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TEIE SLOW OXIDATION OF METHANE. I. A KUKETIC STUDY 

Hsien-Cheng Yao 

Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 

Introduction 

A Ember of rate expressions have been proposed f o r  the oxidation of methane 
based upon measurements of the changes which occur in the total pressure of the 
reacting gas rmxture. 
by the initial composition of the mixture. 
conditions was obtained when the ratio of the initial pressure of methane to that of 
oxygen was 2 to 1. Thfs result was confirmed recently by Egerton and his co-workers 
( 2 \ ,  

Bone and A l l u m  (1) found that the rates of reaction were affected 
The highest rate under a given set of 

Norrish and Foord { 3 )  proposed the rate equation: 

where (CH4I0, { O 2 j O 9  and Po are initial pressures of methane, oxygen, and total pres- 
sures of methane, oxygen, and total pressure respectively, d is the diameter of the 
reaction vessel, and S is the surface activity per unit area. Later, Hoare and Walsh 
(L) suggeszed the rate expression 

where m, x, a d  t are reaction orders which vary with the reaction vessel used. 
m values ranged from 1,6 to 2.4, the x value from 1.2 to 1.7, and the t values from 
0.5 to 0.9. 

The 

Recently Egerton md his csueagues ( 2 )  and Icarmilova et al ( 5 )  have followed 
not o n l y  the changes in the total pressures but also the changes in the concentra- 
tlons of reacsnts, intsrmediates, and products in each experiment* This was done by 
repeatedly preparing identical systems and then quenchhg them at various Time intervals; 
these quenched syscems were then analyzed f o r  each component. 
experiments jcSr~l lcva proposed the expression 

Cn the basis of such 

where d(m4j, represents the rate values ("constaat rates") obtained from the 
dt 

slopes of the straight llne portion of the rate curves (zero order plots). 
of Q) p, and y were given as 1.~62, 0,96, and 
approximtely 2.7 which agrees vel1 with the. value (a = 2.6) obkiined by Egerton et 
(2 )  but which differs from that of Norrish and Foord ( 3 )  (n = 4.0). 

Karmilova (8) and their co-workers on the basis of a theoretical treatment of the 
mechanism of the oxidation: 

The values 
0=1 respectively. The sum of these is 

The most recent equation has been proposed by Enikolopyan ( 6 ) ,  Semenov (7), 



In this equation, the k‘s axe rate constants of a ser ies  of-free radical 

Although these authors (8) belleved that equation I V  

reactions and (aH,) and (0,) are instantaneous p a r t i a l  pressures of methane and oxygen. 

equation III, these equations a re  not identical .  
expression is dependent upon the initial pa r t i a l  pressures of methane and oxygen and 
that i n  the l a t t e r  (IV) upon the instaStaneous par t ia l  pressures of the reactants. 
Moreover, equation IV does not w e e  with many of their  experimental results.  For 
example, equation IV demands that the rate be second order with respect t o  methane 
and f i r s t  order with respect t o  oxygen. Yet, the experimental resul ts  show that in some 
cases the rate  of methane and oxygen consumption and of carbon monoxide formation i s  
constant up t o  50$ completion of the reaction ( 5 ) .  

is  in  good agreement vith 
The maximum r a t e  in the former (m) 

The foregoing resume makes it clear that additional evidence is  s t i l l  needed 
before the  extent of the va l id i ty  of the previously proposed r a t e  equations and 
reaction mechanisms for  the oxidation of methane can be established. Such evidence 
is d i f f i cu l t  t o  obtain from the  experimental techniques customarily used. Measure- 
ments o f  the c u e s  i n  t o t a l  pressure are inadequate for the determination of the 
reaction order with respect t o  methane and to  oxygen or  of the activation energy. 
Also, while the quenching technique can provide such evidence, it is laborious, time- 
consuming, and requires a vast number of separate experiments t o  examine in de ta i l  
all the parameters in the reaction. 

In addition to  the experimental l i m i t a t i o n s  of the ear l ie r  work, the role  of 
carbon monoxide - the most s table  intermediate in the oxidation of methane - has not 
yet  been clar i f ied,  Y e t ,  evidence has shown (5) that the oxidation of methane and 
of carbon monoxide occur sbnultaneously i n  the l a t e r  stages of the reaction. Thus, 
the r a t e  equation cannot be conplete without including an expression for the oxida- 
t ion  of carbon monoxide. 

