C-O and
C=O species, and the main peak at 288.95 eV stood for
carboxylic group (O-C=O) of PLA [8].
As a result of plasma treatment of the electrospinning
solutions the content of methyl groups (C-C/C-H) gets
decreased, and at the same time the content of the oxygen
containing groups (C-O, C=O, and O-C=O) increases
(Table 2).
Table 2. Atomic composition of the surface layer of the
nanofibers and various components (%) of C1s peak of
XPS spectra.

Fig. 3. SEM images of PLA nanofibers produced with
untreated and plasma-treated polymeric solutions.
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Treatment
time (min)

O/C
ratio

0
1

Relative area (%)
C-C/C-H
284.96 eV

C-O/C=O
286.88 eV

O-C=O
288.95 eV

0.58

42.43

30.51

27.06

0.59

38.38

30.30

31.32

3

0.61

37.32

31.13

31.55

5

0.62

36.84

31.51

31.65

7

0.62

35.74

32.14

32.12

9

0.64

35.63

32.18

32.19

This results may suggest that the C-C bonds get broken
as a result of plasma-induced degradation [9]. The
presence of free radicals and reactive species in plasma
makes it a suitable platform for many chemical
interactions. Therefore, the interaction of these reactive
chemicals and radicals with polymeric chain and solvent
molecules can lead to chain rearrangement, cross-linking,
and double bond formation [10]. These reactions most

ISPC23, Montreal, Canada

Plasma in and in contact with liquids

poster

probably led to the formation of new oxygen-containing
groups and thus increasing the oxidation degree of the
surface layer of the resultant nanofibrous mats from 58%
to 64%.
(a)

Intensity (a.u.)

measured
C-C/C-H
C-O/C=O
O-C=O
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290

289

288

287
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C-C/C-H
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O-C=O
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(b)
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285
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Binding energy (eV)

Fig. 4. The C1s peak in the XPS spectra of PLA
nanofibers produced with (a) untreated and (b) plasmatreated (5 min) polymeric solutions.
4.4. Fiber Crystalline Structure
Diffractograms from XRD scans on PLA nanofibers are
shown in Fig. 5. The untreated sample exhibit a
characteristic 𝛼 crystal peak at approximately 2θ=16°,
and a broad peak in the range of 2θ=10-25°.

Intensity (a.u.)

Untreated

1 min
5 min

9 min
5

10

15

20

25

30

35

40

o

2theta ( )

Fig. 5. X-ray diffraction patterns for PLA nanofibers
produced from untreated and plasma-treated polymeric
solutions.
This broad peak and the 𝛼 peak confirms the semi
crystalline microstructure of untreated sample. On the
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other hand, the plasma-treated nanofibers do not exhibit
any 𝛼 peak. Instead, presence of another reflection peak
around 2θ=31.54° was identified for plasma-treated
samples, which is associated with the 𝛽-crystalline
structure [11]. The intensity of 𝛽 crystal peak increases
with increasing treatment time (Fig. 5). Formation of 𝛽
crystals, coincide with destruction of 𝛼 crystals, in the
nanofibers generated from plasma-treated solutions is
most likely caused by a high stretching induced by the
plasma treatment of the polymer chains, thereby leading
to a higher degree of molecular organization [12].
5. Conclusion
In this work, PLA electrospinning solutions were
exposed to an atmospheric-pressure argon plasma jet. The
effects of this plasma treatment on the main solution
properties, as well as on the morphology, chemical
composition and crystalline structure of the resultant
nanofibers were investigated. Obtained results indicated
that after plasma treatment spinnability of the solution
enhanced owing to an increased viscosity, conductivity,
and surface tension of the polymeric solution. Plasma
treatment changed the crystalline phase of PLA
nanofibers. XPS results showed that plasma treatments
also affect the surface chemistry of the nanofibers, which
can be mostly through oxidation of the polymeric chains.
Based on this findings, it can be concluded that plasma
pre-treatment of polymeric solutions can positively affect
the quality of nanofibers for their potential biomedical
uses.
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Degradation characteristics of a capillary plasma pump for water purification
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Abstract: This paper describes the chemical decomposing characteristics of our developed
device called a capillary plasma pump. Our pump can transport liquid by a Laplace pressure
difference resulting from the difference of capillary diameter and can decompose pollutant
in the liquid by plasma reaction simultaneoustly. By using methylene blue solution, the
time- depending decomposition rates in the reservoirs are measured.
Keywords: Water purification, Capillary discharge, Bubble motion, Methylene blue.
1. Introduction
Water functionalization and purification using
underwater plasma have attracted substantial attention as
a novel and effective alternative method for water
treatment.
It is known that the high chemical reactivity of free
radicals generated by non-thermal plasma can decompose
pollutants, such as persistent organic pollutant (POP) in
water. Also, sterilization effect of plasma is gathering
attention in the field of food industry and plasma
medicine [1]-[4].
On the other hand, a large equipment is unsuitable for
the application of plasma treatment at household level.
Against these backgrounds, we developed a small-sized
reactive plasma pump, which has the ability to transport a
liquid by utilising vaporised bubble motion with the
discharge inside the capillary [5]. The device does not
require an external pump to transport treated water.
Furthermore, the major components of the present device
are the electrodes, reservoirs, and capillaries. This
simplicity is a great advantage in terms of portability.
Our pump works by a Laplace pressure difference
resulting from the difference of capillary diameter. The
self-reputation property of capillary discharge is well
utilized to the device. This paper presents the results of
methylene blue decomposing characteristics of the
apparatus. Methylene blue is decolored not only by free
radicals but also ozone. Hence, we can measure the total
decomposition characteristics of our device.The
differences of decomposing rate in two reservoirs were
clarified.
2. Experimental method
2.1 Capillary plasma pump and experimental setup
Figure 1 shows a schematic of the experimental setup.
Two reservoirs of 30 ml are connected with a capillary
part consisting of two glass pipes as shown in Fig. 2 (a).
Right-hand side of capillary part is a large diameter
capillary with 2 mm diameter and 5 mm long. Left-hand
side of capillary part is a small diameter capillary with 1
mm diameter and 15 mm long. DC voltage is applied
between the stainless steel electrodes located in both
reservoirs using a high-voltage amplifier (HAR-20R60,
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Fig. 1. Experimental setup.

Fig. 2. (a) Illustration of capillary part which
composed with two different diameter pipe.(b) Optical
image of discharge inside a capillary.
MATSUSADA PRECISION Inc.). The electric current
and voltage were measured by a current probe (TCP312,
Tektronix, Inc.) and a voltage probe (P6015A, Tektronix,
Inc.), respectively.
The voltage is concentrated at the capillary part because
of the high electrical resistance of the capillary part with a
small diameter and long length. Electric current
associated with the applied voltage generates a vaporized
bubble inside the capillary part by Joule heating as shown
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in Fig.2 (a). The behaviour of the bubble which was
generated in this way and the discharge inside the bubble
were observed as shown in Fig. 2 (b).
60 mL of NaCl solution containing methylene blue at
an initial concentration of 1.0 mg/L was prepared. The
electric conductivity of the treated solution was 1.0
mS/cm. The concentration was measured by absorbance
measurement system (Multi Direct, AQUALITIC).
2.2 Mechanism of pumping
The pumping mechanism is based on the Laplace
pressure difference resulting from the difference in the
capillary diameter.
Because of the surface tension exerted on the air-liquid
interface, the liquid in the capillary experiences a force in
the direction of the air. The magnitude of the force is in
inverse proportion to the diameter of the capillary. Hence,
by combining two capillaries with different diameters, it
is possible to generate a one-directional flow toward the
large-sized capillary. The self-repetition property of
bubble motion is well utilised to the device.
In the experiment, liquid in the left-hand side reservoir
is transported to right-hand side reservoir as is explained
above.
3. Results and discussions
Figure 3 shows a concentration ratio of methylene blue
solution at time t to the initial concentration C0 in both of
two reservoirs. The equation for calculating the
concentration ratio is shown as Eq. (1). The concentration
in the reservoir of right-hand side shows higher
degradation than in the left-hand side.
Concentration ratio (%) = 100 × 𝐶𝐶𝑡𝑡 ⁄𝐶𝐶0

Degradation rate(%) = 100 × (|𝐶𝐶𝑡𝑡+∆𝑡𝑡 − 𝐶𝐶𝑡𝑡 |)⁄∆𝑡𝑡

Fig. 3. Concentration ratio of methylene blue
solution in both of two reservoirs with time.

(1)
(2)

Figure 4 shows the degradation rate as defined in Eq.
(2). Here, ∆t is10.0 min in our experiment. In right
reservoir, the degradation rate decreases rapidly in first 10
min from around 8 % to around 5 %. On the other hand,
in the left reservoir, the rate increases dramatically in first
20 min from around 0 % to around 5 %. After that, in
both reservoir, the concentration decreases gradually. The
decreasing rate is almost same for both reservoirs.
This trend was observed for several experimental
conditions with changing the applying voltage. The
reasons of this trend are explained by considering a
pumping effect. OH radicals generated by a discharge in a
bubble are influent only in the vicinity of liquid surface
due to its short life time. Therefore, it is considered that
the solution exist in the capillary was mainly decomposed
by these generated radicals and ozone. In the reservoir,
transported dissolved ozone from capillary affects to the
solution. Also, chemical reaction such related with H2O2
generates OH radicals.
In our device, such species and decomposed solution
are transported to the right-hand reservoir. Therefore, the
concentration of the solution was smaller in the right-hand
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than in the left-hand in first 10 min as shown in Fig.3.
After a while, because of our experimental setup,
increased liquid head difference restrain the onedirectional liquid transportation. The disappearance of the
only one directional motion of liquid and chemical
species was the reason why the decomposition rates in
both reservoirs become same due to the mixing.
This result indicates interesting facts. That is, it may
possible to enhance the decomposing efficiency by
controlling liquid transportation characteristics.

Fig. 4. Decomposing rate in both of two reservoirs
with time.
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Abstract: An AC-driven pin-to-liquid discharge configuration for plasma-treatment of up
to 1 L water is presented. Electrical and optical investigations of the discharge for different
kinds of treated water (tap water, saline solution, distilled and Milli-Q water) are discussed.
The changes of the characteristics of the treated liquids are investigated. as well as the
resulting antimicrobial properties.
Keywords: plasma activated water, pin-to-liquid discharge, inactivation of bacteria
1. Introduction
The treatment of bacteria in liquids with non-thermal
plasma is well studied and reported [1-3]. Different
bacteria like E. coli, S. aureus or B. atropheus were
successfully inactivated. These investigations were
performed with plasma in close vicinity or with direct
contact to the surface of the liquids. Plasma jets were also
found to be an effective technology for inactivation of
bacteria in liquids [4]. In these reported experiments, the
liquids already contained the bacteria to be treated. In [5]
it is shown that plasma treated distilled water remains
antibacterial for several days. This proves that bacteria to
be treated do not have to be in contact with the plasma or
the plasma generated gaseous species but can be efficiently
inactivated just by treating with the plasma-activated water
(PAW).
For the plasma treatment of liquids several discharge
configurations and electrical operation modes are
investigated up to now. In [6] a DC-driven pin-to-liquid
configuration is presented, [7] reports of a pulsed powered
multineedle-to-liquid discharge, and [8] used a low
frequency AC-voltage driven plate-to-liquid configuration
for plasma generation. Different discharge modes like
filamentary or glow mode were observed. This variety
provides a certain degree of freedom in designing an
electrode configuration and electrical control. Research
results of electrical discharges in and in contact with
liquids have been summarized in [9] and [11].
The volumes of generated PAW in the experiments
found in the literature were quite small (in the range of
some millilitres). This is sufficient for the investigation of
the chemical and biological properties of the treated liquid.
In order to use the antimicrobial properties of PAW for
cleaning of surfaces or storage of disinfected medical
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devices the need for large volumes of PAW (in the range
of litres) raised. Thus, a portable device for the production
of up to 1 L PAW was manufactured and characterized by
means of electrical, optical and chemical investigations.
Furthermore, the antimicrobial effectivity is demonstrated
for different treatment times.
2. Experimental Setup and Procedure
The experimental setup as schematically shown in
Figure 1 was used to investigate pin-to-liquid discharges.
It mainly consisted of a beaker filled with the liquid to be
plasma-treated. This beaker was positioned on a magnetic
stirrer. On top of the beaker an electrode configuration was
placed. The electrodes, made of stainless steel, were
connected to a commercial high-voltage source (NeonPro
10000-30), providing two sinusoidal high-voltage outputs
of up to 10 kVPP at a frequency of around 30 kHz. The
voltages are phase inverted to each other as depicted by the
small diagrams in Figure 1. The discharges ignited
between the metal electrodes and the water surface. By
means of voltage probes (Tektronix P6015A) and current
probes (Pearson 2877) the electrical data were measured
and recorded with an oscilloscope (Tektronix DPO
7582A). For spectroscopic investigations an Ocean Optics
HR 4000 fiber spectrometer was used. These
measurements were performed with a modified beaker
providing optical access to the discharge.
The treatment of up to 1 L of liquid was performed with
an electrode configuration consisting of two of the above
described configurations. Thus, four electrodes driven by
two high-voltage sources were used. Again, the beaker was
placed on a magnetic stirrer and the liquid was stirred
permanently. The treated liquids were tap water, saline
solution (0.85 % NaCl), distilled water, and Milli-Q water.
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Figure 1: Experimental setup
For these liquids the pH-value, the temperature, and the
conductivity were measured with a multiparameter meter
(Hanna Instruments HI 9828). Additional tests
(concentration of NO2-, NO3-, and H2O2) were performed
with test stripes (MQuant).
For the evaluation of the antimicrobial properties of the
plasma-treated liquids Escherichia coli K-12 (NCTC
10538/DSM 11250) was used as test microorganism.
Therefore, 100 µL of bacteria suspension were mixed with
5 mL of plasma-treated liquid. The total viable count was
determined by spiral plate method (Spiral Plater: Eddy Jet
2, IUL, Barcelona, Spain) and the plates were incubated for
24 h at 37 °C. Afterwards, the number of surviving
microorganisms was counted using an automated colony
counter.
3. Electrical Discharge Characterization
In Figure 2 the voltages driving the discharges ignited on
saline solution are shown. It is visible that the sinusoidal
voltages collapse when the discharges occur. This is the
typical behaviour of leak transformers with limited
secondary current. It is also to be seen that the voltage

Figure 2: Overview oscillogram of voltage (left scale)
and current (right scale), saline solution
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Figure 3: Single discharge oscillogram of voltage (left
scale) and current (right scale), saline solution
curves are not exactly symmetrical indicating different
electrical characteristics of the discharges. Moreover, the
oscillogram shows that the discharges on both electrodes
occur simultaneously. This is in detail shown in Figure 3.
Because there is no grounded electrode connected to the
liquid, discharges must occur on both electrodes
simultaneously to permit current flowing from one
electrode to the other. Operating the electrode
configuration on tap water delivers very similar results as
the presented results obtained with saline solution.
Exchanging the liquid with distilled or Milli-Q water
reveals the occurence of weaker discharges. The current
peaks and the voltage drops at breakdown are smaller (data
not shown). This is likely due to the different conductivities
of the liquids (~16 mS/cm for saline solution and 3 µS/cm
for Milli-Q water).
4. Optical discharge characterization
Overview emission spectra of discharges operated on
saline solution and Milli-Q water are presented in Figure 4.
The spectra are dominated by the emissions of molecular
nitrogen between 300 and 400 nm. Furthermore, small
emissions of nitrogen monoxide (NO) between
240 and 280 nm are detected. In the spectrum recorded
with saline solution significant emission at 589 nm is
found, which is related to sodium (Na) [10]. The
appearance of this line is supposed to be due to sodium
atoms evaporated from the NaCl-containing saline
solution. This line is also present in the spectrum recorded
with Milli-Q water but much weaker. Because Milli-Q
water is supposed to be free of salts this is most likely due
to impurities in the experimental setup. The line at 777 nm
(atomic oxygen (O) [10]) found in the spectrum related to
saline solution treatment does not appear in the spectrum
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Figure 4: Overview spectra of discharges operated on
saline solution (top) and Milli-Q water (bottom)

Figure 5: Conductivity of the plasma-treated liquids with
respect to treatment time

related to Milli-Q water treatment. This, as well as the
weaker intensity of the N2-emission, is supposed to be due
to the weaker discharge. As found in the electrical
characterization the results for tap water and saline solution
are comparable as well as the results for distilled and MilliQ water.

that the nitration of the liquid is due to the input of nitrogen
species from the gas by the discharge. Test stripes were
also used to evaluate the generation of hydrogen peroxide
(H2O2). In all investigated liquids the concentration of
H2O2 after 30 minutes of plasma-treatment is almost
negligible (around 1 mg/L).

5. Characterization of treated liquids
The treatment of the liquids with plasma changed various
parameters of the liquid, e.g. pH-value, conductivity,
temperature, and chemical composition. According to the
literature, especially the pH-value plays a significant role
for the antimicrobial activity [2]. In the experiments
reported in this contribution an influence of the
conductivity on the discharge current and the voltage drop
is found. For all treated liquids, except tap water, an
increase of the conductivity of some hundred µS/cm after
30 minutes of treatment is observed (Figure 5). In case of
tap water the increase of the conductivity remains around
50µS/cm. The influence of the conductivity on parameters
like breakdown voltage or discharge appearance is
discussed in detail in [11].

6. Antimicrobial properties of treated liquids
The antimicrobial properties were evaluated by counting
of the surviving bacteria after treatment with plasmaactivated liquid. As an example, Figure 7 shows bacteria
colonies after plating on agar before (left image) and after
30 minutes of treatment (right image) with plasmaactivated saline solution. In this case, the liquid was
plasma-treated for 20 minutes. The decrease of the number
of surviving bacteria is clearly visible (the asterisk marked
dot is a flaw of the Petri dish). For quantitative analysis the
number of bacteria was counted with an automated colony
counter.

The behaviour of pH-value is shown for all treated
liquids in Figure 6. Again, for all liquids except tap water
a significant decrease of the pH-value is found. It is
supposed that tap water with a very high hardness as used
in this study contains sufficient buffering components like
carbonate, which prevents from acidification. Therefore,
the pH-value keeps constant. Additional measurements
with test stripes revealed significant production of nitrite
(NO2- up to 80 mg/L) and nitrate (NO3- up to 500 mg/L).
As shown in Figure 4, emissions from nitrogen monoxide
(NO) are found in the spectra. This gives reason to assume
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Figure 6: pH-value of plasma-treated liquids with respect
to treatment time
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Figure 7: Image of agar plates for the determination of
total viable count before (left) and after30 minutes
treatment (right) with PAW (20 minutes activated),
asterisk marked dot: flaw of petri dish
The results for saline solution, which was plasma treated
for 10 minutes and for 30 minutes, respectively, are shown
in Figure 8. The exposure time was up to 60 minutes. Both
PAWs inactivated all bacteria in the sample but with the
solution plasma-treated for 30 minutes the complete
inactivation is achieved much faster than with the solution
treated for 10 minutes.
7. Summary and conclusion
In this contribution, a mobile and easy-to-use system for
the generation of plasma-activated water (PAW) was
presented. Different kinds of water were treated and the
influence of the water on the discharge was investigated. It
was found that liquids with lower conductivity decrease the
discharge current and the voltage drop at breakdown.
Because of the treatment, the liquids changed their
properties like conductivity and pH-value. The
antimicrobial properties of the liquids were analyzed. As
an example, it was shown that saline solution plasmatreated for 30 minutes reduces the number of surviving
bacteria by 5 orders of magnitude.
It could be shown that also large volumes of liquid (up
to 1 L) can be plasma-activated in reasonable time. Thus,
the use of these liquids for antibacterial applications
becomes feasible. For the identification of upcoming
applications also the effect of PAW on other
microorganisms than presented in this contribution has to
be investigated as well as the long term activity for
investigations of storability.
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Figure 8: Total viable count [cfu/mL - colony forming
units/mL] after treatment with saline solution activated
for 10 and 30 minutes
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Reactive species in gas and liquid phases produced by transient spark discharge
in various N2/O2 mixtures and their effect on Escherichia coli
K. Kučerová, Z. Machala, K. Hensel
Faculty of Mathematics, Physics and Informatics, Comenius University, 842 48 Bratislava, Slovakia
Abstract: The self-pulsing transient spark discharge was generated in contact with water at
atmospheric pressure in various nitrogen-oxygen gas mixtures. Reactive species of nitrogen
and oxygen produced by the discharges in the gas and in the liquid phases were measured
by means of various spectroscopic methods. Concentrations of NO, NO2 and O3 in the gas
phase were measured by infrared spectrometry, while UV-VIS absorbance and fluorescence
spectroscopy were used to measured H2O2, NO2‾, NO3‾ and •OH radical concentrations in
the liquid phase. The plasma induced chemical effects were correlated with observed
bactericidal effects on Escherichia coli with respect to the gas mixture composition.
Keywords: transient spark discharge, reactive oxygen and nitrogen species, bacteria
1. Introduction
The cold plasma generated by various electric discharges
has a great potential for disinfection and sterilization of
surfaces, medical instruments, water, air, food, blood
coagulation, wound healing or even selective cancer
treatment [1-3]. The wide range of the cold plasma
applications is due to its highly reactive environment, i.e.
production of chemically active species and reactions,
occurring while surrounding gas remains at ambient
temperature. Generating the cold plasma in the gas leads
to formation of highly reactive species and free radicals
(•OH, •H, •O, NO•), which may further produce secondary
species in the gas phase (O3, NO, NO2, HNO3). When
plasma is generated in contact with water these species
can diffuse and dissolve in the water and induce
formation of various reactive oxygen and nitrogen species
RONS (•OH, H2O2, NO3‾, NO2‾, ONOO‾) through the
plasma-liquid interface [4, 5]. The evaluation of
concentrations of the reactive species in the gas and liquid
phases is crucial for better understanding the chemical
processes and subsequent effect of cold plasma on living
organisms. In this work we investigated the effect of the
gas mixture composition on the production of reactive
species produced by transient spark discharge in the
gaseous and in liquid phases and correlated the plasma
induced chemistry with bactericidal effect on Escherichia
coli used as model bacteria.
2. Experimental Setup
The schematic representation of the experimental setup is
depicted in Fig. 1. The plasma was generated by the
transient spark (TS) discharge in point-to-plane geometry
and driven by positive DC power supply. The repetitive
contact of the plasma with water was provided by
peristaltic pump (Masterflex L/S) that circulated the water
solution on the grounded plane electrode above which the
high voltage electrode was placed (gap distance ~ 1 cm)
[6]. The system was enclosed in a small chamber (volume
~ 20 cm3) that allowed varying gas mixture composition.
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The electrical parameters of the TS were monitored by
high voltage probe and Rogowski type current probe
connected to the oscilloscope (Tektronix TDS 2024). The
amount of water solution treated was 5 mL and the
plasma exposure time was 5 min, equal for all tests.

Fig. 1. Scheme of the experimental setup.
3. Materials and Methods
Several gas mixtures of nitrogen/oxygen in various ratios
(0, 5, 10, 20, 50, 80 and 100 % of O2 in N2) and with total
gas flow ~ 2 L/min, and two different water solutions, a)
non buffered solution of NaH2PO4 (W) mimicking tap
water and b) 2 mM phosphate buffer solution
Na2HPO4/KH2PO4 (PB) were used. The chemical species
produced in the gas phase by the TS discharge (NO, NO2,
O3, HNO3) were measured by FTIR absorption
spectroscopy (Shimadzu IRAffinity-1S), while species in
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4. Results and Discussion
The TS discharge was generated in various gas mixtures
of O2 and N2, in the contact with two different types of
water solutions (W or PB). The amplitude of the DC
applied voltage varied in the interval of ~ 10 – 13 kV, the
amplitude of the current pulses ~ 5 – 18 A, the frequency
of pulses were ~ 1.5 – 4 kHz depending of the gas
mixture. The typical mean power of the TS used in this
work was 1–7 W, with energy 1–7 mJ per pulse.
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Fig. 2. Concentrations of gaseous chemical species
formed by the TS discharge in N2/O2 mixtures.
When TS was generated in gas mixture containing both
O2 and N2, formation of NO and NO2 in the gas phase
occurred. The NO and NO2 concentrations increased with
the increasing O2/[O2+N2] ratio, where the maximum
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concentrations of NOx was observed in the interval 2050% O2/[O2+N2] (Fig. 2). In addition to NO and NO2,
small concentration of other nitrogen oxides (N2O, N2O5)
and acids (HNO2, HNO3) were observed. If the discharge
was generated in pure O2 the only product observed in the
FTIR spectra was ozone O3, while in pure N2 no gaseous
products were found in the spectra.
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the liquid phase (H2O2, NO2‾, NO3‾) were measured using
various colorimetric methods by UV-VIS absorption
spectroscopy (Shimadzu UV-1800). The concentration of
H2O2 was evaluated by its reaction with titanium ions of
TiOSO4 that yields in yellow coloured compound
(l = 407 nm). The concentrations of NO2‾ and NO3‾ were
determined using commercial kit (Cayman Chemicals)
based on reaction with Griess reagents (l = 540 nm). For
the measurement of •OH radicals terephthalic acid (TA)
was employed as highly selective •OH scavenger that
yields in hydroxyterephthalic acid (HTA) and can be
detected by fluorescence spectroscopy (lem = 425 nm).
Solution of TA was prepared by dissolving it in the
distilled water with NaOH, as TA does not dissolve in
acidic/neutral environment. The initial concentrations of
TA and NaOH were 2 mM and 5 mM, respectively [7].
We also monitored the pH (WTW ProfiLine pH 3110) and
the conductivity (Greisinger GMH 3430) of the solutions
before and after plasma treatment. The biological effect of
the chemical species generated by the plasma was
investigated on Gram-negative bacteria Escherichia coli
(CCM3954). Bacteria were suspended in solution with
initial concentration ~ 107 CFU/mL and their inactivation
was estimated with standard colony counting method and
evaluated as a logarithmic reduction of bacterial
population.
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Fig. 3. Concentrations of aqueous chemical species
produced by the TS discharge in N2/O2 mixtures.
The reactive species generated in the gas phase
subsequently dissolve in the treated water solution.
Therefore simultaneously with the gas analysis the
concentrations of H2O2, NO2‾, NO3‾ and •OH radical in
treated water solution were measured. When TS was
generated in air-like mixture containing both O2 and N2,
typical concentrations of H2O2 0.42-0.53 mM and NO2‾
0.45-0.78 mM were observed depending on the
O2/[O2+N2] ratio and water solution type (Fig. 3). For the
given ratio, concentrations of H2O2 was usually higher in
W solutions and NO2‾ was higher in PB solutions (due to
neutral pH that suppress NO2‾ to be converted into NO3‾),
while concentration of NO3‾ in both solutions were
similar, approx. 0.5 mM (W). The concentration of •OH
radicals as function of O2/[O2+N2] ratio resembles the
profile of H2O2 concentration, that supports the idea of
their involvement in the H2O2 production. The effect of
water solution flow rate in the range of 5~20 mL/min was
tested, however no significant effect on the concentration
of the generated species was found. In water solution pH
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typically decreased from 5.5 to 3.5 and solution
conductivity increased from 600 to 700 mS.cm-1.
When the TS was generated in pure N2, the concentration
of NO2‾ was small and in pure O2 it was negligible, while
concentration of H2O2 was relatively high because of
higher formation of •OH radicals, and also due to lack of
NO2‾ that could potentially react with H2O2. Because
NO2‾ and NO3‾ are mainly responsible for acidification of
plasma treated solutions, we observed only small pH
decrease in solutions treated in pure N2 and O2.

5. Conclusion
The cold plasma was generated by self-pulsing TS
discharge at atmospheric pressure in various O2/N2 gas
mixtures in contact with water solutions in order to
understand the relationship between reactive species
generated in gas and liquid phases and their subsequent
effects on bacteria. In air-like mixtures the gas phase
chemistry was dominated by NO and NO2 formation. The
liquid chemistry was dominated by H2O2, NO2‾, NO3‾ and
•
OH radical formation. The strongest bactericidal effects
were found in air-like mixtures and non-buffered
solutions.

5

Log reduction

4

quartile 3
max
median
min
quartile 1

This work was supported by Slovak Research and
Development Agency APVV 0134-12 and Comenius
University Grant UK/418/2017.

3
2
1
0
PB

W
N2

PB

W

N2 + 20% O2

PB

W
O2

Fig. 4. Bactericidal effect of TS on Escherichia coli.
The chemical analyses of gas mixture and water solutions
were correlated the bactericidal effect of TS on
Escherichia coli. The decrease of bacterial population was
observed for all gas mixtures. More significant decrease
was observed in W solution rather than in PB solution,
and in air-like mixtures rather than pure N2 or O2 (Fig. 4).
It can be explained by the synergic effect of H2O2 and
NO2‾ in acidic solution, which can lead to production of
peroxinitrites ONOO‾ [4, 8]. Peroxynitrites are relatively
strong oxidants with a strong bactericidal effect and they
significantly contribute to the inactivation process
induced by air plasma in water. On the other hand, PB
solutions do not acidify enough during plasma exposure
and discharges in pure N2 or O2 do not produce NO2‾ high
enough for significant peroxinitrite chemistry and still
result in some bactericidal effect, though lower than in W.
So other plasma agents or chemical pathways must be
involved, e.g. the effect of the electric field or UV
radiation, or the effect of O3 in pure O2.
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Formation of silicon carbide nanoparticles by plasma and laser-induced
chemistry in solution
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Abstract: The capabilities of the liquid assisted electrical discharge and laser ablation
techniques with additional laser irradiation of solutions for synthesis of SiC nanocrystals
have been studied. For optimization of the conditions for the binary nanoparticles (NPs)
formation, the characterization of inner structure, phase composition and morphology was
performed by means of HRTEM, SAED, XPS, Raman and FTIR techniques. The results of
the characterization proved the formation of near-spherical SiC nanocrystals.
Keywords: Silicon carbide nanoparticles, electrical discharge in liquid, laser irradiation,
chemical interactions.
1. Introduction
Plasma-chemical processes have proved to be attractive
for the synthesis of NPs due to high production rates,
versatility and possibility of control over the particle size
and size distribution function during the synthesis
process. Different approaches based on the nonthermal
plasmas have been developed to adopt plasma processes
to the NPs production depending on the required
composition and structure [1-3]. These include
nanoparticle formation in electrical discharge plasma
ignited inside liquid between two electrodes, plasma in
contact with liquid, as well as laser-induced plasma
generated by focusing laser beam on the target surface in
laser ablation experiments. Ignition of plasma favours
initiation of the high temperature chemical reactions that
provide the possibility of synthesis of metastable phases
that are difficult to produce in other ways.
The present paper is focused on the evaluation of the
capabilities of the liquid assisted electrical discharge and
laser ablation techniques for synthesis of binary siliconcarbide (SiC) nanocrystals. The growing interest to this
kind of nanostructures is based on their high hardness and
strength, chemical and thermal stability, high melting
point, erosion resistance, high thermal conductivity, the
properties required for material of high power, high
frequency and high temperature electronic devices in the
next generation photonics and electronics.
2. Experimental
To synthesize SiC NPs two approaches were developed.
First, electrical discharge between Si and C electrodes
immersed in ethanol was used. The alternating current
(ac) spark discharge was ignited by applying a high
frequency voltage of 11 kV. The peak current of the highvoltage spark in the form of high-frequency oscillations
was about 17 A with a duration of a single discharge
pulse of 50 μs.
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Fig. 1. Schematic diagram representing the techniques
used for SiC NPs preparation: (a) electrical discharge in
liquid and (b) laser irradiation of the 1:1 mixture of Si and
C colloidal solutions in ethanol.
The second technique was based on laser irradiation of
the mixture of Si and C colloidal solutions by nanosecond
and femtosecond laser pulses in order to clarify the
optimal conditions for binary compound NPs production.
The initial colloids were preliminarily prepared by laser
ablation of the corresponding targets in ethanol. Nd:YAG
laser (LS2134D, LOTIS TII, Belarus), operating in a
double-pulse mode at 1064 nm (energy 80 mJ/pulse,
repetition rate 10 Hz, pulse duration 8 ns) was used for
ablation. After the preparation the colloids were mixed in
the proportion corresponding to the stoichiometric
compound and irradiated by the unfocused beam of the
second harmonic of Nd:YAG laser (532 nm) with pulse
duration 10 ns, repetition rate 10 Hz, fluences in the range
of 230 – 400 mJ/cm2 for ns laser modification and 140 fs,
52 kHz, 0.7 W – for fs laser treatment.
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Fig. 2. SiC NPs prepared by electrical discharge in
ethanol: a – TEM image; b – HRTEM of a single particle
showing the interplanar spacing corresponding to (111)
plane of cubic SiC; c - FFT of the corresponding HRTEM
revealing the minor cubic Si phase present in the sample
The composition, morphology and optical properties of
the synthesized and laser treated NPs were studied by
TEM, XPS, FT-IR, Raman and ultraviolet–visible
spectroscopy. Visible images of the discharge in liquid
were taken by a charge-coupled device (CCD) camera.
The pH value was measured by using a pH meter (Hanna
Instruments HI 83141). A schematic diagrams of the
setups used for NPs preparation and treatment are
presented in Fig. 1.
3. Results and discussion
Fig. 2 shows results of TEM studies for a sample
prepared by electrical discharge technique. The particles
of two types are formed – small particles with diameter
less than 10 nm and narrow size distribution and
aggregates with size more than 10 nm. HRTEM analysis
of the selected aggregate revealed lattice spacings close to
0.25 nm (Fig.2b) that belong to the (111) planes of 3CSiC with a cubic unit cell parameter of 0.43591 nm [4]. It
is known that SiC exhibits strong polytypism with several
crystalline structures and varying stacking sequences, the
most frequent and important of them result from pure
cubic (β) stacking (3C-SiC) and hexagonal (α) stacking
(specifically, 4H-SiC and 6H-SiC) [5]. These lattice
spacing values and plane assignments are confirmed by
fast Fourier transform analysis (FFT) of the
corresponding high resolution images (Fig. 2c). The
observations support the assignment of a cubic crystal
structure as more probable than the hexagonal one. It
should be noted that minor reflections corresponding to
cubic Si and carbon with graphitie-like structure were also
observed in the prepared sample.

1020

Fig. 3. SiC NPs formed by laser irradiation of the
mixture of Si and C colloids: a,d – TEM images of NPs
prepared by ns (a) and fs (d) laser irradiation; b,e –
HRTEM of the single particle prepared by ns (b) and fs
(e) laser treatment; c,f – FFT of the corresponding particle
prepared by ns (c) and fs (f) laser irradiation. In the FFT
of the particle prepared by fs laser irradiation along with
(111) SiC lattice plane the spots corresponding to (002)
plane of graphite was also observed
The particles prepared by laser-assisted techniques
showed different morphology compared to those
synthesized by electrical discharge. The TEM image of
the sample prepared by ns laser treatment revealed NPs
with fairly wide size distribution as can be concluded
from Fig.3a while fs laser irradiation of the C and Si
colloids mixture resulted in the formation of hollow and
large aggregated NPs along with near-spherical NPs 1015 nm in diameter (Fig. 3d).
As can be concluded from the HRTEM image of the
sample prepared by ns laser treatment (Fig 3b), nonspherical polycrystalline NPs with size more than 10 nm
are formed, most likely, in result of co-melting of Si and
C nanocrystals. The FFT processing of the HRTEM
image allowed obtaining the data on the crystal structure
of the formed NPs (Fig 3c). In addition to the spots
related to the cubic silicon and carbon phases, the spots
corresponding to the cubic SiC structure were found in
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the middle of the formed nanocomposite that proves the
assumption that the main mechanism of compound NPs
formation is co-melting of the initial NPs in the formed
mixture with subsequent chemical interaction in the liquid
droplet. However, in the sample prepared by fs laser
treatment additional spots on FFT image corresponding to
0.22 nm were observed which could be indexed to either
the (200) planes of the 3C-SiC or the (104) planes of the
hexagonal SiC (Fig 3e,f) [6].
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bonds (101.0 eV), O–Si–C (101.6 eV) and Si–O (102.4
eV).
The C1s XPS spectra of the particles in Fig. 4b show
C–Si bonding at the binding energy 282-282.6 eV
position while the peaks of the C–H, C–O were not found
in all the samples that confirms the majority of Si–C core
bonds. However, in the sample prepared by femtosecond
laser irradiation the additional peak corresponding to C=O
groups with peaks located at 287.4 eV was found. The
results obtained can be explained based on the different
mechanisms of laser-particle interaction for the fs and ns
laser pulses.
This work was supported by the National Academy of
Sciences of Belarus under project Convergence-20202.4.06 and partially by EPSRC (award n.
EP/M024938/1).. The COST Action TD1208 is also
acknowledged for useful interactions and exchanges.
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Fig. 4. High-resolution XPS profiles of the samples for
the Si 2p and C 1s peaks
The chemical composition was further confirmed by Xray photoelectron spectroscopy (XPS), see Fig. 4. Fig. 4ab show high-resolution XPS profiles of the samples
prepared by the electrical discharge in ethanol and laser
irradiation of colloids for the Si 2p and C 1s peaks. The
position of Si 2p core peak for NPs prepared by spark
discharge (100.4 eV) can be attributed to low-coordinated
Si–C bonds which again confirm the presence of Si–C
bonds. For NPs in the C-Si mixture the peak was found at
99.6 eV that can be assigned to Si–Si or/and Si–H bonds.
Additional ns laser irradiation results in its shift up to
100.1 eV typical to SiC bonds while fs laser irradiation
results in the split of the peak to three peaks at 98 eV,
99.0 eV corresponding to Si-Si and Si-H bonds and broad
peak at 100-102 eV that can be attributed to the
overlapped peaks corresponding to high-coordinated Si–C
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Investigating Flow Patterns in a Helium APPJ in Contact with Solid and Liquid
Conductive Surfaces by High-Speed Schlieren Imaging
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Abstract: We used high-speed Schlieren imaging to visualize how a liquid sample
influences flow patterns in the afterglow of an atmospheric-pressure plasma jet. It is shown
that the liquid sample introduces a much longer relaxation time scale to the system
compared to a conductive solid sample. The liquid also slows down the gas flow, thereby
likely reducing the area exposed to the active species.
Keywords: helium, plasma jet, DBD, modelling, Schlieren imaging, liquid
1. Introduction
Atmospheric-pressure plasma jets have been receiving
a lot of attention in the plasma physics community due to
their potential promising applications.
In many cases, the samples are treated remotely,
meaning that they are not submerged in the active plasma
but are only exposed to an afterglow rich in active
species. For this reason, it is imperative that the transport
mechanism of active species to the substrate in the
afterglow is properly understood. The transport is
primarily driven by advection, rather than diffusion,
meaning that a change in the neutral gas flow patterns
influences the delivery of active species to the sample.
At the same time, it has been illustrated before that the
presence of plasma does influence the gas flow and can
induce turbulence in it [1–3]. The authors also discuss the
specifics and conditions for the plasma-induced
turbulence onset in more detail in a recently submitted
publication [4].
The primary aim of this contribution is to illustrate how
the gas flow changes when the plasma jet is impinging
metal and liquid substrates. To that end, we employ
Schlieren imaging of a dielectric-barrier-discharge plasma
jet ignited in helium and operating in ambient
atmosphere. It is shown that the mere presence of the
liquid influences the dimensions and shape of the flow
pattern, regardless if the plasma is ignited or not.
Furthermore, if the plasma is ignited, the time necessary
for the flow stabilization is notably higher when a liquid
substrate is used.

with air impurities (approximately 50 ppm). It is driven
by a custom-made high-voltage power supply capable of
delivering voltage up to 20 kV at the frequencies in the
1 to 20 kHz range. The frequency and height of the
voltage pulses can be adjusted independently.

Fig 1: Schematic view of the investigated APPJ
(figure adapted from [4])
Throughout the experiments, the current and voltage
waveforms were measured, with the help of an
oscilloscope and a Rogowski coil, in order to monitor the
input power and ensure that it is maintained at
approximately constant level. A typical example of the
current and voltage waveforms measured at two different
frequencies is shown in figure 2.

2. Experimental
2.1.

DBD-APPJ

The atmospheric-pressure plasma jet (APPJ)
investigated in this work is shown in figure 1. It is
a dielectric-barrier discharge (DBD) ignited in a glass
capillary. The grounded and driven electrodes are made
from adhesive copper tape wrapped around the capillary
and electrically insulated. The plasma is ignited in helium
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Fig. 2: Current and voltage measurements at the power
supply frequencies of 5 kHz and 10 kHz, both at peak
voltage set to 4 kV.
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Schlieren setup

The refractive index gradients in the afterglow region
were imaged by a high-speed Schlieren setup located at
the University of Bologna (DIN) [3]. The setup consists
of a light source (450W Xe lamp or a strong LED were
used, both delivering comparable performance), a slit, two
parabolic mirrors with the focal length of 1 m and a
vertically positioned knife edge. The plasma jet was
positioned in between the two parabolic mirrors and the
Schlieren image was recorded by a high-speed camera
(Memrecam GX3). A maximum recording speed of
40,000 FPS has been used, with a shutter time of
1/100,000 s.
3. Numerical Model

heat equation is constrained by prescribing elevated
temperature of 40°C at the APPJ orifice, which is a
reasonable value according to literature [6] and 20°C at
far-field boundaries. Finally, the advection-diffusion
equation solved for water concentration is constrained by
zero Dirichlet boundary condition at the APPJ orifice and
at the remote boundaries while on the surface of a humid
sample, the concentration of water is calculated from its
partial pressure at the given temperature. In other words,
the water concentration is given by the local temperature
at the substrate surface but the vapors are then transported
with the gas flow and can also diffuse. An example output
from the model, comparing the water concentration above
a dry and humid sample exposed to the gas flow of the
same temperature is shown in figure 3.

The experimental results will be correlated with
a numerical model of processes in the helium plasma jet
afterglow. The model which has already been presented
and employed in [5,6] is capable of describing
incompressible flow of the helium-air mixture (flow
considered incompressible due to low Mach number but
density variations allowed via changes in local
temperature or molar mass) by solving the following
Navier-Stokes equations
𝜕𝜌
𝜕𝐮
𝜕𝑡

+ ∇⋅(ρu) = 0

(1)

+ (𝐮 ⋅ ∇)𝐮 = −∇𝑝 − 𝜇Δ𝐮

(2)

𝜕𝑡

where 𝜌 is the density of the mixture which is nonuniform in space, 𝑝 is scalar pressure and 𝜇 is the
kinematic viscosity of the gas mixture (shows very weak
dependence on the composition). The Navier-Stokes
equations are coupled to an advection-diffusion equation
describing the mixing of the two main gaseous
components (helium and air) and, therefore, providing the
local density 𝜌.
Additionally to the version of the model described most
recently in [5], the possibility to account for heat transfer
and water evaporation was added. The heat transfer is
described by the usual heat equation, where the thermal
conductivity 𝜅 is a function of the local gas composition.
Concentration of water vapour is captured by another
advection-diffusion equation which is one-way coupled to
all the other equations, meaning that the water vapour is
assumed not to influence thermal conductivity and
viscosity of the gas mixture. The advection-diffusion
equation for the molar concentration of the water vapour
is formulated as
𝜕𝑐H2O
𝜕𝑡

+ ∇⋅(-𝐷H2O ∇𝑐H2O +𝑐H2O u) = 0

(3)

The model is constrained by Dirichlet boundary
conditions for the velocity and the mole fractions of the
two gaseous components (helium and air) which are wellknown from the input parameters of the experiment. The
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Fig. 3: Spatially-resolved water vapour mole fraction
calculated from the numerical model, assuming flow of
dry helium for (a) a dry sample and (b) a wet sample.
It is apparent in figure 3 that the water vapour is
confined in a re-circulating vortex because the advective
transport is much faster than diffusive. This also applies
for the active species produced in the plasma which is
why we later correlate the vortex size with the “exposed
area” of the sample, see also [5].
4. Results
Analyzing the Schlieren videos has revealed that both
the plasma and the liquid surface influence the gas flow
patterns. The plasma leads to quite dramatic gas
acceleration and may cause the onset of turbulence which
is discussed in greater detail in the submitted
publication titled “Plasma-induced onset of turbulence in
a dielectric barrier discharge plasma jet at kHz
frequencies” [4]. This follows up the previous work by
showing that replacing a solid substrate with a liquid
sample (approx. 1 cm layer of phosphate-buffer saline
was used)
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Increased stabilization time

To better understand the role of the liquid sample, we
initially studied it with the plasma off. The initial
observation was that the gas flow in the case of a liquid
sample was notably less stable than for a solid metal
sample. It should be said that although the helium gas
flow is generally very prone to external disturbances,
even with a metal substrate, it takes tens of milliseconds
for it to reach equilibrium. In other words, the flow
stabilizes immediately after all external disturbances are
removed as long as a metal sample is used. With the
liquid sample, on the other hand, the characteristic time of
flow stabilization is notably longer – even after all
external disturbances are removed, it takes tens of
seconds to minutes for the gas flow to stabilize.
A likely explanation for the observation above is that
the flowing gas is inducing oscillations or fluctuations in
the liquid sample which take much longer to dissipate
compared to the gas phase since the viscosity of the liquid
is much higher. These induced fluctuations could then, in
turn, disturb the gas flow even relatively long after
external disturbances are removed. The existence this gasphase liquid-phase coupling has been confirmed by
Schlieren imaging, as shown in figure 4. By analyzing the
corresponding video, it can also be determined that the
velocity of propagation of these fluctuations in the liquid
is in the order of mm/s.

Fig. 4: Illustration of the gas and liquid flow patterns
observed when the liquid substrate was placed underneath
the APPJ.
The origin of the flow fluctuations in the liquid can be
attributed to several potential causes while others are
rather unlikely. Taking into account that Schlieren
imaging detects changes in the refractive index (or,
equivalently, density of the medium), the following four
interpretations come to mind:
• Since the plasma is off and the helium is at room
temperature, it is not likely that the observed
features are due to a thermal effect.
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•
•
•

4.2.

For the same reason, the features cannot be a
consequence of a change in the gas composition.
The observed features could be pressure waves in
the liquid but their dissipation rate seems too slow.
Therefore, we most likely observe small pressure
variations caused by liquid streaming, see [7].

Decrease of the Exposed Area

Additionally, we investigated how the type of the
sample influences the area exposed to the plasma. We did
so by measuring the size of the laminar vortex formed in
the proximity of a surface, which is a consequence of the
buoyant force acting on the helium. It is reasonable to
assume that the transport is mainly advection driven and
that only species within this vortex are absorbed by the
substrate or else they are transported upwards by the
rising gas mixture. This assumption about the “exposed
area” is reasonably accurate, as figure 3 and reference [5]
confirm.
As figure 5 shows, the size of the exposed area does not
depend on the sample material if the flow velocity is
slow. However, as the gas velocity is increased, the vortex
formed close to the PBS substrate is notably smaller
compared to the case with the metal substrate.
The likely reason for this difference is that a part of the
kinetic energy of the flowing gas is consumed in forcing
the liquid streaming discussed above. This means that the
gas flowing past the sample is not capable to travel so far
in the radial direction and is sooner transported upwards
by the buoyant force.

Fig. 5: Size of the “exposed area” (size of the laminar
vortex) as a function of average velocity at the APPJ
orifice.
5. Conclusions
In this contribution, we aim combine the previous
results about the plasma-gas flow coupling with new data
on gas flow-liquid flow coupling, thereby providing a
more complete picture of the flow phenomena in the
investigated APPJ.
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Streamer Breakdown in Elongated, Compressed and Tilted Bubbles
Immersed in Water
N. Yu. Babaeva, D. V. Tereshonok, G. V. Naidis and B. M. Smirnov
Joint Institute for High Temperatures Russian Academy of Sciences, Izhorskaya 13, Moscow 125412 Russia
Abstract: We report on results from a computational investigation of streamer evolution in
elongated, compressed and tilted bubbles immersed in water. In bubbles elongated along
the external electric field a streamer breakdown occurs at a higher values of the external
field than in spherical bubbles. In compressed bubbles the external field required for
streamer ignition can be as small as 15-20 kV/cm despite the short avalanche path. The
streamer ignition field is estimated for different bubbles aspect ratio b/a.
Keywords: Deformed bubbles, electric field enhancement.
1. Introduction
The ignition of plasma in underwater gas bubbles is a
promising method of injecting chemically reactive species
into liquids [1,2]. Underwater bubbles are rarely of a
spherical form. They are usually deformed, distorted and
torn apart by electric fields. The distortion of the
dielectric boundary can enhance the applied electric field
in the volume of a bubble. Sommers and Foster [3,4]
investigated deformations in isolated bubbles using the
ultrasonic levitation cell. They showed that the electric
field in deformed bubbles could be enhanced (or depleted)
by a factor of 10 or more. In this paper we report on
results from a computational investigation of streamer
evolution in elongated, compressed and tilted bubbles
immersed in water.
2. The model
The algorithms used in the model are analogous to
those described in [5-7]. The model, nonPDPSIM, is a
multi-fluid hydrodynamics simulation in which transport
equations for all charged and neutral species and
Poisson’s equation are integrated as a function of time.
The model includes photoionization which accounts for
the production of precursor electrons ahead of the
streamer front. The gas mixture is atmospheric pressure
humid air N 2 /O 2 /H 2 O = 79.5/19.5/1 at 300 K. The
numerical grid uses an unstructured mesh with triangular
elements with different refinement regions near the
bubble. To initiate a streamer, a small spot of seedcharges is placed near the bottom boundary of the bubble.
The seed plasma has the Gaussian distribution with a
diameter of 70 µm and peak density of 107 cm-3.
The bubbles geometry and the electric field contours
are shown in Fig. 1. The bubbles are approximated as
dielectric ellipsoids, which represent the stretching and
compression of a spherical bubble. The volume of the
bubbles is constant and equal to the volume of a spherical
bubble. The streamer evolution is studied in a single
bubble immersed in a dielectric liquid with ε/ε 0 = 80. The
values of axis a are within the range 0.01 to 0.15.
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Fig. 1. Electric field contours for (a) a=b=300 μm
spherical bubble immersed in water (ε/ε 0 = 80); (b)
electric field contours for an elongated bubble (a=0.016,
b=0.1); (c) electric field contours for the tilted bubble
(a=0.016, b=0.1); (d) electric field contours for a
compressed bubble (a=0.1, b=0.016).
3. Electric field inside deformed bubbles
The applied external field, E 0 , is directed vertically as
shown in Fig. 1a. The volume of the ellipsoids is
conserved. As such, b=R3/a2, where R=300 µm is the
radius of a spherical bubble. The enhancement of electric
field inside bubbles is determined by the ratio b/a. For
large values of b/a, a bubble resembles a thin needle
aligned along the applied external field E 0 . In this case,
the internal field approaches to the value of the applied
field as shown in Fig. 1b. For a sphere (a=b=R) the field
enhancement is 1.5. The electric field at the poles the
spherical bubble is decreased compared to the
unperturbed external electric field. At the equator the
electric field at the surface of the bubble is enhanced as
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shown in Fig. 1a. For small values of b/a the bubble is
compressed in a thin disk. For b/a → 0, the enhancement
factor approaches asymptotically to the ratio of dielectric
constants of water and air. For the tilted bubble the values
of electric field are located between those for a vertical
elongated bubble and compressed horizontal bubble.
The bubble axis a and b determine the avalanche
distance. If these axes are too small for electron
avalanches to satisfy the Meek criterion, the requirement
for breakdown conditions inside a gas bubble are not
fulfilled [8]. The electric field inside the bubbles is shown
in Fig. 2a for different values of ellipsoid axis a. For
compressed bubbles (a=0.15, b/a=0.087) the intrinsic
electric field can be as high as 280 kV/cm. As such, the
applied external field can be as low as 20 kV/cm.

poster

formation criteria inside the bubble is similar to the
Meek-Loeb breakdown [8].

Fig. 3. Streamer development inside bubbles. Electron
density (2 decades log plot) and positive space charge (2
decades log plot). The maximum values are noted in each
frame.
Conditions: (a) and (b) elongated bubble
(a=0.016, b=0.1), applied external field E 0 =60 kV/cm;
(c) and (d) tilted bubble (a=0.016, b=0.1), E 0 =40
kV/cm; (e) and (f) compressed bubble (a=0.1, b=0.016),
E 0 =40 kV/cm.
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Development of Micro/Nano Plasma Bubbles Generator Utilizing
Piezoelectric Vibration Assisted
Low-temperature Atmospheric-Pressure Plasma
Gaku.Watanabe1, Takashi.Kaito2 Satoshi.kurumi2, Ken-ichi.Matsuda2 and Kaoru.suzuki2
1

2

Graduate School of electrical engineering, Science and Technology, Nihon University, Tokyo, Japan
Department of electrical engineering, Collage of Science and Technology, Nihon University, Tokyo, Japan

Abstract: In this study, we have attempted to generate micro-nano plasma bubbles (MNPBs)
in liquid utilizing by piezoelectric actuator vibration and low-temperature atmosphericpressure (LA) plasma techniques. MNBs were generated from vibrating needle nozzle,
which mount on piezoelectric actuator. Dissolved oxygen level in the liquid was increased
4.8 to 17 mg/L with MNBs generation time. Emission spectrum of LA plasma was measured
309 and 777 nm due to OH and O radical.
Keywords: Low-temperature atmospheric-pressure plasma, Nano-Micro-Bubble
1. Introduction
Nano and/or micro bubbles (NMB) have attracted great
attention in a wide variety of fields (i.e., mechanical
engineering, new energy and medicine, etc.) [1-5], because
they have electric negative-charges attributed to zeta
potential [6,7]. So far, we have developed a new type of
NMBs generator, which is combined a capillary gas nozzle
and a piezo- device. Capillary nozzles are micro-fabricated
by focused ion beam (FIB) techniques. This nozzle is
mounted on the center of a piezo-device, whose vibration
is expected to be able to eject bubbles from the nozzle
easily. Separately, low-temperature atmospheric-pressure
(LA) plasma is well known as “touchable plasma”, and it
has been utilized for the bacterial inactivation, gas analysis,
and technology to purify water et al. [8-15]. Until now, we
had generated needle shaped micro-LA plasma (diameter:
less than 50 µm) using a capillary nozzle [16]. In this study,
we have attempted to composite NMB and LA plasma
generation techniques to applied it to water quality
improvement method.
2. Method
2.1. Ejection of needle shaped plasma particles
Fig. 1 shows the experimental apparatus of LA plasma.
Top of a quartz tube (diameter: 4 mm) was sharpened by
thermal-shrinking (diameter: 1 mm) and insert the
borosilicate tube as a needle-plasma nozzle (diameter: 50
micro m). Pulse voltage (peak: 1 kV, frequency: 10 kHz)
was applied Cu electrodes which were wrapped around the
quartz tube, and needle plasma particles were ejected. Flow
rate of He gas were less than 0.5 L/min. Plasma spectrum
was measured by the CCD spectrometer (Stellarnet,
EPP2000).
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Fig.1. Experiment apparatus for generation of
NM plasma bubbles.
2.2. Generation of NMBs from the vibrating needle-plasma
nozzle
A produced needle-plasma nozzle was inserted and
mounted into a metal thin-film which had a pinhole
fabricated by FIB etching. The nozzle was dipped into the
water, and O2 gas was frown in it. NMBs were generated
from the nozzle by Piezo electric vibration when
alternative voltage with resonance frequency (power: 4 to
7 W, kHz) was applied to it. Images of NMBs generating
from the nozzle were taken by CCD camera. Dissolved
oxygen level in NMBs contain water was measured by DO
meter (Horiba, OM-71).
3. Results
3.1 Effect of the vibration of piezoelectric actuator
Fig.2, (a) shows optical photograph when piezoelectric
actuator was not vibrated. Millimeter-bubbles, whose
diameter was about 0.6 mm, were ejected periodically from
the nozzle without piezo-vibration, while these bubbles
could not be observed with piezo-vibration at 70 ms. Fig.3,
(b) shows optical photograph when piezoelectric actuator
was vibrated at 35 kHz. Piezo activating at 35.0 kHz could
be observed the micro bubbles. This result shows that,
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Fig.2 Optical images of bubbles generated from vibration
assisted needle nozzle.
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3.2 Dissolved oxygen level of NMBs contained liquid
Fig. 3 shows the relationship between NMBs generation
time and DO level of its contained liquid. DO level was
constant at 4.8 mg/L when piezoelectric actuator did not
vibrate. In other hand, DO level was increased to the 17.0
mg/L when piezoelectric actuator vibrated. This result
suggested it is possible to make the supersaturateion DO
water using NMBs techniques.

