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1. Introduction 

Many contributions to kinetic r a t e  knowledge have  resu l ted  f r o m  premixed 
flame s t u d i e ~ . ' * ~ * ~  A flame, consisting of a mul t i - reac t ion  complex medium, lends 
1. R. M. F r i s t rom.  and A. A. Westenberg, "Flame Structure." McGraw-Hill, New 

York (1965). 
2. S. W. Benson, "The Foundations of Chemica l  Kinetics," McGraw-Hill, New York, 

276 (1960). 
3. N. Basco  and R.G.W. Norrish,  Can. J. Chem.18. 1769 (1960). 
i tself  to unambiguous kinetic ana lys i s  only with difficulty. Specifically, the  m o r e  
recent  f lame s tudies  of combust ib le  methane mix tu res4  have d i rec ted  much inter-  
4. R. M. F r i s t rom.  C. Grunfelder.  and S. Favin. J. Phvs.  Chem. 64. 1386 and - 

1393 (1960). 
est of la te  toward the  elementary'reactions in  the methane oxidation scheme. New 
and improved techniques fo r  the study of a tom and rad ica l  reac t ions  have led to re- 
newed kinetic studies which have confirmed some  e a r l i e r  r e s u l t s  and have been at 
odds with others.  T h e  addition of var ious  chemically per turb ing  agents  to the 0- 
a tom/CH4 system, f o r  example,  allow for the study of some e l emen ta ry  oxidation 
reac t ions  a t  room t e m p e r a t u r e  by the more convenient and unambiguous flow-dis- 
cha rge  techniques. However the r e s u l t s  in a l l  c a s e s  have not been uniform, expec- 
ially i n  sys t ems  containing ~ x y g e n . ~  
5 .  F. Kaufman, in " P r o g r e s s  in  Reaction Kinetics," Vol. 1 (ed. G. Por te r ) .  Perga-  

mon P r e s s .  New York, 1 (1961). 
In this work, a number  of methane-oxygen reac t ions  have been  studied em- 

ploying a fast-flow reac t ion  system. coupled d i rec t ly  with a Bendix model  3015 
time-of-flight m a s s  spec t romete r .  N and H-a tom t i t ra t ions  as wel l  as Woods-Bon- 
hoef fer  d i scharges  are  employed in  generating the ac t ive  species.  

II. Exper imenta l  

The  reaction s y s t e m  employed is depicted schematically in  F igu re  1. A 
Woods-Bonhoeffer d i scharge- f low sys t em is in  t r a in  with a Bendix model  3015 time- 
of-flight m a s s  spec t romete r .  Atoms o r  rad ica ls  en te r  in the cen t r a l  annular space  
in  the reac t ion  t ra in .  Reac tan t s  en te r  through the cen t r a l  tube fitted with a Teflon 
"Swage" gland to p e r m i t  movement  along the reac t ion  t r a in  axis. In this way, the 
d is tance  of the mixing r eg ion  f r o m  the molecular  leak  (aluminum foil  d i sk  with a n  
0.005 inch pinhole) c a n  b e  varied.  A 40 l i t e r / s e c  Stokes'  pump thrott led through a 
l inear  flow velocity of about 10 m e t e r s / s e c  and a reac t ion  reg ion  p r e s s u r e  in the 
10 to 1000 mi l l i t o r r  range .  Knowing the volumetr ic  flow ra t e ,  v, and the diameter,  
- d, of the reactor,  the distance,  z, of the tube mouth f r o m  the  T u F  sampling leak 
can  be re la ted  to the time variaTle. t. i n  an  absolute fashion bv the relation: 

nai t = ( )z-I 4v 
T h i s  reaction holds s t r i c t ly  fo r  the  c a s e  of a cy l indr ica l  r eac to r  and l amina r  
The  methane, used without fu r the r  purification, w a s  Matheson Ultra-High Pur i ty  
grade.  Matheson R e s e a r c h  g rade  HC1 wag employed i n  the catalytic study. Ma- 
theson High P u r i t y  g r a d e  NO, w a s  redisti l led in  vacuo for  u s e  in the generation of 
OH radica ls .  The oxygen used w a s  Ultra-High Pur i ty  grade  Matheson, employed 
without fu r the r  purification. 

