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The formation of formic acid upon low-temperature condensation of a 
methane--carbon dioxide mixture dissociated in a microwave discharge 
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Formic acid was found as the main product upon low-temperature (77 K) condensation of 
the CH 4 + CO 3 mixture dissociated in the microwave discharge at a low pressure. The yield of 
HCOOH was studied as a function of the experimental conditions: flow rate of the initial gas 
mixture, CH4 coment in tile initial mixture, pressure in the reactor, and output power of the 
microwave generator. The concentrations of H. O, OH, and O~ in the gas phase were 
measured by ESR spectroscopy. Mathematical modeling of the kinetics of the gas phase 
chemical reactions in the connecting channel was performed. The mechanism of formic acid 
formation by the interaction of active species of the gas phase on the condensate surface was 
proposed. 

Key words: electric discharge in gases, low-temperature condensation, formic acid, 
methane, carbon dioxide, ESR spectroscopy, atomic hydrogen, atomic oxygen, hydroxyl 
radicals. 

Hydrogena t ion  of  ca rbon  oxides and partial oxida- 
tion of  m e t h a n e  are urgent  problems that have recently 
a t t racted the increasing a t t en t ion  of  researchers.  It has 
been found in one  of  our  previous works t that  formic 
acid is the main product  fo rmed  upon the low- tempera -  
ture c o n d e n s a t i o n  o f  the  COy + H~ and CO + H20 gas 
mixtures dissociated in the e lec t r i c  d ischarge .  In this 
work, we used me thane  as the  hydrogenat ing  reagent,  
because the dissocia t ion o f  CH 4 molecules in the dis-  
charge gives a tomic  hydrogen  and C H .  (n = I - -3)  
radicals whose  par t ic ipa t ion  in the process under  study 
could lead to the t o rma t ion  of  acetic acid and o the r  
organic c o m p o u n d s  with two carbon atoms. 

Experimental 

Experiments were carried out on a vacuum discharge-jet 
setup. The setup and the scheme of the reactor were described 
in our previous work. 2 The experimental procedure was similar 
to that described previously I with the only distinction that the 
appendix of a cryostat ("finger') was cooled on the inside by a 
liquid nitrogen stream going from bottom to top. 

Stable condensation products were determined as follows. 
_l'Jtr co_nde_ns~tg w_as re_-_fcQzen into a demountable trap, its 
content was dissolved in water, and the solution was analyzed 
on a Finnigan MAT ITD-850 AT GC-MS spectrometer using 
propionic acid as the internal standard. The conditions of GC- 
MS determination have been published elsewhere.t Only water- 
soluble substances were analyzed. The possibility of formation 
of hydrocarbons and other water-insoluble organic compounds 
was not studied. 

In the experiments, the flow rate of the initial gas mixture 
was varied from 1.6 to 5.6 L h -I (standard conditions), the 
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Fig. 1. Dependences of the yield of formic acid (a) and 
concentrations of H, O, O 2, and OH in the gas phase (b) on the 
composition of the initial gas mixture. Flow rate 3.2 L h -1 
(standard conditions), pressure 1.11 Tort. and power 50 W. 
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Fig. 2. Dependences of the yield of formic acid (a) and 
concentrations of H, O, O_~, and OH in the gas phase (bl on the 
pressure (pj in the reactor_ Flow rate 3.2 L h -I (standard 
conditions), composition of the initial gas mixture 70,.% CO 2 4- 
30% CH4, and power 50 W, 

content of CH 4 in the initial mixture was varied from I0 to 
60 vol.%, the pressure in the reactor ranged from 0.5 to 4 Tort, 
and the output power of the microwave generator was varied 
from 20 to 200 W. The experimental results are presented in 
Figs. I--4. 