In the present work, the oxidation o f  methane has been re-examined in detai l .  
The partial pressures of methane, oxygen, and carbon monoxide have been fo l lowd  by 
periodic withdrawal and analysis of s m a l l  samples of the reacting gas mixture by 
means of gas chrmatography. T h i s  technique permits a rapid, convenient, and accurate 
analysis f o r  the separate components throughout each oxidaticm experiment. 

Using this new technique, data have been obtained from w5ich the reaction order 
with respect to methane and t o  oxygen can be examined and fron which the apparent 
energies of activation can be calculated. 
i d t i a t e d  oxidation of carbon monoxide. 

A study has also bsen nrade of the methane- 

Experimental 

I. Reactants 

Research grade methane, 99.545 pure (Phill ips Petroleum Co.) was used without 
further purification. Oxygen, 99.5% pure L i q u i d  Carbonic, Division of General 
Dynamics) and carbon monoxide, c.p. grade t Matheson Co.) were dried through a column 
of 5A molecular sieve material  (Fisher Scientific Co.) before use. 

II. Apparatus 

sampling system, and a gas chromatograph connected as shorn in  Figure 1. 
The apparatus consists of a gas introduction system, reaction vessel, gas 

The gas 
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chromatograph (Perkin-Elmer Corp. Model 154D) is equipped with a thermistor detector 
and a 2-meter column packed with molecular sieve material ("Column I"). 

III. Measurements of Partial Pressures 

To measure the partial pressures of each of the gases during the Oxidations, it 
w a  necessary to establish the relation between the chromatographic peak height and 
the quantity of each individual gas. 
inlets 3 to the s a m p l i n g  capillary 2 located between stopcocks C and 2. 
1 mm I.D. and 70 mm long, contained about 0.08 m l  of gas. 
was measured on manometer 2. 
plugs, -while E is a 2-way glassstopcock with 2 mm. bore. - C and 2 and also 5 the gas trapped in the sampling capillary w a s  pushed by the carrier 
gas ,  helium, into the gas chromatograph and a corresponding peak appeared on the 
recorder chart. 
gases as shown in Figure 2. 
pressure, H is the peak height, and 5 is the proportionality constant. - a varies with the pre-set conditions, such as column temperature, flow rate of carrier 
g a s ,  and volume of sampling capillary. 
column may a l s o  change a. 
gas was re-ascertained before each oxidation experiment. 

IV, Oxidation Experiments 

For this purpose, gases were introduced through 

The pressure of the gas 
C and I, are 3-w~ur stopcocks vith 1 mm. bore and Teflon 

By manipulating stopcocks 

This capillary, 

The peak heights were plotted as a hnction of the pressures of the 

The value of 
Thus for a given condition, P = a.H vhere P is the gas 

In addition, repeated &e of the chromatographic 
for each individual In the work reported here, the value of 

For the oxidation experiments, the separate gases were admitted through inlets 
2 to the individual gas burets la 
of the reaction mixture were then pumped f r o m  the gas burets Fnto the reaction vessel 
1 using pump 6.  
glass (30 mm. I.D. with a volume of 100 m l . )  and contained a thermocouple vell along 
its longitudinal axis. 
without Wther treatment and in others, it was first treated with hydrofluoric acid; 
for this treatment, the vessel was shaken vith 20-255 hydrofluoric acid Fn water, 
then washed exhaustively with distilled water, and dried at b ° C  at less than 1 mm. 

The desired amounts (approx.) of the components 

The cylindrical reaction vessel was constructed of borosilicate 

In some experiments as indicated below, the vessel was used 

of Hg. 

During the course of the oxidation experiments, the reaction vessel was main- 
tained at the desired operating temperatures g°C by the thermocouple, temperature 
controller (Wheelco), variable transformer and furnace 8. 

the experiments, a large fraction (ca. 55$) of the gas mixture was withdrawn f rom 
the reaction vessel and passed through the sampling capillaxy by lowering the mercury 
level Fn the modified I25 ml Toepler pump ll. Raising the level returned the gas 
through the capillary to the vessel. Two cycles were needed before each s a m p l i n g  
in order to obtain reproducible analyses; each cycle required only about 15 seconds. 
The small sample of gas (0.08 ml 1 was then pushed into the gas chromatograph with 
helium as described above. In such manipulations, some hellum was inevitably intro- 
duced into the reaction vessel during sampl ing  but it appeared to have no effect 
upon any of the reactions studied. 