Oxygen a toms  w e r e  genera ted  by two methods: (1) the d i scha rge  of a 1 to 9 
OJAr  mix tu re  ( 2 )  the v e r y  rapid gas-phase  t i t ra t ion  of NO by N atoms (N +NO' 
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Nz+O), the N a toms  being generated by discharging N,. 
generated by the rapid gas  phase  t i t ra t ion of NO, with H a toms  (H'NO,' NO'OH), 
the H a toms being generated by d ischarge  of a 5 %  H2/95% A r  mixture  containing a 
t r a c e  of water  in o r d e r  to aid dissociation (The walls of the reaction t r a i n  were  
coated with phosphoric acid to g ive  low, reproducible wall- recombination effects.) 
In a l l  ca ses  the tempera ture  remained within 1" of 298°K. 

LII. Resul t s  and Discussion 

The hydroxyl r ad ica l s  w e r e  

A. Methane-0-atom Reaction with HC1 Cata lys t  

At room tempera ture  the reaction between methane and a tomic  oxygen is ex- 
t r eme ly  slow because  the reaction has  a hea t  of activation between 8-9 kcal/g-mole. '  
Consequently, if one wished to study the reaction, the investigation mus t  be con- 
ducted a t  elevated t empera tu res  o r  a suitable catalyst  m u s t  be added fo r  room temp- 
e r a t u r e  studies. 

W e  selected hydrogen chloride gas as a catalyst  f o r  this  study because  it is 
known to acce le ra t e  the reaction between methane and a tomic  nitrogen. 

The following react ions may be considered in  this  system: 

H C l + O  O H + C 1  
k OH +O -b O , + H  

C1 +CH,$' H C P  CH3 

CH3 +O CH2+ OH 

CHZ+O C O + H + H  (5)  
CO +OH k6 C 0 3  H 

CHI +OH k,7 HzO+CH3 

CHI +O CH3+OH 

CHI +H '' CH3'Hz 

CH3 + 0 2  l S l o  HO, +CHz 
HC1 +O lSl1 C10 +H 
c 1  +o, ~ 1 Z C 1 0 + 0  

Thio reaction scheme yields a s e r i e s  of 12 simultaneous different ia l  equations that 
are ext remely  difficult to solve analytically. 

e rgy  of activation of 8 kca l /g-mole  o r  more .  A t  300°K. the difference in r a t e  be- 
tween a reaction with Ea = 4 kcal /g-mole  and one with 8 kca l /g -mole  is a factor  of 
about 10'. Thus, two react ions with approximately equal  r eac t an t  concentrations 
and frequency f ac to r s  will  differ in  ra te  by 1000 if  they have  such an  activation en- 
e ruv  difference. 

As a f i r s t  approximation, we might e l imina te  a l l  of the react ions with an en- 

0, ~~ 

Using this criterion, Table 11s6 shows that Reaction 7 through 11 can  be  elim- 
6. K. Schofield. Planet. Space Sci. 15. 643 (1967). 
h a t e d  f rom the reaction scheme. We w i l l  show l a t e r  that  an  e r r o r  h a s  apparently 
been introduced by eliminating Reaction 9. 
ly  i s  sufficiently high to offset  the activation energy  difference.  

eumption specif ies  that the rate expres s ions  f o r  all of the act ive spec ies  be  se t  
equal  to zero. F o r  example. the r a t e  of format ion  of chlor ine a toms  is a r  follows: 

The concentration of H atoms- apparent- 

A second approximation involves the  "steady- s ta te  assumption." This  as- 

7 d(C1) = kl(HC1)(0) - ~ ~ ( C ~ ) ( C H I )  

kl(HC1)(0) - k,(Cl)(CHI) = 0 

(13) 

(14) 
Using the steady- r ta te  as rumpt ion  yields the following equation: 

The  following equations a r e  obtained by using the s teady-state  assumpt ion  for CHz, 
CH* and OH: 
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(21) 2k,(HC1)(0) 
kZ(O) + k6(COj 

(OH) = 
The r a t e s  of the reac t ions  of 0. CO, and C 0 2  can now be writ ten and simpli- 

f ied using the above expres s ions  fo r  the concentrations of the active species.  

