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The reaction rate of oxidative coupling of methane was studied kinetically using 0.0165 or 0.05 g 
of 15% Na+-MgO catalyst at 923,973, and 1023 Kin a flow reactor under a CH4 pressure of 1.36 to 
13 kPa and an 0, pressure of 0.36 to 4.7 kPa. The reaction rate was well expressed by the following 
mechanism. The kinetic data were analyzed by the Rideal-redox-type rate equation assuming 
methyl radical and active surface oxygen as the steady-state intermediates: (1) O2 + site 3 active 
oxygen, (2) CH4 + active oxygen 2 CHr + OH(a) + site, (3) CHp + x0 2 CO, COZ, (4) 2 CHI 
-? CzH6. The constants k,, k2, x, and k,/k: were obtained for every temperature. The activity is 
related to k, and k2, while the selectivity (C&) is related to k,lk:. The activation energies are 18 
and 36 kcahmol fork, and k2, respectively. By considering the negative activation energy of k3 (-7 
kcal/mol), step 3 is inferred to contain the equilibrium reaction in which CH, and O2 form methyl 
peroxide if the value ofx- is 2.0. The actual smaller value ofx suggests that part of the methyl radical 
is oxidized by the surface oxygen. The specific surface area effect is also explained by this reaction 
mechanism if we assume that kj occurs on the surface (methyl peroxide decomposition) and k4 
occurs in the gas phase. The Langmuir-Hinshelwood mechanism can also be applied; however, it 
leaves several ambiguous points. These conclusions are only valid at high temperatures (923 to 1023 
K) and under the low conversion (both X cm and Xo, are lower than IO%), whereas the consec- 
utive oxidation of C2 compounds should be taken into account under the high conversion condition. 
8 1989 Academic Press, Inc. 

INTRODUCTION. Langmuir-Hinshelwood type involving the 
reaction of adsorbed methane and adsorbed 

It has proved difficult to elucidate the oxygen; an example is the reaction over 
complete mechanism of the oxidative cou- Smz03 (1). The second category is the re- 
pling of methane (2CH4 + 0.5 02 + CZH~ + dox type, involving the reduction of cata- 
H20, 2CH4 + 02 + CzH4 + 2H20) over lyst by CH4 and the oxidation of it by 02; an 
catalysts because the reaction may involve example is the reaction over BaO and PbO- 
gas phase radical chain mechanisms at high A1203 (2, 3). The rate equations given in 
temperatures (a heterogeneous-homoge- those reports treat only the rate of methane 
neous mechanism). However, it is very im- conversion and cannot explain the C2 com- 
portant to obtain the rate equations of this pound selectivity. 
reaction for catalyst and reactor design. There are several reports in which each 
The rate equation should hopefully be re- of the CZ and Cr compound formations is 
lated to the reaction mechanism, so that the analyzed kinetically. Quite recently, La- 
rate constants are related to the catalytic binger and Ott (4) proposed a heteroge- 
properties and the transport phenomena. neous-homogeneous reaction mechanism 

The kinetic results obtained so far fall in which the methyl radical is produced on 
into two categories. The first is the the metal oxide surface, and the hydrocar- 

bon is produced in the gas phase. They sim- 
i To whom correspondence should be addressed. ulated their data, which was obtained by a 
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pulse method over Mn-MgO, by using their 
steady-state model. In this study we reach 
the same conclusion by a simple method 
using Na+-MgO catalyst under steady- 
state conditions at various temperatures. 
Ali Emesh and Amenomiya derived the 
power rate law equation using the reaction 
over Bi203-K$03-A1203 (5). They calcu- 
lated the reaction order of elementary steps 
in the reaction network (methane to COZ, 
methane to Cz hydrocarbons, and CZ hydro- 
carbons to CO,), where the mechanisms do 
not seem to agree completely with the rate 
equation. 