Results and Discussion 

Formic acid is the main product of  the low-tempera- 
ture condensation of  the CH4 + CO 2 mixture dissoci- 
ated in the microwave discharge, In addition, we ob- 
served insignificant amounts ( I - -2% of the mole con- 
tent of  HCOOH)  of  acetic acid. methanol, and formal- 
dehyde. Apparently, the presence of  acetic acid in the 
products indicates the participation of  the CH n radicals 
in the process; however, even traces of other possible 
products of  transformations of  these radicals, ethanol 
and acetaldehyde, were not observed. 

The composit ion of  the gas phase (the surface on 
which the condensation occurred was placed in the 
cavity of  an ESR spectrometer) was studied simulta- 
neously with the low-temperature synthesis. The depen- 
dences of  the yield of  the products of  the low-tempera- 

_ 3O 

m -  

o 
P 20 

~. 10 

? 

z~ 
Z 

d' 
~ 

_'2 

�9 

_"Z 

r 

i 

.-r,  

- 0 

a 

b 1 1 . . . ~  -- ,& 

/ \ I 
z %.._o ; 

40 8() 120 Powe r/~' 

Fig. 3. Dependences of the yield of formic acid (a) and 
concentrations of H. O, 02, and OH in the gas phase (b) on the 
output power of the microwave generator. Flow rate 3.2 k 11 -I 
(standard conditions), composition of the initial gas mixture 
70% CO? + 30% CH 4, and pressure l . l I  Torr. 

ture synthesis in the CH 4 + C O  2 system on the compo-  
sition of  the gas phase are similar to those observed for 
the previously studied CO i + H 2 system�9 Both systems 
contain significant concentrat ions of atomic hydrogen 
(10ts--1016 cm -3) in the gas phase near the synthesis 
zone. In addition, the formation of  formic acid requires 
the presence of  O * and 0 2 in the gas phase, and both 
an excess and a deficiency of  these species relatively to 
some optimum value decrease the yield of  HCOOH.  

To estimate the concentrat ions of  carbon-containing 
species (which cannot be determined experimentally) in 
the g_as phase near the synthes iszone  of  C.l_compounds, 
we performed the mathematical  modeling of  the pro- 
cesses in the connecting channel .  As a whole, the 
simulation procedure is s imilar  to that described in the 
previous work. ~ This system differs mainly from the 
previously studied CO 2 + H 2 system by the uncertainty 
in choosing the initial concentra t ions  of  the dissociation 
products of  CH 4 in the discharge. This problem is 
discussed in detail below�9 In addit ion,  the functional of 

* Hereinafter unpaired electrons o f  free radical species are not 
indicated for simplicity. 
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Fig. 4. Dependences  of  the yield of formic acid (a) and 
concent ra t ions  of  H. O. 0 2 , and OH in the gas phase (b) on the 
contact  t ime (8 in the reactor. Composi t ion  of  the initial gas 
mixture 70% C O ,  + 30% CH 4, pressure 1.11 Tort,  and power 
50 W. 

d i v e r g e n c e  o f  t h e  e x p e r i m e n t a l  a n d  c a l c u l a t e d  d a t a  was  

m i n i m i z e d  o n l y  by' t he  s e l e c t i o n  m e t h o d ,  a n d  t he  m i n i -  

m u m  set  o f  r e a c t i o n s  s u f f i c i e n t  for  t h e  d e s c r i p t i o n  o f  

t r a n s f o r m a t i o n s  in t he  C H  4 + CO~ s y s t e m  was  n o t  
d e t e r m i n e d .  

