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The reaction network has been determined for the oxidative coupling of methane over 1 wt% Sr/
La,0s by varying the residence time at a fixed feed composition of 0.46 atm CH,, 0.045 atm O,, and
0.50 atm argon. Ethane and CO are the primary products of methane reaction. Ethylene is formed
from ethane, while CO, appears to form from CO. The preexponential factors and apparent activa-
tion energies, obtained in the interval from 700 to 750°C, are Acy, = 4.7 X 108 (moles CH,

consumed/g hr), Ecy, = 39.4 (kcal/mole); Acpp, =

8.5 % 10’ (moles C,Hq produced/g hr), Ec,us =

36.8 (kcal/mole); and Aco, = 13,600 (moles CO + CO, produced/g hr), Eco, = 23.9 (kcal/mole).
Substantial amounts of hydrogen are produced during the oxidative coupling of methane. The
distribution of CO, CO,, H,, and H-O in the product is controlled by the water gas shift equi-

librium. @ 1988 Academic Press, Inc.

INTRODUCTION

The current abundance of natural gas has
spurred much rescarch on new catalytic
processes for converting methane into
more valuable and more easily transport-
able organic compounds (/, 2). A promising
new catalytic reaction is the oxidative cou-
pling of methane. Methane and oxygen are
fed either sequentially (3-7) or together (§—
35) over a solid metal oxide at temperatures
between 600 and 1000°C and are converted
into a mixture of cthane, ethylene, carbon
oxides, hydrogen, and water. Provided the
yield of ethylene is made high enough, ox-
idative coupling of methane can be com-
bined with ethylene oligomerization to pro-
vide an economic route to liquid fuels from
natural gas.

Previous studies found that when meth-
ane and oxygen are fed simultaneously, the
selective catalysts are supported Pb, Sn,
and Bi oxides (8—13), alkaline earth oxides
(14-21), rare earth oxides, excluding CeO,
and PrqO,; (21-27), and alkali-promoted
metal oxides (I14-19, 21, 28-34). The high-
est activities are observed for the rare earth

! Present address: UCLA Chemical Engineering De-
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oxides. We have shown that many of the
effective catalysts are chemically similar
(21): They are solid bases, exhibiting one
stable oxidation state, and strongly adsorb
CO, and H,0 from the atmosphere. The ba-
sic surface promotes hydrogen atom ab-
straction from the methane with subse-
quent coupling of CH; to form ethane.
Conversely, multiple oxidation states of the
metal promote complete oxidation of the
methane through a redox reaction mecha-
nism.

Among the many possible combinations
of oxides that catalyze the oxidative cou-
pling of methane, La,0; promoted with Sr
exhibits high activity and good selectivity
(21, 35). In order to gain further insight into
this catalytic system, the reaction kinetics
were determined in a fixed bed, operating
under differential conversion of methane
and oxygen. Herein we report the results of
our Kinetic study.

METHODS

Lanthanum oxide of 99.99% purity was
obtained from Union Molycorp. Strontium
nitrate (Aldrich Chemical Co.) was depos-
ited onto La,0; by incipient wetness im-
pregnation. The catalyst was dried in a vac-
uum for 12 h at 110°C, calcined for 4 hr at
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600°C, pelletized to 32—-50 mesh size, and
stored in a desiccator. The finished catalyst
contained 1 wt% Sr metal, and it had a sur-
face area of 3 m%g.

The reaction kinetics were obtained in a
standard fixed bed reactor. A catalyst bed
from 1.6 to 6.4 mm deep was suspended in a
4-mm-i.d. quartz tube. The tube was im-
mersed in a fluidized sand bath heater for
temperature control. The temperature was
measured along the quartz wall. Separate
measurements showed that the bed inlet
temperature and the quartz wall tempera-
ture differed by a constant amount of about
20°C. The results described below are re-
ported using the wall temperature. Meth-
ane, oxygen, and argon were fed to the re-
actor using mass flow controllers at
pressures slightly above 1 atm. The compo-
sition of the reactor exit stream was mea-
sured by on-line gas chromatography. A
6-ft nickel column of Gas Chrome 220
(Alltech) attached to an FID was used for
analysis of the hydrocarbons, while a 6-ft
stainless-steel column of Carbosphere
(Alltech) attached to a TCD was used for
analysis of the inorganic gases.

During operation the catalyst rapidly at-
tained a steady-state activity which re-
mained constant over 48 hr. Kinetic mea-
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FiG. 1. The dependence of the product selectivity
upon oxygen conversion and residence time at 700°C.
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Fi1G. 2. The dependence of the total hydrocarbon
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surements were made between 0.5 and 48
hr of reaction.

