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Abstract

The analysis of methane oxidation in a wide range of pressures (0.05-10 atm) demonstrates that the efficiency of CH,
radicals recombination is of great importance for high selectivity of C, hydrocarbons formation. The relative efficiency of
different “‘colliders’ assisting the stabilization of exited C,H; molecules increases in the series: solid surface > Ar > He.
The increase of the overall reaction rate upon increasing pressure of the inert gases in the case of catalysts having a higher
surface area and more developed pore structure is likely due to the contribution of the surface-induced chain reaction in the

volume of pores.
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1. Introduction

Catalytic oxidative coupling of methane
(OCM) to C,-hydrocarbons is well-known as a
typical example of a heterogeneous-homoge-
neous reaction [1-3], i.e., the substantial stages
of this process are located both on the surface of
the catalyst and in the gas phase. In conse-
quence, the reaction rate and the selectivity with
respect to formation of different products are
dependant both on the properties of the catalyst
and on the conditions in the gas phase. Since
pioneering works of Fang and Yeh [4], Keller
and Bhasin [5], and Baerns et al. [6] a number of
studies have been carried out to improve the
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activity and selectivity of oxide catalysts with
respect to OCM products formation.

Attempts to optimize the conditions in the
gas phase are not so numerous. In Ref. [7] the
influence of the total pressure of the reactants
on homogeneous OCM process has been stud-
ied. In this case the increase of methane conver-
sion is caused by acceleration of the bimolecu-
lar initiation of the chain reaction. This conclu-
sion was confirmed by kinetic simulation [8].

The influence of pressure on catalytic
methane oxidation is much more complex likely
due to overlapping of different effects. If the
total pressure is increased at constant methane-
to-oxygen ratio in reaction mixture, the rise of
oxygen pressure should lead to a decrease of
OCM selectivity (according to kinetic analysis
carried out in Ref. [9]) due to increasing fraction
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of CH; radicals transformed into CH,0, via
the equilibrium reaction

CH, + 0, = CH,0,. (1)

On the other hand, since the formation of
C,-hydrocarbons proceeds via intermediate ex-
ited ethane molecule C,H¢ in recombination of
CH, radicals and its further stabilization in
collisions with other molecules M

CH,+CH, » C,H  (+M) > C,H,,  (2)

the increasing total pressure should lead to an
increase of selectivity due to three-body charac-
ter of recombination process.

In the present work the oxidation of methane
has been studied in a wide range of pressures at
constant CH,:O, ratio. To separate the effects
of different factors, the total pressure has been
varied by changing the pressures of the reac-
tants and by addition of inert gases (He,Ar) to
the mixture of methane and oxygen at their
constant pressures. Both non-catalytic and cat-
alytic processes have been studied. In the latter
case, two catalysts of similar chemical composi-
tion, but of different morphologies have been
used.

2. Experimental

The details of experimental procedure and
reaction system for the measurements at ele-
vated pressure (up to 30 atm) have been de-
scribed elsewhere [10,11]. The same setup was
used in our experiments at reduced pressures.

Two mixed neodymia—magnesia catalysts
were used: 1% Nd supported on fused MgO
(Cat. 1, specific surface area < 0.5 m*/g) and
10% Nd on MgO obtained by decomposition of
Mg(OH), (Cat. 2, specific surface area 15
m’/g).

Initial mixtures containing methane and oxy-
gen in 9:1 ratio were used. Helium and argon
were used as inert diluents. The experiments at
elevated pressures were performed at constant
pressure of (CH, + O,) mixture to which the

inert gases at different pressures were added.
The flow rates of the mixture were chosen to
keep the reactants (methane and oxygen) flows
also constant.

The experiments at reduced total pressures
were performed without dilution of reactants at
the flow rates decreasing proportionally to the
pressure to keep the residence time constant.

3. Results
3.1. Elevated pressures

Three series of experiments were carried out
at atmospheric and elevated pressures: without
any catalyst, with Cat. 1, and with Cat. 2.

Compression of the reaction mixture by addi-
tion of inert gases at constant methane and
oxygen pressures results in a complex variation
of the rate of non-catalytic oxidation: depending
on the type of inert gas, the temperature, and the
range of pressures the rate of methane conver-
sion (W) increases, decreases, and passes
through the maximum or minimum. As a rule,
these variations at 5-10 atm do not exceed 40%
of initial rate at 1 atm, and in the same range of
pressures at 700-900°C the rate of reaction in
Ar is 1.3-1.5 times higher as compared to He
(see Fig. 1). Simultaneously the addition of inert
gas leads to the sharp acceleration of OCM
products formation (see Fig. 1). Under the same
conditions selectivity to C,-hydrocarbons (SC,)
is substantially higher when argon is used as
diluent.

