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The oxidative coupling of methane was carried out in the absence of catalyst in 
a continuous flow setup at total pressures up to 1,000 kPa, temperatures from 950 
to 1,230 K, and inlet molar ratios of CH4/02 down to 2.5. At  constant temperature 
and residence time, the conversions of methane and oxygen increase drastically with 
increasing pressure. At oxygen conversions higher than 8O%, product selectivities 
are comparable at different pressures. The space-time yield o f the Czproducts reaches 
a level comparable to that required for industrial operations from 400 kPa on. A 
radical-reaction network consisting of 38 elementary reactions allows to describe 
the experimental data. To describe adequately the effect of totalpressure, thepressure 
fall-off behavior of the rate coefficients for the unimolecular reactions in the network 
has to be taken into account explicitly. 

General features of the reaction mechanism do not depend on the total pressure. 
Methyl and hydrogen peroxy radicals are the most abundant radicals. The total 
pressure increase results in a drastic increase of the concentrations of the chain 
carriers, particularly the hydrogen peroxy radical. Higher pressures favor the oxi- 
dative route from ethane to ethylene compared to the pyrolytic route. Increasing 
the total pressure leads to an increase of the primary and a decrease of the consecutive 
CO formation relative to the coupling. The balance between these nonselective routes 
determines the effect of the total pressure on the integral selectivity to C2 products 
at different conversions. The major contribution to the integral CO selectivity comes 
from the oxidation of methyl radicals. 

Introduction 
The noncatalytic partial oxidation of methane, the major 

constituent in natural gas, to fuels or chemicals has attracted 
a lot of research efforts. Three alternative routes exist. The 
partial combustion of methane to synthesis gas, that is, carbon 
monoxide and hydrogen is the most established (Brophy, 1985; 
Howard, 1989); the partial oxidation of methane to methanol 
(Yarlagadda et al., 1988; Foulds et al., 1992; Walsh et al., 
1992); and finally, methane can be oxidatively coupled to C2 
hydrocarbons (Laneand Wolf, 1988; Chenet al., 1991; Choud- 
hary et al., 1991). 

The oxidative coupling of methane is usually carried out in 
the presence of catalysts (Lunsford, 1990; Baerns and Ross, 
1990). Reactions in the gas phase, however, are believed to 
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play an essential role in the formation of coupling products. 
A heterogeneous-homogeneous mechanism which emphasizes 
the importance of the gas-phase reactions has generally been 
accepted. 

The oxidative coupling of methane occurs in the absence of 
catalyst at temperatures around 1,073 K. However, a ten to 
hundred times higher space time is needed to reach the same 
conversion as in the presence of catalyst. Raising the reaction 
pressure results in an increase of the space-time yields in the 
absence of catalyst to a level comparable with that obtained 
in the presence of catalyst (Chen et al., 1992). Furthermore, 
increasing the pressure is beneficial for the downstream sep- 
aration train. Therefore, several studies have explored the ef- 
fect of pressure on the oxidative coupling of methane in the 
absence of catalyst (Asami et al., 1988; Onsager et al., 1989; 
Chen and Marin, 1991). Some data on the oxidative coupling 
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of methane in the absence of catalyst at elevated pressure have 
also been reported as blank experiments, that is, when the 
catalytic coupling was investigated (Ekstrom et al., 1990; 
Hutchings et al., 1988; and Tulenin et al., 1992a and 1992b). 

The modeling of the oxidative coupling of methane in the 
absence of catalyst has been reported in several articles (Geerts 
et al., 1990; Zanthoff and Baerns, 1990; Chen et al., 1991; 
Mackie, 1991; Tjatjopoulos and Vasalos, 1992). Such modeling 
is based on a radical mechanism of the reaction. Chen et al. 
(1991) adequately described the experimentally observed con- 
version-vs.-space-time behavior at atmospheric pressure and 
low methane conversions. The important chains to various 
products were identified based upon a contribution analysis. 
Ethane is mainly formed from the recombination of methyl 
radicals arising from degenerate branched chains involving OH 
and H 0 2  as main chain carriers. The decomposition of hy- 
drogen peroxide, H202, is the predominant chain-branching 
step. Ethylene originates from ethane mainly via a pyrolytic 
chain, while the oxidative dehydrogenation contributes to a 
much lower extent. Carbon monoxide originates from the ox- 
idation of methyl radicals, whereas the contribution of the 
consecutive oxidation of C2 intermediates or products is not 

significant at low conversions. Attempts to extend this model 
to the elevated pressure region were reported (Chen and Marin, 
1991). Only limited success was achieved, however, and an 
adequate description of experiments was only obtained at pres- 
sures up to 400 kPa. Zanthoff and Baerns (1990) also reported 
the simulation of oxidative coupling of methane experiments 
in the absence of catalyst. The observed selectivities were ad- 
equately simulated as a function of the oxygen conversion at 
a pressure of 400 kPa. The experiments of Onsager et al. (1989) 
covered a temperature range from 773 to 1,073 K and a pressure 
range from 300 to 4,000 kPa. Mackie (1991) simulated some 
of these experiments at low temperatures and high pressures, 
that is, conditions at which the production of methanol and 
methanal is favored. Satisfactory agreement between the sim- 
ulated conversions and selectivities was obtained. 

McCarty (1 992) constructed a heterogeneous-homogeneous 
model, which considered a few elementary steps occurring on 
the catalyst surface in addition to the gas-phase reactions. The 
oxidative coupling of methane was simulated with this model 
at pressures up to 10 MPa. No validation by comparison with 
experiments was made, however. Labinger and Ott (1987) re- 
ported a model for the reaction over a mixed Mn-Mg oxide in 

Q 

Figure 1. Experimental setup. 
Symbols: MS, columns packed with the molsieve particles for water removal: C ,  controller: F, flow; I ,  indicator; P, pressure; T, temperature. TIC 
represents temperature indication and control, and so on. 
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Figure 2. Tubular reactor and a typical axial temperature 
profile. 

the redox-cycle operation mode. Since no gas-phase oxygen 
was involved, the branched-chain feature of gas-phase reac- 
tions could not be disclosed. 

The present study concerns the modeling of the oxidative 
coupling of methane in the absence of catalyst up to a total 
pressure of 1 MPa and a methane conversion of 32%. On the 
basis of previous studies (Chen et al., 1991), a model is de- 
veloped to cover the complete range of conditions, including 
the higher pressure and higher conversion regions. A reaction 
path analysis is carried out to identify the important chains in 
these regions. The shifts in the importance of the different 
reaction paths are analyzed and explained. 

Experimental 
Equipment 

All experiments were carried out in a continuous flow setup 
with an empty tubular reactor. The experimental setup is shown 
in Figure 1. Four gas streams could be set by thermal mass- 
flow controllers over a wide range making it possible to feed 
mixtures that are comparable to natural gas or to reactor feeds 
in a process with recycle. The reactants were premixed before 
entering the reactor. The maximum capacity of the flowmeters 
was chosen such that the flow rates used during experiments 
were lying in the middle or top of the scale. The reactants were 
not diluted, that is, no inert gas was added. 

The reactor was heated with a fluidized sand bath in order 
to obtain a uniform outside wall temperature. The sand bath 
was heated with an electrical oven with a temperature con- 
trolled on the basis of a thermocouple located between the 
oven and the sand bath. The reactor and the well were made 
of nonporous sintered or-alumina. The inner diameter of the 
alumina tube was 8 mm, the outer diameter of the thermowell 
was 4 mm, and the length of the tube was 0.65 m. The axial 
temperature profile in the reactor was measured during every 
experiment through a thermocouple well located along the axis 
of the reactor. Figure 2 shows a typical axial temperature 
profile. The maximum temperature in the profile will be re- 
ferred to as the reaction temperature, T,,,. Only that part of 
the tube where the temperature was higher than 673 K was 
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considered as reactor. The reactor pressure was controlled by 
a back pressure regulator (Grove Mity Mite). All the devices 
and the lines in the setup were heated up to 430 K in order to 
prevent water condensation. After leaving the reactor the prod- 
uct gases were cooled to 450 K with an oil quench. Nitrogen 
was used as an internal standard and added to the reactor 
effluent immediately downstream of the pressure regulator. 