To determine the composition of the gases Fn the vessel at the start and during 

Results and Discussion 

In many of the experiments reported earlier, carbon monoxide accumulated in much 
larger amounts than any other reaction intermediates, such as formaldehyde or hydro- 
peroxide, 
that the carbon dioxide formed in the oxidation of methane was produced alrmost 

In addition, Karmilova et al ( 9 )  were able to show by tracer techniques 
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exclusively from the  oxidation of carbon monoxide. 
intermediates may contribute t4 the  mechanism, the kinet ics  of the o v e r a l l  oxidation 
can be examined in  terms of tlie stepwise reactions represented by equation V and VI. 

Thus, although the less stable 

CH4 + 3/2 0, - CO + -0 
co f 1/2 oa -. CO, 

1 I. The Oxidation of Methane to Carbon M d d e  (eq. V) 

'i 
methane, Po a 4  a .1 

A. The reaction order with respect t o  methane and oxygen.. To W z e  the effect 
of carbon monoxide on the reaction kinetics, the r a t io  of the i n i t i a l  pessures  of 

r a t io  is about 3 or higher, the reaction is zero order w i t h  respect t o  oxygen and 
to methane; the resul ts  o f  typ ica l  experiments with both untreated and HF-treated 
vessels are shown i n  Figure 3. 
methane and oxygen and the rates of accumulation of carbon monoxide azle constant up t o  
904 completion of the reaction. 

to that of oxygen, p0 , was increaseit in  some experiments. when the 

With such high ra t ios ,  the rates of consumption of 

These rates  can be expressed as: 

where % is the zero order rate constant. 
0 0 t o  Po 4 a 

on ly  up t o  about 30 to 7046 completion. 
accumulates so that it is oxidized competitively with methane. 
( V I 1  and VIII) can no longer be applied for the xhole<reaction but only fo r  the initial 
stage vhere the rates  are constant (Figure 4). 

These constant ra tes  bave been observed by all previous investigators but have 
been generally identified by them only as "rrmximum ra tes"  (equations I, 11, and III). 
They were interpreted d i f fe ren t ly  by predous investigators. 
gested that the oxidation of met- is a f ree  radical  chain degenerating process in 
which the formation of formaldehyde is the slov step of the reaction and the steady 
s t a t e  of formaldehyde resu l t s  'a a constant rate. 
by many previous investigators. Recently, bowever, I k m i l o v a  et &1 (U) found that 
the rate remains constant even when the concentration of formaldehyde undergoes a 
marked decrease and, therefore, the postulation of the steady state concentration of 
formaldehyde as a controlling feature  of the reaction is untenable. To explain these 
constant rates, they proposed that the oxidation of methane undergoes additional 
catalysis by one o f  the reaction products formed after fonraldehyde. 
constant rate may then resu l t  from a superposition of the ra tes  of two autocatalytic 
processes, the increase in the rate of one due t o  oxidation of methane being compensated 
by  the decrease in the rate of the other. They suggested several possible addi t ionaJ.  
catalysts, such as hydrogen peroxide, hydroxy radical, etc. No evidence was given t o  
support this viev. 

When the ra t io  of Pa is reduced t o  unity or  less, the rates are constant 
In  these experiments, suff ic ient  carbon nnmoxide 

The rate equations 

Semenov (7, 10) has sug- 
'B 

\ 
This interpretation has been accepted 

The observed 
' 

B. The effect f initial pressures of methane and oxygen. The resu l t s  for the 
effect  of and a, Oa 

on the value of k; are shovn in Tables 1 and 2. In general, 
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P 
4 
4 

increases Kith 
0 than does Po . 

a 
on the initial 

increasing either Po or Po , or  both. Po has more effect upon 
CH, 02 a 4  

An empirical equation is proposed to account for the dependency of 

pressures: 

POa PO 
CH, 02 

PO + Po 
CR4 0, 

vhere q- is a pressure independent rate constant. 
Column 5 of Table 1 and Column 6 of Table 2 .  

The values of k; are listed in 
The validity of equation IX is indicated 

PO" PO 

PO + PO 
CH4 02 

by the linear relationship in the plot of 4 vs CH, 02 for  the reactions at 

different temperatures in an HF-treated vessel as shown in.Fig. 5. For the reaction 

PO" O 
in an untreated vessel, & at 399'C increases linearly with - 

appears to reaeh a limiting value of about 0.17 mm, m.in-l (Figure 6 )  - 
"he increase in the maxim rates ("constant rates") as the initial partial 

pressures increase - observed in this as well as in earlier work (equations I, I1 
and 111) - is not accounted f o r  by equation IV which is based on a free radical chain 
reaction mechanism. 