(22) 
- -  2klkZ(HC1)(0)' d(o) - -3kl(HC1)(0) - k,(0) + k6(co) dt 

(24) - -  d(COz) - 2kikb(HC1)(O)(CO) 
dt  kZ(0) + k,(CO) 

F o r  the conditions of this  study, (CO)<1/5  (0) so that  kz(O@ b ( C 0 ) .  The 
r a t e  expression fo r  the d isappearance  of atomic oxygen is. therefore:  

(25) 

(26) 

(27) 

+- d(O) -5k,(HC1)(0) 
d t  

Integrating this expres s ion  yields - 
With t = t ime  8 2, z = r e a c t o r  distance,  and u = l inear  flow velocity. 

l n ( 0 )  - -5kl(HGl)t + l n ( 0 ) O  

U 
l n ( 0 )  = -5kl(HC1E + l n ( 0 ) O  

Therefore ,  a plot of l n ( 0 )  vs. z should yield a s t ra ight  line. Figure 2 shows the 
exper imenta l  data  plotted in this  manner .  The react ion exhibits f i r s t - o r d e r  behav- 
i o r  between 100 and 300 mm,  but deviates  f rom this  behavior beyond this.point. It 
a lmos t  appea r s  that  the reac t ion  s tops short ly  beyond the 300-mm point. Our an- 
a lys i s  wi l l  concentrate  on the f i r s t  300 m m  of the reactor .  In this region the slope 
of the cu rve  yields a r a t e  constant of 2.65 X 10-15cu cm/pa r t i c l e - sec .  If this  r eac -  
tion has  a s te r ic  fac tor  of 0.1, the activation energy  i s  about 5 kcal/g-mole.  

Th i s  value for  the r a t e  constant i s  consis tent  with the postulated mechanism. 
The r a t e  expres s ion  for  0 atom disappearance (Equation 25) shows that Reaction 1 
is the s lowert  o r  ra te-control l ing s tep  of the mechanism.  Comparison of the value 
of kl(2.65 X lo-'') with the values  in Table LI shows that this  is indeed the case.  

of tha r a t e  conrtants  and the var ious concentrations:  

' 

Equation 23 for  the format ion  of CO can b e  simplified by applying the values 

d(dCtO) = kl(O)(HCl) (28) 
Substituting the expres s ion  fo r  the 0 atom concentration yields - 

(29) 
"go) - kl(HCl)(0)oe -5kl(HCl)t 

Integrating Equation (29) yields  - 
(CO) = 9 (0 1 [l - e -5kl(HC1E 3 (30)  - 

The r a t e  expression fo r  CO, can now a h a  be integrated: 
-5 kl(HC l) t  

(CO,) = ,- (HC1)(0), Ct+ e 5kr(HC1) - ' I  ( 3 1 )  _ .  
The integrated expres s ions  show the c o r r e c t  quali tative detai ls  for  the reac-  

tion, but the quantitative predict ions a r e  not accurate .  F o r  example, the equations 
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predic t  that CO should be p r e s e n t  in g rea t e r  concentrations than COz. Figure  3 
shows that t h i s  effect is indeed observed. However, the quantitative predictions 
a r e  not in ag reemen t ;  the predicted r a t e s  of format ion  a r e  too low. 

The amount 
of CO formed i n c r e a s e s  by a fac tor  of 5 (in the ea r ly  s t ages  of the  reac t ion)  a s  the 
init ial  HCI concentration is increased .  

exper imenta l  data. 
the reac tan ts  and products.  About 8 0 %  of the 0 a toms  that r e a c t  a r e  recovered  as 
e i ther  CO o r  CO,. 
amount of wa te r  is quite small and the  amount of Oz fo rmed  is a l s o  sma l l  and can- 
not be  accura te ly  de te rmined  because  of the l a r g e  background 0, concentration. 
Within these  l imitations.  the m a s s  balance i s  good and indicates that the data are 
in te rmal ly  consistent. F r o m  this, i t  appea r s  that  the reac t ion  scheme  is incom- 
ple te. 

