B.5:18.

NON=EQUILIBRIUM PLASMA-CHEMICAL REACTIONS IN HIGH PRESSURE
SYSTEMS PROVIDED BY VIBRATICNALLY EXCITED REAGENTS
VeAoLegasov, V.D,Rusanov, A.A,Fridman, G.V.Sholin
I.Ve.Kurchatov Institute of Atomic Energy, Moscow, USSR

The essential role of vibrational exitation in kineticsl
and energetics of chemical reactions in a slowly ionized non-
equilibrium high pressure plasma is shown in the present work;
The reactions rate constants of vibrationally excited reagents
are calculated in the framework of the statistical theory.

The specific application of suggested model is considered for
the chemical reactions of synthesis and of direct reduction
of elements. We obtain the parameter values, when the power

effectivness and yleld are optimal.
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NON~EQUILIBRIUM PLASMA-CHEMICAL REACTIONS IN HIGH PRESSURE
SYSTEMS PROVIDED BY VIBRATICGNALLY EXCITED REAGENTS

The requirements of productivity gnd simplification of ‘
technology explain the interest to nop—equilibrium high pressu-
re plasma chemical systems ( = 1atm.)o The electron energy is '
not sufficient as a rule for elgctronic excitation and diesocif
ation is such dischargg systems, For this reason the total ene-
rgy input (for the non-electronegative gases - N2,CO,002,H2
etce) can be concentrated in the vibrational degrees of freedpm.
Plasma chemical reactions caused by ¥ibrationally excited rea-
gents have the following advantages over other types of reac-
tions:

1) Energy threshold of sgch processes is usually lower thgn
that of electronic excitation, For example, vibrationally exciw
ted H2 requires for dissociation 4,4eV, while hydrogen disso-
ciation through electronic excited state gs‘za: needs 8,8eV,

2) The top cross section of vibrational excitation lies in
the range of 1+ 3 eV and the main discharge energy is therefore
concentrated in the vibrational degrees of freedom, Electronic
excitation consumes usually more than 10eV of electron energy
and besgides this results simgltaneously in the extra energy ipp
put in sgbordinate channels - ionization, exitation, dissocia=
tion etce 4

3) Vibrational energy of reacting molecules is the most es-
sential ip overcoming endothermic reactions activation thres-
hold [1] .

Considered mechanism can be the main ome both in plasma-



chemical synthegis and in dIrec;*-t reduction of elements from ’
their compounds. For example let us comsider the nitrogen oxia,-»
des synthesis in mixture N2-02. Such a synthesis can be reall-
zed by the number of elementary reactions, where the N=N brea-
king off is the limiting stage, For vibrationally excited nite

rogen such a stage is:

U+N2*—~—> NO+N (1)

The alternative reactions are those provided by electronically
excited and charged speciess
3
e+ Ny —N,(C1,) > NttNve 5 er N}~ N+ N (@
The dependence of reaction (1) ctoss section on the level "
of vibrational excitation can be obtained within the frame

work of the statistical theory of bimolecular reactions {2]

u(1,6,)= 6, ps) (e & Ea) Olhoms o) ,

(‘hwv'+ E£r)t
= 3eV is the activation

where &T is the thermal enmergy, E,
threshold of reaction (1 ))Q)- is the vibration frequency of NQ,
60 ig the geometry cross section of molecular ground state,
(V) - ig the geometry cross section increase with level rise,
9(6) - is the asteep function;
Reaction (1) rate comstant can be calculated for Maxwell
distribution of molecular velocities and presented in such a

form: Ea./‘kao

k( ) jf(")f ()% PAPPM E‘f}dv S () (v huo E“}dvm

where [ (To} is the elastic scatteging rate constant depen=

dence on translational temperature Toe If the vibrational exci-

tation distribution is the Treanor one:



_( (v) qu"P( ‘km)’ "560Xe(15-+__)) -

and molecular unharmonism is rather small X, << Tohw / T. Ea
then for vibrational temperature 77; we get:
ke(T) _ ofy. 2 _T_v_ - [1+(2) (6)
koCTo) Ty
Relationship (6) for T -T gives the known dependence
k (To)c01nc1ding with the experimental data ({3). The energy
balance in the system is: f

iTv Heﬂ kevtw no [0:”( (To)flr 6 — kVT no tw (7)

where tﬂe‘)r7o) [O] are the electrons, nltrogen molecules,
and oxygen atoms concentrationsj '(VT)k;;-vibrational relaxa-
tion and e;citation constants,

The V=T relaxation energy losses can be neglected in com=

- parison with reaction input, when: ]
- k0(70) [0 : vml”
Tv = Tvmin = Ea,gn { kvr Flo f e {5)

In this case the rate of reaction (1) can be calculated by

Ve = Man. ke, B2 ©)