A fraction of the reactor effluent was directed to the on- 
line analysis section. The products were analyzed by two gas 
chromatographs (Hewlett Packard 5890 series 11). One of the 
gas chromatographs is equipped with a Molsieve-SA column 
(530 pm, 25 m) with helium as carrier gas for the analysis of 
N2, 02, CH4 and CO, and a Molsieve-SA column with argon 
as carrier gas for the analysis of H2 and CH4. Both columns 
are connected to a thermal conductivity detector. The other 
gas chromatograph is equipped with a poraplot-Q (530 pm, 
30 m) and a Carbowax column in series, which are connected 
to a thermal conductivity detector, for the analysis of CH4, 
C02  and H20,  and to a flame ionization detector in series for 
the analysis of CH4, CH20, CH,OH, C2H2, C2H4, C2H6, C3H6 
and C3H8. Methane appeared in all four cases and, hence, was 
used as a reference. A complete analysis of the effluent requires 
20 min. ChemStation was used for data acquisition. The major 
products in the present experiments were ethane, ethylene, 
carbon monoxide, carbon dioxide, hydrogen and water with 
a minor amount of C, products and methanal. 

The gases used as reactants were purchased from Hoekloos 
with purities of 99.999% for nitrogen, 99.995% for oxygen 
and methane, and 99.5% for ethane. 

The reactor and the thermocouple well were pretreated to 
remove any possible contaminations. The pretreatment pro- 
cedure consisted of three steps: (a) dipping the tubes in a 60% 
HNOJ solution for half an hour; (b) washing the tubes with 
distilled water; and (c) baking the tubes in an oven at 1,123 K 
in air for two hours. 

Conversions, selectivities and space time 
The use of an internal standard allows to measure the flow 

rates of each product at the reactor outlet and to verify the 
total mass balance and the C, H and 0 balances. The molar 
flow rate of methane at the reactor outlet was calculated from 
the flow rate of the internal standard, according to: 

The molar flow rate of any species at the reactor outlet was 
calculated using methane as a reference: 

The mass balances of carbon, hydrogen and oxygen elements 
can be easily verified by comparing the inlet flow rates measured 
with the mass flowmeters and the outlet flow rates obtained 
from Eq. 1 and Eq. 2 according to: 

E n1.i Ft 
E nj.i Fi,o 

Balance of element j = (3) 
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where nj,i,  is the number of atoms of element j(carbon, oxygen 
or hydrogen) in species i. The balances were closed within 5% 
for all the experiments. 

The conversions and integral selectivities are defined as: 

(4) 
F, 

6 . 0  
x,= 1 --, i=CH4, O2 

and calculated according to the so-called normalization method, 
that is, assuming 100% C- and 0-balances. In the present work, 
the integral selectivity is referred to unless otherwise specified. 
The calculation of conversions and selectivities does not require 
the inlet flow rates nor any of the outlet flow rates, but only 
peak surface areas, if only methane and oxygen are used as 
reactants: 

nj, ,A / d i  
nj,Ji/di+ C (nj,&Ak/dk)’ 

xi=l- 

i=CH4, O2 and j = C ,  0 (6) 

The integral selectivity of product i with respect to methane 
is calculated according to: 

In Eq. 6 and Eq. 7, the summations with index k are with 
respect to all the carbon containing components in the reactor 
effluent, except methane for the calculation of the methane 
conversion and product selectivities, and with respect to all 
the oxygen containing components, except dioxygen, for the 
calculation of the oxygen conversion. 

The product of the conversions of methane and the selectivity 
towards ethane and ethylene is referred to as the C2 product 
yield. 

In the present work, both space time and residence time were 
used. The space time is used as an independent variable during 
the integration of the continuity equations (Chen et al., 1991) 
and is defined as follows: 

(8) 
V 

Space time = - 
FCH4.O 

The residence time is defined according to Plehiers and Fro- 
ment (1987): 

(9) 

where z is the length coordinate in the reactor, m; I, total 
length of the reactor, m; p, ,  total pressure, Pa; Fo, total molar 
inlet flow rate, mol-s-I; V, volume of the reactor, m3; and 0, 
cross-sectional surface area of the reactor, m2 and calculated 
from: 
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Table 1. Range of Experimental Conditions 

Total pressure/100 kPa 1-10 

Inlet molar ratio CH4/02 2.5-10.0 
Maximum axial temperature/K 950-1.230 

Space time/m’. s . mol- ’ 
Residence time/s 0.32-9.0 
CH, conversion/% 1-32 
O2 conversion/% 6-100 

0 .OO42-0.9 1 

Clearly, for a correct calculation of the residence time, the 
axial temperature profile is a necessity. 

Conditions 
The experiments covered a wide range of conditions which 

is summarized in Table 1. A total of 50 experiments were 
performed. 

Effects of Process Conditions 
Total pressure 

Conversions. Figure 3 shows the conversions of methane 
and oxygen as a function of the total pressure at two inlet 
methane-to-oxygen ratios. The residence time was kept con- 
stant at 0.5s in order to have a common basis for comparison. 
At atmospheric pressure, no reaction was observed under sim- 
ilar conditions. The conversions increase sharply with increas- 
ing total pressure. This effect has been reported in the literature 
(Asami et al., 1988; Ekstrom et al., 1990). The effect of pres- 
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Figure 3. Effect of total pressure on the conversions of 

methane and oxygen. 
Full lines: calculated with the model shown in Table 2; points: 
experimental; +, CHI, A, O2 at 6 = 10.0, +, CH,, A ,  O2 at 6 
= 5.0. T,, = 1,090 K, 7 = 0.5 s. 
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Figure 4. Conversions of methane and oxygen vs. space 
time at 100 kPa. 
Full lines: calculated with the model shown in Table 2; points: 
experimental; +, CH4, d i ,  O2 at 6 = 4.0, +, CHI, A ,  O2 at 6 
= 2.5 T,, = 1,100 K. 

sure on conversions can also be seen by Comparing Figure 4 
with Figure 5. The space time required to reach a certain 
conversion at 100 kPa is one order of magnitude larger than 
at 400 kPa, in spite of the higher temperature used during the 
experiments at 100 kPa. Figure 6 shows the increase of the 
methane conversion rates with the total pressure at a residence 
time of 0.5s. The former was calculated from the methane 
conversion divided by the space time. Clearly, the pressure 
dependence of the methane conversion rate is stronger than 
quadratic. 

Also shown in Figure 6 
are the space-time yields of the C; products, defined as moles 
of C; products produced per unit reactor volume per second. 
This can be considered as an average C; production rate in a 
reactor which is operated in an integral way. Weisz (1982) 
noted that the space-time yields in most processes in the pe- 
troleum refining and petrochemical industry fall in a window 
of approximately 1 to 10 mol-m;~cto,.s-'. The C2H4 space-time 
yield in an ethane steam cracking plant, for example, amounts 
to 12 mo1.m - 3 . s - '  based on the radiation section. The lower 
limit of the window corresponds to uneconomically high in- 
vestment costs, while the upper limit corresponds to limitations 
by the transport of mass and/or heat. It is clear from Figure 
6 that the space-time yields of C2 products are within the 
window for industrial applications in the pressure range of 400 
kPa up to 1,OOO kPa. The space-time yield of C; at 100 kPa, 
however, is too low. Raising the pressure from 100 to 400 kPa 
increases the space-time yield by more than one order of mag- 
nitude. The pressure dependence of the space-time yield in- 

Space-Time Yield of C, Products. 
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Figure 5. Conversions of methane and oxygen vs. space 

time at 400 kPa. 
Full lines: calculated with the model shown in Table 2; points: 
experimental; +, CH,, A ,  02; at 8 = 4.0, T,, = 1,078 K. 

creases from quadratic to cubic when increasing the inlet 
methane-to-oxygen ratio from 5 to 10. 

Selectiuities. The selectivity to the C2 products generally 
decreases with increasing conversion. The effect of process 
conditions on the selectivity observed experimentally can thus 
be disguised by a simultaneous conversion change. Therefore, 
the experimental determination of the effect of total pressure 
on the selectivity requires the comparison of complete sets of 
selectivity vs. conversion data at different total pressures. Fig- 
ure 7 shows the selectivity to the major carbon-containing 
products as a function of the oxygen conversion at 100 kPa 
and 400 kPa. The trends of the selectivity change as a function 
of conversion are similar at both pressures. The selectivity to 
both CO and C02 increases and that to CO increases more 
strongly. The ethylene selectivity increases with the conversion 
while the ethane selectivity decreases. This indicates that eth- 
ylene originates from ethane. At low conversions, the selec- 
tivity to ethylene decreases by 4 to 8% with a pressure increase 
from 100 to 400 kPa. This decrease is accompanied with an 
increase of the selectivity to CO by up to 8%. With the increase 
of the conversion, this decrease becomes smaller and disap- 
pears at oxygen conversions around 80%. 