T h e  m a t h e m a t i c a l  m o d e l i n g  o f  t h e  k i n e t i c s  o f  t h e  

gas  p h a s e  r e a c t i o n s  o c c u r r i n g  in the  c o n n e c t i n g  c h a n n e l  

in t h e  m i c r o w a v e  d i s c h a r g e  p r o d u c t s  ( the  o u t p u t  p o w e r  

o f  t h e  m i c r o w a v e  g e n e r a t o r  was  50 W )  was  c a r r i e d  o u t  

for  a m i x t u r e  o f  70 vo l .% C O 2  a n d  30 vo l .% C H  4 a t  a 
p r e s s u r e  o f  1.1 T o r t  a n d  r o o m  t e m p e r a t u r e .  C a l c u l a t i o n  

was  p e r f o r m e d  by  the  p r o g r a m  d e s c r i b e d  in t he  m o n o -  
g r a p h ,  3 u s i n g  t h e  e x p e r i m e n t a l  ( s ee  F ig .  4)  a n d  

p u b l i s h e d  d a t a .  4 - 7  T h e  f o l l o w i n g  k i ne t i c  s c h e m e  w a s  

c h o s e n * :  

Reaction IogK 
~I)__H_• : ,, OH + O H  - 1 0 . 8  
(2) H + H e  z _~ H 2 + 0 2 -10.9 
(3) H + H e  2 --- H , O  + O -10 .8  
(4) H + H + M - -~ H~ + M -32.1  
(5) H + OH + M ~ H 2 0 +  M - 2 9 . 9  
(6) H + O  2 + M ,, H e  2 + M -31 .5  
(7) H + O + M ,, OH + M -31 .7  
(8) O + O + M ~- O,  + M -32 .1  
(9) O + OH ,, H + 02 - 1 0 . 4  
(10) 0 + H e ,  ,, OH + 0 2 -10 .5  

* The react ions were selected by the previously described algo- 
rithm. 8 

(11) CH 3 + CH 3 ~- M , .  products  - 2 7 . 7  
(12) CH 3 4 - C H  2 + M ~ products  - 2 7 . 7  
(13) CH 3 4- H2 , ,  CH 4 + H - 1 1 . 4  
(14) CH 3 + H + M J -  CH4 + M - 2 8 . 4  
(15) CH 3 + 0 . H C H O  4- H -10 .1  
(16) CH 3 ~- HCO --- CH4 + CO - I I . 0  
(17) CH 3 + H e ,  ~ CH 4 + 02 - 1 5 . 9  
(18) CH 3 + OH ~ C H ,  ~- H20  - 1 2 . 7  
{19) CH 3 + H C H O  ,, (2H 4 + HCO - 1 7 . 2  
(20) CH~ + H , CH + H2 -14 .1  
(21) CH~ + CH 2 ,, products  - 1 0 . 3  
(22) CH 2 + O ,. H * H C O  - 1 3 . 8  
(23) CH~ + CH 2 ~ CH 4- CH 3 - 1 5 . 2  
(24) CH;  + HCO --- CH 3 + CO - 1 2 . 3  
(25) CH 2 ~ H,  ,, CH 3 + H - 1 6 . 4  
(26) CH~ + H~2HO ~ CH 3 + HCO - 1 7 . 2  
(27) CH + O --- H + CO - 1 0 . 7  
(28) CH * CO~ ,, CO + H C O  - 1 6 . 9  

~ 

(29) CH + H + M ,- CH2 + M - 3 1 . 0  
(30) CH 4- HCO ~ C H ,  ~- CO - 1 2 . 3  
(31) CH + H C H O  ~- CH~ + HCO - 1 4 . 0  
(32) CH .--O + M = HC(3 + M - 3 2 . 8  
(33) CH + H e .  b HCO + OH - t 5 . 2  
(34) CO + H * M ,- HCO + M - 3 4 . 0  
(35) CO + OH , CO~ + H - 1 2 . 8  
(36) HCO ,. CO + H - 0 . 2  
(37) HCO + O --- CO 2 + H - 1 2 . 3  
(38) HCO + O -- CO 4- OH - 1 0 . 2  
(39) HCO + H , ,  CO + H 2 - 1 0 . 3  
(40) HCO + OH ,. CO + H~O - 1 0 . 8  
(41) HCO + HCO ,. H C H O  + CO - 1 1 . 3  
(42) HCO + H e  2 ,. H C H O  4- 02 - 1 2 . 0  
(43) H C H O  + H --- H C O  + H 2 - 1 3 . 5  
(44) H C H O  + OH ~. H C O  + H20  - 1 0 . 8  
(45) H C H O  + O ~ HCO * OH - 1 2 . 8  
(46) CH 3 . _-- decay 6_0 
(47) CH : _- decay 6.0 
(48) O ~ Oad S 1.5 
(49) H ~ Had s 0.5 
(50) Had s + H , H,  - I 0 . 0  
(51)Oad s4- O . O~ - 1 0 . 0  
(52) 0 2 + Ha~ ,, HO 2 - I 0 . 0  