The apparent energy of activation for the oxidation of methane calculated from 
values at four different temperatures (Figure 7) is 36.2 kcal/mole. This value 

differs from the values [43 (5, 6 ) ,  60.8 (Z), and 61.5 (13)] obtained by earlier 
workers from the maximum rates. 

For the reactions below 455OC, an induction period 
has been observed which ranges fromlnin. to 350 min. as shown in Tables 1 and 2. 
The initial press-zes of methane and oxygen affected this induction period but the 
exact relationship remains to be established. In general, the reactions in the 
untreated vessel had longer induction periods than those in the HF-treated vessel. 
It was noted that the induction period was extremely long when an untreated vessel 
was used for  the first time. 
lower temperatures than those at high temperatures. 
HF-treated vessel, the induction perLod is negligible. 

11. 

C. The induction period. 

Also, the induction period is longer for reactions at 
At 482OC and above with an 

Methane-Initiated Oxidation of Carbon Monoxide (Equation VI) 

In the course of the oxidation of methane when the ratio of the partial pressure 

Additional attention must 
of carbon monoxide to methane becomes appreciable, then the rate of disappearance of 
methane no longer follows the zero order equation (eq. V) 
therefore be devoted to the oxidation of carbon monoxide and to the role it plays in 
the oxidation of methane - 
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The oxidation of carbon monoxide itself requires temperatures of about looO°C 
(14); however, in  the presence of water vapor, this temperature may be l o w e r e d  t o  
abouC kO@C (15) 
carbon monoxide (15). 

There is no doubt that methane can also i n i t a t e  the oxidation of 
A detai led s t u d y  of this reaction i s  presented below. 

A. Reaction in the presence of water. Since water can also initiate the Oxida- 
t ion  of carbon monoxide, a comparison vas made between the effect  of methane and tha t  
of water. 
vapor was heated a t  427°C in an =-treated vessel, the oxidation was slow. It became 
fast a f t e r  methane was introduced, 

As shown in Fig. 8, when the mixture of carbon monoxide, oxygen and vster 

B. Reaction order with respect t o  carbon monoXide and oxygen. In  these experi- 
ments, dried carbon monoxide and oxygen were introduced in to  the HF-treated vessel 
at various temperatures ranging f r o m  k7" t o  516OC. 
slow. However, the rate of reaction increased rapidly when a s& amaupt of methane 
was introduced. The results of one such experiment are  shown in Fig. 9. 
present results, the methane-initiated ox ib t ion  of carbon monoxide is a second order 
reaction, f irst  order with respect t o  carbon molloxide aad t o  oxygen. The rate can be 
expressed as: 

The reactioos w e r e  extreme- 

In all the 

where & is the second order rate constant. 
and Table 3) leads t o  an apparent activation energy of 60.7 kcal/mole. 

The temperature dependence of (Fig. 7 

As shown in Fig. 9, the linear relationship of the second order plot was main- 
t a h e d  despite the decrease in pressure of methane from I3 mm t o  almost zero during 
the course of the reaction. 
i n i t i a t ed  oxidation of carbon monoxide. 
instantaneous pressure of methane. 
(Table 4) between k, and the izlitial pressure of methane - analogous to that exhibited 
by k, - although no sat isfactory correlation has y-et been obtained. 

a reacting mixture of methane and oxygen (and carbon monoxide produced) when the 
methane had decreased t o  3.2 nun. 

This was observed in every experiment on the methane- 

Instead, there appears t o  be some relationship 
I# does not depend, therefore, upon the 

In another type of experiment (Fig. lo), additibnal carbon monoxide was added t o  

A l inear  relationship vas again obtained fa r  the 

second order plot  of log 2Po; - px versus t i m e  2. In this expression, Po' is the pco a 

pressure of oxygen at the time when carbon monoxide was introduced, Px i s  the  pressure 
of carbon dioxide produced after t h a t  time, and Pco is the instantaneous pressure of 
carbon monoxide. In this experiment 

slope of the second order plot. 
and once again appears t o  be re la ted  t o  the initial pressure of methaae. 
depended upon the instantaneous pressure of methane when the carbon monoxide was added, 
v i z .  3 2  mn, & should be below 2.6 x 10" m-1, mm-l (Table 4). 