Vibration
No vibration

Time [min]
Fig. 3. Dependence of time and dissolved oxygen of NMB
3.3 Emission spectra of generated plasma
Fig. 4 shows the emission spectra of growth plasma. 3, (a)
shows optical photograph when piezoelectric actuator
vibrated. Spectra of using straight nozzle and needle nozzle
were similar. The strong peaks from 300 nm to 420 nm are
due to N2 second positive bands. The weak peaks from 500
nm to 750 nm are due to He. Emission from OH and O
there were the variations of ejected bubbles diameter.
These frequency values were inconsistent with resonation
frequency points at Figure 3, because of water and N 2 gas
pressures. were observed 309 nm and 777 nm, respectively.
In order to sterilize the cells, it is necessary to generate O
or OH radicals. Thus, growth plasma has a possibility for
sterilization. These results show that using LA plasma has
several advantages than straight nozzle. For example, gas
flow rate and plasma irradiated area were decreases
significantly. Temperature of this area is less than body
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4. Conclusion
We have attempted to develop MNPB for water quality
improvement by piezoelectric actuator and LA plasma.
MNB was generated vibration of piezoelectric actuator.
Dissolved oxygen was constant at 4.8mg/L when
piezoelectric actuator did not vibrate. But, Dissolved
oxygen rose to the point of 17mg/L as time passes when
piezoelectric actuator vibrated. As a result, MNB have
effect of water quality improvement by piezoelectric
actuator. Emission spectra of growth plasma were
measured by the CCD spectrometer. The strong peaks from
300 nm to 420 nm are due to N2 second positive bands.
The weak peaks from1 500 nm to 750 nm are due to He.
Emission from OH and O were observed 309 nm and 777
nm. There is a possibility that MNPB can tick up dissolved
oxygen and sterilization ability better than NMB.
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Methylene blue degradation by a nanosecond pulsed pin-to-liquid discharge
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Abstract: A newly developed nanosecond pulser was used to produce plasma discharges in a pin-to-liquid
configuration with the ultimate goal of achieving efficient wastewater treatment. An aqueous solution of methylene blue
dye was treated as a model organic pollutant (1 ml volume). A degradation level of 84 % was achieved after 11 min of
treatment without stirring at an average power of 15 W. We observed that the degradation process continued postplasma treatment, thus revealing that the plasma-liquid interactions lead to the formation of long-lived species. The
extent of the reaction-diffusion zone was imaged by using the red pixel reading of a digital camera. This enabled us to
infer that a significant convective transport of species takes place near the live pin electrode, most likely due to the
temperature-induced surface tension gradient (Marangoni flow), but that transport in the bulk is limited by diffusion,
thus justifying the need for efficient stirring and enhanced plasma-liquid contact area.
Keywords: nanosecond pulser, pin-to-liquid discharge, methylene blue, water treatment,
plasma-activated water.
1. Introduction
With the increasing world’s population and associated
growth in industrial and agricultural activities, managing
the water resources has become one of the main
challenges that humanity is facing. Conventional
(mechanical, chemical and biological) wastewater
treatment techniques enable the recycling of a large
fraction of our potable water resources, but these are not
always efficient to degrade hazardous organic pollutants
like pesticides, pharmaceuticals, dyes, by-products of
water chlorination, halogenated hydrocarbons, aromatic
compounds or amines. [1]
Plasma-based technologies are being explored as
alternative wastewater treatment technologies. They have
already shown promising results for treating aqueous
effluents containing various organic pollutants, without
requiring the addition of other chemical agents [2].
Multiple studies have shown that non-thermal plasma
discharges in gas-liquid environments produce highly
reactive oxidizing species like ozone, hydroxyl radicals
and hydrogen peroxide, as well as UV photons. [2–4]
Among the different plasma reactors employed for water
treatment, pulsed corona discharge configurations have
shown the highest energy efficiencies for decomposition
of toxic organic compounds. [5] Short pulsed discharge
durations have shown particularly high efficiency, due to
the more efficient generation of reactive radicals during
the initial phase of the streamer discharge (primary
streamer propagation). [6] If the pulse is short enough
(low nanosecond range), the formation of less efficient
secondary streamers may be prevented. [7]
In spite of the advantages of the pulsed corona
technology for wastewater treatment, one of the main
impediments for its commercialization is the lack of
suitable, inexpensive nanosecond pulsed power supplies.
[8] The Plasma Processing Laboratory (PPL) has
developed a new nanosecond pulsed power supply
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powered by a diode opening switch generator (work to be
published).
The applicability of this new nanosecond pulsed power
supply to wastewater treatment was tested with a pin-toliquid discharge configuration. Methylene blue was
chosen as a model toxic organic pollutant to be degraded.
2. Experimental setup
The pin-to-liquid setup consisted of two copper
electrodes placed in a cuvette (see Fig. 1), secured in
place and isolated from each other using a 3D-printed
piece of acrylonitrile butadiene styrene plastic (ABS). The
live negative electrode was located 1 mm above the liquid
surface, whereas the other electrode was immersed in the
liquid. The electrodes were powered by a homemade
diode opening switch generator. Pulses were produced at
a frequency of 1 kHz, a voltage drop across the electrode
gap of 10 kV and a Full Width at Half Maximum
(FWHM) of 28 ns. The average power was 15 W.

Fig. 1. Schematic of the pin-to-liquid setup.
Each sample consisted of 1 ml of a 7 ppm methylene
blue solution (M291 of Fisher Scientific, dissolved in
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reversed-osmosis water) enclosed in a polystyrene cuvette
(Fisher Scientific, pathlength of 1 cm).
The samples were treated with nanosecond pulsed
discharges for different amounts of time (3, 6 and 11
min). For every treatment time, 5 repeats were performed
to validate reproducibility. During the plasma treatment,
the discharges were interrupted after every minute of
treatment to mix the sample by shaking and perform UVvis spectroscopy measurements.
The UV-vis spectroscopy measurements were
performed at room temperature using an Evolution™ 300
UV-Vis spectrophotometer. A baseline with the reference
cell (cuvette containing reversed-osmosis water as base
fluid) was taken before every series of measurements.
Raw spectral absorbance data between the wavelengths
350 and 750 nm at a resolution of 1 nm was recorded with
the software Thermo Scientific™ VISION pro™.
Pictures were taken with a Nikon D3300 camera at an
exposure time of 1/200 s, a F-stop of f/10, an ISO speed
of ISO-200 and a focal length of 52 mm. An Energizer®
LED folding lantern was placed behind the cuvettes to
illuminate the samples from the back. A diffusion paper
(by Rosco, model E-Colour #216 White Diffusion) was
used to cover the LED lantern surface to make the light
more diffuse.
3. Results
3.1 Degradation by plasma treatment
Methylene blue (MB) aqueous solution samples were
treated in the pin-to-liquid discharge configuration for up
to 11 min. A characteristic UV-vis spectrum for a treated
MB sample is shown in Fig. 2. Whereas the two main
peaks are attributed to methylene blue, there is a shoulder
in the region between 350 and 450 nm that has not been
identified yet. This shoulder increases progressively with
increasing treatment time, and has to be studied further to
identify whether it is due to degradation products of MB
or species formed in the plasma-activated water.

Fig. 2. UV-vis absorption spectra for a plasma-treated
methylene blue aqueous solution.
The maximum absorption peak was found to be at ~660
nm. The maximum absorption peak value of the original
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and treated samples are plotted in Fig. 3. The error bars
represent the confidence interval (CI) for a confidence
level of 95 % based on the t-Student’s statistics for five
sample repeats.
The maximal absorbance decreases with increasing
plasma treatment time, which confirms that a degradation
process is taking place. A calibration curve of methylene
blue solutions confirmed a linear correlation between the
maximal absorbance peak and the concentration of the
dye. Based on this premise, a 84% degradation is obtained
after 11 min of plasma treatment.

Fig. 3. UV-vis absorbance of aqueous methylene blue
solutions at their maximal absorbance peak (~660 nm)
after different plasma treatment times.
3.2 Post-treatment degradation
After treating the MB solution samples for different
amounts of time (3 and 6 min), their post-treatment
behavior was studied for three consecutive days. UV-vis
absorption measurements revealed that significant
degradation had occurred after the first day (see Fig. 4):
For the samples treated for 3 min, an additional
degradation of 22 % was observed, whereas for the
samples treated during 6 min, this additional degradation
was 41 %. The degradation continued for a few more days
and eventually plateaued.
The treated samples were compared to untreated
samples (named ‘original’ in Fig. 4). The untreated
samples showed small oscillations, but no significant
degradation behavior. Thus, the degradation observed in
the treated samples is attributed to species formed during
the plasma treatment, which remain in the solution after
the treatment and slowly react with MB. Similar ‘postdischarge temporal reaction phenomena have been
observed by different research teams. For instance, Lukes
et al.’s review discusses post-discharge phenomena of
bacterial inactivation. [9] Neretti et al. produced so-called
‘plasma-activated water’ by a dielectric barrier discharge
in air in contact with water. [4] This plasma-activated
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water contained hydrogen peroxide and ozone, which are
long-lived species (lifetimes of minutes to days).

poster

experiment, the color gradient that is observed is less
pronounced.
Image analysis was performed using the software
MATLAB® (from MathWorks®) in order to better
visualize the physical extent of the degraded dye zone.
The UV-vis analysis revealed that the largest change in
absorbance of the treated MB solution occurs around 650
nm (see Fig. 2), which wavelength falls within the
spectral response of the red pixel of the digital camera.
Fig. 6 shows the time-evolution of the distribution of red
pixel light intensity (right), which is compared to the real
images (left).

Fig. 4. UV-vis absorbance of aqueous methylene blue
solutions at their maximal absorbance peak (~660 nm)
measured after their plasma treatment.
3.3 Species Transport
Digital images of the solutions were taken at regular
intervals during plasma treatment in order to visualize the
extent of degradation. In a first experiment, a MB sample
was treated for 6 min without mixing. Fig. 5 shows the
image at the end of the treatment, with the treated sample
on the right side and an original solution sample as
reference on the left side. A visual observation reveals a
gradual loss in the color of the solution (darker at the
bottom and lighter at the top, close to the live electrode).

Fig. 5. Picture of the pin-to-liquid setup with a treated
MB solution sample (right) and an original sample (left).
In a second plasma treatment experiment of MB
solution samples, pictures were taken every 10 s (see Fig.
6). As the time scale is smaller than in the first
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Fig. 6. Left: Time-evolution of the aqueous MB sample
undergoing plasma treatment. Right: Corresponding
image analysis of the samples; the color bar represents the
light intensity collected on the red pixel of the digital
camera.
This analysis clearly reveals the color change in the
upper part of the liquid, while this color at the bottom part
of the liquid remains unchanged. We infer from the
spatial distributions of the red light profile that a
recirculating flow sets in near the gas-liquid interface.
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This circular motion is associated with convective mass
transfer in the upper part of the sample. We suspect that a
temperature gradient is induced by localized plasma
heating. This temperature gradient (radially outward, and
axially downward) may cause natural convection (density
change) and Marangoni flow (surface tension change).
In order to estimate which one of the two driving forces
is predominant, a simple scale analysis was performed.
First, the characteristic viscous dissipation time scale is
estimated. Assuming a characteristic distance L ~ 1 mm
(rough estimate of the flow-affected zone dimension), and
that the kinematic viscosity of the MB solution is
approximately the same as water at room temperature
(  𝜗!!! = 10!! 𝑚 ! 𝑠)  , one obtains:
𝜏~

!!
!

= 1  𝑠

(Marangoni flow). Below the convective cell, the mass
transport in the bulk of the liquid is assumed to be limited
to diffusion. These results contribute fundamental
knowledge on the reaction-mass transport processes, but
also reveal the need for external assistance for mixing and
contact area enhancement.
In future works, the influence of different parameters on
the degradation of the dye will be investigated, such as
the type of mixing, concentration of the dye, plasma
treatment time, distance between the live pin electrode
and the free surface, as well as the pulse frequency and
energy. Moreover, a plasma-aerosol contactor geometry
will be studied to enhance the mass transfer between the
plasma and the liquid samples.
5.

(1)
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Low energy cost of CH4-CO2 reforming assisted by AC rotating-gliding arc
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Abstract: Dry reforming of methane assisted by an AC rotating-gliding arc plasma with a
novel discharge mode of a constant arc length is introduced. Based on extremely studying
effects of CH4/CO2 molar ratio and the specific energy input (SEI), the energy efficiency
can be increased up to 0.8 while energy cost for carbon dioxide conversion and syngas
production can be low as 14.5kJ/L (CH4/CO2≈3/7, SEI≈6.5) and 5.52kJ/L (CH4/CO2=1,
SEI≈6.8) respectively. In addition, conversions of both CH4 and CO2 are really high, which
can be almost 100% at CH4/CO2=1 and SEI≈11.2kJ/L.
Keywords: Rotating-gliding arc, plasma arc-jet, dry reforming of methane, energy cost.
80% for CO2. But the energy cost for syngas production is
quite high, 15.5 kJ/L, and energy efficiency is still low,
0.48, [7]. Recently, an AC-pulsed tornado gliding arc was
also employed for CH4-CO2 reforming which showed a
higher energy efficiency of 0.68 and a lower energy cost
of 22.4 kJ/L, 18.9kJ/L, and 6.88 for CH 4 conversion, CO2
conversion, and syngas production respectively, [6].
However, the conversions of both CH4 and CO2 are low
because of a low SEI condition.

1. Introduction
Dry reforming of methane has been interested and
much studied for both academic interests and industrial
applications because methane is used not only as a
reducing agent for CO2 decomposition but also for syngas
production, reaction 1. A reduction of carbon dioxide, a
main composition of greenhouse gas, is an urgent work to
prevent the global warming while syngas is an important
mid-term chemical step for synthesizing chemicals and
clean fuels via Fisher-Tropsch synthesis process.
Compare with steam reforming produced syngas with
H2/CO≈3, dry reforming of methane produces syngas
with H2/CO close 1, which is more suitable for production
oxygenated chemicals.
CO2+CH4→2CO+2H2

∆H=247 kJ/mole

Based on the above achievements plus the effort to
push the dry reforming of methane closer with industrial
interests, an AC rotating-gliding arc discharge which is
similar with the AC-pulsed tornado gliding arc discharge
was tested for dry reforming of methane at high SEI
conditions. The effect of main parameters and the reaction
kinetic aspect were extremely studied for the lowest
energy cost as well as higher energy efficiency and
conversion.

(1)

Dry reforming of methane using catalyst was
supposed a long time; it requires a high temperature about
800oC. Although the system is simple, but energy cost for
conversion is high and catalyst is easily suffered from
sulphur poison and rapidly is deactivated by carbon
deposition and high temperature.

2. Experimental setup and assessments
2.1. A novel AC rotating-gliding arc discharge
The rotating-gliding arc discharge has been used as an
efficient tool for reforming as well as plasma assisted
reaction [8, 9]. The arc discharge mechanism can be
separated into 4 different modes [10]. Based on
knowledge about characteristics of each mode, a constant
arc length discharge (mode III) is employed for dry
reforming of methane because it shows a higher
temperature than the mode I, II and a lower energy loss

Because of above limitations, plasma is emerging as
an attractive solution for dry reforming of methane.
Firstly non-thermal plasma which has electrode
temperature of 1eV to 10eV while the gas temperature of
several hundred K was employed for CH4-CO2 reforming
such as corona discharge, dielectric barrier discharge
(DBD), spark discharge, microwave discharge, and
gliding arc [1-5]. Generally, the main limitations of nonthermal plasma are inhomogeneous discharge and limited
reaction volume. So the conversion is low and energy cost
for both conversion and syngas production is high, which
is still far from industrial applications. Secondly thermal
plasma with a higher electron density, gas temperature,
and larger treatment capacity, a more efficiency
technology for dry reforming of methane, is studied. A
high conversion can be reached up to 90% for CH4 and

Fig. 1 The novel discharged arc of a constant arc length
(mode III).

1
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compared with the mode IV. A novel rotating-gliding arc
reactor is designed with a long small nozzle to keep a
constant arc length at a wide range of power supply, fig.1.
CH4 and CO2 are premixed.

energy in a closed system at atmospheric pressure. The
calculated results pointed that methane is more easily
decomposed by the temperature than carbon dioxide. In
addition, molar faction of syngas is only significant at
temperate over 900K. At CH4/CO2 molar ratio lower than
1 (3/7), a high molar fraction of H 2O is seen in the
product. So it directly reduces mole fraction of hydrogen
can cause an increase of energy cost of syngas production
at high temperature conditions, fig. 2a. At this ratio, the
mole fraction of CO is higher than that at CH4/CO2 ratio
of 1, and higher than 1, which can lead to a low energy
cost for CO2 conversion. At the stoichiometry (CH4/CO2
molar ratio of 1), there is no C(s) as well as H 2O at high
temperature which is predicted as a good condition for a
low energy cost for syngas production as well as high
energy efficiency, fig. 2b. As the ratio is higher than 1,
many C(s) is found even though at temperatures over
1500K, fig. 2c.

2.2. Analysis method
In dry reforming or methane, the main species in the
product are CH4, CO2, CO, H2 and other hydrocarbons.
So for the calculation molar flowrate of products, N2 is
input in downstream of reactor before sampling. After
removing H2O by a cold trap, the sample is analysed by a
gas chromatograph (GC) that can measure H2, CO, CO2,
N2 by TCD (Carboxen1010) and hydrocarbon with carbon
number of up to 4 by FID (HP-AL/KCL). Then important
parameters are calculated based on stated equations as
follow:
Conversion of CH4 and CO2.
niCH

0.6

4
niCO2 −no
CO2
niCO
2

(2)

0.6

0.6

0.4

0.4

(3)

0.4

0.3

Where niCH4 , noCH4 , niCO2 , noCO2 denote inlet and outlet
molar flowrate of methane and carbon dioxide
respectively, unit mole/s.
Selectivity of H2, CO, hydrocarbon (CxHy), and Cbalance (Cb) are defined as bellow:
n H2
SH2 =
× 100 (%)
(4)
o
i
0.2

0.2

SCO =

2×(nCH −nCH )
4
4
nCO

o
(niCH +niCO −no
CH4 −nCO2 )
4
2
x×nCx Hy

SCxHy =
𝐶𝑏 =

× 100 (%)

o
(niCH +niCO −no
CH4 −nCO2 )
4
2
o
o
𝑥=4
nCO2 +nCH4 +nCO +∑𝑥=2 𝑥×𝑛𝐶𝑥 𝐻𝑦
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Where nH2 , nCO , nCxHy represent the molar flowrate of
H2, CO, and CxHy respectively.

Fig. 2 Thermodynamic equilibrium at different
temperatures, (a) CH4/CO2=3/7; (b) CH4/CO2=1; (c)
CH4/CO2=3/2.

SEI, Energy cost for CH4/CO2 conversion, syngas and
energy efficiency.
Pin ×𝑡
SEI = i
(kJ/L)
(8)
i

3. Experimental results and discussion
3.1. CH4/CO2 ratio effect
As mentioned above, with a really strong O=CO bond,
decomposition CO2 required a very high energy. Using a
rotating-gliding arc discharge at SEI≈6.5kJ/L, only 10%
CO2 converted without a reducing agent. However, the
carbon dioxide conversion is rapidly accelerated by a
presence of methane. It can be explained via CH4
captured atomic oxygen decomposed from CO2, which
prevents a revert reaction, the combination of CO and
atomic oxygen into CO2.
The experimental results also pointed an increase of
CH4/CO2 molar ratio speeded up carbon dioxide
conversion from pure decomposition (10% conversion). A
high conversion of CO2 is achieved at a wide range of
CH4/CO2 molar portion, from 3/7 to 1. After that, a
decrease is seen in the conversion of CO2 at the ratio from
2/3 to 1.5 because of an overmuch amount of methane
which reduced the temperature in reaction chamber, fig.
3a.

(nCH +nCO )×22.4
4
2
Pin ×t

ECH4 =

ECO2 =

out
22.4×1000×(nin
CH4 −nCH4 )
Pin ×t
out
22.4×1000×(nin
CO2 −nCO2 )
Pin ×t

EH2+CO =
η=

22.4×1000×(nH2 +nCO )
nCO ×LHVCO +nH2 ×LHVH2

nin
CH ×XCH4 ×LHVCH4 +Pin ×t

(kJ/L)

(9)

(kJ/L)

(10)

(kJ/L)

(11)
(12)

4

Where Pin is discharge power calculated by the
integration the product of voltage and current, t is time
(1s), LHV is the lower heating value. The lower heating
values of H2, CO, CH4 are 240kJ/mole, 280kJ/mole, and
801.6kJ/mole respectively.
2.3. Thermodynamic equilibrium
The thermodynamic equilibrium of CH4-CO2
reforming is calculated via minimisation of Gibbs free

2
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Fig. 3 The result of CH4/CO2 molar ratio effect,
SEI=6.5kJ/L, total flowrate of 10slpm, (a) conversion of
CH4/CO2 and temperate which is measured at 60mm far
from the start point of the nozzle; (b) C-based selectivities
and balance; (c) energy cost for reactants conversion; (d)
energy cost for syngas production and energy efficiency.

0.6

2
0

40

40

40

20

20

20

0.4

Syngas
Energy efficiency

4

4

0

6

0

8

0

SEI (kJ/L)

(c)
10

12

0.2
0.0

20

(b)

15

0

2

4

6

8

SEI (kJ/L)

10

12

100

80
80

60

H2

40

CO
C 2H 2

20

C 2H 4

60

40

(d)

Cb
0

4

6

8

SEI (kJ/L)

10

20

12

Fig. 4 SEI effect at CH4/CO2=3/7, total flowrate of
10slpm, (a) conversion; (b) the energy cost for reactants
conversion; (c) energy cost for syngas production and the
energy efficiency; (d) C-based selectivities and balance.

Meanwhile, the smallest energy cost for syngas
production is at stoichiometry which has the maximum H2
selectivity, fig. 3c. With using this technology, the energy
efficiency can keep a high value at a wide range of the
CH4/CO2 ratio from 3/7 to 1, about 0.7, fig. 3d. It is only
low at conditions of too low or too high methane
concentration compared with the stoichiometry.

For optimization energy cost for syngas production, SEI
effect is studied at the CH4/CO2 molar ratio of 1. At this
ratio, a high H2 selectivity of about 90% while selectivity
of CO is about 80% can be achieved in a tested SEI range
from 6.5kJ/L to 11.5kJ/L. In addition, conversion of
reactants increase slowly compared with the increase of
SEI. So the energy costs for conversion and syngas
production are increased. The result indicated that the
energy cost for syngas production can be achieved the
lowest value of 5.52kJ/L while energy efficiency is 0.72
at SEI of 6.8kJ/L.
A high conversion of both CH4 and CO2 are also
interested for industrial applications because of a higher
syngas concentration in the product. The dry reforming
using the AC rotating-gliding arc pointed that the
conversion of both CH4 and CO2 can be obtained almost

3.3. SEI effect
Based knowledge about CH4/CO2 molar ratio effect, the
study on the dry reforming of methane is done further to
optimize other parameters for a lower energy cost. The
study is operated in separated directions: minimize the
energy cost for CO2 conversion, and minimize energy
cost for syngas product via study SEI effects, another
important parameter in dry reforming of methane.
As mentioned above, for optimization energy cost for
CO2 conversion, the SEI effect should be studied at the
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CH4/CO2 molar ratio of 3/7, fig. 4. At a low SEI (lower
than 7kJ/L) the conversion of both CH4 and CO2 is
increased with an increase of SEI. However as SEI higher
than 7, the conversion of reactants is almost unchanged
even though SEI is increased to a really high value
because almost methane converted, 94%. The conversion
of CO2 is the maximum value of 75% for the CH4/CO2
molar ratio of 3/7. This SEI range is called over heat
conditions, fig. 4a. At this SEI range, the energy cost is
fast increased while energy efficiency is rapidly reduced,
fig. 4b, c. The experimental results showed that a low cost
for CO2 conversion of 14.5kJ/L, syngas production of
5.8kJ/L, and high energy efficiency of 0.8 can be obtained
at SEI≈6kJ/L.
To products, the selectivity of syngas kept a constant in
a wide range of SEI. The H2 selectivity is not too high,
about 65%, while that of CO is almost 100% because of
CH4/CO2 molar ratio of 3/7 far from the stoichiometry.
The selectivity of hydrocarbons is very low, lower than
3% while C-balance is almost 100% at all tested SEI
conditions, fig. 4d.

Conversion (%)

100

80

Temperature (K)
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80
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To products, an increase of methane is mentioned as an
increase of the reducing agent for CO2 decomposition but
also it is known that a higher methane concentration will
participate in the methane pyrolysis process. So an
increase of main hydrocarbons selectivity, a reduction of
C-balance and CO selectivity are seen in the experimental
data, fig. 3b. In a similar explanation, the selectivity of H 2
fast increases to respond for CH4 addition because H2 has
lesser chance to combine with O atom to form H 2O and
methane pyrolysis process produced further hydrogen. A
slight decrease of H2 selectivity at CH4/CO2 molar ratio
over stoichiometry can be explicated by a lower
temperature of reaction chamber due to over amount of
methane beyond above the stoichiometry (CH4/CO2>1).
In the view of energy efficiency and cost, the energy
cost for carbon dioxide conversion were achieved the
minimum value at the CH4/CO2 molar ratio of 3/7 which
fits with the prediction in the thermodynamic calculation.
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Table 1 Comparison technologies used of dry reforming of CH4
Methods

CH4/CO2

DBD
Corona
Spark
Microwave

1/1
1/1
1
1.5

SEI
(kJ/L)
130
64.6
12
19.5

Conversion
CH4
CO2
26
15
62
48
71
65
71
69

Cost (kJ/L)
CH4
1024.3
207.8
34
46

η

References

CO2
1801
271.5
37
71

Syngas
459
80.45
10.75
14.63

0.02
0.12
0.54
0.44

[1]
[2]
[3]
[4]
[5]

Plat gliding arc

3/7

1.3

13

8

33.5

22.3

14.2

0.41

AC Pulsed tornado gliding arc
plasma

2/3

2.4

29

22

22.4

18.9

6.88

0.68

Thermal plasma + Ni/Al2O3

2/3

17.3

92.32

82.19

12.946

0.54

[7]

AC rotating- gliding arc

3/7

6.5

94

70

18.7

14.5

5.8

0.82

This work

AC rotating- gliding arc

1/1

6.8

76

65

18.7

22.4

5.52

0.72

This work

AC rotating- gliding arc

1/1

11.2

97

95

24.13

25.2

7.1

0.65

This work

[6]

[2] Yang Y (2002) Methane conversion and reforming by
nonthermal plasma on pins. Ind Eng Chem Res 41:5918–
5926.
[3] Shapoval V, Marotta E (2015) Investigation on
plasma-driven methane dry reforming in a self-triggered
spark reactor. Plasma Processes Polym 12:808–816.
[4] Zhang JQ, Zhang JS, Yang YJ, Liu Q (2003)
Oxidative coupling and reforming of methane with
carbondioxide using a pulsed microwave plasma under
atmospheric pressure. Energy Fuels 17:54–59.
[5] Tu X, Whitehead JC (2014) Plasma dry reforming of
methane in an atmospheric pressure AC gliding arc
discharge: co-generation of syngas and carbon
nanomaterials. Int J Hydrog Energy 39:9658–9669.
[6] Jing-Lin Liu, Hyun-Woo Park, Woo-Jae Chung,
Dong-Wha Park (2016) High-Efficient Conversion of
CO2 in AC-Pulsed Tornado Gliding Arc Plasma. Plasma
Chem Plasma Process 36:437–449.
[7] Tao X, Qi F, Yin Y, Dai X (2008) CO2 reforming of
CH4 by combination of thermal plasma and catalyst.
International Journal of Hydrogen Energy 33:4:1262-5
[8] Hao Zhang,Fengsen Zhu,Xiaodong Li, Kefa Cen,
Changming Dub and Xin Tu (2016) Enhanced hydrogen
production by methanol decomposition using a novel
rotating gliding arc discharge plasma. The Royal Society
of Chemistry 6: 12770-12781.
[9] Lee DH, Kim KT, Cha MS, Song YH (2007)
Optimization scheme of a rotating gliding arc reactor for
partial oxidation of methane. Proc Comb Inst 31:3343–51.
[10] Dae Hoon Lee, Kwan-Tae Kim, Hee Seok Kang,
Sungkwon Jo, Young-Hoon Song (2014) Optimization of
NH3 Decomposition by Control of Discharge Mode in a
Rotating Arc, Plasma Chem Plasma Process 34:111–124.

100%, 97% for CH4 and 95% for CO2, at the
stoichiometry and SEI≈11.2kJ/L. However, at the above
condition the energy cost is higher, 25.24kJ/L for CO 2
conversion and 7.1kJ/L for syngas production, the energy
efficiency is low, about 0.65.
In the view of industrial interests, a low energy cost for
carbon dioxide conversion and syngas production, low
C(s) formation, a high energy efficiency, and high
conversion are required. Many technologies were tested
for dry reforming of methane such as using non-thermal
plasma, thermal plasma, or combination plasma and
catalyst. However, previous publications also pointed that
almost methods are far from industrial interests [1-7].
With the AC plasma rotating-gliding arc employed for dry
reforming of methane, the energy cost for reactants
conversion and syngas production can be reduced about
20% compared with the pulsed tornado gliding arc while
the conversion is much higher. Conversion of both
methane and carbon dioxide can be achieved almost
100% at the CH4/CO2 molar ratio of 1 and SEI≈11.2kJ/L,
table 1.
4. Conclusion
An AC rotating-gliding arc plasma is tested for the dry
reforming of methane. The key point is a long nozzle
which can maintain a constant arc length in a wide range
of plasma power, the arc discharge mode III, and avoid
the overheat conditions. Dry reforming of methane
assisted by the AC rotating-gliding arc plasma shows
better results than other technologies in almost important
goals: lower energy cost, higher energy efficiency, and
higher conversion, which is closer to industrial interests.
A combination catalyst and the AC rotating gliding arc
discharge should be a further work for dry reforming of
methane which is predicted for a lower energy cost and
also higher energy efficiency.
5. References
[1] Wang Q, Yan BH, Jin Y, Cheng Y (2009)
Investigation of dry reforming of methane in a dielectric
barrier discharge reactor. Plasma Chem Plasma Process
29:217–228.
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Reactive species involved in higher seeds germination and shoots vigor through
direct plasma exposure and plasma-activated liquids
T. Dufour1, S. Zhang1, S. Simon1, A. Rousseau1
1

LPP, CNRS, UPMC Univ Paris 06, Ecole polytechnique, Univ. Paris-Sud, Observatoire de Paris, Université ParisSaclay, Sorbonne Universités, PSL Research University, 4 place Jussieu, 75252 Paris, France
Corresponding author: thierry.dufour@upmc.fr
Abstract: Cold atmospheric plasma treatments have been applied on lenses seeds and
shoots to improve their germination and vigor rates. Two approaches have been considered:
direct plasma exposure and plasma activation of liquids (tap water, demineralized water and
liquid fertilizer). A special focus has been drawn on reactive oxygen species generated in
the plasma phase but also in plasma activated media to understand their impact on
germination process as well as on plants growth.
Keywords: plasma agriculture, reactive oxygen species, germination, DBD, plasma jet

1. Introduction
Agriculture is a ten thousands years old practice whose
main technical prowess has appeared the last centuries.
Traditional agriculture has been dethroned by chemical
agriculture which in turn has been competed by inorganic
agriculture to get rid of pesticide residues and chemical
fertilizers. Since chemical agriculture raises heavy
ecological issues and since inorganic agriculture ensures
only lower productivity, new solutions are expected.
Plasma agriculture appears as an innovative approach to
overcome recent agricultural issues of food safety and
productivity. Several works have already evidenced how
cold atmospheric plasma (CAP) treatments could present
a great potential in promoting seeds germination,
stimulating plants growth, tailoring plants dormancy or
even improving plants resistance to common diseases.
Wheat seeds have been treated by Dobrin et al. using a
surface DBD [1]. A 15-minute plasma exposure yields to
a root length distribution centred on 36.5 cm (instead of
32.8 cm without plasma treatment). With the same type of
atmospheric process, M. Cernak's team has succeeded in
increasing the germination rate but also the dry mass and
the vigor of the seedlings for treatment times typically
less than one minute [2]. In addition, populations of
epiphytic bacteria, phytopathogenic and toxinogenic
filamentous fungi have been inactivated, thus inhibiting
the growth of surface biofilms in seeds.

plasma jet supplied in helium at 200-500 Hz (AC) as
shown in Fig. 1., and a planar dielectric barrier discharge
operating on the same AC frequency range. Voltage,
current and plasma power have been determined using 10
nF capacitors and Lissajous curve method. The treatments
are carried out following two approaches: a direct
approach where seeds are directly exposed to the plasma
phase and an indirect approach where they are immerged
into a liquid exposed to the plasma. Once germination has
occurred, shoots are irrigated with plasma activated media
(PAM). Three types of liquids have been tested: tap water
(TW), demineralized water (DEM) and garden liquid
fertilizer (FTZ). These liquids are considered as controls
(CTRL) if not plasma-treated and qualified as plasma
activated media (PAM) in the other way. During 2 weeks,
shoots are daily (i) exposed 8h to artificial lamps
dedicated to agronomic applications and (ii) irrigated by
5-10 mL of CTRLs or PAMs. Roots and stems lengths are
measured as well as dried masses to attest the boosting
plasma effect.

In these research works, we have selected lenses as
plant models and designed plasma processes to improve
their seeds germination and shoots vigor. The objective is
also to bridge plasma science to agronomy and understand
the impact of plasma physico-chemical properties on
physiological plants features, with a special focus on
reactive oxygen species generated by the plasma phase.
2. Experimental setups
Two plasma sources have been designed and built to
apply cold atmospheric plasma on seeds and shoots: a
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Fig. 1. Plasma jet setup for the activation of liquids
dedicated to seeds and shoots.
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Chemical species have been investigated in the plasma
phase combining optical emission spectroscopy and mass
spectrometry but also in the liquid phase using
spectrophotometry techniques [3] and liquid probes so as
to measure hydrogen peroxide, nitrates and nitrites. The
PAMs have also been investigated using various chemical
probes to measure pH and redox potentials.

3. Results & discussion
3.1. Plasma jet in spark-to-streamer mode
PAMs have been prepared with the jet device operating in
a spark-to-streamer mode rather than the usual streamer
mode. The power delivered to the plasma jet is the same
in the two modes but the radical species generated are
different – at least in terms of concentrations – owing to a
different setup configuration: the spark-to-streamer mode
requires the liquid to be grounded while it has to stay at a
floating potential in the streamer mode. As an example,
we have drawn in Fig. 2., the concentration of hydrogen
peroxide in tap water (after its plasma activation) as a
function of treatment time considering the two modes. For
10 min of treatment time, the amount of H2O2 is almost 8
times higher using the spark-to-streamer mode compared
with the streamer mode. Also, the deposited powers
remain quite low in both cases (<500 mW) while the
energetic yield is 35 nmol/J in the spark-to-streamer mode
versus only 7 nmol/J in the streamer mode.

3.2. Plasma-assisted germination of lenses seeds
To study the effect of plasma on germination rate, lenses
seeds are distributed in 6 test tubes (20 seeds/tube), as
shown in Fig. 4. Each tube is filled with a specific liquid
(10 mL), i.e. a control liquid or its corresponding PAM.
No soil, no manure or any solid organic substrate has
been utilized for sprouting and shoots growth.
The germination rate has been estimated at day 10 and is
reported in Fig. 2. for the six previous experimental
conditions. If the plasma treatment of demineralized water
has no positive effect on the germination rate, it however
has an important boosting impact with the two other
PAMs. Indeed, the plasma activation of tap water has
leaded to a germination rate increase from 22% to 100%
and a similar trend has been obtained with the liquid
fertilizer. Those rises result from complex mechanism
between the native liquid oligo-minerals, the extern
envelope properties of the seeds and the reactive oxygen
species generated in the liquid phase upon its plasma
exposure.
Germination rate (%)
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Fig. 3. Germination rates of lenses seeds considering tap
water, demineralized water or liquid fertilizer either as
controls or as plasma-activated media.
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3.3. Influence of PAMs on lenses shoots stems
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Fig. 2. Hydrogen peroxide produced in the liquid phase
versus its plasma exposure time. The plasma jet is utilized
either in spark-to-streamer mode or in streamer mode.
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Then, shoots stems have been measured versus time,
considering tap water, demineralized water and liquid
fertilizer, with/without plasma exposure. The picture in
Fig. 4. shows lenses shoots at day 12. As shown in Fig. 5,
upon the 0-15 days observation window, tap water
treatment is unsurprisingly less efficient than fertilizer.
This is particularly true on the first days after germination
but not at the end, e.g. stems are quite close in length at
day 14. However, the plasma activation of these two
liquids has a dramatic effect on lenses stems. For instance
at day 14, stems are as high as 11.5 cm for the two PAMs,
versus approx. 6.2 cm for the two controls. These trends
have been confirmed by repeating three times the
experiment.
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3.4. Forthcoming results: DBD in direct/indirect
approaches
TW
Ctrl

TW DEM DEM
PAM Ctrl PAM

FTZ FTZ
Ctrl PAM

Fig. 4. Shoots at day 12. TW: tap water, DEM:
demineralized water, FTZ: liquid fertilizer, Ctrl: Control,
PAM: plasma-activated medium.
16
14

Tap water PA

Stem length (cm)

12
no
data

10

Fertilizer PAM
Fertilizer

8
6
4

Tap water

2
0

0

2

4

6

8

10

12

14

Time (days)
Fig. 5. Germinated lenses stems vs time. Shoots are daily
irrigated with tap water/liquid fertilizer that are either
untreated (controls) or treated (PAM).

Since DBDs do not require a plasmagen gas (Ar, He) to
operate, they may be considered as more economical than
plasma jets. Their efficiency to produce reactive oxygen
species will therefore be studied and compared with the
E-yields and production rates obtained from the current
plasma jet. Two approaches will be investigated: seeds
directly exposed to the plasma phase and seeds immerged
in liquids for a plasma activation.
Radicals such as OH, O and NO will be studied in the
plasma phase by optical emission spectroscopy and mass
spectrometry. Dedicated processes will be engineered to
increase the density of a specific radical (and to the
detriment of the others), to better understand its individual
impact on seeds physiological parameters. A discussion
will be also addressed to identify the reactive species
appearing as promoters or inhibitors for germination and
vigor. Finally, the issue of seeds selectivity to a same
plasma treatment will be addressed by treating barley and
sunflowers seeds.
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To understand how the plasma activated media can
stimulate both germination and shoots stems, hydrogen
peroxide (H2O2), nitrites (NO2–) and nitrates (NO3–) have
been measured in PAMs. H2O2 concentrations as high as
100 µM are evaluated in tap and demineralized waters
using spectrophotometry (TiOSO4 method [3]). This
method could not been used to measure H2O2 in the liquid
fertilizer owing to its initial coloration. Nitrite
concentration as high as 100-150 µM have been estimated
in plasma activated tap water and fertilizer vs
approximately 50 µM in demineralized water. Finally,
nitrates have been evaluated to very low concentrations in
all cases (always <1µM) and do not appear as a species
playing a crucial role in germination.
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A 2D model for CO2 conversion in a gliding arc: the role of vibrational states
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Abstract: CO2 conversion into value-added chemicals is gaining increasing interest in
recent years, and a gliding arc plasma has great potential for this purpose, because of its
high energy efficiency. In this study, a 2D model is presented to study the CO2 dissociation
and ionization mechanisms in a gliding arc for the first time. Specifically, the role of
vibrational states on CO2 dissociation and ionization in a gliding arc plasma is investigated.
Keywords: CO2 conversion, gliding arc, vibrational states
1. Introduction
CO2 is a major greenhouse gas contributing to global
warming. In recent years, the plasma technology on CO 2
conversion has attracted great interest, especially the nonequilibrium plasma, such as DBD discharge [1],
microwave [2] and gliding arc discharge [3, 4], etc. In this
way, thermodynamically unfavorable reactions, like CO2
conversion, can proceed with reasonable energy cost, at
mild operating conditions (ambient pressure and
temperature). Among these plasma technologies, the
gliding arc has great potential for CO2 conversion, due to
its high energy efficiency [5].
A GA discharge is a non-stationary arc discharge
between two diverging electrodes submerged in a gas
flow. The arc is ignited at the shortest electrode distance
and pushed by the gas flow towards the diverging
electrode region. The arc length grows together with the
voltage, when the arc voltage exceeds certain value, a
new arc will be reignited at the shortest gap [6-9]. For
most prospective plasma chemical applications, for
example, the decomposition of CO2, the GA discharges
simultaneously has the advantages of high electron
temperature and high electron density for high reactor
productivity and a high degree of non-equilibrium to
support selective chemical processes, like vibrational
excitation.
Although many experiments have been performed to
study the CO2 conversion, computer modeling can also be
very useful, as it allows to obtain better insight in the
underlying mechanisms. To date, a number of computer
models have been developed for DBD and microwave
plasma, but to our knowledge, no theoretical modeling on
the CO2 conversion in a 2D gliding arc model has been
published yet, although this type of plasma is very
promising in terms of conversion and energy efficiency.
In this paper, the plasma characteristics in a 2D CO2
gliding arc model are presented for the first time. Then
the role of vibrational states on the CO2 dissociation and
ionization mechanisms is investigated in detail. Finally
the conclusion is given.
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2. Model description
The geometry used in the 2D model is presented in
figure 1. The shortest interelectrode distance is 3.2 mm in
the model.

Fig. 1. 2D Cartesian geometry considered in the model.
The plasma discharge equations are the same as the
equations in [10], which solve the densities of various
particles, electron temperature, gas temperature and
electric potential. The creeping flow is used in the model
to describe the gas flow effect, In our case, the NavierStokes equations are first solved separately in order to
provide solutions for a fully developed gas flow, which is
subsequently used as initial condition of the system of
equations solved in time, which include both the gas and
the plasma description.
The species considered in our model include CO2,
CO2(v1), CO2(v2), CO2(v3), CO2(v4), CO2(v5), CO, O2,
O, O3, CO2+, O-, and e. Note that the five asymmetric
vibrational states are not treated separately, they are
considered as one group based on the group lumping
method in [11]. Part of the chemical reactions is listed in
table 1-3. The remaining reactions including the EV, VT,
and VV reactions are not given here due to the space
limitations.
Table 1. Electron collisions included in the model.
e+CO2→e+e+CO2+
e+CO2→e+CO+O

ISPC23, Montreal, Canada
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e+O2→e+O+O
e+O3→O2+O+e
e+CO2→CO+Oe+O2→O+Oe+O+M→O-+M
e+CO2+→CO+O
CO+O-→CO2+e
O-+M→O+M+e

Table 2. Heavy species collisions included in the model.
M+CO2→M+O+CO
O+CO2→CO+O2
O+O3→O2+O2
M+O3→O2+O+M
O+O2+M→M+O3
CO+O2→CO2+O
CO+O+M→CO2+M
O+O+M→O2+M

Table 3. Reactions of vibrational states included in the
model.
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shown in figure 3. The electron temperature is very low at
the time of 0.2 ms, only about 1.23 eV, and its
distribution is also wide, resulting in low and wide
electron density. However, at the time of 0.8 ms, the
electron temperature increases to 1.97 eV. The electron
energy comes from the applied external electric field. An
increase in the electric field with time results in the rise of
electron temperature.
The gas temperature is also very important for CO 2
conversion, since at a large gas temperature, the
vibrational-translational relaxation rate will increase,
resulting in a low density of high vibrational states, and
thus a low energy efficiency. Moreover, the reverse
recombination rate also increases at a large gas
temperature, thus reducing the CO2 conversion. Therefore,
in order to better understand the conversion mechanism of
CO2, it is indispensable to figure out the evolution of gas
temperature in a gliding arc, which is presented in figure
4. At the first time 0.2 ms, the gas temperature is very low,
i.e., about 630 K, and gradually increases to 2160 K at the
time of 0.8 ms.

e+CO2(v1)→e+O+CO
e+CO2(v1)→CO2++e+e
e+CO2(v1)→CO+OM+CO2(v1)→CO+O+M
O+CO2(v1)→CO+O2
e+CO2(v2)→e+O+CO
e+CO2(v2)→CO2++e+e
e+CO2(v2)→CO+OM+CO2(v2)→CO+O+M
O+CO2(v2)→CO+O2

Fig. 2. Time evolution of the electron density at a current
of 56 mA.

e+CO2(v3)→e+O+CO
e+CO2(v3)→CO2++e+e
e+CO2(v3)→CO+OM+CO2(v3)→CO+O+M
O+CO2(v3)→CO+O2
e+CO2(v4)→e+O+CO
e+CO2(v4)→CO2++e+e
e+CO2(v4)→CO+OM+CO2(v4)→CO+O+M
O+CO2(v4)→CO+O2

Fig. 3. Time evolution of the electron temperature at a
current of 56 mA.

e+CO2(v5)→e+O+CO
e+CO2(v5)→CO2++e+e
e+CO2(v5)→CO+OM+CO2(v5)→CO+O+M
O+CO2(v5)→CO+O2

3. Results and discussions
3.1 The plasma characteristics of CO2 gliding arc
The time evolution of plasma characteristics in a CO2
gliding arc is presented in figures 2-4. As we can see from
figure 2, the electron density is low at the time of 0.2 ms,
i.e., about 8.4×1018 m-3, resulting in a wide arc. With the
increase of time, the electron density rises to 1.5×1019 m-3,
and the arc also becomes more thin. This phenomenon is
related to the evolution of electron temperature, which is

ISPC23, Montreal, Canada

Fig. 4. Time evolution of the gas temperature at a current
of 56 mA.
3.2 The role of vibrational states on dissociation and
ionization mechanisms
The distribution of CO density is presented in figure 5,
since CO is the main dissociation product of CO2
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conversion. The density of CO has a slight increase to
1.6×1024 m-3 with the time due to CO2 dissociation.
According to the chemical reaction analysis, the main
formation reactions of CO include electron impact
dissociation of CO2 into CO and O, CO2 collision with O
atoms, and electron attachment reactions. The main loss
reactions of CO include the three-body recombination
reaction CO+O+M→CO2+M and de-attachment reaction
CO+O-→CO2+e. After knowing the CO main formation
reactions, it is meaningful to distinguish whether the CO2
molecules in the ground state or vibrationally excited
levels play a major role.
Figure 6 exhibits the distribution of first asymmetric
vibrational state of CO2. We can clearly see that at the
time of 0.2 ms, its density is high, i.e., about 3.1×1024 m-3
in the arc zone, while with the increase of time, the
density decreases to 1.1×1023 m-3 at the time of 0.6 ms,
due to its contribution to CO2 conversion. The relative
contribution of CO2 vibrational states to dissociation is
presented in figure 7. Obviously, the vibrational states
have an non-negligible contribution on the dissociation of
CO2. At the time of 0.2 ms, the relative contribution of
CO2 vibrational states to the CO net production rate is
about 0.46. However, the relative contribution has a slight
decreasing trend with the time, i.e., about 0.33 at the time
of 0.6 ms, because of the slight decreasing density of CO 2
vibrational states. In our study, although the relative
contribution of CO2 vibrational states to dissociation is
non-negligible, it is also not very high, maybe this
phenomenon is caused by the absence of high vibrational
states, which are important to the energy-efficient CO2
dissociation.

Fig. 5. 2D distribution of CO density at a current of 56
mA.

Fig. 6. 2D distribution of CO2(V1) density at a current of
56 mA.
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Fig. 7. The relative contribution of reaction rates of
CO2(V1)-CO2(V5) to the total CO net production rate.
Since we already know that the vibrational states of
CO2 play an important role on the dissociation, then
which vibrational state has the largest contribution to the
dissociation caused by the vibrational states? We have
found that the first asymmetric vibrational level has the
largest contribution among the five asymmetric
vibrational states, which is shown in figure 8. The relative
contribution of the first vibrational state increases with the
time, i.e., about 0.73 at the time of 0.6 ms, while the
contribution of other higher vibrational states (CO2(V2)CO2(V5)) decreases with the time.

Fig. 8. The relative contribution of reaction rates of
CO2(V1) to the CO net production rate caused by
vibrational states.
The ion CO2+ has a high density, which is the major
charged particle in our study. The 2D distribution of CO2+
is presented in figure 9, which is similar to the electron
distribution. At the time of 0.2 ms, the density is low and
the CO2+ has a wide distribution. And its density rises
with the increase of time. Although the role of CO2
vibrational states on dissociation has been extensively
studied, its role on CO2 ionization is rarely known.
Therefore, the relative contribution of CO2 vibrational
states on total CO2 ionization is exhibited in figure 10.
The evolution of the relative contribution of CO2
vibrational states has a slight decreasing trend, i.e., from
0.34 at time 0.2 ms to 0.23 at the time of 0.6 ms.
Moreover, the CO2 vibrational states have a less
contribution on ionization than on dissociation. Note that
these are only the preliminary results, in order to fully
capture the role of CO2 vibrational states, symmetric and
more high asymmetric vibrational states should be
included. This is our next goal to fully understand the
CO2 conversion mechanisms in a gliding arc.
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Fig. 9. 2D distribution of CO2+ density at a current of 56
mA.

Fig. 10. The relative contribution of reaction rates of
CO2(V1)-CO2(V5) to the total CO2+ production rate.
Among the five asymmetric vibrational states, the first
asymmetric vibrational state still has the largest
contribution on CO2 ionization caused by the vibrational
states. The evolution of the first vibrational state CO2(V1)
on ionization is similar to its role on dissociation, which
increases from 0.64 to 0.78 during the time 0.2-0.6 ms.
We have to stress again that although the high vibrational
states have a very small contribution on CO2 dissociation
and ionization in our study, this may be due to the
incompleteness of the 2D model. More vibrational states
will be included in our future 2D model.

Fig. 11. The relative contribution of reaction rates of
CO2(V1) to the CO2+ production rate caused by
vibrational states.
4. Conclusions
The CO2 conversion by means of plasma technology is
gaining increasing interest, and a gliding arc plasma is
one of the most promising plasma setups for this purpose.
Therefore, in this work, the plasma characteristics in a 2D
CO2 gliding arc are investigated for the first time, and
then the role of CO2 vibrational states on the dissociation
and ionization mechanisms are studied in order to
understand the chemical mechanisms of CO2 splitting in a
gliding arc discharge.
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The electron density has a slight increasing trend with
time, i.e., from 8.4×1018 m-3 at time 0.2 ms to 1.5×1019 m3
at the time of 0.8 ms, which corresponds to the evolution
of electron temperature. The electron temperature is in the
range of 1-2 eV, which is more suitable for vibrational
excitation of CO2 molecules. The gas temperature also
increases with the time, rising to 2160 K at the time of 0.8
ms. A high gas temperature has a detrimental effect on
CO2 conversion, resulting in a high reverse reaction rate.
The role of vibrational states on CO2 dissociation and
ionization is studied, since the vibrational states are
important for energy-efficient CO2 splitting process. It is
found that the vibrational states play an non-negligible
role on dissociation and ionization, i.e., the relative
contribution is about 33% and 23%, respectively.
Moreover, the first asymmetric vibrational level CO 2(V1)
plays the most important role. The symmetric and more
higher asymmetric vibrational levels should be included
in order to better understand the CO2 splitting
mechanisms in a gliding arc plasma. This work is under
progress.
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Two Step Vibrational Excitation Dissociation and the Recycling of Atomic
Oxygen in the Conversion of CO2 in Atmospheric Pressure Plasmas
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Abstract: The conversion of CO2 in an atmospheric pressure radio frequency plasma was
investigated for the production of CO for use as a chemical feedstock and alternative fuels.
An argon carrier gas was used to ignite the plasma and CO 2 admixtures of 0.5-2.5\% where
added. High yields of CO of over 95% where achieved with an energy efficiency of over
4.5% and a maximum energy efficiency of 7.0% was achieved for a 2.0% admixture and a
conversion of nearly 50%. A global model was used to determine the dominant mechanisms
for the destruction of CO2. The main destruction mechanisms where found to be two steps,
first ground state CO2 is excited into a high vibrational state and then either an argon or
oxygen atom collide with CO2 and cause dissociation. Most of the atomic oxygen produced
by the dissociation involving argon was found to be recycled and cause further dissociation.
Keywords: CO2, CO, Atmospheric, RF, Vibrational Excitation

1. Introduction
Carbon monoxide, CO, has many uses as a chemical
feedstock. Currently CO is produced by dry reforming of
methane which requires temperatures in excess of 3000 K
[1], in the presence of a catalyst, and although this process
can be quite energetically efficient it is still producing
large amounts of carbon dioxide ,CO2. The maximum
theoretical energy efficiency for this process is 45 % [2].
Therefore producing CO directly from CO2 will add value
to a waste product of many processes and could provide a
green chemical feedstock. If the energy used to produce
the CO is from a low carbon source or the process has a
very high energy efficiency then the conversion of CO 2
could convert more CO2 than is produced in the process.
As well as been a valuable chemical feedstock CO also
has the potential to be used as to create fuels by mixing it
with hydrogen and creating syngas [3]. This would then
provide an alternative fuel that will limit then
environmental impacts of CO2 been produced when
burning fuels as the CO2 is been reused to produce more
fuels.
2. Plasma based conversion of CO2
In plasma based conversion of CO 2 the non equilibrium
nature of the plasma is used to keep the CO 2 at a low
temperature whilst the electrons cause dissociation. The
electrons can cause dissociation either through direct
electron impact or by vibrationally excited the CO 2
molecule. Direct electron impact dissociation is not
favourable due to the electron requiring more energy than
the dissociation energy of CO2 in order to cause
dissociation. Vibrationally exciting the CO2 molecule
however, can lead to very efficient dissociation. The
highest reported energy efficiency of CO2 dissociation is
over 80% for at microwave discharge at 100 Torr [4] and
over 90% in a supersonic flow [5].
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Vibrationally excited CO2 can also lower the activation
energy for other chemical reactions. Therefore
vibrationally excited CO2 can more easily react with the
atomic oxygen that is also produced in the dissociation
and produce more CO. The ideal end gas mixture would
be CO and O2 having recycled all of the atomic oxygen to
produce more CO. An advantage of using a nonequilibrium plasma is that the reverse reaction of atomic
oxygen combining with CO is not likely, but this is
common for thermal conversion.

3.Experimental Set-up
In order to achieve a plasma in the reactor at
atmospheric pressure small admixtures of CO 2 are added
to an argon carrier gas and ignited between two parallel
plate electrodes, as shown in figure 1. The power is driven
at a frequency of 40.68 MHz and a current and voltage
probe are used to measure the plasma power using the
subtractive method [6]. After the plasma the gas is passed
into an FTIR to analyse how much CO has been produced
and how much CO2 has been converted.