Also, an appreciable selectivity to methanal, CH20, was 
observed in the experiments at elevated pressures, while no 
methanal was detected at atmospheric pressure. The maximum 
selectivity to methanal amounted to 13% at a methane con- 
version of 4.4% and an oxygen conversion of 22% at 400 kPa, 
950 K and an inlet methane-to-oxygen molar ratio of 4.0. The 
production of methanal in the methane oxidation is not un- 
expected. It is well known that methanal plays the role of 
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Figure 6. Rate of conversion of methane and the space 

time yield of C2 as a function of total pressure. 
Lines: calculated with the model shown in Table 2; solid lines: 
rate of conversion of methane, dashed lines: space time yield of 
C1. Points: experimental; + , and + , rate of conversion of meth- 
ane at 6 = 10.0 and 5.0; A and A ,  C2 space time yields at 6 = 
10.0 and 5.0. T,, = 1,090 K ,  r = 0.5 s. 

intermediate for the formation of carbon monoxide (Semenov, 
1958; Warnatz, 1983; Chen et al., 1991). Hargreaves et al. 
(1991) reported a maximum methanal selectivity of higher than 
60% at a temperature of 1,025 K and atmospheric pressure, 
when the oxygen conversion was below 10%. Beyond this 
conversion, the methanal selectivity dropped to zero. Walsh 
et al. (1992) reported that the methanal production is favored 
over the C2 production at low temperatures and high pressure 
and the methanal production decreases with the increase of 
conversion and temperature. This was also observed in the 
present experiments. For example, the methanal selectivity de- 
creases to 0.5% at an oxygen conversion of 82% at 400 kPa, 
1,073 K and an inlet methane-to-oxygen molar ratio of 4.0. 

Small amounts of C, hydrocarbons were detected in all ex- 
periments. They were identified as propene and propane. The 
maximum selectivity amounted to 4.3% for propene and 1.2% 
for propane at 1 MPa, 1,100 K and an inlet methane-to-oxygen 
molar ratio of 10.0. The C3 products originate from the con- 
secutive reactions of C2 products, for example, through the 
addition of C, species. Oxygen-containing species are usually 
not involved. This is evidenced by the fact that higher inlet 
methane-to-oxygen ratios resulted in higher C, selectivities. In 
general, the selectivity to C, products was higher at high pres- 
sure than at atmospheric pressure for a given conversion. 

The dihydrogen selectivity increases with conversions at both 
atmospheric and elevated pressure. Dihydrogen can be formed 
from two sources via two independent routes, both of con- 
secutive nature. One route is the decomposition of the hydro- 
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Figure 7. Selectivities for the main reaction products 
vs. oxygen conversion. 
Lines: calculated with the model shown in Table 2; points: ex- 
perimental; 0, 0 ,  C2H4, , , C2H6, 0 ,  +, CO and A ,  A ,  

C02. Solid lines and filled points: p ,  = 100 kPa and T,, = I ,  100 
K; dashed lines and empty points: p ,  = 400 kPa and T,, = 1,078 
K .  6 = 4.0. 

gen-containing products, for example, ethane and methanal, 
and the other is the water-gas shift reaction. At high conver- 
sions more ethane and CO, and thus dihydrogen, are produced. 
Ekstrom et al. (1990) also reported that the pressure increase 
resulted in a marked increase in hydrogen yields. However, 
since the conversion in their experiments was not kept constant 
at different pressures, the increase in hydrogen yield is again 
rather an effect of conversion increase than an effect of pres- 
sure increase. Also, the ratio of hydrogen to water increased 
with increasing conversions. This can be expected from the 
water-gas shift reaction. This is in contrast to the results of 
Asami et al. (1988) who observed a constant hydrogen to water 
ratio between 4.2 and 4.3. 

Inlet methane-to-oxygen ratio 
Figure 4 clearly shows that at a given space time, the con- 

versions at an inlet methane-to-oxygen ratio of 2.5 are much 
higher than at a ratio of 4.0. The effect of an increasing inlet 
methane-to-oxygen ratio on the product selectivities is not very 
pronounced at a given methane conversion. At the inlet meth- 
ane-to-oxygen molar ratio of 2.5, the selectivity to ethylene 
decreases by up to 4% compared to that at the ratio 4, while 
the selectivity to CO increases accordingly. At lower inlet meth- 
ane-to-oxygen ratios the space-time yield of C; products in- 
creases as well, as is shown in Figure 6. Both the methane 
conversion rate and the space-time yield of C; products are 
one order of magnitude higher at an inlet methane-to-oxygen 
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molar ratio of 5.0 than at an inlet methane-to-oxygen molar 
ratio of 10.0. 

Temperature 
Experiments have been carried out at a total pressure of 400 

kPa and constant residence time while the temperature was 
varied from 950 to 1,230 K. The temperature refers to the 
maximum temperature in the axial temperature profile. The 
residence time was chosen such that over the complete tem- 
perature range the maximum oxygen conversion remains under 
95% in order to avoid stoichiometric limitations by oxygen. 
The temperature dependence at a total pressure of 400 kPa is 
quite similar to that at 100 kPa. As is expected, the conversions 
increase when the temperature is increased. At 400 kPa and 
an inlet methane-to-oxygen ratio of 4.0, the space-time yield 
of C2 products increases from 0.8 m ~ l . m - ~ . s - '  at 1,OOO K to 
1.6 mol .m- .s at 1,052 K due to the increase of the methane 
conversion. This is small when compared to the effect of total 
pressure on the space-time yield. 

It is clear from the above discussion that the experimental 
determinations of the effect of a single process condition on 
the product distribution is difficult because of the strong neg- 
ative correlation between the C2 selectivity and the conversions. 
The availability of a reliable kinetic model would remedy this 
difficulty and would allow a straightforward calculation of the 
effects of the process conditions. Furthermore, kinetic mod- 
eling leads to a better understanding of the reaction paths 
through which the coupling occurs. 

Modeling 
The procedures for the model development have been de- 

scribed in detail previously (Chen et al., 1991). A brief sum- 
mary is given below. A reaction network composed of 
elementary radical reactions was constructed. It was shown 
that at atmospheric pressure heterogeneous terminations of 
radicals at the reactor wall could be neglected when compared 
with homogeneous terminations, and, hence, a fortiori at higher 
pressures. The Arrhenius parameters for each step were taken 
from the literature on combustion chemistry (Tsang and 
Hampson, 1986; Tsang, 1988; Warnatz, 1983, 1984). Only the 
Arrhenius parameters for the forward steps were needed, while 
those for the reverse steps were calculated from thermody- 
namics. The reactor model consisted of a set of continuity 
equations describing the concentration of every molecule or 
radical in the axial direction of the plug-flow reactor. The 
plug-flow assumption was justified on the basis of a criterion 
derived by Cleland and Wilhelm (1956) for viscous-flow tu- 
bular reactors. This resulted in a set of stiff first-order ordinary 
differential equations. The method developed by Dente et al. 
(1979), applying the pseudo-steady-state approximation for the 
reactive radicals, was used for the integration of the equations. 
The measured axial temperature profile was taken into account 
explicitly during the integration of the continuity equations. 
A contribution analysis and a sensitivity analysis were per- 
formed and allowed to identify the important reactions. By 
definition, the contribution factor of a step with respect to the 
disappearance of a species is the ratio of the consumption rate 
of the species in this step to the total consumption rate of the 
species. 

