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The kinetics of chemical reactions in the products of dissociation 
of the CO2--H 2 gas mixture in microwave discharge 

A. V. Levanov,* A. R. Gromov, E. E. Antipenko, and V. V. Lunin 
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Leninskie Gory, t 19899 Moscow. Russian Federation. 
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The yields of hydrogen atoms, oxygen atoms and molecules, and hydroxyl radicals after a 
microwave discharge in the mixture of CO, and H~ were measured by ESR spectroscopy in a 
flow-type system. A mathematical model of the kinetics of chemicat reactions downstream the 
microwave discharge was devised. The concentrations of particles that cannot be detected 
under our experimental conditions were estimated. 

Key words: electric discharge in gases, chemical kinetics, hydrogen, carbon dioxide, ESR 
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Our  ear l ier  studies 1-4 have shown that l ow- tempera -  
ture c o n d e n s a t i o n  of  CO_~--H_~ mixtures dissociated in 
low-pressure  electric d ischarge  affords C I o ~ a n i c  c o m -  
pounds .  The  compos i t ion  o f  the products  o f  low- tem-  
pera ture  c o n d e n s a t i o n  is de t e rmined  by the compos i t ion  
o f  the gas phase near  the cold  surface. In this study, we 
pe r fo rmed  mathemat ica l  s imulat ion of  the kinetics of  
reac t ions  involved in the dissociat ion of  the CO2=-H~ " 
gas mix ture  in a microwave discharge and es t imated  the 
c o n c e n t r a t i o n s  of  species  that  cannot  be de tec ted  ex- 
per imenta l ly .  

Experimental 

The experiments were carried out using a vacuum discharge 
flow setup (Fig. I) at a pressure of I Tort in a quartz reactor. 
The initial gas mixture was 25% (v/v) CO 2 + 75% (v/v) H2. 
The discharge was maintained by a microwave generator "Luch- 
58.1" (frequency 2350 Hz) with an output power of 20 W. A 
resonator-type adjustable discharger was used, whose design 
had been described previously. 5 The discharge was ignited using 
an external "lskra-l" source. The gas-phase concentrations of 
paramagnetic species were measured using an SE/X-2542 ESR 
spectrometer by standard procedures. 6. An H001 cylindrical 
resonator with a through-hole inner diameter of 18 mm was 
used. 

The concentration of paramagnetic species was studied as a 
function of regidence time ih tl'ie reactor (~);i.e., the time tt 
takes for a particle to fly from the end of the discharge zone 
(from the microwave discharger because the height of the 

* Experimental values of the concentration sensitivity for an 
RE-1306 ESR spectrometer are as follows: for a pressure of 
I Tort and optimized detection conditions, H ' ,  10 If cm-3; O ' ,  
3 �9 10 I~ cm-3; O H ' .  10 L~ cm-3; 0 2, 3" 1013 cm -3 (Ref. 7); for a 
pressure of 2 Tort, H ' ,  5- t0 ~2 cm-3: O ' ,  2- 1012 era-3; O H ' ,  
2.5- 10 I1 cm-3; 07, 7.5-1014 cm-; .  8 

discharge zone was restricted by the discharger height) to the 
center of the cavity of the ESR spectrometer. The ": value was 
varied by changing the fiow rate v. The change in o was 
considered 1o have no effect on the concentration of species 
coming out of the discharge. The experimental conditions were 
chosen in such a way that the distribution of concentrations would 
be described by differential equations of chemical kinetics. 9 

t 1 ,11  

Fig. I. Reactor scheme: (I) microwave discharger connected to 
a microwave generator (2350 MHz, 20--200 W): (2) ESR 
cavity; (3) supply of liquid nitrogen. The dimensions are ex- 
pressed in ram. 
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Fig. 2. Concent ra t ions  o f  H" (a), O (b), 02 (c). and OH ' (d) 
vs residence time in the reactor. Dots correspond to exper imen-  
tal data,  lines show the results of  calculations. Initial mixture  
25,-% CO2 + 75% H 2 (v/v),  pressure I Tort,  power 20 W. 

The gas phase was found to conta in  H and O" atoms,  
O H '  radicals, and dioxygen in the ground state 3 4 - .  No 
signals of  singtet oxygen O~(~Ag) or free electrons were de- 
tected. The  experimental  d e p e n d e n c e s  o f  the concen t ra t ions  o f  
H ' ,  O ' .  O H ' ,  and O 2 on the  res idence  t ime are shown  in 
Fig. 2. l'laese curves were used to carry out  mathemat ica l  
s imulat ion of the reaction k ine t ics  in the products  o f  discharge 
in a CO, - -H~  mixture. 