Figure 1. A diagram to show the experimental set-up.
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4.Model
A zero dimensional global model is also used to
simulate the evolution of the plasma species in time. The
code used was to Global_Kin code developed by Mark
Kushner [7]. The model includes 21 asymmetric states of
CO2 from the ground state up to the dissociation limit of
5.5 eV and 4 symmetric states as described in [8]. The
asymmetric stretch of CO2 is believed to be the most
important for the dissociation of CO 2 because it is
predominantly excited by electrons in the energy range of
1-3 eV, which is the same energy range obtained in these
plasmas. The asymmetric stretches also have a longer
relaxation time than the symmetric stretches and so the
symmetric stretched tend to relax before they can
dissociate.
Global_Kin also includes the Pumpkin analysis
software, developed by Aram Markosyan [9], to
determine the dominant pathways for the production and
destruction of species. It is therefore possible with
Pumpkin to determine what role the vibrational states of
CO2 play in its dissociation and to also determine the
main production mechanisms for these vibrational states.

5.Results

oral

energy efficiency. A maximum in energy efficiency, of
6.8%, is observed for an admixture of 1.7% in the model.
However the maximum energy efficiency, of 7.0%, in the
experiment is observed at 2.0%. The experimental
maximum occurs when the plasma is in gamma mode,
when secondary electron emission in the sheath becomes
important and the spatial homogeneity of alpha is no
longer true. The energy efficiency was calculated using
equation 2 where ΔH is the change in enthalpy of the
dissociation of CO2, 2.9 eV, and ECO is the specific energy
used to produced a molecule of CO.
The global model does not take into account secondary
electron emission in the sheath region and is therefore
always in alpha mode and so the maximum energy
efficiency is observed for a smaller admixture. The
maximum energy efficiency in alpha mode is in good
agreement between the model and the experiment. As the
CO2 admixture is increased both the electron temperature
and the electron density decrease. Since the dissociation
of CO2 is electron driven the decrease in both the electron
temperature and the electron density leads to a decrease in
the CO density and the energy efficiency. The maximum
CO density is also observed to be at the maximum energy
efficiency, as shown in figure 4.

Figure 2 shows that the maximum yield obtained in
this plasma is over 95% for small admixtures of CO 2. The
yield decreases with increasing CO2 admixture and there
is good agreement between the global model and the
experiment. The plasma power was kept constant at 30W
and the flow rate was constant at 1 slm. The yield was
calculated using equation 1.

Figure 2. The yield of CO as a function of CO2
admixture for both the experiment and the global
model. There is good agreement between the
experiment and the model.
Figure 3 shows the corresponding energy efficiencies
for the data shown in figure 2. A trade off is observed
between yield and energy efficiency. The lowest CO2
admixtures, which give the largest yield, have the lowest
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Figure 3. The energy efficiency of the dissociation of
CO2 as a function of admixture. The maximum energy
efficiency obtained in the experiment is 7% and
corresponds to a 2% admixture. This occurs when the
plasma is in gamma mode and the maximum energy
efficiency in alpha mode is in good agreement with the
model.

Y=
η=

COout
CO2 i n

ΔH
Y
ECO

(1)

(2)
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Figure 4. The CO density as a function of CO 2
admixture. The CO density follows the same trend as
the energy efficiency with the maximum density of CO
occurring where the maximum energy efficiency
occurs.

Figure 5. The dominant mechanisms for the production
of CO. The main dissociation mechanisms are two stage
as firstly a CO2 molecule is excited from the ground state
into a highly excited vibrational level, close to the
dissociation limit, then either an argon atom or an oxygen
atom cause the dissociation. Direct electron impact
dissociation is also important and the excited atomic
oxygen produced then also causes dissociation.
The main mechanisms for the dissociation of CO 2 was
found to be a two stage process using the Pumpkin
analysis software. Figure 5 shows that the two main
mechanisms for the production of CO are a highly excited
CO2 molecule either colliding with an argon atom or
reacting with an oxygen atom. The dissociation is a two
stage process because the the highly excited CO2
molecules are produced by electron impact excitation
from the ground state. This mechanism differs slightly
from the mechanisms believed to cause the most efficient
dissociation, which involves collisions between CO 2
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molecules exchanging vibrational energy and up-pumping
their vibrational energy up to the dissociation limit.
Figure 5 shows that a lot of the atomic oxygen
produced by dissociation is recycled to produced more
CO and O2. Direct electron impact dissociation is also
shown to be important in figure 5. The direct electron
impact dissociation produces an excited oxygen atom
which is also recycled to produce more CO through a
reaction with CO2.
Figure 6 shows the main destruction mechanisms for
atomic oxygen. At the beginning of the plasma most of
the atomic oxygen is recycled and produces more CO.
However as more CO2 gets converted and more O 2 is
produced the main channel for atomic oxygen destruction
becomes the production of ozone. However the reverse
reaction of atomic oxygen recombining with CO is not
one of the dominant destruction mechanisms and very
little of the CO produced is lost due to recombination
which is difficult to achieve in the thermal process.

Figure 6. The main destruction mechanisms of
atomic oxygen. The recycling of atomic oxygen to
produce more CO is common early on in the reactor
channel but as more O2 is produced eventually the
production of O3 becomes dominant.
Using Bolsig+ [10] it is possible to determine the loss
channels of the electron energy. Figure 7 shows that for
the ranges of reduced electric field in the plasma, the
shaded region, the main loss channels are into CO 2
channels that lead to dissociation. A lot of the electron
energy is also going into exciting CO 2 molecules into
symmetric stretches which do not lead to dissociation but
this channel is also unavoidable. The 7 eV electronic
excitation of CO2 is believed to lead to dissociation [11],
as the database used for the necessary cross sections is the
Phelps database [12]. Figure 7 also shows that very little
of the electron energy is lost in effective momentum
collisions with argon molecules.
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Figure 7. The electron energy loss channels for a 1.5%
CO2 admixture in argon. The shaded region shows the
reduced electric field values calculated by the model. In
this region most of the electron energy losses are going
into asymmetric stretches of CO2 and the 7 eV
electronic state which is thought to lead to dissociation.

6.Conclusions
High yields of over 95% CO have been obtained for
small admixtures of CO2 using atmospheric pressure radio
frequency plasmas. There is still a trade off between yield
and energy efficiency and the maximum energy efficiency
obtained is over 7.0%. This efficiency is an improvement
on previous radio frequency plasmas. The experimental
results are in close agreement with a global model which
was used to determine the main dissociation mechanisms.
The main dissociation mechanisms for CO 2 where
found to be two stage, first a ground state CO 2 molecule is
excited into an asymmetric vibrational level close to the
dissociation limit of CO2. Secondly either an argon or
oxygen atom collides with CO2 and produced CO. Most
of the atomic oxygen produced is found to be recycled
into producing more CO and there is very little
recombination of CO and O into CO2.
7. References
[1] M. Halmann, Chemical Fixation of Carbon Dioxide,
(1993)
[2] A. Fridman, Plasma Chemistry, (2008)
[3] A. Lebouvier, et al. Energy & Fuels, 27 (2013) 27122722
[4] V. Rusanov, et al. Sov. Phys – USP, 24 (1981) 447
[5] R. I. Asisov, et al. 5th Int. Symp. On Plasma Chemistry,
(1981) 774
[6] V. A. Godyak, J. Vac. Sci. Technol., A 8 (1990) 3833
[7] D. S. Stafford and M. J. Kushner, Journal of Applied
Physics, 96 (2004) 2451
[8] T. Kozák and A. Bogaerts, Plasma Sources Sci.
Technol., 23 (2014) 045004
[9] A. Markosyan, et al., Computer Physics
Communications, 185 (2014) 2697

ISPC23, Montreal, Canada

1049

oral

Plasmas for environmental applications and resource recovery

Plasma Agriculture and Food Safety:
Fresh Produce Disinfection by DBD-treated Water Mist, and Scaled-up Gliding Arc
Plasmatron Treatment of Water Solutions
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Abstract: Rapid and effective direct disinfection of fresh produce in large volume is shown
for two different configurations: 1) production of plasma-treated mist for deposition on
produce surface; and 2) production of large volume of plasma-treated liquids for subsequent
produce washing. Both configurations show more than 5-log reduction in E.coli O:157 H7
on surfaces of tomatoes, spinach, kale, and other fresh produces without color change,
bleaching, or change in produce quality. We also show increase in shelf life of the treated
produce.
Keywords: plasma agriculture, dielectric barrier discharge, gliding arc plasmatron
Introduction
Food safety is the ever-expanding global need [1-3]. An
important concern is the presence of bacteria and other
pathogens on the surface of fresh produce [2, 4]. Plasmas,
of course, are well-known for their strong antimicrobial
properties [5-8]. In the field of plasma medicine, a number
of discharges have already been developed where plasma
can successfully come in contact with living tissue, without
damaging it, and achieve the desired rate of pathogen
inactivation—usually within a few seconds of treatment [9,
10]. However, delivering plasma treatment to a 3dimentional complex surface of foodstuffs, specifically of
fresh produce, can be quite challenging: produce surface is
complex and frequently multi-layered (e.g. a bag of
spinach leaves), and the industrial processing rates are very
high. For this reason, we have developed two systems to
address this issue: 1) plasma jet-like system where an air
stream containing small droplets of water is passed through
the discharge and onto the surface of produce; and 2)
gliding arc plasmatron system used for treatment of large
volume of flowing liquid (the liquid is subsequently used
for produce washing). The key challenges, addressed in
this talk, are the control of temperature of air and water
passing through the discharge, and the resulting chemistry
generated in the liquid.
DBD misting system
Scale-up version of the DBD misting system previously
described by the authors [11] was constructed from three
quartz-covered cylinders where water mist was passed
between the electrodes and then onto the fresh produce. Fig
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1 shows the photograph of the system and Fig 2 shows the
general schematic of the treatment.

Fig 1. Photograph of the 2,500 in3 DBD misting system

Fig 2. Schematic of the 2,500 in3 DBD misting system

Results of the plasma treatment of tomatoes, spokes with
E.coli O:157 H7 (106 cfu per tomato) are shown in Fig 3
and 4: at 10 slpm air flow rate, it takes about 6-7 minutes
to completely fill the reaction chamber of ~2,500 in3
volume (18”x12”x12” sealed box). After 7 minutes of
residence in this chamber, with misting turned on, we see
complete inactivation of E.coli on the surface of the
tomatoes (Fig 4). Similar results were obtained with
spinach leaves and with use of E.faecalis bacteria.
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Fig 3. Photograph of cherry tomatoes being treated by the
plasma-generated mist

Fig. 6. Principal schematic of the gliding arc plasmatron
treatment setup
18 out of 18 tomatoes

control

Fig 4. Photograph of the petri dishes resulting from E.coli
O:157 H7 inactivation on the surface of cherry tomatoes by
plasma-generated mist (initial E.coli load 106 cfu per tomato,
treatment time: 7 minutes)

Gliding Arc Plasmatron flow-through system
In many cases, treatment of fresh produce, at the factory, is
accomplished by washing large volumes of produce in
water, frequently containing disinfectant solution, such as
bleach or peracetic acid, etc. Here we have designed a
plasma treatment system for flowing water. Dielectric
Barrier Discharge is not suitable for this application due to
low volume of the water we are able to treat, at atmospheric
air conditions. For this reason we have increased the power
of the plasma system and utilized the gliding arc
plasmatron setup, similar to the one previously described
by the authors [12, 13]. Due to excessive heat generated in
this quasi-thermal plasma, active cooling of the electrodes
and the post-plasma zone is required. Fig 5 shows
photograph and Fig 6 the principal schematic of this
treatment.

The treatment conditions were as follows: compressed air
at 60 slpm through the plasmatron, 10 ml/min tap water,
electrode cooling with dry ice and post-plasma cooling
with chilled water at +2 ºC. The 10 ml of plasma-treated
water was immediately mixed with 1 ml of PBS containing
107 cfu of E.coli O:157 H7, mixed for 10 minutes, and 1
ml plated for incubation overnight. The results, shown in
Fig 7, show complete inactivation of E.coli in water by
plasma-treated water.

Control

Treated

Fig. 7. Photograph of the results of E.coli inactivation by
plasma-treated water.

Conclusion
We show two distinct methods for use of plasma in largescale food safety applications for disinfection of fresh
produce without damage to this produce.
Acknowledgements
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Modeling of CO2 conversion in a microwave plasma
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Abstract: We use a 0D reaction kinetics model and a 2D model to simulate a CO2 microwave
plasma from 50 mbar to 1 bar. We study the effects of pressure, temperature and power
density on the vibrational excitation and use these findings to understand the results of a selfconsistent calculation for the CO2 conversion and the maximum of conversion and energy
efficiency around 200 mbar. This allows us to identify the limiting factors of CO2 conversion
in a MW plasma and to propose potential solutions to improve the process.
Keywords: CO2 dissociation, Microwave plasmas, Vibrational distribution

1. Introduction
A large part of the energy produced originates from the
combustion of fossil fuels, which emits CO2, a greenhouse
gas. Renewable energy production suffers from one main
drawback: its intermittency. A possible way to solve both
problems would be the conversion of CO2 into value-added
compounds, such as CO, as a way to store energy. Lowtemperature plasmas have been shown to be an energyefficient way to dissociate CO2, as they offer interesting
non-equilibrium properties [1].
Microwave plasmas in particular typically have low
electron temperatures, between 1 and 2 eV, which favors
vibrational excitation of the CO2 molecules. Vibrational
excitation is generally assumed to be one of the key
elements to reach high energy efficiencies.
Energy efficiencies up to 90% have even been reported
in conditions of supersonic gas flow in a microwave
discharge [2]. Recently, energy efficiencies between 40%
and 50% have been reported in a microwave discharge with
a reverse vortex flow and pressures ranging from 200 to
600 mbar [3].
Using atmospheric pressure plasmas would be of
particular interest for industrial applications due to the
large energy and maintenance costs of a pumping system.
However, the energy efficiency of microwave discharges
decreases with increasing pressures. Thus, there is a need
for a better understanding of the processes playing a role in
CO2 dissociation in a microwave plasma, which is why
modelling is particularly interesting in this frame.
One of the current central research questions is [4]: how
to take advantage of the non-equilibrium conditions in a
microwave CO2 discharge, in order to avoid thermal
equilibrium and to reach higher energy efficiencies?
Our work combines two types of models in order to get
accurate information on the discharge. First, a 0D model
gives us precise information on the kinetics of the
discharge, i.e. the vibrational excitation and the different
dissociation and recombination processes. Second, a 2D
model is used to understand the effect of the different
gradients on the discharge. Both models are also combined
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in order to get more insights in supersonic flow discharges,
its kinetics and the reasons why they show such high
energy efficiencies.
2. Model description
In a first step, we developed a 0D model using the code
ZDPlasKin [5]. This model describes the chemistry of the
CO2 plasma, including the vibrational kinetics. The
chemistry set was described in previous publications from
our group [6,7]. The list of species considered in the 0D
model are shown in Table 1.

Table 1. List of species considered in the 0D model.
Neutral ground state species
CO2, CO, O2, O, C, C2O, O3, C2
Charged species
CO2+, CO3-, O-, O2-, CO4+, CO+, C2O2+, C2O3+, C2O4+,
C+, C2+, O2+, O4+, O+, CO4-, O4-, O3-, eVibrationally and electronically excited states
O2[v1-4], CO2[v1-21], CO2[va-d], CO[v1-10], O2[e1-2],
CO[e1-4], CO2(1Δu)
The model describes the evolution of the different
plasma variables as a function of time, namely the species
densities, Electron Energy Distribution Function (EEDF)
and the gas temperature. The latter is either used as an input
or self-consistently calculated in our model, following the
procedure described in our previous work [8]. The code is
coupled to the Boltzmann solver Bolsig+ [9], to obtain the
EEDF.
The time dependence of the model can be converted into
a position dependence, using the so-called plug-flow
approximation. The gas velocity is calculated from the gas
flow rate, the gas temperature and the pressure. The power
density can then be given as a function of position. This
allows us to describe typical microwave discharges such as
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the surfatron setup used by Silva et al. [10], shown in Fig.
1.
As a second step, a two-dimensional model is developed
using the commercial software Comsol Multiphysics ®
(www.comsol.com). Considering all the species shown in
Table 1 would require too much computational resources
with such a model. Therefore, we developed a numerical
method to approximate the vibrational distribution by
considering lumped-levels, as described in our previous
work [7]. This chemistry set is implemented in our 2D
microwave discharge model.

Fig. 1. Simplified schematic of the surfatron MW setup
modeled in this work and power deposition profile
considered.
3. Results and discussion
The 0D model gives us information on the Vibrational
Distribution Function (VDF) and the influence of different
discharge parameters on the VDF. The vibrational
temperature is an interesting quantity to look at. It is
defined as:
−𝐸1
𝑇𝑣 =
𝑛 (1)
ln( 1 )
𝑛0
Where E1 is the energy of the first CO2 asymmetric mode
level, n1 is its density and n0 is the density of the CO2
ground state.
In a first step, a constant power deposition is applied
from t=0 to understand how the VDF is populated. Fig. 2.
shows the asymmetric mode VDF predicted by the model
for different conditions of power density and pressure at a
gas temperature of 300 K (Fig. 2. a) and 2000 K (Fig. 2. b)
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at t=50 µs. It is found that for both gas temperatures, a
higher power deposition gives rises to more vibrational
excitation, while a higher pressure decreases the
vibrational excitation.

Fig. 2. Vibrational Distribution Functions at t=50 µs for
different values of pressure and power deposition, at a gas
temperature of 300 K (a) and 2000 K (b). The red curve
shows the corresponding Maxwellian distribution at the
considered gas temperature.
At Tg=300 K and 100 mbar, the vibrational temperature is
calculated to be 950 K for a power density of 100 W.cm-3
and 2340 K for a power density of 1000 W.cm-3. At a
pressure of 1000 mbar and a power deposition of 1000
W.cm-3, the vibrational temperature is calculated to be 630
K. A higher pressure thus gives rises to a lower vibrational
temperature, due to the higher frequency of the vibrationaltranslational (VT) energy exchanges.
At a gas temperature of 2000 K, the trends observed
previously are still visible. It is interesting to look at the
Tv/Tg ratio as a measurement of the non-equilibrium aspect
of the discharge. At 100 mbar and 100 W.cm-3, this ratio is
3.2 and 1, respectively, at 300 K and 2000 K. This shows
that at high gas temperatures, the effect of the plasma is
much less important on the vibrational excitation than at
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300 K, which can be explained by the increase of VT
transfers with increasing gas temperature.
This study shows that in order to maximize the degree of
non-equilibrium of the discharge, the pressure should be
reduced, the gas temperature kept as low as possible and
the power density should be maximized.
In a second step, the power deposition profile shown in
Fig. 1. was considered. To show the results as a function of
pressure, the maximum power deposition density was
assumed to be proportional to pressure. The gas
temperature is self-consistently calculated. This is done in
order to verify the previous findings in a realistic case.
Fig. 3. shows the CO2 conversion and the energy
efficiency calculated by the model as a function of
pressure. Two proportionality coefficients between
pressure and maximum power deposition have been
considered: α=1 and α=10, with 1 mbar  1*α W.cm-3.
α=10 corresponds then to a 10 times denser power
deposition than α=1. The Specific Energy Input (SEI) is
2eV/molec.

Fig. 3. Conversion and energy efficiency as a function of
pressure for α=1 and α=10 for a SEI of 2eV/molec.
The model predicts a maximum of conversion and
energy efficiency at 200 mbar for both values of α. This is
in good agreement with experiments [1]. At low pressure,
increasing the power density increases the conversion.
Indeed, the ratio Tv/Tg then becomes larger, which is
beneficial for the conversion. On the other hand, the effect
of the increase of power density becomes less obvious at
high pressure. As shown before, at high pressures, it is
more difficult to vibrationally excite CO2. The conversion
becomes then more and more thermal, which should be
avoided for efficient conversion.
These findings are particularly important when
designing a new experiment as they allow to identify
possible ways to take advantage of the non-equilibrium
properties of microwave discharges. They also offer
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explanations to the high energy efficiencies obtained in
certain types of discharges with complex flow, such as the
supersonic flow discharge or vortex flows. Indeed, using a
Laval nozzle, the plasma is created in a low pressure zone
and benefits from a low gas temperature.
Other options are also considered, such as the power
pulsing, which could potentially lower the gas temperature
in the discharge.
4. Conclusion
We have used a zero-dimensional chemical kinetics
model to describe the CO2 conversion in a MW plasma.
This model includes a detailed description of the
vibrational kinetics of the asymmetric mode of CO2 and the
first levels of CO and O2, as well as the energy transfers
between these levels.
In a first step, we used the model to investigate the effect
of power density, pressure and gas temperature on the
vibrational distribution function of CO2. It was found that
the relative vibrational excitation is maximum at low
pressure, low gas temperature and high power densities.
In a second step, we used a self-consistent gas
temperature calculation to understand the effect of pressure
and power density on the CO2 conversion and energy
efficiency. Our model predicts that the conversion and
energy efficiency reach a maximum at 200 mbar. A higher
power density has a beneficial effect on the conversion and
energy efficiency at low pressure, but almost no effect at
high pressures, which can be explained with the previous
observations.
In general, our model predicts that a higher pressure and
gas temperature have a negative effect on the conversion
and energy efficiency, while a higher power density is
beneficial. These findings can explain the high energy
efficiencies obtained with a supersonic gas flow, as the
latter setup combines a reduced pressure and temperature
with high power density. This is being investigated in the
model we are developing.
The model provides interesting suggestions to enhance
the CO2 conversion and energy efficiency by identifying
the limiting factors and how to take optimal advantage of
the non-equilibrium in a MW discharge, either by applying
a supersonic gas flow or a vortex flow, which leads to gas
cooling, or by applying pulsed power. Exploiting the nonequilibrium character of the MW plasma will increase the
energy efficiency, which is a crucial aspect for the
application.
Finally, in order to better understand the effect of the
different gradients and the flow on the discharge, two new
models are being developed: a 2D model for the laminar
flow discharge and a model combining 2D flow
simulations and 0D simulations for the supersonic flow
setup.
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Converting CO2 into value-added chemicals: dry reforming in a gliding arc
plasmatron
M. Ramakers, E. Cleiren and A. Bogaerts
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Abstract: In this work, the conversion of CO2 with the addition of CH4 is investigated in a
gliding arc plasmatron (GAP). More specifically, the effect of the applied power and flow
rate on the conversion, energy cost and energy efficiency are examined in a CO 2/CH4 gas
mixture. Moreover, the influence of the electrode geometry is studied in order to determine
whether the conversion can be further enhanced.
Keywords: CH4, CO2, conversion, dry reforming, gliding arc plasmatron.
1. Introduction
Global warming due to the increasing emissions of
greenhouse gases is a hot topic nowadays [1,2].
Therefore, the conversion of the main greenhouse gases,
CO2 and CH4, into value added products, like feedstock
for the chemical industry or liquid fuels, is considered as
the main challenge of this century [3,4]. The current
conversion methodologies not only aim to tackle climate
change, but also to provide a solution for our dependence
on fossil fuels. Turning a waste product like CO2 into new
feedstock fits in the framework of green chemistry and
also complies with the “cradle-to-cradle” principle [5]. In
this way, the carbon loop can be closed.
When CO2 is mixed with an H-source, like CH4, valueadded chemicals can be produced, such as syngas
(H2/CO), methanol, formaldehyde and formic acid.
Therefore, the combined conversion of both CO2 and
CH4, also known as dry reforming of methane (DRM),
has gained increasing interest. However, the
implementation of catalytic DRM in industry has the
disadvantage of carbon deposition, which leads to deactivation of the catalyst [6]. For this reason, other
alternatives are studied and one of the conversion
technologies that is intensively investigated is the use of
plasma [7].
A lot of research goes into improving the energy
efficiency of the process. In this respect, gliding arc
plasmas are among the most promising, because they
typically produce electrons with an energy around 1 eV.
This energy is ideal for vibrational excitation of CO 2
which is seen as the most efficient way to split this
molecule [8].
Although the gliding arc discharge seems a good match
for CO2 conversion, only limited studies have been
performed. Moreover, most of these studies are carried
out with classical gliding arc reactors. The latter
configuration, however, has a few disadvantages. Indeed,
it is incompatible with various industrial systems because
of its 2D geometry, the gas treatment is non-uniform
because only a limited fraction of the gas passes through
the arc, and the residence time inside the plasma is short.
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To overcome these drawbacks, a three-dimensional
gliding arc reactor with specific gas flow configuration,
also called gliding arc plasmatron (GAP), was recently
developed [9]. This reactor design is very promising
because it can be implemented in industry and the specific
gas flow configuration ensures the gas treatment to be
uniform, while it forces a longer residence time inside the
plasma arc.
To our knowledge, there are no extensive studies on the
mixture of CO2 with CH4 in this type of plasma reactor.
The main goal of this study is to obtain a better
understanding of the CO2 conversion with the addition of
CH4 in this type of plasma reactor and how this process
can operate in an energy-efficient way for possible
industrial implementation at a later stage. Therefore, the
effect of the applied power and flow rate on the
conversion, energy cost and energy efficiency are
investigated in a CO2/CH4 gas mixture. Moreover, the
influence of the electrode geometry is studied in order to
determine whether the conversion can be further
enhanced.
2. Gliding arc plasmatron
The experiments are carried out with a gliding arc
plasmatron (GAP), as developed by Nunnally et al [9].
This is a three-dimensional gliding arc reactor in which
the gas flow enters through a tangential inlet so that a
vortex flow is obtained (see Fig. 1). A potential difference
is applied between the cathode and anode, creating an arc
discharge. Depending on the electrode configuration,
more specifically the diameter of the reactor body (acting
as cathode) and the outlet of the reactor (acting as anode),
two vortex flow patterns can be obtained: forward vortex
flow (FVF) or reverse vortex flow (RVF). When the
anode diameter is equal to the cathode diameter, the gas
flow enters and follows a spiral trajectory both towards
the bottom and the top of the reactor. The reactor outlet is
found at the bottom of the reactor, so the gas will leave
the reactor in a so-called forward vortex flow. On the
other hand, when the anode diameter is smaller than the
cathode diameter, the incoming gas cannot immediately
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exit the reactor, and it will first be forced upwards in the
cathodic part of the reactor. Due to friction and inertia it
loses rotational speed, so when arriving at the top of the
reactor, it will start to move in a vortex towards the
bottom, i.e., reverse direction, but in a smaller vortex, so
that it can now exit the reactor at the bottom. The arc
plasma is stabilized in the center of the reactor by this
vortex flow and the reverse vortex gas flow is actually
forced to go through the plasma (see Fig. 1). Fig. 2
presents a photograph of the gliding arc plasma,
illustrating that it is stabilized in the center of the reactor
and clearly showing where the arc is attached to the
electrodes.

electrical signals are sampled by a two-channel digital
storage oscilloscope (Tektronix TDS2012C).

Fig 3. Schematics of the entire experimental system.
The plasma power is calculated as follows:
1

𝑡=𝑇

𝑃𝑝𝑙𝑎𝑠𝑚𝑎 = ∫0
𝑇

Fig. 1. Schematic picture of the gliding arc plasmatron in
reverse vortex flow configuration. Both the forward and
reverse vortex flows are indicated (with full and dashed
spirals, respectively). This vortex flow configuration
stabilizes the arc discharge (indicated in purple) in the
center of the reactor and forces the reverse gas flow to go
through the plasma.

𝑉𝑝𝑙𝑎𝑠𝑚𝑎 × 𝐼𝑝𝑙𝑎𝑠𝑚𝑎 𝑑𝑡

(1)

In the reactor tube, which is placed after the GAP, a
thermocouple is inserted to measure the temperature of
the effluent stream. The output gas composition is
analyzed online by gas chromatography.
The feed and product gases are analyzed by a threechannel compact gas chromatograph (CGC) from
Interscience equipped with a flame ionization detector
(FID) and two thermal conductivity detectors (TCD).
The conversion of CO2 and CH4 is defined as:
𝜒𝑖 (%) =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖 𝑖𝑛𝑝𝑢𝑡

× 100 %

(2)

where i = CO2 or CH4.
The total conversion can then be written as:
𝜒𝑇𝑜𝑡𝑎𝑙 (%) = 𝑓𝐶𝑂2 × 𝜒𝐶𝑂2 (%) + 𝑓𝐶𝐻4 × 𝜒𝐶𝐻4 (%)

Fig 2. Photos of the outlet of the GAP (anode), showing
the arc discharge. The arc is stabilized in the middle of the
reactor, where it is attached to the cathode and anode.
3. Description of the experiments
A photograph and diagram of the entire experimental
system is shown in Fig. 3. Two mass flow controllers
(Bronkhorst) are used to insert CO2 and CH4 into the
GAP. The total flow rate is varied between 10 and 22
Ln/min. The CH4 concentration is varied from 0 to 50 %.
The reactor is powered by a DC current source type
power supply. The plasma voltage and current are
measured by a high voltage probe (Tektronix P6015A)
and a current sense resistor of 10 Ω, respectively. The
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(3)

where f is the fraction of the individual gas within the gas
mixture.
In order to calculate the energy efficiency, the specific
energy input (SEI) in the plasma is defined as:
𝑘𝐽

𝑃𝑙𝑎𝑠𝑚𝑎 𝑝𝑜𝑤𝑒𝑟 (𝑘𝑊)

𝐿

𝐿
𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ( 𝑛 )

𝑆𝐸𝐼 ( ) =

𝑚𝑖𝑛

× 60 (

𝑠
𝑚𝑖𝑛

)

(4)

where the flow rate is expressed in Ln/min (liters normal
per minute) with reference conditions at a temperature of
0 °C and a pressure of 1 atm.
The energy cost (EC) of the conversion can then be
calculated as follows:
𝑘𝐽

𝑘𝐽

𝑆𝐸𝐼 ( 𝐿 )

𝐿

𝜒𝑇𝑜𝑡𝑎𝑙 (%)

𝐸𝐶 ( ) =

(5)
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Likewise, the energy efficiency, η, is determined as:
𝜂(%) =

𝑘𝐽
)
𝑚𝑜𝑙

𝜒𝑇𝑜𝑡𝑎𝑙 (%)× 𝛥𝐻𝑅 (

𝑘𝐽
)×22.4 𝐿/𝑚𝑜𝑙
𝐿

𝑆𝐸𝐼(

(6)

where 𝛥𝐻𝑅 is the reaction enthalpy (i.e., 247 kJ/mol for
dry reforming and 280 kJ/mol for CO 2 splitting), 𝜒𝑇𝑜𝑡𝑎𝑙 is
the total conversion, SEI is defined above and 22.4 L/mol
is the molar volume at 0 °C and 1 atm.
4. Results and discussion
The conversion, energy cost and energy efficiency in
the case of pure CO2 are showed in Fig. 4 as a function of
the SEI for both the RVF as well as the FVF
configuration. The experiments on the CO2/CH4 gas
mixture are still ongoing, but the results of these
experiments will be presented at the conference.
It is clear from Fig. 4 that the RVF configuration gives
the best performance in terms of both conversion and
energy cost/efficiency. This can be explained by the fact
that the RVF stabilizes the plasma in the middle of the
reactor and the gas flow is forced to go through the
plasma, while the heat lost to the reactor walls is
minimized. Fig. 4(a) shows that the conversion increases
with increasing SEI. This is logical since more energy per
molecule is available to convert CO2. As depicted in Fig.
4(b) and 4(c), the energy cost slightly rises and the energy
efficiency slightly decreases because the conversion rises
slightly less than the rise in SEI (i.e., slope ~ 0.7). This
can be explained from equations (5) and (6). The highest
conversion obtained in the RVF configuration is 8.6 % at
a corresponding energy cost of 39 kJ/L (or 9.7 eV/molec)
and an energy efficiency of 30 %. The highest energy
efficiency in this configuration was 35 %, corresponding
to an energy cost of 33 kJ/L (or 8.3 eV/molec), but at a
somewhat reduced conversion of 5.1 %.
The conversion, energy cost, energy efficiency and gas
temperature for the RVF configuration are now plotted as
a function of the plasma power for five different flow
rates in Fig. 5. The conversion (Fig. 5(a)) is higher at
lower flow rate due to the longer residence time. There is,
however, no significant influence of the plasma power on
the conversion. In Fig. 5(b) the energy cost, which
follows the same trends as the conversion, is plotted as a
function of the plasma power. The energy cost is higher at
lower flow rate and there is no significant influence of the
plasma power. Fig. 5(c) shows no clear dependence of the
energy efficiency as a function of flow rate or plasma
power. The gas temperature, depicted in Fig. 5(d), is
higher at lower flow rate due to the longer residence time,
as well as at higher plasma power, because of more
significant gas heating. From Fig. 5(a) and 5(d) it is clear
that increasing the plasma power will not lead to an
increase in conversion but will mainly be used to heat the
gas.
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Fig. 4. Conversion (a), energy cost (b) and energy
efficiency (c) as a function of the SEI in the case of pure
CO2, for both the RVF and FVF configuration.
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5. Conclusion
In this work, we have investigated the CO2 conversion
and the corresponding energy cost and energy efficiency
in a novel type of gliding arc in a wide range of
conditions of plasma power and flow rate, and for
different flow configurations. The best performance was
reached in the RVF configuration because this RVF
stabilizes the plasma in the center of the reactor and the
gas is forced to go through the plasma, while less heat is
lost to the reactor walls. In general, we can conclude that
the GAP is very promising for CO2 conversion and we
believe there is still room for improvement.
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Fig. 5. Conversion (a), energy cost (b), energy efficiency
(c) and gas temperature after the outlet (d) as a function of
plasma power for five different flow rates in the case of
pure CO2, for the RVF configuration.
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Investigations of plasma processing of medical and biological waste
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Abstract: Thermodynamic calculations of the plasma gasification process for medical and biological
wastes in ambient air and steam were carried out. The maximum yield of synthesis gas in these processes
is predicted to be achieved at a temperature of 1600 K. In a specially developed plasma system, plasma
gasification experiments were performed for carbonaceous wastes. From the organic mass of
carbonaceous waste and from its mineral mass, a high-calorific syngas and a neutral slag consisting
predominantly of ferric carbide, calcium mono-silicate, silica and iron were obtained.
Key words: waste, plasma gasification, synthesis gas, calculation, experiment.
1. Introduction.
One of the most serious ecological problems in
the world is pollution of the environment with
dangerous domestic and industrial carbonaceous
wastes,
of
which
toxicity,
carcinogenicity,
mutagenicity, corrosive action, and flammability risks
are typical. Among the dangerous waste types, a special
place belongs to the so-called medico-biological wastes
(MBWs), that in fact can be classified as household
wastes. It was found that the risks caused by such
wastes for environmental medium are much higher in
comparison with the risks caused by chemical wastes.
Apart from their storage at refuse dumps, the
commonest treatment method for dangerous
carbonaceous wastes (CWs) is combustion using
industrial thermal apparatuses such as, asphalt and
cement furnaces, steam boilers, fluidized-bed
circulation gasifiers, and rotating burning kilns.
The after-burning of the formed volatile organic
substances in these units is kept at temperatures of
12001500 K in secondary chambers with additional
fuel and oxidant supplies. In some cases, enrichment of
air with oxygen is used for raising the burner
temperature. Critical attitude to the flame neutralization
of toxic wastes is the possibility of secondary formation
of extremely harmful compounds such as dioxins,
furans, and benzopyrenes. Another disadvantage of
the flame neutralization process is the use of additional
fuel (gas or fuel oil) that markedly increase the off-gas
volumes while increasing the load on gas-cleaning
systems, the need for larger systems along with
increased material capacity and cost. Technologies to
process carbonaceous wastes and raise the carbon
conversion level by the gasification method are being
actively developed [1]. Of the known gasification

ISPC23, Montreal, Canada

methods of carbonaceous wastes, the least harmful one
to the environment is plasma gasification [2]. A key
difference of plasma gasification from the flame
methods of carbonaceous-waste destruction is the high
temperatures in plasma reactors (1500 - 3000 K).
A high temperature level ensures an almost complete
conversion of waste carbon into carbon monoxide (СО)
and neutralization of all the toxic substances.
The synthesis gas formed in the gasification process
consists mainly of hydrogen (3545 %) and СО
(3555 %). The calorific value of the resultant gas
typically reaches 3035 % of the calorific value of
natural gas and, occasionally, even exceeds the above
values. This enables the use of synthesis gas for
powering gas turbines and gas generator units as well as
for generation of electric power with low-calorific gas
steams.
2. Thermodynamic analysis
A typical composition of carbonaceous wastes
involves the following components: 47 %  paper and
paper board, 21 % - food wastes, 12 % - glass, 3 % iron and ferric oxides, 5 % - plastics, 5 % - wood, 3 % rubber and leather, 2 % - textile, 2 % - calcium
carbonate. The thermodynamic calculation for the
plasma gasification of carbonaceous wastes was carried
out using the ТЕRRА program. The calculations
covered a temperature range from 300 to 3000 K at
pressure of 0.1 MPa. The air and steam gasification of
carbonaceous wastes, respectively, for the following
compositions of the initial technological mixture was
calculated: 1) 10 kg CWs + 4 kg air; 2) 10 kg
CWs + 1 kg steam. Variation in the concentration of
the gaseous component versus the temperature of air
and steam gasification of the carbonaceous waste is
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shown in Fig. 1. In both cases, with the increase of
temperature, the syngas concentration (CO + H2)
increases to a maximum value at Т = 1600 K. With air
gasification of the carbonaceous waste, the maximum
syngas concentration reaches 82.4 % (СO  31.7 %, H2
 50.7 %), and in steam gasification, 94.5 % (СO 
33.6 %, H2  60.9 %). At this temperature, the
concentration of the oxidants (СО2 + Н2О) does not
exceed 0.15 %. With further growth of temperature,
the syngas concentration decreases in value in
connection with the appearance of atomic hydrogen (H)
in the gaseous phase, whose concentration reaches
10.3 and 11.3 % at air and steam gasification of the
waste, respectively (Т = 3000 K). The concentration of
the ballast nitrogen (N2) remains almost unchanged in
the temperature range from 1200 to 3000 K, where it
amounts to 15 % and 3.4 %. In the latter temperature
range, the concentration of hydrogen chloride (HCl)
shows weak variations by ranging from 1.2 to 1.6 % in
both processes. At temperatures below Т = 1900 K,
sulfur is represented as hydrogen sulfide (H2S), which
dissociates at higher temperatures, yielding sulfur (S)
and atomic hydrogen (Н). At temperatures above
1600 K, calcium chloride (СаCl2), iron (Fe), silicon
monoxide (SiO) and chlorine (Cl) with an integral
concentration lower than 1 % appear in the gaseous
phase. The syngas concentration in steam gasification is
12.1 % higher, and the ballast-nitrogen concentration is
11.6 % lower compared to air gasification. The specific
heat of combustion of the synthesis gas obtained
through air gasification amounts to 3410 kcal/kg, and
that of the synthesis gas obtained through steam
gasification is 4640 kcal/kg. This high-calorific gas can
be used as the substrate in gas-turbine plants and gaspowered electrical generators. The carbon completely
converts into the gas phase at temperatures above
1250 K, forming СО in the gas phase. In this way, 100%
carbon gasification is ensured. In the temperature range
from 1200 to 2200 K, the mineral part of carbonaceous
waste primarily involves silicon dioxide (SiO2), calcium
mono-silicate (CaSiO3), ferric carbide (Fe3C), and iron.
At temperatures above 2200 K, the mineral component
of the carbonaceous waste completely converts into
the gas phase, forming certain gaseous compounds. The
power input into the gasification process of
the carbonaceous waste increases with the increase in
temperature throughout the examined temperature
range. Evidently, the temperature dependence of
the power inputs of air and steam gasification of
carbonaceous wastes is quantitatively similar. Here,
the power input into the steam gasification of
carbonaceous wastes exceeds that into the air
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gasification in the entire temperature range. For
the optimum temperature (Т = 1600 K), at which
the maximum syngas yield is achieved, the power input
into the air gasification of the carbonaceous waste
amounts to 1.92 kW hour/kg, and that into the steam
gasification, to 2.44 kW hour/kg. The lower power
input into the air gasification process of carbonaceous
wastes is related to the compensation by
the endothermal effect due to the heat released in
the reaction of carbon oxidation with air. The obtained
characteristics and the revealed regularities of the
plasma gasification process of carbonaceous wastes
in various gasifying agents were used in the
development of the experimental plasma system.
3. Experiment
The experimental study of carbonaceous-waste
gasification was carried out in an experimental facility
whose primary components were a long-service-life dc
plasma generator with rated power of 70 kW and a
batch reactor whose output in terms of carbonaceous
waste was up to 30 kg/hour.

Fig. 1. Diagram of the experimental unit for plasma
gasification of carbonaceous wastes.
Apart from the reactor (3) with the plasma generator
(4), the experimental unit included a power supply
system, a plasma generator control system, gas and
water supply systems for the reactor with the plasma
generator, and a purification system for off-gases (7)
(Fig. 1). The experimental unit was equipped with
an extraction system of gaseous (8) and condensed (10)
products of the gasification process of carbonaceous
wastes for performing subsequent analysis of
the products. The plasma reactor (3) was intended for
plasma gasification of carbonaceous wastes that include
toxic medico-biological wastes of various origins.
The reactor was designed as a cube refractory-lined
with firebricks 0.065 m thick; the size of the inner side
of the cube was 0.45 m. The reaction volume of
the reactor was 0.091 m3. The reactor wall (3) was
provided with an inspection window admitting
pyrometric measurements of reactor temperature. The
plasma gasification process of carbonaceous wastes was
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implemented in the following manner. After initiation
of the plasma generator (4) and heating the reactor (3),
the brick-lining inner surface reached a temperature of
1100 K as measured at a distance of 0.2 m from
the reactor head, briquetted carbonaceous wastes were
loaded into the gasification zone (1) of the reactor
through the charging hub (2). The mass of each
briquette was 0.4 kg. The carbonaceous wastes
underwent gasification in the air (steam) plasma torch
(5) that ensured a mass-mean temperature up to 1700 K
in the reactor volume. The formed gaseous products
were extracted from the reactor into the cooling system
for off-gases (6), while the condensed products were
accumulated in the slag formation zone (10).
The superimposition of the heat release zone of torch
(5) with the carbonaceous-waste gasification (1) and
slag-formation (10) zones promoted intensification of
the waste processing process. The cooled gaseous
products entered the gas-cleaning unit (7) and, was
conveyed to the gas analyzer through the gas bleed
system (8). The exhaust ventilation system (9) ensured
a rarefaction of 10 mm of water produced at the inlet to
the reactor. The total duration of the processing cycle
of carbonaceous wastes was 30 min. It is well known
that for complete decomposition of dioxins, the gas has
to be exposed for a period of two seconds to
a temperature not lower than 1500 K. In our
experimental facility, such a temperature was ensured
by the heating capacity of the plasma torch (5). As
the gasifying agent, a plasma-forming air with a massflow rate 12 kg/hour was used. The plasma generator
worked at 72-kW power (240 A, 300 V). After 15
minutes of pre-heating the reactor, 20 carbonaceouswaste briquettes (see the table) were loaded in
succession into the reactor through the charging hub (2).
The total mass of the briquettes was 8 kg. Under
the action of the air-plasma torch, the mean-mass
temperature in the chamber reached 1600 K; as a result,
the organic component of the carbonaceous waste
underwent gasification while the inorganic component
melted and accumulated in the slag-formation zone of
the reactor. The obtained syngas was continuously
extracted from the experimental facility through
the cooling and cleaning systems. The melted mineral
component of the waste was removed from the reactor
after the plasma generator was shut down and
the reactor cooled. The results of the experimental study
of the plasma gasification of carbonaceous waste were
employed to determine the operating regimes of
the plasma reactor, to perform an analysis of off-gases,
to obtain samples of condensed products withdrawn
from the slag formation zone of the reactor, and to
determine the residual carbon content of the slag. From
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the results of a gas analysis performed on an SRI 8610C
gas chromatograph, the following composition of
the gas at the outlet of the gas-cleaning unit was
obtained, volume %: СO  26.5, H2  44.6, N2 
28.9. The integral syngas concentration proved to be
71.1 %, this value is in good agreement with the
thermodynamic calculations. The calculated syngas
yield at a temperature of 1600 K proved to be 82.4 %
(СO  31.7 %, H2  50.7 %). Thus, the discrepancy
between the experiment and the calculations in terms of
the target yield (syngas) didn’t exceed 16 %. An x-ray
phase analysis performed on a DRON-3 facility has
yielded the following data on the slag composition,
wt. %: Fe3С  63, СаSiO3  21, SiO2  13, and Fe
 3. The absorption-and-weighing technique was
employed to evaluate the carbon content in the slag
specimens; this content proved to be 2.8 wt. %, that
corresponded to the 91.8% carbon gasification level of
the carbonaceous waste. The discrepancy between
the experimental and calculated carbon gasification
levels did not exceed 9 %. No harmful impurities were
found in the gaseous and condensed products of the
plasma gasification process of the carbonaceous waste.
The specific power input into the gasification process of
carbonaceous waste in the plasma reactor as evaluated
from our experiments proved to be in the range from
2.25 to 4.5 kW hour/kg. In the calculations, the power
input into the air-plasma gasification of the
carbonaceous waste amounted to 1.92 kW hour/kg.
The considerable difference between the calculated and
experimental values of the specific power inputs into
the process can be attributed to the fact that, in
the thermodynamic calculations, minimum possible
energy inputs in the isolated thermodynamic system
were determined without taking into account the
exchange of heat and work with the ambient medium.
In practice, both the plasma reactor itself and the plasma
generator demonstrate considerable heat losses into
the ambient medium with the cooling water. Further,
the energy spent on the reactor pre-heating process
contributed to the experimentally evaluated power
inputs. In the second and subsequent cycles of the waste
processing process, the additional input of energy for
reactor pre-heating is lacking. In the latter case,
the difference between the experimental and calculated
values of the specific power inputs into the plasma
gasification process of carbonaceous wastes will
amount to about 15 %.
4. Conclusion
The thermodynamic calculations have shown that
the maximum syngas yield for the plasma gasification
process of carbonaceous wastes in an air and steam
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environment was achieved at a temperature of 1600 K.
In air-plasma and steam-plasma gasification of
carbonaceous
wastes,
a high-calorific
syngas,
respectively, with concentrations 82.4 % (СO 
31.7 %, H2  50.7 %) and 94.5 % (СO  33.6 %, H2
 60.9 %) can be obtained. The specific heat
of the syngas obtained in the air gasification process
amounts to 3410 kcal/kg, and that of the syngas
obtained in the steam gasification process, to 4640
kcal/kg. At the optimal temperature, 1600 K, the power
input into the air and steam gasification process of
carbonaceous waste amounts, respectively, to 1.92 and
2.44 kW hour/kg. The obtained characteristics and
revealed regularities of the plasma gasification process
of carbonaceous wastes in various gasifying agents
were used in developing and constructing an
experimental plasma facility. According to the results
of a thermodynamic analysis and an experimental study
of plasma gasification of carbonaceous waste, no
detrimental impurities were detected in the gaseous and
condensed products of the process. From the organic
and mineral mass of carbonaceous waste, respectively,
high-calorific syngas and a neutral slag, predominantly
consisting of ferric carbide, calcium mono-silicate,
silica and iron, were obtained. A comparison between
the experiment and the calculations showed a good
consistency between the data.
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Odour treatment in humid atmosphere with non-thermal plasma and electric
wind
M. Schmidt1, M. Kettlitz1, E. Timmermann1 and R. Brandenburg1
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Abstract: In this contribution, a plasma source using non-thermal plasma and electric wind
for gas cleaning is presented. The effect of relative humidity on the spatial light pattern
emitted from the plasma is investigated. Up to 88 % removal of toluene in a gas mixture
consisting of synthetic air with 100 ppm toluene and 55 % relative humidity are achieved. It
is found that the addition of humidity can lead to the complete disappearance of the plasma
when the power input is not sufficient.
Keywords: odour removal, dielectric barrier discharge, electric wind, humidity.

1. Introduction
The use of non-thermal plasma (NTP) for treatment of
gases is well studied for several model pollutants. Gases
were cleaned by chemical decomposition of toxic or bad
smelling species [1]. The presence of reactive species
produced by the plasma (e.g. OH, O, O3) allows the
initiation of fast chemical reactions. This technology is
already available on the market, e.g. for cleaning of exhaust
gases of commercial kitchens [2]. Another established
technology for gas cleaning is electrostatic precipitation
used for the removal of particles or aerosols [3]. This
technology uses corona discharges to charge the species to
be deflected and decomposed. This can also be achieved by
the use of dielectric barrier discharges (DBDs) with
extraction electrodes [4]. DBDs can be operated at room
temperature and atmospheric pressure. Furthermore, DBDs
can be energized with low-cost power supplies and
therefore are feasible for commercial applications [5]. In
this contribution, a combined system for odour treatment
in humid air consisting of a surface discharge electrode, for
generation of plasma, and an extraction electrode, for
generation of electric wind, is presented.
2. Experimental setup and procedure
The used electrode configuration is depicted in Figure 1.
It consisted of a dielectric substrate covered with a metallic
grid (9 x 13 cm²) on one side and a non-structured metallic
area on the back side. For the generation of the plasma the
grid was energized with sinusoidal high-voltage
(UPP = 14 kV, f = 400 Hz) and the area was grounded.
Another plate with the same structure was positioned 2 cm
away from the first one with the non-structured area
pointing to the plasma. Supplying the area with a DC
high-voltage of +10 kV it served as the extraction electrode
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Figure 1: Smoke deflection and improved mixing of
reactive species by effect of electric wind

generating the electric wind. This was visualized by the
deflection of oil smoke introduced into the gas flow
(Figure 1). The electrodes were mounted in a gas tight
chamber and implemented in the experimental setup
(Figure 2). It consisted of a gas supply and two bubblers
filled with toluene and water, respectively. The gas flow
was controlled by mass flow controllers (MKS). The
generated process gas consisted of 80 % nitrogen, 20 %
oxygen, 100 ppm toluene (C7H8). The relative humidity
was systematically varied (8 – 91 % r.H.). The sinusoidal
high-voltage was realized by a high-voltage generator
(Chroma 61603) connected to a matched transformer
(Bremer, custom-made). For generation of the DC
high-voltage a voltage multiplier was used. The voltages
were monitored with voltage probes (Tektronix P6015A)
and a digital oscilloscope (Tektronix DPO 4104). The
energy input into the plasma was measured with the
Q-V-plot method [6] using a measuring capacitance of
1 µF. The voltage drop over this capacitance was measured
with a 10:1 voltage divider (Tektronix P6139B). The
power input without and with additional DC high-voltage
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Figure 2: Experimental setup
was 7 W and 8 W, respectively. With the total gas flow of
30 L/h this resulted in a specific input energy of 0.84 kJ/L
or 0.96 kJ/L. The process gas was investigated with an
FTIR-spectrometer (Bruker Alpha) and an FID (Testa
2010).
3. Results and discussion
Treatment of toluene
In preceding experiments methyl ethyl keton (MEK,
C4H8O) was used as the model pollutant because it is a
typical component of exhaust gases of commercial
kitchens [7]. Furthermore, it is quite resistive against
plasma treatment and thus, can be used as an upper
performance limit for the plasma process. Another
important odorous compound is toluene. The plasmatreatment of toluene is well investigated under various
experimental conditions [1][8][9][10] and therefore
feasible for the comparison of the investigated process.
In Figure 3 the total hydrocarbon content (THC) during
a measurement with 55 % r.H. is shown. After a runningin period of about 15 minutes the THC stabilizes at around
35 ppm. The application of the DC high-voltage leads to a
significant decrease of the THC to ≈ 12 ppm. This
behaviour is in general similar to the results we found in
our former study [7]. Getting into the details reveals that
the THC with plasma treatment with and without electric
wind is lower in case of toluene. Furthermore, the THC
changes much faster at switching on and off the electric
wind. One explanation is that the removal of toluene by
means of non-thermal plasma is more effective than the
removal of MEK, as shown in [11]. There, the authors
found a removal efficiency of 50 % for MEK and 75 % for
toluene under conditions comparable to ours. Another
important point is that the treatment of toluene with NTP
under wet conditions leads to the production of
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Figure 3: Total hydrocarbon content during treatment of
toluene (r.H. ≈ 55 %)
formic acid (CH2O2) which is not detected by an FID and
thus influences the results. Thus, for clarification,
additional
continuous
FTIR-measurements
and
quantitative analysis of the formic acid content have to be
performed.
Influence of gas humidity
One aim of the studies was to improve the efficiency of
plasma sources designed for the cleaning of exhaust gases
of commercial kitchens. These gases contain high amounts
of humidity of more than 50 % r.H. Because humidity
influences the plasma process significantly [8],[10] the
effect of varying humidity on ozone production and
distribution of plasma on the electrode was investigated. In
Figure 4 it is shown that the ozone production decreases to
zero already with 40 % r.H. using 100 Hz as driving
frequency for the electrode configuration. Lower
frequencies correspond to lower energy consumption
which is preferred from the economic point of view.
Figure 5 shows that in this case there is no plasma
detectable at all. The pictures were taken with 10 s
exposure time. The ozone production increases
significantly when using 400 Hz as driving frequency,
which is an upper limit from the technological point of
view. Also the intensity of the plasma is brighter and its
distribution is more homogeneous. With increasing relative
humidity the ozone production and the intensity as well as
the distribution of the plasma deteriorates but even at the
highest humidity of 91 % ozone and plasma are detectable.
It can be shown that the electrical capacitance of the
dielectric plate increases with increasing humidity. This
leads to the assumption that condensing water vapour
forms a conductive layer covering a larger area than the
metallic grid structure alone.
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Comparison between performances of surface and volume nanosecond
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Abstract: Non-thermal plasmas reactors are a promising alternative for treating volatile
organic compounds present in air effluents. In this work, we compare the efficiencies of
volume and surface nanosecond pulsed dielectric barrier discharges for the destruction of
ethanol. Surface configuration was found to be much more efficient, with its characteristic
energy less than half the one for volume configuration. Further, surface configuration attained
more than 80 % destruction at a specific energy input of 100 J/L at 50 ppm.
Keywords: surface dielectric barrier discharges, volatile organic compounds, nanosecond
pulses.

1. Introduction
Non-thermal plasmas emerge as a promising alternative
for the treatment of volatile organic compounds (VOC)
present at low concentrations in air effluents [1,2].
However, the energy efficiency of this technique still needs
to be improved to allow a large scale adoption.
Previous experimental results suggest that two
modifications of dielectric barrier discharges (DBD), used
to obtain non-thermal plasmas at atmospheric pressure,
may increase the energy efficiency of VOC treatment. The
first is the use of nanosecond voltage pulses, with very
short rise times (some hundred volts per nanosecond),
instead of an AC voltage. The second is the use of a surface
DBD configuration, where electrodes are placed on
opposite faces of the dielectric layer and the discharge
takes place along its surface.
The increased efficiency of nanosecond pulsed DBD is
associated with an increased reduced electric field 𝐸/𝑁
(where E is the electric field and N the gas number density)
at the discharge breakdown. A higher reduced electric field
increases the production of reactive species in the
discharge and, therefore, improves the VOC removal. The
improved efficiency of nanosecond pulsed DBD was
shown in particular for the decomposition of 2-heptanone
[3] and of benzene [4].
The increased efficiency of surface DBD powered by
AC-voltage was shown for the decomposition of propene
[5] and the oxidation of Hg0 [6], although the volume DBD
was found to be more efficient for the decomposition of
trichloroethylene by Oda [7]. Oukacine [5] suggests that
the ionic wind generated by the surface discharge improves
the gas mix inside the reactor, and thus helps the VOC
destruction. On their side, Jiang et al. [6] remarked that
ozone output was also higher in the surface DBD used to
oxidize Hg0. That could mean that surface DBD produces
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more atomic oxygen, and perhaps other reactive species,
which could help VOC destruction too.
If volume and surface DBD performances have been
compared under AC excitation, to the authors’ knowledge
no previous work has systematically compared the
performances of surface and volume DBD powered by
nanosecond voltage pulses. That is the goal of this work.
2. Experimental setup
Two reactors were used in this work. Both were
composed of a borosilicate glass tube with an inner
diameter of 10.4 mm, a thickness of 1.8 mm and a length
of 110 mm. The ground electrode consisted of an
aluminium foil wrapped around the glass tube. The length
of the ground electrode was 50 mm. The high voltage (HV)
pulse was applied on tungsten rods with 1 mm diameter
and 150 mm length commercially available as electrodes
for TIG welding. The difference between the two reactors
were the position of these HV electrodes. In the volume
DBD (VDBD) reactor, one single HV electrode was placed
on the axis of the glass tube, in a typical wire-cylinder
configuration. On the other side, in the surface DBD
(SDBD) reactor, two HV electrodes were placed on the
inner wall of the glass tube, diametrically opposed, as
shown in figure 1.