Reaction (9). 
ently high. H a toms  a r e  formed by Reactions ( 2 )  (a v e r y  f a s t  reaction),  (5), and (6). 
Therefore ,  they m a y  be p re sen t  in a sufficiently high concentration to make  Reac- 
tion (9)  significant. Reaction (9 )  produces both CH3 and OH radica ls .  CH3 reac ts ,  
via CH2, to fo rm CO. and the CO is oxidized to CO, by OH. 
action (9 )  should provide for  f a s t e r  r a t e s  of CO and COz formation. 

Another qualitative fea ture  of the reac t ion  is shown in  F igu re  4. 

This i s  predicted by Equation ( 3 0 ) .  
The equation's pred ic t  the qualitative but not the quantitative f e a t u r e s  of the 

The da ta  quality has  been de termined  f r o m  a m a s s  balance on 

The reaction a l so  f o r m s  wa te r  and molecu la r  oxygen. The 

The m o s t  probable d iscrepancy  in the proposed scheme i s  the elimination of 
This  reaction can  be rap id  if the concentration of H a t o m s  is suffici- 

Hence, inclusion of Re- 

B. Poss ib le  Influence of Excited 0 2  

The  above da ta  shows that about 25% of the or ig ina l  methane  will  be  convert-  
ed to products  (CO + COz) ove r  a reaction zone length of 350 mm. F i g u r e  5 p re -  
s en t s  s o m e  data fo r  this sys tem,  comparing the reac t ion  of d i scharged  0, with CHI 
to that of 0 a toms  genera ted  in the t i t ra t ion  of NO with N a toms.  Curve  A indicates 
the format ion  of CO, f rom a CH4/HCI mix tu re  using 0 a t o m s  genera ted  in the gas-  
phase  t i tration: N + NO4 N,+ 0. Curve B gives the da ta  f o r  the same s y s t e m  a f t e r  
adding about 15 X l o - )  m m  Hg of ground-state 0, to the a tom s t r eam,  which a l so  
contains about 15 X m m  Hg of 0 a t o m s  as de termined  by the  gas-phase  t i t r a -  
tion. Discharged 0, (with about 1 5  X lo-'  mm Hg of 0 a t o m s  and 15 X m m  of 
Hg of 0,) used  in p lace  of the 0 a tom s t r e a m  obtained by t i t ra t ion  y i e lds  Curve  C. 
which shows cons iderable  enhancement of the combustion p r o c e s s  o v e r  Curves  A 
and B. 
fec t  of molecular  oxygen on 0 a tom reac t ions :  
the  chemica l ly  per turb ing  agent for  t hese  sys tems.  

The only difference between Curves  C and B is that the f o r m e r  p r e s e n t s  da ta  
for the CH4/HCl /0  sys t em i n  the p re sence  of excited molecular  0, while the l a t t e r  
involves only added ground-state 0 2 .  In a n  e l ec t r i ca l  discharge,  the following pro-  
cesses can  take place: 

The da ta  of Curves  A and B lend suppor t  to the possibil i ty of a specific ef- 
exc i ted-s ta te  molecu la r  0, may be 

o2 - zo(3~) (32)  

0 2  2 0 (  'D) (33 )  

O 8 C  P,+ O('D)' Oz('A g ) +  O('P) 

(34 )  

(35)  

02(% - ) +  O('P)- O J l A  ) + O ( ) P )  ( 3 6 )  
g g + 

The radiative loss r a t e  constant for  O2 ('E 
sec. and 10-"cc/particle-sec.  f o r  O,(lA 
chemica l  reaction s y s t e m s  a t  modera t e  
7 .  A. M. Fal ick  and B. H. Mahan, J. Chem. Phys.  47, 4778 (1967). 
i n e r t  toward sa tura ted  hydrocarbons,  0 2  LA 
f ree- rad ica ls .  and unsa tura ted  compounAs.) 