III. 

, 8.9 ma, min'l, was determined from the i n i t i a l  
rate of consumption of oxygen and %, 3 .2 x mm'l, ma-1, waa obtained from the 

This value of % agrees well with those of Table 3 
If it 

Nature of the Oxidative Process 

I n  the present work, during each sampling procedure, about 55$ of the gas mixme 
was withdrawn from the reaction vessel t o  the Toepler pump at  room temperature for 
about 15 seconds and then returned t o  the vessel. 
peated so t h a t  more than 80$ of the reaction mixtnre may have been quenched d.urhg 

In the second cycle, this was re- 



each sampl ing .  
the sampling procedure had no discernible effects upon the r a t e  curves. 
appears t h a t  the oxidation of methane must be a heterogeneous reaction inasmuch as 
quenching vould affect  the kinetics of  a homogeneous reaction. Also, the apparent 
energy of activation for the oxidation of methzme is 36.2 kcal/mole whereas that of 

of a homogeneous reaction t o  reconcile this wide dispar i ty  in energies of activation 
with the observations that both gases oxidize competitively during the reaction. 
Likevlse, the rate  of oxidation of methane depends upon the initial pressures of methane 
and oxygen rather than upon the instantaneous pressures as would be expected for a 
homogeneous reaction. 

Even i n  the experiments vhich had relat ively long induction periods, 
Therefore, it 

, carbon monoxide is much higher, i.e., 60.7 kcal/mole. It  i s  d i f f i c u l t  on the assumption 

S ~ m e  consideration of the possible nature of the heterogeneous process is 
=ranted. On the basis of the present results,  it appears that methane and oxygen 
react i n i t i a l l y  t o  form certain active s i t e s  o r  intermediate complexes on the sur- 
face of the reaction vessel. These active s i t e s  i n  turn can catalyze the oxidation 
of both methane and carbon monoxide vhich are  zero order and second order reactions, 
respectively. 
concentrations and remins constant throughout the reaction. 
carbon monoxide is  produced in  the reaction. This product in  turn competes with the 
methane f o r  the same active s i t e s .  A similar suggestion has been made by Von Meersche 
(16). As the concentration of the carbon monoxide becones significant with respect 
t o  that of nethme, then the consumption of methane deviates from the zero order rate.  
If the acethane and carbon mnoxide did not compete for the active s i t e s  but instead 
coqeted for the remining oxygen, then the zero order r a t e  for the consumption of 
methane should remain constant throughout the reaction. Hovever, this has not been 
obsemed. 

The ac t iv i ty  of these s i t e s  per uni t  area depends upon the initial 
As the oxidation proceeds, 

C 

I 

The de’ailed mechanism of this reaction and the nature of the active s i t e s  
renain to  be studied. 

1, A stepwise oxidation of methane t o  carbon monoxide and then t o  carbon dioxide 
is demonstrated. The oxidation of methane t o  carbon mnoxide is  a zero order reaction 
with respect t o  both methane agd oxygen, The.zero order r a t e  constant i s  dependent 

s’taat with i n i t i a l  pressures is indicated by an e q i r i c a l  equation. 
energy of activation for this reaction VBS calculated t o  be 36.2 kca.l./mole. 

I upon the initial pressures of both methane and oxygen. m e  correlation of this con- 
The apparent 

2, The reaction in  an untreated vessel has a longer induction period and slower 
rate than that i n  an IEF-treated vessel, 

3 .  The oxi&tion of carbon monoxide is in i t ia ted  by methane or i t s  oxidation 
/ 
b 

product and is a second order reaction, f i r s t  order with respect t o  oxygen and to  
carbon monoxide. The second order r a t e  constant appears t o  vary Kith the initial 
pressure of methane. The apparent energy of activation fo r  this reaction i s  60.7 
kcal/mole 

4. The oxidation of methane appears t o  be a heterogeneous process. 
gested that during the induction period, methane F d  oxygen reac t  t o  form active 
s i t e s  or intermediate complexes on the  surface of the reaction vessel. Methane and 
i t s  oxidation product, carbon monoxide, then compete for these sites rather shan f o r  
oxygen. 