RESULTS

A series of measurements in which the
flow rate over the catalyst was varied at a
constant feed composition of 45.5% CHy,,
4.5% 0O,, and 50% argon was made. In this
way, the intrinsic rates of reaction could be
determined by monitoring the amount of
product formed as a function of residence
time. These results are summarized in Figs.
[-9.

Figure 1 shows how the product selectiv-
ity varied with the residence time and
amount of oxygen converted. Over the
eightfold variation in contact time, the se-
lectivities to ethane and CO, are nearly
constant, the selectivity to CO declines,
and the selectivities to ethylene and all cou-
pled hydrocarbons (all C,) increase. These
trends were also observed at reaction tem-
peratures of 725 and 750°C, except that the
hydrocarbon selectivities are displaced up-
ward relative to CO and CO, with increas-
ing temperature. The effect of temperature
on the total hydrocarbon selectivity is
shown in Fig. 2.

The dependence of methane conversion
on residence time is plotted in Fig. 3. At
short residence times the data fall on
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F1G. 3. The dependence of methane conversion
upon residence time and temperature.

straight lines that intersect the origin. The
rates at each temperature have been com-
puted from the slopes of the lines, and then
used to construct an Arrhenius relation-
ship. The preexponential factor and appar-
ent activation energy for the rate of meth-
ane reaction are

ACH4 - 47 X 108
ECH4 = 394 + 0.1

(1 kcal = 4.184 kJ).
The dependence of the ethane production
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F1G. 4. The dependence of ethane production upon
residence time and temperature.
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Fi6. 5. The dependence of ethylene production
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on residence time is shown in Fig. 4. The
ethylene production is also included, since
it is produced in series from ethane. The
slopes of the lines at each temperature give
the rates of ethane formation. From these
values the preexpoential factor and appar-
ent activation energy are calculated to be

Acp, = 8.5 X 107 (moles C,Hg/g hr)
Ecp, = 36.8 0.1 (kcal/mole).

The dependencies of the C;H,, CO, and
CO; production on residence time are
shown in Figs. 5, 6, and 7, respectively.
The upward curving lines observed for eth-
ylene formation indicate that it is a second-
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F1G. 6. The dependence of carbon monoxide pro-
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F1G. 7. The dependence of carbon dioxide produc-
tion upon residence time and temperature,

ary reaction product, formed from the de-
hydrogenation of ethane. The amount of
CO produced shows a weak dependence on
residence time which does not extrapolate
back to the origin. Such a relationship sug-
gests that the CO may be a primary reaction
product but is rapidly consumed in a further
reaction or is influenced by a fast equilib-
rium with other products. The upward
curving lines observed for CO, formation in
Fig. 7 indicate that CO, is formed in a sec-
ondary reaction, probably by the oxidation
of CO. In Fig. 8 the combined rates of CO
and CO, production are plotted as a func-
tion of residence time. The relationship ap-
pears to be linear, from which the preex-
ponential factor and apparent activation
energy are calculated to be

Aco, = 13,600 (mole CO + CO,/g hr)
Eco, =23.9 = 0.1 (kcal/mole).

Throughout all of the measurements de-
scribed above, the moles of methane con-
sumed maintained a fixed multiple of 1.65
times the moles of oxygen consumed.
Thus, the reaction stoichiometry for meth-
ane and oxygen consumption is unaffected
by the moderate shift in product distribu-
tion that occurs with changes in contact
time and temperature.
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Fi1G. 8. The dependence of carbon monoxide and
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The oxidative coupling of methane pro-
duces substantial amounts of hydrogen. As
shown in Fig. 9, carbon monoxide and hy-
drogen maintain a constant fixed ratio of
CO/H, = 0.54 over the variation in resi-
dence times and temperatures studied.
These data indicate that CO and H; are gen-
erated in the same reaction or are related
through a rapid chemical equilibrium. The
most likely explanation is that the CO and
H; are fixed relative to one another through
the water gas shift equilibrium.
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bon monoxide production rates at 700°C, 725°C, and
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700°C, 0.095 atm O,, and a gas hourly space velocity of
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The orders of reaction for methane and
oxygen were not determined in this study.
However, a rough indication of the effects
of the partial pressures of methane and oxy-
gen is provided in Fig. 10. In this experi-
ment, the pressure of methane is de-
creased, while holding the pressure of
oxygen and the space velocity constant. At
high ratios of oxygen to methane the hydro-
carbon products as well as the methane are
increasingly converted into CO and CO,.
Throughout the shift in product distribution
from C, hydrocarbons to carbon oxides, the
molar ratio of CO to CO, remains constant
at 2.0.