Network construction 
The construction of the radical reaction network started 

from the 66-reaction-model of the previous study (Chen et al., 
1991). Some less important reactions were removed from the 
network and the reactions involving C3 hydrocarbons were 
added since their yields were too high to be neglected. Although 
a large number of reactions which involve C3 components were 
considered initially, the final model consists of only four such 
reactions. After the parameter estimation was completed, the 
network was further reduced by removing reactions found to 
be unimportant by a sensitivity analysis. The final network 
consists of 38 reactions among 13 molecules and 10 radicals, 
as is shown in Table 2. The molecules are: dihydrogen, water, 
hydrogen peroxide, dioxygen, methane, methanal, carbon 
monoxide, carbon dioxide, ethyne, ethylene, ethane, propene 
and propane. The radicals are: hydrogen and oxygen atoms, 
hydroxy, hydrogen peroxy, formyl, methoxy radicals and 
methyl, vinyl, ethyl and propyl radicals. In the right half of 
Table 2, the first two columns list the preexponential factor 
and activation energy for the forward step of each reaction. 
The third column gives dimensionless affinities. The affinity 
for a reaction is defined as the Gibbs energy difference of the 
reaction with a minus sign. The last column shows rates of the 
forward steps. The rate of a reaction and of the backward step 
can be easily deduced from the affinity and the rate of the 
forward step according to: 

F= i exp (-k) 

The affinities and the forward rates reported in Table 2 were 
calculated at the maximum temperature in the reactor. The 
corresponding conversions of methane and oxygen amounted 
to 12% and 41%. 

Parameter estimation 
The majority of the Arrhenius parameters was taken from 

the previous study (Chen et al., 1991). For reactions which 
were not considered in that study, the parameters were selected 
from databases originated from combustion chemistry (Tsang 
and Hampson, 1986; Tsang, 1988; Warnatz, 1983, 1984). The 
work of Geerts et al. (1990) and Zanthoff and Baerns (1990) 
served as supplementary sources. 

The important reactions were identified through a contri- 
bution analysis and a sensitivity analysis. The parameters of 
these steps were adjusted by means of regression of experi- 
mental data, and the adjusting can be justified as follows. It 
is well recognized that values of the Arrhenius parameters 
reported by different workers deviate from each other by orders 
of magnitude. Another widely-accepted fact is that the Ar- 
rhenius parameters are lying within a certain range rather than 
being uniquely determined. The uncertainty factor of a pa- 
rameter can be as large as 10 (Tsang and Hampson, 1986). 
Secondly, the values taken from the literature were normally 
applied to combustion and could not describe experimental 
observations in this work nor any of those reported in the 
literature on the oxidative coupling of methane without ad- 
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Table 2. Model for the Oxidative Coupling of Methane in the Absence of Catalyst Covering the Range of Conditions Given in 
Table 1 

SteD No. Reaction A E" AIRT' T* 

CHI + 02PCH3 + H02 
CH4 + HaCH3 + H2 
CHI + OeCH,  + OH 
CH4+OHPCH3+H20 

CHI + 0 2 P C H 3 0  + 0 

CH, + H02PCH30 + OH 

CH4 + HO2sCH3 + H2Oz 

CHp + 02PCH20 + OH 

CH,+CH,+M*C,H,+M 
CH3O + MsCH20 + H + M 

CH2O + OHPCHO + HzO 
CH2O + HO2PCHO + H202 
CH20 + CH,+tCHO + CH4 

CHO + O,*CO + HO2 
CO+HO,*CO,+OH 
C,H,+H*C,H5+H, 
C2H6 + OH * C2H5 + H2O 
C2H6 + CH3 * CZH, + CH4 
C2H5 + HOZPCH, + CHZO + OH 
C2Hs + MeC2H4 + H + M 
CzH5 + O ~ F ? C Z H ~ +  HO2 
C2H4 + O2PC2H3 + H02 
C,H,+H*C2H,+H, 
C2H4 + OH*C2H3 + H2O 

C2H4+CHjPC2H3+CH4 
C2H4+OHPCH3+CH20 
C2H3 + MPC,H2+ H + M 
C2H3 + 02PC2H2 + H02 

CHO+MsCO + H + M  

C2H3 + 0 2 P C H 2 0  + CHO 
C2HS + CH,*C,H8 
C3H8 + H*C,H, + Hz 
C2H4+ CHIPC3H7 
C3H7 + *c3H,+ H 
0 2  + H e O H  + 0 
0 2  + H + MPHO2 + M 
H02 + HO2PO2 + OH + OH 
H,O, + M s O H  +OH + M 

0.983 x 10'"' 
0.234 x 
0 . 1 2 7 ~  lo+'" 
0.743 x IO'@ 
0.401 x 
0.308 X lo+@ 
0 . 4 5 9 ~  10'O8 
0.900 x 
0.650 X 10'" 
0.258 x lo+" 

0 . 5 8 0 ~  
0.417 x lo'", 
0 . 7 0 0 ~  10f08 
0 . 2 8 0 ~  10"O 
0.171 x lo+" 

0 . 3 0 8 ~  lo'@ 
0 . 9 1 0 ~  10+O9 
0.455 x 10+O9 
0.225 X 

0.596 x 10' l 4  

0.635 x loto7 
0.281 X 

0.612X 

0.199 x lo+" 
0.688 X 10"' 
0.121 x 

0.240x 10'08 

0.15ox 10'09 

osoox 10+07 
0 . 5 0 0 ~  

0 . 8 0 0 ~  10+07 
0 . 9 0 0 ~  10+09 
0.300 x lo+" 
0 . 1 5 0 ~  lo+', 

0.220 x lo+@ 
0 . 1 4 0 ~  10+O6 

0 . 1 2 7 ~  lo+" 
0 . 2 0 0 ~  

193.86 
51.17 
33.83 
41.43 
99.61 

141 .OO 
103.66 

0.00 
0.00 

115.00 

5.00 
40.12 
25.03 
64.36 
0.00 

107.34 
51.70 
17.12 
64.57 
0.00 

167.66 
53.20 

144.55 
42.70 
24.70 

51.46 
0.00 

176.44 
0.00 
0.00 

0.00 
32.00 
29.00 

156.00 

70.30 
0.00 
0.00 

199.36 

- 1.4 
0.7 
8.4 
3.2 
2.4 

20.9 
38.4 
30.7 
4.8 
3.3 

9.1 
8.3 
5.9 
4.8 
9.1 

36.3 
2.3 
4.8 
1.6 

33.4 

0.6 
4.9 
2.1 
4.2 
6.7 

3.5 
3.6 

-2.1 
2.2 

44.4 

5.2 
2.0 
0.2 
0.1 

19.4 
4.3 

24.9 
21.2 

0 . 6 9 4 ~  lo+" 
0 . 3 1 4 ~  10+O2 
0.732 x 10'" 
0 . 5 7 0 ~  
0.141 x 
O.lllXl0'" 
0.107 x lo+'' 
0 . 3 0 0 ~  1O'O2 
0.124 x 10+O2 
0 . 3 1 4 ~  10+O2 

0 . 1 3 2 ~  10"' 
0 . 5 7 2 ~  10'" 
0.308 x 
0 . 3 3 2 ~  
0.332 x lo+" 

0 . 2 6 0 ~  lo+"' 
0.158 x 10'"' 
0 . 7 2 2 ~  10'"' 
0.322 x lo+"' 
0 . 6 2 9 ~  10'" 

0 . 1 3 4 ~  
0 . 3 2 6 ~  10'"' 
0 . 5 6 9 ~  10'" 
0.606 x 10'" 
0 . 3 5 4 ~  10'" 

0 . 1 0 4 ~  lo+" 
0.628 x lo+" 
0.121 x 10'" 
0 . 1 0 6 ~  loto' 
0.106X lo+'' 

0 . 1 2 4 ~  
0 . 8 4 4 ~  lo-"' 
0 . 1 9 4 ~  10'"' 
0.135 x 10'"' 

0 . 6 1 6 ~  
0 . 4 5 2 ~  10+O2 
0.112 x lo+"' 
0.131 x 10'O2 

Calculated at the point in the reactor where the temperature is maxihum. Conditions are T,, = 1,078 K ,  p ,  = 400 kPa, inlet methane-to-oxygen ratio 6 = 4.0 
and V/Fq~d,o = 0.020 m'.s.mol-'. The corresponding conversions at the point: A',-,, = 12%. X,, = 41%. Units: A ,  s - l  or m'.mol-'.s-' or m6.mol-'.s-'; &, 
kJ.mol- ; r ,  mol.m-'.s-'. 

justments. Next, the parameters have to be within the physical 
limits following from theories concerning the rates of elemen- 
tary gas-phase reactions, such as the transition-state theory 
(Benson, 1976). Finally, the adjustment was limited to those 
steps shown to be important either from the contribution anal- 
ysis or from the sensitivity analysis. 