T h e  r e su l t s  o f  c a l c u l a t i o n  are  p r e s e n t e d  in Figs .  5 

a n d  6. T h e  in i t ia l  c o n d i t i o n s  fo r  t h e  O,  C O ,  C O  2, a n d  
H s p e c i e s  we re  c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  

u n d e r  t h e  a s s u m p t i o n  o f  a p s e u d o - f i r s t  o r d e r  o f  e f f ec t i ve  

d e c a y  o f  O a n d  H a n d  f r o m  t h e  m a t e r i a l  b a l a n c e � 9  T h e  

ini t ia l  c o n c e n t r a t i o n s  o f  C H ~  (n  = I - - 4 )  w e r e  s e l e c t e d  

d u r i n g  c a l c u l a t i o n  u s i n g  t h e  c o r r e l a t i o n  [ H ] o  -- 

[CH3]  0 + 2 [CH2]0  + 3 [ C H ] 0 .  T h e  c u r v e s  p r e s e n t e d  in 
Fig.  5 were  c a l c u l a t e d  for d i f f e r e n t  in i t ia l  c o n c e n t r a -  

4 i o n s .  o f  CH~.  ( T a b l e  - t ) .  T.he i n i t i a l  ~ :oncen t ra t i .ons .  o f  H ,  
O,  C O ,  a n d  C O  2 we re  1 �9 1016, 1 .2 -  1015, 1.2" 1015, a n d  

2 . 4 2 "  1016 c m  -3 ,  r e s p e c t i v e l y ,  a n d  t h e y  we re  a s s u m e d  to  

be  e q u a l  to  z e r o  for  t he  o t h e r  s p e c i e s .  
As tb l lows  f r o m  the  a n a l y s i s  o f  t h e  c a l c u l a t e d  c u r v e s ,  

t h e r e  is a n a r r o w  in te rva l  o f  t h e  in i t ia l  c o n c e n t r a t i o n s  o f  

C H ,  at  w h i c h  a n  a p p r o p r i a t e  a g r e e m e n t  w i th  t h e  e x p e r i -  

m e n t a l  da t a  w i t h  r e s p e c t  to  t h e  c o n c e n t r a t i o n s  o f  H,  O,  

O H ,  a n d  0 2 is a c h i e v e d .  At  h i g h  in i t ia l  c o n c e n t r a t i o n s  
o f  C H  3 a n d  C H .  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  o f  a t o m i c  

o x y g e n  is m u c h  lower  t h a n  t h e  e x p e r i m e n t a l  v a l u e .  T h i s  
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Fig. 5. Dependences of the concentrations of H (a), O (b). 02 (c), and OH (d) on the contact time (t) in the reactor. Points indicate 
the experimental data, and lines are the calculation. Composition of the initial gas mixture 70% CO 2 ~- 30% CH 4, pressure I. I1 Torr, 
and power 50 W. Curves 1--6 correspond to various initial concentrations indicated in in Table ] (some curves coincide). 