If the reactor is filled with Cat. 1, both the
reaction rate and SC, are significantly higher.
In this case the shapes of W versus P and SC,
versus P curves are similar to those in the
empty reactor, but the effect of inert gas addi-
tion is much weaker (see Fig. 2). At 1-10 atm
helium has almost no effect on the reaction rate
and selectivity. The addition of argon leads to
the slight increase of W and SC,.

Cat. 2 is much more active and selective as
compared to Cat. 1. That is why the series of
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Fig. 1. C,-selectivity and rate of methane conversion as the
functions of total pressure; P(CH,)+ P(0,)=1 atm; 800°C; no
catalyst.

experiments with this sample was carried out at
much lower temperatures and we had to dilute
the reactants with inert gases even when reac-
tion was conducted at atmospheric pressure.
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Fig. 2. C,-selectivity and rate of methane conversion as the
functions of total pressure over Cat. 1; 750°C; P(CH,)+ P(O,)
=1 atm.

However, the effect of inert gases on parameters
of reaction over Cat. 2 is pronounced much
stronger as compared to Cat. 1 (see Table 1).
The lower the reaction temperature, the more

Table 1

Reaction rate (W), C,-selectivity (SC,) and H, concentration over Cat. 2 at different inert gas pressures; m., = 14 mg, P(CH,) + P(0,)

=0.2 atm

Py Flow rate t 105 W (mol /s g) SC, (%) [H,](vol.%)

(atm) (ml /min) °C He Ar He Ar He Ar

1 50 525 6.1 7.8 2.3 5.0 0.17 0.33
540 8.7 12.8 6.3 9.0 0.25 0.51
560 12.8 17.6 104 13.3 0.35 0.65
580 17.4 26.1 14.2 21.0 0.46 0.81
600 244 352 20.3 28.4 0.53 0.89
625 40.6 48.2 34.1 33.7 0.66 0.85

2 100 510 5.4 6.3 0 6.7 0.07 0.11
530 8.8 13.3 7.1 18.3 0.10 0.23
550 12.8 17.5 10.1 213 0.16 0.29
575 20.7 275 18.7 232 0.23 0.36
600 31.8 39.6 26.8 30.8 0.26 045
625 389 48.0 26.7 36.0 0.27 0.37

5 250 525 9.0 12.5 0 4.8 0.03 0.08
550 12.4 19.7 7.7 6.9 0.05 0.13
575 252 314 214 22.8 0.10 0.16
600 324 41.9 26.1 253 0.11 0.17
625 45.4 52.5 364 338 0.12 0.18
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pronounced is the effect of the nature of inert
gas on C,-selectivity. In the case of argon the
starting W and SC, at P(Ar)=0.8 atm are
substantially higher as compared to those in the
presence of He, but the relative effect of in-
creasing the argon pressure under the same
conditions is less pronounced. In consequence,
whereas increasing P(He) from 0.8 to 4.8 atm
at temperatures > 550°C causes the progressive
increase of W and SC,, selectivity in the pres-
ence of argon passes through the maximum at
increasing P(Ar).

Besides C, hydrocarbons, carbon oxides and
water, molecular hydrogen is also present in the
reaction mixture. Its formation is very sensitive
to the type of inert gas. For instance, when Cat.
2 was used, the H, concentration was 1.5-3
times higher in the case of argon. However, the
yield of hydrogen does not change upon varia-
tions of inert gas pressure.

3.2. Reduced pressures

Fig. 3 demonstrates that decreasing the pres-
sure of the reaction mixture from 1.0 to 0.05
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Fig. 3. Rate of methane conversion as the function of pressure of
reactants over Cat. 1 (CH,:0, = %:1).

atm leads to a proportional decrease of the total
rate of methane conversion (W) over Cat. 1.

At relatively low methane conversions SC,
increases upon increasing the total pressure and
temperature. At higher conversion the consecu-
tive total oxidation of C,’s becomes substantial.
In consequence, the reversed trend was ob-
served at temperatures > 800°C: SC, decreases
upon increasing pressure at P > 0.2 atm.

4. Discussion

4.1. Non-catalytic oxidation

The influence of different factors on the se-
lectivity of the heterogeneous—homogeneous
OCM process may be discussed in terms of the
kinetics of CH, radicals transformations. Ac-
cording to the analysis performed in Ref. [9]
SC, cannot exceed the limit () determined
by kinetics and equilibrium of gas-phase reac-
tions of CH; and CH;0, radicals. As the first
approximation

Slim = kapp/[kapp +K- P(OZ) ’ Z] ’ (3)

where k,,, is the apparent 2nd-order rate con-
stant of recombination reaction (2); K is the
equilibrium constant of reaction (1); P(O,) is
the oxygen pressure; and X is the sum of the
effective rate constants of the bimolecular radi-
cal reactions of CH;0, which lead to the for-
mation of the total oxidation products.

