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The non-thermal destruction process of 1,2-dichloroethane (DCA) has
been experimentally investigated using a capacitively coupled rf hydro- -
gen plasma (CCP) which operates at medium pressure (20 hPa) and low
power (10-300 W). The destruction efficiency for DCA is >99%. More
than 80 mol% of the parent carbon from DCA is converted into C;-C,
hydrocarbon species. A reaction model of the overall decomposition
process basing on a GC/MS-measured product distribution is suggested.

INTRODUCTION

Numerous papers on the subject of "Plasma contra CFC’s" recently been pub-
lished point to an increasing interest in such processes [1]. Regarding to conventional
incineration approaches, plasma technologies offer alternative methods to remove halo-
genated hydrocarbon wastes. For instance, the disposal of hazardous halocarbons un-
der reducing plasma conditions prevents the formation of undesirable by-products of
the incineration such as dioxin. Moreover, a non-equilibrium plasma particularly is an
attractive generator of reactive free radicals and species in highly excited states already
at low gas temperatures. In this study, the destruction of 1,2-dichloroethane in a non-
thermal hydrogen plasma are described. The results are compared with those obtained
in a thermal Ar/H, plasma jet [2].

EXPERIMENTAL

The experiments has been carried out in a capacitively coupled rf plasma (CCP) at a pres-
sure of 20 mbar (Fig. 1). The 1 kW rf generator (Steremat Berlin) operates at a frequen-
cy of approximately 4 MHz. The air cooled reactor manufactured from quartz glass is 20
mm in diameter and 300 mm in length. Two copper ring electrodes transferring the
power (10-320 W) from the rf generator to the plasma are attached outside of the tube
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ensuring very pure reaction
conditions. The feed mixture
consisting of the plasma car-
rier gas hydrogen (1.5 moV/h)
and the vaporized 1,2- dichlo-
roethane (0.065 mol/h) (EV)
is injected tangentially through
an inlet above the plasma. The
temperature of the neutral gas
is measured with a quartz-
shielded thermocouple (ThE)
inserted axially into the centre
of the plasma column. The
power picked up from the
plasma was estimated calori-
metrically by an air-cooled
device which surrounds the
reactor as a jacket. The gase-
ous reaction products filled
into sample tubes (GM) were
analyzed gaschromatograph-
ically by a GC/MS system
ITD 800 and by a gaschro-
matograph 3600 (FINNI-
am KF F WP GAN).

With the given pressure
(20 mbar) and in the present
power range (10-320 W), the

Fig. 1: Scheme of reactor device

plasma column fills in the whole cross-

section of the discharge tube and is 35079  75phpa .

extended between the electrodes; the 300 410 122hPa

plasma volume is V=30 cm®, z 250 1 x 278hPa .-
According to calorimetric meas- 200 A 0%’

urements of the heat balance of the z':‘«' 150 A _,OP‘

cooling air flowing through the calori- 100 & Ni=063Ny

metric jacket, the power transmitted to 50 1 &

the plasma can be estimated from 0 < T ———
Ny = 0.63*N, 0 200 400 600

(Na = U.*Ai,, U, anode voltage, Ai, Ner / W

difference between the anode current

under load and the anode current Fig.2: Clalor_imetrically measur%i QWELYS.
: . electric generator power Ua*Ala, for
without load, see Fig. 2). various pressures in an Ar plasma
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The gas temperature within the dis-

1400 charge measured with a thermocouple
1200 1 which is fully surrounded by the plas-
1000 e ma increases proportional to the pow-
~ 800 4 = 2 er density. This dependence is given
B 388 3 by the equation:
200 Te/K = 85,1 <Ng >+ 300
0+ T T T T T 1 (<Nr >/W cm? , power density =

0 2 4 6 8 10 12 measured power / plasma volume V).
4 Differences from the straight line at
<Ng>/Wcm™ <Ng >= 11 W/cm® is explained by an
increasing radiative losses from the
Fig. 3: Gas temperature vs. power density  probe. Fig. 3 shows the measured gas
CCP 35MHz H, 27 mbar  temperature as a function of power
[8 CCP 13 MHz CO;2-13 mbar  density in comparison with results

i gm ggg 3% ﬁ; 228 :;g:rr obtained for other rf plasmas (CCP’s).

Table 1: Experimental conditions:

sample Du» Mpca Pr Nr <Ng> tv <E> Tg
mol/h mollh  mbar W Wem’ s Yem® K
1 1.5 0.068 20 10 0.33 0.097 0.032 330
2 1.5 0.062 20 50 1.67 0.073 0.122 440
3 1.5 0.065 20 138 4.60 0.046 0.212 690
4 1.5 0.061 20 320 10.67 0.027 0.288 (1200)

tv = residence time, <E> = energy density = <Ng>*ty

RESULTS AND DISCUSSION

The reaction products were grouped and were plotted as mol fraction carbon
(mol % carbon) relative to the parent carbon versus energy density <E> (see Fig. 4).

The concentration of DCA diminishes exponentially and, at <E>>0.212 J/cm®,
the conversion of DCA is >99 %. The group of the chlorinated hydrocarbon products
(CHC) COHSlStS OfCH;;Cl CHzClz, C2H3Cl C3H5Cl CszClz, and C3H6Clz, Particular-
ly at the lowest energy density of 0.032 J/em®, chloroethene dominates in this group
sharing by more than 85%, and, like the other chlorinated species, chloroethene has
here its concentration maximum. Only chloromethane achieves its maximum concentra-
tion of 0.4 mol% carbon just at 0.122 J/cm®. More than 80 mol% of the parent carbon
is converted into the hydrocarbon species C;H,, CHy, and C;Ha, which form the C,-C, HC
group. The major product is C;H, with a maximum concentration of about 53 mol%
carbon followed by CH,4 with 27 mol% carbon. With the sequence of C,Ha, CHy, CoH,,
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the marked maxima of
these hydrocarbons shift
to higher energy densi-
ties.