is re la ted to the  o c c u r r e n c e  of  fast s teps (15) and  (27). 
Moreove r ,  the  overal l  decay  of  the  CH3 and CH species  
shou ld  be t aken  in to  a c c o u n t  ( r eac t ions  (46) and  (47) 
imi ta te  the  decay  o f  C H  3 and  C H  in the  processes  
wh ich  are  no t  s h o w n  in the  s c h e m e )  to decrease  t he i r  
c o n c e n t r a t i o n  in the  gas phase  to values tha t  a l low a 
satisfactory, a g r e e m e n t  with  the expe r imen t  to be ach ieved  
(at  t he  used ini t ia l  c o n c e n t r a t i o n s  of  C H . ) .  Evident ly ,  a 
decrease  in the  c o n c e n t r a t i o n s  [CH,,I relatively to the  
va lues  c o r r e s p o n d i n g  to the  ma te r i a l  ba l ance ,  i.e., 
[H] 0 ~ [CH3] o + 2 [CH2]o +-3.  [CHI0,  would be a n  
a l t e rna t ive  for  the  i n t r o d u c t i o n  o f  steps o f  eff ic ient  
decay  o f  the  CH3  a n d  C H  species.  In pr inc ip le ,  th i s  is 
a ccep t ab l e  if we a s s u m e  that  eff icient  po lymer i za t ion  in 
the  mic rowave  d i scha rge  zone  decreases  [CH,10 but  has  
no  effect  on  [H]0. It is still imposs ib le  to choose  be-  
tween  the se  two var iants .  The  c o n c e n t r a t i o n  [CH2] 0 can  
vary in suff ic ient ly  b r o a d  l imits.  T h i s  is related to the  
re la t ively  low (as c o m p a r e d  to those  o f  CH 3 and  C H )  
reac t iv i ty  o f  the  C H  2 species  in reac t ions  with oxygen.  
In a d d i t i o n ,  the  s c h e m e  i g n o r e s t h e  he t e rogeneous  de -  
cay o f  the  C H  2 radical ,  because  it has  a lmost  no  effect 

Table 1. Variants of the choice of the initial concentrations of 
CHn (n = I--4) 

Variant ICH~] 0 [CH3] 0 [CH2]0 [CH]0 
c r l r 1 - 3  

I 5.  I0 ]s I �9 1015 3.1015 I �9 1015 
2 5- I015 5 ' 10 t4 4- l0 ts 5. 10 t4 
3 6- 10 ~5 0 2 , 1 0  ~5 2- I0 t5 
4 I �9 t0 Is I �9 I016 0 0 
5, 6 * 5- 10 j5 I �9 l0 Is 3- 10 t5 I �9 10 t5 

) Variant 5 - - r eac t i on  (52) in the form 02 + Hads --- " OH + 
O was taken into account in the scheme; variant 6 --  reaction 
~52) in the form 02 + Hads ~ HO 2 was taken into account 
in the scheme. 

on  the  c o n c e n t r a t i o n s  o f  the  H ,  O, O H ,  a n d  0 2 species  
and ,  h e n c e ,  we believe tha t  s t e p  (21) a d e q u a t e l y  d e -  
scr ibes  the  process  of  its ove ra l l  decay.  T h e  r eac t i ons  o f  
f o r m a t i o n  and  c o n s u m p t i o n  o f  the C H 3 0  2 a n d  C H 3 0  
radicals  are no t  cons ide red  i n  the  s c h e m e .  Th i s  is 
re la ted  to the  fact tha t  due  t o  the  i n t r o d u c e d  overa l l  
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Fig. 6. Dependence of the composition of the gas phase in the 
connecting channel after the discharge in the CO~ * CH4 
mixture on the contact time (t) in the reactor. Points indicate 
the experimental data. and lines are the calculation. Composi- 
tion of the initial gas mixture 70% CO 2 + 30% CH4, pressure 
1.II Tort, and power 50 W. The initial concentrations were 
chosen according to variant 6 (see Table 1 ). 

decay of the CH 3 and CH species (steps (46), (47)), 
their concentrations in the gas phase become insignifi- 
cant (-105--10 s cm -3) and, hence, the reactions of the 
formation of CH30 2 and CH30 do not noticeably con- 
tribute to the overall process. Reaction t52) (curves 5, 
6) does not result in significant changes in the concen- 
trations of H, O, and O, but somewhat increases the 
yield of the OH radicals and allows the overall process 
of radical escape to the gas phase from the reactor walls 
to -be taken in to  account-. 