During the minimization of the objective function, the fol- 
lowing molecules were used as responses: oxygen, methane, 
carbon monoxide, carbon dioxide, ethyne, ethylene and ethane. 
The responses were weighed in such a way that their contri- 
butions to the objective function were comparable. Twenty 
experiments were used for the minimization. The parameters 
of the following steps in Table 2 were adjusted: 1, 2, 4-10, 
12-19,21,27,29,35, and 38. Compared with the values before 
the adjustment, the estimation of the parameters resulted in 
rate coefficients which do not differ from their starting values 
by more than a factor of 115 to 5 .  Exceptions are the rate 

coefficients for steps 13 and 15 in Table 2 which have been 
reduced by a factor of 10 with respect to their starting value 
at 1,OOO K and that for step 14 which has been increased by 
a factor of 10. 

Arrhenius Dependency. Two-parameter Arrhenius rela- 
tions were adopted in this study. A third parameter is often 
used in combustion modeling (Chen et al., 1991), when such 
a modeling is intended to cover a temperature range from room 
temperature to 2,000 K or higher. Within such a broad range, 
the temperature dependency of a rate coefficient often deviates 
from linearity in an Arrhenius diagram. The temperature range 
in the present study, however, is much narrower. Hence, the 
third parameter was not necessary. For reactions for which 
three-parameter Arrhenius relations were reported, the two- 
parameter relations were derived by linear regression of the 
logarithm of the rate coefficients vs. l/Tover the temperature 
range of interest for the present study from 700 to 1,100 K .  
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Pressure Fall-Off. The variation of the kinetic parameters 
of the unimolecular reactions with pressure was taken into 
account to describe the effect of pressure adequately. In chem- 
ical kinetics, it is well-known that the pseudo-first-order rate 
coefficient for a unimolecular reaction, k,, as defined in Eq. 
12: 

. . I + M - A , + A , + M  with r=k,C, (12) 

decreases with total pressure (Gardiner and Troe, 1984). Such 
a decrease is called “(pressure) fall-off” of the rate coefficient. 
The curve of k ,  against pressure is called the “fall-off curve” 
of the unimolecular reaction. In Eq. 12, Mdenotes a collision 
partner for species A,  better known as the “third body” or 
“bath gas,” which consists of all the species in the reaction 
mixture. With the increase of total pressure, k, increases in 
first approximation according to the classic Lindemann equa- 
tion: 

kC, 
l+kC,  

k =-- km 

In Eq. 13, the third-body concentration C, is commonly used 
in spite of the term “pressure” falloff. 

The third-body concentration was taken as the weighed sum 
of concentrations of all rhe molecular species. The weight 
factors, w,, take into account the relative collision efficiencies 
of the third bodies: 

c, = c wici 

In general, rhe collision efficiency of a species is dependent 
on temperature and such a dependence is not the same for 
different reactions. In the present case, the collision efficiency 
was considered to be roughly equal for different reactions 
(Warnatz, 1984), while the temperature dependence could be 
neglected (Tsang and Hampson, 1986). Thus, constant values 
were used for the collision efficiencies relative to dihydrogen, 
most of which were equal to unity. Exceptions are H20, 02, 
CO and C 0 2  with values of 6.5, 0.4, 0.75 and 1.5 (Warnatz, 
1983). 

At sufficiently high pressures, that is, when kC, %- 1 ,  it 
follows from Eq. 13 that k, is independent of the total pressure 
and approaches k,. At low pressures, that is, when kC, < 
1 ,  k ,  becomes proportional to the total pressure, or the total 
concentration of “third bodies”: 

k ,  = k k X W  = koCM, with ko = kk, (15) 

In the latter case, the reaction is of second-order. The pressure 
at which the ratio k,/k, equals 1/2 is referred to as p l / 2  in the 
literature. The latter gives a good indication of the importance 
of the fall-off behavior for a particular reaction. 

Note that Eq. 12 and the discussion so far relate to a dis- 
sociation step. The reverse step, the recombination reaction: 

Table 3. Values of the Important Unimolecular Reactions 
at Different Temperatures (Tsang and Hampson, 1986) 

p ,  , , / I00 kPa 
Reaction 900K 1,100 K 1,300K 

(9) CH,. +CH3. +M-C,H,+M 0.028 0.093 0.18 

(28) C2H3. +M-C>H,+H. + M  0.054 0.10 0.16 
(21) C2Hs. +M-C,H,+H. + M  0.14 0.48 1.53 

- (10) CH3O. +M-CH,O+ H.  + M  - 13 
10 (14) CHO.+M-CO+H-+M - 
10 (36) H.  +O,+M-HO,. + M  - 

(38) H,O,+M-OH. +OH.  + M  - 1 1  

- 
- 
- 

for both steps is identical and can be treated in the same way 
(Gardiner and Troe, 1984). Thus, the rate coefficient for re- 
combination is proportional to total pressure in the low pres- 
sure limit and approaches a constant value with increasing 
pressure. Hence, the recombination is of third-order in the low 
pressure limit. 

Various unimolecular reaction rate theories have been elab- 
orated since Lindemann’s. The Rice-Ramsperger-Kassel-Mar- 
cus (RRKM) theory is the most important and the most widely 
applied (Robinson and Holbrook, 1972). In their compilations 
of kinetic databases for combustion chemistry, Tsang and 
Hampson (1986, 1988) provided the fall-off data for the rate 
coefficients of most of the unimolecular reactions. Arrhenius 
expressions at one of the limiting pressures for k ,  or ko were 
given. Ratios of the rate coefficients k,/k, or k,/k,, resulting 
from the calculation from the RRKM theory were also tabu- 
lated at different temperatures and third-body concentrations. 
For the rate coefficients for the unimolecular reactions in the 
present model, Table 2 shows the Arrhenius parameters at one 
of the limiting pressures, either k, or ko. They were corrected 
for the pressure fall-off behavior in the way that is described 
below. 

Ten unimolecular reactions have been included in the final 
model. They could be divided into three groups, corresponding 
to the high-pressure, the intermediate and the low-pressure 
region. The first group consisted of the reactions involving C3 
components 31,  33 and 34 in Table 2. The rate coefficients of 
these reactions were assumed to have reached the correspond- 
ing high pressure limits, k,, because of their low P , , ~  values 
originated from the large molecules involved. In addition, the 
experimental yields of these species were low. Thus, these re- 
actions were represented in Table 2 without the third body M .  
The rate coefficients calculated from the data in Table 2 were 
used directly, as in Eq. 12. 

Table 3 lists the p l I2  values for the remaining unimolecular 
reactions at the temperatures of interest. Thep,,, values were 
obtained by interpolating the tabulated data of Tsang and 
Hampson, if available. Those for reactions 14 and 36 in Table 
3 were estimated, because Tsang and Hampson indicated that 
these reactions were completely in the low-pressure region at 
the pressures of interest in the present study. This is confirmed 
by the estimations reported in Table 3,  where it is clear that 
reactions 10 and 38 are also completely in the low-pressure 
region. All these reactions are in this region at the present 

A, +A2+M-A + M  with r=kCAICA2 (16) conditions because of the small size of the involved species, 
that is, due to their lack of internal degrees of freedom. For 
the calculation of the rate of the forward steps according to 
Eq. 12, the pseudo-first-order rate coefficient k, was obtained 

proceeds via a common intermediate, and the rate coefficient 
is also dependent on the total pressure. The fall-off behavior 
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by multiplying ko with the third-body concentration, C,, as 
obtained from Eq. 14. 

It follows from Table 3 that the group of reactions for which 
the pressure fall-off should be taken into account fully consists 
of reactions 9, 21 and 28. For this group of reactions, the 
tabulated fall-off data of Tsang and Hampson were correlated 
with temperature and third-body concentration, as calculated 
by Eq. 14. The unimolecular rate coefficients, k,, were ob- 
tained by multiplying the rate coefficient k ,  for 9 and 21 or 
ko for 28 derived from Table 2 by either k,/k,  or k,/ko ratio 
at the corresponding temperature and third-body concentra- 
tion. The deviation of k, from k ,  or ko can be significant under 
the conditions of the present study. For example, at 1,100 K 
and 100 kPa k,/k,  amounts to 0.85 for the recombination of 
two methyl radicals, reaction 9, and to 0.59 for the decom- 
position of ethyl radical to ethylene, reaction 21 in Table 3. 