It's easy to verify that the reaction rate (9) is much
greater than that of (2); ’

The total set of the reaction forming nitrogen oxides syn=
thesis are:
O+N;—NO+ N ; N+ 0, — NO™+ 05 NO% J,~>NGp010)

;t's clear that synthesis (10) may be realized by explo-
sion mechanigm. But the increase of [b] concentration does mnot
lead to self-acceleration of the total reaction because of ene-
rgy inmput in N, restrictions;

The energetic efficiency of considered processes and thelr

yields are controlled by energy input in discharge for fixed



pressure, But energy inpﬁ; is confined by both vibrational re-
laxation (8) and requirements of products stability with res-
pect to reverse reactions., The yield (X) and efficiency ( ? )
dependence on energy input'are represented in fig.1,2, '
(N, = 30101 den™>) for non-equilibrium volume discharges. The-
se results are ip agreement with the experimentel data thained
in powerfull non-equilibrium discharges, for example, sustai=
ned by relativistic electron beam (pressure 1 - 6 atm) [4} or
in UHF-discharge with magnetic field (pressure ~ 0,1 atm.) [5]
Nitrogen disgociatlon can be simplified by the prelimina-
ry weakening of N-N bond, when composite compqunds are formed,
Thus, ammonia synthesis may be realized in N2~H2 mixture with
intermediate N2H2 and N2H4'formation when there is weakening
of bond from 10eV’to 2.5eVe Such a synthesis was observed in
high pressure non-equilibrium plasma [4] o |
Let us consider the elements reduction from their oxides.
It is ?he other important class of chemical reactions realized
in non-equilibrium high pressure plasma by vibrationally exgi-
ted reagents. Reduction of carbon from CO and 002 can be ree- ‘
garded as an example of such reactions, The complexity of car-
bon reduction from CO can be explained by high bond energy
( ~ 10eV) for this molecule., On the other hand CO has a very
high rate of vibrational excitation by electron impact
( kev=1o-7cm+3/sec.). Therefore the following channel exists:

co*+ cO™— ¢ + CO, (1)

Such a reaction was experimentally realized in non~equilibrium
plasma [6} o The dependence of the reaction (11) cross section

on the levels V1,V2 of reagents vibrational excitation can be



defined within the framework of the bimolecular reactions sta=

tistical theory [1]

hed U+ 7, £ w
6(1,v,)= [ M lBra)- b |* Do g}y () £
where () and WCC:: = are the main frequency of vibration

of CO an& CO, Eq,- 6eV = is the reaction (11) activation
threshold, Ta.king into account Treanor distribution (5) for
reaction (11) we get:

R-k(To)(TV)b—\)—c%&(P[ }g4Xe ' r}lvvz] (13)

Energy balance equation (similar to (7)) gives the restricti-

on on T, (similar to (8))e
T me - 79%0 &‘ [ lé [70) WM ,{-ITVMZ 4)
Wrg, iola
For T; =10%, M, = 3-1019cm 3 we have TV min = 0,2 eV
and the least energy input Wmin x i j/CMB. The yield and

efficiency of considered process can be calculated by:

¥ = ZT Tvmm(i X) . ;7 [1 vmm)@(f Vm:,s“S)

Por My -3 1019 "3, and energy input W = 2 /cm’s—
x=1 O%’ y}: 50%0

Carbon reduction from CO, requires (16) in addition to

(11):

CO, + COf —= 2¢O+ 0, ; aQ=3pV a6

It is realized by the following elementary processes:

COS+ COF — O+ 0 + L0, (A7)

0+ co—=> CO+0, (18)

The reaction (17) has £, = 5,5 eV and is the limiting stage
here, At the same time to realize this reaction through the



-6 —
electronic excited states iﬂi ( A, ) end jB (Z ) the
energy threshold become ~ 9eV, If Tv min < T <ACQ then

process (16) efficiency is:

Txr_w?. _ T P i (19)

< — —
The best max" 80% is reached when Ty C EaTW,,

(2eV)., Carbon reduction from CO an@ CO, was experimentally |
considered in [5] s Where )7': 60=70% The carbon yield dependen=
ce on 002 cox_lcentration (energy input is fixed) is represented
in fig.3 [8).

Thus, it is shown tk;at vibrational excitation of reagentg
is very essential in non—equilibrium high pressure plasma chg-
mistry. It is related both to reactions of synthesis and ele-=
ments reduction from their compounds; This results allow 1:0
claim that considered reactions are of practicel interesty, The
optimal values of pgrametex:s are obtained, Practiculerly, if
energy input is 1 « 3 m— then for synthesis — Xz 10%,

7 => 50% and for reduction considered 7 ~ 50 & 80%.
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