) m a y  be a s  l a r g e  a s  10- '3cc/particle- 
) ,g thus  allowing Oz('A 
to rapid flow rates. '  

) to i n t e r f e r e  i n  
(Although quite 

1 is known to r e a c t  readi ly  with atoms, 

I t  is a160 poseible that such reac t ions  a s  
Hg(63P)+ M' Hg(6'S)+ M* 
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concentration lower than the  detectable l imi t  (about 1.60 X 1013 molecu le s / cu  c m  
in this c a s e )  within 0.01 sec .  
s t r a t ed  by a crude e s t i m a t e  employing the  following simplified steady- s ta te  scheme: 

The problem of HCHO formation can  then be  demon- ' 

O + H C 1  kAO O H + C l  (37) 

C 1 + C H 4  ko CH3+HC1 ( 3 8 )  

Then, 

C H 3 + 0  Q0 H C H O + H  (39 1 
HCHO + 0 k4° non-carbonyl products  (40) 

(41) 
d k13 - d [CH,] - d [HCHOj = - - - -  

dt  d t  d t  

Thus, 
[HCHOI = % kC11 (45) 

k40 
With [HCHO] = 0.5 m i l l i t o r r  and P C l ]  = 20 mi l l i to r r ,  and with an  est imated 
lo-' '  cu c m / m o l e - s e c ,  the  m o s t  re l iab le  da t a  for Reaction 40 yields a value k '  

k4r38 X 
" 2 5  mil l i to r r ,  a n  amount  readi ly  de tec tab le  by the 3015 TOF. 

cu  c m / m o l e - s e c ,  which would m a k e  the  s teady-s ta te  value of h C H 0 1  
In short ,  if carbonyls 

a r e  in t e rmed ia t e s  in  the r eac t ion  of CH, with 0 a t o m s  a t  room tempera ture ,  our re- 
su l t s  demand that they be  p r e s e n t  a s  reac t ive  spec ie s  (such a s  formyl  radicals,  
HCO) r a t h e r  than s tab le  molecules .  

D. Reaction of OH with CH4 

' T h e  p r i m a r y  s c h e m e  as soc ia t ed  of OH rad ica l s  in the flow reactor is as  fol- 
lows: 

O H + O H  H 2 0 + 0  (46) 
(47 ) O + O H  J o  O , + H  

O H + C H 4  C H 3 + H 2 0  (48)  

(49 1 

k 

Y 0-H 
OH(adsorbed+ quenched) 

OH f (wal l )  

(The  ini t ia l  reac t ion  to produce OH h a s  k,>> kg, k,, and k,, and hence the  conversion 
of H into OH i s  cons ide red  to be  instantaneous.)  In the  absence  of methane, the kg 
s tep  i s  noncontributing and  - 

Rate(OH) - - + dt dLOH1- - -k6010HjZ- k70 [b l ~ O ~ - ~ o H ~ O H ~  (50)  

S ince  k6o and k,o a re  comparable  a t  room temperature ,  we may  a s s u m e  a 
Th i s  yields k70[OJ = ste?dy:state condition for  0 a t o m s  such that  d[Ol/dt = 0. 

k60 LOHi and hence, 



In the p re sence  of CH,. k,, contr ibutes  and, assuming that CHI does  not a l t e r  the 
kinetic wal l  behavior of OH,- 

\ 

- (kgo [CHJ + Y OH) b ~ l  (52 )  

(53  1 
Both Equations 17 and 18 a r e  of the fo rm - 

d -  2 - -Aay +b) 
(with y = [OH] ) which may be solved by the substitution - 

Ir =.,6 Y 
aY 

which yields  
( 5 4 )  

( 5 5 )  = .-bt 
PO 

[CH4] is a s sumed  essent ia l ly  constant s ince  i t s  concentrat ion i s  59 t imes  g rea t e r  
than [OH] in  this  system. 

F igu re  6 presen t s  some recent  data  on the fast-flow reac t ion  between CH4 
and OH. ( 0 indicates  the react ion without CH,; 0 indicates  the reac t ion  in the 
p re sence  of CH4.) 