Fig. 1. Schemes of cross-sections of SDBD (left) and
VDBD (right) reactors. Electrodes are shown in dark grey,
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the borosilicate glass tube in light grey and the location of
the plasma filaments is represented in violet.
Voltage pulses with a rise time of some 200 ns and
amplitude ranging from 5.7 to 16.4 kV were applied to the
HV electrodes, at repetition frequencies ranging from 100
to 32000 Hz. These pulses were generated by a home-made
power source. The voltage and current signals were
respectively obtained with a LeCroy PMK PVH4-2590
high-voltage probe and a T&M Research Products BNC-55 resistive current probe, both connected to a LeCroy
Waverunner 625Zi 2,5 GHz 40 Gs/s digital oscilloscope.
Typical signals are shown for the SDBD and the VDBD on
figures 2 and 3, respectively. One can see that the current
pulse corresponding to the discharge in the VDBD reactor
is narrower and has a higher amplitude.

Fig. 2. Typical SDBD voltage (𝑉) and current (𝐼) signals.
Repetition frequency: 1000 Hz.

Fig. 3. Typical VDBD voltage (𝑉) and current (𝐼) signals.
Repetition frequency: 1000 Hz.
The energy deposited in the DBD per pulse was
computed from the voltage and current signals. The
specific energy input (SEI) was computed by the equation:
SEI = 𝐸+ 𝑓/𝑄
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where 𝐸+ is the energy deposited in the discharge per pulse,
𝑓 the pulse repetition frequency and 𝑄 the inlet flow rate.
Synthetic dry air (20% O2, 80% N2) was used as a carrier
gas. Ethanol was used as a reference volatile organic
compound. Two ethanol concentrations were used, either
50 ppm or 100 ppm. The latter was obtained from a
calibrated 100 ppm ethanol-dry air mixture, while the
former was obtained by mixing the calibrated mixture with
pure air flow. The total flow rate was kept fixed at 1 L/min
NTP. Experiments were executed at room temperature
(around 25ºC). The corresponding residence time in the
discharge zone was 216 ms. At this flow rate, the Reynolds
number is 139, corresponding to a laminar regime.
A gas chromatograph with a flame ionization detector
(GC-FID Agilent 7890A) was used to quantify both
ethanol and acetaldehyde outlet concentrations.
3. Results and discussion
Figure 4 shows a comparison between ethanol outlet
concentration with SDBD and VDBD reactors for a 50
ppm ethanol inlet concentration. Measurements for SDBD,
shown in blue, were performed with 5.7 kV, 9.5 kV and
13.3 kV pulse amplitudes. Energies per pulse were stable
at 0.06 mJ, 0.50 mJ and 1.6 mJ, respectively.
Measurements for VDBD, shown in green, were performed
at 16.4 kV. Energies per pulse varied from 0.24 mJ to 1.81
mJ. In figure 4, we can see that the SDBD reactor is clearly
more efficient in removing ethanol at those operating
conditions. With the SDBD, up to 80% of the ethanol is
removed at 90 J/L, against 60% with the VDBD reactor.
Similar results were obtained with an ethanol inlet
concentration of 100 ppm.

Fig. 4. Ethanol outlet concentration as a function of the
specific energy input. Inlet concentration: 50 ppm. Error
bars correspond to a 95% confidence interval.
In order to better quantify the difference between the
performances of VDBD and SDBD reactors, we have
computed the characteristic energy 𝛽 for each of the two
inlet concentrations analysed. To do so, we fitted each
dataset with the following function:
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C2 H5 OH

456

= 𝑎 exp −𝑏 SEI/(1 + 𝑐 SEI )

(4)

which was found to reasonably fit our data. From this fit,
we obtained both the inlet concentration and the
characteristic energy by the equations:
C2 H5 OH

BC

= 𝐶E 𝐻G 𝑂𝐻

𝛽 = C2 H5 OH

456 SIEIJ

=𝑎

PQ
L C2 H5 OH MNO
LSIE
SIEIJ

BC ×

(5)
= 1/𝑏

(6)

exactly the nominal ones. Further, the values of 𝛽 confirm
an increased efficiency of the SDBD reactor for both
concentrations. 𝛽 values for the VDBD reactor are more
than twice as high as the ones for the other configuration.
Table 2. Estimated C2 H5 OH
Parameter
C2 H5 OH

BC

(ppm)

𝛽 (J/L)

The attentive reader will note that for a low value of SIE
(c SIE ≪ 1), we obtain from equations 4 to 6 the
exponential decay form:
C2 H5 OH

456

= C2 H5 OH

BC

exp(− SEI/𝛽 )

BC

and 𝛽 for each case.

SDBD

VDBD

50 ppm

100 ppm

50 ppm

100 ppm

49 ± 2

107 ± 3

51 ± 1

94 ± 3

31 ± 4

57 ± 8

76 ± 6

125 ± 30

(7)

Table 1 provides the estimated fitting parameters for
each case. The error margins provided correspond to a 95%
confidence interval. Experimental data and fitted curves
are shown in figure 5. Lines correspond to the fit of
equation 4 to experimental data with fitting parameters
provided in table 1. Error bars correspond to a 95%
confidence interval.
Table 1. Estimated fitting parameters for each case.
SDBD

VDBD

Parameter

50 ppm

100 ppm

50 ppm

100 ppm

a (ppm)

49 ± 2

107 ± 3

51 ± 1

94 ± 3

-2

b (10 L/J)

3.2 ± 0.4

1.8 ± 0.2

1.3 ± 0.1

0.8 ± 0.2

c (10-3 L/J)

9±3

4±2

2 ± 0.8

1±2

Fig. 6. Ethanol residual concentration as a function of the
ratio SEI/𝛽 for SDBD and VDBD at two inlet
concentrations: 50 ppm and 100 ppm. Error bars
correspond to a 95% confidence interval. The dashed line
corresponds to the exp (−SEI/𝛽) curve.

Fig. 5. Ethanol outlet concentration as a function of the
specific energy input for SDBD and VDBD reactors at two
inlet concentrations: 50 ppm and 100 ppm. Lines
correspond to the fit of equation 4 to experimental data
with fitting parameters provided in table 1. Error bars
correspond to a 95% confidence interval.

Fig. 7. Ethanol residual concentration as a function of the
ratio SEI/𝛽 for SDBD and VDBD at two inlet
concentrations: 50 ppm and 100 ppm and SEI/𝛽 < 1.0.
Error bars correspond to a 95% confidence interval. The
dashed line corresponds to the exp (−SEI/𝛽) curve.

Table 2 summarizes the values of C2 H5 OH BC and 𝛽
obtained according to equations 5 and 6, respectively. We
can see that the estimated inlet concentrations are not

In figures 6 and 8 we use the estimated parameters given
in table 2 to plot, as a function of the ratio SEI/𝛽, the
ethanol residual fraction, defined by C2 H5 OH WXY /
C2 H5 OH Z[ , and the acetaldehyde selectivity, defined by
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CH\ CHO WXY / C2 H5 OH Z[ . We can see in figure 6 that the
ethanol residual concentration diverges from the
exponential decay given by equation 7 for values below
60%. For values of SEI/𝛽 higher than 1, ethanol removal
is much slower than the exponential decay. For the
moment, we can only speculate about the reason for that.
Figure 7 shows the detail of figure 6 for SEI/𝛽 < 1.0.
In figure 8 we can see that acetaldehyde outlet
concentration may represent up to 15% to 20% of the
ethanol inlet concentration in both SDBD and VDBD
reactors. That indicates that although ethanol is destroyed,
it is not fully oxidized to CO or CO2. The presence of
acetaldehyde in the outlet is in line with previous
experimental results [9, 10]. In all cases, the peak in
acetaldehyde selectivity is located near SEI/𝛽 = 0.90 and
corresponds to an ethanol residual fraction of 50%.
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Fig. 8. Acetaldehyde selectivity as a function of the ratio
SEI/𝛽 for SDBD and VDBD at two inlet concentrations:
50 ppm and 100 ppm. Error bars correspond to a 95%
confidence interval.
4. Conclusions and perspectives
We have compared the efficiencies of volume and
surface nanosecond pulsed dielectric barrier discharges for
the conversion of ethanol in air at two inlet concentrations:
50 ppm and 100 ppm. Surface DBD was clearly more
efficient at the given operating conditions, with estimated
characteristic energies less than half of those estimated for
volume DBD. At a 50 ppm ethanol inlet concentration, a
characteristic energy of as low as 31 J/L was attained with
the SDBD. Acetaldehyde selectivity was quantified,
indicating that products are not fully oxidized to CO or
CO2.
In future work, the higher efficiency of the surface DBD
must be confirmed for other VOCs, reactor’s dimensions
and operational conditions. We also aim to understand why
surface DBD are more efficient. For this, additional data
such as the reactors’ ozone yield may be useful. Finally, we
need to understand why ethanol removal is slower than the
exponential decay for SEI > 𝛽, as this corresponds to a
significant efficiency loss when removal increases.
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Chemical engineering approach applied to non-thermal plasma reactors
P. Affonso Nobrega1, V. Rohani1, F. Cauneau1, L. Fulcheri1
1

MINES ParisTech, PSL Research University, PERSEE - Centre for processes, renewable energy and energy
systems, CS 10207 rue Claude Daunesse 06904 Sophia Antipolis Cedex, France
Abstract: In this article we apply chemical engineering concepts to describe the removal of
atmospheric pollutants in non-thermal plasma reactors. We show that the removal
efficiency is not only dependant on the so-called characteristic energy, but also on the
relative importance of radical linear termination reactions and on the hydrodynamics of the
reactor.
Keywords: non-thermal plasmas, chemical reaction engineering, VOC treatment.

1. Introduction
Non-thermal plasmas (NTP) are a promising solution
for the treatment of volatile organic compounds and other
atmospheric pollutants as NOx or SO2 [1-3]. Reactive
species produced by non-thermal plasmas react with
pollutant molecules to form less harmful products. For
instance, volatile organic compounds may be oxidized by
atomic oxygen produced by the plasma, yielding CO or
CO2.
Traditionally, most of non-thermal plasma reactors for
such applications, based on corona or dielectric barrier
discharges, have a channel shape. Inside the channel, a
non-thermal plasma containing reactive species is
produced. The treatment advances as pollutant molecules
are exposed to the reactive species produced by the
plasma and react to form other products. For example,
figure 1 shows a surface dielectric barrier discharge used
to generate a non-thermal plasma for the treatment of
atmospheric pollutants.

Fig. 1. Surface dielectric barrier discharge used to
generate a non-thermal plasma for the treatment of
atmospheric pollutants.
The reactor shape and dimensions will define how the
gas will flow inside it and how the pollutants come into
contact with the plasma reactive species. Therefore,
geometrical aspects may have a major impact on the
treatment efficiency. In spite of that, very few studies try
to link the effect of hydrodynamics to the pollutant
destruction efficiency of a given reactor.
This study tries to fill that gap. For that, we will use
basic concepts of chemical reaction engineering. These
concepts are well-stablished for classical homogeneous or
heterogeneous reactors. They are an invaluable tool for
the proper design and understanding of chemical reactors.
Our goal is to apply them to plasma reactors, particularly
in the scope of the treatment of atmospheric pollutants.
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2. Basic chemical reaction engineering concepts
The following section is largely inspired from seminal
work on chemical reaction engineering by J. Villermaux
[4]. The interested Anglophone reader will also find the
concepts exposed here in the book by O. Livenspiel [5].
Chemical reaction engineering is a branch of process
engineering dealing with the transformation and transfer
processes taking place in reactors. And what happens in a
reactor may be affected by:
• The nature of reactants, pressure, temperature,
concentrations and flow rates at the inlet(s);
• Reaction thermodynamics and kinetics;
• Hydrodynamics, circulation and mixing;
• Heat, mass and momentum transfers;
• Reactor geometry.
All these may impact the conversion of reactants, as well
as outlet products and their concentrations.
In order to simplify the approach to complex real
reactors, ideal reactor configurations may be analysed.
Three common ideal reactor configurations are:
• Batch reactor or well stirred reactor (WSR);
• Continuous stirred tank reactor (CSTR);
• Plug flow reactor (PFR).
The batch reactor is a closed reactor where a given
quantity of mass reacts over time. Species concentrations
and temperature are uniform inside the reactor. As there is
no inlet or outlet flux, the species balance is written:
!"#
!$

= 𝑉𝜔(

𝑛( (𝑡 = 0) = 𝑛(.

(1)
(2)

where 𝑛( is the number of moles of species 𝑗 in the
reactor, V the volume of the reactor and 𝜔( the rate of
production of moles of 𝑗 per volume. 𝜔( can be rewritten
as:
𝜔( = 2 𝜈2( 𝑟2
(3)
where 𝜈2( is the number of moles of 𝑗 produced (or
destroyed if negative) per mole of reaction 𝑖, whose rate is
𝑟2 .
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The continuous stirred tank reactor has an inlet and an
outlet flow and works at stationary regime. As the batch
reactor, the continuous stirred tank reactor also has
uniform species concentrations and temperature, which
are the same at the outlet. The species balance is written:
𝐹(,2" + 𝑉𝜔( = 𝐹(,89$

(4)

where 𝐹(,2"/89$ are inlet and outlet molar fluxes of 𝑗.
In the plug flow reactor, the flow advances in a tube
without axial diffusion. The species concentrations and
temperature are supposed to be uniform in a given crosssection of infinitesimal thickness 𝑑𝑥. In this case, the
species balance is written:
!=#
!>

= 𝑆𝜔(

(5)

where S is the cross-sectional area of the tube and:
𝐹( 𝑥 = 0 = 𝐹(,2"

(6)

Further insight can be obtained for a single first-order
reaction of type A → B with rate r = kCD , where CD is the
concentration of A. In that case, the evolution of the
concentration CD can be obtained for each type of reactor
according to equations 1, 3 and 4, respectively.
Batch: 𝐶F /𝐶F. = exp (−𝑘𝑡)

(7)

CSTR: 𝐶F /𝐶F,2" = 1/(1 + 𝑘𝜏)

(8)

𝐶F /𝐶F,2" = exp (−𝑘𝜏)

(9)

PFR:

where 𝜏 = 𝑉/𝑄 is the so-called space time (𝑄 is the inlet
flow rate).
Some important features of ideal reactors must be
remarked at this point:
I. A PFR of volume 𝑉 is equivalent to an infinite
number of CSTR of infinitesimal volume 𝑑𝑉 in
series.
II. A CSTR is equivalent to a PFR of same volume
with infinite recirculation rate.
III. A batch flow reactor and a PFR are analogous if
there is no gas expansion. It means that results
obtained with a batch reactor with time t can be
transposed to results obtained with a PFR and
residence time 𝜏 = 𝑡.
IV. The space time is only equal to the mean residence
time if there is no gas expansion (or contraction) in
the reactor.
V. For a given reaction A → products of order 𝑛,
optimal conversion of A is obtained with a PFR if
𝑛 > 0, with a CSTR if 𝑛 < 0. Conversions with
PFR and CSTR are equal if 𝑛 = 0.
VI. For a first order reaction, 𝑘𝜏 is the Damköhler
number 𝐷𝑎, which gives the ratio between the
flow and the chemistry characteristic times. For a
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𝑛-th order reaction, the Damköhler number is
"TU
given by 𝐷𝑎 = 𝑘" 𝐶F,2"
𝜏.
This last remark is of paramount importance. Whenever
n > 0, a PFR configuration should be approached when
designing a reactor. On the other hand, if 𝑛 < 0, a CSTR
configuration should be approached.
Thus, the kind of reactor used can greatly influence the
conversion of a reactant A at a given space time 𝜏 = 𝑉/𝑄,
specially for high conversions. We can expect that the
conversion of atmospheric pollutants in non-thermal
plasma reactors may also be significantly affected by the
reactor hydrodynamics.
3. Application to the treatment of atmospheric
pollutants by non-thermal plasmas
In order to apply the concepts exposed above to nonthermal plasma reactors, we need an expression for the
rate of reaction. For this, we use the four-reaction
simplified kinetic model proposed by Rosocha and
Korzekwa [6] and Yan et al. [7]:
𝑀→𝑅
𝑋+𝑅 →𝐴
𝑀+𝑅 →𝐵
𝑅+𝑅 →𝐶

Radical production:
Pollutant removal:
Radical linear termination:
Radical non-linear termination:

(12)
(13)
(14)
(15)

For the sake of simplicity, we do not consider radical
non-linear termination nor gas expansion in what follows.
It can be shown that under certain assumptions, the
pollutant removal rate is written:
𝜔] =

!^_
!$

=−

`_ ^_ ab

(16)

`_ ^_ c`d ^d

where 𝑃 = 𝑃/𝑉, with 𝑃 the power dissipated in the
plasma and 𝑉 the reactor volume, 𝑘] and 𝑘f are the
reaction rate constants for reactions 13 and 14, 𝐶] and 𝐶f
the concentration of 𝑋 and 𝑀, respectively, and 𝐺 the
number of radicals produced per energy unit.
Applying the species balance for a PFR (equation 5),
and integrating from instant 0 to the space time 𝜏, we can
show that the concentration of X satisfies:
𝐶] − 𝐶. +

`d ^d
`_

ln

^_
^j

= −𝐺𝑃𝜏

(17)

where 𝐶. is the initial pollutant concentration. This is the
same equation obtained by Rosocha and Korzekwa [6].
On the other hand, if the species balance for a CSTR is
applied (equation 4), it yields the algebraic equation:
𝐶.

^_ k
^j

+

`d ^d
`_

+ 𝐺𝑃𝜏 − 𝐶.

^_
^j

−

`d ^d
`_

= 0 (18)

We then define:
𝜉 = 𝐶] /𝐶.

(19)

𝑚 = 𝑘f 𝐶f /𝑘]

(20)
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𝛽 = (𝐶. + 𝑚)/𝐺

(21)

𝐸 = 𝑃𝜏,

(22)

𝑑𝐸 = 𝑃𝑑𝑡

The reader will remark that 𝛽 and 𝐸 correspond
respectively to the so-called characteristic energy and
specific energy input (SEI). Equations 17 and 18 can be
respectively rewritten as:
pTU
q/^j cU
U
q/^j cU

𝜉k +

+

q/^j
q/^j cU

q/^j TU
q/^j cU

+

ln 𝜉 +
r

r
s

𝜉−

s

=0
q/^j

q/^j cU

(23)
=0

(24)

We can see from equations 23 (PFR) and 24 (CSTR) that
the removal of the pollutant 𝑋, given by 1 − 𝜉, depends
essentially on two non-dimensional numbers: 𝐸/𝛽 and
𝑚/𝐶. . The former is a Damköhler number, if we define
the chemistry characteristic time as 𝜏t = 𝑃/𝛽. and since
the flow characteristic time is 𝜏 = 𝐸/𝑃. The number 𝑚/𝐶.
represents the importance of radical linear termination
relative to radical loss by the pollutant removal reaction.
Further, rewriting equation 16 according to equations 1921, yields:
!p
!r

=−

U

pcpq/^j

s

pcq/^j

(25)

From equation 25 we can see that if 𝑚/𝐶. ≫ 1, the rate
of pollutant removal with 𝐸 is of first order:
!p
!r

=−

p
s

(26)

On the other hand, if 𝑚/𝐶. ≪ 1, we get a zero order rate:
!p
!r

=−

U
s

(25)

Figure 2 shows the curves of 𝜉 as a function of the
Damkhöler number 𝐷𝑎 = 𝐸/𝛽 for different values of
𝑚/𝐶. for both CSTR and PFR reactors (equations 23 and
24, respectively). 𝑚/𝐶. values are logarithmically spaced
from 10-3 to 103. The arrows indicate the direction of
increase of 𝑚/𝐶. . For 𝑚/𝐶. ≪ 1, curves for both CSTR
and PFR approach the linear function 𝜉 = 1 − 𝐷𝑎, which
corresponds to a 0th order reaction [4, 5]. On the other
hand, when 𝑚/𝐶. ≫ 1, the curves approach the first
order reaction laws given by equations 8 and 9 for CSTR
and PFR, respectively. We can see that the higher the
value of 𝑚/𝐶. , the higher the differences of removal
efficiency between PFR and CSTR. That is in accord with
remark V of section 2.
4. Review of pollutant removal experimental data
In order to compare theoretical predictions from
equations 23 and 24 for PFR and CSTR reactors, we
collected 128 experimental datasets of pollutants removal
by non-thermal plasmas. This collection includes several
data on the removal of VOCs such as formaldehyde,
ethanol, toluene but also of NO or NH3. Non-thermal
plasma generation methods include pulsed corona
discharges or AC or pulsed dielectric barrier discharges,
in both volume and surface configurations. Reactors’
volumes, carrier gas composition, inlet temperatures and
flow rates vary. The datasets have been obtained from
figures available in a series of publications using
WebPlotDigitizer, a free web application developed by
Rohatgi [8]. The complete datasets in comma-separated
values format (csv), including description and references
are available at: http://tinyurl.com/hvoy95w.
The values of the initial concentration 𝐶. and of the
characteristic energy have been obtained automatically.
For this, the following algorithm was used:
I. For each data set (𝐶]` , 𝐸` )`wU,...,x , select only values
of 𝑘 for which 𝐶]` > 0.6 × max( 𝐶]` ). This is done
because for high removal, the 𝐶] × 𝐸 curve does not
necessarily follows an exponential law. If the
resulting length of 𝐶]` , 𝐸` is less than 4 after that
filtering, consider the whole dataset instead.
II. Fit the following function to each dataset:
k

𝐶] = 𝐶. exp (−𝑏𝐸 + 𝑐𝐸 )

(26)

This yields the value of 𝐶. .
III. The value of the characteristic energy is then taken
to be:
𝛽 = 𝐸..• / ln 0.8
(27)
Where E..• satisfies:

k

0.8 = 𝑒𝑥𝑝 (−𝑏𝐸..• + 𝑐𝐸..• )
Fig. 2. Conversion of pollutant 𝑋 as a function of the
Damköhler number 𝐸/𝛽 for a CSTR (left) and a PFR
(right). Different curves on each side correspond to
different values of 𝑚/𝐶. , from logarithmically spaced
from 10-3 to 103 and increasing in the arrows’ direction.

1074

(28)

This method has several advantages. First, it allows us to
obtain 𝛽 automatically. Further, it takes into account
small deviations from the exponential law 𝐶] =
𝐶. exp (−𝑏𝐸) as 𝐸 increases. Indeed, we should expect

ISPC23, Montreal, Canada

Plasmas for environmental applications and resource recovery

such deviations as seen in Figure 2. Finally, it avoids the
estimation of asymptotical slopes when 𝛽 is obtained
from the logarithmic plot of 𝐶] × 𝐸. Being so, this
method could be used as a standard for the calculation of
𝛽 from experimental data in future works.
In figure 3 we show the 128 analysed datasets with grey
dots. Green and blue lines correspond respectively to
CSTR and PFR at the first order reaction limit (𝑚/𝐶. ≫
1). Conversely, the black line corresponds to the zero
order reaction limit (𝑚/𝐶. ≪ 1). We see that most of the
points remain roughly within the zero and first order
reaction limits which have been described in section 3.
Some other points find themselves above the CSTR first
order reaction limit. That could be explained by some
kind of fluid bypass in the reactor. As a whole, figure 3
encourages us to think that, beyond the Damkhöler
number 𝐸/𝛽, the hydrodynamics of the reactor (PFR or
CSTR) and the factor 𝑚/𝐶. also determine the removal of
a an air pollutant by a non-thermal plasma reactor,
specially for 𝜉 < 0.8.

Fig. 3. Conversion of pollutant 𝑋 as a function of the
Damköhler number 𝐸/𝛽: comparison between 128
experimental datasets and theoretical predictions for
CSTR and PFR ideal reactors, 1st order or 0th order
reactions.

Fig. 4. Characteristic energy 𝛽 as a function of the initial
concentration for the 128 experimental datasets.
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Figure 4 presents the values of 𝛽 and 𝐶. .for the 128
datasets. We can see that the values of 𝛽 tend to increase
with the initial concentration. However, for a given
concentration 𝛽 can vary by more than two orders of
magnitude. This variation corresponds to different
pollutants (which can be more or less easy to remove),
background gases, inlet flow parameters and discharge
characteristics.
5. Conclusions
In this work, we have firstly presented some basic
chemical reaction engineering concepts. We have shown
how the conversion of a given reactant may depend on the
type of reactor, particularly for reaction orders different of
zero. Secondly, we applied these concepts to the treatment
of pollutants by non-thermal plasmas, using a simplified
mechanism proposed by Rosocha and Korzekwa [6] and
Yan et al. [7]. We show that the pollutant removal
depends on a Damkhöler number defined as 𝐸/𝛽, on the
factor 𝑚/𝐶. which indicates the relative importance of
radical termination reactions and on the type of reactor.
Finally, we have compared theoretical predictions with
128 experimental datasets of pollutants removal by nonthermal plasmas (𝐶] × 𝐸 curves). Future work will
include a more detailed investigation of each of these
datasets in order to gain further insight into how can 𝛽
and 𝑚/𝐶. vary with experimental conditions, as well as
how can reactor hydrodynamics different from CSTR and
PFR ideal cases can impact the removal of a given
pollutant.
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Synthesis of Carbon Blacks from HDPE plastic by 3-phase AC thermal plasma
F. Fabry and L. Fulcheri
MINES ParisTech, PSL - Research University, PERSEE - Centre for processes, renewable energy and energy systems,
CS 10207, rue Claude Daunesse, 06904 Sophia Antipolis, France
Abstract: This paper reviews the last results obtained on the 3-phase AC plasma
technology developed at the Centre PERSEE, MINES ParisTech, PSL for the treatment of
domiciliary and industrial wastes for nanomaterial synthesis with a special focus on
preliminary results obtained for the production of carbon blacks from plastics (HDPE
pellets). Carbon blacks obtained from HDPE have shown a highly nanostructured
organization very similar to those of acetylene black.
Keywords: Carbon Black, Plastic Wastes, Thermal Plasma, Material Recycling.
1. Introduction
Global production of carbon black was around 7 million
tons in 1993 [1], 10 million tons in 2005 [2], 11 million
tons in 2012 [3] and over 12 million tons in 2015 [4]. The
carbon black demand is in constant growing due to its use
as a key element in tires, conductive plastics, batteries
(laptops and smartphones). The main processes used for
the synthesis of carbon black are thermal processes
(Furnace black, thermal black ...) that require the
incomplete combustion of a large part of the carbon
precursor to provide the energy required for cracking the
remaining part. Therefore, they are characterized by a
high level of CO2 emissions (0.125 % of the total CO2
emissions [5]) and actively participate in global warming.
The use of plastic wastes could allow the production of
carbon black by cracking but their treatment requires high
energy densities together with high temperatures. In the
current context of conventional fossil resource depletion,
global warming and rising waste, thermal plasma appears
as an interesting option versus conventional
thermochemical processes (combustion, gasification,
pyrolysis, cracking…) in the fields of energy and
nanomaterial synthesis. Indeed, conventional methods
based on poor Low Heating Value raw materials present
some limitations that might be overcome through plasma,
particularly in terms of: yields, gas purity, energy
efficiency, dynamic response, compactness, flexibility...
The injected plasma power can be adjusted independently
of the heating value of the treated material. These
particular processing conditions brought by thermal
plasma (i.e. high temperatures and high enthalpy
densities) allow using raw materials with Low Heating
Value such as organic wastes (dried sewage sludge,
plastics, used tires, sawdust…) or biomass (liquid, solid
or gaseous) in the fields of energy and nanomaterial
synthesis [6 - 9].
An original semi-industrial scale plasma technology
using a three-phase AC source is presently working at the
Centre PERSEE, MINES ParisTech, PSL. This
technology has been developed initially for the synthesis
of carbon nanoparticles such as fullerenes, carbon blacks,
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nanotubes … This technology has evolved since 1993 and
has reached a high level of reliability, unique at this scale
[10 - 12]. Since few years, this three-phase AC plasma
technology has been modified and adapted in order to
operate as well as in neutral or reducing medium than
under oxidizing conditions for waste and biomass
valorization in the field of energy and nanomaterial
synthesis [9].
This paper reviews the last developments of the 3-phase
AC plasma technology for the treatment of domiciliary
and industrial wastes for nanomaterial synthesis,
particularly the preliminary results reached for the
production of plasma carbon blacks from plastics (HDPE
pellets).
2. The 3-phase AC plasma process
Since 1993, researches on synthesis of carbon
nanomaterials by plasma have been carried out at the
laboratory of the Centre PERSEE – MINES ParisTech PSL in collaboration with academic and industrial
partners. For carbon nanoparticle synthesis, the originality
of this plasma process consists in the substitution of the
energy of the flame resulting of the incomplete
combustion of a hydrocarbon by a thermal plasma in
which a hydrocarbon precursor (gaseous, liquid or solid)
is directly injected in order to crack it into carbon black
and hydrogen.
The process set-up at a pilot scale is illustrated in
Figure 1. The process can be briefly described as follow:
the plasma is powered by a 3-phase AC plasma power
supply (600 Hz, 0-400 A, 263 kVA maximum power).
Each of the three phases of the power supply is connected
to the graphite electrodes of a 3-phase plasma torch
located on the upper part of a reactor. Thermal plasma is
generated by an arc discharge between the three graphite
electrodes.
For the treatment of plastic wastes (HDPE pellets), a
special powder injection system is employed to mix the
solid carbonaceous precursor with a suspending gas to
transport the mixture inside the reactor. This aerosol
flows across the plasma, reaching the highest temperature
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region in the reactor. Due to the high enthalpy density
obtained, the plastic waste is cracked in quasi totality
while passing through the plasma zone. The internal
shape of the reactor has been designed to improve the
conditions for cracking by a strong confinement of the gas
flow. The internal part of the plasma reactor is composed
of a high temperature insulator lining (solid graphite and
graphite felt) in order to increase the heat density as well
as to decrease the thermal losses from the hot gas through
the walls. The external kiln of the reactor is a double wall
water cooling cylinder. The system is equipped with a
PTFE bag filter where product and gas are separated and
collected. A gas network allows providing different
plasma gases or mixtures (N2, Ar, He, CO, H2) to the
plasma system. The process pressure is controlled to be at
atmospheric pressure.
Plasma gas

Powder
injector

HDPE Pellets

3-phase AC
Plasma source

Plasma Zone
Exhaust Gas
Growing / Annealing
Chamber
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Table 1. Main operating conditions for the synthesis of
carbon black from HDPE used as carbonaceous precursor
(average error ± 10%).
Property

Unit

Value

Average Power

kW

50

Average Current

A

220

Average Voltage

V

175

Plasma gas flowrate (N2)

Nm3.h-1

2

Carrier gas flowrate (N2)

Nm3.h-1

2

HDPE Flowrate

Kg.h-1

0.25

In Table 2 are summarized the main inorganic elements
present in the HDPE pellets (FINATHENE® 56020 S)
used as carbonaceous precursor. Chemical analyses of the
inorganic impurities have been done by Inductively
Coupled Plasma Optical Emission Spectrometry (ICPOES). Analyses show that HDPE is a product with a high
purity. The main inorganic impurities (Silicon and
Aluminum) do not exceed 50 ppm and the average values
for the other inorganic impurities are around 1 ppm.
Table 2. Inorganic impurities present in the HDPE pellets
(FINATHENE® 56020 S) used as carbonaceous precursor
(mean percentage error ± 1.5 %).
Chemical

Value

Unit

Characteristics
Gas + Product extraction

Filter

Quenching
Chamber

Cooling system

Solid Product
(Carbon Black)

Fig. 1. Scheme of the 3-phase AC plasma process for the
synthesis of carbon blacks from HDPE pellets.
The pilot is composed of:
• a 100 kW 3-phase AC plasma torch with graphite
electrodes, located on the upper part of the reactor,
• a high temperature reactive zone in which the plastic
waste (HDPE pellets) is injected with the plasma gas,
• a hot wall reactive zone (2 meters high),
• a cooling and carrying zone,
• a filtration system where solid product (Carbon Black)
and process gas (N2-H2 or N2) are separated.
The plastic selected as feedstock for the test is a HDPE
powder from Total : FINATHENE® 56020 S. This is a
very high molecular weight high density polyethylene
produced by the slurry loop low pressure polymerization
process. FINATHENE® 56020 S is available as white
powder (average particle size: 800 microns in a range 100
– 1600 microns and with a specific surface of 0.3 m2.g-1).
In Table 1 are summarized the main operating conditions
for the synthesis of carbon black from HDPE used as
carbonaceous precursor.
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Chemical

Value

Unit

Characteristics

Si

42

ppm

V

1.1

ppm

Zn

<0,1

ppm

Cd

<0.1

ppm

Al

15.1

ppm

Co

<0.1

ppm

Ca

0.8

ppm

Cu

0.1

ppm

Fe

0.1

ppm

Mn

<0.1

ppm

K

<0.1

ppm

Ni

<0.1

ppm

Mg

0.1

ppm

Cr

2.0

ppm

Sb

<0.1

ppm

Na

0.3

ppm

Mo

<0.1

ppm

In the following section, this paper will present the
most significant results about the characterization of the
carbon black synthesized from HDPE using Nitrogen
Sorption (Brunauer–Emmett–Teller - BET), Scanning
Electron Microscopy (SEM) and Thermogravimetric
Analysis (TGA). A comparison between an industrial
carbon black grade (Acetylene Black - Y50A - SN2A),
the carbonaceous precursor (HDPE) and three HDPE
plasma carbon black samples is proposed.
3. Results and discussion
BET, SEM and TGA analyses have been carried out on
several samples taken in different locations in the reactor
and the filter in the aim to analyse the particular structures
of the plasma carbon blacks in function of the origin of
the samples.
Plasma carbon blacks have been sampled in three zones
of the process: sample A in the bag filter, sample B along
the inner graphite walls of the reactor and sample C at the
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lower part of the reactor. In Table 3 are summarized the
main results about these three samples, the raw material
(HDPE pellets) and an industrial carbon black (Y50A
acetylene carbon black from SN2A).
Table 3. Specific surface area values for three plasma
carbon black samples, HDPE pellets and Y50A acetylene
carbon black from SN2A (mean percentage error ±0.5 %).
Raw
material

Sample
A

Sample
B

Sample C (1)

Y50A

53.2

20.6

45

70 ± 10

(HDPE)
2

-1

BET (m .g )
(1)

0.3

Sample contains HDPE-like particles. Product was sieved prior to testing
but the finest particles could not be removed.

One can observe a small decrease of the specific surface
area of the carbon black sampled on the surface of the
inner graphite walls of the reactor (sample B). It is mainly
due to the annealing of the carbon black deposit by the
high temperature plasma during the process. One can also
observe that the sample C contains some HDPE-like
particles. These particles are the biggest HDPE pellets
which have not been cracked during their plasma
processing due to the initial size of these particles and
residence time in the plasma zone which is not suitable.
Sample A is the more representative of the final product
obtained from HDPE cracking by thermal plasma and its
specific surface area is very interesting, in the range
values of industrial carbon blacks like acetylene carbon
black (Y50A).
Figure 2 represents a typical SEM image of some
aggregates and agglomerates of HDPE carbon black
synthesis by thermal plasma. Figure 3 represents a typical
SEM image of some aggregates and agglomerates of
Y50A acetylene carbon black from SN2A. One can
observe that both morphologies are very close, like
previously observed on carbon black synthesis by thermal
plasma from others various precursors (methane,
ethylene, Pyrolysis Fuel Oil (PFO) or Colza Oil [12]).

Fig. 2. HDPE Plasma Carbon Black (Sample A).
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Fig. 3. Y50A Carbon Black.
Figure 4 presents the TGA curves obtained for the three
plasma carbon back samples, the HDPE pellets and the
industrial carbon black sample (Y50A).

Fig. 4. TGA curves obtained for the three plasma carbon
back samples, the HDPE pellets and the industrial carbon
black sample (Y50A). TGA conditions: 900°C in air @
30°C.min-1 HR5, S1
The specific method applied is one with a heating rate
of 30°C.min-1 in air, resolution factor 5 and sensitivity
factor 1. The curves of the samples A and C show a
smooth slope corresponding to the small part of the
HDPE pellets which has not been totally cracked during
the plasma treatment. It is not the case for the sample B
which is stayed during a long period of time at high
temperature (> 2000 K). The strong decreasing of the
curve of the sample A at around 600 °C (from 580 °C to
620 °C for 80 % of the sample) shows that this product is
homogeneous and presents a well organised structure. It is
the same thing for the curve of the sample B but at a
higher temperature (between 650 °C and 720 °C for 90 %
of the sample) corresponding to a homogeneous product
more graphitised. One can also observed that sample B is
structured to a higher degree than Y50A, whose the
combustion temperature is around 670 °C. For the sample
C, the strong decreasing starts at the same temperature
than the sample A (580 °C) and finished the same
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temperature than the sample B (720 °C) showing a
product well graphitised but inhomogeneous more or less
composed of a mixing of the A and B carbon blacks. The
results of these TGA analyses show that the plasma
process allows producing carbon blacks with a well
organised nanostructure but it has to be optimised
concerning the residence time of the HDPE in the high
temperature zone in the aim to better control the
homogeneity of the plasma carbon black and to totally
crack all the HDPE injected.
This is one of the particularities of the 3-phase AC
thermal plasma carbon blacks. Independently of the
carbon precursors, the carbon blacks produced are always
some very similar morphologies due to the thermal
history of the carbon particles in the reactor which is not
only function of the carbon precursor but mainly of the
temperature of the thermal plasma and the nature of the
plasma gas. The structure of the plasma CBs is the result
of the growing of the particles at temperatures ranging
from 1800 K up to 2500 K. The 3-phase AC plasma
process allows the production of new carbon grades
thanks to reaction conditions unreachable by the
conventional combustion processes.
4. Conclusions
Plasma systems open a new area for the production of
carbon nanostructures. These technologies are
characterized by a very high versatility and flexibility. It
has been demonstrated in several papers that the very
similar technology can be used for the production of a
wide range of carbon nanostructures ranging from carbon
black over fullerenes to carbon nanotubes with high
product selectivity. In addition, plasma systems allow the
conversion of any organic carbon precursor: liquid, solid
or gaseous to valuable carbon nanostructures. The main
difference with other gas-phase synthesis processes
(mainly combustion processes) is that the enthalpy
applied to the system can be controlled totally
independently by means of an external electric power
supply. As a consequence, this allows the creation of
thermodynamic conditions unreachable by conventional
means. In particular, very high temperatures can be
obtained (higher than 3,000 K up to 10,000 K) thus
allowing the formation of specific species (C1, C2, ...),
which could play an important role as precursor for new
carbon black grades. In the conventional carbon black
market, it will allow the use of new raw materials, such as
waste oils, vegetable oils, ... with a more rational use of
the raw material (100 % carbon yield), the production of
carbon black free from CO2 emission on the site and the
production of hydrogen as by-product.
This paper reviews the last developments of the 3-phase
AC plasma technology for the treatment of domiciliary
and industrial wastes for nanomaterial synthesis,
particularly the preliminary results reached for the
production of carbon blacks from thermochemical
processing by plasma of plastic wastes (HDPE pellets).
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Carbon blacks obtained from HDPE are well organized
with physical characteristics similar to acetylene black.
In the emerging domains, the plasma process will allow
the production of carbon materials of nano-sized structure
from carbonaceous wastes, which are without any doubt
amongst the most promising resources for future
industrial applications and this 3-phase AC plasma
process can be considered as a highly flexible process
with an enormous potential for further up-scaling to an
industrial size at commercially viable cost.
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Abstract:
We report the fabrication of highly negatively charged adsorbent materials by water plasma
treatment of plasma polymerized thiophene films deposited onto silica particles. The
effectiveness of developed surfaces in the adsorption of heavy metal ions was demonstrated
through copper (Cu) and zinc (Zn) removal experiments. The developed particulate surfaces
were capable of removing more than 96.7% of both Cu and Zn ions in 1 hour.
Keywords: plasma polymerization, plasma treatment, thiophene, water treatment, adsorption

1. Introduction
More than 750 million people lack access to clean water,
and every minute a child dies because of a water-related
disease [1, 2]. Herein, we present the fabrication of highly
negatively charged particles via an innovative plasmaassisted approach for the removal of heavy metal ions from
water. Thiophene plasma polymerization has been used to
deposit sulphur-rich films onto silica particles followed by
the introduction of oxidized sulphur functionalities via
water or air plasma treatments (Figure 1) [3, 4]. The
combination of plasma polymerization and oxidative
plasma treatment [5] has shown to be an effective method
for the fabrication of new adsorbents for the removal of
heavy metals.
2. Experimental Section
The deposition and treatment processes were carried out
using a radio frequency inductively coupled reactor fitted
with a rotating chamber (Figure 2). Surface chemistry
analysis was conducted by X-ray photoelectron
spectroscopy (XPS) using a SPECS SAGE instrument
equipped with a hemispherical analyser. Time of flight
secondary ion mass spectroscopy (ToF-SIMS) was utilized
to examine the homogeneity of the generated functional
groups on silica particles. Electrokinetic measurements
quantified the zeta potentials and isoelectric points (IEP) of
modified particles using an Anton Paar Electro Kinetic
Analyser in a pH range of 3 - 10 based on the streaming
potential method. The effectiveness of plasma polymerized
thiophene (PPT) surfaces in the adsorption of heavy metal
ions was demonstrated through copper (Cu) and zinc (Zn)
removal experiments. The removal of metal ions was
examined through changing initial pH of solution, removal
time, and mass of particles. The concentration of copper or
zinc ions in filtrates were measured using an inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
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(Perkin Elmer – Optima 5300 V) with a detection limit of
0.5 mg/L for copper or zinc.

Fig. 1. Schematic illustration of the fabrication of oxidised
sulphur-functionalized silica particles [3, 6].
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Fig. 2. Schematic illustration of the plasma deposition/treatment setup [7, 8].

3. Results and Discussion
XPS analysis of uncoated silica particles showed atomic
concentrations of 29.2%, 54.6% and 16.2% for silicon,
oxygen, and carbon, respectively. The XPS elemental
compositions of PPT-coated particles before and after
water plasma treatment are shown in Figure 3. As
observed, upon water plasma treatment of PPT coated
particles for up to 60 minutes, the atomic concentration of
oxygen increases while that of carbon and sulphur
decrease. Thee changes in the surface chemistry indicate
the effectiveness of the combination of plasma
polymerization and oxidative plasma treatment in the
development of sulphur-oxygen containing moieties.
These changes are further supported by S 2p high
resolution peak fitted spectra (Figure 4) showing
significant increases in the sulphur-oxygen compounds
both at low and high oxidation states (e.g. S-O, SO2, SO3H,
SO3, and SO4).

Fig. 4. XPS S 2p curve fitted spectra of PPT-coated silica
particles before and after water plasma treatment.

Fig. 3. XPS survey elemental composition of untreated and
water plasma treated PPT coated particles as a function of
treatment time.

ISPC23, Montreal, Canada

ToF-SIMS findings, shown in Figure 5 further support the
XPS results and demonstrate the homogeneous generation
of –SOx(H) functionalities onto silica particles via a
combination of thiophene plasma polymerization and
water plasma treatment.
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Fig. 5. ToF-SIMS distribution maps of Si-, SH-, and SO3- for uncoated silica particles, untreated PPT coated particles
and PPT coated particles treated for different durations. (Scale bar = 100 µm).

The zeta potentials of particles before and after plasma
polymer deposition and water plasma treatment are plotted
as a function of pH and shown in Figure 6. The water
plasma treatment of PPT coated particles not only
markedly reduces the zeta potentials but also shifts the
IEP’s to pH values less than 3.5. These changes in
electrokinetic properties follow the variations of –SOx(H)
concentration observed from XPS (Figure 3) and ToFSIMS (Figure 5) data.

up to 20 minutes significantly increases the MRE of
modified particles; whereas further increasing the plasma
treatment time reduces the MRE due to the influence of an
ablation mechanism. The developed particulate surfaces
were capable of removing more than 96.7% of both Cu and
Zn ions in 1 hour. The combination of plasma
polymerization and oxidative plasma treatment has shown
to be an effective method for the fabrication of new
adsorbents for the removal of heavy metals.

Fig. 6. Zeta potential of uncoated silica particles and PPT
coated particles before and after water plasma treatment for
different durations as a function of pH.
The effectiveness of developed surfaces in heavy metal
removal was investigated through adsorption of copper and
zinc ions as model positively charged contaminants. The
variations of metal removal efficiency (MRE) as a function
of water plasma treatment time are shown in Figure 7. It is
observed that increasing the water plasma treatment time
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Fig. 7. The influence of water plasma treatment time and
initial pH of solution on the MRE of PPT coated particles
for (a) copper and (b) zinc.
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Reduction of tars from real biomass gasification by a non-thermal plasmacatalytic system
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Abstract: The pyrolysis plasma-catalytic steam reforming of biomass has been studied to
reduce tar using a two-stage reactor consisting of a fixed bed, a DBD reactor and a Ni-based
catalyst. The effect of plasma, the catalyst size, the catalyst/feedstock ratio and the plasma
power were investigated. The results showed the advantages of using plasma-catalytic
systems instead of catalytic or plasma reactor only. A partially optimised system with a high
catalyst size, a high catalyst/feedstock ratio and a high power input could be identified.
Keywords: Plasma, catalysis, gasification, biomass, tar reduction, syngas.
1. Introduction
Climate change and its dangerous effects on the
environment has become one of the most important social
and political issues in recent years. To tackle climate
change, renewable energies are promoted in order to
reduce our society's dependence of fossil-fuels. In using
renewable, low-carbon energies, thermal processes such as
pyrolysis and gasification are an attractive way to produce
energy and high-valued chemical products from biomass
and waste. The main product of the gasification of biomass
is syngas (a mixture of hydrogen and carbon monoxide).
Syngas can be combusted for power and heat generation or
can be used in the production of fuels and chemicals as a
cleaner, alternative raw material to fossil-fuels. The main
drawback
however
for
large-scale
industrial
implementation of this technology is the presence of tars in
the syngas produced from biomass gasification. Tars (a
mixture of hydrocarbons, resins and alcohols) can
accumulate within the engines resulting in damaged
machinery, as well as reduced efficiency of the desirable
processes from syngas. The main objective of this research
project is to produce a high quality syngas from biomass
gasification. This will be achieved by developing a lowtemperature, plasma-catalytic process to reduce the tar
content in the syngas stream.
2. Experimental set-up
In this study, wood pellets were used to assess the
pyrolysis, plasma-catalytic steam reforming of biomass.
The pyrolysis reactor used was a two-stage pyrolysis
reactor consisting of fixed bed and plasma DBD reactors.
The wood pellets were first pyrolysed under nitrogen
atmosphere at 600 ºC with a steam flow of 2 g/hr. The
volatile products went directly into the plasma reactor
flowing through the plasma-catalytic system and then
collected in a couple of condensers downstream the twostage reactor. The plasma reactor was heated externally to
250 ºC to avoid tar condensation. Ni based catalysts, 10%
weight of Nickel supported on alumina in our experiments,
were used in the plasma-catalytic reactor. They were
prepared by conventional wet preparation method and
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calcined at 750 ºC for three hours. The experimental set-up
used for those experiment is represented in Figure 1.

Fig. 1. Experimental set-up
The gaseous products were collected by a Tedlar gas
sample bag and analysed by packed column gas
chromatography (GC). SPA method was used to collect
and to analyse the tar produced downstream to the twostage reactor. TPO and SEM were used to analyse the
amount and nature of coke deposited on the catalyst during
the process.
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3. Results and discussion
Various experiments were conducted to study the
influence of the different parameters on the reduction of
tars in the case of biomass gasification. The effect of
plasma itself on tar reduction was studied through
experiments using plasma-catalysis technology, plasma
only, catalyst only or none of the above (thermal cracking
only in the second stage). The effect of catalyst size on the
plasma-catalysis system was also studied for catalyst about
1 mm size, between 500 µm and 1 mm and between 212
and 500 µm. The effect of the ratio between the catalyst
and the feedstock weight was also studied in the plasmacatalysis system for a ratio of 0.5, 1 and 2. Finally the effect
of plasma power (for 40, 60 and 80 W) on tar reduction has
been studied.

Fig. 2. Quantity of syngas produced for a power input of
40 W when using different catalyst sizes.
Confirming literature results of plasma-catalysis on
model compounds such as toluene, plasma-catalysis
technology enabled to reduce more tar than thermal
cracking, catalyst cracking or non-thermal plasma (DBD).
In fact, the quantity of liquid downstream the reactor was
smaller for plasma-catalysis. Other advantages of using
plasma-catalytic system were a syngas yield as high as
plasma only situation and the lowest coke deposition on the
catalyst. However, the tar quantity obtained through the
SPA method was larger for plasma catalysis than for
plasma only.
A larger catalyst size lead to a slightly higher syngas
production, as presented in Figure 2, and a smaller coke
deposition on the catalyst. The tar quantity obtained
through the SPA method was the lowest for the bigger
catalyst size, 1 mm diameter, as shown in Figure 3. A
higher ratio between the catalyst and the feedstock weight
was enhancing the reduction of tars as it can be seen in
catalytic cracking. It also lead to a smaller coke deposition
on the catalyst. A higher syngas production was observed
as the power input increased, as well as a smaller quantity
of oil collected downstream of the reactor.
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Fig. 3. Tar collection by SPA method for a power input
of 40 W when using different catalyst sizes.
4. Conclusion
The pyrolysis, plasma-catalytic steam reforming of
biomass has been studied using a two-stage reactor
consisting of a fixed bed and a DBD reactor and a Nickel
based catalyst for the reduction of tar in syngas. The effect
of plasma as well as the catalyst size, the catalyst/feedstock
ratio and the plasma power were investigated.
The results showed the advantage of using plasmacatalytic systems instead of catalytic reactor only. The
plasma-catalytic system produced less liquid, more gas and
the lowest coke deposition level on the catalyst compared
to systems using either catalyst or plasma alone. The mole
of syngas produced was similar for plasma and plasmacatalytic system. Other studied parameters lead a partially
optimised system for tar reduction in syngas with a high
catalyst size, as well as a high power input.
For further optimisation of tar reduction in this plasmacatalysis system, different steam flow and different types
of catalyst will be investigated. A study of the system
behaviour with different biomasses will also be conducted
to compare the energy efficiency of the plasma-catalysis
system for various tar reduction.
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Steam reforming of toluene as a model compound of biomass tar in a coaxial
dielectric barrier discharge reactor over Ni-based catalysts
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Abstract: The effect of Ni/γ-Al2O3 catalysts on the plasms-catalytic steam reforming of
toluene as a model tar compound has been investigated in a coaxial dielectric barrier
discharge (DBD) reactor. The combination of DBD with Ni catalysts significantly
enhanced the toluene conversion, H2 yield and energy efficiency of the plasma process,
whilst remarkably reduce the formation of organic by-products.
Keywords: Plasma-catalysis, biomass gasification, Ni-based catalyst, tar removal

1. Introduction
Biomass has been highlighted as a key renewable
feedstock to respond to the vital societal need for a step
change in the sustainability of energy production which is
required to combat climate change. Gasification of
biomass wastes represents a major sustainable route to
produce a combustible H2 and CO-rich gas (syngas)
which can be further used in power generation or
synthesis applications. However, the formation of tar
during the gasification process is a critical problem that
hinder the large-scale application of gasification
technique, since the presence of tar will bring many
negative effects to process equipment and syngas end-use
problems[1]. Catalytic steam reforming offers one
possible solution to produce a clean, high quality syngas
from biomass gasification. Nickel catalysts mainly
supported on alumina, have been extensively investigated
for steam reforming of biomass tar because of its low
cost, abundance and high initial activity. However, rapid
deactivation of the metal catalysts due to coke deposition
is the major challenge in the catalytic process [2].
Non-thermal plasma technology provides an attractive
and promising alternative to the conventional approaches
for the conversion of hydrocarbons into clean fuels at a
relatively low temperature. In non-thermal plasmas, the
overall gas temperature remains low, while the electrons
are highly energetic, which is sufficient to break down
most chemical bonds of molecules and produce highly
reactive species: free radicals, excited atoms, ions and
molecules for chemical reactions [3]. Moreover, the
combination of plasma and solid catalysts (known as
plasma-catalysis) has great potential to generate a
synergistic effect, which can activate catalysts at low
temperatures and improve the activity and stability of the
catalysts, resulting in the remarkable enhancement of
reactant conversion, selectivity and yield of end-products,
the energy efficiency of the process, as well as the activity
and stability of the catalysts [4].
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2. Experimental setup and analysis
In this work, an in-plasma catalysis (IPC) system based
on a coaxial dielectric barrier discharge (DBD) reactor
was developed for steam reforming of toluene, a typical
model tar compound representing a major stable aromatic
product in the tars formed in high temperature biomass
gasification processes. A 100 mm long stainless steel
mesh was wrapped over a quartz tube with an inner
diameter of 18 mm and outer diameter of 21 mm. A
stainless steel rod with an outer diameter of 14 mm was
used as the inner electrode. As a result, the length of the
discharge region was 100 mm with a discharge gap of 2
mm. Argon was used as a carrier gas and injected into the
DBD reactor with a flow rate of 150 ml/min. Toluene
solution with a flow rate of 0.2 ml/h and deionized water
(0.6 ml/h) were injected into the preheated pipe by highresolution syringe pumps. The steam-to-carbon molar
ratio (S/C) was fixed at 2.5 throughout the experiment.
Then, the mixed stream was heated to 160 oC in a copper
pipe with an inner diameter of 4 mm equipped with a
temperature controller system, to generate a steady-state
vapour before flowing into the plasma reactor. The DBD
reactor was connected to an AC high voltage power
supply with a maximum peak voltage of 10 kV and a
frequency of 9 kHz. All the electrical signals were
sampled by a four-channel digital oscilloscope. To
understand the interactions between plasma and catalyst,
a total of 0.5 g of Ni/γ-Al2O3 catalyst was packed into the
discharge region along the bottom of the quartz tube,
partially filling the discharge gap and held by quartz
wood. This partial packing method has been shown to
effectively enhance the interactions between the plasma
and catalyst in a DBD reactor and consequently promoted
the plasma-catalytic chemical reactions in our previous
studies [5]. The products were sampled when the plasma
reaction reached a stable condition. A cooling trap was
placed at the exit of the plasma reactor to collect the
condensable products in the effluent, which were analysed
by a GC-MS (Agilent GC 7820A, MSD) and qualitatively
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identified. The gaseous products were analysed by a gas
chromatography (Shimadzu, 2014) equipped with a
thermal conductivity detector (TCD) and a flame
ionization detector (FID).
3. Results and discussion
Steam reforming of toluene was carried out in the DBD
reactor with and without the Ni catalysts, as shown in Fig
1. Compared with the plasma reaction without a catalyst,
the presence of the 10 wt.% Ni/γ-Al2O3 catalyst in the
plasma significantly enhanced the carbon conversion by
around 20% (from 39.5 % to 47.1%), whilst the energy
efficiency of the process was increased by 18.0 %.
Previous work has shown that partial packing a catalyst
into the discharge region could accumulate the charge on
the catalyst surface, increase the local or average
electrical field and therefore effectively enhance the
number of energetic electrons and reactive species,
characterized by the formation of intensified microdischarges around the contact points between the catalyst
pellets and those between the catalyst pellet and quart
wall [6]. Moreover, the presence of conductive Ni active
sites on the catalyst also contribute the spread and
expansion of the discharge over the catalyst surface,
which may be favourable to expansion of discharge
volume and intensity in the hybrid plasma-catalysis
system [7]. All of them may contribute in different ways
to the improvement in conversion.

poster

the conversion of toluene and energy efficiency besides
the physical effects. In the plasma-catalytic process, the
adsorption of reactants on the catalyst surface could be
enhanced [6], which would prolong the reactant time of
toluene and its intermediates in the plasma region and
therefore improve the collision probability between these
pollutants and chemically reactive species, leading to a
higher toluene conversion in the plasma-catalytic process.
The major gaseous products formed from the plasma
steam reforming of toluene with and without the Ni
catalyst were H2, CO2 and CH4. A small amount of
hydrocarbons, (e.g., C2H2) were also detected. Clearly,
the presence of Ni-based catalyst in the discharge region
enhanced the formation of H2 and CO2, and it can be
further enhanced by increasing the Ni loading, as shown
in Fig 2. It is worth to note that no CO was identified in
the gas products. The occurrence of water gas shift
reaction (R1) might be the major reason to inhibit the
generation of CO in the plasma steam reforming process.
Moreover, the presence of reactive oxide species (e.g.
OH, and O radicals) through the dissociation of water by
energetic electrons and metastable argon might be able to
further oxidize CO (R4 and R5), toluene and its
intermediates into CO2. This plasma reaction might be
considered as an attractive hydrogen production process
without CO formation suitable for fuel cell applications.