-+ + 
5 r  r 

Propaga t i on /Branch ing  
5 C H ,  t HOZ. - C H I .  t HZO, 

30 

4 

19 

22 

1 0.31 14 

H 2 0 2  t M -+ 2 O H  t M 1 0.28 13 

C H ,  t O H .  --+ C H 3  t H 2 0  2 1.2 57  

CZHe t CH,- CZH5. t CH,  1 0.15 3.2 

0, t C2H5. --+ HOZ' t C2HI  1 0.061 3.3 

2 CH,  t O2 t C2Hs  -+ 2 CH,. t C2H4 t 2 HZO 

T e r m i n a t i o n  
9 

2 C H 3 .  t M * CzH6 t M 0.40 12 

Simulation results 
The conversions of methane and oxygen and the selectivities 

to various products calculated by means of the model shown 
in Table 2 are drawn as full lines in the figures. Figures 3, 4 
and 5 show the conversions as a function of total pressure or 
space time. The increase of conversions, resulting from in- 
creasing the total pressure from 400 to 1 ,OOO kPa was described 
adequately by the model, as is shown in Figure 3. This figure 
also shows that the model correctly extrapolates towards pres- 
sures lower than 400 kPa. Indeed, at these pressures, the re- 
action still proceeds at a rate which did not allow reproducible 
observations at a residence time of 0.5 s. The present model 
also describes adequately the complete set of data obtained at 
atmospheric pressure and reported previously (Chen et al., 
1991). Figure 4 shows that even at a methane conversion as 
high as 32%, the calculated conversions agree well with the 
experiments. The model also describes the conversion as a 
function of space time adequately over a broad range of oxygen 
conversions, as can be seen from Figure 5 .  

The selectivities calculated with the model are compared with 
the experimental data in Figure 7 and, indirectly, in Figure 6 .  
The increase of the oxygen conversion was brought about by 
an increase of the space time. As can be seen from Figure 7, 
the sharp decrease of the ethane selectivity and the increase of 
the CO selectivity were simulated correctly at atmospheric pres- 
sure. The maximum in the ethylene selectivity is also simulated. 
At 400 kPa, the calculated CO selectivity at high conversions 
is slightly higher than the observed selectivity, whereas the 
corresponding ethylene selectivity is slightly lower than ob- 
served. 

Reaction Path Analysis 
The important chains at low conversions and atmospheric 

pressure have been discussed previously (Chen et al., 1991). 
The following discussion focuses the reaction paths at higher 
conversions and elevated pressures. The differential contri- 
bution factors were calculated with the model at the position 
in the reactor where the temperature is maximum. The con- 
ditions for the calculation of the contribution factors were: 
TmaX = 1,078 K ,  p ,  = 400 kPa, inlet methane-to-oxygen ratio 
= 4.0 mol.mol-' and V/FCH4,0 = 0.020 m'-s-mol-'. The 
corresponding conversions of methane and dioxygen amounted 
to 12% and 41Vo at the point of calculation and to 19% and 
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Figure 8. Typical branched chain towards methyl radi- 
cals, and the dominant termination. 
Forward rates were calculated at the point in the reactor where 
T = Tmm. Conditions: T,, = 1,078 K, 6 = 4.0, left column: p, 
= 100 kPa, right column: p, = 400 kPa. The oxygen conversions 
at the point of calculation are the same and amount to 41% and 
the corresponding methane conversions are equal to 13% for p, 
= 100 kPa and 12% for p ,  = 400 kPa. 

81% at the reactor outlet. For comparison, the contribution 
factors were also calculated at a total pressure of 100 kPa with 
an identical temperature profile and inlet methane-to-oxygen 
ratio and at a space time leading to the same oxygen conversion 
at the point of calculation. The corresponding methane con- 
version amounted to 13%, and the conversions at the reactor 
outlet were 20% for methane and 81% for oxygen. The paths 
to and among the C3 components are not discussed, because 
the corresponding yields were too low. Also the following 
discussion concerns the chains which determine the selectivities 
of the oxidative coupling of methane beyond the primary ini- 
tiation period. 

Branched chains 
It has been established previously that the oxidative coupling 

of methane proceeds through a degenerate branched-chain 
mechanism (Chen et al., 1991), the most important branching 
step (Eq. 17) being the decomposition of hydrogen peroxide: 

This equation accounts almost totally for the production of 
radicals and thus hydrogen peroxide serves as the major radical 
source. Figure 8 shows an example of the branched chains 
which lead to methyl radicals. The hydrogen peroxide is formed 
for more than 9/10ths through a propagation step (Eq. 18): 

The degeneration of the branched chain is caused by the dom- 
inant termination step (Eq. 19) corresponding to the coupling 
of one of the two most abundant radicals, CH3 ., which ac- 
counts completely for the ethane formation: 
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The above description does not depend upon pressure nor 
conversion. 

The total radical concentration in a reaction mixture remains 
constant at steady state, implying that the total radical pro- 
duction rate is equal to the total disappearance rate. Because 
step 38 (Eq. 17) and step 9 (Eq. 19) are the predominant radical 
producing and consuming steps, their rates should approxi- 
mately be in balance at the steady state. The two rates are 0.28 
and 0.40 m ~ l - m - ~ . s - ’  respectively at 100 kPa and 13 and 12 
mol.m-’.s-’ respectively at 400 kPa. The rates of the two 
steps are not exactly equal, nor are the rates of the propagation 
steps after division by the appropriate stoichiometric numbers 
of the branched chain shown in Figure 8. This is due to the 
occurrence of several competing chains and of chain transfer 
steps between them. 

Most abundant radicals 
There are two most abundant radicals in the mixture (Chen 

and Marin, 1991), the methyl, CH3., and the hydrogen peroxy 
radicals, H 0 2 - .  Their concentrations are in the order of mag- 
nitude of mol.rn-’, as calculated at the conditions given 
in Table 2 and several orders of magnitude higher than the 
other radicals. 

The high concentration of methyl radi- 
cals is caused by branched chains, viz. Figure 8. At all con- 
ditions, the direct formation of the methyl radical occurs via 
the following three steps in Table 2: 

Methyl Radicals. 

CH4 + H . -CH3* + H2 

CH4 + OH. -CH3. + H2O 

CH4 + HO2. -CH3 * + H202 

(20) 

(21) 

(22) 

These account for more than 90% of the methyl-radical for- 
mation. 

The disappearance of methyl radicals can be divided into 
three types: the recombination to ethane via step 9 in Table 
2, the oxidation to carbon monoxide and the formation of 
methane by hydrogen atom abstraction. Each of the routes 
accounts for about one-third of the total methyl radical dis- 
appearance at atmospheric pressure (Chen et al., 1991). This 
picture does not change qualitatively at increased pressures. 

The oxidation of methyl radicals proceeds via the sequence: 
CH,. -CH?O. -CH,O-CHO- -CO, independent of total 
pressure. Methyl radicals are first oxidized to methoxy radicals, 
CH30., which decompose into methanal, CH20. The instable 
methanal undergoes further decomposition readily to formyl 
radicals, CHO , which finally give rise to carbon monoxide: 

CH3. + H02*-CH3O* +OH* (23) 

CH30. + M-CH20 + H . + M (24) 

CH2O + CH3 * -CHO * + CH4 (25) 

CHO-+M.-CO+H*+M (26) 

Hydrogen Peroxy Radicals. The other most abundant rad- 
ical, H02. ,  is neither produced in closed sequences analogous 
to the one shown in Figure 8, nor does it disappear in a ter- 
mination step. It is exclusively formed directly from dioxygen, 
in particular through: 

This reaction was recently found to be one of the two most 
sensitive reactions for the OH. radical concentration in the 
reaction of a hydrogen-oxygen mixture (Baulch et al., 1990). 
The sensitivity analysis in the present study showed that it was 
one of the two most sensitive steps for H 0 2 . ,  H20,, and O2 
as well. At 100 kPa, step 36 in Table 2 accounts for half of 
the H02.  formation, while at 400 kPa, this contribution in- 
creases to four-fifths. The rate of this step increases from 0.63 
m ~ l . m - ~ . s - ’  at 100 kPa to 45 at 400 kPa. The disappearance 
of the H02. radical occurs dominantly via Eqs. 18 and 23. 