In this  system, k&<2k60 and (k,,[CHJ + y )<< 2k6, [OH1 These  numer ica l  
values  m a k e  i t  difficult to u se  the method of ini t ia l  r a t e s  to analyze the  data. How- 
ever ,  i t  is possible  to  use  the integrated r a t e  eqx2tion (55).  This  equation can be  
simplified by expanding the exponential t e rm,  e- , as  a power series, neglecting 
the higher  powers  of bt s ince they a r e  much less than unity: 

I 

( 5 6 )  
wj- l + ( r )  b z =  1 + b t  

Z 

o r  rear ranging  Equation (56) yields - 
y-l" 1 (a + by,-')] + yo- 1 (57 )  

Z 

Thus, a plot of y-' agains t  z ( rec iproca l  of [OH] v e r s u s  distance, z, f r o m  inlet) 
should be l inear .  F r o m  the difference in s lopes of two such s t ra ight  l ines  (one fo r  
a run with CH4, one f o r  a run  without i t )  one can  obtain k4, the r a t e  constant in ques-  
tion. 

SLOPE, equal  to the s lopes  of the y-'  v e r s u s  z curves  fo r  the run  with d H 4 a n d  the 
run  without. respectively, yields - 

, 
The data  plotted in  F igu re  7 show the predicted l inear  relation. 
F r o m  Equation 57. the definitions of a. b. and y, and set t ing SLOPE and 

- COHI yo) [Vo(SLOPEo) - 2k601 (58 )  
-r 

F r o m  Figure  10 and the 3015 sensitivity value for  OH (1 .60  X 10" pa r t i c l e s /  
cu cm = 10 units), and using the repor ted  value6 f o r  bo (2.5 X 
w e  have - cu cm/pa r t - sec )  

< 
2k60 = 80 unit-' sec-' 
[OH&(CH4) - 10 units 

\ = 7.0 units 

SLOPE c H4 
0.0326 unit- ' c m -  ' 

\ SLOPE, = 0.0474 unit-' cm-' 
In the run  with CHI, the !low ra t e  v 
58.94 sec-'. Since [CH,J = 2.43 X CH4 10l6 molecules /cu  cm, we have ks0 

recent ly  repor ted  by Creiner .8  and about 3 t imes  lower than that repor ted  by Wilson 
8. N. R. Greiner ,  J. Chem. Phys. 490 (1967).  

= 2.635 X l o 3  cm-sec- ' .  Thus, bo EH4] = 

cu cm/par t ic le -sec .  This  i s  roughly an o r d e r  of magnitude lower than that 
2.42 X 



and Westenberg.9 In the absence  of data a t  o ther  t empera tu res  we m a y  use the 
9. 

approximate  coll ision theory argument' that the ra'te constant i s  given by - 

which g ives  an activation energy  of 5.65 kca l /mole  for the CH4+ OH reaction. 

tion p r o c e s s  for a hydrocarbon i s  the abs t rac t ion  of a hydrogen a tom f rom the hydro- 
carbon by a tomic  oxygen or hydroxyl. 

W. E. Wilson and A.  A .  Westenberg, "11th Symposium (International)  on Com- 
bustion," Combustion Institute (1967). 

(59  1 l o - l ~ -  5 e - E a / R T  
k80 = 

Whether a t  high o r  low tempera tures ,  a chain propagation s tep  i n  the combus- 

The generalized hydrogen atom abs t rac t ion  reaction can be written" 
R H 4 - B '  . ' ' H ' ' '  B ' T + H B  (60)  R m l  m.? 

10. 

where  m ,  and m z  a r e  the bond o rde r s ,  i n  the t rans i t ion  state,  of the "breaking bond" 
R'  * 'H and the "forming bond" H' ' 'B. 

H. S. Johnston, "Gas P h a s e  Reaction Rate Theory," Ronald P r e s s ,  New York 
(1966). 

This  bond-order concept has  i t s  intuitive 
appea l  to the chemis t  and s t ruc tu ra l  chemis t  on the b a s e s  of bond length, bond 
strength, and coordinating valence. Thus, in a single covalent bond involving one 
p a i r  of shared  e l ec t rons  a s  in  Hz o r  HC1, the bond o r d e r  is 1. 
since one may see tha t  t h e r e  a r e  th ree  pairs contributing to bonding (a so-called 
"0 Z n ~ 4  o rb i ta l"  configuration) the bond o r d e r  t h e r e  i s  3. 
heBe i s  to r e m e m b e r  that, in the bimolecular reac t ion  above, the underlying assump- 
tion is that the s u m  of bond o r d e r s  r e m a i n s  constant throughout such abstraction 
reactions.  That is, ml+  mz = 2. 