H2 O + CO  CO2 + H2

(R1)

H2 O + e  H + OH

(R2)

-

H2 O + e  2H + O



(R3)

OH + CO  CO2 + H

(R4)

O + CO  CO2

(R5)

The yield of CH4 was nearly constant around 10%,
regardless of the Ni loading amount, whereas the yield of
C2 hydrocarbons was increased up to 5.2 % by increasing
the Ni content.
Fig.1. Toluene conversion and energy efficiency of the
plasma process with and without catalyst (Discharge
power: 35 W)
In addition, increasing the nickel loading enhanced the
conversion of toluene and energy efficiency of the
plasma-catalytic process. For instance, the highest toluene
conversion of ~51.9 % and energy efficiency of 2.6
g/kWh were achieved when combining the DBD reactor
with the 20 wt. % Ni/γ-Al2O3 catalyst. In this experiment
the low temperature plasma reaction is believed to avoid
the aggregation of Ni particles on the catalyst surface,
therefore increase the catalytic active for toluene
conversion when increasing the Ni loading from 5 wt. %
to 20 wt. % . These results clearly demonstrated that the
catalytic effect also plays an important role in enhancing
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Fig. 2. The effect of Ni loading on the yield of gaseous
products. (Discharge power: 35 W)
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Fig. 3 shows the GC-MS chromatogram of condensed
by-products collected in the plasma steam reforming of
toluene with and without the catalyst. In the plasma
reaction without a catalyst, 11 types of organic byproducts were detected, including major compounds such
as benzene, phenol and (butoxymethyl)-benzene. As we
expected, the presence of metal catalyst in the plasma
discharge gap significantly inhibited the formation of
organic by-products, only six types of condense
compound were detected. It is worth noting that the
amount of phenol and (butoxymethyl)-benzene formed in
the plasma-catalytic reforming reaction was several orders
of magnitude lower than those generated in the plasma
process. These results clearly demonstrated that the
coupling of the DBD reactor and the Ni-based catalyst
promoted the conversion of toluene into gas products (e.g.
H2 and C2H2), rather than generating the complex liquid
compounds.
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Fig. 3. GC-MS chromatogram of condensed by-products
collected in the plasma steam reforming of toluene (a)
without a catalyst, and (b) with the 5 wt. % Ni/γ-Al2O3
catalyst.
4. Conclusions
In this study, plasma-catalytic steam reforming of
toluene as a biomass tar model compound was carried out
in a coaxial dielectric barrier discharge reactor. Compared
to the plasma process without catalyst, the coupling of
plasma with the Ni catalyst enhanced the conversion of
toluene and H2 yield, whilst significantly suppressed the
formation of undesirable by-products. Increasing the Ni
content up to 20 wt. % considerably enhanced the
performance of the hybrid process. The overall
enhancement resulting from the integration of DBD and
Ni-based catalyst for toluene reforming at low
temperature can be attributed to both the physical effect
induced by the presence of catalyst in the discharge
region and the catalytic activity as well as the surface
reaction driven by the discharge.
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Important parameters affecting the CO2 conversion and energy efficiency in a
flowing dielectric barrier discharge
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Abstract: Different routes to increase the CO2 conversion using a dielectric barrier
discharge operating at atmospheric pressure are discussed in this study. It is observed that
the conversion depends on some simple plasma parameters. We propose a global
interpretation for the effect of all the experimental parameters by means of an in-depth
electrical characterization, an infrared analysis of the reactor walls, an optical emission
spectroscopy for the gas temperature and a mass spectrometry for the CO2 conversion.
Keywords: CO2 plasma, dielectric barrier discharge, atmospheric plasma, CO2 conversion,
oscilloscope, electrical characterization, different routes

1. Introduction
Carbon dioxide is considered as one as the most
problematic gases for the environment, mostly because it
is responsible for the global warming due to the massive
emission released by the human activities in our
atmosphere [1]. Several ways to reduce this CO2 emission
(such as based on the development of renewable energies)
and to store it in the deep underground are already wellknown routes. On the other hand, an increasing interest
also goes to the cradle-to-cradle approach, where CO2 is
not considered as an end-product waste anymore for
chemical reactions, but as a reactant for new ones leading
to the formation of value added products. In that
framework, a plasma is a promising method to convert
carbon dioxide [2, 3]. Indeed, as CO2 is a very stable
molecule, plasma such as dielectric barrier discharge can
help to overcome the CO2 inertness via the production of
highly energetic electrons.
In this experimental work, we extensively studied
some individual effects on the conversion of CO2 and we
discussed and explained them mainly via electrical
characterization to draw a general route aiming at
increasing the conversion and energy efficiency of the
CO2 splitting in a DBD.
2. Experimental setup
A tubular DBD reactor is used for the CO2 treatment
flowing through the reactor sketch in Fig. 1. The gas is
flowing in a gap of 2 mm and over a length of 100 mm,
between the inner electrode and the dielectric tube (a few
mm thick). The copper inner electrode has a diameter of
22 mm and it is linked to the high AC voltage whereas the
external stainless steel mesh electrode (rolled around the
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dielectric tube) is grounded. An AFS generator G10S-V
provides the power for the plasma ignition. This generator
is coupled to a transformer which delivers the high AC
voltage with the ability to tune the frequency in the 10-30
kHz range.

Fig. 1. Schematic diagrams of the DBD reactor and the
experimental setup. A typical AC voltage-current
waveform is also shown at the bottom right of this figure
(figure taken from [4]).
A mass spectrometer (Hiden Analytical QGA),
analysing the outlet gas, allows to determine the CO2
conversion and the energy efficiency of its splitting.
Optical emission spectroscopy (Andor Shamrock 500i) is
also used to have access to the gas temperature.
Furthermore, the temperature of the reactor wall is also
recorded over the plasma process time via infrared
imaging. Finally, electrical characterizations have been
performed using an oscilloscope Tektronix DPO 3032 to
measure the power absorbed by the plasma (Pabs) and also
some other important electrical parameters, such as the
plasma voltage (Vpl), the dielectric voltage (Vdiel), the
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number of microdischarges (Nmd), their lifetime (Lmd) and
the plasma current (ipl) [5].



3. Results & discussion

A thicker dielectric clearly leads to a higher
conversion and energy efficiency whatever the power, as
shown in Fig. 2 [7]. It is observed that the applied voltage
can significantly increase upon increasing dielectric
barrier thickness whereas the plasma voltage remains
unchanged in a range of dielectric thickness of 2.0-2.8
mm. As Vpl,eff remains constant, the electric field in the
gap will also remain unchanged. Increasing the barrier
from 2.0 to 2.8 mm leads to a significant increase of Nmd
(also visible with naked eyes on the pictures of Fig. 3).
This increase in Nmd appears to be of great importance for
the CO2 conversion. Indeed, the probability for a single
CO2 molecule to pass through the discharge and interact
with at least one microdischarge therefore increases for
the thicker barriers and considering that the reactor
volume is the same, it therefore results in higher CO2
conversions.



Low flow rates lead to high conversions and low
energy efficiencies

Low flow rates of CO2 lead to high CO2 conversion.
Indeed, reducing the flow rates tends to increase the
residence time. The probability of interaction between the
flowing CO2 throughout the reactor and the electrons
becomes thus higher, leading to higher conversions.
Moreover, decreasing the flow rate leads to an increase of
the plasma voltage (Vpl,eff). A higher plasma voltage
means that the electrons responsible for CO2 dissociation
are more accelerated since the electric field is stronger.
However, the corresponding energy efficiency is low at
low flow rate. A good compromise has to be found
between good conversions and good energy efficiencies.


Low frequencies lead to high conversions and energy
efficiencies

An increase in CO2 conversion and energy efficiency
is visible with decreasing frequency over a range from 15
to 30 kHz [5]. Via the electrical characterization, it has
been shown that the number of microdischarges, for a
given residence time, as well as their average lifetime do
not change whatever the frequency. Only the plasma
voltage seems to change significantly in that range.
Indeed, the plasma voltage decreases with increasing
frequency. Therefore, the drop in CO2 conversion can be
attributed to a decrease of the electric field inside the
plasma discharge. Because of that, the average energy of
the electrons is lowered and therefore, less electrons are
able to participate in the CO2 dissociation process. The
reason for the drop in voltage is already seen in literature
[6]. Valdivia-Barrientos et al. showed that a DBD
presents a higher memory voltage formation by charge
accumulation on the dielectric surface when operating at
higher frequency. The resulting breakdown voltage is thus
lowered upon increasing operating frequency (valid in the
range of kHz).


Thicker dielectrics lead to higher conversions and
energy efficiencies

High plasma powers lead to high conversions but the
energy efficiencies are slightly lowered

The conversion of CO2 tends to be logically higher
upon increasing power [5]. Indeed, the plasma system
receives more and more energy, leading to a higher
electron density, and thus to higher CO2 conversion. On
the other hand, the energy efficiency tends to slightly
decrease upon increasing plasma power as this parameter
depends inversely on the specific energy input.
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Fig. 2. (a) CO2 conversion and (b) energy efficiency as a
function of the absorbed (plasma) power for three
different dielectric thicknesses of pyrex (2.0, 2.4 and 2.8
mm); f = 28.6 kHz; (CO2) = 200 mLn.min-1 [7].

Fig. 3. Pictures of the microdischarges observed through
the pyrex and the outer mesh electrode. The barrier
thickness is (top) 2.0 mm, (bottom) 2.8 mm. The number
of microdischarges counted per one period, with the
electrical characterization method, is equal to 465 for the
2.0 mm barrier, and 506 for the 2.8 mm barrier thickness
[7].
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IR 2D temperature profiles of the DBD reactor
Increasing the thermal
Increasing the barrier
conductivity of the
thickness
material (quartz, pyrex,
(2.0, 2.4, 2.8 mm)
mullite, alumina)

A complex influence exists between the nature of the
dielectric and the conversion

There is no simple trend between the nature of the
dielectric material and the conversion. By changing the
nature of the dielectric material, many physical
parameters (such as the electrical permittivity, the thermal
conductivity, the capacitance, and the surface roughness)
are of great importance [7]. The experiments were
performed with 4 different dielectric materials (2 mm
thick): alumina, mullite, pyrex and quartz dielectric
barriers. Somewhat higher conversion and energy
efficiencies are obtained for alumina and quartz.
Via electrical investigation of the plasma, it was found
that the quartz allows delivering the highest voltage in the
plasma. This leads to higher energy electrons, and
therefore to a higher conversion. On the other hand,
alumina leads to the highest plasma current and number
of microdischarges. Again, the latter favors the
probability of reaction between high energy electrons and
the CO2 molecules, favouring the conversion. The fact
that alumina has an important roughness could favor the
formation of microdischarges.
Low wall and gas temperatures should be kept for
higher conversions

A heated gas logically induces a thermal expansion,
which could lead to a decrease of the residence time in the
reactor. The material and the thickness of the wall of the
reactor should be carefully selected in order to avoid
excessive heating of the gas. In other words, a material
which has a high thermal conductivity could be better for
having access to high conversions. For instance, alumina
has a very high thermal conductivity compared to the
other materials and that leads to good performance in CO 2
conversions. Another option is to switch off regularly the
power at high frequency (burst mode next point). That
partially contributes to cool down the system.
As shown in Fig. 4, the heat dissipation is much higher in
thicker dielectric materials and in materials having a high
thermal conductivity (alumina). On the other hand, the
heat appears more confined in the discharge region in the
case of thinner dielectrics and materials having low
thermal conductivities (quartz, pyrex and mullite).
The different surface temperature might also yield a
different gas temperature, and this may also affect the
CO2 conversion.
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(a)

(b)

Fig. 4. 2D temperature profiles (IR imaging) of the DBD
reactors for (a) 2.0, 2.4 and 2.8 thick pyrex (top to
bottom) and (b) from top to bottom 2.00 mm thick quartz,
pyrex, mullite, alumina, for Pabs = 75 W, process time = 4
min. The black graded line indicates the length of the
outer electrode, i.e. the discharge region [7].


Higher conversions and energy efficiencies are
obtained when pulsing the power

It is also possible to inject the power by switching ONOFF the high voltage at high frequency (in a time scale of
milli-seconds). The advantage is that one can inject a
given same power in condensed time compared to the
continuous AC mode [8]. This pulsed mode is called burst
mode and the CO2 conversion and the energy efficiency
considerably increase from a continuous AC plasma to a
burst plasma. Via electrical characterization, the plasma
voltage appears to be stronger in the case of the burst
regime. The latter could thus induce a higher electric field
and therefore a higher electron temperature which
increases the CO2 conversion.
Moreover, the microdischarges are more spread out in
the discharge zone in the case of a burst regime. The
repartition of the microdischarges is enhanced in a
microsecond timescale, which is much smaller than the
timescale of the CO2 travelling in the discharge zone
(time scale of seconds). It is known that there is a memory
effect in a continuous AC discharge [9, 10]. By using the
burst mode, this memory effect could be removed, leading
to a better repartition of the microdischarges throughout
the discharge zone. Indeed, the filaments tend to light up
at the same location in the pure AC regime which is not
particularly the case in the burst regime.
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Conclusions
A dielectric barrier discharge operating at atmospheric
pressure can represent an interesting approach for CO2
splitting, which always requires some energy. In order to
maximize the conversion and the energy efficiency,
different routes exist and are discussed in this work. A
high density of electrons and high energy of electrons are
needed in order to obtain good conversions. Furthermore,
another important approach is to increase the filamentary
behavior of the discharge. That leads to a better
probability of interaction between the CO2 molecules
traveling the reactor and the electrons. One should also
avoid heating of the wall reactor or of the gas or any
energy losses. These effects can be controlled very
straightforwardly via different easily tunable parameters,
such as the frequency, the pulsation of the plasma (burst
mode), the dielectric thickness etc.
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Simultaneous removal of acetaldehyde and nitric oxide by cold plasma containing
catalytic electrode (SMF and AgOX/SMF)
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Abstract: The simultaneous removal of Nitric oxide (NO) and Acetaldehyde (C2H4O) is carried
out at room temperature using atmospheric pressure SMF and AgOx/SMF catalytic electrode
DBD reactor. The obtained results show that 5% Ag loading on SMF, have declined the O 3
production by 50% with 26.5 mJ input energy, however, about 10% more NO conversion is
observed as compared to simple SMF. The synergism is observed when NO and C2H4O are
mixed under similar operating conditions, i.e. about 40% more NO conversion is reached. It is
evidenced that there is a competition between C2H4O and NO towards the reactive species,
produced by plasma discharge, and NO predominantly react with the reactive species on
AgOX/SMF surface.
Keywords: NTP, SMF, DBD, NO, C2H4O
1. Introduction
Nitrogen oxides, NOX (NO and NO2) are the major
pollutants in the atmosphere, which lead to acid rain,
photochemical smog. Automobiles and other mobile sources
contribute about 50% of the NOX that is emitted to the
atmosphere [1]. In that, major portion is contributed by NO.
When NO is released into the atmosphere in less than an
hour it is oxidised to NO2. The NO2, under the UV light,
produces NO and atomic oxygen. The latter one further
reacts with the oxygen (O2) and significantly increases the
atmospheric ozone (O3) concentration. Consequently,
several methods have been developed to treat the effluents of
mobile sources and power plants. Among them Selective
Catalytic Reduction (SCR) and Selective Non-Catalytic
Reduction (SNCR) are currently in application to convert
NOx into nitrogen (N2) molecules [2].

HCHO are respectively produced, which is about 29% total
carbon balance. Even though, the role of C2H4O on NO
conversion to NO2 is not experimentally studied at room
temperature and under plasma discharge.
In this study, NO and C2H4O removal have been studied
using sintered metal fiber-(SMF) as a catalytic electrode in a
glass cylindrical dielectric barrier discharge (DBD) reactor.
The effect of AgOX loading on NO conversion and NO 2
selectivity have also been investigated. The influence of
C2H4O on NO conversion and vice-versa has been
investigated as a function of plasma input power. A special
attention has been paid to account the total carbon balance
and to identify the organic products.
2. Experimental
Fig. 1(a), reports the photograph of a cylindrical SMF
and/or AgOX/SMF sub-microsecond DBD reactor. The total
length of the reactor is 120 mm, the discharge gap is 10 mm
and the discharge volume is 34 mL. The SMF-DBD reactor
was powered using homemade high voltage pulsed power
supply (kV/ns). The applied pulsed voltage was varied
between 5 and 16 kV, whilst the frequency was kept
constant as 350 Hz. As can be seen in Fig. 1(b), the
discharge was homogeneous around the SMF catalytic
electrode. It was observed that the Ag loading on SMF
electrode does not change neither plasma input energy nor
discharge characteristics.

The atmospheric pressure non-thermal electrical
discharge and catalyst coupling is a potential method for
NOx removal and it has been extensively studied [3, 4].
Several reactors like pulsed corona discharge, dielectric
barrier discharge (DBD), surface discharge and ferroelectric pellet packed-bed discharge have been studied for
NOx and hydrocarbons (HCs) removal. Among them,
pulsed DBD and corona discharges have proved
competitive technology for NOx removal [2, 5-6] owing to
the very fast voltage rise time and high active species
density in the discharge volume. Dorai and Kushner [7]
reported that the added propene (C3H6) significantly
increased the NO conversion. However, depending on the
C3H6 inlet concentration, acetaldehyde (C2H4O) and
formaldehyde (HCHO) are produced. For instance, with 600
ppm of C3H6 about 80 ppm and 100 ppm of C2H4O and

1
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Fig. 3 reports the results of experiments performed by
plasma processing of separate NO-O2-N2 and C2H4O-O2-N2
mixtures as a function of plasma input pulse energy for
reactor with SMF and AgOX/SMF electrodes. In the case of
NO (500 ppm)-O2 (10%) mixture, the NO conversion rate
present an optimum conversion ( 36%) at an input pulse
energy of about 27 mJ. The increasing of the input energy
to about 36 mJ/pulse decreases the NO conversion to about
26%. Whereas, acetaldehyde conversion gradually increases
with increasing the input pulse energy and about 85%
conversion was reached. The loading of 5% Ag on SMF
have significantly increased the NO and C2H4O individual
conversion rates. This enhanced conversion can be
attributed to the interaction of the plasma active species and
the AgOx/SMF surface at room temperature. It is
noteworthy to mention that in the absence of plasma,
neither SMF and nor AgOX/SMF electrodes have shown
any catalytic activity for NO and C2H4O conversion at room
temperature.

Fig. 1. (a) Photograph of the AgOX/SMF DBD reactor, (b)
image of the discharge at 26.5 mJ.
The applied voltage and current were measured using a
high voltage probe (Tektronix P6015A, 1000x) and a
current probe (Pearson 4100), respectively. The output
signals were transmitted to a digitizing oscilloscope
(Tektronix DPO3054). The measured pulse energy was
varied between 4 and 36 mJ.
For all the experiment, the total gas flow rate was fixed as
1 L min-1, unless otherwise mentioned. The calibrated gas
cylinders (1% NO-N2, 1% C2H4O-N2) are supplied by Air
liquid company. The inlet concentrations of NO, C2H4O and
O2 are fixed as 500 ppm, 500 ppm and 10%, respectively.
The NO and C2H4O conversions are studied at room
temperature. The concentration of NO, NO2, N2O, C2H4O,
CO, and CO2 are followed by gas phase Fourier Transform
Infrared Spectroscopy (FTIR) equipped with liquid N2
cooled MCT detector (Nicolet 6700, Thermo Scientific).
The N2 and O2 concentrations were followed using gas
chromatography (MyGC, SRA). The sampling was
performed each 3 min. In addition, a multi-gas analyzers
(X-Stream, Emerson), equipped with TCD, IR, and UV
detectors, were used to follow the real time evolution of
NOX, N2O and CO concentrations.

Fig. 3. NO and C2H4O conversion rate as a function of
plasma pulse energy. NO (500 ppm)-O2 (10%)-N2 and
C2H4O (500 ppm)-O2 (10%)-N2 are studied separately.
The plasma processing of NO (500 ppm)-C2H4O (500
ppm)-O2 (10%)-N2 mixture using the two catalytic
electrodes (SMF and AgOX/SMF), in the same conditions as
shown in Fig.3, are also performed. Fig. 4 shows the
conversion rate of NO and C2H4O as a function of plasma
input pulse energy. When NO and C2H4O mixture was
plasma processed no significant difference is observed
between SMF and AgOx/SMF electrodes. The addition of
C2H4O into the NO-O2 mixture has significantly enhanced
the NO conversion. With an AgOX/SMF electrode, in the
absence of C2H4O, only 36% of NO conversion is reached
at 27 mJ/pulse, whereas, about 66% of NO conversion is
obtained when 500 ppm of C2H4O is added to the mixture.
This finding evidences the fact that the added C2H4O have
modified the chemistry of the NO oxidation under plasma
discharge.

The Fig. 2 shows the SEM images of SMF and 5% silver
loaded SMF. It is evidenced that, after the calcination of
AgOX/SMF at 450 C, the silver oxide particles are
uniformly dispersed on the SMF surface.

Fig.2. SEM images of the (a) SMF, (b) 5% AgO X/SMF
3. Results and discussion

2
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Surprisingly, the added NO has shown a negative effect
on C2H4O conversion. During individual treatment about
85% of C2H4O removal is reached (Fig. 3), whereas, in
C2H4O-NO-O2 mixture only 76% conversion is obtained as
reported in Fig. 4. Therefore, it can be suggested that the
competition has been established between NO and C2H4O
towards O radicals and other active species produced on the
SMF catalytic electrode. It can be suggested that more
likely, NO reacts faster than C2H4O with O radicals and
NO2 is produced.

poster

NO and hydrocarbons is interesting not only for NOx
chemistry, but also for low temperature oxidation of
hydrocarbons.
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Fig. 4. NO and C2H4O conversion rate as a function of
plasma pulse energy. Inlet mixture NO (500 ppm)-C2H4O
(500 ppm)-O2 (10%)-N2.
4. Conclusion
Acetaldehyde (C2H4O) added to a NO/O2 mixture has
significantly enhanced the gas-phase oxidation of NO to
NO2 in plasma discharge. Surprisingly, the added NO, to the
mixture of C2H4O/O2, have declined the C2H4O conversion.
The NO and C2H4O oxidation reactions leads to the
formation of NO2, CO, and CO2. The interaction between
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Towards the utilization of plasma deposited nanostructured TiO2 films as
photoanodes in DSSCs
J. Dervaux(1), P.A. Cormier(1), F. Odobel(2), and R. Snyders (1,3)
1

Chimie des Interactions Plasma-Surface (ChIPS), Université de Mons, Belgique
2
CEISAM, Université de Nantes, France
3
Materia Nova Research Center, Mons, Belgium

Abstract: In dye sensitized solar cells (DSSCs), one of the problem limiting the efficiency
of the device is related to the charges transport in the photoanode. In this work, we have
utilized reactive magnetron sputtering in glancing angle configuration to synthesize
nanostructured TiO2 coatings (NTC) that could overcome this problem. The deposited
coatings have been characterized in term of chemistry, surface area and crystalline
constitution. Based on this set of data, an optimized coating has been developed and
integrated in conventional and solid DSSCs to validate our materials. Our data reveal that we
are able to grow NTC presenting surface area even higher than the conventional photoanode
and for which we can finely control the phase constitution. It is even possible to generate
monocrystalline columnar films. By integrating these coatings into DSSCs, it is shown that
a synergy between the monocrystalline columnar films and a TiO2 nanoparticles solution
allow to reach efficiencies up to of 6% for non-optimized systems which is a very promising
result.
Keywords: Nanostructured TiO2 coatings, reactive magnetron sputtering, GLAD, DSSCs
1. Introduction
Since the discovery of Gratzel in the early nineties [1],
the dye sensitized solar cells (DSSCs) are considered as a
potential low cost alternative to the conventional Si-based
solar devices. Nevertheless, the performances of these
devices in term of efficiency and stability have still to be
improved.
Compared to traditional silicon-based solar cells, the
DSSCs differ as a function of light absorption and charge
carrier transport which are carried out by different
materials. In DSSCs, the light is absorbed by dye
molecules inducing an electron injection into a TiO2
nanoparticles-based photoanode which allows the
conduction of the electron to the electrode and finally to
the electrical circuit. Considering this architecture, one of
the main problem limiting the efficiency of the DSSCs is
related to the structural disorder at the nanoparticles
boundaries which enhances the charge recombination
reducing the overall solar-to-electrical energy conversion
efficiency. It is therefore important to develop alternative
photoanode that could improve the charge transport in
DSSCs.
In this work, our objective is to develop nanostructured
TiO2 films that will replace the conventional nanoparticlebased photoanode in DSSCs. Such a photoanode would
likely present less disorder (grain boundaries,…), a
tuneable crystalline constitution and a hopefully
sufficiently high surface area.
In recent papers [2-3], we have experimentally and
theoretically studied the growth of Ti coatings by using
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magnetron sputtering in a glancing angle configuration
(MS-GLAD).
Since the combination of these technologies is not usual
(i.e. usually GLAD is utilized with an evaporation source
[4]), they were still many pending questions related to the
growth mechanism of the structured films by this approach.
This work allowed us to get more understanding on these
mechanisms and to clearly demonstrate the important role
of the sputtering pressure and of the growth temperature on
the features of the nanostructured coatings (surface area,
…). These information were utilized to inititate the present
work related to the growth of nanostructured TiO2 coatings
(NTC).
The utilization of MS-GLAD deposited TiO2 films as
photoanode has rarely been reported until know. In this
work, we have first developed a procedure allowing for the
growth of crystalline and nanoporous TiO2 coatings. This
has been possible through a systematic study of the impact
of the deposition parameters (sputtering pressure,
deposition temperature, tilt angle, bias voltage, …) on the
coatings features: surface area, crystalline constitution,
chemistry, morphology,… This part of the work has
allowed to develop optimized nanoporous TiO2 coatings
for an utilization in DSSCs.
In a second step, these coatings have been integrated in
conventional DSSCs in order to validate our material.
From this study, we have learnt about the limitations of our
approach and we have developed a hybrid strategy
consisting on combining both NTC and TiO2 nanoparticles
as photoanode. Very encouraging result have been
obtained from this original approach.
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After this necessary validation, these coatings have been
utilized to design dried DSSCs. This new generation of
DSSCs is likely the most promising version of this
technology since it avoids the utilization of chemical
solutions. Indeed, it is accepted that the most important
limitation of the DSSCs technology nowadays is not
related to the performances of the cell but more likely to
the poor stability of the device due to the utilization of
corrosive chemical solution, particularly the one of I3-/Iwhich act as the electrolyte.
Altogether, we believe that this work paves the way for
the design of a new generation of DSSCs that will be a step
towards the large scale development of this promising
alternative to the conventional expensive Si-based solar
cells.
2.Experimental Part
All experiments were carried out in a cylindrical
stainless steel chamber (height: 60 cm, diameter: 42 cm)
evacuated by a turbo-molecular pump (Edwards
nEXT400D 160W), backed by a dry primary pump, down
to a residual pressure of 6 × 10-4 Pa. The magnetron
cathode with an unbalanced configuration of magnetic
field was installed at the top of the chamber. Silicon wafer
substrates (2 × 2 cm) were installed at a distance of 80 mm.
A 2-inch in diameter and 0.25-inch thick Ti target (99.99
% purity) was used. The target was sputtered in DC mode
in Argon atmosphere (12 sccm). Using the GLAD system,
the substrate can be tilted with an angle α and rotated by an
angle (φ) either step by step or with a continuous angular
speed (φs), see Fig. 1. The α angle was fixed to 85° for all
depositions and the φ angle was varied in order to obtain
different tortuous columnar morphologies. Zigzag
structures were obtained by discrete rotations (φ = + 180°
or - 180°) while vertical pillars and helicoidal structures
were generated by continuous rotation (φs = 0.1, 1.0 and
10.0°/s).

poster

The conventional DSSCs were designed similarly to the
one of Gratzel except that the photoanode has been
replaced by our porous TiO2 films. The utilized liquid
electrolyte was a I3-/I- solution. On the other hand, for the
solid DSSCs, P3HT was used as electrolyte. For both types
of DSSCs, we have evaluated the effect of the morphology
and the thickness of the film on the solar cell performances
by measuring the I-V curves in the dark and under
illumination.
3.Results and discussions
The systematic study of deposition process has allowed
to generate many types of TiO2 structures such as the one
shown in Figure 2.

Fig. 2 – Structured nanoporous and crystalline TiO2
films generated by MS-GLAD
For all generated structure, a anatase constitution is
observed. The latter is therefore not dependent on the
morphology of the film.

Fig. 3 – Electron diffraction on an individual column

Fig. 1 – Experimental set-up
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Nevertheless, it is also observed by electron diffraction
that the as deposited columns are not homogeneously
crystallized. It was therefore necessary to perform a post
annealing (2h in air) to completely crystallize the film in
the form of individual monocristal as revealed by the
electrons diffraction data (Fig. 3).
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Another important parameter to evaluate was the surface
area accessible for the dye molecules to be grafted. This
has been studied by several approaches from kMC
modelling to BET analysis. Nevertheless, the most useful
data have been obtained through the evaluation of the
amount of dye desorbed from the films. These data have
confirmed the high surface area of our coatings which can
reach values up to 80 m2/g which is competitive with
conventional TiO2 nanoparticles powders. It has been
calculated that this value corresponds to the grafting of a
dye molecule every 2 nm2.
These coatings have then been integrated in conventional
DSSCs in order to measure their performances. For all
these experiments, the measurements were benchmarked
using a DSSCs built with a conventional TiO2
nanoparticles-based photoanode. First of all, it has been
demonstrated that using the NTC, a photocurrent in
generated meaning that the concept is validated.
Unfortunately, the efficiency of these DSSCs is relatively
low with maximum value around 2.6% vs ~10.5% for the
best conventional DSSCs designed in this work.
Nevertheless, it has to be mentioned that the thickness of
the photoanode is twice higher for the latter DSSCs which
allow for a higher light absorption.
By analysing more carefully the I-V curves data, it
appears that the origin of the lower efficiency was related
to a too low short-circuit current density (J SC) correlated to
a low dye absorption. Indeed, both the fill factor and the
open-circuit voltage were very good. By correlating this
information with TEM microscopy data, it appears that
even if the surface area of the NTC is comparable to the
one generated by the nanopowder, a given part of the
surface is not accessible by the dye. In order to improve our
concept, we have therefore integrated TiO2 nanoparticles
in the intercolomnar voids with the aim to improve the
adsorption of the dye. The obtained results were very good
since the efficiency of such a DSSCs was 5.6% for a
photoanode thickness of 3,5 µm (vs 9.5 µm for the
conventional DSSCs).

Fig. 4 – Synergistic effect generated by the combination
of NTC and of TiO2 nanoparticles

photoanode was more efficient, the JSC value quickly
reaches a plateau. This is not the case for our “hybrid”
system combining NTS and nanoparticles. This is
explained by a synergistic effect between the
monocrystalline column which act as extremely good
conductive media for the electron while the additional
nanoparticles in the intercolomnar voids help to graft more
dye and therefore to increase the amount of generated
photoelectrons. On the contrary, in the case of a
photoanode purely based on nanoparticles, the adsorption
of the dye is of very good quality but the generated
electrons are lost due to the already mentioned defective
structure of the anode. This synergistic effect if depicted in
Figure 4.
Finally, similar photoanode have been employed for the
first time to design dried DSSCs and again we were able to
measure a cell efficiency of 0.2% (vs 0.6% for the dried
DSSCs using the conventional photoanode). In this case,
the analysis of the I-V curves clearly demonstrates that the
interfaces between the solid electrolyte and the TiO2
columns on the one hand and between the columnar films
and the Ag counter electrode on the other hand have to be
improved. Nevertheless, these first data are very
encouraging for a future development of solid DSSCs
including NTC as photoanode.
4.Conclusion
The whole set of our results unambiguously
demonstrates that it is possible by using reactive magnetron
sputtering in glancing angle configuration, to grow
crystallized TiO2 films with a surface area at least
comparable to the one reached by TiO2 nanopowders. It is
also demonstrated that a wise choice of the experimental
parameters allow the growth of a porous films made of
isolated monocrystalline columns. These films can be
efficiently used as photoanode in both conventional and
dried DSSCs. The relatively low JSC values measured for
these DSSCs can be overcome by combining these porous
films with TiO2 nanoparticles in a structure for which the
TiO2 columns act as highway to transport the
photoelectrons generated by the dye grafted on the
nanoparticles.
Altogether, we believe that the obtained results pave the
way for the integration of NTC in DSSCs.
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By further analysing the data, we have observed that if
the adsorption of the dye on the nanoparticles-based
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CH4-CO2 reforming in surface-discharge. Comparative study of homogeneous
and heterogeneous catalysts in distribution of liquid products.
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Abstract: Reforming of methane and carbon dioxide was carried out in DBD-surface
discharge reactor. Results show that the influence of steam on conversion rates CH4 and
CO2 is higher than that of heterogeneous catalysts versus the applied power. More than 11
oxygenated hydrocarbons liquid at ambient temperature were obtained. The relative
concentration of the synthesized chemicals depends on the concentration of steam and on
the composition of catalysts.
Keywords: CH4-CO2, biogas, reforming,
hydrocarbons
1. Introduction
Transformation of methane and carbon dioxide
(CH4+CO2) mixtures into valuable chemicals is an
important operation that contributes in reduction of
greenhouse gas emissions and provides a source of
feedstock for chemical and energetic industry. Methane
is abundant in natural gas reservoirs and it is the principal
component of biogas produced with carbon dioxide
during the fermentation of organic wastes. On the other
hand, carbon dioxide is produced during the combustion
of fossil hydrocarbons in energy plants and for
transportation contributing together with methane
emissions to the global warming and climate changes.
Biogas will be playing a major role in the management
of organic wastes and may provide a significant share in
energetic independency of European Union states. The
theoretical potential of the primary energy production
from biogas in 2020 is estimated to be 166 million tonne
oil equivalent [1,2]. European Community’s directives
recommends 20% reduction of greenhouse gas emissions
by 2020, and to achieve at least a 10 % share of
renewable energy in the total gasoline and diesel
consumption in transport by 2020 [3].
Currently, biogas is used in cogeneration engines to
produce heat and electricity directly in farms. A second
major use of biogas after purification to 95% consists of
its injection in gas networks. The later requires high
investments that will be cost-effective only for biogas
production exceeding 300 kW. The aim of this work is to
propose a third option that consists in the valorization of
biogas by transformation into high added- value liquid
hydrocarbons including acetone, methanol, ethanol, and
acetic acid. These chemicals are among the most
important feed materials for chemical industries and
retain CO2 molecules contributing to the reduction of
greenhouse gas emissions. The second advantage is the
high storage energy capacitance of these chemicals
leading to substantial savings in imported hydrocarbons
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steam, catalysts, surface discharge, liquid
[4] since the energetic density per volume of liquids
hydrocarbons is much higher than that of gases.
There are currently several technics used for
transformation of (CH4+CO2) among which plasmas have
been investigated for many decades [5,6]. Most of these
works intended to produce syngas (H2+CO) as the main
products. Eliasson et al. [7] investigated the production of
methanol from hydrogenation of CO2 by H2 and CH4 with
DBD and pulsed plasma under 8 bar pressure and 500 W
power. The measured methanol yield was around 0.06%
and does not depend on temperature. In a comparative
study they demonstrated that the presence of a
CuO/ZnO/Al2O3 catalyst in the discharge enhances the
methanol yield to around 1% depending on temperature.
Mizuno et al. [8] used a pulse generator for methanol
synthesis. Methanol with a concentration of up to 0.7%
could be obtained at 5 kHz pulse frequency and gas
residence time of 6.7 s, when a CH4/O2 (96:4) mixture
was used at room temperature. K. Kozlov et al. [9]
studied the formation of oxygenated and higher
hydrocarbons in a closed (batch) discharge system; the
liquid products were trapped at -79 °C and analyzed with
high sensitive GC-MS technique. In their experiments
Kozlov et al. obtained few oxygenated hydrocarbons
(methanol, acetone, ethylene oxide, etc.) with low
concentration below one ppm. G. Scarduelli et al. [10]
studied the structure of liquid molecules deposited in
DBD reactor during dry reforming of methane. This
liquid consisted of a wide distribution of highly methylbranched medium sized (15–25 carbon atoms)
hydrocarbon molecules and a small amount of oxygenated
hydrocarbon.
During this work we have investigated the influence of
steam and several solid catalysts on conversion of CH4
and CO2 carried out in DBD-surface discharge.
2. Experimental setup
The DBD surface reactor used is made of a glass plate
(quality Quartz) 3 mm in thickness, 60 mm in width and
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150 mm in length. Two electrodes of aluminum plate 3
mm in thickness are applied on both sides of the dielectric
layer. Each electrode is made of three branches each with
10 mm in width and 50 mm in length. Two glass plates
cover the top and bottom of this assembly and two
ceramic housing ensure the insulation on adjacent sides.
In addition, two PTFE plates equipped with stainless steel
Swagelok unions form the ends of this assembly.
Alternative voltage is applied on electrodes by a power
generator Calvatron that delivers up to 18 kV peak to
peak at 33 kHz frequency. High impedance voltage
probes linked to a LeCROY 350 MHz oscilloscope allows
measuring the applied voltage. Pearson 2100 current
probe is used to measure the current. The energy injected
in the discharge was calculated by both Lissajou method
and current-voltage measurements. Three mass
flowmeters Bronkhorst are used to prepare gas mixtures
of argon, carbon dioxide and methane. A flow of steam
provided by a controlled syringe through a heater is added
to the feed mixture. A condenser containing 5mL pure
water, working as an absorber, cooled at 4 °C permits to
condense 90% of organic compounds that are liquid at 4
°C. As the vapour pressure of most of chemicals remains
noticeable even at 4 °C, more than 10% of the liquid
remains in the gas phase and could not be accounted in
the mass balance. Two gas chromatographs were used to
perform the qualitative and quantitative analysis of the
exit stream.
DBD surface discharge can contain ceramic beads of 3
mm in diameter in the space adjacent to electrodes. The
ceramic beads were previously coated with catalysts. The
space between two branches was filled with 8 grams
catalyst beads as shown in Fig 1.
Cylindrical alumina (3 mm in diameter, 5 mm in
length), and spherical alumina beads, 2 mm in diameter,
provided by SASOL, coated with catalysts, were used
during these experiments. The coatings were performed in
three ways (i) impregnation: NiCo/Al2O3, (ii) fluidized
spray plasma: 60%Cu-40%ZnO/Al2O3, and (iii) polyol:
RuO2/Al2O3, Pt/Al2O3, ZrO2 pellets (commercial).
The presence of sufficient amounts of steam in the
discharge may lead to produce OH radicals by
dissociation of H2O. Thus OH radicals can develop extra
reaction paths. Experiments were carried out with steam
injected in the feed at a rate of 0.5 g/hr.
The feedstock gas was prepared by mixing argon,
carbon dioxide and methane at several flow rates varying
from 40 mL/min to 80 mL/min for each gas. The outlet
flow was passed through a condenser at 4 °C to condense
liquid products.
GC-MS was used to identify reaction’s products.
Chromatograph Varian 4900 µ-GC calibrated, with
calibration gas supplied by Air Liquid, was used as online
routine analysis of gaseous products. The liquid products
collected in the condenser were analysed in a Varian 3400
chromatograph previously calibrated.
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Figure 1. Experimental setup and sketch of the surface
discharge (SD) arrangement in planar configuration used
in this work. (1) Upper electrode, (2) lower electrode, (3)
dielectric plate, (4) discharge stripes, (5) feed flow
direction, (6) catalyst pellets.
3. Results
The applied power was monitored by varying the
voltage of AC generator. The influence of the power on
conversion rates of CH4 and CO2 was measured. The total
flow was fixed at 120 mL/min (CH4/CO2/Ar: 40/40/40
mL/min). The steam flow was adjusted at 0.5 g/hr.
Influence of the applied power
The evolution of the conversion rates of CH4 and CO2
as a function of applied power, are depicted on the figure
2. In presence of steam the conversion rate increases for
both CH4 from 25% to 45 % and for CO2 from 15% to
22% respectively, as the applied power increases from
31W to 90W. It is noticeable that CH4 conversion rate
increases faster than that of CO2. It is noteworthy to
highlight that the conversion rates follow the same values
and the same evolution for all of the tested catalysts. In
other words, the conversion rates depend strongly on the
inputted power and less on the heterogeneous catalysts
composition in our conditions.
Results obtained during our experiments don’t reveal a
noticeable influence of tested solid catalysts on the
conversion rates in the discharge. These results show
clearly that, in presence of steam, the conversion rates of
CH4 and CO2 are respectively 10% and 5% higher than
those obtained in presence of all solid catalysts tested here
suggesting that reaction path developed by steam are
more efficient than that developed in presence of
catalysts. Furthermore, the association of steam and NiCo catalyst gives an intermediate result suggesting that
this catalyst lowers the conversion rate of methane in
presence of steam possibly by quenching the reactive
radicals like OH produced by dissociation of H2O.
The influence of the applied power on the selectivity of
H2 and CO in the presence of catalysts not reported here
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shows that the selectivity of H2 and CO, respectively 36%
and 46% remain almost constant with applied power and
with all of the tested catalysts.
The main C2 hydrocarbons detected are ethane and
ethylene. The selectivity of ethane decreases from 15% to
9% and that of ethylene varies between 1.5 and 4%.
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and butanoic acid that witnesses the presence of more
oxidant medium possibly due to the formation of OH
radicals.
The influences of catalysts RuO2/Al2O3 and Pt/Al2O3,
without added steam, as a function of applied power are
presented in figure 4-5. In the case of RuO2/Al2O3,
methanol’s yield reaches 40% and decreases as the
applied power increases while in the case of Pt/Al2O3,
methanol’s yield reaches 46% regardless of the power
level. Traces of acetic acid appear in the products with
Pt/Al2O3.
steam, no catalyst
30
20
10
0

31 watt

40

55 watt

66 watt

70 watt

88 watt

no steam, no catalyst

30
20
10
0

Figure 2. Influence of catalysts on conversion rates of
CH4 (top) and CO2 (bottom) versus applied power. Total
flow 120 mL/min (CH4/CO2/Ar: 40/40/40). Steam 0.5
g/hr.
Liquid hydrocarbons
The liquids produced during the reforming reactions
were collected by condensing them at 4°C for an
experience running’s duration of 30 min. The condensed
liquids collected in our conditions constitute more than
10%wt of the total CH4 and CO2 transformed. Water
forms 90%wt of the total liquids. At least 11
hydrocarbons were detected in the liquid phase:
acetaldehyde,
acetone,
methanol,
tert-butanol,
isopropanol, ethanol, 1-propanol, 2-butanol, acetic acid,
propionic acid and butanoic acid. The hydrocarbon yield
is defined as the mass of a compound Hci over the total
mass of liquid hydrocarbons ΣHci. Results presented in
figure 3 are obtained in presence of steam (top) and
without added steam (bottom), as a function applied
power. Methanol is the major product (25%) followed by
acetaldehyde (14%), acetone (14%) and ethanol (12%). In
the absence of added steam, methanol yield decreases as
the applied power increases. In the presence of steam we
observe however the formation acetic acid, propanoic acid
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44 watt

69 watt

77 watt

91 watt

Figure 3. Influence of steam (top) on distribution of the
main liquid hydrocarbons compared to distribution of
chemicals obtained without steam (bottom) and solid
catalyst. Values reached as a function of applied power.
Ru
50
40
30
20
10
0

45 watt

64 watt

75 watt

75 watt

89 watt

Figure 4. Influence of RuO2/Al2O3 on distribution of
liquid hydrocarbons versus the applied power.
The influence of catalyst 60%Cu-40% ZnO/Al2O3,
without added steam, as a function of applied power is
presented in figure 6. Methanol’s yield reaches 45% and
decreases as the applied power increases. Traces of acetic,

1101

poster

Plasmas for environmental applications and resource recovery

propionic and butanoic acids appear showing that this
catalyst presents oxidant reactivity.
60

Pt

40

The role of ZrO2 pellets as catalyst and the influence of
steam on the activity of this catalyst are presented in
figure 8. Methanol, isopropanol and ethanol are the major
products. The distribution of products doesn’t seem
affected by the presence of steam.

20
0

36 watt

66 watt

79 watt

Figure 5. Influence of Pt/Al2O3 on distribution of liquid
hydrocarbons versus the applied power.
60%Cu-40%ZnO

60
40
20
0

39 watt

44 watt

58 watt

70 watt

82 watt

Figure 6. Liquid hydrocarbon yields as the function of the
applied power achieved with catalyst 60%Cu-40%
ZnO/Al2O3, without added steam.
40

The comparative results concerning the influence of
steam on chemical activity of Ni-Co presented in figure 7
confirm the enhancement of oxidation activity at the
presence of steam leading to increase the yield of acid
components.

Ni-Co with steam

20

4. Conclusion
Reforming of CH4 and CO2 in DBD surface discharge
at conversion rates around 45% and 25% respectively was
achieved. The effects of five different solid catalysts and
steam were tested. The conversion rates depend directly
on the applied power while the nature of the catalysts
modifies only the distribution of products. In contrast the
presence of steam enhances sensibly the conversion rates
by developing oxidative reactions.
This study
demonstrated that more than 11 liquid hydrocarbons are
formed at room temperature. The yield of methanol as the
major liquid hydrocarbons decreases with applied power
while it increases in presence of steam.
These results point out the fact that oxidative reactions
are amplified at high power inputs. The main reason
seems to be the high production of oxidant species by
dissociation of steam in the discharge. The presence of
solid beads in the discharge seems quenches the oxidant
radicals.
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Figure 7. Effect of steam on catalytic activity of NiCo/Al2O3 as a function of applied power.
40

ZrO2 with Steam

20
0

43 watt
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Figure 8. Role of ZrO2 on distribution of liquid
hydrocarbons at 43 W and 89W with presence of steam.
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Comparison of Aqueous Organics Degradation by
Plasma on Flowing Water Surface and O3/H2O2 Advanced Oxidation Process
G. Oinuma, T. Naito, Y. Kamiya, T. Yamauchi and Y. Inanaga
Advanced Technology R&D Center, Mitsubishi Electric Corporation, Hyogo, Japan
Abstract: A comparative study was conducted on aqueous organics degradation by nonthermal plasma on a flowing water surface and the advanced oxidation process based on O3
and H2O2 with sodium acetate as the target substance. When the doses of O3 and H2O2 to the
sample solution were set to the same for both treatments, the time variations of O3, H2O2 and
organic acid concentrations were very similar, indicating the aqueous phase chemical
reactions are the dominant process in the organics degradation in our plasma treatment.
Keywords: Hydroxyl radical, ozone, H2O2, advanced oxidation process, water treatment
1. Introduction
Water treatment by non-thermal atmospheric pressure
plasma has attracted profound attention [1-4]. The
discharge at the gas/liquid interface produces hydroxyl
radicals (OH) through the dissociation of the water
molecules, and the highly reactive OH degrades the
organic substances in the aqueous phase in direct or
indirect manners [5]. Unlike other oxidation species such
as ozone (O3), OH can react and mineralize organic
substances non-selectively due to its high oxidizing
potential. Therefore, the application of plasma technology
is highly desirable especially for the degradation of
persistent organic compounds for which conventional
water treatment techniques are not effective [6-8]. In order
to market this plasma technology, efforts are necessary to
improve the efficiency and refine the system. However, the
mechanism of organics degradation by the gas/liquid
interface discharge is not fully understood [9]. This is a
major obstacle for further improvements.
The advanced oxidation process (AOP) based on O3 and
hydrogen peroxide (H2O2), on the other hand, is one of the
well-established water treatment methods which utilize
OH [10]. Since O3 and H2O2 are also produced by the
gas/liquid interface discharge [11], it is of interest to
compare these processes to obtain a better understanding
of the underlying mechanism. In this contribution, a
comparison will be made between the water treatments
using non-thermal atmospheric pressure discharge on the
flowing water surface and the AOP based on O3 and H2O2.
2. Experimental setup and methods
Figure 1 is a schematic diagram of the experimental
setup. This equipment consists of a reactor including a
discharge unit and a tank which stores the sample solution.
Gas is supplied from a cylinder through the mass flow
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controller (MFC: Horiba Stec, SEC400) at a constant flow
rate. Inside the reactor a grounded electrode made of 700 x
600 mm stainless steel plate and 16 U-shaped high voltage
blade electrodes are fitted. The grounded electrode is
inclined by about 2 degrees against the horizontal and the
blade electrodes are kept at 10 mm above the grounded
electrode to form the discharge gaps. The sample solution
is pumped up by a PTFE magnetic pump (Sanso Electric,
PMD-1561B2P) to flow down along the surface of the
grounded electrode and returns to the tank. By applying
positive high voltage pulses, discharges are made between
the blade electrodes and the flowing water surface.
Propeller fans are mounted on the downstream side of the
reactor to stir the gas in the discharge gap. A gas phase O3
monitor (Ebara Jitsugyo, PG-620HA) and an oxygen
monitor (Toray Engineering, LC-300) are fitted to the
reactor and a dissolved O3 (DO3) monitor (Ebara Jitsugyo,
EL-500) is connected to the tank. These analyzers allow us
the continuous measurements of the gas phase and
dissolved O3 concentrations. The voltage and current
signals of the discharge are monitored by a high voltage
probe (Tektronix, P6015A) and a current transformer (C.T.:
Pearson, 6595), respectively. For the AOP experiment, an
ozone generator (Mitsubishi Electric, OS-1N) was placed
in the gas supply line and a H2O2 supply system was
connected to the tank.
Sodium acetate was selected as the target organic
compound in this study. The sample solution includes 80
mg/L of sodium acetate and 0.4 mM of phosphate buffer.
The pH was kept at around 7 throughout the treatments and
the electric conductivity was about 180 S/cm. Then 10 L
of solution was stored in the tank and recirculated at a
flowrate of 10 L/min. The thickness of the flowing water
film was about 1 mm. The plasma treatments were
conducted in the oxygen and argon ambient. In both cases,
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3. Results and discussions
Figure 2 shows an image of the discharge on the flowing
water surface in air. A uniform discharge is established at
each gap between the blade electrode and the water surface.
Figure 3 shows the time variations of the concentrations of
the organic acid species (acetate, formate and oxalate). The
oxygen discharge and the AOP treatments showed almost
identical tendencies. The acetate decreases linearly and
oxalate was found to be the major intermediate product in
the mineralizing process. On the other hand, no
degradation of the acetate was observed in the case of
argon discharge. Figure 4 shows the temporal evolutions of
the gas phase O3, dissolved O3, and H2O2 concentrations.
The gas phase O3 was kept constant at around 20 g/m3 for
the oxygen discharge but slightly decreased with time for
the AOP due to the insufficient capability of the ozone
generator. The behaviors of the dissolved O3, and H2O2 for
the oxygen discharge and AOP were very similar. On the
other hand, no O3 was detected but a much higher H2O2
was produced by the argon discharge.
The reaction rate constant of OH and O3 with acetate ion
is 8.5×107 M-1s-1 and <3×10-5 M-1s-1, respectively [12, 13],
so the degradation of the acetate indicates that OH plays a
role. The similarity between the oxygen discharge and
AOP implies that these two processes share the same

mechanism. The qualitative explanation of Figures 3 and 4
can be given as follows. By the water recirculation, gas
phase O3 is promptly transported into the water. The
dissolved O3 concentration reaches its peak after a few
minutes and starts decreasing due to the accumulation of
H2O2 which indirectly reacts with the dissolved O3. The
H2O2 is generated either through the recombination of two
OH radicals or as the byproduct of the acetate degradation
[14]. The H2O2 concentration reaches its peak at 40 – 60
min which corresponds to the period at which the acetate
concentration decreases at the highest rate. After 60 min,
the H2O2 concentration decreases while the dissolved O3
increases again. For the argon discharge, the H2O2
concentration increased almost linearly at a rate of about 5
times that of the oxygen discharge. This is considered due
to H2O2 being significantly consumed through the reaction
with O3 or its production rate may be strongly influenced
by the discharge ambient gas [15]. From the fact that no
decrease of acetate was observed by argon discharge, the
reaction of the gas phase OH with the acetate at the
gas/liquid interface is considered to exert minor influence.
The effect of physical processes such as shockwaves or
cavitation are also of little importance in our system.

c

the interior gas of the reactor was replaced prior to the
experiments and the treatments were performed at a
constant gas flowrate of 0.5 slm (standard liters per minute).
The gas composition was stable during the treatments
which was confirmed by the oxygen monitor. The full
width at half maximum (FWHM) of the pulsed voltage, the
repetition rate, and the discharge power were about 80 ns,
300 pps (pulses per second), and 50 W, respectively. In the
AOP experiment, O3 and H2O2 were supplied from the
outside instead of generating the plasma. The flowrate of
the ozonated oxygen gas was 0.5 slm and the O3
concentration from the ozone generator was adjusted so
that the concentration in the reactor became approximately
the same as the treatment by the oxygen discharge. A 300
mg/L H2O2 standard solution was supplied to the tank at a
constant flow rate with the help of a tubing pump (As One,
SMP-23AS). The supply rate of H2O2 was set to be
approximately the same as the rate of the H2O2 produced
by the oxygen discharge, which was determined by a
separate experiment. For the oxygen discharge and AOP
treatments, the reactor was filled with 20 g/m3 of ozone
prior to the treatments. The total treatment time was 120
min and samples were collected every 20 min for analyses.
Organic acid and H2O2 concentrations were quantified by
ion chromatography (Dionex, DX-500) and a H2O2 meter
(Central Kagaku, Oritector M-5), respectively.

Fig. 1. Experimental setup.