Mathematical simulation o f  the reaction kinetics 

The mathematical model was constructed in the fol lowing 
way. A set o f  reactions known  to c o n t a i n  al} the  steps that  can 
occur  in the system cons idered  (pr imary  set) was specified. 
Using rough estimate o f  the  reac t ion  rates, the pr imary  set was 
reduced to the initial set. Subsequen t ly ,  the rates o f  the reac- 
tions included in the initial set were es t imated  based on experi- 
mental  data. The reactions charac te r ized  by the lowest rates 
were rejected until the removal  o f  a reaction resulted in an 
increase in the discrepancy be tween  exper imental  results and 
those calculated in terms o f  the  model .  This  procedure  gave a 
set of  steps sufficient to desc r ibe  processes in the  sys tem in 
question_ 

As the primary, set o f  chemica l  reactions,  we employed  gas- 
phase reactions of H ' ,  O ' ,  O 2, 0 3 .  O H ' ,  H O 2 ' .  H20 ,  H202, 
CO. CO 2. CH3".  CH4. H C O ' ,  H2CO, M e O ' ,  M e O H ,  and 
H C O O H .  The rate c o n s t a n t s  were  taken f rom reference 
books. I~  The initial set, c o n t a i n i n g  much  fewer reactions 
than the primary set. was ob t a ined  from the primary, set by a 
previously reported a lgor i thm,  t3 T h e  rate cons tan t  o f  the fast 
reaction 

O" + H "  + M  = OH" + M 

is known only for the 1500- -2000  K temperature  range. I~ We 
took this value for room t e m p e r a t u r e .  Since the rate of  
termolecular  recombinat ion increases  upon decrease in the 
t e m p e r a t u r e ,  the va lue  e m p l o y e d ,  k = 2 . 2 .  10 -32 
cm 6 (molecule 2 s) - I .  is the  lower  l imit o f  the rate cons tan t  at 
room temperature.  

The rate constants for the  he t e rogeneous  decay o f  some 
species and the initial c o n c e n t r a t i o n s  serve as the ma themat ica l  
model  parameters. The  effect ive cons t an t  for he terogeneous  
decay and the initial c o n c e n t r a t i o n s  of  H" and  O can be 
est imated from the d e p e n d e n c e s  o f  the concen t ra t ions  o f  these 
species on the residence t ime.  Fo r  this  purpose,  the change  in 
the concentrat ions of  H" a n d  O" was a s sumed  to be deter- 
mined  by the pseudo-f i r s t -order  decay.  This  a s sumpt ion  allows 
one to find the first app rox ima t ion  for more accurate  determi-  
nation o f  the constants and  the  initial concent ra t ions .  The 
microwave discharge was regarded only as the source  o f  H- ,  
O .  and CO species. Knowing  the  compos i t ion  o f  the  initial 
mixture and the concen t ra t ions  o f  H" and O" at the  outlet  o f  
the d i scha~e ,  one can lind the  initial concen t ra t ions  o f  H2, 
C O , ,  and CO. The initial c o n c e n t r a t i o n s  o f  the o the r  species 
were taken to be zero. 

An important role in this type o f  systems is played by reactions 
occurring on the reactor surface (usually this is the decay o f  active 
species). The heterogeneous decay  o f  H ' ,  O ' ,  O H ' .  and H O :  
on glass and quartz surfaces is described by a first-order equa- 
tion. '4 The  rate constants for the  heterogeneous decay depend on 
numerous  parameters; these cons t an t s  should be de termined from 
experimental data lbr each sys tem and each reactor. The  determi- 
nation of  the first approximations for the constants  for heteroge- 
neous decay of the H and O" a toms  is described above; for 
OH" ts and HO,, t4 published data  were used. 
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The heterogeneous decay of the O" atoms in a CO, glow 
discharge occurs 16 at the ,came sites where CO molecules are 
adsorbed. The constant for the heterogeneous decay of the O" 
atoms is inversely proportional to the concentration of CO in 
the gas phase. In addition, the heterogeneous reaction 

CO '- O" = CO 2 

can occur on the same sites: tile rate of this reaction exceeds 
the rate of homogeneous recombination 

C O + O "  + M ,~ C 0 2 +  M. 

The ini t ia l  approximat ion lbr the rate constant for  the 
heterogeneous reaction 

CO + O" = CO 2 

was estimated using the value found previously. 16 
The set of reactions sufficient for describing the experinten- 

ral kinetic curves (i.e., for constructing the model of the 
process) was determined using the fbllowing algorithm. 

I. A set of reactions known to include all the processes 
occurring in the system in question was specified (the initial 
model). The initial approximations of the constants for hetero- 
geneous decay and lbr tile starting concentrations were speci- 
fied. 