the t rans i t ion  s ta te  given b y  

In nitrogen, however, 

The impor tan t  resu l t  

One may  then t r e a t  such reac t ions  by a s suming  a valence bond potential f o r  

V = DRH - CRH(mIP)  - DHB(rnz4) + V r  I 
I 

where  the D's are the bond dissociation energ ies ,  V r  is the  energy  of repulsion 
a r i s ing  f r o m  the parallel e l ec t ron  sp ins  on R and B, and q are  empi r i ca l  p a r a m e t e r s  
indicating the s t rength  of the  in te rmolecular  valence forces.  
whe're t r i p l e t  states a r e  involved (two para l l e l  e l ec t ron  sp ins  on the  same species),  
twice the repuls ion .energy  h a s  to b e  included for a m o r e  reasonable  es t imate .  

lo9 c u  cm-mole- ' - s - '  fo r  the OH+ CH4' CH,+ HzO reaction. 
activation energy  for  such a reac t ion  is about 5 to 6 kcal-mole-' .  
bond o r d e r  method y ie lds  about 5 kcal-mole- '  as  a n  activation energy. 

hanced in the p x e n c e  of d i scharged  r a the r  than t i t ra ted  oxygen. Our  first inter-  
p re ta t ions  assoc ia ted  this ex t r a  activity with excited 0,. namely (a  g) 0,. Table ZII 
is a ,brief compendium of r a t e  constants and activation ene rg ie s  a s  calculated by the 
bond energy-bond o r d e r  method. 

about 10.000 t imes  m o r $  rap id  than the ground-state Oz reac t ion  a t  flame tempera-  
t u re s .  Although the  'cg 
(coll isional and rad ia t ive)  fo r  this spec ies  a r e  much too shor t  to complete w'th that 
for  the 'Ag state (46 minutes) .  
i s  expected. Each  of the r a t e  constants" in Table 111 i s  computed by the prescr ip t ion  
11 .  
of activated complex theory.  Success ive  var ia t ion  of the p a r a m e t e r s  of Equation 8 
l eads  to a "saddle point curve ."  o r  cu rve  of s t eepes t  ascent. The maximum of this 
path may  be taken a s  the activation evergy, Ea. Assuming a l inear  complex, one 
can readi ly  calculate the r a t e  constant f r o m  

F o r  oxygen spec ies  

Recently, o u r  r e s u l t s  indicated a room t empera tu re  rate constant of about 
This  implies that the 

The bond energy- 

W e  have a l s o  indicated that the combustion of methane is  significantly en- 

From the above table, i t  i s  obvious that the CH,+ O,( 'ag) reac t ion  should be  

s t a t e  of 0, indicates a n  even g r e a t e r  reaction, the l ifetimes 

t Thus, no significant concentration of t h i s  ' c g  spec ies  

S. W. Mayer and L. Schieler.  J. Phy s. Chem. a 2628 (1968). 

= KT k T  . Q* 
-Ea/RT 

k r a t e  

where  the 0, and .QB a r e  reac tan t  par t i t ion  functions, Q$ is the parti t ion function of 
the complex. R i s  the a s  constant (in cal-mole-1 -deg-1 i f  Ea  is in  cal-mole-1). k is 
Boltzmann's constant, % is  P lanck ' s  constant, and K is the t r ansmiss ion  coefficient 



fo r  the  potential  b a r r i e r .  
t e m  is  less than the potential a t  that point, t h e r e  is a finite probabili ty of finding the  
sys t em in  the configuration beyond that  point. 
coefficient, and the "process"  is r e f e r r e d  to a s  quantum-mechanical  "tunnelling." 
In any event, Equation 6 2  can b e  readi ly  calculated for  m o s t  simple reac t ions  and 
h a s  been shown to give ve ry  re l iab le  es t imated of the  r a t e  cons tan ts  for  a g r e a t  
number  of e l emen ta ry  reactions.  