On the other hand, since reaction (2) is a
three-body process, k,,, can be described in
terms of a Lindemann-kind scheme of formation
and transformations of excited ethane molecule
during CH, radicals recombination [12] as fol-
lows:

kapp=k1'k3'[M]/(k2+k3'[M])’ (4)

where k,, k, and k; are rate constants of
formation, decomposition, and relaxation of ex-
ited ethane molecule, respectively; [M] is the
concentration of molecules-‘‘colliders’ assist-
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ing the excited ethane molecule relaxation (in
general: any molecule in the gas phase).

The shape of the SC, versus P curves (Fig.
1) is in a good agreement with Eq. (4), accord-
ing to which the increasing total pressure must
lead to the increase of recombination rate until
it reaches the high-pressure limit (k,,, =k,).
The difference in SC, at the same pressures in
argon and helium baths indicates their different
efficiencies as ‘‘colliders’’. As we mentioned
above, this difference is much more pronounced
at lower temperatures. This fact is in a good
agreement with Eq. (3) and (4), if we assume
that k,(Ar) > k,(He).

The higher rate in the presence of Ar as
compared to He is more difficult to explain. A
special kinetic simulation is required to eluci-
date how the variations of recombination kinet-
ics affect the rates of complex chain reaction.

4.2. Catalytic oxidation

Higher selectivity of methane oxidation in
catalytic process may be due to the following
factors: (i) higher rate of CH; radicals forma-
tion; (ii) high efficiency of the solid surface as a
““collider’”.

In fact, C,-hydrocarbons formation is a 2nd-
order process with respect to CH, concentra-
tion. On the other hand, in addition to bimolecu-
lar processes taken into account in Ref. [9],
oxidation products form via several reactions
which are of the 1st order with respect to CH,
and CH,0, concentrations, such as

CH, + O, - CH,O + OH, (5)
CH,0, + CH, - CH,00H + CH,. (6)

In consequence, if the rate of CH, formation
increases, their fraction undergoing recombina-
tion (and, consequently, SC,) increases as well
due to the higher kinetic order with respect to
CH, concentration. The similar arguments were
suggested in Ref. [13] to explain the effect of
residence time on selectivity.

With respect to the efficiencies of different
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Fig. 4. C,-selectivity as the function of pressure of reactants over
Cat. 1 (CH4:0, =9:1).

““colliders’’, since the number of channels of
energy dissipation in solids is much higher as
compared to inert gases, one may assume that
the relaxation probability per collision in the
former case is much higher. The frequency of
collisions of excited ethane molecule with dif-
ferent particles in the gas phase and with the
Cat. 1 surface are comparable. Due to this,
helium has no effect, and argon has only a
slight effect on selectivity.

In the experiments at P <1 atm the joint
influence of the rate of CH, formation and total
pressure cause the increasing selectivity with
total pressure (see Fig. 4), although according to
Eg. (3) it should decrease at increasing P(O,),
especially at lower temperatures.

The influence of inert gases sharply increases
in the case of much more active Cat. 2 having
more developed surface and pore structure (see
Table 1). This effect may be explained as fol-
lows. The methane molecule interaction with
surface active sites leads to the formation of
CH, radicals. Their further transformation in
the gas phase (i.e., in the space between the
catalyst grains or in the volume of pores) may



162 M.Yu. Sinev et al. / Catalysis Today 32 (1996) 157-162

lead to the development of non-linear chain
process due to branching reactions like

CH,+0,—-CH,0+ O, (7
or H,0, and CH;O0H decomposition at lower
temperatures.

In contrast with heterogeneous reactions,
chain processes are known to develop non-lin-
early with time. The diffusional restrictions and,
consequently, the residence time in pores of
catalyst increased proportionally to the total
pressure and to the square root of the average
molecular weight of the gas mixture. This may
lead to the additional conversion of reactants
despite of constant formal residence time in the
reactor. Since the molecular hydrogen formation
likely occurs in the chain process, the high
sensitivity of H, concentration to the type of
inert gas may be considered as an indirect evi-
dence for the contribution of homogeneous pro-
cesses in methane oxidation over Cat. 2.

Comparison of the data given in Fig. 2 and in
Table 1 shows that, because of more significant
diffusion restrictions, this effect is much more
pronounced in the case of inert gas of higher
molecular weight (Ar) over the catalyst of higher
surface area and more developed pore structure
(Cat. 2). In consequence, the conversion of
reactants is increased due to increasing contribu-
tion of surface-induced gas-phase reactions,
causing a non-trivial effect of ‘‘diffusion accel-
eration’’ of overall process.
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