The C3-C5 HC
group and the group of
the aromatic hydrocarbons
contain species like C3H,,
C4H,, C4H,, CsHg as well
as C6H5 and C5H5—CH3,
respectively. With increasing
energy density, all of them
show a slow increase of
their concentrations
without formation of a
maximum, finally turned

Fi M q . files of brod into a nearly constant re-
1g. 4. Measured concentration profiies of product ; i
groups of the DCA decay vs. energy density gion at the higher energy

mol% C

0,1 0,2 0,3
3

densities. The soot concen-
tration (no curve) deter-
mined by carbon balance increases with increasing energy density and achieves 27 mol% C
at <E>=0.288 J cm™. Apart from the measured CKW products above mentioned, only
HCI was identified as a Cl species in all gas samples by neutralization with NaOH; Cl,
was not detectable by GC/MS analyses under these experimental conditions [3].

The fast overall decomposition of the DCA characterized e. g. for sample 3
(<E>=0.2127 cm'3, tv=10.0465, Tc =690 K) by a high rate constant of k = 120 s is
not explainable by thermal processes. With the measured gas temperatures, the corre-
sponding k - values for the thermal decomposition of the DCA are 10° - 10° times
lower [4]. Supported by investigations in [5] carried out under similar plasma condi-
tions, it is supposed that non-equilibrium plasma processes cause the decomposition of
the DCA at the given pressure range. Initiated by primary reactions

Hy+e --> H+H+¢ and

CHL +e ---> CH,CL+R+e (R=H,C], CH,CI),
the decomposition process within the starting phase are continued by following
reactions of the free-radicals R with the parent molecule

CH.CL, +R ---> P (P= CiHjCIk ,CL H, HCI).
The activation energies of these reactions are partially lower than 30 kJ/mol explaining
the observed fast DCA destruction. As kinetic calculations indicated [2,6], such initial
radical processes are not relevant for the DCA conversion under the thermal conditions
of a 25 kW Ar/H, plasma jet. Fig. 5 shows a comparison of both product spectra meas-
ured in the CCP as well as in the plasma jet [2] (see also Table 2). Apart from a lower
DCA conversion, the product distribution of the CCP experiment indicates a substantially
higher methane concentration as well as the appearance of chloro- and dichloro-
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Table 2: Experimental conditions for the DCA destruc-
tion in the non-equilibrium rf plasma (CCP)
and in the thermal plasma jet (PJ)

parameter rf plasma plasma jet

(CCP) (PJ)

power kW 0.138 20

gas temperature K 690 3500

pressure bar 0.02 1

H, gas flow mol/h 1.5 127

DCA flow rate ~ mol/h 0.06 13

residence ms 46 0.1

DCA conversion % >99.5 >99 9

ETHYNE E
METHANE

ETHENE

ETHANE

1,3-BUTADIYNE
1-BUTENE-3-YNE
PROPADIENE
1-PROPYNE
1-PENTENE-3-YNE
BENZENE
METHYLBENZENE

1,3-HEXADIYNE-5-ENE |

1,2-DICHLOROETHANE
CHLOROMETHANE
DICHLOROMETHANE

CHLOROETHENE [&

2-CHLORO-1,3-BUTADIENE

TETRACHLOROETHENE |
(E)1,2-DICHLOROETHENE |

TRICHLOROETHENE
CHLOROPROPENE
CHLOROBENZENE

2,3-DICHLORO-2-BUTENE
Csolid

Fig.5:
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Product profiles of the 1,2-dichloroethane conversion for the
non-equilibrium tf plasma (CCP) and for the thermal plasma

jet (PT)

(exp. conditions see Table 2)
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methane and C; -hy-
drocarbon com-
pounds (HC). HC and
CHC aliphatics with
more than 5 carbon
atoms or 2 chlorine
atoms, respectively,
were not observed.
Probably, this is lead-
ed to the fact, that
under the non-thermal
plasma conditions of
the CCP other reac-
tion paths are treaded
in  comparison with
the plasma jet process.

This  detailed
spectrum of the pro-
ducts and the observ-
ed succession of the
product maxima allow
to form a picture of
the overall processes
which take place with
the DCA decomposi-
tion in the CCP
(Fig. 6). By detach-
ment of HCI, the first
step of the DCA
destruction is its con-
version into secondary
CHC's, specially into
CH2C12 and C2H3Cl.
In the following, these
CHC's either converts
further to C,/C, HC's
by release of HCI or
form higher molecular
CHC’s (e.g. C3HsCD
which are also con-
vert into analogous
HC’s. Furthermore,
the hydrocarbons



decompose by
successive sep- Hel
aration of H; | | DCA/H, —+ CHC's
from  C/C, -
species  over i i

C5/Cs products | Hel ! Hel

to soot as de- C1/C2 | .H, |[C3/C6 | -H,

scribed in the . .
HC's
literature [7]. HCs

» SOOT

Fig. 6: Reaction scheme of the overall decomposition of 1,2-(DCA
in the capacitively coupled hydrogen rf plasma (CCP

CONCLUSION

Generalizing the results, one can say, that the capacitively coupled non-equilib-
rium rf plasma (CCP) operated at medium pressures and low gas temperatures is suit-
able for investigations of the decomposition of gaseous or vaporous halogenated hy-
drocarbons. The destruction of the hazardous waste molecules is dominated by energy
efficient non-thermal activation processes and by reactive free radical species. With the
impossibility of dioxin formation, decay of halocarbons in a hydrogen plasma lead
mainly to C;-C; hydrocarbons.
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