Fig. 2. Discharge on flowing water surface in air.
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4. Conclusion
In this study, we compared two types of water treatment
to degrade an organic substance, i.e., atmospheric pressure
plasma on a flowing water surface and the O3/H2O2
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advanced oxidation process. In both cases, the amount of
O3 and H2O2 supplied to the system was set to be
approximately the same. In our particular systems using
sodium acetate as the target compound, the behaviors of
the organic acid, dissolved O3 and H2O2 concentrations
treated by oxygen discharge and AOP were very similar,
while no degradation of the acetate was observed in the
case of an argon discharge. These results indicate that the
degradation of organic substances occurs as the result of
aqueous phase chemical reactions initiated by O3 and H2O2,
and other processes such as the direct reaction of the gas
phase OH at the gas/liquid interface or a shockwave make
little contribution. Our future work will be on the
development of a kinetic model which describes further
details of the system.
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Characterization of Rotating Gliding Arc in Argon at Atmospheric Pressure
M. McNall, and S. Coulombe
Plasma Processing Laboratory, Department of Chemical Engineering, McGill University, Montréal, Québec, Canada
Abstract: This contribution presents a preliminary experimental investigation of the physical
and electrical behaviour of an open-to-air argon rotating gliding arc at atmospheric pressure.
A dual power supply combining a Cockcroft-Walton high-voltage pulse generator and a
medium-voltage current driver was developed to sustain a stable train of gliding arcs.
Electrical diagnostics and high-speed imaging were performed to evaluate and characterize
the arc elongation. Results show that a stable rotating gliding arc with a restrike frequency of
500 Hz can be sustained at a low power level (~10 W).
Keywords: Rotating gliding arc, atmospheric pressure plasmas, plasma diagnostics,
Cockcroft-Walton generator.
1. Introduction
Recent work in plasma generation has been majorly
focussed on atmospheric pressure discharges. One type of
plasma source that has been extensively studied is the
gliding arc (GA) which shows characteristics of both
thermal and non-thermal discharges. Gliding arc systems
have been studied mainly for gas phase treatment
[1,3,4,5,11] and combustion, [6,10] but also poses benefits
for liquid interactions [7,8] and sterilization. [9] Gliding
arc discharges have the advantages of low electrode
degradation, moderate bulk temperatures of around 1000 K
and high electron temperatures reaching 1 eV. Simple
geometry as well as inexpensive power supplies add to the
appeal of these systems.
Various geometries have been used for the GA anodecathode assembly, providing both ease of arc ignition and
electrical/gas dynamic stabilization. One such geometry
produces a GA between a conical cathode surrounded by a
hollow cylindrical anode. With the use of a moderate
vortex gas flow and a sufficiently high voltage, an arc will
ignite at the shortest gap and elongate up and around the
cone. The initial arc is thermal by nature, but the moderate
gas flow rapidly cools the gas and allows the arc to
elongate. A critical length of the arc will then be reached
depending on the maximum amount of voltage the power
supply can provide. At this point the arc will extinguish and
a new arc cycle will repeat. Using the Lorentz force
provided by a magnetic field the angular rotation rate of
these arcs can be further increased. Rotating gliding arc
(RGA) reactors have the same benefits of traditional
gliding arcs, with larger active volumes providing longer
residence times for reactions to take place.
In this study, we present the geometry and dual power
supply we developed for the production of a stable train of
rotating gliding arcs. We report on its basic electrical
characteristics and arc morphology, as observed with highspeed imaging, for stable operation in an open-to-air argon
discharge.
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2. Experimental
Figure 1 shows the reactor geometry used for our
experiments. A conically-shaped electrode (live cathode)
is mounted inside a hollow cylinder electrode (grounded
anode) thus defining a varying area annular space along the
axial direction. Both electrodes are made of stainless steel
303. A manifold is used to inject the gas through three
1/16” tangential injectors installed on a Delrin
(polyoxymethylene) base, which is also acting as a
dielectric layer to isolate the cathode from the anode. The
smallest inter-electrode gap is 1.5 mm and diverges at an
angle of 17˚, reaching a largest gap of 7.5 mm at the exit
throat. The cone electrode can be moved up or down
through the reactor which has an effect on the flow field.
An optimum height was determined through trial and error.
Argon is used as the supply gas and is introduced to the
system via a flow meter (5-40 SLPM).

Figure 1 - Schematic of the RGA reactor. 1: Stainless steel
cone (live electrode). 2: Stainless steel cylinder (ground
electrode). 3: Delrin base. 4: Three tangential gas injectors.
5: Homebuilt DC power supply. 6: 1/16" gas injector holes.
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The outer cylindrical electrode is grounded and high
voltage is applied to the central cone. Figure 2 displays the
electrical circuit of the dual power supply we developed for
the generation of the electric arcs. The circuit consists of
two major parts: a high-voltage pulse generator used to
ignite the GAs (upper part of the circuit) and a mid-voltage
current driver to maintain the GAs (lower part of the
circuit). The pulse generator uses a 35-stage CockcroftWalton generator which has the capability of converting
the applied 250 V alternating current source to 10 kV DC
pulses. Its pulsing frequency can be varied between 50 and
500 Hz at a relatively constant rate. The lower part of the
circuit is a -1000 V (max) current driver that takes over
once the arc is ignited, itself composed of a simple RC
circuit driven by a 2.5 kW capacitor-charging power
supply.
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at ~2 ms, for an average discharge frequency of ~500 Hz.
Although there are some irregularities, the main trend can
be witnessed. An arc restrike occurs, at which point an
instantaneous drop of voltage and spike in current is seen.
As the arc elongates the voltage increases almost linearly
and the current decreases. Fridman discussed that voltage
and current should follow specific curves in a gliding arc
system. [2] Voltage should increase linearly as the arc
elongates, which is the case in our gliding arc system. The
current should decrease gradually after restrike and have a
sharp decrease as the length of the arc approaches its
critical length. This phenomenon is noticed in the arc from
0 to 2 ms as well as in other results not shown here. Since
the reactor is open-to-air, air entrainment may contribute to
the observed voltage fluctuations and noise.

Figure 3 - Voltage and current characteristics of the
Rotating Gliding Arc.
Figure 2 - Circuit diagram to operate the RGA.
A passive high voltage probe (Tektronix P6015A),
current probe (Pearson Electronics Inc. model 411) and
oscilloscope (Tektronix TDS 2024) are used to acquire the
electrical characteristics of the arcs. Both probes are
situated at the node circled in Figure 2. A high-speed
camera (Fastcam Photron SA5) looking at the interelectrode gap face-on was used to image the fast rotating
arcs. The camera was set to 50000 frames per second, with
a shutter speed of 1/99000 s to obtain clearer images. The
oscilloscope and camera were both connected to trigger
simultaneously, syncing up the V-I characteristics with the
images obtained from the camera.
The conditions used for this experiment were as follows.
The AC power supply was set to 90 kHz and 72 V. The DC
power supply was operated at -600 V providing a
maximum V/R equal to 300 mA. The flow rate of 99.998%
argon was held constant at 15.3 SLPM.
3. Results & Discussion
Figure 3 displays characteristic voltage and current
signals of the RGA. The average arc lifetime is estimated
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A simple calculation was then performed to determine
the instantaneous power and this can be seen in Figure 4.
For almost every arc, the power increases linearly as the
arc elongates, which holds true to the theory. Furthermore,
the average power was calculated based on multiple trials
to be ~10 W.

Figure 4 - Instantaneous power of the RGA.
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In line with the electrical diagnostics high-speed imaging
was also carried out. Figure 5 displays the arc location at
the same times previously discussed. The gas flow creates
a clockwise vortex forcing the arc attachment points on the
electrodes to rotate in that direction, and simultaneously
elongating the arc in the axial direction. One observes one
full rotation from 3 to 8 ms. Based on that, we estimated a
rotation rate of greater than 170 rotations/s. Looking back
at the voltage and current signals, we deduced that 2-3 arcs
ignite and extinguish during the time lapse of a full
rotation.

3 ms

4 ms

5 ms

were associated with a gliding arc rotation speed of ~170
rotations/s. Additional improvements to the setup
including the use of ceramic ring magnets to provide more
stabilization means are underway and will be reported in
the poster.
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Figure 5 - Visualization of the arc
elongation.
Looking at the footage, one notices that the restrike
normally occurs near where the previous arc extinguished.
However, there are occurrences where the arc restrikes in
a different section of the reactor. Figure 6 displays the
extinction of the arc at 4.44 ms (left) and restrike at 4.48
ms (right). As seen in these snapshots the restrike occurs
almost in the same angular location. This is likely due to
the fact that the cold gas surrounding the arc and electrode
spots is already partially ionized, thus providing conditions
for easier restrike.
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Figure 6 - Visualization of a gliding arc restrike event.
4. Conclusion
A low-power (~10 W) rotating gliding arc reactor and a
dual power supply enabling the maintenance of a stable
train of arcs were successfully developed. Stable operation
at 15.3 SLPM argon with an ignition frequency of 500 Hz
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Comparison of reactor type with single and double discharge in abatement of
toluene by DBD plasma
Byung Jin Lee, Dong-Wook Kim and Dong-Wha Park*
Department of Chemistry and Chemical Engineering and Regional Innovation Center for Environmental Technology
of Thermal Plasma (RIC-ETTP), INHA University, 100 Inha-ro, Nam-gu, Incheon, 402-751, Republic of Korea
Abstract: Decomposition of toluene was investigated in several atmospheric DBD reactors
coupled with zeolite packed bed. Three types of reactor, that is, two single discharge and
one double discharge reactors supplied from one AC power supply were applied. The double discharge reactor showed both the highest plasma input power and the highest efficiency of decomposition. Finally, it is confirmed that the double discharge is more efficient to
decompose toluene than the single discharge under the same input power.
Keywords: Decomposition of toluene, Single discharge, Double discharge, Lissajous curve
1. Introduction
In a variety of current industries, volatile organic compounds (VOC) are generated by using paint, varnish and
solvent. VOCs are easily absorbed in human by breathing,
and cause a lot of respiratorydiseases. Furthermore, VOCs
react with sunlight through photochemical reaction, generating ozone and peroxyacetyl nitrate indirectly that
induce photochemical smog to injure secondary damage
to human [1,2,3]. Therefore, many researchers have studied abatement of VOCs. Various methods to treat VOCs
such as pyrolysis, adsorption, condensation, biofiltration,
catalyst oxidation and photo catalysis method have been
reported. However, these treatments have low energy
efficiency due to low concentration in the industrial fields
[4,5]. Currently non-thermal plasma is one of the promising methods to decompose VOCs [6]. But this method has
some problems such as a low energy efficiency and generation of undesirable by-products [7,8]. Ozone, one of
the by-products is generally required to decompose VOCs
due to its highly oxidizing property. However, the ozone
which is not reacted and emitted with the exhaust is still a
secondary pollutant causing photochemistry smog that is
seriously hazardous [2].
So plasma coupled catalysis system has been recently
developed to reduce ozone emission and improve decomposition efficiency [9]. Ozone decomposition by catalysis
reaction on catalyst surface causes generation of more
reactive oxidizing agents such as oxygen atom [10].
Moreover, this oxygen atom reacts with water molecule to
generate hydroxyl radical which is the strongest oxidizing
agent is generated [11]. Thus, plasma-catalyst system can
dramatically not only increase decomposition and energy
efficiency but also decrease formation of by-products [12].
In this research, some kinds of plasma reactors are developed in order to increase decomposition and energy effi-
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ciency. Many researchers generally have been improving
plasma reactor by changing length of electrode, gap between high voltage electrode and ground electrode and
shape etc. In this study, single discharge and double discharge were investigated to propose a new approach to
treat VOCs. Also toluene was chosen as a model of VOCs
because it is common VOCs generated in many industries.
In addition, y-type zeolite is used as adsorbent in order to
increase retention time.
2. Experimental
2.1. Experimental set-up
Fig. 1 shows apparatus used in this study. Toluene is
injected to reactor with air by syringe pump (0.1ml/hr
toluene in 1L/min air). In order to retain concentration of
toluene constantly, band heater and mixing chamber were
used. AC high-voltage transformer (0 – 20kV, 60Hz) was
used as a power supply. In this study three types of reactors were introduced. Fig. 2 shows reactor detail. All of
reactors had two cylindrical quartz tubes; inner quartz
tube (I.D 13mm, O.D 15mm) and outer quartz tube (I.D
46mm O.D 50mm) parallel to each other. At reactor 1 and
3, stainless rod with diameter of 8mm and plasmainfluenced length of 100mm was positioned as a highvoltage electrode in inner quartz tube. Also cylindrical
brass was used as a ground electrode on surface of the
inner quartz tube. At reactor 2 and 3, copper tape was
wrapped on the outer quartz as a high-voltage electrode.
In order to decrease gap of electrodes, brass ring with
diameter of 30mm was added on ground electrode which
was positioned on inner quartz tube. At all of reactors,
zeolite packed bed was positioned between the inner and
the outer quartz tube in order to capture a toluene to increase retention time.
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Fig. 1. Schematic diagram of the experimental setup (1 Air gas cylinder; 2 Mass flow controller; 3 Mass flow controller box; 4 Syringe pump; 5 Mixer; 6 AC high voltage transformer; 7 ground; 8 Digital oscilloscope; 9 Plasma
reactor; 10 Ozone analyzer; 11 FT-IR; 12 GC-MS)
a
5

2
3

6

4
7

b

c

Fig. 2 Schematic diagram of plasma reactor; a: single discharge before packed bed, b: single discharge post, c: double
discharge (1 gas inlet; 2 inner high voltage electrode; 3 gas outlet to FT-IR and GC-MS sampling port; 4 zeolite packed bed; 5
gas outlet to ozone analyzer; 6 ground; 7 outer high voltage electrode)
ene, CO and CO2 concentration using a 9.71cm gas cell
2.2 Analysis method
for every hour. And plasma input power was measured by
An ozone analyzer (OZM-5000G, Okitrotech, Japan) was digital oscilloscope (3000X, Agilent Tech, nologies, USA)
used to measure O3 concentration with detecting range of with a 1000:1 high voltage probe (P6015A, Tektronix,
O3 concentration up to 400g/m3 at a resolution of 0.1g/m3. USA) and a 10:1 voltage probe (TPP0201, Tektronix,
And Fourier transform infrared (FT-IR) spectroscopy (IG2000, Otuska Electronics, Japan) was used to detect tolu-
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USA). Degree of mineralization, selectivity of CO2 and
plasma input power was calculated as follows;
Mineralization (%) =
𝑆𝐶𝑂2 (%) =

𝑛𝐶𝑂 +𝑛𝐶𝑂2
𝑛𝑡𝑜𝑙

𝑛𝐶𝑂2
𝑛𝐶𝑂2 + 𝑛𝐶𝑂

P(W) = f × C × A

× 100

× 100

(1)
(2)
(3)

Where the nco was mole of CO, the nco2 was mole of CO2,
the ntol was mole of toluene adsorbed, the f was 60Hz, the

were different in each reactor, indicating that CO2 is more
produced than CO in reactor 2. At reactor 2, ozone could
be converted to oxygen atom by electron which is stronger oxidizer than ozone [10]. Fig. 4 shows that mineralization and CO2 selectivity are compared to each reactor.
Compared to reactor 3, reactor 2 had improved CO2 selectivity because of the electron effect. Reactor 3 had improved mineralization and CO2 selectivity than Reactor 1
because of the higher plasma input power and the electron
effect. The mineralization was 62.92, 14.93 and 94.77%,
respectively and the CO2 selectivity was 56.96, 75.69 and
69.29%, respectively.

C was 0.47µF and the A was area of lissajous curve. The
number of mole was calculated by integral method of FTIR data.

(a)

Reactor 1
Reactor 2
Reactor 3

1200

1000

In this study, sequential method consisted of two step;
adsorption and decomposition step was used. In the adsorption step, toluene was adsorbed on surface of zeolite
and plasma was not discharged. In the decomposition step,
plasma was discharged in pure air flow.
The amount of toluene absorbed was 4mmol and then
plasma discharge (13kV) was turned with 0.5L/min pure
air (N279% O2 21%) for 1 hour.
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2.4 Method of abatement
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3. Results and discussion
3.1 Plasma input power

3.2 Decomposition of toluene
3.2.1 Mineralization & CO2 selectivity
Fig. 3 shows production of CO and CO2. Reactor 3 had
the highest plasma input power. So it is confirmed that the
production of CO and CO2 was the highest as shown in
fig. 3. Because during decomposition reaction of reactor 3
occurred in plasma discharge zone, the electron had additionally an effect on toluene decomposition [1]. At reactor
1, the reaction of ozone with toluene was main decomposition reaction. At reactor 2, however, the electron effect
was more superior to the reaction of ozone. As shown in
Fig. 3, it is realized that the production of CO and CO2
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3000
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Reactor 1
Reactor 2
Reactor 3

(b)
2000

Concentration (ppm)

In this study, the three types of reactors supplied by only
one power supply were applied. Reactor 1 and 2 were
single discharge and reactor 3 was double discharge.
Reactor 3 performed the highest plasma input power at
the same input power condition. From equation (3), the
each plasma input power of reactor was 4.02, 1.18 and
4.97W at Reactor 1, 2 and 3, respectively. The gap between electrodes was 2.5mm at Reactor 1 and 10mm at
reactor 2, implying that the gap of electrodes has an effect
on plasma input power. As the gap increases, the amount
of electrons moving decreases due to strong resistance.
Therefore, power was lower than other reactors in Reactor
2.

2500

Time (s)

1500

1000

500

0
0

500

1000

1500

2000

2500

3000

3500

Time (s)

Fig. 3. Temporal profiles of CO and CO2 during discharge on. (a): CO (b): CO2
3.2.2 Ozone emission
The ozone has an important role in decomposition of
VOCs due to its oxidizing ability to promote the reaction.
Fig. 6 shows the concentration of ozone in 0.5L/min air at
each reactor. At reactor 3, the ozone was more produced
than at the other reactors due to the highest plasma input
power, leading to the higher mineralization.
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Fig. 4. Mineralization and CO2 selectivity at each reactor
In spite of the above results, the excess ozone is still problem [2]. Therefore, the next study will treat this problem
by addition of catalyst which can improve mineralization,
CO2 selectivity and reduce formation of by-product such
as an ozone and organic intermediates as an ozone convert to oxygen atom and hydroxyl radical [9-12].
4. Conclusions
In this study, the mineralization and CO2 selectivity were
compared by the type of reactors. There were three type
of reactors which were single discharge before packed
bed, single discharge post packed bed and double discharge in reactor 1 and 2 at the same time. They used
same high-voltage AC power supply at same conditions.
At 13kV, their plasma input power was 4.02, 1.18 and
4.97W, respectively. In conclusion, the specific energy
density at reactor 3 was higher than at the other reactors.
In addition, decomposition efficiency was compared at
three types of reactor. In terms of the mineralization,
efficiency was 62.92, 14.93, 94.77%, respectively. And,
in terms of the CO2 selectivity efficiency was 56.96,
75.69, 69.29%, respectively.
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Characteristics of microdischarge plasma jet in water and its application to
water purification by bacterial inactivation
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Abstract: A microdischarge jet with a simple structure and low power consumption was
developed, and we investigated its characteristics in a stable plasma jet in water, as well as
the effect of the generated active radicals on bacterial disinfection. Sterilization
experiments were performed using air and nitrogen plasma jets, and the sterilization rates of
Escherichia coli were 99.99% and 66.7%, respectively. Active radicals such as H 2O2, OH,
NO, and NO2, which could contribute to sterilization, were produced when the plasma jet
was generated in water. In particular, a comparison of the results obtained with the air- and
nitrogen-plasma jets showed that the radical concentration was highly influenced by
sterilization.
Keywords: Microdischarge Jet; Sterilization; Bacterial inactivation; Water purification
1. Introduction
There has been a shortage of drinking water in many
parts of the world. As a result of population growth and
industrial development, global water consumption has
been increasing, thus making it necessary to develop
technology for purifying and recycling contaminated
wastewater. A number of chemical and physical methods
have been developed and utilized to remove microorganisms in water [1]; however, these methods remain
problematic until their drawbacks including effectiveness
and costs are resolved.
In our study, we developed a microdischarge jet that
generates a stable plasma jet underwater and produces a
large amount of active radicals with strong chemical
ability to efficiently disinfect water while overcoming the
disadvantages of existing technologies. We observed the
electrical and optical characteristics of the microdischarge
jet and analyzed the concentration of radicals generated
by the microdischarge jet. The optimized conditions for
water sterilization were determined by controlling the
flow rate and input voltage [2].
2. Experimental details
A schematic drawing of the microdischarge jet is shown
in Figure 1. The underwater discharge system consists of
a high-voltage electrode, ground electrode, dielectric tube,
high-voltage power supplier, and developed reactor. [3]
The power supply used in this experiment was a
commercially available 60 Hz transformer, and it was
connected to the high-voltage electrode and ground
electrode. Also, we designed and used a vortex and
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circulation flow reactor (VCR) in our study to increase
the efficiency of water sterilization.
To evaluate the efficiency of disinfecting microorganisms with the microdischarge jet in water, we used
Escherichia coli (E. coli) as a representative pathogen. It
was incubated for 2 days at 37°C, after which 2.4 × 10 7
CFU/mL (colony-forming unit per milliliter) of E. coli
was injected into the CVR containing 0.7 L of water and
sterilized by the microdischarge jet.
3. Results and discussion
The most important factor in water purification using a
micrdischarge jet is the stable generation of the plasma jet
and active radicals. As shown in Figure 2, the length of
the plasma jet increased in proportion to the flow velocity
and flow rate. It was confirmed that the plasma jet was
stably formed even in water.
Figure 3 shows the measured voltage and current
waveform traces of the microdischarge jet produced by air
gas. The voltage of air plasma jet at open air with a flow
rate of 2-4 L/min were Vrms = 1.01, 1.35 and 1.66 kV,
respectively.
In this experiment, E. coli was sterilized using air and
N2 gas with optimized flow rates. Figure 4 shows the kill
curves of E. coli exposed to the microdischarge jets of air
and N2 gas in water. It was confirmed that more than 99.9%
of E. coli was sterilized after 40 min of the air-plasma-jet
treatment. On the other hand, when E. coli was treated
with a microdischarge jet using nitrogen gas, log (N/N0) =
−0.5 after 50 min, which means that ~66.7% of the
bacteria was sterilized. The sterilization plot in Fig. 3 is
influenced by the concentration of radicals generated by
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the air- and nitrogen-plasma jets. Compared to the N2plasma jet, air-plasma jet shows much better sterilization
performance because most of the E. coli was sterilized by
the chemical reaction caused by the radicals generated by
the plasma jet, and the concentration of the radicals that
contributed to sterilization was remarkably high in the air
plasma.
Figure 5 exhibits the optical emission spectra obtained
to identify various excited plasma species produced by the
air- and N2-plasma jets over a wide range of wavelengths
(200–950 nm). It is also shows a comparison of the
intensity of radicals produced in open air and in water.
The reactive radicals of O, OH, H2O2, NO, NO2, etc.,
generated by the plasma jet contributed to water
purification process by offering strong chemical
sterilization of E. coli. Figure 6 shows the concentration
of hydrogen peroxide for the air- and N2-plasma jets with
different flow rates. The highest concentration, about 10
ppm, occurred at 4 L/min of air. For the N 2-plasma jet,
H2O2 radicals were barely detected and the highest
concentration, about 1.7 ppm, was measured at 4 L/min.
Even such low concentration of H2O2 could act as a
strong oxidizing agent and contribute to pathogen
sterilization [4]. Among the radicals generated in the
microdischarge jet, the most notable ones were NO and
NO2. These radicals are also strong oxidizing gases, but
they also react with OH radicals and water molecules to
produce HNO2 and HNO3 according to the following
chemical reactions [5].

poster

proportional to the length of the plasma, which increased
with increasing gas flow rate.
4. Conclusions
We developed a microdischarge jet in which the plasma
jet was stably generated in water. Moreover, a CVR
reactor with a swirl flow was designed and applied in this
experiment to improve the efficiency of water purification.
Based on the concentration of radicals generated by the
microdischarge jet using air or N2 as the discharge gas,
the optimized flow rate was determined. Using this
optimized condition, bacterial inactivation of E. coli was
performed. The air-plasma jet demonstrated a high
germicidal effect, which was related to the concentration
of produced radicals.
We conclude that the microdischarge jet with air is an
effective technology for bacterial inactivation in water,
and we expect this technology to contribute to the
practical sterilization of water in the future.
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3NO2 + H2O → 2 HNO3 + NO (1)
NO + NO2 + H2O → 2HNO2

(2)

NO + OH + M → HNO2 + M

(3)

NO2 + OH + M → HNO3 +M

(4)

2NO2 + H2O → HNO2 + HNO3 (5)
The most likely chemicals that contributed to
acidification of the treated fluid were nitric acid and
nitrous acid, which were generated from NO2 and NO,
respectively [6]. Figure 7 shows the concentrations of
NO2− and NO3− measured by the ion chromatograph. Both
NO2− and NO3− were produced by the microdischarge jets
with air and N2, and they readily dissolved in water. At
the optimized air flow rate of 4 L/min, the NO 2− and NO3−
concentrations gradually increased with time, and the
NO3− concentration was about three times that of the
NO2− concentration [7]. It was verified that the air-plasma
jet, which had a relatively large number of radicals
contributing to bacterial inactivation, had a high
sterilizing effect, whereas the sterilizing effect was low
for microdischarge jet with N2 gas, which had a small
amount of radicals. In this study, it was confirmed that
when the plasma jet was generated in water, the
sterilization effect was highly related to the radical
concentration. Furthermore, the concentration of the
specific radicals influencing the sterilization was
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Figure 1 Schematic drawing of the microdischarge jet

Figure 2 Photographs showing the stable
microdischarge jets generated by air and nitrogen
supplied at different flow rates: jet produced in
atmospheric air; jet produced in water.
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Figure 6 Time-dependent concentration of H2O2
generated by microdischarge jets using air and
nitrogen gas in tap water.

Figure 3 Voltage and current waveform of the
microdischarge jet

Figure 7 Concentration of dissolved NO2− and NO3− in
tap water exposed to microdischarge jets with air and
N2 gas.

Figure 4 Time-dependent disinfection curve of E. coli
treated by microdischarge jets using air and nitrogen
gas in tap water.

Figure 5 Optical emission spectra showing the
chemical species produced from the microdischarge
jets of air and nitrogen gas. Data are shown for jets
produced in open air and under water.
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Study of butanoic acid removal by electro-ceramic barrier discharge (EBD)
M. Gueye1, N. Blin-Simiand1, S. Pasquiers1, F. Jorand1, B. Bournonville1
1
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Abstract: The removal efficiency of butanoic acid by means of Electro-ceramic Barrier
Discharge (EBD) in coaxial cylindrical geometry is presented herein. The influence of
several parameters is studied such as the initial concentration of butanoic acid injected, the
applied voltage and the total gaseous flow. Results show that lower the initial
concentration, higher is the removal rate.
Keywords: electro-ceramic barrier discharge, butanoic acid, non-thermal plasma, ozone,
oxygen atoms.

1. Introduction
The industrial sector faces many problems related
with gaseous emissions which even at weak
concentration levels lead to the apparition of pollutants,
which are detrimental to humans and to the
environment, and also to olfactory nuisance to people
living near the installations [1]. These gaseous effluents
contain a wide variety of Volatile Organic Compounds
(VOCs) which must be correctly removed. There are
several techniques for removing VOCs such as activated
carbon filters, scrubbing and thermal oxidation either by
pyrolysis temperatures higher than 700 ° C, or by
catalytic oxidation. However they need important
energy consumption and are not suited to strong flow
rates and/or weak concentrations found in some VOCsemitting industrial processes [2-3]. Non-thermal
plasmas, eventually coupled to catalysis, are promising
alternatives to these techniques.
In this investigation, non-thermal plasma is produced by
means of an Electro-ceramic Barrier Discharge (EBD).
Electro-ceramics materials are anisotropic composites
that behave as insulators below a voltage threshold and
as electrical conductors above another voltage
threshold. Its advantage over the classic Dielectric
Barrier Discharge (DBD) relies on the generation of a
discharge at a lower applied voltage, all things equal
otherwise. Butanoic acid (BA) is a carboxylic acid with
the following structure formula: CH3-CH2-CH2-COOH.
It is used in the preparation of various butyrate esters.
Low-molecular-weight esters of butanoic acid, such as
methyl butyrate, have mostly pleasant aromas or tastes
and are used as food and perfume additives. However,
butanoic acid emits a very unpleasant odor even at weak
concentration and this can be a source of nuisance for
the neighbors of industrial installations using this
molecule. Thus the removal of this olfactory pollutant is
a topical question.
In this work, we study the removal efficiency of
butanoic acid by EBD driven by high voltage pulses.
The influence of several parameters such as the initial
concentration of the pollutant, the applied voltage and
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the total gas flow is investigated. Although some works
have been reported on the removal of VOCs belonging
to aldehyde (formaldehyde) and aromatic hydrocarbon
(toluene) families using EBD [4,5], there is no studies
dealing with carboxylic acids.
2. Experimental set-up
The EBD reactor employed herein is schematized in
figure 1. It consists of an electro-ceramic tube with a
length of 8 cm, an internal diameter of 21.6 mm and an
external diameter of 25.3 mm. A copper grid tape (L =
40 mm) surrounding the electro-ceramic tube was
grounded, while a high voltage pulse was applied on a
central stainless steel rod (diameter 2 mm). The HVgenerator can deliver peak voltage up to 30 kV at
frequencies up to 10 kHz. Herein, the applied voltage
ranges between 13 and 17 kV, and the frequency is kept
constant at 500 Hz. The electrical energy deposited in
the discharge was determined through measurements of
the voltage and the current time evolutions using
adapted electrical probes connected to a fast digital
oscilloscope (Lecroy 204MXi-A, 2 GHz, 10 GS/s). An
example of waveforms of these electrical parameters is
presented in figure 2.
The discharge may be characterized by two operating
modes: i/ a first regime, i.e., "low deposited energy",
which is characterized by a single current impulse and a
filamentary plasma well distributed over all the interelectrode volume for each HV-pulse; ii/ a second
regime, i.e., "high deposited energy", which is
characterized by two current impulses but which was
previously found detrimental to formaldehyde or
toluene removal using our chosen reactor design [4, 5].
In general, under our experimental conditions, the
discharge operates in the first regime as shown in figure
2.
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Fig. 1. Experimental set-up.
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3. Results and discussions
3.1. Discharge in dry synthetic air
For the removal of VOCs, important species generated
in the air discharge are: nitrogen metastable singlets N2
(a'1 Σu-, a1 Пg, w1Δu) and the triplet N2 (A3 Σu +), the
atomic oxygen O(3P) and the excited state O(1D), and
the OH radical coming from various chemical reactions
taking place in the gas mixture. These last species are
oxidants of VOCs, while quenchings of N2 states by the
organic molecules can lead to its dissociation.
The measurement of the ozone concentration (see figure
3 for example) allows quantification of the discharge
efficiency to produce the oxygen atom. The production
of this atom (reactions R1-R2) is a key element in the
treatment of butanoic acid, since it is mainly the
oxidation reactions by the oxygen atom that will initiate
the kinetic chain of elimination of this pollutant. Ozone
is formed by recombination of oxygen atoms (reaction
R3) and it is therefore used as a reference for following
the production of O(3P) in the discharge.

 

O2  e  e  2O 3 P
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N 2*  O2  N 2  2O 3 P
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Fig. 2. Time evolutions of the applied voltage and
discharge current pulses in air (Vapp = 16.6 kV)
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The injection of butanoic acid is carried out through an
evaporation system. It is fed into the reactor by means
of an air flowrate controlled by a mass flow meter in
contact with the liquid precursor, this way the mean
residence time of the gas above the liquid is large
enough, so that the pressure of saturating vapor of the
butyric acid injected into the reactor remains constant
over time. Thus, due to the low value of the vapor
pressure of the butanoic acid at ambient temperature, we
have immersed the evaporator in a bath maintained at a
constant temperature of 30 ° C. The concentration of
butanoic acid studied ranges from 25 to 100 ppm, the
total gas flow ranging from 0.5 to 1 L/min.
FTIR spectroscopy was performed using a Nexus
MIR800. The spectral resolution was 0.5 cm-1. Effluents
pass through a long path cell (Infrared Analysis model
V-16, total volume of 2.3 L) with an optical length of
10.2 m.
To measure the amount of ozone and carbon dioxide
(CO2) produced in the discharge volume of the EBD
reactor,
analyzers
allow
spectrophotometric
measurement of the concentration of ozone and CO2 at
wavelengths λ = 254 nm and λ = 4260 nm, respectively.
The ozone analyzer used is BMT Messtechnik 964 and
the carbon oxide analyzer is Li-840 LI-COR, which are
placed downstream of the reactor.
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Fig. 3. Time evolution of ozone concentration produced
in the discharge (Vapp = 16.6 kV, SE = 136 J/L)

3.2. FTIR analyses
Table 1 gives wavenumbers corresponding to bonds
present in the infrared spectrum of butanoic acid (figure
4: black curve).
In the spectrum of the air discharge (figure 4: blue
curve), the following bonds are observed: the bands at
2110 and 1050 cm1 are attributed to ozone O3; the
bonds at 1720, 889 and 1325 cm correspond
respectively to the elongation vibrations of N-O, O-H
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Wavenumber
(cm1)

Species

Vibrating mode

3674

OH

O-H stretching

2987

s CH2

C-H : asym. stretching

2899

as CH3

C-H : sym. stretching

1760

C=O

C=O : asym. bending

1394

 CH2

C-H : asym. bending

1150

s CO

C-O : asym. stretching

1080

as CO

C-O : sym. stretching

1325
1394  CH2

1760

HNO3

 C=O

as CO
s CO

1080
1150

889 HNO3

0.5
790  CH

Absorption (a.u)

1.0

Table 1. Vibration modes investigated by FTIR.
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and H-N-O in HNO3; the band at 2240 cm is the
signature of NO in N2O.
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In the case of the discharge with butanoic acid (100
ppm), new contributions appear (figure 4: red curve).
The absorption band centered at 790 cm is attributed
to the C-H bond. The presence of carbon monoxide CO
is also observed at 2150 cm. At around 2350 cm, an
intense peak is observed which corresponds to carbon
dioxide CO2. The band of low intensity towards 2780
cm is attributed to the presence of formaldehyde
CH2O. Neither the presence of acetic acid (HCOOH)
around 1630-1680 cm, nor the presence of
acetaldehyde around 1000-1500 cm are observed in
this FTIR spectra.

 CO2

BA 100 ppm
Discharge BA + air
Discharge air

 N2O

2350

 CO

0.4

2110

0.3

2240

0.2
2150

Absorption (a.u)

0.5

 O3

Wavenumber (cm )

0.1
0.0
2100

2200

2300

2400

1

0.05

3055

2899

 CH2O

as CH

 HNO3

0.15
0.10

Table 2. Experimental parameters

2987

BA 100 ppm
Discharge BA + air
Discharge air

2800

Absorption (a.u)

0.20

s CH

Wavenumber (cm )

3.3 Effect of the applied voltage on the removal rate
To study the influence of the applied voltage on the
removal rate of butanoic acid, we have varied this
parameter by maintaining the other ones constants
(Table 2).

Vapp
(kV)

SE
(J/L)

Q (Air)
(sccm)

Q (Air + BA)
(sccm)

13.0 up
to 16.6

49 up
to 136

952

48

[BA]
(ppm)
100

0.00

2775

2850

2925

3000

3075

1

Wavenumber (cm )

The evolution of the removal rate of butanoic acid as
function of the specific energy SE is presented in figure
5.

Fig. 4. FTIR spectra obtained with butanoic acid
without discharge (black curve), with discharge in air
(blue curve) and discharge with butanoic acid (red
curve).
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Fig. 5. Evolution of the removal rate of butanoic acid as
function of the specific energy.
Figure 5 shows an almost linear growth of the removal
rate when the specific energy increases. A maximum
removal rate of 20% is achieved for an applied voltage
of 16.6 kV (SE = 136 J/L). The study was limited to this
applied voltage because beyond it one obtains the high
energy deposited regime. Data previously obtained in
case of ethanol allows to estimate at 60% the removal
rate of this alcohol, for the same concentration of 100
ppm and a specific energy SE = 125 J/L. It is interesting
to compare this difference in removal rates with that
between oxidation coefficients of the two molecules, in
case of OH [6, 7]:
nC3 H 7 COOH  OH  product

(R4)

nC2 H 5 OH  OH  product

(R5)

with k

 1.72 10

12

3 1

cm s

,

k

R5
OH

 3.4 10

12

50

60

70

80

90 100 110

Fig. 6. Evolution of the removal rate as function of the
initial concentration of butanoic acid.
4. Conclusion
The FTIR analyzes revealed different by-products
issued from plasma conversion of butanoic acid and
allowed, in addition to the identification of carbon
oxides CO and CO2, the presence of CH2O.
The removal rate increases with the applied voltage, but
this parameter is limited to 16.6 kV due to the
appearance of the second “high energy deposited”
regime. The decrease in the initial concentration of
butanoic acid from 100 to 25 ppm allowed an increase
of the conversion rate from 20 to 35%.
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3 1

cm s

Unfortunately, no data are available in the literature
concerning reaction coefficient of oxidation of butanoic
acid by the oxygen atom. However, in the case of
oxidation by OH, the coefficient is 3 times higher for
alcohol than for acid.

3.3 Effect of the initial concentration of butanoic
acid on the removal rate
The effect of the initial concentration of butanoic acid
was also studied. For this we varied the concentration
from 25 to 100 ppm with an applied voltage of 16.2 kV
and a total flow rate of 1 L/min (SE = 126 J/L). Figure 6
shows the evolution of the removal rate as a function of
the initial concentration of butanoic acid.
We note clearly that the conversion rate increased
linearly when the initial concentration of butanoic acid
(BA) decreased. It goes from 20% for an initial BA
concentration of 100 ppm to 35% for an initial BA
concentration of 25 ppm.
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Efficient CO2 conversion in microwave plasma via plasma catalysis
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Abstract: The conversion of CO2 and H2O vapor mixture in a microwave plasma system in
presence of NiO/TiO2 catalyst is investigated as well as the catalyst activation process. The
results show that the effective catalyst activation by Ar metastable species (4s 1s5 and 4s
1s3 states) can be achieved in the post discharge of a microwave discharge. The CO2
conversion efficiency increases upon increasing SEI while the energy efficiency is
negatively influenced by SEI with or without catalyst. A synergism between the catalyst
and plasma is demonstrated.
Keywords: CO2/H2O conversion, plasma-catalysis, microwave discharge
1. Motivation
Production of fuels and chemicals based on CO 2
conversion has attracted much attention, especially in
view of the energy crisis, fuel shortage and the
greenhouse effect due to CO2 emissions. The most useful
method is the conversion of electrical energy produced by
renewable or nuclear source into a chemical fuel. Among
the different techniques proposed for the reduction of CO2
emissions (thermolysis, photocatalysis, electrochemical,
etc.), low-temperature plasma technology offers an
alternative and rather efficient way to convert CO2 into
valuable chemicals (e.g. syngas) which can be stored and
used afterwards. The dissociation of CO2 by plasma was
extensively studied in the recent years [1-9]. The
discharges sustained by microwave radiation combining
high electron and low gas temperature are among the
most promising candidates for plasma-assisted CO2
conversion [1].
The combination of heterogeneous catalysis and
plasma activation, known as plasma-catalysis, has
attracted increasing interest [10, 11]. It is well known that
the vibrationally excited molecules can help overcome the
activation energy barrier of many reactions related to the
CO2 decomposition. Due to its high degree of nonequilibrium, microwave plasma possesses a high
population of CO2 vibrational levels, which contribute to
energy-efficient CO2 dissociation. In this regard,
combining catalysis with microwave plasmas could be
especially promising. To synthesize a fuel, CO2 is often
combined with a hydrogen-containing gas such as H2,
CH4, or H2O. Water is a promising source of hydrogen
because of its abundance and low-cost. Up to now, only
few studies have investigated the non-thermal plasmadriven catalysis for conversion of CO 2 in the presence (or
absence) of H2O [3, 5, 12]. Further fundamental work is
still required to optimize and improve the mentioned
plasma-based and water-assisted conversion process. In
addition, finding a correct and cost-effective catalyst to
achieve high energy efficiency and high conversion
efficiency is a great challenge as the efficiency of the
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plasma catalytic process can be controlled by means of
the plasma parameters themselves, as well as by the
properties of catalysts.
Understanding the effect of the H2O admixtures on
the CO2 plasma-assisted conversion is a first step towards
understanding complex chemical plasmas in future. In this
study, the conversion of CO2 and H2O on a TiO2
supported NiO catalyst in a pulsed surface-wave sustained
microwave discharge has been investigated as well as the
catalyst activation process.
2. Experiments
2.1 Experimental system
Fig. 1 shows a schematic diagram of the experimental
setup. The discharge was generated at 915MHz in a
quartz tube with a 14 mm inner diameter and 31 cm in
length, cooled by 5 ℃ oil flowing between the quartz tube
and the outer (polycarbonate) tube. CO2 and H2O gas
mixture is injected from the top of the system. The water
vapor is generated in a vaporization system built by
Omicron technologies. A reactor containing the catalyst
was placed at the end of the plasma quartz tube, about 2
cm below the end of the tube. A sine microwave
waveform (915 MHz) is modulated in this study by
square pulses using a dedicated power supply.
Accordingly, the kHz range frequency is related to the
modulation frequency, on top of the base frequency. In
this present study, a 50% duty cycle was used. Pulsed
plasmas with pulse duration of 300 µs, and a period of
600 µs were used (Pulse frequency = 1.67 kHz). The
whole system is surrounded by a grounded aluminum grid
to prevent any leak of microwave radiation into the outer
space. A more detailed description of the microwave setup can be found elsewhere [3, 6].
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Figure 1. Schematic representation of surface-wave
microwave set-up.
2.3 Product analyses
The composition of the post-discharge is analyzed by a
gas chromatograph (GC) (Bruker-450) equipped with a
carbon molecular sieve column and a Molecular sieve 5A
column in series and connected to a thermal conductivity
detector, which allows to determine the concentration of
H2, O2, CO and CO2. The conversion of CO2 is calculated
by comparing the peak area of CO2 obtained by the GC
before and during reaction. The conversion efficiency of
CO2 is defined based on the following ratio:
χ =

plasma treatment on the catalyst characteristics remains
rather obscure. In the field of catalysis, the nature of the
catalyst in terms of its physical structure and chemical
properties is a key factor for its effectiveness in a
particular process. The activity of the adsorption sites
provided by the catalyst determines the mechanisms that
provide the lower energy reactive pathways [13]. The
formation of these adsorption sites could be strongly
affected by catalyst preparation conditions, and an
understanding of the chemical basis for this is essential.
The influence of the distance away from the plasma
generating zone on the properties of catalyst is very
important since we place the catalyst in the post discharge
region in this work. In this study, NiO/TiO2 (Ar-P)
catalyst is investigated in this study and divided into four
parts (namely A, B, C, D) in the catalyst chamber region
and indicated in Figure 1. More details about this catalyst
and the preparation can be found in [3, 9].

moles of CO 2 converted
moles of CO 2 supplied

By definition [1] the energy efficiency η of dissociation
process is given by:
∆H

 =  SEI
where ∆H is 2.9 eV/molecule in the case of CO2, χ is the
CO2 conversion efficiency (see above), and SEI is the
specific energy input per molecule. The specific energy
input per molecule, SEI, is given by the ratio of the
discharge power (P) to the gas flow rate (F) through the
discharge volume and it can be expressed in eV per
molecule
3. Results and discussion
The advantages of the microwave plasma combined
with Ar plasma treated catalyst for CO2 and CO2/H2O
conversion were discussed in the previous studies [3, 5].
Ar plasma treatment can result in better dispersion of the
supported metal oxides on the TiO2 surface. Molecular
mechanisms of the reactions running with the
participation of cold plasma, constituting a complex state
containing highly active species, such as ions, electrons,
radicals, and excited molecules, are generally entirely
different from "classic" chemical processes that occur
during the catalyst preparation. However, the role of Ar
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Figure 2. XRD patterns of the A-D samples
Figure 2 shows the X-ray powder diffraction patterns of
NiO supported on TiO2 catalysts at different positions.
Similar to the previous XRD analysis [3, 5, 9], the peaks
of the tetragonal anatase phase of TiO2 are present for AD samples. The diffraction peaks located at 25.3, 37, 37.8,
38.5, 48.0, 54.0, 55.1, 62.7, 68.8, 70.4, 75.1 and 82.9⁰
correspond, respectively, to (101), (103), (004), (112),
(200), (105), (211), (204), (116), (220), (215) and (224)
planes of the anatase phase (JCPDS 21-1272). No
diffraction peak corresponding to NiO（2θ = 37, 44.3,
62.9°）could be detected, suggesting that Ni species are
highly dispersed on the surface of TiO2 support,
producing various surface Ni or NiO species and clusters,
or some Ni ions may be incorporated into the TiO2 lattice.
This observation is consistent with our previous TEM
analysis, an Ar plasma treatment results in a very uniform
distribution of nickel oxide on the TiO2 and the possibility
of a higher Ni2+ concentration into the TiO2 lattice [3, 9].
The Raman spectroscopy is used in order to
confirm the XRD data and to identify the presence of
defects in the catalysts and TiO2 support. Five peaks
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located at about 638, 516, 397, 196, and 142 cm-1 are
observed in all samples (Figure 3). These peaks are
assigned to the Eg, (B1g/A1g), B1g, Eg and Eg modes,
respectively [14]. They correspond to the characteristic
Raman modes of the anatase TiO2 structure. Compared to
the pure TiO2, the 142 cm-1 and 196 cm-1 peak present a
blue shift for the NiO/TiO2 catalyst while the 638 cm-1
peak is red shifted. The peak shift in Raman spectra
indicates that the vibrations of the TiO2 lattice are
considerably affected by the presence of nickel ions. The
largest shift and broadening occur for catalyst B as shown
in Figure 3. A 2-dimensional model for Ar plasma is
developed in the modeling framework PLASIMO [15],
giving us a valuable insight in the catalyst activation
process. It is clearly observed that at the considered
operating conditions, Ar plasma extends and reaches the
catalyst [3]. It is important to note that no major
difference of the shift and broadening was found on
catalysts A–D. Based on this results as well as the
simulation, It can be concluded that the effective catalyst
activation by the Ar metastable species (4s 1s5 and 4s 1s3
states) can be achieved in the catalyst chamber region [9].
According to a previous detailed analysis of Raman
spectra of TiO2 and doped-TiO2 samples [3], the
broadening and shift of the main bands can be attributed
to the presence of oxygen vacancies which are the key
factor for the higher activities in CO 2 conversion.
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efficiencies of the plasma process. As it has been already
explained in detail in [3], the main gas phase dissociation
mechanism in the microwave plasma is the stepwise
vibrational excitation of CO2 molecules [1], while at the
catalyst surface with oxygen vacancies it is dissociative
electron attachment. A synergism between the catalyst
and plasma is clearly demonstrated, leading to
significantly improved CO2 conversion and energy
efficiencies.

Figure 4 Evolution of the conversion efficiency and
energy efficiency of CO2 as a function of SEI with or
without catalyst.
Plasma catalytic conversion of CO2 and H2O into
value-added chemicals is a complex and challenging
process involving large number of physical and chemical
reactions.The efficiency of this process can be controlled
by means of the plasma parameters themselves, as well as
by the properties of the catalysts. This suggests that more
systematic studies on both the plasma effects and the
chemical effects of the catalyst are highly demanded. The
corresponding research is ongoing and further studies
regarding this subject will be reported in future.

Figure 3. Raman spectra of the A-D samples
The following operating parameters are used in the
present study: CO2/H2O (90%:10%) gas mixture is
supplied at flow rate of 2 slm using a pulse frequency of
1.67 kHz and the pressure in the discharge is set to 3990
Pa (30 Torr). Comparisons of CO2 conversion using the
surface-wave microwave with and without the NiO/TiO2
(Ar-P) catalyst as well as the effect of specific energy
input are shown in Figure 4. The CO2 conversion
efficiency increases upon increasing SEI while the energy
efficiency is negatively influenced by SEI in the absence
of catalyst. It can be concluded that a simple increase of
SEI is useless. The presence of NiO/TiO2(Ar-P)
significantly enhances the CO2 conversion and energy
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Plasma-catalytic utilisation of CO2 for the prevention of global warming
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Abstract: Plasma-catalysis has been investigated as a technique to reduce the emission of CO2
into our atmosphere via the decomposition reaction. Non-thermal, atmospheric pressure plasma
has been generated in a coaxial dielectric barrier discharge (DBD) reactor combined with
various metal oxide catalysts supported on alumina. The catalysts were analysed using a variety
of techniques and the interactions between the catalyst and plasma have been explored. The
redox properties of the catalyst were found to be important in determining activity.
Keywords: Plasma-catalysis, carbon dioxide utilisation, dielectric barrier discharge, nonthermal plasma, dissociative electron attachment, oxygen vacancies.

1. Introduction
Last year saw the COP 21 Paris Agreement come into
force; a global agreement between 196 parties which aims
to lessen the effects of climate change by keeping the global
temperature rise to well below 2°C through the reduction of
greenhouse gas emissions. In light of this, and the
catastrophic effect globing warming can have on our planet,
it is now more than ever vital to produce innovative
technologies which can combat this issue. Plasma-catalysis
is emerging as a novel technique for the destruction of some
environmentally damaging gases [1]-[9]. The combination
of non-thermal plasma with a catalyst means stable
molecules, such as CO2, can be broken down without the
need for a high energy input, and high-value products can
be selectively formed. This is because active species, such
as excited electrons and ions, are created in the plasma.
These species have mean electron energy between 1 and 10
eV [10]. The decomposition of CO2 according to equation
(1) only requires 5.5 eV; hence this reaction is
thermodynamically feasible in DBD plasma even at low
temperatures. For this reaction to be carried out using
thermal catalysis, high temperatures are required, thus
leading to large energy inputs which decrease the energy
efficiency of the process. The addition of a catalyst to the
plasma system lowers the activation barrier, increasing CO2
conversion, and can lead to selective formation of the
required products. Plasma-catalytic processes therefore have
the potential to give high reactant conversion and energy
efficiency [11], [4], [12]. Furthermore, interactions occur
between the catalyst and plasma, with each one affecting the
properties of the other [13], [3]. These interactions are
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highly complex and little is known about the physical and
chemical changes that can occur when plasma and catalyst
are combined. However, results thus far for the utilisation of
CO2 have been promising, with some combinations of
plasma system and catalyst resulting in a synergistic effect
[3]. Plasma processes also have the advantage of high
reaction rates, quickly reaching steady state and enabling
fast start-up and shut-down [14].
2. Experimental
A coaxial DBD reactor consisting of a quartz tube and
stainless steel electrodes was used to carry out the
decomposition reaction. The inner high voltage electrode
was in rod form, whilst the outer electrode was a mesh
wrapped around the quartz tube. The discharge length was
60 mm, with a discharge volume of 107 mm3. An
oscilloscope with high voltage probe and current monitor
was connected to the reactor to monitor the discharge. A
mixture of metal oxide catalyst, supported on alumina, and
barium titanate beads (packing material) was packed into
the discharge region to create a packed bed. Quartz wool
was placed at either end of the discharge region to hold the
beads in place. Catalysts were prepared via a variety of
synthesis routes, including wetness impregnation, sol-gel
and co-precipitation. All catalysts were calcined prior to
use. For comparison, the decomposition reaction was also
carried out using only barium titanate and the alumina
support, in the absence of a catalyst, and with an empty
reactor. Pure CO2 was fed into the reactor, with no diluent
used. All exit gases were analysed using an Agilent
MicroGC 3000.

1125

poster

Plasmas for environmental applications and resource recovery

Fig. 1. Schematic diagram of coaxial DBD reactor
3. Discussion
The main pathway for CO2 conversion in the gas phase is
via electron impact dissociation in DBD reactors [12], [2].
Firstly, CO2 dissociates to O and CO (eq. (1)). These
products may then react further: they can combine to reform
CO2 via the reverse reaction (eq. (2)); CO can also
dissociate, forming an oxygen atom and carbon (eq. (3));
two oxygen atoms can combine to form molecular oxygen
(eq. (4)), or one oxygen atom can react with CO2 (eq. (5)).
2𝐶𝑂2 + 𝑒 → 2𝐶𝑂 + 𝑂2 + 𝑒

(1)

𝐶𝑂 + 𝑂 → 𝐶𝑂2

(2)

𝐶𝑂 + 𝑒 → 𝐶 + 𝑂 + 𝑒

(3)

𝑂 + 𝑂 → 𝑂2

(4)

𝑂 + 𝐶𝑂2 → 𝑂2 + 𝐶𝑂

(5)

Alongside these gas phase reactions, heterogeneous

reactions also occur at the catalyst surface [15], such as
oxygen radical recombination [2] and CO2 dissociation via
dissociative electron attachment (fig. 2) [16]. For this
mechanism to occur, CO2 must first adsorb onto the catalyst
surface. Adsorption occurs more easily at defect sites, such
as oxygen vacancies [16]. When an electron collides with
the adsorbed molecule, CO2 may be dissociated to O- and
CO via the transient CO2- ion. The oxygen ion releases an
electron, filling the oxygen vacancy site, whilst CO is
desorbed from the catalyst surface. An oxygen atom created
in the plasma may then react with the oxygen atom at the
catalyst surface, reforming the vacancy site as the molecular
oxygen desorbs from the surface [16]. Oxygen storage and
release capabilities of the catalyst may also facilitate CO2
conversion, as the catalyst surface stabilises nascent
oxygen, preventing the reverse CO2 decomposition reaction
from occurring whilst enabling the reaction between CO2
and atomic oxygen [17]. The CO yield can also be increased
as the nascent oxygen at the catalyst surface can react with
any adsorbed carbon [17], which has the added benefit of
reducing coking and catalyst deactivation.
As dissociative electron attachment occurs at defect sites,

Fig. 2. Dissociative electron attachment at oxygen vacancy site on catalyst surface
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the number of surface oxygen vacancies and the redox
properties of the catalysts are critical in determining their
activity for the CO2 decomposition reaction [17], [16].
Cerium oxide, for example, is known to form oxygen
vacancies at high temperatures and can be readily reoxidised in oxidising conditions [18]; such as those created
in the plasma decomposition of CO2. Cerium oxide has been
found to be highly active for the CO2 decomposition
reaction using the above plasma-catalytic system (fig. 3).
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CeO2/Al2O3 catalyst was prepared via incipient wetness
impregnation using three different loading methods: Firstly,
Ce and Fe were loaded onto the support simultaneously (coimpregnation); secondly, Fe was loaded first followed by
Ce; thirdly, Ce was loaded first followed by Fe. As can be
seen in fig. 4, CO2 conversion was much higher when the
two metals were loaded onto the support simultaneously.
When a metal-based catalyst is doped with another metal,
some metal sites in the catalyst can be substituted by the
dopant metal if the dopant has a smaller ionic radius than
the host. This can cause structural changes, due to the
decrease in lattice parameters, and result in defects. CO2
conversion and yields of CO and O2 are dependent on the
ratio of the two metal phases (fig. 5).