Thus. calculation shows that the concentrations of 
the CH 3 and CH species in the zone of synthesis of Ci 
compounds are low (~105--108 cm-3). Therefore, in the 
CH4 4- CO, system under the experimenta.I conditions, 
the CH 3 and CH radicals cannot be considered as 
methylating reagents. In addition, the high (relative to 
those of CH 3 and CH) concentration of the CH? spe- 
cies provides, most likely, the formation of an insignifi- 
cant amount of acetic acid. Note that, according to 
calculation, the concentrations of HCO and HCHO 

generated in the gas phase are low and amount  to 
4109--1012 cm -3 at the outlet of the discharge zone and 
to - 1 0 7 -  l0 s cm -3 in the synthesis zone. 

This implies that, as in the case of the CO 2 + H~ 
system, HCOOH and CHaCOOH are formed heteroge- 
neously (on the cooled surface) in the CH 4 + CO; 
system under the experimental conditions, and the par- 
ticipation of the gas-phase HCHO and HCO and CH n 
radicals in the formation of C I and C 2 compounds is 
insignificant. 

The scheme of formation of organic compounds in 
the low-temperature condensation of a CO? + H 2 mix- 
ture dissociated in electric discharges has been proposed 
previously. I The consideration presented for the sub- 
stantiation of this scheme ! is also appropriate for the 
CH 4 * CO 2 system because a resemblance of the CH4 + 
CO2 to the CO~ + H2 systems is observed under the 
conditions of our experiments. As indicated above, the 
composition of the gas phase and its influence on the 
yield of products of the low-temperature synthesis are 
similar in both systems. The CH 4 + CO 2 and CO2 4- H~ 
condensates contain considerable amounts of the HO2 
radicals. The composition of the products of low-tem- 
perature condensation in the CH 4 + CO 2 system is the 
same as that in the CO~ + H 2 system except for the fact 
that in the latter case, insignificant amounts of acetic 
acid are observed in the condensation products. To 
explain the formation of acetic acid, we introduced into 
the scheme additional stages of the interaction of the 
HOCO (HCOs) and CH 2 radicals. Therefore, the scheme 
of formation of organic compounds under the low- 
temperature condensation of the CH 4 + CO 2 mixture 
dissociated in electric discharges can be presented as 
follows: 

(6") ( 7 ' )  
CO (5 ' )  CO2" = HOCO (HCOs) HCOOH 

, , ,  > 
(1") " CH3COOH 

(2") (3 ') (4") 
HCO = HCHO -"- CHsOH (CH30) " ~ CH3OH 

(1 ") CO 1- H ,., HCO; 
(2") HCO + H = HCHO; 
(3") HCHO + H ., CHsOH (CH30); 
(4") CH2OH (CH30) + H ,,. CH3OH; 
(5") CO (1E+) + O (3p) ,,,. CO2-; 
(6") 002" + H , ,,, HOCO (HCOs); 
(7") HOCO (HCO 2) + H ,, HCOOH; 
(8") HOCO (HCO2) + CH2 ~. 

CHsHCOOH ~.. CH3COOH. 

In this case, all comments presented I for the scheme 
of formation of organic compounds in the CO 2 4- H~ 
system are valid. 
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Thus, formic acid and insignificant amounts  o f  ace-  
tic acid, methanol ,  and formaldehyde are formed in the 
low- tempera ture  condensa t ion  of  the CH4 + CO 2 mix-  
ture dissociated in the microwave d i s cha~e  at a low 
pressure. The  format ion o f  formic  acid can be rat ional-  
ized in the framework o f  the scheme presented previ- 
ously I for the CO 2 + H 2 and CO + H20  systems. 
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