For convenience, we start by proposing 
the following reaction scheme: 

CH4 -& CO, CO2 
1 2 

VT 

5 

x 7 (Cd-36 7 C2H4) 

Although we did not detect X (the common 
intermediate of C2H6 and C1 oxides) in this 
experiment, we assumed it to be CH3, as 
has been observed over similar catalysts 
such as Li+-MgO (6). 

In general, the product ratio C2/C1 over 
effective catalysts is higher at higher tem- 
peratures when the reactions are compared 
under the same space velocity condition. If 
C1 compounds (CO, CO3 were formed ex- 
clusively through C2 hydrocarbons (C2H6, 
C2H4) (steps l-3-5 in the above scheme), 
the C2/C1 ratio should be low at a high tem- 
perature, where the conversion is higher 
than that at a low temperature. Therefore, 
C, oxides and C2 hydrocarbons seem to be 
produced independently at the start of the 
reaction (steps 0, 1-2, and l-3). In our pre- 
vious study, we found that CO2 production 
occurs at a lower temperature than that 
needed to produce C2 hydrocarbons over 
the less effective catalysts (7). Over those 
catalysts (such as Mn2+, Co2+, Ag+-doped 
MgO), the path of C2 hydrocarbon produc- 
tion (steps l-3) seems to be different from 
the path of Ci oxide production (step 0). In 

the present work we refer to reaction mech- 
anisms of that sort as the independent reac- 
tion model. On the other hand, over effec- 
tive catalysts such as MgO catalysts doped 
with alkali metal oxides, C2 hydrocarbons 
and Ci oxides start to be produced at almost 
the same temperature (7). Thus, it seems 
probable that the production of C2 hydro- 
carbons (steps 1-3) and Ci oxides (steps l- 
2) has a mutual intermediate (X). We refer 
to this type of reaction mechanism as a re- 
action model with a common intermediate. 
This mechanism is essentially the same as 
those proposed by Lunsford and colleagues 
(6, 8). 

In the preceding paper, the effect of add- 
ing alkali metal to MgO was studied and 
was attributed to the two factors: chemical 
and physical (7, 9-11). Alkali increased the 
lattice distortion, which could cause an in- 
crease in surface active sites (chemical fac- 
tor), and it also decreased the specific sur- 
face area of the catalyst (physical factor). 
Various materials that have been reported 
to be effective for this reaction (1-36) have 
low specific surface areas. For example, 
the surface areas of Li+-MgO (6, 14), 
PbO-A&O3 (12, 23), and Sm203 (17) are 
8.9, 15, and 2 m2 g-l, respectively. Al- 
though the effects of specific surface area 
are not discussed, a decrease of specific 
surface area has been observed when alkali 
or PbO metal was added. These physical 
factors must be derived from the reaction 
mechanism, which is related to the specific 
surface area. 

In this work, the kinetics of oxidative 
coupling of methane over 15% Na+-MgO 
(one of the most effective catalysts for this 
reaction) was studied to elucidate the 
mechanism and to obtain a suitable rate 
equation. The mechanism must explain 
several characteristics of the reaction, such 
as the high C2 selectivity at high tempera- 
ture and the specific surface area effect 
(physical factor). 

To avoid the complexity of the algebraic 
treatment of rate equations, we often use 
the following approximation in this study: 
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KP’I(1 + KPj) is replaced with KPj (0 < j 
< i), where P is the pressure and K, i, 
and j are the constants. 

METHODS 

Procedure 

The catalyst preparation, the pretreat- 
ment, the flow reaction apparatus, and the 
analysis of reactants and products were the 
same as in our preceding work ( 11). To take 
the kinetic data, 0.0165-0.05 g of 15% Na+- 
MgO catalyst was used. Up to 4 g of the 
catalyst was used to examine the catalyst 
weight/flow rate (W/F) dependence of the 
reaction. Since active materials are some- 
times adhered to the reactor wall, blank 
runs were carried out to check that the wall 
reaction was negligible. C2 hydrocarbons 
are defined as the sum of ethene and eth- 
ane, and C1 oxides are defined as the sum of 
CO and COz. A very small amount of hy- 
drogen was detected but not measured 
quantitatively. 