2. Tile constants of the heterogeneous decay were deter- 
mined by minimization of the fimctional 

J{logk} 
.i-~l 

where {logk} = {IogkH. Iogk o. logkoH, lOgkH02, Iogkr } is 
the set of logarithms of the constants tbr heterogeneous decay, 
C f  'co is the measured concentration of a jth substance ( H ,  O ,  
O H .  O2) at instant t i, and C/Alogk} is the concentration of ajth 
substance at instant t i calculated in terms of the model. The 
direct kinetic problem was sobed using the program described 
previously, t7 The functional was minimized using the coordi- 
nate descent and gradient methods. TM This step affords either 
the numerical values for unknown rate constants or the ranges 
containing tide true values of these constants_ Only upper 
estimates can often be found for unknown rate constants. 
Values lower that these estimates do not influence the func- 
tional. 

In the majority of cases, inverse problems of this type have 
a non-unique solution. 19 The usc of published data on the 
possible values for unknown constants allows one to avoid 
blunders and to determine cmzectly the upper limits of the 
contributions of the corresponding reactions. 

3. If further variation of the constants does not result in a 
decrease in the functional, variation of the initial concentra- 
tions ~vas carxi~d, out by_the lrial-aJ~d-error method. 

4. Let us define the contribution of an ith reaction by the 
expression 

/ I W, md,. 
II / 0 

where W i i s  the rate of an hh reaction and T =  0.2 s in our 
case. The contributions of reactions were calculated by solving 
the direct kinetic problem using a program described previ- 
ously. 17 The constants found at the third step of the procedure 
were used to calculate the contributions. If only the range of 
values is available for a constant, the upper estimate was 

Table 1. Heterogeneous chemical reactions included in the 
initial set 

Reaction logk Ref. 

H ~ 0.5 H 2 0.0 This work 
O = 0.5 02 1.8 This work 
OH" ,, Products 1.0 15 
HO~" ,. Products 1.0 14 
CO-+ O" ,- CO 2 -17.0 16 

employed. Reactions with small contributions were removed 
from the set. 

Steps 2--4 were repeated until the minimum set of reac- 
tions describing adequately the experimental kinetic curves was 
obtained. At every, stage of steps 2--4, fulfillment of the follow- 
ing condition was checked: the value of the functional at a 
given stage should not be greater than that at the previous stage. 

The species included in the initial model and the starting 
concentrations of these species are presented below. 

Species ~y/cm -3 Species C0/cm--; 
H 2 1.925- 10 I~ O~ 0 
H'  1.1" l016 H~O 0 
O H "  0 HO~" O 
CO 2 6.45" 10 ~~ H202 0 
CO 18-10 t5 O. 0 
O'  1.8-10 t5 H(:O" 0 
M 3.3-10 I~ HCOH 0 

Only the initial concentrations of the H atoms and H~ 
molecules were varied at step 3 of the simulation. The hetero- 
geneous chemical reactions included in the initial set and the 
upper estimates of the rate constants for heterogeneous reac- 
tions obtained after steps I--3 have been accomplished for the 
first time are presented in Table I. 

Results and Discussion 

The calculated and exper imenta l  concen t ra t ions  o f  
H ' ,  O ' ,  O H ' ,  and 0 2 are presented  in Fig. 2. G e n e r -  
ally, the model describes adequate ly  the exper imental  
kinetic curves. This model  predicts  a somewhat  faster 
consumpt ion  of  hydrogen a toms  than is observed ex- 
per imental ly  even though the he terogeneous  decay is 
neglected.  In addition, the model  gives overstated con -  
cen t ra t ions  of  dioxygen. The  calculated concen t ra t ions  
o f  OH" are somewhat unders ta ted ,  due to the fact that ,  
as no ted  above, the rate cons t an t  for the reaction 

43" -4-.H" .§ - ' ~  OH: § M- 

at room temperature is h igher  than the value given in 
Table 2. It should be specially noted  that  the model  
descr ibes  correctly the quali tat ive character is t ics  t the S 
shape)  o f  the time variation o f  the concen t ra t ion  o f  the 
OH" species. The OH" radical is the only in te rmedia te  
species  detected experimental ly .  The fact that the calcu-  
lated and experimental character is t ics  for the variation 
of  [OH "] vs t coincide indica tes  a satisfactory accuracy 
o f  the experimental data and conf i rms  once  again the 
adequacy  of  the model.  
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Table 2. Chemical reactions whose contribution 
exceeds 0. I ,Co and the corresponding rate constants 