It is sug- 

b 
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Table 1 - (2ddation of Hathane in an IS-Treated 
Vessel a t  Varlovs Temwratures 

32 3.99 127 317 1.5 5.22 40 
33 83.4 26L 1.u 5.83 35 
34 380 330 3.02 5.18 16 
35 378 ua 0.89 5.65 20 

151 2.82 17.1, u 
346 6.5 18.0 5 
126 1.7 19.5 10 

36 
37 

154 5.64 15.3 4 
Lo a 372 364 U.7 17.5 5 

' 346 
38 
39 

?7 :; 

U 424 347 16.l 8.0 45.2 3 
42 185 355 18.2 42.2 1 
43 " US 106 2.55 43.4 3 
44 a4 187 8.9 48.9 3 
45 265 234 16.6 57.1 3 
46 " 312 306 23.2 49.1 4 
47 . 308 371 33.0 52.9 4 

u. 4;2 383 306 47.5 86.4 e 1  
25 209 298 32.0 87.4 

29 186 107 6.5 89.4 

* . 26 " 122 308 23.1 86.2 
27 n a  267 37.5 101 
28 1% 272 32.5 10 5 

30 LI 112 3L2 28.3 98.1 
31 " U  346 4 . 3  83. 6 

,I 

Table 2 - oddation of Metbane in dn Untreated 
Vessel a t  3 W c  

J 2. 

3 
4 
5 
6 
7 
8 

9 
10 

11 
12 
13 
u 
15 

79 
96.4 

226 
1% 
83.6 
39 
74 
2w 
22u 

236 
280 
287 
179 
246 

4oa 
306 
288 
265 
273 
372 

311 
U 
71.4 

156 
94 
95.5 
75 
120 

0.13 
0.17 
0.17 
0.16 
0.15 
0.15 
0.16 
0 . o u  

0.00 

0.06 
0.033 
0.05 
0.06 

0.17 

4.8 x lo4 
7.0 x l o d  

6.3 x lo4 
4.7 x 10-6 

8.6 x 10-6 
11.4 x 10-6 

5.0 x 10'6 
l l . 2  x 10-6 

8.6 x lo4 

12.0 x 10-O 

u . 7  x 10'6 

9.0 x l o 4  
8.6 I lo4 

6.2 I lo4 

Induction 
Period , m i n .  

350 
55 
50 
48 
56 
40 
50 

150 
60 
40 
40 
50 
120 
150 

123. 

*E2 YBS in a new vessel used for the f i r s t  time. 
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Table 3 - Dependency of k, on Tempera ture  
-~ 

Expt. No. P& , nun TOC k2,m-',min-l 

E104 13.0 516 1.70 x loe4 
E98 12.5 516 1.20 x 10'' 
E103 13.5 504 7.36 x 

L- 

E99 14.0 482 2.27 10-5 

El01 11.0 454 5.5 x 104 
a02 U . 4  482 3.125 x 

Table 4 - Dependency of k2 011 P& (482%) 
4 

k2 Erpt. NO. p"cH 
L 

118 3.7 = 2.6 10-5 --I, m-1 

u 7  14.9 5.0 10-5 
U 6  8.1 4.8 x 10'' 

U5 19.7 6.7 x 



Fig. 1. - Reaction system. 1. Vacuum inlet; 2. Manometer; 3. Gam inlet; 4. Preaaure relief device; 
Gas bureta; 6. Mercury pump; 7. Reaction vessel  (100 rnl.); 8. Furnace; 9. l%ermocouple; 
LO. Sampling capillary; 11. Toepler pump (125 ml.); 12. Gaa chromatograph; 13. Recorder. 
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Fig. 2. - Calibration of peak heights againat pressures. 
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Fig. 3. - Rate curves for the oxidations of methane at 399. C. 0, 0 2 ;  , CH4; A ,  CO. 
Broken lines. untreated vessel (E3); solid liner. HF-treated vessel  (E3Z). 
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Fig. 4. - Rate curvel) for the oddations of methane in HF-treated vessel at 4270 C. 
Experiment 36. P&/P& = 0.38: Experiment 40. POCH4/P&, 0.98. 0. 02 ;  0. CHI; A. CO. 
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Stg. 7. - Arrhcniui plot for the determinrtiun of the apparent activation energy. 
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Fig. a. - oridation of carbon manaxide in the af -ter (22 mm. of wg) .nd methane at 42P C (EbO). 
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Plg. 9 .  - Rate curves for the methane-lnltlated oxidation of carbon monoxide at SOl'C. 
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Fig. la - Determination of kI and kz in the oxidation of methmc. 