Effect of total pressure on radical concentrations 
As has been discussed previously, the pl,2 value reported in 

Table 3 indicates that step 36 in Table 2 is of third-order at 
the pressures of interest. The disappearance of the H02.,  how- 
ever, occurs via second-order reactions. This reaction order 
difference results in a concentration increase of a factor of 
about 10 for this radical, when the total pressure increases 
from 100 to 400 kPa. Applying the quasi-steady-state ap- 
proximation to the H02. radical taking into account only steps 
36 and 5 in Table 2 and solving the H02. concentration from 
the corresponding continuity equation indeed leads to a con- 
centration dependence upon the total pressure which is close 
to quadratic. Because the other oxygen-containing reactive 
species, OH. , H202, CHO . , and CH30., are formed via H02 
in second-order reactions and their disappearance occurs also 
via second-order reactions, it follows from the steady-state 
approximation that their concentrations are proportional to 
the H02. concentration and, hence, increase also by a factor 
of 10. As a result, the conversions and space-time yield increase 
exponentially with the total pressure, Figure 6. 

The corresponding increase of CH3. radicals amounts to a 
factor of 5 .  This can again be attributed to the different re- 
action orders of the radical formation and disappearance. The 
methyl-radical formation from methane, as well as the methyl- 
radical disappearance to ethane or CO, are of second order. 
However, the global orders for these reactions are higher than 
two and close to three, because radicals like OH., H02. ,  CHO 
and CH30. are involved. The reaction order for step 9 in Table 
2 is between two and three and close to two, because this 
reaction is in the intermediate pressure fall-off region and 
quickly shifts towards second-order kinetic with increasing 
pressure because of its low P , , ~  values, Table 3. Therefore, the 
global order of the reaction of the methyl-radical production 
is higher than that of its disappearance, and hence, the pressure 
effect is slightly more than linear on the methyl-radical con- 
centration. Application of the quasi-steady-state approxima- 
tion to the CH, - radical taking into account only steps 4 and 
9 in Table 2 now leads to a dependence of its concentration 
upon the total pressure which is indeed slightly stronger than 
linear. The above considerations are also in line with the ob- 
served pressure dependence of the methane conversion rate 
and space-time yield of C2 products. 

Branched chains revisited 
With the exponential increase of the oxygen-containing re- 

active species, the increases in reaction rates of the elementary 
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steps as shown in Figure 8 can easily be explained. Note that 
the concentration of the third body M increases almost exactly 
by a factor of 4, since it is determined essentially by the non- 
limiting reactant methane. The ratio of the reaction rates at 
400 and 100 kPa for the initiation, step 1 in Table 2, is 16, as 
expected. The corresponding increase in the rates of step 9 in 
Table 2, the recombination of two methyl radicals, amounts 
to 30. Since the methyl-radical concentration is increased by 
a factor of 5 ,  a slightly larger increase than a factor of 25 is 
expected. An increase of the reaction rate to an even larger 
extent, that is, 40 is observed for the branching step 38 in Table 
2, because the H202 concentration increases by a factor of 10 
and that of the third body by a factor of 4. 

The propagation steps in the branched chain for the methyl- 
radical production in Figure 8 show that the rates of the for- 
ward steps of 5 ,  38 and 4 in Table 2 have increased by a factor 
of approximately 40, when the total pressure is increased from 
100 to 400 kPa. The corresponding factor for step 19 in Table 
2 is 20. The factor 40 results from the fact that one of the 
reactants in these steps is H 0 2 . ,  H202, or OH. whose con- 
centrations increase by a factor of 10, and that the otlkr reac- 
tant is methane, the third body M or dioxygen whose 
concentration increases by a factor of 4. The factor of 20 for 
the rate increase of step 19 can be explained similarly. 

Chains to ethylene 
Different concentration increases between the oxygen-con- 

taining and nonoxygen-containing radicals, as described pre- 
viously, cause the shifts in the importance of different reaction 
paths between 100 and 400 kPa. Ethylene originates exclusively 
from ethane via ethyl radicals which are formed through hy- 
drogen abstractions by mainly methyl radicals (Chen et al., 
1991). Two types of chains lead from ethane to ethylene in 
this way, one pyrolytic and the other oxidative: 

At atmospheric pressure, the pyrolytic chain dominates and 
reaction 21 in Table 2 is in equilibrium (Chen et al., 1991). 
When the pressure is increased to 400 kPa, reaction 21 still 
stays close to equilibrium, as indicated by the affinity reported 
in Table 2. The contribution of both reactions towards the 
ethylene formation has become comparable, however. The 
ratios of the contributions of reactions 21 and 22 in Table 2 
are respectively 4.0 and 1.8 at 100 and 400 kPa. 

The former number agrees well with the conclusions from 
the previous study that at 100 kPa the pyrolytic chain con- 
tributes to the ethylene formation about three to four times 
as much as the oxidative chain. The contribution from the 
oxidative route has increased largely by raising the pressure 
due to the fact that step 21 in Table 2 is a unimolecular reaction 
while step 22 is bimolecular. Although the bimolecular nature 
of the latter reaction was recently questioned in the literature 
and pressure-dependent rate coefficients were calculated (Boz- 
zelli and Dean, 1990), it is justified for the present modeling 
study to consider it as an elementary bimolecular process. At 
100 kPa, step 21 is close to the low-pressure region, Table 2, 
and thus of a reaction order between first and second. With 
the increase of pressure, it shifts to first-order, whereas step 

Table 4. Ratios of the Major Primary and Consecutive CO- 
Formation Rates to the Methyl-Radical Coupling Rate and 
Differential C2 Selectivities at Conditions Corresponding to 

Figure 8 

Xo2 = 95%' 
.- 

Xo, = 41% Pres. .~ 

/lo0 kPa r8/r9 r30/r9 S,/% r8/r9 rjo/r9 SD/% 
1 1.2 0.2 43 0.6 0.7 14 

4 2.5 0.09 36 0.9 0.5 23 

For this case, the reactor temperatures downstream of the position where T 
= T,, were kept at T,, until 95% conversion was reached 

22 remains of second-order. Thus, the increase of pressure 
affects the oxidative step 22 more strongly than the pyrolytic 
step 21 in Table 2. 

Chains to carbon monoxide 
Two sources exist for the formation of carbon monoxide. 

The chains of oxidation of methyl radicals to CO are referred 
to as primary, whereas the consecutive chains include the ox- 
idation of the C2 components, either molecules or radicals, in 
which carbon-carbon bond fission accompanies the oxidation. 

In the primary chains, methyl radicals 
are oxidized via a series of intermediates and finally give rise 
to carbon monoxide, predominantly via steps 8, 10, 13 and 14 
in Table 2, as discussed in the paragraph on methyl-radicals. 
Note that all four steps proceed at the same rates, Table 2. 
The oxidation step, 8, contributes for one-fourth to the total 
methyl-radical consumption at 100 kPa and the share increases 
to one-third at 400 kPa. In other words, the fraction of the 
methyl radicals which ends up as CO increases with the increase 
of pressure. This is also illustrated by Table 4, which shows 
the differential primary CO formation factors calculated at 
100 and 440 kPa at two oxygen-conversion levels, 41% and 
95%. The differential primary CO-formation factor is defined 
as the ratio of the rate of step 8 to that of step 9 in Table 2 
at a certain position in the reactor. This factor compares the 
two steps which compete for methyl radicals: the higher the 
factor, the more competitive the oxidation. It can be seen that 
the primary factors are higher at 400 kPa than at 100 kPa. 
The above observations can be explained because chain carrier 
H 0 2 .  is involved in step 8 in Table 2. Consequently, the integral 
C2 selectivity decreases with increasing pressure, Figure 7. This 
decrease, however, is confined at low oxygen conversions, that 
is, to the left half of Figure 7. The decrease becomes smaller 
with increasing oxygen conversions and finally disappears, the 
right half of Figure 7. This can be attributed to the pressure 
effect on the consecutive reactions, which will be discussed 
next. 

In the consecutive routes towards CO 
the intermediates such as methanal, CH20, and formyl, CHO 1 

are formed as a result of oxidative fission of the C-C bond in 
C2 species: 

Primary Chains. 

Consecutive Chains. 