WIF Dependence of the Reaction 

As a preliminary, experimental runs with 
various W/F ratios were carried out by 
changing the catalyst weight under a total 
flow rate of 55 ml&min with 3.0 and 1.5 
kPa of Pea and PO, at 1023 K. The data 
obtained from the flow rate change some- 
times differed from the data obtained from 
the weight change, probably because of the 
nature of the heterogeneous-homogeneous 
mechanism. No activity change was ob- 
served during the 3-h run for any sample. 
When more than 0.1 g of catalyst was used 
(W/F = 0.002 g min/ml), C2 and C1 produc- 
tion rates did not increase linearly, proba- 
bly because of the remarkable 02 pressure 
drop at the outlet of the reactor. However, 
it is interesting to note that the &/Cl ratio 
is almost constant up to 0.3 g of catalyst 
(W/F = 0.006 g min/ml). This means that 
the production of Cz hydrocarbons (steps 
1-3) and C1 oxides (steps 1-2) occur in a 
parallel way, and that formation of Cl ox- 
ides from C2 hydrocarbons (steps 5) would 

be neglected at the beginning of the reac- 
tion. The consecutive reaction path from C2 
hydrocarbons to C1 oxides (step 5) seems to 
be important when catalyst weight is more 
than 0.5 g (W/F = 0.01 g min/ml). The O2 
conversion becomes almost 100% above 1 g 
of catalyst weight (W/F = 0.08 g min/ml). 
The ethene/ethane ratio increases from 0.1 
g of catalyst (W/F = 0.002 g min/ml) to 4 g 
of catalyst (W/F = 0.08 g min/ml). There- 
fore, C2H4 seems to be a secondary product 
via CzH6 from CH4. For comparison, oxida- 
tion of pure CZH~ was carried out both with 
0.018 g of 15% Na+-MgO and without cata- 
lyst at 1023 K. Table 1 shows the results. 
CzH4 was the main product in both runs. 
Note that the reaction does occur without 
the catalyst. The partial pressure of CzH6 at 
the blank run (no catalyst) was about 20 
times higher than the partial pressure of 
CzH6 produced in the run with oxidative 
coupling. However, the ethane-to-ethene 
path (step 4) seems to proceed in the gas 
phase in the oxidative-coupling system at 
1023 K. 

Rate Measurement at Low Conversion 
under Various Temperatures and 
Pressures 

The activity was measured by changing 
temperature, PCH4, and PO,. PCH4 and PO, 
were controlled by changing the flow rate of 

TABLE 1 

Ethane Oxidation with and without Catalyst” 

Product Yield (%) 

Blank 15% Na+-MgOb 
(without catalyst) 

C& 8.2 7.6 
Cd-L 54.3 54.1 
co 21.8 17.5 
co2 0.7 2.9 

0 Reaction temperature was 1023 K; feed rates were 
as follows: C2H6 = 1.5 ml/min, air = 3.75 ml/min, He 
= 50 mllmin. 

* Catalyst weight = 0.018 g. 
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CH4, 02, and He. The total flow rate was 
usually 55 mlNrp/min (135 mmol/h). At a 
temperature of 923 K, 16 runs were carried 
out over 0.05 g 15% Na+-MgO under a CH4 
pressure of 1.81 to 13.0 kPa and an O2 pres- 
sure of 0.40 to 4.71 kPa. At 973 K, 15 runs 
were carried out over 0.0165 or 0.05 g of 
15% Na+-MgO under a CH4 pressure of 
1.36 to 13.0 kPa and an O2 pressure of 0.36 
to 3.98 kPa. At 1023 K, 15 runs were car- 
ried out over 0.0165 g of 15% Na+-MgO 
under a CH4 pressure of 1.36 to 13.0 kPa 
and an 02 pressure of 0.36 to 3.98 kPa. The 
CH4 and 02 conversions were kept at less 
than about 10%. Cz formation rates were 
2.7 to 9.8 pmol/h at 923 K, 2.6 to 23.5 
pmol/h at 973 K, and 12.6 to 53.2 pmol/h at 
1023 K. C1 formation rates were 37 to 299, 
34 to 195, and 21 to 285 pmol/h, respec- 
tively. No significant deactivation was ob- 
served over several runs, and the activity 
did not change when the sample was re- 
placed with another sample of the same 
batch. 