a s  the  corresponding reac t ions  with 0 atoms. 
r eac t ions  of O,( 'Ag) with CH,' rad ica ls  o r  with unsa tura ted  hydrocarbon intermed- 
i a t e s  might  be  quite competit ive with a t tack  b y  oxygen atoms.  
bes t  va lues  fo r  0 atom a t tack  on CH, give an  activation ene rgy  of 10.5 kcal-mole-' .  
However,  the r a t e  constants fo r  reaction of 0 a toms  with CH,' m a y  be  comparable  
t o  CH,' reac t ion  with excited O,, s ince  each reac t ion  involves encounter  between 
spec ie s  having free valences.  The actual concentration of exc i ted  0, m a d e  by a n  
electrical d i scha rge  (concentration in  the downstream effluent) m a y  b e  a s  high as  
10% of the total  p r e ~ s u r e . ~  Th i s  would mean  that  in  the expe r imen t s  with CH, and 
HC1 i t  would b e  reasonable  to expect  that concentrations of the o r d e r  of 20 m i c r o n s  
Hg(about 6 X lo', mo lecu le s / cu  c m )  of '& O2 w e r e  available in  the reac t ion  zone. 
Assuming that  the reac t ion  r a t e s  of 0 2 ( l A g )  and O('P) a t o m s  with CH3 are similar, 
one would expect  about a three-fold i n c r e a s e  in  oxidation r a t e  in  the e l ec t r i ca l  d i s -  
cha rge  experiment .  

J V .  Conclusions 

Quantum mechanically,  even though the  ene rgy  of a s y s -  

Th i s  probabili ty if the t r ansmiss ion  

It should be observed that the reac t ions  in  Table I11 for  CHI + 0 2  are  not a s  f a s t  
However, one would expect  that the 

For  example,  t he  

Although both HC1 (and Cl,) catalyze the reac t ion  of CH, with 0 and 0 2 ,  the  ex- 
tent  of the reac t ion  a t  room t empera tu re  is smal l .  We could de t ec t  no quantitative 
evidence for the formation of any carbonyls  o r  carbonyl  f r a g m e n t s  during the c o u r s e  
of the oxidations (this, however,  does not preclude the i r  p r e s e n c e  as v e r y  shor t -  
lived in t e rmed ia t e s  in  such sys tems) .  
produced no effect  on the reac t ion  of 0 a toms  with CHI. 
N O  stream gave no evidence of any r a t e  changes.  
cantly enhances the formatlon of combustion products.  
t ively attr ibuted to the p r e s e n c e  of excited ( 'Ag)02 in  the system. 
CH, with OH rad ica l s  h a s  been studied a t  roon 
of 2.42 X cc /pa r t i c l e - sec .  
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Discharged 02, however, signifi- 
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Table I. ACTIVATION ENERGIES 

Heat of Activation, kcal /  g- mole  

4 
1 1  
8-9  
8 

2 53 
2 58 
2 60 

Table 11. RATE CONSTANTS FOR REACTIONS AT 300°K 
cu cm/part i c l e -  sec 

k l  = Unknown 

k, 2 .06  X l o - "  

k3 = 1 .53  X 
k,, a s s u m e d  to be between 

k,, a s s u m e d  to be between 

kb- 2 X 

- l o - "  
- l o - "  

/ 
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Table IZI. ACTIVATION ENERGIES AND RATE CONSTANTS FOR HYDROCARBON- 
OXYGEN AND METHANE-OXYGEN REACTIONS (cc-mole-'- s e c - l )  

0 J 3 C g -  ) OA'Ag) W C g +  ) 
S p e c i e s  (Ground State) (Excited State) (Excited State) 

With H, 
58 kcal -mole- '  35 kcal -mole- '  20 kca l -mole - '  Ea 

k (300°K) 4 x 1 x io-" 1 x 10-6 

k (1000°K) 3 3 x io4 1 x 105 

W i t h  CHI 

Ea 5 7  34 19 
k (300°K) 6 X 4 x 10-14 2 x 10-6 

k (1000°K) 6 6 X 10' 5 x 106 

\ 
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LOG (01, arbitrary units 

0 
%l 
0 

. 
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