C2H3. + 0 2 -  CH2O + CHO . (32) 
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Half of the fission occurs through reaction 30 in Table 2 (Eq. 
32). Analogous reactions of ethane have been reported to be 
unimportant (Chen et al., 1991; Mackie, 1991). Ethyne oxi- 
dation to carbon monoxide has been established in the com- 
bustion literature, especially in the case of the oxidation of 
ethane (Warnatz, 1983,1984). This involves intermediates such 
as CH2C0.. CH2., and CH +. Such a path has been considered 
during the development of the model. It turned out that the 
corresponding contributions towards the formation of carbon 
monoxide were negligible with respect to the other consecutive 
paths. Hence, this path was not included in the final model. 

The oxidation of C2 products to CO plays a significant role 
in limiting the C2 selectivity: more than half of the ethane 
which reacts further leads finally to CO at 400 kPa. This 
conclusion results from the following analysis. About 99% of 
ethane which disappears is converted into ethyl radicals. Hence, 
the fraction of the ethyl radicals which ends up in CO can be 
considered as the corresponding fraction for ethane. Less than 
one-tenth of the ethyl radical disappears to form CO precur- 
sors, reaction 20 in Table 2, nine-tenths ends up as ethylene, 
and a small fraction leads to C3 products. Similarly, ethylene 
disappears along three paths, the major one being the reaction 
to vinyl radicals and C3 components, which accounts for two- 
thirds of the total ethylene disappearance. One-fifth disappears 
via reaction 27 in Table 2 to CO precursors. Taking into ac- 
count that nine-tenths of the ethyl radicals goes to ethylene, 
a one-fifth disappearance of ethylene to CO is approximately 
equivalent to one-fgth of the ethyl-radical disappearance. Sim- 
ilarly, half of the vinyl radical which disappears leads to CO 
precursors via reaction 30 corresponding to approximately 
three-tenths of the ethyl-radical disappearance. Summarizing, 
roughly half of the ethyl radical and thus also of the ethane 
which disappears is converted into CO. In spite of this, how- 
ever, the contribution to the CO formation from C2 is still 
much less than that from the methyl radical. This is due to 
the fact that the total amount of C2 products never exceeds 10 
mol Yo, while the methane concentration is about 50% even 
at a methane conversion of 30%. 

Table 4 shows also the differential consecutive CO formation 
factors defined as the ratio of the reaction rate of step 30 in 
Table 2, the major consecutive oxidation of the C2 products, 
to that of reaction 9 in Table 2 ,  the production of C2. The 
factors indicate clearly that high pressures do not favor the 
consecutive oxidations. This is due to the weaker pressure 
dependence of step 30 when compared to step 9. As a con- 
sequence, less C2 disappears to CO at 400 kPa than at 100 kPa 
and, hence, the differential C2 selectivity decreases also less 
strongly at 400 kPa, as can be seen from Table 4. The differ- 
ential C2 selectivity on the carbon-atom basis is, by definition, 
the ratio of the production rate of the C2 components to the 
consumption rate of methane and can be easily calculated: 

The results shown in Figure 7 can now be rationalized as 
follows. At low conversions, the primary chains dominate the 
CO formation and determine the differential and, hence, also 
the integral C2 selectivity. With the increase of conversions, 
however, consecutive chains become more important gradu- 
ally. Because increasing pressure then becomes beneficial to 

the differential C2 selectivity, the integral C2 selectivity at 400 
kPa catches up with that at 100 kPa. The balance between the 
primary and consecutive chains towards CO, therefore, de- 
termines the integral C2 selectivity over the complete conversion 
range. 

Conclusions 
At constant temperature and residence time, the conversions 

of methane and oxygen increase with increasing pressure. Space- 
time yields of C2 products increase sufficiently to reach a level 
comparable to that required for industrial operations. At low 
conversions, the integral selectivity to ethylene decreases by 4 
to 8% with a pressure increase from 100 to 400 kPa. This 
decrease is accompanied with an increase of the integral se- 
lectivity to CO. With the increase of the conversion, this de- 
crease becomes smaller and disappears at oxygen conversions 
of 80%. 

A kinetic model consisting of 38 elementary radical reactions 
allows an adequate calculation of the feed conversions and 
product selectivities over the complete range of conditions 
investigated. The pressure fall-off behavior of unimolecular 
reactions was found to be essential in describing the pressure 
effect observed experimentally. 

The general features of the reaction mechanism do not de- 
pend on the total pressure. The methyl, CH3.,  and the hy- 
drogen peroxy, H 0 2 - ,  are the most abundant radicals. The 
reaction proceeds through branched chains, the decomposition 
of hydrogen peroxide being the branching step. The branched 
chain is degenerated via the coupling of two methyl radicals, 
resulting in the desired product ethane. 

The total pressure increase results in an exponential increase 
of concentrations of oxygen-containing chain carriers which 
causes the strong increase of the conversion rates and space- 
time yields. The dependence of the methyl-radical concentra- 
tion on the total pressure is only slightly stronger than linear. 
The different concentration increases between the oxygen-con- 
taining chain carriers and the methyl radical cause the shifts 
in the importance of different reaction paths. 

The dehydrogenation of ethane to ethylene proceeds via 
pyrolytic and oxidative chains. The latter are favored at higher 
pressures because of their higher reaction order. The balance 
between the primary and consecutive chains towards CO de- 
termines the integral C2 selectivity. The fraction of methyl 
radicals which is oxidized to CO increases at higher pressures. 
This can be attributed to the fact that the increase of the methyl- 
radical concentration is smaller than the increase of the con- 
centrations of the oxygen-containing chain carriers and results 
in a decrease of the integral C2 selectivity at low oxygen con- 
versions. At sufficiently high oxygen conversions, the consec- 
utive chains towards CO become dominant. Increasing pressure 
is now beneficial to the differential C2 selectivity because of 
the less pronounced pressure dependence of these chains when 
compared to that of the coupling. Therefore, the integral C2 
selectivity at high oxygen conversions becomes comparable to 
the selectivity at atmospheric pressure. The major contribution 
to the integral CO selectivity comes from the oxidation of 
methyl radicals. 
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Notation 

Chen, Q., J. H. B. J .  Hoebink, and G .  B. Marin, “Kinetics of the 
Oxidative Coupling of Methane at Atmospheric Pressure in the 
Absence of Catalyst,” Ind. Eng. Chem. Res., 30, 2088 (1991). 

Chen, Q.,  and G .  B. Marin, “Production of Ethene from Natural 
Gas. The Oxidative Coupling of Methane in the Absence of Catalyst 
under Elevated Pressure,” Proc. of Interpec, Beijing, China (1991). 

A = preexponential factor, 1st-, 2nd- and 3rd-order reaction, 
m3 . m o ~ -  ’ . s - ’ ,  m6.mo12.s-’, respectively 

A = affinity of a reaction, kJ.mol-l 
A, = peak area from GC analysis 
c = concentration, mo1.m’ 
d, = response factor of species i in GC analysis 

E,, = activation energy, kJ.mo1-I 
F, = molar flow rate of component i ,  mo1.s-I 
k, = constant for rate coefficient of unimolecular reactions 
K = equilibrium constant 

M = third body 
n,,, = number of atoms of element j in species i 

p = pressure, Pa 
r, = rate of reaction i ,  m ~ l . m - ~ . s - ’  
r, = rate of the forward step of reaction i, mol.m-’.s-’ 
r, = rate of the backward step of reaction i ,  rnol.m-’.s-’ 
R = gas constant, 8 . 3 1 4 ~  
S, = differential selectivity to C2 products 
S,, = selectivity to i with respect to feed j 

I = total length of reactor, m 

kJ.mo1-I.K-l 

T = temperature, K 
v = reactor volume, m3 
w = weighting factor 
X = conversion of feed component 
z = length coordinate along the reactor, m 

Greek letters 

S - 1 ,  

6 = methane to oxygen ratio at the inlet of reactor, mol.mol-’ 
u = stoichiometric number 
7 = residence time, s 

= cross-sectional area of reactor, m2 

Subscripts 
0 = reactor inlet; low-pressure limit 

b = bimolecular 
d = disappearance 
D = differential 
f = formation 
I = initiation 

OD = high-pressure limit 
M = third body 

max = maximum 

1/2 = center of the fall-off curve where k,/k,  = 1/2 

t = total 
T = termination 
u = unimolecular 
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