The dependence of the product selectiv-
ity upon oxygen conversion for ethane re-
action over 1 wt% Sr/La,0; is presented in
Fig. 11. These data were obtained by vary-
ing the residence time at a fixed ratio of
C,H¢ to O, of 10/1. The results show that at
low conversions substantial amounts of
CO, CO;, and C,H, are produced. As the
contact time and O, conversion increase,
there is a large increase in the selectivity to
C,H; relative to CO and CO». Since the ra-
tio of ethane to oxygen consumed also in-
creases at longer residence times, this trend
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can be explained by a greater fraction of the
ethylene being produced by nonoxidative
dehydrogenation of ethane.

DISCUSSION

On the basis of the dependencies of reac-
tant and product formation on residence
time, the following reaction network can be
formulated:

Low Conversion

CH, + (1 — x)/40;, —
iC,He + (1 — x)2H,0 + x/2H,

C2H6 + (1 - X)/202 il
C2H4 + (1 - x)HzO + )CH2

CH,; + 3 — )20, —
CO + (2 — x)H,0 + xH,

CO + 30, — CO;
CO + H,O =2 CO; + H,

High Conversion
C2H6 + mOz ad CO,COz, and H20
C2H4 + HOZ —>CO,C02, and Hzo
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F1G. 11. The dependence of product selectivity upon
oxygen conversion and residence time for the reaction
of ethane and oxygen at 600°C, 0.46 atm C,H¢, 0.045
atm O,, and 0.50 atm argon.
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Most of the features of this reaction net-
work are in accord with the literature. All
researchers agree that ethane is a primary
product of methane activation, and ethyl-
ene is formed by dehydrogenation of ethane
(5,6,9, 15, 16, 23, 24). The conversion of
ethane into ethylene can occur either ox-
idatively on the catalyst surface (5, 6, 15) or
nonoxidatively on the catalyst surface and
in the gas phase (5, 6, 15, 16, 23). Our
results show that the latter reaction domi-
nates both at high oxygen conversions (Fig.
11) and at temperatures greater than 750°C
(unpublished work).

However, there is some disagreement
over the pathway for generating CO and
CO; during the oxidative coupling of meth-
ane. Sofranko et al. (6) claim that CO and
CO, are formed only from the oxidation of
ethylene. Many of the other researchers (5,
15, 16, 23) report that CO and CO; are
formed from methane as well as the higher
hydrocarbon products. The results of Fig. 8
show that over 1 wt% Sr/La,0;, CO and
CO, taken together are primary products of
methane activation. Figure 7 further sug-
gests that CO, may be formed by the oxida-
tion of CO. However, this result must be
viewed as tentative, because of the high
concentration of CO, relative to CO, and
the competing influence of the water gas
shift equilibrium.

At high conversions of O, and low ratios
of methane to oxygen, the C, hydrocarbons
can further oxidize to CO and CO,. The
results presented in Fig. 10 indicate that at
700°C and a CH4/O; ratio less than 10, both
C;Hg and C,H, react with O, to form CO
and CO,. Labinger and Ott (5) and So-
franko et al. (6) observed that only ethylene
reacted to form CO and CO, over a sup-
ported manganese oxide catalyst at 825 and
800°C. At these higher reaction tempera-
tures, the rate of C;Hg dehydrogenation be-
comes much faster than the rate of C,Hg
oxidation, such that the latter reaction is
less significant. In addition, the cyclic
method of feeding O, and CH, used by La-
binger and Sofranko may have further re-
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duced the rate of C,H, oxidation relative to
C,H; dehydrogenation. The increasing rate
of oxidation of ethane and ethylene at rela-
tively high O, partial pressures limits the
yield of coupled hydrocarbons that can be
obtained per pass.

Our results indicate that the water gas
shift equilibrium influences the carbon ox-
ide product distribution. Evidence for the
equilibrium is given by the decrease in CO
formation rate with increasing temperature
(Fig. 6) and the constant ratio of H; to CO
in the product (Fig. 9). At 727°C the equilib-
rium constant for the water gas shift, as
written above, is 1.37 (36). The ratio of the
product concentrations, CO, and H,, to the
reactant concentrations, CO and H,0, ob-
served at 725°C is 0.38. This ratio changed
less than 10% over the change in product
distribution which occurred with residence
time. The ratio of products to reactants is
much smaller than the equilibrium con-
stant, suggesting that the water gas shift re-
action proceeds part way to equilibrium at
the high space velocities employed.