RESULTS 

Power Rate Law Expression 

Of the 46 runs, some were carried out at 
constant CH4 pressure or O2 pressure to 
give the simple pressure dependence. Fig- 
ure 1 shows the CH4 and O2 pressure de- 

2.4 
a Po2=0.014atm 

2.2. 

-s . 

:2.0- 
a 
ar 
8 1.8. 

-I 1.6-I -1.7 -1.5 -1.3 
Log P,,Jatm) 

TABLE 2 

Apparent Reaction Orders for &a,,, Rz, and R, on 
0.0165 or 0.05 g 15% Na+-MgO 

Order at Order at Order at 
923 K 973 K 1023 K 

CH4 O2 CH4 O2 CH4 02 

R CHIP 0.7 0.6 0.3 0.7 0.3 0.8 
RZb 1.3 -0.4 0.5 0.1 0.5 0.2 
RI< 0.7 0.7 0.3 0.9 0.3 1.0 

a 2Rz + RI (rate of methane consumption). 
b Rate of Cz (CzH6 + C,H,) formation. 
c Rate of C, (CO + CO*) formation. 

pendences of the methane conversion rate 
over 15% Na+-MgO at 1023 K. The reac- 
tion orders of CH4 and O2 for the methane 
conversion rate at 1023 K are 0.3 and 0.8, 
respectively. The reaction orders at 923 and 
973 K were also obtained and are given in 
Table 2. The rate of total CH4 conversion 
has an order of reaction between 0 and 1 for 
both methane and oxygen pressures. The 
same tendency has been found for the 
results over Sm203 (I) and BaO (3). 

Figure 2 shows the formation rate of Cz 
hydrocarbons and Cr oxides over 15% 
Na+-MgO at 1023 K as a function of the 
CH4 and O2 pressures. The reaction orders 

b ,,/t,,,,,- 

I I 

-2.5 -2.0 -1.5 
Log P,Jatm) 

FIG. 1. CH4 pressure dependence (a) and O2 pressure dependence (b) for the methane conversion 
rate over 0.0165 g of 15% Na+-MgO at 1023 K. 
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FIG. 2. CH4 pressure dependence (a) and O2 pressure dependence (b) for the Cz and C, hydrocarbon 
formation rate over 0.0165 g of 15% Na+-MgO at 1023 K. 

of CH4 and O2 for the rate of CZ and Ci 
formation at the three temperatures are 
given in Table 2. At all three temperatures, 
the CH4 pressure dependence for Cz forma- 
tion was higher than that for Ci formation; 
this finding is related to the fact that 1 mol 
of C2Hs is produced from 2 mol of CH4, 
whereas 1 mol of CO2 is produced from 1 
mol of CH4. The O2 pressure dependence 
for Cz formation was lower than that for Cl 
formation. The relation between these 
results and the reaction model is described 
in detail under Discussion. 