Reaction logk 

O" - 0 . 5 0 , ( 1 )  18 
H + H" + M - "- H,  + M (2) -32.1 
H + O , +  M " HO," + M (3) -31.5 
O" ~- O[q" ~ H + O~ (4) --10.4 
O" + H" + M --- O H " +  M (5) -31.7 
H" + HO~" " OH" + OH" (6) -10.8 
H" + HO i" H20 + O'  (7) -10.8 
H + HO," : H~ + O:(8)  -10.9 
CO ~- OH z --- CO~'+ H"(9) -12.8 
H + O H "  + M --  H ~ O +  M (10) -29.9 
OH" + H~ J" H~O + ' H "  (115 -14.2 
O" § O" 4- M = - 0 ~  + M (12) -32.1 
O'  + HO," -- O H ' * +  0~(13) -10.5 
HCO" + H '  ~ CO ~- H~'(14) -10.3 
CO + H + M ~ H C O ' - +  M (15) -34.0 
O H  " Prt~ucts (16) 1.0 
OH" + O H  --- H~O + O "  (17) -1 t .8  
O" + H~ :== O H '  7- H '  (18) -17.5 
H" 4- OI-I' " H,  + O" (19) -15.4 

Figure 3 shows the ca lcu la ted  concen t ra t ions  of  the 
species included in the mode l .  Note that in the range of  
z studied, he terogeneous  decay  of  O H '  and HO_," can 
be neglected. The  react ions  whose  cont r ibut ions  exceed 
0.1% are listed in Table  2 in the order  o f  decreasing 
contr ibut ion.  React ions  ( I ) - - ( 1 1 )  (see Table  2) consti-  
tute the m i n i m u m  set that  describes adequa te ly  the 
exper imental  curves; t o g e t h e r  with the corresponding 
rate constants ,  they represen t  the ma themat i ca l  model 
o f  the kinetics o f  reac t ions  in the reactor .  The  only 
in termediate  species whose  concen t ra t ion  cannot  be 
de te rmined  exper imenta l ly  and whose reac t ions  have a 
substantial inf luence on the concent ra t ions  o f  H ' ,  O ' ,  
O H ' ,  and O,  is the H O  2" radical. The reactions of  
HzO 2, H C O ' ,  0 3 , and H C O H  have no effect  on the 
H ' ,  O ' ,  O H ' ,  and Or  concent ra t ions .  

The concen t ra t ions  o f  H O  2" and H C O "  can be 
est imated using the m e t h o d  o f  steady-state concent ra-  
tions. By equat ing the rates of  format ion (o f  HO2", 
react ion (3), and H C O ' ,  react ion (15)) and  decay (of 
H O 2 ' .  reactions (6 ) - - (8 ) ,  and  H C O ' ,  reac t ion  (14)), 
we have 

I H O , ' t  = k dMllOzl /(k  6 § k 7 + k~), 

IHCO' I  = ktslMllCOl/k14. 

Substi tut ion o f  lO21 = 5 . 1 0  ~4 cm -3 and  [COt = 
1 . 8 - l 0  Is cm -3 gives [ H O 2 " I  = I - 1 0  t~ cm -~ and 
[ H C O ' ]  ~ I - 1 0 8  cm -3, wh ich  is in g o o d  agreement  
with the s imulat ion results. A change in the composi t ion  
o f  the gas phase can increase  cont r ibut ions  of  some 
o ther  reactions o f  the f o r m a t i o n  and decay o f  H O  2" and 
H C O ' ;  this has to be taken  into account  in the estima- 
t ion o f  [HO2"l  and [ H C O ' I  by the m e t h o d  of  steady- 
state concent ra t ions .  O u r  es t imates  show that ,  when the 
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Fig. 3. Gas-phase concentrations (C) of H2 (I) .  CO2 (2), 
H (35, CO (45. O 2 (5), H20 (65, O (7),  O H  (8),  HO~' (9)., 
H202 ( 101. HCO (/ / ) ,  and 03 (/2) in the zone downstream the 
discharge in the CO2--H 2 mixture vs residence time in the 
reactor. Dots correspond to experimental data; lines show the 
results of calculations. Initial mixture 25% CO 2 + 75% H 2 (v/v), 
pressure I Tort. power 20 W. 

propor t ion  o f  CO 2 in the initial mixture increases,  
react ions (3) and (15) remain the main pathways o f  the 
format ion  o f  HO 2" and H C O ' ,  respectively,  while the 
decay  of  these radicals conta ins  greater  cont r ibu t ions  o f  
step (13) and the reaction O" ~- H C O "  - O H "  + 
C O  (Iogk = -10 .2) .  To es t imate  the concen t ra t ions  over  
the whole range of  compos i t ions  o f  the initial C O 2 - - H  2 
mixture,  one should use react ions (3), (6), (7), (8), and 
(13) for HO 2" and react ions (14), (15), and O" + 
H C O '  ~ OH" + C O  for H C O ' .  The  c o n c e n t r a -  
t ions determined in this way are the upper es t imates  
because heterogeneous decay o f  radicals is neglected.  
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