Fig. 3. CO2 conversion and yields of O2 and CO obtained in
the plasma-catalytic CO2 decomposition reaction using
various catalysts
The synthesis route can affect these catalytic properties
[18]; hence the CO2 conversion was affected when using the
same metal oxide catalyst prepared via different synthesis
methods (fig. 4). In this study, a 5 wt% Fe2O3-5 wt%

Fig. 4. The effect of different Fe/Ce ratios in Fe2O3CeO2/Al2O3 catalysts on the CO2 conversion and yields of
O2 and CO
In these experiments, no carbon was detected on the
reactor or catalyst surface. This could be due to the catalyst
oxygen storage and release properties, as explained above.
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Fig. 4. CO2 conversion and yields of O2 and CO obtained
in the CO2 decomposition reaction for 5 wt%Fe2O3-5 wt%
CeO2/Al2O3 catalysts synthesised using different metal
loading orders
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Effect of Catalyst Temperature on NOx Removal by a Combination of
Non-thermal Plasma and Urea-SCR Method
K. Tsuchida, Y. Sakakibara, N. Osawa and Y. Yoshioka
Department of Electrical and Electronic Engineering, Kanazawa Institute of Technology, Nonoichi, Ishikawa, Japan
Abstract: We investigated the effect of catalyst temperature on NOx removal by a
combination of non-thermal plasma and urea-SCR method. In this research, we used a packed
bed type dielectric barrier discharge reactor with vanadium loading titanium dioxide
(V/TiO2) catalyst. As the result, we obtained following result; in the case of high catalyst
temperature, the effect of plasma application is not effective. It is because O3 which is oxidant
of NO is decomposed by heat.
Keywords: Urea-SCR, de-NOx, barrier discharge, NO, NO2, catalyst temperature
1. Introduction
In order to reduce NOx (Nitrogen Oxides) emission from
diesel engines for vehicles and ships, urea-SCR (Selective
Catalytic Reduction) systems are adopted. Generally, this
system consists of two DOCs (Diesel Oxidation Catalysts),
de-NOx catalyst and a dosing unit of urea solution. Firstly,
NO is oxidized to NO2 by the first DOC. Secondary, NO
and NO2 are decomposed to N2 and H2O on the surface of
de-NOx catalyst with the help of NH3. Here, NH3 is a
reducing agent which is generated by the hydrolysis
reaction of urea solution. Finally, unreacted NH3 at deNOx catalyst is decomposed by the second DOC [1]. In this
system, operating temperature of de-NOx catalyst and
DOC for NO oxidation are 250°C - 450°C [2]. Therefore,
NOx removal performance decreases when these catalysts
temperature cannot reach the operating temperature.
To overcome the problem, non-thermal plasma is a
promising tool, because it can generate reactive oxygen
species at low temperatures. Therefore, many researchers
have investigated a combination of the non-thermal plasma
and de-NOx catalyst. In our previous work, we investigated
the NOx removal performance of a system consists of a
coaxial cylinder type DBD (Dielectric Barrier Discharge)
device filled with V/TiO2 catalyst beads. The experimental
result showed that NOx removal rate at catalyst
temperature of 120°C increased to 22% at discharge power
of 15 W [3]. However, how the NOx removal rate changes
with the catalyst temperature was not clear. In this paper,
we investigated the effect of catalyst temperature on NOx
removal performance.
2. Mechanism of NOx removal
2.1 NOx removal by the de-NOx catalyst
In our method, NH3 is necessary to remove NOx on the
de-NOx catalyst. Here, NH3 is generated by the hydrolysis
reactions of urea-solution (R1), (R2) [4].
CO (NH2)2 → NH3 + HNCO
HNCO + H2O → NH3 + CO2
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(R1)
(R2)

On the de-NOx catalyst, NO and NO2 are decomposed
to N2 and H2O with the help of NH3 [5]. Reactions to
remove NO, NO2 and NO + NO2 are known as the standard
SCR reaction (R3), the NO2 SCR reaction (R4) and the fast
SCR reaction (R5) respectively.
4NO + 4NH3 + O2 → 4N2 + 6H2O
6NO2 + 8NH3 → 7N2 + 12H2O
NO + NO2 + 2NH3 → 2N2 + 3H2O

(R3)
(R4)
(R5)

From the literature [5] and our previous research [6], it is
known that the NO2 removal reaction (R4) and the fast
SCR reaction (R5) are more active than the reaction (R3)
on low temperature catalyst. Therefore, it is desirable that
NO is oxidized to NO2 in advance. However, since the
DOC for NO oxidation does not work at low temperature,
we used the DBD instead of DOC.
2.2 NO oxidation by DBD
Since the residual O2 concentration in diesel exhaust gas
is around 10% - 15%, we can generate reactive oxygen
species like O radical, O3 and so on in the exhaust gas using
DBD. Here, O radical is mainly generated by energetic
electron impact to O2 (R6). O3 is generated by the three
body reaction (R7).
e + O2 → e + 2O
O + O 2 + M → O3 + M

(R6)
(R7)

NO2 generated by O radical (R7) and by O3 (R8).
NO + O + M → NO2 + M
NO + O3 → NO2 + O2

(R8)
(R9)

Here, M is the third collision partner.
3. Experimental setup
3.1 Experimental system
Fig. 1 shows an experimental setup. In this research, we
used simulated diesel exhaust gas to simplify the plasma
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Fig. 1. Experimental setup.
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chemical reactions. The gas consists of NO, O2, and N2. In
the experiment, 400ppm of NH3 gas was injected into
simulated diesel exhaust as a reducing agent of NOx.
Concentrations of NO, O2 and NH3 were 200ppm, 15% and
400ppm respectively. Flow rate of the simulated exhaust
gas was fixed to 4 L/min by 3 mass flow controllers (SEC400Mk3, Horiba STEC). The DBD reactor with catalyst
was set in a thermal insulating box. Catalyst temperature is
maintained to 90°C, 120°C and 150°C by hot air
circulation in the box. Concentrations of NOx and NH3
were measured by a fuel gas analyser (Testo 350, Testo)
and a detector tube (No. 3M, GASTEC).
AC high voltage was applied to the DBD reactor with
catalyst beads by a step-up transformer and an AC power
supply (4210, NF Corporation). The maximum applied
voltage (V) and frequency (f) were 20 kVp and 200 Hz
respectively. Integral of the current (Q) was measured from
the voltage drop across the integral capacitor (0.1 µF).
Current was measured from voltage drop across the shunt
resistor (510 Ω) using a differential probe (700924,
Yokogawa Electric Corporation). Discharge power was
calculated from multiplying the area of V-Q Lissajous
figure with the power frequency.
3.2 DBD reactor with catalysts
Fig. 2 shows the DBD reactor with catalyst. The reactor
consists of a heat resistant glass tube (outer diameter: 28
mm, thickness: 2 mm). The threaded rod electrode (M12)
was used as an HV electrode. This electrode was fixed by
three GFRP spacers. An aluminium foil with a width of 50
mm was wrapped up the glass tube and it was used as a
grounded electrode. Gap distance from the HV electrode to
the inner surface of the glass tube was 6 mm. Ball shaped
catalysts were filled in the gap.
Vanadium (V) supported TiO2 catalyst (V/TiO2 catalyst)
was used in this experiment. Average diameter of the TiO2
catalyst was 4.8 mm. V/TiO2 catalyst is known as de-NOx
catalyst. The catalysts were prepared by an impregnation
method using a metavanadiate (NH4VO3) solution as a
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Fig. 3. Catalyst temperature dependence of NO
concentration and discharge power.
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Fig. 2. DBD reactor with catalyst.
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Fig. 4. Catalyst temperature dependence of the amount of
NO decrease (ΔNO) and discharge power.

precursor. The concentration of NH4VO3 was 4.4%. After
14 h impregnation, the residual liquid was removed, and
then the catalysts were dried using hotplate (IEC-105,
Izumi) at 300 W. The catalysts were baked in air at 500°C
for 10 h. Vanadium (V) loading was 1.4wt%. The amount
of the catalyst was 12.2 g.
4. Results
Fig. 3 shows the NO concentration at the reactor outlet
and the discharge power at different catalyst temperatures.
The NO concentration at 0 W decreased with the increase
of the catalyst temperature, because NO is removed by the
reaction (R3). At the same catalyst temperature, NO
concentration decreased with the increase of discharge
power. It is because NO is oxidized to NO2 by O radicals
and O3. This figure is not adequate to discuss the effect of
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concentration and discharge power.
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Fig. 7. Catalyst temperature dependence of NOx removal
rate and discharge power.
temperatures. NO2 concentration increased with the
increase of the discharge power at all catalyst temperatures.
However, the increase of NO2 concentration at low catalyst
temperature was larger than that at high catalyst
temperature at the same discharge power.
Fig. 6 shows how the NOx concentration at the reactor
outlet changed with discharge power at different catalyst
temperatures. Here, the NOx concentration was calculated
by summing the concentrations of NO and NO2. Because
the decrease of NO concentration is larger than the increase
of NO2 concentration at the same discharge power, NOx
decreased with the increase of discharge power. Next, we
calculated the NOx removal rate (RNOx) from the following
equation.

o

23 C
90oC
120oC
150oC

100
50
0

2
4
6
8
10
Discharge power (W)
Fig. 6. Catalyst temperature dependence of NOx
(= NO + NO2) concentration and discharge power.
plasma because concentrations of NO decrease by both the
reactive oxygen species and the catalyst. We calculate the
amount of NO decrease ([ΔNO]) from this equation.
(1)

Here, [NO]|P = 0 is the NO concentration at reactor outlet at
0 W and [NO]|P = x is the NO concentration at reactor outlet
at x (W).
Fig. 4 shows how the amount of NO decrease changes
with the increase of the discharge power. When the catalyst
temperature is high, the amount of NO decrease gradually
decreases with the increase of discharge power. However,
at the low catalyst temperature, the amount of NO decrease
rapidly decreases with the increase of discharge power.
These results suggest that low catalyst temperature is
effective for NO removal by plasma alone.
Fig. 5 shows how NO2 concentration at reactor outlet
changed with the discharge power at various catalyst
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Here, [NOx]in is the NOx concentration at the reactor inlet
and [NOx]|P = x is the NO concentration at the reactor outlet
at x (W).
Fig. 7 shows a relation between the NOx removal rate
and the discharge power at different catalyst temperatures.
The NOx removal rate increased with the increase of the
discharge power at all catalyst temperatures. When the
catalyst temperature is high, the higher NOx removal rate
is obtained at the same discharge power. However, when
catalyst temperature is low, the amount of changes NOx
removal rete from discharge power of 0 W are larger than
that at high catalyst temperature. These results suggest that
the plasma is effective at low catalyst temperature.
5. Discussions
In this section, we discuss why the NOx removal
performance by the DBD decreased with the increase of
catalyst temperature. In the DBD zone, O radicals are
generated by electron impact (R6), and O3 molecules are
formed by three body reaction (R7). Therefore, the
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considered that the decrease of NO concentration by the
DBD decreased with the increase of catalyst temperature.
Therefore, performance increase of NOx removal by
plasma decreased at high catalyst temperature, because
ozone for oxidation of NO was decomposed by heat.
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Fig. 8. Catalysts temperature and electron energy index.

electrons with a low energy weaken the O2 dissociation,
and thus the formation of O3 decreases. It is well known
that the threshold energies of O2 dissociation by electron
impact are 6.0 and 8.4 eV [7]. In case of the parallel plane
type DBD reactor, the average reduced electric field E/n
can be calculated by the discharge sustaining voltage (Vg),
the gap length, and the gas density [8]. In the case that the
reactor is filled with catalysts, we cannot calculate the
static electric field (E). However, since the size of the
reactor and the catalyst beads are the same in all
experiments, the static electric field between electrodes
seems to be the same even if we changed catalyst
temperature. Therefore, we can evaluate electron energy by
this equation qualitatively as follows.
Ee  E n  V g n  V g 

kTg
P

(3)

Here, Ee is defined as the electron energy index, k is the
Boltzmann constant (= 1.3806 × 10-23 J/K), Tg is the gas
temperature and P is the gas pressure (= 0.1 × 106 Pa). In
Eqn. (3), gas temperature seems to be the same as catalyst
temperature in this experiment. If the electron energy index
increases, O radicals and O3 may generate efficiently, and
the subsequent NO removal by oxidation will increase.
Fig. 8 shows a relation between the electron energy index
and the catalyst temperature. At the same discharge power,
the electron energy index increases with the increase of
catalyst temperature. Since this tendency does not match
the tendency of NO removal, the electron energy does not
the cause the increase of NO removal.
Next, we discuss why the decrease of NO by plasma
decreased at high catalyst temperature. Generally, the
thermal decomposition of O3 becomes active at the gas
temperature of above 373 K (R10) [9].
O3 + thermal →O2 + O

6. Conclusion
We investigated the effect of the catalyst temperature on
the NOx removal performance using a NOx removal
system consists of the combination of the non-thermal
plasma and the urea-SCR. The conclusions are as follows;
(1) The amount of NO decrease by plasma decreased
with the increase of catalyst temperature.
(2) NO2 concentration at reactor outlet increased with the
increase of discharge power.
(3) In the case of high catalyst temperature, the
application of plasma is not so effective. It is because
O3 is decomposed by heat.
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Since O3 concentration at a high catalyst temperature is
lower than that at the low catalyst temperature, it is

1132

ISPC23, Montreal, Canada

Plasmas for environmental applications and resource recovery

poster

Sterilization Test of Wastewater for Pickled of Chinese cabbage
Using an Underwater Capillary Discharge Device at Pilot-scale
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Abstract: Using a pilot scale (5 ton / h) system with capillary type underwater discharge, the
wastewater used for pickling of cabbage was sterilized and its reusability has confirmed.
Microorganisms in the salt wastewater were successfully removed using underwater plasma
with capillary electrodes. Microorganisms in the salt wastewater were eliminated with an
efficiency of about 99.9%.
a)
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1. Introduction
Salt used in Chinese cabbage pickling process, which is
essential in kimchi manufacturing, is generally discarded
without recycling. Remaining salt in abandoned brine is
causing economic and environmental losses. Therefore, it
is necessary to purify and reuse brine once used. Re-use of
salt water can save the production cost by reducing amount
of salt used in pickled process of Kimchi factory, as well
as declining the generation of saline wastewater. In
particular, since 2008, HACCP (Hazard Analysis and
Critical Control Points) had become mandatory for the
kimchi production process. Underwater plasma can be an
alternative to solve this problem. Many researchers have
reported the results of using underwater plasma to kill
organisms in saline water [1-3]. The microorganism
sterilization is due to plasma produced chemicals and
shock-wave [4]. One of underwater plasmas is capillary
discharge which has the mechanism of plasma generation
in water: (1) As the applied voltage is increased, the
microbubbles from Joule heating fill the remaining volume
of the capillary. (2) A further increase in the voltage
generates discharge between the metal surface and the
bubble boundary. (3) The plasma produces an oxygen atom,
a hydrogen atom, and a hydroxyl radical from the
dissociation of water vapour [5]. In this study, a pilot-

tungsten rods with a 2 mm diameter. The electrodes were
covered with a cylindrical Al2O3 dielectric capillary with
an inner diameter slightly larger than 2 mm and an external
diameter of 4 mm. The plasma was discharged by applying
AC bi-polar pulsed power (AP150-02-02, EESYS).

scale system of capillary discharge was applied to
saline wastewater treatment at 5 tons / h and the
results of microorganism sterilization were discussed.
2. Experiment Setup
The underwater discharge plasma reactor used in our
study is presented in Figure 1. The reactor is cylindrical in
stainless steel and has an outer diameter of 100 mm, an
inner diameter of 90 mm, a length of 500 mm, and a
thickness of 5 mm. 24 capillary electrodes were inserted
into the reactor (120 degree intervals, 3 pins in each of the
8 levels), and 8 viewports of quartz were installed to
observe the discharge. Capillary electrodes were made of

ISPC23, Montreal, Canada

Fig. 1. (a) Schematic presentation showing the
experimental setup for the underwater plasma discharge
device. (b) Configuration of the capillary electrode. (c)
The picture of treatment system using an underwater
plasma discharge device.
The treatment system is shown in Figure 2. It consists of
a plasma reactor and mesh filters. The mesh filters were
installed to remove undesirable substances such as pieces
of Chinese cabbage. The waste brine used in this
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experiment was supplied by the Kimchi Cool Co., Ltd.
Located in Gwangju. The treatment capacity was 100 L and
the treatment flow rate was about 80 L / min. The energy
consumption for the treatment of ballast water calculated
by the effective power is about 1.2 kWh / ton. During the
plasma treatment, the voltage signal was measured using a
high voltage probe (P6015A, Tektronix), and the current
signal was measured using a current monitor (#110,
Pearson). The monitored signals were recorded by a digital
oscilloscope (DPO2024, Tektronix). The optical emission
spectrum was measured using a spectrometer (HR4000,
Ocean Optics). The pH, temperature and conductivity of
water were measured using a combination meter (HR9829,
Hanna Instruments Inc.).
Fig. 3. Voltage and current signals of capillary discharge
plasma in saline wastewater.

Fig. 2. Schematic for the 5 ton / h treatment system with
the underwater plasma discharge device and diagnostic
devices.

We had two variables for sterilization; one is discharge
time, another is contact time. Sampling was carried out at
intervals of 10 minutes while discharge for 30 minutes. The
sampled water of each conditions were left for 0,3,6,12,24
hours to confirm number of microorganisms respectively.
Both of the medium showed a decrease of 4 log or more
microorganisms under the condition of 20-30 minutes of
discharge time. (Figure 4, Figure 5)
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Cultural methods were used for microbiological
evaluation. Agars used were Tryptic Soy Agar (TSA,
Kisanbio, Korea) and Marine Agar (MA, Kisanbio,
Korea). TSA was used to measure all common
microorganisms; non-selective, non-differential,
supportive medium that supports growth of all
microorganisms that do not require special nutrients. MA
has high concentration of salt in the medium of 19.45 g /
L. Therefore, the growth of other microorganisms is
inhibited and the microorganisms resistant to salt are
measured. Therefore, it was used for the evaluation of
microorganisms capable of proliferation in saline brine.
Culture temperature was set to 25-45 °C according to the
agar conditions, and cultivated for 2 days.
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Fig. 4. Microorganism populations at Tryptic Soy Agar
(TSA).

3. Results and Discussion
Voltage and current signals during the underwater plasma
discharge in saline wastewater is shown in Figure 3. The
peak voltage is 0.7 kV and the peak current is 30 A. The
frequency is 20 kHz and the pulse width is 7.5
microseconds. The active power is about 4 kW.
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Fig. 5. Microorganism populations at Marine Agar
(MA).
4. Conclusion
The pilot-scale system of capillary discharge was applied
to saline wastewater treatment at 5 tons / h. It was
confirmed that more than 99.9% of microorganisms were
killed after discharge for 20 minutes or more under the
condition of 100 L capacity, 80 L / min flow rate and 4 kW
active power. It is likely to be applied in the field to reuse
salt water in the kimchi production process.
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mixtures
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Abstract: A surface dielectric barrier discharge (SDBD) is ignited in defined gas mixtures.
The fundamental plasma parameters (i.e. electron velocity distribution function EVDF,
electron density ne, reduced electric field E/N and gas temperature Tg) are determined
measuring N2(C-B,0-0) and N2+(B-X,0-0) emission with an absolutely calibrated echelle
spectrometer [1,2]. Furthermore, FTIR spectroscopy of cysteine is employed as a ready-touse method for the space resolved investigation of plasma-induced chemical modifications
of macromolecules. The method itself has recently been published by Kogelheide et al. [3].
Keywords: Plasma spectroscopy, surface discharge, FTIR spectroscopy of cysteine.
1. Introduction
A primary goal of environmental protection is to
decrease the emission of pollutants at their source. While
dust and soot particles or hazardous substances, such as
biological agents stand for direct danger of life, there are
also other aspects like the removal of volatile organic
compounds (VOCs) e.g. in stockbreeding, commercial
kitchens, food industry or paint shops. Although
technology has evolved to a certain level in each of these
fields, the urge for improved and alternative solutions is
still immense. Especially in the case of VOC emission,
conventional methods have the disadvantage of becoming
cost-inefficient and difficult to operate when dealing with
low concentrations.
Low temperature plasmas offer a large variety of
applications in this field due to their chemical and
physical properties. It is well known that combining
plasma treatment with catalysts results in enhanced
pollution degradation [4,5]. However, the exact
mechanisms of plasma assisted pollution degradation are
not yet completely understood. Plasma spectroscopy
offers insight into the characteristics and physical and
chemical properties of a discharge. Plasma parameters,
such as gas temperature, reduced electric field and
electron density can be determined by combining optical
emission spectroscopy and numerical simulation. In a
next step these parameters can be used as a basis for
chemical simulations. Furthermore, optical absorption
spectroscopy can be applied to determine the densities of
several species e.g. ozone, which can be used to validate
the simulations.

species. This can be done by varying the mixture of
nitrogen and oxygen feed gas, which results in a range
from an exclusively oxygen-based chemistry at one
extreme to a mainly NOx- and nitrogen-based chemistry at
the other extreme. Therefore, we designed an SDBD
reactor that can be operated in defined gas mixtures.
2. Experimental setup and spectroscopic methods
The work is carried out according to the setup shown in
figure 1. The surface discharge electrode is made of an
aluminium oxide plate (190 mm x 88 mm) with a
thickness of 0.6 mm working as a dielectric barrier and
grid-structured copper traces (grid size = 10 mm x 10
mm, trace width = 0.5 mm) on each side of the plate. The
electrode is connected to a high voltage, high frequency
plasma generator with external transformer (0-20 kVpp,
100 Hz – 500 kHz). The gas flow is adjusted using two
mass flow controllers and a rotary vane pump that is
connected to plasma chamber via a ball valve. The
pressure is controlled by a pressure gauge and by
carefully and accordingly adjusting the ball valve. For the
characterisation by means of optical emission
spectroscopy an absolutely calibrated broad-band echelle
spectrometer (LLA ESA4000) is used. The absolute
intensities
of
N2(C-B,0-0)
and
N2+(B-X,0-0)
photoemission at 337.1 nm and 391.4 nm respectively are
determined from the spectra and the fundamental plasma
parameters – i.e. EVDF, Tg, E/N and ne – are determined
for different nitrogen-oxygen mixtures using a collisional
radiative model based on the excitation scheme of
nitrogen in conjunction with numerical simulation.

For a decent separation of effects it is mandatory to
tailor the plasma discharge in a way that ensures a
seclusion of reactive oxygen species and reactive nitrogen
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the gas mixture and the position underneath the
electrode configuration.

Fig.1. Picture and schematic diagram of the experimental
setup.
The change in discharge chemistry is monitored using
spatially resolved FTIR spectroscopy of L-cysteine
(Sigma Aldrich L-cysteine #30089 (≥ 98.5 %)). Lcysteine is solved in distilled water and droplets (10µl of
the solution) are placed on slices of silicon wafers (10 mm
x 10 mm) which are put in place at different positions
underneath the electrode configuration (~ 1.5 mm away
from the active plasma volume) using small spacers. An
FTIR-microspectrometer (PerkinElmer Spotlight 200) is
employed for the analysis of the samples after plasma
treatment. The spectra are recorded in the wavenumber
region from 750 cm-1 to 4000 cm-1, because the
molecule’s functional groups can be observed in this
region. The spectral resolution is 4 cm-1. All transmission
spectra are converted into absorption spectra and baseline
correction is carried out. Furthermore, the corrected data
is normalised using Euclidean normalisation in order to
obtain spectra in which the relative changes in peak
intensity can be compared to one another. Calculating the
intensity of single peaks by integration and determining
their fold change by dividing by the intensity value of the
control sample the spatial dependence of the chemical
modifications for different gas mixtures can be monitored.
3. Results and discussion
The averaged electron densities and the averaged
reduced electric fields in different nitrogen-oxygen
mixtures for f = 4 kHz are presented in figure 2. Both
show a strong dependence on gas mixture. Furthermore,
the electron density increases with increasing voltage.
All in all, the plasma parameters are homogeneous
along the electrode under fixed conditions. The FITR
spectra of cysteine also exhibit a strong dependence on
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Fig.2. Averaged electron density and reduced electric
field of the SDBD discharge in different gas mixtures.
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Methane incorporation into liquid fuel via Dielectric barrier discharge
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Abstract: In this study, a direct way of methane liquefaction through dielectric barrier
discharge is evaluated. Liquefaction is achieved through saturation of liquid fuel by excited
methane. Multiple measurements were carrier out as a verification of the proposed chemical
process. Analysis in both gas and liquid phase results proved the concept of liquefaction.
Both qualitative and quantitative results shows saturation of liquid fuel by methane
Keywords: methane liquefaction, atmospheric pressure dielectric barrier discharge
1. Introduction:
Natural gas has become one of the most valuable fuel
options with increasing rate of discovering and fracking.
The main disadvantage of natural gas is its gaseous sate.
Cost to store and transport natural gas is higher compare
to liquid fuels. Many research was done to investigating
methane conversion through non-thermal plasma. The
main products of these conversions are in gaseous state.
In this study of Wang and Xu [1], high conversion rate
of methane to C2 hydrocarbon is achieved via nonthermal plasma. They believe it is a result of CH3 radical
generation in non-thermal plasma.
In this work, a new way of methane liquefaction
through its incorporation into liquid were proposed. There
are two possible ways of methane fixation in liquid fuel: 1)
polymerization, 2) saturation of double bond. The
chemical path of saturation is exothermic and energy
efficient. And polymerization is endothermic, would not
be preferable for effective direct methane liquefaction.
Here we apply non-thermal plasma to select incorporation
through saturation as the prevailing reaction.

peak). In this study, microsecond power supply is set to
the highest output and frequency.
Equal flow rate of nitrogen and methane are mixed and
flows into the reactor. Due to the large flow rate, liquid
sample will get push out by the large pressure. An
overflow container is added to the system and the
circulation of over flow also serves as additional mixing.
To avoid heating from long experiments (up to 1 hour),
treatments are done as separate 10 min experiments with
cooling period in between. Also an outside layer tube are
added to provide water-cooling for the reactor, it is
connected to a water bath. The temperature of water bath
are set to be 2 °C, the temperature of the water layer
outside of the reactor measures to be 18~20 °C. The
schematics of the system is shown in the block diagram
below.

Preliminary results show the incorporation effect of
methane in liquid fuel. [2] More chemical and physical
diagnostics are down to qualify and quantify the
liquefaction process.
2. Experiment setup and methods
Schematic of the treatment system is shown in Figure.1.
The main part of reactor consists of an acrylic tube
(height: 265.00mm & diameter: 59.26mm) and three
discharge columns (height: 220.00mm & diameter:
9.80mm). The tube hold up to 700ml of solution. Each
one of the discharge columns consists of a copper tube
(anode) for gas input, a glass tube (0.5mm thickness) for
dielectric; and a copper mesh (cathode) wrapped outside
of the glass tube, All of them are submerged in liquid fuel
during experiments. Both electrodes are connected to the
microsecond power supply (up to 3.5 kHz, 35kV peak-to-
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Figure.1 schematic of reactor and the system
3.

Experiment results and discussion
3.1 Liquid phase analysis

Fourier transform infrared (FTIR) spectroscopy is
adapted to investigate the chemical changes in liquid
samples after the treatment. Saturated hydrocarbon bonds
(sp3 C-H, 2850~3100 nm) [3] and aromatic hydrocarbon
bonds (C-H out-of-plane bend aromatic, 700~800 nm) [3]
has different infrared absorption wavelength. The
absorption intensities in these wavelengths are linearly
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proportional to the concentration of the corresponding
chemical that contains these bonds. To verify the
incorporation of methane into liquid fuel by DBD through
saturation, the infrared spectrum of liquid samples before
and after treatment are recorded. The intensities change of
sp3 C-H absorption band are compared both
quantitatively and qualitatively to evaluate the saturation
process. In this study, NICOLET 8700 was used with
smart-iTR accessory (fixed path length). All samples are
acquired as an average of 32 scans at 4 nm resolution.

poster

control sample are fitted into the calibration curve to
show the equivalent chemical change in sample after
treatment.

For analysis of chemical change in liquid, solutions of
1-methylnaphthalene (C11H10, M56808 ALDRICH 95%)
and hexadecane (C16H34, 43283 Alfa Aesar 95%) are used
instead of diesel. The molecular structures of 1methylnaphthalene are shown in Figure.2. The solution of
these two chemicals is used to simulate diesel, which is a
compound of aromatic hydrocarbons and saturated
hydrocarbons. Compare to diesel, solution made from
known pure chemicals are ideal for prepare control
sample and calibration. The IR absorption spectrum of
solution sample after 30 min treatment and the difference
compare to control are shown in Figure.3. Sample
contratio is 50% hexadecane and 50% methylnaphthalene
by volum. The graphe shows increasing in saturated C-H
absorption band and decreasing in aromatic strcure
absorption band.
Figure.3 Absorption vs. wavenumber. IR absorption
spectrum of treatment sample (30min) and control sample.

Figure.2 The structure of 1-methylnaphthalene
To quantify the change in terms of saturation,
calibration with respect to sp3 C-H bond concentration
was done. Based on Beer-lambert law (Equation.1),
absorption intensity is proportional to its concentration if
the optical path length is fixed.
𝐴 = 𝜀𝑏c

Equation.1

In this equation: A is the absorbance; 𝜀 is molar
absorptivity (m2mol-1 or M1cm-1) or how strongly a
chemical species absorbs light at a given wavelength; b is
the path length of light travel through the sample; c is
molar concentration of the chemical species contain the
specific chemical bond.
Standard solutions with various concentrations of 1methylnaphthalene are used as calibration samples. The
absorption intensity to solution concentration ratio is
shown in Figure.4. Within the concentration range of the
standard solutions, absorption intensity shows a linear
dependency of solution concentration. Multiple
calibrations are done and the slope of calibration curve is
stable. Data from Sample after 1-hour treatment and
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Figure.4
Absorption
vs.
methylnaphthalene
concentration. Calibration curve and treated sample (1hr).
3.2 Gas phase analysis
Chemical analysis of methane mixture was also
performed as a proof of the methane incorporation
process. The gas mixture with and without discharge on
are collected after the reactor and analyzed by gas
chromatographer (490 Micro, Agilent Technologies). The
gas mixture is controlled and premixed by two mass flow
controllers; they are both set to 3 slpm. To compare
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across samples, amount of nitrogen was used as a
reference. All the concentrations are corrected by
normalizing with respect to nitrogen (Oxygen and
Nitrogen impurities from air are already subtracted).
Three samples are taken consecutively for both cases and
averaged. The results and corrected data are presented in
Table. 1.
Gas

No discharge (%)

Discharge (%)

H2

N/A

0.133

N2

52.605

52.984

CH4

45.509

44.930

C2H4

N/A

0.016

C2H6

N/A

0.031

C2H2

N/A

0.015

C3H8

N/A

still required to fully understand and optimize the
conversion process.
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0.004

a)
Gas

No discharge (au.)

Discharge (au.)

H2

N/A

0.00250

N2

1

1

CH4

0.86510

0.84800

C2 H4

N/A

0.00030

C2 H6

N/A

0.00058

C2 H2

N/A

0.00028

C3 H8

N/A

0.00007

b)
Table.1 GC results a) concentrations of different gas b)
correct with respect to nitrogen
The corrected data in the table above shows that with
discharge on there are absolute decreasing of methane
concentration and generation of other hydrocarbons. From
the table of correct data the absolute decrease of methane
corresponds to 0.0342 units of carbon atoms. But only
0.0026 units of carbon atoms took part in hydrocarbon
formation.
4.

Conclusion

The hypothesis of methane liquefaction by direct
incorporation using atmospheric DBD has been tested in
this work. Liquid phase FTIR results show increasing of
saturated C-H chemical bond, which indicates one of the
path of incorporation of methane into liquid fuel is
through saturation of C=C. But IR absorption calibration
data shows that increase of level of saturation in liquid is
higher for samples treated for 30 min than 1 hour. This
indicates that there could be a saturation of the
incorporating process. Gas phase analysis verifies
methane fixation in liquid fuel, and carbon balance
calculation proves that methane fixation through
saturation is the prevailing path of incorporation.
Although these data supports the concept of methane
liquefaction with atmospheric DBD, further research is
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A novel approach to the non-thermal pasteurization of fresh apple juice by cold
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Abstract: Non-thermal (cold) air plasma generated by the transient spark discharge in air
was successfully tested for non-thermal pasteurization of fresh apple juice. Inactivation of
model pathogens (E. coli and S. cerevisiae) and extended shelf-life time of the juice were
achieved:higher in the static (batch) system than in the flowing electrospray system.
Minimal effects of cold plasma on juice chemical and sensory properties (chemical
composition, color, pH) were shown. Successful inactivation of peroxidase enzyme known
for the undesirable juice browning was achieved.
Keywords: non-thermal plasma, pasteurization, apple juice.
1. Introduction
Conventional methods for food processing and
inactivation of food borne pathogens are based on using
thermal treatments, typically referred to as pasteurisation.
Particularly ultra-high temperature (UHT) processes may
lead, beside the sterilization, to the damage of heatsensitive products and the loss of food quality. A growing
customers’ trend demanding long-lasting fresh products
leads to the concept of the “minimal processing”
technologies. Therefore in recent years, food processing
technologies that can achieve the required level of
sterilization and safety without thermal inputs have been
investigated - e.g. high hydrostatic pressure, pulsed
electric field, ionizing radiation, etc. [1]. Cold plasmas
known for their bactericidal properties achieved without
heat effects have been successfully tested for sterilization
or processing of various food products including fresh
juices [2-3].
The objective of this work was to test the use of cold air
plasma generated by the transient spark discharge in two
different systems for the non-thermal pasteurization of
freshly squeezed apple juice.
2. Experimental set-up and methods
Transient spark discharge in positive polarity and in
contact with liquid was generated in ambient air at
atmospheric pressure in two different set-ups depicted in
Fig. 1. Transient spark discharge is a self-pulsing
repetitive streamer-to-spark discharge with very short
duration (< 100 ns) of spark current pulse with the
repetitive frequency ~ 1 kHz [4]. Both systems are based
on the point-to-plane geometry using sharp hollow needle
as the high voltage electrode. In the electro-spray system
(ES), juice was pushed by the syringe pump directly
through the needle. Due to the applied high voltage, the
effect of the electro-spraying of the juice to the
micrometric size droplets occurred. This set-up enabled
the direct contact of the active discharge zone with the
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sprayed droplets of the juice. Static system (SS) is based
on the static, i. e. batch treatment by the discharge
generated directly over the juice surface, in which the
grounded electrode was submerged.

Fig. 1. Set-up of air transient spark discharge in static and
electrospray system.
Freshly squeezed apple juice (from apples of variety
Ontario) was stored in the freezer at -20°C. We performed
experiments focused on:
• inactivation rate of pathogens by cold plasma, where
juice was inoculated by model pathogens: bacteria
Escherichia coli ATCC 25922 and yeasts
Saccharomyces cerevisiae S228C with the initial
concentration ~ 106-107 CFU/mL;
• effects of cold plasma treatment on the shelf-life time
of juice when containing only its native pathogens;
• chemical and sensory analysis of the cold plasma
treated juice.
The plasma treatment conditions of the juice were as
follows: flow rate 1 mL/min in ES and 1 min treatment
per 1 mL of juice in SS. Either the pathogen inactivation
rate or the spoilage rate was evaluated by the classical
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3. Effects of cold plasma on pathogen inactivation rate
and shelf-life time of fresh juice
The juice contaminated with model pathogens was
treated in both systems (ES and SS). The efficiency of
cold plasma treatment on the inactivation rate (population
growth) was followed up to 26 days post plasma
treatment. In both systems, the achieved inactivation
of E. coli immediately post plasma treatment was quite
low (< 1 log) followed by a significant increase within the
first 2 days post plasma (~ 5-6 log) that remained up to 26
days (Fig. 2).
7

systems and refrigerated at 4°C although both treated and
control untreated samples were under detection limit. The
long-term experiments (up to 28 days post plasma
treatment) are to be performed.
4. Effects of cold plasma on juice properties
Cold air plasmas in direct contact with liquids induce
formation of reactive oxygen and nitrogen species
(RONS), especially hydrogen peroxide, nitrites/nitrates or
OH., NO. and NO2 radicals. Due to the fact that certain
doses of RONS may be harmful for human health, their
content in food products is regulated. For example the
acceptable daily intake (ADI) per human kilogram body
weight is 0-3.7 mg nitrate and 0-0.06 mg nitrite ions. Fig.
3 shows that the concentrations of measured nitrites and
nitrates in cold plasma treated juice were significantly
lower than the ADI of nitrites and nitrates per average 60
kg human.
-

ADI NO2 [mg/60kg body weight]

40,0

ADI

230

-

NO3 [mg/60kg body weight]

220
35,0

-

NO3- SS
NO3- ES

NO2 SS
-

NO2 ES

210

30,0

NO3- [mg/L]

thermostatic cultivation and was followed up to 26 days
post plasma treatment. During this period, the juice was
stored in the fridge at 4°C to simulate the typical
behaviour of consumers.
We also focused on the effects of cold plasma on the
chemical, nutrient and sensory properties of the treated
juice, such as changes of pH, conductivity; colour
changes measured by juice transmittance; concentrations
of nitrites/nitrates and hydrogen peroxide measured by
colorimetric methods; changes of °Brix degree (sugar
content measured by refractive index). The potential
chemical changes in juice composition due to the
presence of reactive oxygen and nitrogen species were
evaluated. The most typical juice components including
polyphenols, organic acids and sugars, and their plasma
induced degradation products were investigated by means
of HPLC coupled to UV-VIS, mass spectrometry (MS)
and refractive index (RI) detectors.

NO2- [mg/L]
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Fig. 3. Nitrites and nitrates concentrations measured in
cold plasma treated juice compared with the ADI doses
calculated to an average human of 60 kg body weight.
The shown measured and ADI values are directly
comparable assuming that an average human consumes
1L of the juice daily.
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Fig. 2. The time evolution of the inactivation rate of the
treated juice contaminated by E. coli.
The efficiency of plasma treatment on yeast S. cerevisiae
remained quite low over the period of 26 days, slightly
higher (0.6-0.8 log) in the SS system.
Freshly squeezed apple juice may contain its native
pathogens (different strains of yeasts and bacteria were
detected) responsible for the spoilage of the juice, which
primarily affects its shelf-life time. Our preliminary
experiments indicated no bacterial or yeast growth up to 7
days post treatment in natural juice treated in both plasma
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RONS formed in plasma treated liquids are known for
inducing chemical changes resulting in changes of pH,
conductivity or degradation of the organic chemical
compounds. Native apple juice contains many organic
components including sugars, organic acids and
polyphenols known as antioxidants. Representative
components from each family (sugars – fructose, glucose
and sucrose; organic acids – malic, citric and ascorbic
acid; polyphenols – chlorogenic acid, phloridzin and
epicatechin) have been tested for possible degradation by
RONS [5]. Preliminary results show that in control
experiments the polyphenols undergo reactions when they
are plasma treated individually in aqueous solutions at the
same concentration as found inthe juice, leading to their
hydroxylated and nitrated products (Fig. 4).
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Fig.4. UV chromatograms (280 nm) of (a) untreated
and (b) electrospray treated phloridzin solution.
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In contrast, the same polyphenols seemed to remain
unaffected when similarly treated within the juice (Fig. 5).
This can be attributed to the fact, that although high
concentrations of RONS may be formed, the competition
by many juice components for the same reactive species
limits the effect on each individual substance.
We also detected no significant changes of pH
(3.28→3.19), conductivity and °Brix degree in plasma
treated juice. The measured transmittance slightly
decreased in plasma treated juice, indicating very mild
darkening of the juice. Peroxidase (POD) is one of the
enzymes known for the undesirable browning and the loss
of the juice quality [6]. We showed that the transient
spark treatment successfully inactivated the peroxidase,
the remaining activity of POD in juice treated in SS
system was only about 6 %.
5. Summary
Cold air plasma seems to be a promising alternative
food processing technique for non-thermal pasteurization
of fresh apple juice. Preliminary results showed a
significant decontamination rate of pathogenic bacteria
and shelf life time extension. In addition, enzyme
inactivation and no significant chemical and sensory
modifications give a very optimistic potential of this
novel method of food product preservation.
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Fig.5. UV chromatograms (280 nm) of (a) untreated and
(b) electrospray treated juice. Extracted ion
chromatograms of the signals ([M+H]+ m/z 482, [M+Na]+
m/z 504, [M+K]+ m/z 520) due to nitrated phloridzin (c)
in electrospray treated phloridzin solution and (d) in
electrospray treated juice.
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Inactivation of Escherichia coli and Staphylococcus aureus on perilla leaves
using reactive species generated with non-thermal atmospheric pressure
plasma treatment
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Abstract: This study focuses on the sterilization methods for the reduction of microorganisms on food contacting
surfaces by non-thermal plasma discharge technique. The reactive species generator was evaluated to prove the
effectiveness for inactivation of fresh-cut vegetables infected with foodborne pathogen. Staphylococcus aureus and
Escherichia coli in suspension was reduced to less than 3.4 log CFU/ml and 0.5 log CFU/ml after reactive species
generator treatment for 3 min, respectively. S. aureus and E. coli suspension-inoculated perilla leaf was also reduced
to 4.8 log CFU/ml and 1.6 log CFU/ml after reactive species generator treatment for 3 min, respectively. S. aureus
and E. coli bacterial cell membrane was damaged by the reactive species generator plasma treatment based on
scanning electron microscopic analysis. We could confirm the detachment ability of infected bacteria from the periila
leaf by plasma treatment. In conclusion, H2O2 radicals have been identified to play an important role in sterilizing
effect. H2O2 and other radicals generated by the plasma caused lipid peroxidation of bacterial cells, leading to
bacterial inactivation. Based on this study, technology of using the reactive species generator could help it become
widespread in food industry as easy and safe method for microbial sterilization of food contacting surfaces.
Keywords: fresh-cut vegetables, foodborne pathogen, Staphylococcus aureus, Escherichia coli, perilla leaf,
reactive species generator, H2O2, lipid peroxidation

1. Introduction
As the quality of the dietary culture grows, consumers look
for fresher, safer, higher quality foods. In addition,
consumption of fresh-cut products are increasing as
modern people are paying attention to diets. Among the
consumed fresh-cut products, perilla leaf is one of the
highest demanded leafy vegetables in Korea. However,
food-borne pathogens and spoilage microorganisms are
serious pollutants for food such as leafy vegetables. In the
case of UV and gamma ray irradiation, the generated
energetic photons can seriously damage the structure of
DNA. Heat treatment at a high temperature above 121 ° C
is not a suitable treatment method because it causes
destruction of food nutrients [1, 2]. In the conventional
post-harvest washing step, a chlorine-based sanitizer is
used to reduce microbial contamination as the chemical
treatment [3]. The residues generated by conventional
postharvest washing and sanitizing treatment may occur
secondary problems [4, 5]. Therefore, safer and more
efficient techniques are needed to control microbial
contamination of food after harvest. As one of the novel
techniques, microbial sterilization using non-thermal
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atmospheric plasma has been reported [6 - 12]. In the
atmospheric plasma, DBD (Dielectric Barrier Discharge)
plasma shows strong sterilization effect by ozone, UV,
ROS (Reactive Oxygen Species), RNS (Reactive Nitrogen
Species) generated by plasma discharge. In particular,
various radicals can be generated depending on the
combination of injected gases [13]. The antimicrobial
effect by plasma treatment can give rise to synergistic
mechanisms. The aim of this study was to investigate
antimicrobial activity of non-thermal atmospheric pressure
plasma treatment against food borne pathogen on perilla
leaf using the plasma technology available in the food
washing process.
2. Materials and method
2.1. Plasma device and measurement of physical properties
2.2. Measurement for RONS (Reactive Oxygen and
Nitrogen Species) concentration, pH and temperature
from plasma treated samples
2.3. Quantitative analysis of H2O2 underwater during
plasma treatment time
2.4. Anions quantitative analysis
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2.5. Reactive species generator treatment of the bacterial
suspension
2.6. Reactive species generator treatment for bacterial
infected perilla leaf
2.7. Assessment of bacterial inactivation
2.8. Observation of bacterial morphology by scanning
electron microscope (SEM)
2.9. Detection of bacterial cell membrane lipid
peroxidation
3. Results and discussion
3.1. Physicochemical characterization of reactive
species generator with non-thermal atmospheric
pressure plasma
Optical emission spectroscopy (OES) of reactive species
generator with non-thermal atmospheric pressure plasma
device used in this experiment shows that the N2 SPS
(second positive system N2) lines were predominant peaks
in the near-UV region (300-440 nm) and NO β, γ system
was also detected weakly of the OES spectrum as shown in
Fig. 1. NOx and OH radicals were increased in proportion
to the plasma treatment time, and the pH was decreased
from 5.5 to 4.4 during 3 minutes of plasma treatment. The
temperature remained largely unchanged at 24 degrees
during the plasma treatment (Fig. 2). The amount of H 2O2
underwater increased up to 17.10 μM in proportion to the
treatment time (Table 2). The amount of NO3-, the
dominant radical underwater after the plasma treatment,
increased proportionally with the plasma treatment time.
When treated with plasma for 3 minutes, which was the
most effective condition for bacterial sterilization, more
than 8 mg L-1 of NO3 were present underwater (Fig. 3).
3.2. Inactivation of E.coli and S.aureus suspension in
underwater by the reactive species generator with
non-thermal atmospheric pressure plasma
The bacterial inactivation effect of E.coli and S.aureus by
plasma treatment was shown in Fig. 4. Approximately 7
log CFU/ml of the initial E.coli and S.aureus bacterial
suspension was reduced to approximately 0.5 log CFU/ml
and 3.4 log CFU/ml, respectively during the plasma
treatment for 3 min (Fig. 4A). In the case of bacteria
infected with sesame leaves, E. coli and S. aureus were
reduced from 4.7 log CFU/ml to 1.6 log CFU/ml and from
log 6.7 log CFU/ml to 4.8 log CFU/ml, respectively, by
plasma 3 min treatment (Fig. 4B).
3.3. Change of morphology and population level in
bacteria by reactive species generator with nonthermal atmospheric pressure plasma treatment

poster

not uniform in both strain, S.aureus and E. coli. And also,
the density of bacteria in the same area was also reduced
3.4. Lipid peroxidation of bacterial cell membrane by
oxidative stress
After plasma 3 min treatment, which had the best
inactivating effect of bacteria, the degree of lipid
peroxidation in bacterial suspensions (S.aureus and E.coli,
respectively) was compared and analyzed. The figure 6
shows the correlation between bacterial viability and lipid
peroxidation. After 2h from the plasma treatment, the
degree of lipid peroxidation of bacteria increased
proportionally with the inactivation degree of bacteria by
plasma treatment in both S.aureus and E.coli.
4. Conclusion
S. aureus and E. coli bacteria infected with perilla leaf were
sterilized by reactive species generator with non-thermal
atmospheric pressure plasma treatment in this study.
Damage to the cell morphology by the plasma eventually
degraded the cell viability. Antimicrobial effect by plasma
treatment is due to the complex mixture of all the radicals
and other reactive chemical species underwater. When
treated with plasma for 3 minutes, the amount of hydrogen
peroxide present underwater was sufficient to inactivate
the bacteria. The lipid peroxidation degree of gram positive bacteria was slightly higher than that of negative
bacteria. The perilla leaf may have become to hydrophilic
by the plasma treatment. Plasma treated perilla leaf was
absorbed to the plasma discharge water more quickly
compared to untreated control and as a result, the bacteria
could well dropped from the perilla leaf. In this study, we
quantitatively analyzed H2O2 and NO3-, which are key
factors in the microbial inactivation among various radicals
generated by plasma discharge. However, we concluded
that various radicals (UV, H2O2, OH, NOx) generated by
the plasma discharge may be more effective at microbial
inactivation compared to when the major factor with
bacterial inactivation effect acts alone. Through this
experiment, it was concluded that the RONS generated
from the plasma treatment spread evenly underwater,
which would have turned into a strong antibacterial
solution against food poisoning bacteria.
Figure 1. Reactive species generator with non-thermal
atmospheric pressure plasma A, Schematic view of
underwater ROS device and plasma discharge appearance
B, Current and voltage profile during discharge C, OES
(Optical Emission Spectra) of plasma

Changes in bacterial membrane surface by plasma
treatment for 3 min were compared by SEM observation
(Fig 5). In Fig. 6, bacterial cell membranes was damaged
by plasma treatment and the morphology of the cells was
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Table 2. The amount of H2O2 with the plasma treatment
time
Plasma
treatment time
(Cumulative
treatment time)
Cumulative
H2O2
concentration
(μM)

1min

1min

1min

2min

3min

4min

(1min)

(2min)

(3min)

(5min)

(8min)

(12min)

4.26

6.19

7.47

10.61

13.68

17.10

Figure 3. Quantitative amount of NO3 present underwater
according to the plasma treatment time by Ion
chromatography analysis. The amount of NO3 is expressed
in ppm (mg / L). Each value represents the average and
standard deviation of three replicate experiments.

Figure 2. Chemical characterization of reactive species
generator device. RONS level, PH and temperature
measurement in accordance with the plasma treatment.
Each value represents the average and standard deviation
of three replicate experiments.

Figure 4. Inactivation of bacteria by plasma treatment A,
Inactivation of bacterial suspension by plasma treatment B,
Inactivation of bacteria infected with perilla leaves by
plasma treatment. Each value represents the average and
standard deviation of three replicate experiments.*p<0.05
and **p<0.01; Student’s t-test.

Figure 5. Bacterial morphology and population
modification analyzed by SEM A, morphology change of
plasma-treated bacteria B, Degree of detached bacteria
from the perilla leaf.
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6.

Figure 6. Correlation of lipid peroxidation and bacterial
viability of S.auresu and E.coli by the malondialdehyde
(MDA) assay. A, E. coli B, S. aureus. Comparison of
bacterial reduction rate and lipid peroxidation by plasma
treatment for 3min. 2h after plasma treatment, the bacterial
viability and lipid peroxidation was correlated with the
concentrations of MDA products.

5.
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Remediation of fluorene contaminated soil by needle-plate pulsed corona
discharge
Jiaxun Zhan, Rui Li, Wenyan Cheng, Yanan Liu*

School of Environmental Science and Engineering, Donghua University, Shanghai, China
Abstract: A pulsed corona discharge (PCD) plasma system was employed for the
remediation of fluorene-contaminated soil. The impacts of positive and negative power,
discharge voltage, discharge frequency, electrode gap, soil moisture, soil pH value and
initial soil concentration on degradation efficiency of fluorene were studied. Additionally,
fluorene degradation by plasma and O3 was compared. The effect of soil periodic washing
on degradation efficiency was explored and the degradation pathway of fluorene was
deduced by FTIR detection.
Keywords: non-thermal plasma; soil remediation; fluororene
1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) have been
regarded as a priority group of environmental
contaminants. Most PAHs pose a risk to human health
and ecological security due to their toxic, carcinogenic,
mutagenic and teratogenic properties[1-3]. Recently, nonthermal plasma as a novel Advanced oxidation processes
(AOPs) have been frequently applied for the remediation
of PAHs in soil due to high degradation efficiency, the
possibility of working at atmospheric pressure, no
secondary pollution and ambient temperature operation
conditions[4-6]. The reactor discharges directly on the
soil surface and produces a great number of active species
including various types of ions, hydroxyl radicals, ozone,
ultraviolet light, ionized oxygen and atomic oxygen[7]. A
pulsed corona discharge plasma system was employed for
the remediation of fluorene-contaminated soil to discuss
the potential of non-thermal plasma for soil remediation
in this study.
2. Materials and methods
The experimental device included a high-voltage pulse
power supply, console of pulse power supply, a digital
oscilloscope, a needle-plate reactor, a gas flowmeter and
an air pump as shown in Figure 1. The needle-plate
reactor had 98 stainless-steel needles on the high-voltage
electrode and the needles were distributed uniformly on
needle-plate. Polluted sandy soil was placed in the reactor
for plasma treatment.

Fig. 1. Experimental device
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Remediated soils were then extracted and analysed by
High performance liquid chromatography (HPLC).
Fourier transform infrared spectroscopy (FTIR) was used
to identify the chemical bonds of residual pollutants in the
soil.
3. Results and discussions
Both the degradation efficiency of fluorene and the
energy efficiency for positive power supply was higher
than that of negative power supply. The degradation rate
increased as the discharge voltage and discharge
frequency rose. The optimal electrode spacing was 20 mm.
Lower soil moisture was more beneficial for fluorene
degradation and neutral or alkaline soil promoted fluorene
degradation. Higher initial concentrations would lead to
lower degradation efficiency but actually larger fluorene
degradation mass. The degradation efficiency of fluorene
could reach 78.75% with optimized parameters.
Plasma and O3 generated under the same condition was
compared in order to investigate the role of O3 on
pollutant degradation in the plasma system. 31.3% of
fluorene was removed by ozone alone. This result showed
that ozone had a certain effect on the removal of pollutant
in the soil during the treatment. However, degradation
efficiency of fluorene improved to 66.6% by pulse corona
discharge plasma. This meaned that other active species
was generated during the discharge processes and took
part in the degradation.
Pollutant soil was cleaned by water per 15min of
treatment as in Figure 2 in order to investigate
degradation efficiency of fluorene after removing
oxidation products. Polluted soil was treated by plasma
when oxidation products was removed by water and soil
dried. The result showed degradation efficiency of
fluorene with removal of oxide was nearly twice higher
than that without removing oxide. Only 48.6% of fluorene
was removed without removing oxide. However,
degradation efficiency was improved to 99.3% by
washing off oxidation products.
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Fig. 2. Expected result of soil periodic washing
The degradation pathway of fluorene in the soil was
studied by FTIR and the results were in Figure 3. Two
absorption regions were caused by C-H and C=C
stretching vibrations in 880~680cm-1and 1600~1500cm-1.
O-H from alcohol or phenol represented the stretching
vibrations and flexural vibration which caused the
absorption region in 3600~3160 cm-1 and 769~659 cm-1.
These regions were weaker than those without treatment.
Meanwhile, O-H of carboxyl stretching vibrations and
flexural vibrations in the region of 3000~2500 cm-1 and
920 cm-1 also decreased. It might be assigned to C=O
from carboxylic acid or ester stretching vibrated in 17601606 cm-1. The absorption region decreased in
1600~2000cm-1 might suggest that a substitution reaction
occurred on C-H of the aromatic ring. These analyses
displayed that a series of chemical reactions occurred
such as substitution and esterification reactions on the
benzene ring of fluorine.
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Fig. 3. FTIR spectra of fluorene before and after the
plasma treatment
4. Conclusions
PCD plasma system is a fast and effective remediation
of flourene contaminated soil, which demonstrates the
potential of treating organic pollutants such as polycyclic
aromatic hydrocarbons (PAHs). Further research should
be carried out to lay the foundation for future applications.
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Reduction of aqueous chromium (VI) by plasma treatment of wastewater
Z. Chen, S. B. Ponraj, X. J. Dai
Institute for Frontier Materials, Deakin University, Waurn Ponds, Victoria 3216, Australia

Abstract: Reduction of aqueous chromium(VI) to chromium (III), without adjustment of
the initial pH of the solutions, was studied using argon (Ar) and air plasma treatment of
wastewater. The plasma treatment was performed on the chrominum(VI) solution with and
without ethanol. The addition of ethanol enhanced the reduction rate. It was found a new
role of ethanol to be a hydrogen peroxide (H2O2) enhancer which is responsible for a high
rate reduction besides as a hydroxyl radical scavenger.
Keywords: chromium(VI), plasma, wastewater
1. Introduction
A large amount of aqueous chromium effluents are
produced during electroplating, leather tanning, wood
preservation and other industrial processes [1]. In these
industrial wastewaters, chromium (Cr) exists mainly in
two stable oxidation states: hexavalent Cr(VI) and
trivalent Cr(III) [1-2]. Cr(VI) is highly soluble in water at
neutral pH, which can impose serious environmental and
health problems due to its toxic and carcinogenic
properties [1-2]. In contrast, Cr(III) has lower solubility in
water at neutral pH and relatively harmless[1-2].
Moreover, an intake of 50-200 mg Cr(III) per day is
beneficial to adults [1]. Therefore, the reduction Cr(VI) to
Cr(III) is essential in treatment of Cr(VI) containing
wastewater. Current chemical reduction processes require
reductants such as ferrous sulfate or sodium sulfate in
acidic condition [2-4]. This can form toxic products and
cause secondary pollution [2-4]. This necessitates the
development of an alternative to reduce Cr(VI) without
any secondary toxic products. Plasma in or in contact with
water as an environmental friendly process can generate
various reductive species such as hydrated electrons,
hydrogen radical, hydrogen peroxide (especially plays a
reductive role in acidic condition) and superoxide radicals
[5]. Plasma treatment has been demonstrated to reduce
Cr(VI) to Cr(III) without the use of any reducing agents
[2-4]. It has been reported that the adjustment of the
initial pH of the Cr(VI) solution and addition of ethanol
(as a hydroxyl radical scavenger) are mainly required to
enhance the plasma induced reduction of Cr(VI) [2-4].
Moreover, in some case, the argon atmosphere (eliminates
the interference from air) in a closed plasma reaction
chamber improved the reduction of Cr(VI) [2]. However,
if we treat a large amount of wastewater, the process
needs to be more practical.In this work, we investigate an
improved plasma processing to reduce Cr(VI) without
using any reductants as well as pH adjustment. The
plasma process in this work was conducted in an open
chamber (Fig. 1). In our previous study [6], it showed that
in an open plasma setup (plasma generated above liquid),
air could not be totally avoided although Ar gas was used
to flash many time. This resulted in lower pH and less
selectivity, compared with the needle electrode immersed
in liquid. As the Cr(VI) reduction and the reductive role
of H2O2 require acidic condition, therefore using this
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open plasma setup, pH value will be reduced when Ar gas
is used to form a required acidic condition for the Cr(VI)
reduction. Both Ar and air plasmas were used in this
study. The role of ethanol presence on the reduction of
Cr(VI) were investigated, where we found that the role of
ethanol is not limited to the hydroxyl radical scavenger
in the plasma induced Cr(VI) reduction.
2. Experimental section
Potassium dichromate (99%, Sigma-Aldrich) was used
to prepare a stock water solution of Cr(VI) (500 mg/L). A
set of various known concentrations of Cr(VI) solution
was prepared from the stock solution and established a
standard curve. A working concentration of 50 mg/L
Cr(VI) solution was used for all plasma treatments.