Kinetic Simulation Based on the 
Rideal-Redox Mechanism 

Several models are discussed in this 
work. First, we consider a mechanism re- 
ferred to as the Rideal-redox mechanism, 
which is based on the following three as- 
sumptions. (i) The gas phase methyl radical 
(CH3), which is expected to be the interme- 
diate of this reaction, is produced from gas 
phase methane and adsorbed oxygen. (ii) 
The surface oxygen supplied from O2 and 
consumed by CH4 is at a steady state. (iii) 
CH3 is converted to C2H6 by coupling and 
to CO2 by oxidation, and it is also at a 
steady state. In the following reaction 
mechanism, [oxygen] indicates an active 

surface oxygen, and x0 indicates the oxy- 
gen species that oxidize the methyl radical 
to COZ. x0 is a symbol of active oxygen 
which cannot be determined exactly at this 
moment. Afterward this is assumed to be 
the mixture of the gas phase 02 (main spe- 
cies) and the surface oxygen (subspecies). 
Symbol x0 is used so that the reader may 
easily note the kinetic expression. Second- 
ary reactions from ethane to ethene or from 
ethene to CO, CO2 are neglected because of 
the low conversion. 

O2 + site 5 [oxygen] (1) 

CH4 + [oxygen] 4 CH3 + OH(a) + site 
(2) 

CHj + x0 3 CO, CO2 (3) 

2 CH3 2 CzHs (4) 

Equations (1) and (2) indicate a redox of 
surface oxygen (redox mechanism) and Eq. 
(2) indicates no adsorption of methane (Ri- 
deal mechanism). For simplicity and to 
conform with the previous report (4), in 
Eq. (1) the adsorption rate of 02 is assumed 
to be proportional to the 02 pressure and 
the concentration of the active site. If 02 



reacts with two sites, the rate should be 
proportional to square of the site, but at low 
concentrations of the adsorbed oxygen the 
two cases do not differ much. Therefore, 
we cannot decide the form of active oxy- 
gen, O(a) or O*(a), here. By using a steady- 
state treatment for [oxygen] in Eqs. (1) and 
(2), the following equations are obtained, 
where 8 is coverage of surface-active oxy- 
gen: 

@co2 x/2 - = A, = k3P.CH3P02 dt 
0.5 

=&@+8C& -1. 1 1 (13) 

In other words, the formation rates of C2 
compounds and Ci oxides have been ob- 
tained as a function of PCH4 and PO,. 

$! = klPo,(l - 19) - k$‘CH40 = 0 (5) 

C (Eq. (11)) can be obtained as C = R21R: 
by Eqs. (12) and (13). We multiplied the Cr 
and C2 formation rates obtained over 0.0165 
g of catalyst at 973 and 1023 K by a factor of 

By using a steady-state treatment of CH3 
in Eqs. (2), (3), and (4), and substituting 19 in 
these equations with Eq. (6), Eq. (7) is ob- 
tained. In this case, the oxidation rate of 
CH3 is assumed to be proportional to Pf$ 
in Eq. (3) and the meaning of x will be dis- 
cussed later: 

dP.cn~ WoWen -= 
dt Wo, + Wcua 

- k3P.CH,PhF - 2kJ’fCH3 = 0. (7) 

By resolving this equation, P.CH3 is ob- 
tained: 

kPi;l,2 
PCH3 = 7 

4 

(( 
WW4Po$‘cu4 

' + k% Wo, + k2PcuJ 

(8) 
For convenience, we define 

M’o, 
19 = k,Po, + k2PCH4’ 

0.05/0.0165 in order to compare the activity 
(6) with the same catalyst weight. Figure 3 

shows the values of C plotted as a function 
of PO2 at the three temperatures, where the 
straight lines represent Eq. (11). It can be 
seen that the relations between C and PoI 
are independent of reaction temperature; 
that is, the order of PO, is -1.6 (x = 1.6). 
The reason for this result is discussed later. 
By using C and PO, for each data point, we 
calculated CPb: (that is, k4/k$. The mean 
value of k4/kj at each temperature is shown 
in Table 3. The rate of methane conversion 
is calculated as 2R2 + RI, which gives ABI 
(A + B) (from Eqs. (12) and (13)). Figure 4 
shows Po,(A + B)/AB = llki + Ilk2 (PO,/ 
PCHJ plotted as a function of Po,IPcH,. The 
ordinate crossing gives l/k, and the slope 
gives llk2. The values of kl and kZ obtained 
at each temperature are shown in Table 3. 
The temperature effect of kl and k2 gives 
the activation energies (El and E2) of Eqs. 
(1) and (2): El (the activation energy of the 
oxidation of the catalyst by 02) is 18 ? 3 

k,Po, = A 

Wcn4 = B 

(9) 