In Table 1, a comparison is made be-
tween the apparent activation energies ob-
tained in different studies of the oxidative
coupling of methane. A broad range of val-
ues has been reported. The methane activa-
tion energies observed by us over 1 wt% Sr/
La,O;, by Otsuka and Jinno (24) over
Sm;0;, and by Kimble and Koits (16) over
1 wt% Li/CaO are in fairly good agreement.
However, those of Labinger and Ott (5)
over Mn/MgO and Ito et al. (I5) over 7
wt% Li/MgO are much higher than the
others. We do not know why there are such
large differences in the reported values. It
is possible that the reaction mechanism
could vary depending on the catalyst com-
position and reaction conditions studied.
However, it should be noted that widely
differing techniques were used to obtain the
Arrhenius relationships. For example, we
obtained our rates from the linear depen-
dence of methane conversion upon resi-
dence time over a temperature range of 700
to 750°C. On the other hand, Otsuka and
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TABLE 1

Comparison of Apparent Activation Energies with Literature Values

Reference Catalyst Apparent activation Temperature
energy (kcal/mole) range (°C)
CH, GCH, CO,
This work 1 wt% Sr/La,Oy 39.4 36.8 239 700-750
) Mn/MgO 58.0 — — 750-850
9) 34 wt% PbO/ALL O, — 23.7 12.2 650-700
(15) 7 wt% Li/MgO 55.2 — — 560-660
(16) 1 wt% Li/Ca0 41.8 — — 610-770
(23, 24) Sm,0; 356 323 15.8 600-750

Note. 1 kcal = 4.184 kJ.

Jinno (24) abstracted rate constants from a
Langmuir-Hinshelwood kinetic model of
the reaction over a temperature range of
600 to 750°C.

The mechanism that has been proposed
for the oxidative coupling of methane is as
follows (5, 6, 15, 16, 23): A hydrogen atom
is abstracted from methane on the surface
of the catalyst, forming a gas-phase methyl
radical and a surface hydroxyl group.
Methyl radicals in the gas phase combine to
form ethane. The methyl radicals also react
with oxygen either on the surface or in the
gas phase to form CO and CO,. Ethylene
can be formed from ethane several ways:
thermal cracking in the gas phase, reaction
with methyl radical in the gas phase, reac-
tion with O, in the gas phase, and reaction
with O, on the catalyst surface. The ad-
sorbed hydrogen formed upon methane ac-
tivation is removed by reaction with oxy-
gen. Kimble and Kolts (16) and Labinger
and Ott (5) have successfully modeled the
reaction Kinetics by combining the empiri-
cal rate of methyl radical formation with the
known kinetics of gas-phase reactions of
C—C; hydrocarbons and radicals.

The data we have obtained for the appar-
ent activation energies for ethane and CO,
formation can shed light on the mechanism
by which the carbon oxides are formed. As
discussed above, ethane is formed by the

recombination of methyl radicals in the gas,
while CO, is formed by the reaction of
methyl radicals with O, either in the gas or
on the catalyst surface. Since the activation
energy for methyl radical recombination is
near zero (26), the overall activation energy
for ethane formation must equal the overall
activation energy for forming gas-phase
methyl radicals, Ecy,. Thus, Ecy, = Ecy, =
36.8 kcal/mole. If CO, is formed by the gas-
phase reaction of methyl radicals and O,,
then the overall activation energy for CO,
formation from methane must at a mini-
mum equal the energy for generating the
methyl radicals. However, the apparent ac-
tivation energy for CO, formation is 23.9
kcal/mole, substantially less than Ecy,. It is
concluded, therefore, that over 1 wt% Sr/
La,O; the CO, is not formed in the gas but
on the catalyst surface. In the latter case
the apparent activation energy includes
terms for the surface reaction, the heats of
adsorption of methane and oxygen, and the
desorption energy of CO. These terms
could combine to give the lower value ob-
served.

The different pathways for generating
C,Hg and CO, from CH, suggest a means of
improving the selectivity to coupled hydro-
carbons. It might be possible to selectively
poison the catalyst surface for adsorption
of O, and prevent its reaction with adsorbed
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methyl radical. By inhibiting the rate of re-
action of adsorbed CH; with O,, a greater
proportion of CHj; radicals with desorb into
the gas phase, where they can couple to
form ethane. In preliminary experiments it
has been found that the selectivity to cou-
pled hydrocarbons can be improved by ad-
dition of CO,. For example, at 750°C, 90
cm3/min O,, 750 cm?/min CH,, and a cata-
lyst bed volume of 0.32 ¢cm?, the total hy-
drocarbon selectivity increased from 58.8
to 74.0 to 91.4% as the CO, feed rate in-
creased from 0 to 50 to 100 ¢cm?/min, re-
spectively. However, the methane conver-
sion decreased at the same time, so that the
yield of hydrocarbon products remained
relatively constant.

CONCLUSIONS

The results obtained in this study have
further defined the reaction network for the
oxidative coupling of methane. Methane re-
acts to form ethane and carbon monoxide.
Ethane is favored at high reaction tempera-
tures and low pressures of O,. Ethane re-
acts to form ethylene, carbon monoxide,
and carbon dioxide. Ethylene, like ethane,
is favored at high reaction temperatures
and low pressures of O,. Ethylene will also
oxidize to form CQO, at high O, pressures.
The distribution of CO, CO,, H,, and H,0
in the product is largely determined by the
water gas shift equilibrium.
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