Fig. 1. Schematic diagram of the plasma setup for Cr(VI)
reduction.
The plasma system for reduction of Cr(VI) is shown in
Fig. 1, where a stainless steel needle (inner diameter:
0.44mm) and a stainless steel bar were used as the anode
and cathode, respectively. The anode was placed about 5
mm above the solution, while the cathode was submerged
into the solution. Both electrodes were connected to a
high voltage pulse generator FPM 15-10MC2 (FID
GmbH) and the operating frequency and voltage were 4
kHz and ±9kV. The gas was fed at a flow rate 100 sccm
through the needle to produce discharge for all the
treatment. The treatment times of Ar and air plasma were
varied from 5 to 15 min. 20 mL of 50 mg/L Cr(VI) was
used for the treatment. For the experiments with the
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hydroxyl radical scavenger, 1 ml of ethanol was added
into the solutions initially.
The pH value of the Cr(VI) water sample was measured
using a TPS WP-81 pH meter. The concentration of H2O2
in the plasma treated sample was determined using a UVVis absorbance at 407 nm [7], after mixing with titanium
sulfate in acidic condition. A commercially available test
kits (Spectro quant NOVA 60, Merck) was used to
measure the concentrations of the nitrate in the plasma
treated samples. The concentration of Cr(VI) was
determined by using a direct spectroscopic method [8].
The reduction efficiency () of Cr(VI) was calculated
according to the following equation:

𝜂=

𝐶0 −𝐶𝑟
𝐶0

 100%

(1)

poster

(b)

(c)

where C0 denotes the initial concentration of Cr(VI),
and Cr is the concentration of Cr(VI) after plasma
treatment.
3. Results and discussion
In this work, Argon and air plasmas were studied to reduce
the Cr(VI) in DI water. The characteristic UV absorption
peak of Cr(VI) species is 350 nm as shown in Figure 2a
and b [3]. It can be seen from UV-Vis absorbance spectra
that with the increase in the plasma treatment time, the
intensity of Cr(VI) absorption band decreased slightly for
both Ar and Air plasma treatments without ethanol, while
it noticeably decreased for plasma treatments with ethanol
(Fig. 2a and b). The Ar plasma treatment (9%) reduced a
slightly higher percentage of Cr(VI) than air plasma (5%)
in the absence of ethanol was shown in Figure 2c. This
could be due to, in an open air environment, a large
proportion of the input energy were consumed to dissociate
nitrogen to form more nitrogen species consumes [3, 9]
thus leading to less reductive species in water. It was
evident from Fig. 3b and c, in the absence of ethanol, the
concentration of nitrate in plasma treated water
significantly increased along with the increase in the
treatment time (Air plasma produced more nitrate than Ar),
but the concentration of H2O2 remained similar (about 10
mg/L) for all the treatments.
C2H5OH + OH  H2O + C2H4OH
(2)

(a)

Fig. 2. Variations of UV/vis spectra of Cr(VI) solutions
with or without the addition of ethanol before and after (a)
Ar and (b) Air plasma treatment, (c) Cr(VI) reduction
under different plasma treatments.
On the other hand, the addition of ethanol in Ar plasma,
significantly increased the concentration of H2O2 (2 to 7
times) and reduced half of the concentration of nitrate
compared to without ethanol (Fig. 3b and c). The addition
of ethanol in air plasma produced 10% to 40% more H 2O2
and 50% less nitrate compared to without ethanol. The
Cr(VI) reduction efficiency for Ar plasma increased from
17, 51 and 71% for 5, 10 and 15 min treatment time,
while for air plasma, it increased from 15, 26 and 47% for
5, 10 and 15 min treatment time. The addition of ethanol
effectively reduced Cr(VI) in both Ar and air plasmas.
This might be due to that the ethanol scavenged the
hydroxyl radicals (highly oxidative) produced during
discharge [2-3] (Eq. 2), and reduced the possibility of reoxidization from lower Cr states to Cr(VI). Most
interesting is that the ethanol seems also played some
other important roles such as enhancing the production of
H2O2 and inhibiting the production of nitrate as shown in
the Fig. 3b and c. The addition of ethanol in both Ar and
air plasma slightly increased the pH of plasma treated
Cr(VI) solution compared to without ethanol (Fig. 3a).
However, the plasma treated water still appeared acidic
(pH < 3) in all cases. The plasma produced H2O2 played a
reductive role and reduced Cr(VI) to Cr(III) in acidic
condition (Eq. 3) [3-4].
Cr2O72- + 3H2O2+ 8H+  2Cr3+ + 3O2+ 7H2O ------ (3)
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ethanol on reduction of Cr(VI) needs to be further
investigated.

(a)

(b)
Fig. 4. The Cr(VI) reduction efficiency after 24 hours.
4. Summary
Cr(VI) reduction to Cr(III) can be achieved by Ar and
Air plasma treatment of the wastewater without adjusting
the initial pH value of the Cr(VI) solutions. Compared to
Air plasma, Ar plasma gave a better Cr(VI) reduction rate
in all the situations. The addition of ethanol greatly
increased the production of H2O2, which may contribute
to the higher reduction of Cr(VI) in DI water.

(c)
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Fig. 3. The pH values (a) and concentrations of H2O2 and
NO3- in plasma treated Cr(VI) solutions with or without
ethanol addition (initial pH= 4.1).
After 24 hours post-plasma treatment, the Cr(VI) solution
with ethanol addition treated by Ar or Air plasma showed
a further reduction as shown in Fig. 4. The ethanol added
samples in both Ar and air plasma reduced more Cr(VI)
compared to immediately plasma treated samples. The
highest Cr(VI) reduction efficiency was found on 15 min
Ar treatment (95%) which could be due to the presence of
higher H2O2 concentration (Fig. 3b). From the above
results, it was found that the addition of ethanol not only
promoted the Cr(VI) reduction by acting as hydroxyl
radical scavenger [2-3], but also increased the production
of H2O2 that seems to be responsible for the high reduction
rate. However, more work on understanding of the roles of
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Dry Reforming of Methane to Syngas in a Carbon Dioxide Microwave Plasma
Torch at Atmospheric Pressure
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Abstract: Carbon dioxide was converted to synthesis gas (syngas) in a microwave plasma
torch by methane reforming at atmospheric pressure. The microwave plasma torch converts
CO2 + CH4 into synthesis gas. This study examined conversion rates as a function of gas
temperature for dry methane reforming. The temperature of the torch flame is measured 6760
K by making use of optical spectroscopy. The CO2/CH4 reforming can be completely
converted into synthesis gas (conversions: 68.4%, CO2; 96.8%, CH4) through their reforming
reactions at a microwave power of 6 kW. When the reforming gas (CO2:CH4) mole ratio was
1:1, the resulting synthesis gas (H2:CO) mole ratio was 0.9:1.1. The H2 and CO mass yield
rates increased to 0.24 kg/h and 1.86 kg/h, respectively. Also, the energy yield are 240 g/h
and 41.4 g/kWh. The CO2 microwave plasma torch not only exhibited noteworthy results for
CO2 reduction and syngas production, but the H2:CO mole ratio of the gas produced is easily
controlled by adjusting the CO2:CH4 ratio during the feeding process.
Keywords: carbon dioxide, methane, synthesis gas, methane reforming, microwave plasma
1. Introduction
Atmospheric concentrations of carbon dioxide (CO2)
have increased dramatically since the industrial revolution,
an issue acknowledged to be a significant contributing
factor to the greenhouse effect. Given that reducing
greenhouse gas concentrations is very important to the
environment, it is important to find solutions that achieve
zero-emissions of CO2, an important greenhouse gas.
Recently, CO2 capture and storage (CCS),1,2 CO2 capture
and utilization (CCU),3,4 and the CO2 reforming of methane
(CH4),5 have all been used as technologies to reduce CO2
levels. We considered CO2 dry reforming (CDR) using a
microwave plasma torch at atmospheric pressure. The
CDR reaction strong depend on the applied temperature
and chemical species. In this article, we investigated the
dissociation properties of CO2 molecules at hightemperature, as well the syngas produced, in CDR
reactions using a CO2 microwave plasma torch. This torch
can be operated at atmospheric pressure at a frequency of
2.45 GHz with a microwave power of 6 kW and a total gas
flow rate of 30 L/min. Spectroscopic diagnostics indicate
that high temperatures, together with the active species
from CO2 produced in the microwave plasma, induce the
CDR reaction. The production of synthesis gas through dry
reforming confirms that a CO2 microwave plasma torch
can be used to effectively achieve methane conversion at
atmospheric pressure.
2. Experimental set-up
The proposed CO2 microwave plasma torch for syngas
production via CH4 conversion was operated at a frequency
of 2.45 GHz at atmospheric pressure. The experimental
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parameters included variable power (3~6 kW) and a total
flow rate of 30 L/min (CO2 15 L/min and CH4 15 L/min,
CO2:CH4=1:1).
Experimental
results
included
spectroscopic diagnostics as well as the reforming
efficiency of the CO2 microwave plasma. As shown in Fig.
1, the CO2 microwave plasma torch is used to produce
syngas via CH4 conversion at atmospheric pressure; this
plasma torch uses CO2 (99.99%) to maintain working,
stable plasma. The torch mainly consists of a tapered
waveguide to provide a maximized electric field, and a
quartz supporter for injecting the CO2 ignition gas. CO2, as
the ignition gas, was injected via the quartz supporter into
the plasma torch through four small tangential holes,
resulting in a flow that swirls inside the quartz tube. In
addition, CH4 gas (99.99%), as the reforming gas, was also
introduced into the plasma via the quartz supporter. The
main purpose of gas swirling is the stabilization of the CO2
microwave plasma, and to prevent melting of the quartz
tube due to the hot plasma gas. In other words, the CO2 gas
that is concentrated near the quartz tube is responsible for
generating the CO2 microwave plasma as it swirls inside
the quartz tube.
3. Result and discussions
The dominant conversion of CO2 and CH4 proceeds
according to formula (1).
CO2 + C𝐻4 → 2CO + 2𝐻2
(1)
The Gibbs free energy for this reaction is given by the
standard relationship shown in equation (2).
∆𝐺 = ∆H − T∆S
(2)
The enthalpy and entropy changes due to this reaction can
be calculated to be H = 247 kJ/mol and S = 257 kJ/mol.6
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The reaction temperature for this reforming process is
calculated to be T = H/S = 961K. Microwave plasma at
atmospheric pressure has a wide temperature distribution
at mean temperatures above 6,500 K.7 The temperature of
the CO2 microwave plasma is much higher than this
reaction temperature; T = 961 K in most plasma flames at
atmospheric pressure. To evaluate the reaction
performance of the CO2 microwave plasma torch, the gas
concentrations, syngas flow rates, and conversions rates of
CO or CH4 were calculated. The conversions of CO2 and
CH4 are calculated from formulas (3) and (4).

CDR reaction presented in this work will be a promising
approach in CCU technology.

4. Conclusions
A CO2 microwave plasma torch was applied to the
production of syngas via CH4 conversion at a frequency of
2.45 GHz and at atmospheric pressure. The experimental
results show that the proposed torch was well suited to CO2
dissociation and that it could be operated at high
conversion rates. The temperature of the torch flame was
measured to be 6760 K by optical spectroscopy, which also
confirmed that the CO2 microwave plasma provides
([𝐶𝑂 ]𝑖𝑛−[𝐶𝑂 ]𝑜𝑢𝑡)
CO2 conversion (%) = √ 2 [𝐶𝑂 ]in2
× 100
(3) sufficient oxygen radicals at high temperature. The
2
potential of the CO2 microwave plasma torch for syngas
([𝐶𝐻4 ]𝑖𝑛−[𝐶𝐻4 ]𝑜𝑢𝑡)
CH4 conversion (%) = √
× 100
(4) production via CH4 conversion at one atmosphere pressure
[𝐶𝐻4 ]in
In Fig. 2 the effects of different power levels on CO2 and has also clearly been demonstrated. The syngas H2:CO
CH4 reforming are shown under experimental conditions in mole ratio is relatively easy to control by adjusting the ratio
which the total flow rate was 30 L/min (CO2, 15 L/min and of CO2:CH4 during the feeding process. Although the gas
CH4, 15 L/min, CO2/CH4=1:1). Fig. 2 shows the conversion rate during the CDR process is not sufficient at
conversion rates of feeding gas as the applied power low power, CO2 and CH4 can be completely converted into
increases. The conversion rate of CO2 increased from 12.5% syngas under high power conditions. As a result,
and 71.3%, while that of CH4 increased from 68.4 to 96.8%. conversions of 68.4 and 96.8% could be achieved for CO 2
With increased plasma input power, the conversion of CO2 and CH4, respectively, through the use of a microwave
was increased significantly. However, the conversion of plasma torch, without the need for catalysis. The H2 and
CO2 is less than of that of CH4 at low power. The CDR CO mass yield rates increased to 0.24 kg/h and 1.86 kg/h,
conditions at low plasma power allow for the following respectively. Also, Our method is much more efficient than
recombination reactions: CO + O → CO2 and C + O2*→ that of DBD, showing 240 g/h and 41.4 g/kWh, and
CO2; a lower CO2 conversion is observed as a consequence. implying the effective energy transfer to CO2 molecules.
In other words, oxygen and ions produced in the plasma are The proposed CO2 microwave plasma torch for syngas
reduced back to CO2 by the reverse reaction with C or CO. production is expected to be of low cost and effective.
Clearly then, the reforming conversion rate strongly Consequentially, we have demonstrated that a CO2
depends on the microwave plasma power; conversions of microwave plasma torch exhibits noteworthy results for
68.4 and 96.8% for CO2 and CH4, respectively, can be CO2 reduction and syngas production. Furthermore, the
achieved at a microwave power of 6 kW. The yield rates of syngas produced by this torch is not only usable for the
the syngas production via the CO2 and CH4 reforming are production of acetic acid or methyl formate, but also
shown in Fig. 3. As the input power is increased from 3 to satisfies the H2:CO mole ratio required for the production
6 kW, the H2 and CO mass yield rates increased to 0.24 of various substance when combined with wet syngas
kg/h and 1.86 kg/h, respectively. Due to increased processes. On the one hand, from an economic point of
conversion degree of CO2 and CH4 with the microwave view, it is necessary for this CO2 microwave plasma torch
power increase, syngas mass yields also increase. In order to be become more energy efficient and cost effective.
to compare with other methods for the production of Finally, a more efficient torch with a catalyst is our longhydrogen and carbon monoxide, we summarized the term objective and forms part of our future research.
production rates and the energy yield in generating
hydrogen in Table 1.8 For the CDR reaction using a 5. References
dielectric barrier discharge (DBD), the production rate and [1] A. A. Olajire, Energy 35, 2610 (2010).
the energy yield are 0.25 g/h and 5.2 g/kWh, respectively. [2] K. Z. House, PNAS 103, 12291 (2006).
Our method is much more efficient than that of DBD, [3] X. Tao, Prog. Energy Combust. Sci. 37, 113 (2011).
showing 240 g/h and 41.4 g/kWh, and implying the [4] K. M. Yu, ChemSusChem 1, 893, (2008).
effective energy transfer to CO2 molecules. Jansinski et al. [5] M. C. J. Bradford, Catal. Rev. 41, 1 (1999).
reported the production of hydrogen using CDR reaction in [6] M. M. V. M. Souza, Appl. Catal. A–Gen. 281, 19
a metal-cylindrical-based microwave plasma with the (2005).
addition of water, producing hydrogen of 180 g/h and 42.9 [7]B. O. Ogungbesan, IJIRSE 6, 2543 (2012).
g/kWh. The additive water can be helpful to produce [8] J. Mizeraczyk, M. Jasinski, Eur. Phys. J. Appl. Phys.
hydrogen by utilizing hydrogen in water. In recent, the 75, 24702 (2016).
hydrogen production using atmospheric 2.45 GHz plasmas
were reported by making use of alcohol as a liquid fuel,
showing the ineffective energy yields. It is believed that the
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Table 1. Plasma method of H2 production. Comparison of
the hydrogen rates and energy yield.8
Production
method

Initial
composition

Electron beam
radiolysis

CH4 + H2O

Dielectric barrier
discharge

CH4 + CO2

Dielectric barrier
discharge

CH4 +
CO2/H2O

Metal-cylinderbased microwave
plasma

CH4 +
CO2/H2O

Dielectric barrier
discharge

CH3OH +
CO2/H2O
CH3CH2OH
+ CO2

Producti
on rate
g(H2)/h

Energy
yield
g(H2)/kWh

References

3.6

Kappes et
al., 2003

5.2

Dors et al.,
2012.

0.5

Sarmiento et
at., 2007.

42.9

Jasinski et
al., 2013.

3.3

Sarmiento et
at., 2007.

Gaseous fuel

Figure 1. Schematic diagram of the CO2 microwave
plasma torch. The microwave plasma torch uses CO2 to
maintain working, stable plasma. CH4 gas is mixed into
the CO2 gas for syngas production.

0.25

180

Liquid (vaporized) fuels

Microwave (2.45
GHz) plasma

CH3OH +
Ar
C2H5OH +
H2O + Ar

6.7
0.6
0.3

1.4

Henriques et
al., 2011.

0.5

Microwave (2.45
GHz) plasma

C2H5OH +
Ar

0.55

Tsyganov et
al., 2013.

Microwave (2.45
GHz) plasma

CH3OH +
Ar
C2H5OH +
H2O + Ar

0.29

Bundaleska
et al., 2013.

This work

CH4 + CO2

0.41
240

41.4

Figure 2. Conversion rate of syngas (c) versus absorbed
microwave power. Conversion rates of 68.4 and 96.8%
were obtained for CO2 and CH4, respectively, and can be
achieved using a microwave plasma torch (CO2, 15 L/min
and CH4, 15 L/min; CO2:CH4=1:1), without a catalyst.

Figure 3. Syngas yield rate obtained from this work at the
different powers.
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Non-thermal Plasma assisting the Biofiltration of Volatile Organic Compounds
M. Schiorlin1, M. Schiavon2, R. Brandenburg1 and M. Ragazzi2
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Leibniz Institute for Plasma Science and Technology (INP Greifswald), Greifswald, Germany
Department of Civil, Environmental and Mechanical Engineering, University of Trento, Trento, Italy
Abstract: Biofiltration is affected by unsteady loading rates and is also less effective
within poorly water soluble substances like some volatile organic compounds (VOC). Nonthermal plasma (NTP) technology produced with a dielectric barrier discharge (DBD) was
used for the pre-treatment of an air stream contaminated with a mixture of VOCs. A
mixture of toluene, n-heptane, p-xylene, ethylbenzene and benzene was produced to
simulate air stripped by an oil refinery wastewater treatment plant.
Keywords: dielectric barrier discharge, biofilter, air pollution control, industrial
wastewater, BTEX.

1. Introduction
Volatile Organic Compounds (VOCs) are air pollutants
that originates both from natural sources and from several
types of anthropogenic activities, such as transportation,
usage and production of solvents, oil refineries, chemical
industry, agriculture, gas leakage from waste landfills and
waste treatment [1]. A 56% decrease in VOC emissions
have been observed in Europe between 1990 and 2010
[2], due to improved air pollution control technologies
and energy efficiency in the transportation sector, which
were also driven by more restrictive emission standards.
Industrial sites are generally equipped with wastewater
treatment plants (WWTPs) to recycle process water or
wastewater and/or purify it before its release into the
environment [3]. Industrial WWTPs are known sources of
fugitive emissions of VOCs [4]. Oil-refinery WWTPs, in
particular, are important contributors of aromatics and,
more specifically, benzene, toluene, ethylbenzene and
xylene, also referred to as BTEX [5]. Due to their
volatilization, VOCs are released from wastewater and are
dispersed within the atmosphere [6]. To reduce VOC
releases from industrial WWTPs, the air of the different
compartments is aspirated and treated before being
released to the atmosphere. The current solution to this
issue is represented by biological technologies. In the socalled biofilters, the air flows through a filtering bed. The
pollutant molecules transfer into a thin biofilm that
develops on the surface of the packing material.
Microorganisms, such as bacteria and fungi, are
immobilized in the biofilm. They capture and biologically
degrade the pollutant molecules. Biofilters still represent
the most convenient method to treat the stripped air from
WWTPs [7]. However, biological technologies are
susceptible to unsteady conditions of flow rate and
pollutant concentration [8], negatively influencing the
adaptation time of the microorganisms [9]. Peaks of
concentrations may also cause shock to the
microorganisms responsible of biodegradation and this
can affect the proper operation of the biofilter. In
addition, the biodegradation of hydrophobic compounds
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is problematic, because of the limited diffusion of
pollutants from the gaseous phase to the biofilm.
A technology based on the generation of non-thermal
plasma (NTP) may help to achieve both these targets, as
demonstrated in recent laboratory experiments:
Brandenburg et al. [10] achieved satisfying results in the
removal of hydrocarbons from air and in the formation of
water-soluble byproducts like formic acid after
application of NTPs; Schiavon et al. [11], converted three
VOCs in air to carbon monoxide (CO), carbon dioxide
(CO2) and minor organic byproducts that were more
water-soluble than the VOCs in the starting mixture.
This contribution focuses on a laboratory-scale study
that aims at investigating possible synergistic effects of
NTP treatment and biofiltration in removing or converting
a mixture of VOCs from air. Therefore, a mixture of five
VOCs was chosen to represent the stripping air of an
industrial WWTP. After completion of the startup phase
of a laboratory-scale biofilter, a DBD reactor was
installed prior to the biofilter. It was studied whether the
NTP treatment is able to manage peaks of the inlet mass
loading of pollutants, which often occur in real cases.
2. Materials and Method
The experimental setup (Fig. 1) consists in an NTP
reactor, a laboratory-scale biofilter and five bubblers,
each containing one of the following five VOCs: benzene,
ethylbenzene, p-xylene, n-heptane and toluene. The five
bubblers are fed with nitrogen (N2) and the N2 flow rates
were adjusted with dedicated mass flow controllers to
obtain the desired concentrations of each VOC in the total
air flow used in this study, which was set at 0.15 Nm3 h-1.
The air flow consists in compressed air blown from
outside the laboratory building. The air flow is split into
two lines: one passing through an additional bubbler
containing distilled water and one that mixes up with the
N2 flows enriched with VOCs. These two air flow rates
were adjusted with two mass flow controllers in order to
keep the relative humidity (RH) of the total flow rate at
about 50%. The RH and the temperature (T) of the total
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flow were daily checked with a digital thermohygrometer.
The total flow was sent directly to the biofilter during
the startup phase, i.e., the acclimation period of
microorganisms to the VOC mixture. Once the startup
phase had been completed, the flow was firstly made
passing by the NTP unit for the procedure of the tests.
The NTP unit has a total volume of 0.25 L. Plasma is
generated between a layer of dielectric material of 0.5 mm
thickness and the electrodes which are two stainless steel
meshes. The plasma source is energized with sinusoidal
voltage produced with a programmable power source
(Chroma 61603) connected to a voltage transformer
(1:150, Bremer). The high voltage is measured with a
high-voltage probe (Tektronix P6015A) and the discharge
charge calculated with the voltage drop through a 100 nF
capacitor. The source is operated at three different
frequencies (500, 750 and 1000 Hz) and the voltage
amplitude is varied from 6.8 to 9.0 kVpp. The discharge
power is measured with Q-V plot method.
The biofilter is a PVC cylinder with diameter of 8 cm
and total height of 80 cm. The biofilter was filled with
peat till a height of 50 cm. The corresponding empty bed
residence time is about 96 s. The filling material was
enriched with a lyophilized bacterial inoculum provided
by Air Clean Srl (Italy). The biofilter is equipped with a
grid supporting the filling material, a connector for the
inlet flow placed below the grid, a tap to flush possible
excess water collected at the bottom of the biofilter, a
connector for the outlet flow located at the top of the
biofilter and a connector for the periodical irrigation of
the filling material. The pressure drop (∆P) between inlet
(at the bottom) and outlet (at the top) of the biofilter was
monitored with two manometers. The flow exiting the
biofilter is sent to an aspiration system. The filling
material was irrigated with 25 mL d-1 of water.
A Fourier Transform Infrared (FTIR; Thermo Scientific
Antaris IGS) spectroscope was used to monitor the
concentrations of O3, carbon dioxide (CO2) and carbon
monoxide (CO). O3 and CO are typical by-products of the
application of NTP to O2-containing streams. CO2 is the
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product of final oxidation by NTP and the product of
biodegradation. A mass spectrometer combined with a
Gas Chromatograph (GC/MS; Agilent 7890B GC and
5977A MSD) was used to identify the secondary byproducts of VOC degradation by NTP. Finally, a Micro
Gas Chromatograph (Micro-GC; Inficon 3000) was used
to quantify the five VOCs. Three sampling points were
created to sample the flow upstream of the NTP unit (A),
upstream of the biofilter (B) and downstream of it (C)
(Figure 1).
The pH of the filling material was monitored before and
after the tests with NTP by means of Litmus stripes.
The startup phase of the biofilter lasted about one
month and finished when constant removal efficiencies
(REs) were obtained for the five VOCs in the mixture
entering the biofilter at the following reference
concentrations: benzene: 29 ppm; ethylbenzene: 36 ppm;
p-xylene: 47 ppm; n-heptane: 57 ppm; toluene: 90 ppm;
total VOC concentration: 260 ppm.
Several tests were performed to investigate how NTP
can manage peaks of VOC concentrations and prevent
stress to the microorganisms of the biofilter: the VOC
concentrations upstream of the NTP unit (A) were
increased by 25%, 50% and 100%; plasma was
enlightened and the discharge power was stepwise
increased until the total VOC concentration at the inlet of
the biofilter got back approximately as equal to the
original total VOC concentration. To assess the
performance of the biofilter, the primary indicator is RE,
defined as:
(1)
where Cout is the outlet concentration. The concept of
RE is also useful to evaluate the removal performance of
an NTP treatment. Another good indicator providing
information on the energy consumption of NTP to remove
a pollutant is the energy yield (EY), defined as follows:
(2)
where SIE is the specific energy density, i.e., the power
provided to the discharge normalized to Q.

Fig. 1. Schematic view of the experimental setup (MFC: mass flow controller; MIX: mixing chamber; HV: high
voltage; OSC: oscilloscope; A, B, C: sampling points).
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Fig. 2. RE values of the five reference VOCs after the NTP unit (sampling point B) with a a) 25%, b) 50% and c)
100% increase in the initial concentrations.
3. Results and Discussion
The SIE provided to the DBD reactor was gradually
increased from 46 J·L-1 to 128 J·L-1, from 49 J·L-1 to
165 J·L-1 and from 92 J·L-1 to 256 J·L-1, in the case of a
25%, 50% and 100% increase of N2 flow rates,
respectively. With every increase in the power provided
to the DBD, the VOC concentrations were continuously
monitored both at the sampling point B and at the
sampling point C, in order to assess both the performance
of the only NTP treatment and of the NTP-biofilter
combined system. The REs at the outlet of the NTP unit
(B), at the different SIE values investigated, are reported
in Fig. 2. Hereinafter, for an easier view of the graphs, the
errors associated with the SIE (estimated as equal to 10%
of the value) are not shown. In every graph the horizontal
dashed line represent the threshold that has to be
overcome by the plasma unit to get the initial
concentrations at the inlet of the biofilter.
As expected, the REs increase with the increase of SIE
due to the conversion of the initial compounds by plasma
chemical reactions. However, a threshold SIE of 70 J·L-1
can be observed before a significant removal can be
obtained. This can be explained by the presence of
humidity in the airflow, i.e., a part of the energy provided
to the DBD is dissipated through excitation of the
vibrational levels and polarization of water molecules
instead of formation of reactive species for VOC
conversion.
The VOC showing the smallest degradation of all
VOCs is benzene, which seems to be even reformed at a
SIE comprised between 95 J·L-1 (in the case of a 25%
increase) and 125 J L-1 (in the case of a 100% increase).
This is consistent with the results of a former experiment
[11] on toluene, benzene and n-octane, in which the
reformation of benzene was ascribed to toluene
degradation operated by NTP. The formation of benzene
was also reported by Huang et al. [12] after treatment of
gaseous toluene in humid air with a plasma driven
catalyst (PDC) system. At the maximal SIE values
investigated, the concentrations of every VOC at the inlet
of the biofilter (B) are close to the inlet concentrations
achieved at the end of the startup phase, thus before any
tests with plasma.
Trace concentrations of benzaldehyde, acetophenone,
styrene and formic acid were detected in the effluent from
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the DBD reactor, as the main organic byproducts of the
NTP degradation of the VOCs initially present in the
mixture. At increasing SIE, the formation of such
byproducts is more and more reduced. All the byproducts
formed are more water-soluble than the initial VOCs. In
addition, at the outlet of the NTP unit, the carcinogenic
potential of the mixture is reduced, since it is related only
to residual benzene and ethylbenzene, and to traces of
styrene (generated by the application of NTP), classified
in the Group 2B by the IARC [13] and not classified as a
carcinogen by the United States Environmental Protection
Agency [14]. NTP generated a maximal O3 concentration
of 250 ppm, which is considered tolerable by microbial
populations, as reported by Wang et al. [15], who injected
O3 in a membrane bioreactor at a concentration of about
280 ppm with no observed adverse effects on the
microbial populations. The maximal CO2 concentrations
generated by NTP were achieved at the maximal SIE
applied, and varied between 333 and 840 ppm in the case
of a 25% and a 100% increase in the VOC flow rates,
respectively. The DBD also generated maximal CO
concentrations of 227 and 504 ppm, after increasing the
VOC flow rates by 25% and 100%, respectively. The
overall RE values of the five initial VOCs after the
combined NTP-biofilter treatments (sampling point C) at
increased VOC concentrations are presented in Fig. 3 as a
function of the SIE. At SIE value of 0 J L-1 is possible to
see that the biofilter alone would have not been able to
ensure satisfying RE values after increasing the initial
concentrations. In Figure 3C (+100%) is possible to see
that the RE values of toluene, n-heptane, p-xylene,
ethylbenzene and benzene were significantly reduced,
namely at 60%, 23%, 87%, 76% and 28%, respectively.
At the maximal SIE values (128,165 and 256 J L-1, in the
case of a 25%, 50% and 100% increase, respectively), the
RE values of the initial VOCs were >93%, with the only
exception of n-heptane, whose maximal RE varied in the
range 81–91%, the lowest value being referred to the case
with a 100% increase in the VOC flow rates. Such value
is in good agreement with the RE of n-heptane obtained
only with the biofilter and before increasing the initial
VOC concentrations.
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Fig. 3. RE values of the five reference VOCs after the NTP-Biofilter system (sampling point C) with a a) 25%, b)
50% and c) 100% increase in the initial concentrations.
4. Conclusions
The application of an NTP to a VOC-contaminated
stream enhances the biodegradation carried out by a
biofilter.
In spite of an increase in the initial VOC
concentrations, intentionally induced to simulate peaks of
pollutant load, the VOC removal carried out by the NTP
reactor kept the VOC concentrations at the inlet of the
biofilter substantially equal to the original concentrations.
This way, the biofilter could operate properly without any
stress to microorganisms. In addition, some byproducts
were formed during the NTP treatment and these were
more polar than the original VOCs. Since the low
solubility of a compound in water negatively affects the
biodegradation by microorganisms, NTP showed
promising results as a valuable option to help
biodegradation in biofilters. The use of catalysts to
decrease the energy consumption and/or to reduce O3
should be regarded with caution due to possible desorbing
effects, especially when coupling NTP with biofiltration,
which is very sensitive to perturbations of the inlet
concentration. The next step of this research includes a
broader understanding of this synergy: this target could be
achieved through inducing higher peaks of concentrations
and adjusting the operational parameters of a NTP reactor
to preserve the correct operation of a biofilter.
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The effects of plasma treatment on inactivation of microorganisms in salt water
using a capillary discharge
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Abstract: This study investigated the indirect effects of underwater plasma treatment on
inactivation mechanisms of microorganisms in salt water. The E.coli inactivation was
represented by a first order reaction kinetics equation. We found the inactivation constant
rate at total treatment was more than 10 times larger than the indirect treatment. The plasma
is more influential on the E.coli inactivation than chemical effect.
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1. Introduction
Wasted salt water from food production can cause
environmental pollution. Therefore, it is necessary to
recycle salt water. To reuse salt water required adequate
treatment. If it is used without treatment, the
microorganism will proliferate and the quality of kimchi
will decrease.
The conventional recycling process of the salt water has
been known to be the following, the filtering process,
electrodialysis, ozone, UV, absorption by the activated
carbon. However, these processes are difficult to apply in
industrial field due to problems such as insufficient effect,
long treatment times and negative influences on the
texture of the salted chinese cabbage.
Underwater plasma produced in salt water is able to
generate various chemical species including of hydrogen
peroxide, hypochlorous acid, hydroxyl radical, and
chlorine, ozone as well as shock waves and UV light.
These can contribute to the inactivation of
microorganisms.[1,2]
Most previous studies have focused on the bacterial
inactivation efficiency, and there have been little reports
evaluating its inactivation mechanisms on underwater
plasma.
This study assumes that the long-life time chemical
species generated by the plasma are indirect sterilization.
And The plasma sterilization mechanism was divided into
the total effect and the indirect effect.
2. Experiment
Artificial salt water was made with salt and tap water.
(salinity 10%). E. coli were selected as a microorganism
to check inactivation. The initial conditions are 7 log
CFUmL-1. Fig. 1 shows the schematic of the experimental
setup. The capillary electrodes (18ea) device is used to
create underwater plasma. The electrode is composed of
tungsten with and inner diameter(2mm) and ceramics
with an outer diameter(4mm).
The plasma was discharged by applying AC bi-polar
pulsed power (AP150-02-02, EESYS Co., Republic of
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Korea). The peak voltage is about 0.7 kV, frequency is 20
kHz and pulse width about 7.5 microseconds. Electrical
energy is about 6kW.
Discharge time for E.coli was 0, 1, 2, 3, 4, 5, 10min and
contact time was 0, 1, 3, 6, 12, 24hour.

Fig. 1. Experimental setup

The ozone, hydrogen peroxide, Free Cl, TCl(Total
chlorine), were immediately measured after underwater
plasma discharge.
The E.coli colony was inoculated into Nutrient broth
and kept in a shaking incubator at 37℃ and 150 rpm for
24hr.
Total inactivation experiment solution was mix the salt
water and the microorganism-cultured medium at a ratio
of 200:1. The indirect experiment inactivation experiment
solution was mix the salt water and the sterilized culture
medium at a ratio of 200:1, and microorganisms were
added after plasma treatment. All samples were measured
immediately.
The effect of the plasma treatment on the microbial load
was determined in terms of reduction in viable counts.
The number of colonies of sampled E. coli was counted
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after cultured in solid medium for one day at 37℃.
Experimental conditions and method are followed
standard methods.
3. Results and discussion
Total chlorine and hydrogen peroxide were measured,
but ozone and free chlorine were not detected.
The total amount of chlorine and hydrogen peroxide is
considered to follow the zero order reaction according to
the discharge time.

Comparing the total treatment and indirect treatment
effects of plasma with k values, it was confirmed that
total treatment has a much larger inactivate effect by
plasma than indirect treatment. This means that the direct
effect of plasma is more influential on the E.coli
inactivation than the chemical effect.

10

E. coli
Direct+Indirect
8
Indirect

(1)

Where, C = concentration of active species, t =
discharge time. The production rate constants were
𝑘𝐻2𝑂2 = 1.303, 𝑘 𝑇𝐶𝑙 = 0.129TCl respectively.

6
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𝐶 = 𝑘𝑡
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Fig. 5. Kinetics of inactivation of E.coli using different plasma method in salt
water for kimchi production

Fig. 2. Changes in concentration of active species depending on plasma
treatment time

The microorganisms reduction through the underwater
plasma was fitted using the first kinetic equation.
And the inactivation rate constant k was obtained
through this. The k values of E.coli are shown in Fig 4.
𝐼𝑛

𝑁
𝑁𝑜

= −𝑘𝑡

(2)

Where, N0 = Initial number of microorganisms, N =
number of microorganisms at the treatment time, k =
reaction constant, t = Contact time (hour).
Total inactivation has a higher inactivation rate constant
than active species inactivation.

4. Conclusion
This studies focused on the indirect effect of bacterial
inactivation mechanisms on underwater plasma using
capillary discharge. We measured the long-life time
reactive species produced by underwater plasma.
The E.coli inactivation effect by the long-life time
active species generated by plasma was insufficient. This
means that the direct effect of plasma is more influential
on the E.coli inactivation than chemical effect.
This study suggest that underwater plasma inactivation
is more effective than inactivation by chemical species.
Future research will be focused on identification of
plasma effects on different types of microorganisms.
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Decentralized Grey Water Recovery System Using Cold Plasma for Rural India
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Abstract: Developing decentralized technological solutions for grey water recovery from
households and small communities is a potential way forward to reduce fresh water
consumption. Towards this, in this work we report the performance of a compact grey
water treatment system which uses ozone to remove surfactants, mal-odour and color of the
grey water. Grey water coming from a kitchen and hand wash sink of a consumer home was
treated. The drop in concentration of surfactant, turbidity and malodour were monitored.
Based on the learning from the lab system, a decentralized grey water treatment system for
a school in rural India is being designed to be deployed as a pilot plant.
Keywords: Grey Water Recovery, Cold Plasma, Ozonation

1. Introduction
Water is the most essential natural resource for all
forms of life, but this resource is under severe stress in the
developing world. Rapid industrialization and population
growth has made the situation critical.
The UN
Sustainable Development Goal 6 “Ensure access to water
and sanitation for all” recognizes the right of citizens to
access safe water and sanitation. Water scarcity, poor
water quality and inadequate sanitation have a measurable
negative impact on energy, public health and food
security. By 2050 it is predicted that one in four people
are likely to live in a country affected by chronic or
reoccurring shortages of water. Grey water (GW) is non
industrial waste water from domestic sources such as
washing dishes, laundry and bathing. Based on statistics,
75 % of all water used in homes can be classified as grey
water [1]. Remaining 25% of domestic waste water,
originating from toilets and flushes is termed as black
water. In many countries GW is being reused for many
applications like flushing toilets, irrigation of lawns,
washing of vehicles and windows, fire protection, boiler
feed water and concrete production amongst many other
applications [2, 4]. There are number of problems
associated with reuse of untreated GW. It may increase
the risk of spreading disease due to microbial growth in
water and elevated concentrations of detergents in the soil
when reused for irrigation [3]. Though there is a strong
initiative to recycle water, much of the efforts are
hindered by the socio-psychological biases.
Observing household water management during
shortages, it is clear that there is no hesitation in recycling
GW at households and problems appear to manifest only
when combined water i.e., a mixture of grey and black
water needs to be recycled. From this experience, we feel
that it is important to evolve and practice decentralized
GW recycling systems. GW typical consists of high lipids
from kitchen washings, soaps and body cosmetics. The
household cleansers are mainly composed of surfactants,
chelating agents, chemical stabilizers, thickeners (viscose
additives), solvents (water, hydrocarbons, alcohols etc),
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antibacterial agents, artificial coloring agents and
perfumes. Surfactants are one of the major components in
the formulations that carry out the cleansing activity.
These surfactants after their intended use become a
pollutant which needs to be removed to recycle water. In
addition, the GW will also contain some residual color,
turbidity, mal-odour and bacterial load. All these needs to
be removed before GW can be recycled.
In this paper we present a new method of recycling GW
coming from kitchen and hand wash sink using ozone
generated from DBD cold plasma based reactor. An inhouse compact DBD based ozone generator was designed
as commercial units were bulky making them a non
starter, for in house applications. Based on the positive
laboratory results, a decentralized grey water recovery
system for a school in rural India is being designed. The
details are presented below.
2. Materials and Methods
Figure 1 shows a picture of the set up used to study GW
recycling. The apparatus consisted of 1) a container to
hold grey water, 2) an aeration system consisting of an air
pump and aerators, 3) a fabric filter (5 micron) to filter the
as received GW, 4) an ozone generation system,
consisting of an silica gel and an ozone generator and 5)
A adsorptive carbon filter to remove residual pollutants
from the GW.
GW was obtained from a consumer kitchen and hand
wash sink. About 30 L of the GW was passed through a
fabric filter (5 micron pore size) to remove suspended
food and dirt particles present in the GW. The filtered
water was added to the GW treatment reactor and ozone
generator was switched on. Ozone is used as an oxidizing
agent to oxidize the residual organics present in the grey
water. This ozonation step oxidizes the surfactant, colour
causing compounds, removes odour and oxidizes the
organics in the GW. The average ozone throughput from
the ozone generator was 200 mg/hr. At the end of the
Ozonation step, the treated water was passed through a
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carbon filter, which is the final polishing step to produce
colourless, odourless water which can be reused

Fig. 2. Surfactant Concentration vs Treatment

Fig. 1. Picture of the Test Setup
.
After each treatment step GW samples were collected
to analyze for its turbidity and surfactant concentration.
The turbidity change was measured using a turbidity
meter, Turbiquant™ from Merck. The drop in surfactant
level was quantified using Hyamine titration method [5].
During ozonation, at regular intervals, the surfactant
concentration was measured using Hyamine titration
method [5]

Bubbling ozone through the GW is known to oxidize the
surfactant and other organic matter present and hence one
would expect a reduction in the surfactant level as can
been seen in Figure 2. Figure 3 shows the drop in
surfactant concentration of GW as a function of ozonation
time. As can in seen from Figure 3, in the first 10 mins of
ozonation the surfactant level drop from 15 ppm to about
10 ppm whereas it took an additional 50 mins to drop to
an average value of 8.7 ppm. As can be seen from figure
3, beyond 60 mins of ozonation, the surfactant
concentration of the GW didnot reduce any further
indicating saturation. Passing the GW through an
adsorptive carbon filter further reduced the surfactant
concentration to an average value of 1.5 ppm.

3. Results and Discussion
Reduction in surfactant concentration: After each
treatment step, the surfactant concentration of the GW
was measured using hyamine titration method [5].
Average and standard deviation of three trials each
treating about 30 L GW were calculated. The results are
presented below.
Figure 2 shows the change in surfactant concentration
after each treatment step. The as received GW had an
average surfactant concentration of 18.5 ppm. As shown
in Figure 2, the average surfactant concentration post
sediment filtration was 15 ppm while ozonation reduced
the surfactant level to an average value of 8.7 ppm.
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Fig. 3. Surfactant Concentration vs Ozonation time
Reduction in turbidity Figure 4 shows the change in
turbidity of the GW with each treatment step.
Sedimentation filter removes the first 50% of the turbidity
while the carbon filter removes remaining 50%
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Fig. 4. Turbidity vs Treatment
Reduction in odour and Recovery of water During
experiments it was noticed that the ozonation step
removed malodour of the GW.. Only qualitative ‘YES or
No’ observations were done and no quantitative data was
collected. When the as received grey water was more than
a day old, a strong foul smell was evident. However, after
ozonation, this odour was completely absent. This result
is as expected as ozone is known to disinfect and/or
remove malodour when bubbled through water. It was
also noticed that the water recovery was in excess of 90%.
Scale up and design of a decentralized GW recovery
system: Based on the positive results obtained from the
laboratory experiments, a school having student strength
of 200 and 25 staff members, in a rural India has been
identified for a pilot demonstration of this technology.
The school provides mid day meals for its students and
staff and has a working kitchen and a hand wash facility.
Currently, the GW from the school is being discharged to
the village sewer system. It is planned to collect this GW
and treat it to be able to use as flush water in toilets and
for gardening purposes. The intent is to study the
performance of the system under real life conditions,
while reducing fresh water consumption levels. The
performance of the system will be monitored over an
extended period of three years. The system design is in its
preliminary stage and is expected to be deployed by mid
September 2017.
Conclusions
In this paper, we report recycling of grey water using
ozone. The ozone was generated using an compact inhouse DBD based ozone generator. The experimental data
suggests that, by bubbling ozone through the grey water
the colour, odour and the surfactant levels can be reduced
to achieve colourless odourless clean water. The data
suggests that in excess of 90% of the grey water can be
recovered as clean water, which can be reused. Based on
this positive result, a decentralized grey water recovery
system is being designed to be deployed as a pilot plant in
a school in rural India.
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An Argon Recycling System for
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Abstract: A novel method has been proposed in this work to reduce the consumption of
argon in ICP-MS devices. The method involves collecting the exhaust argon from the
interface region of the ICP-MS device, removing the impurities from the collected gas stream
using some filters, and feeding back the purified argon back to the ICP torch. The proposed
system is, therefore, capable of significantly reducing the argon consumption.
Keywords: Inductively Coupled Plasma, Mass Spectrometry, Argon Recycling, Argon
Purification

1. Introduction
Inductively coupled plasma is an unparalleled
excitation/ionization source which is being used in a
variety of spectrometric applications. Among these,
inductively coupled plasma mass spectrometry (ICP-MS)
is now the fastest growing one with exceptionally low
detection limits (10 ng/L and lower), wide analytical
working range, isotropic capability, short analysis time,
etc. These features has turned ICP-MS into a versatile trace
element analysis technique with applications in various
fields such as environmental, geological and geochemical,
clinical and biomedical, forensic, semiconductor
technology, etc. [1].
At the heart of every ICP-MS device lies an ICP torch
wherein the plasma ionizes the sample particles which are
then aspirated into the sampler orifice, separated from
unwanted particles using a mass separation device (e.g., a
quadruple, magnetic sector, or time-of-flight separator),
and finally reach the ion detectors for further analysis.
Despite all the major benefits of an ICP-MS device which
are the cause of fast growing interest toward these devices
throughout the world, they consume a lot of argon which is
mostly used for sustaining the plasma and keeping the
torch from thermal damages. As argon is an expensive gas
with
limited/no
resources
in
the
developing/underdeveloped countries, ICP-MS market–
like all the other ICP-based spectrometric technologies–
have not experienced the same successful growth in these
areas of the world as that of the industrial countries.
Therefore, it has been of much interest to reduce the argon
consumption of ICP torches.
Reed [2] was the first to build a practical ICP torch in
1961 which comprised of only one quartz tube. Later
Greenfield et al. [3, 4] adapted the original design to
develop a three-tube torch with the central tube serving to
introduce the sample particles into the plasma. This was the
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first instance of an annular plasma (as opposed to a solid
plasma) which was later proved to be superior in terms of
analytical capabilities. At this time, ICP began attracting
attention as a potential alternative emission source in
atomic absorption spectroscopy (AAS), emission
spectroscopy, and flame-photometry. This was mainly due
to the fact that ICP was presenting higher temperature,
longer particle residence time, better control over the
chemical environment (in contrast to flames), minimized
depressant effects of chemical interferences, and less
background emission, with the absence of any electrodes
and their undesired consequence—most common in dc
plasmas [5-7]. In 1974, Fassel and Kniseley [8] and later
Scott et al. [9] developed a modified version of the
Greenfield torch with a smaller diameter, improved
geometrical features, and higher figures of merit (FOM).
This torch, now mostly known as the Fassel Torch, is
generally considered as the most efficient version by most
spectrochemists.
Table 1 shows the typical range of parameters in an ICPMS device. It can be seen that as high as 19 L/min of argon
should be fed to the torch to sustain the plasma and retain
an acceptable level of analytical performance. More
importantly, if the outer gas flow rate is decreased below
critical levels, the torch will not be cooled effectively
which most certainly leads to either devitrification or
melting.
Table 1. Typical range of mass spectrometry ICP source
parameters [1]
Frequency
(MHz)
27 or 40

Power
(W)
~ 1600

Outer gas
(L/min)
12 - 17

Intermediate gas
(L/min)
~ 1.2

Carrier gas
(L/min)
~1

These drawbacks were a motivation for many researcher to
find practical ways to decrease the consumption of argon.
One of the most practiced methods for this purpose is torch
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miniaturization and geometrical modification. Savage and
Hieftje [10] proposed that a mini-torch could stably support
a plasma with less than 8 L/min of argon flow. In one study,
Rezaaiyaan et al. [11] developed some “plasma stability
curves” to find out the most efficient operational
parameters for running a stable plasma. Alternatively, Van
Der Plas and de Galan [12] investigated the effect of
radiation cooling on torches built from different materials.
This is while some other people turn their attention to
cooling the torch with water in some instances [13, 14] but
mostly air [15-19] due to obvious reasons. However, none
of these methods seem to have aroused lasting interest in
the field and argon consumption in ICP-based analytical
devices still remains at relatively high values.
Due to the mentioned reasons, alternative strategies for
reducing argon consumption should be considered. In this
paper, a completely new approach is followed wherein the
argon is collected at the torch exit, forced through some
filters to remove impurities, and finally fed back into the
torch. Details of this method are elaborated in the following
section.

respect to sampler orifice—should be adjustable, the
collection system should not hinder such a freedom. Also,
the torch and plasma condition should be observable
through the lens stack during the ICP-MS operation. To
consider all these parameters in the design procedure,
initially a numerical model was developed using the
ANSYS-FLUENT software package. The model is capable
of accounting for the magneto-hydro-dynamic effects
along with fluid flow and heat transfer within the
computational domain. Several simulations were carried
out using this model to reach to a suitable design as per the
aforementioned requirements. The dimensions and other
working parameters were adapted from the NexION® 350
ICP-MS instrument from Perkin Elmer Corporation. Based
on the predicted temperature, gas velocity, pressure, and
argon concentration fields, several designs were proposed
and revised before moving ahead to the manufacturing
phase.

2. Argon Recycling
A quick literature survey reveals the basic requirements
of an efficient ICP source as:
1) Maintaining a stable plasma with sufficient
excitation/ionization energy;
2) Low consumption of argon gas and energy per work
cycle;
3) Minimal background emission and analyte signal noise;
4) Low detection limits;
5) Ease of operation.
In a typical ICP-MS system, it is observed that only about
12% of the consumed argon goes into the sampler orifice
for analytical purposes. The remainder is discharged into
environment without any further use. It would be thus
reasonable if the exhausted argon could be collected and
recycled back into the system. The purity of argon needed
for ICP-MS must be as high as 99.996%. This imposes
serious challenges in designing an effective purification
system, considering the high concentration of water, acids,
salts, and different hydrocarbons in some samples. As a
result, the discharged gas will have significant amounts of
H2O, N2, H2, O2, CO, and CO2 that should be removed
during the purification process.
In the first step of recycling process, the exhausted argon
from the torch outlet should be collected before becoming
mixed with the surrounding air. Considering the high
temperature of plasma at the torch outlet, the collection
system should be immune to thermal damages. The
material used for building the collectors should neither
introduce any additional contaminants to the collected gas.
Moreover, components of the collection system should not
interfere with the sampling process, induction coils, and
R.F. coupling. Since, the position of the torch—with
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Fig. 1. Cross section of the 3D model for the designed
argon collection system. The fabricated parts for quartz
extension, torch housing, and cooling jacket are shown in
(a), (b), and (c), respectively.
Fig. 1 shows the final design and its components. It was
realized that some original parts of the NexION® system
should be slightly modified in order to comply with the
new collector design. Primarily, a quartz extension was
built to prevent the argon gas exiting the torch to mix with
the surrounding air. This component easily slides over the
torch without restricting its movement or blocking the view
of lens stack for monitoring the plasma. The interface
components of the mass analyzer was also redesigned to be
able to integrate collection ducts with the cooling jacket.
These ducts are used to collect the exhaust argon in a
symmetric manner around the torch exit and later cool the
collected gas for further stages of the purification process.
A pump was eventually used to suck the collected argon
from the ducts and force the gas through all the purification
filters. Fig. 2 shows the simulated temperature distribution
in various locations of the collection system. It can be seen
that the temperature does not exceed the permitted levels
at any point of the collector walls. In fact, the temperature
of the collected gas at the exit of the collection system was
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obtained to be not more than 650 K, showing that the
cooling jacket is working effectively to remove the heat
from the collected gas through the duct walls.

poster

To make sure the collected gas was not contaminated
with any air throughout the collection system, the collected
gas was sampled and analysed with a Gas Chromatograph.
The results are summarized in Table 2.
Table 2. Comparison between various species peaks
measured with Gas Chromatograph for the pure bottled
argon and collected exhaust argon.
H2 Peak (arb. unit)

Pure argon from bottle
0

Collected gas
~0

O2 Peak (arb. unit)

35

32

N2 Peak (arb. unit)

68

83

It is clear that the collected argon is as pure as the initial
bottled argon fed to the torch meaning there is no air
leakage within the collection system. These measurements
were done while no sample was being injected into the
plasma and only pure argon was fed to the torch. In the
real-time operation of an ICP-MS device, however, a
variety of sample types are injected for analysis. As a
result, after collection, the exhaust gas should be further
processed by some filters.
Fig. 2. 3D model of the collector integrated with the
simulated temperature distribution on select cross sections.
Next, the designed system was mounted on a NexION®
system to assess the performance in action. Fig. 3 shows
the condition of the plasma as viewed through the lens
stack. This is while the argon is being collected from the
interface region. It was observed that the plasma runs
stably without any issues or signs of thermal damage to the
components.

Fig. 4 shows the schematics of a filtration cycle. In the
first stage after collecting the argon, an open-cell metal
foam filter is proposed to remove the water content from
the gas stream. A thermoelectric cooler is used to decrease
the temperature of the filter below -10°C to freeze and
capture the water content. Subsequently, the dry gas stream
if forced through an open-cell porous titanium filter which
is kept at elevated temperatures of up to about 800°C. This
increases the rate of titanium interaction with the impurities
present in the gas stream. As a result, the exiting gas will
be free of any contaminations. Later the hot gas can be
cooled using a heat exchanger and fed back into the torch.
Various components of the proposed filtration system has
been built and are currently under investigation. Initial
results looks very promising and show that the filtration
system is capable of removing all the contaminants from
the gas stream. Detailed results will be disclosed in the
future publications.

Fig. 3. Operational condition of plasma with the new
design, as viewed through the lens stack.

Fig. 4. Schematics of the filtration system for the collected argon
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