(10) 

TABLE 3 

Then, the following two equations are ob- 
tained: 

k4 - = c. k2P” 3 02 

df’czns 
dt = R2 = kdP& 

Constants of the Reaction Rates on the Basis of the 
Rideal-Redox Mechanism” 

(11) 
923 K 973 K 1023 K 

kl 0.152 0.162 0.39 
kz 0.079 0.23 0.53 
k,lk: 0.76 1.77 1.57 
x 1.60 1.60 1.60 
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= & 
(( 

1 + 8C 47 - I)* 
(2 Values were rearranged per constant catalyst 

weight (0.05 g 15% Na+-MgO). The units used were 
A+B (12) kPa and mmol/h. 
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3 

FIG. 3. O2 pressure dependence for Cover 0.05 g of 15% Na+-MgO at 923 K (a), at 973 K (b), and at 
1023 K (c). See text for C (C = RJR:). 

kcal mol-I, and E2 (the activation energy of 
the reduction of the catalyst by CHJ is 36 + 
3 kcal mol- l. 

Kinetic Simulation based on the 
Langmuir-Hinshelwood Mechanism 

In this section, we consider the so-called 
Langmuir-Hinshelwood mechanism, 
which involves the following assumptions. 
(i) The gas phase CH3, an expected inter- 
mediate of this reaction, is produced by the 
reaction of adsorbed methane and adsorbed 
oxygen. (ii) CH3 is converted to C2H6 by 
coupling and converted to CO2 by oxida- 
tion, and the radical is at a steady state. We 
do not specify the form of adsorbed meth- 
ane (CH4(a)), of adsorbed oxygen (0*) that 
reacts with methane, or of oxygen (x0) that 
reacts with CH+ The reaction mechanism 
including the tentative intermediates is 

Kh 2 o* (14 

CH 4 g CH4(a) (2’4 

CH4(a) + 0* 5 CH3 + OH(a) (2a) 

CH3 + x0 2 CO, CO2 (34 

2 CHj 3 CzHs. (44 

Equations (la) through (13a) in this section 
correspond to Eqs. (1) through (13) in the 
preceding section. Although 80; and 0cn4ta) 
in Eqs. (la) and (2’a) should be treated with 
the Langmuir-Hinshelwood type equation, 
KPI(1 + KP), the Freundlich type, which is 
an approximation of the Langmuir-Hin- 
shelwood type, is used for convenience: 

Oo. = KoP& (54 

I3 CH&) = Krnp:H4. (64 

By assuming a steady state of CH3 in Eqs. 
(2a), (3a), and (4a), and substituting do*, 
and &&(a) with Eqs. (5a) and (6a), Eq. (7a) 
is obtained. The oxidation rate of CH3 is 
assumed to be proportional to P$ 

@a, 
- = k2do*f&(a) dt 

- kJP.cH,P$f - 2kdP& 
= k2KOK,,,Pp02P$H4 - kJP.cH,P6: 

- 2kbP& = 0. (7a) 

By resolving this equation, P.cH3 is ob- 
tained: 

k3 P$i2 
P.CH, = - 

4k4 

(( 1+ 
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PO2 pCH;' 

C 7c 

6- 

OO 0.5 
PO* Pcli;' 
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1 
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pO2 PCHi' 

FIG. 4. Po2/(2R2 + R,) as a function of P&PcH, over 0.05 g of 15% Na+-MgO at 923 K (a), at 973 K 
(b), and at 1023 K (c). (2R2 + R,) is identical to R cHq (rate of methane conversion). See text. 

For convenience, the following two equa- dpcoz 
tions are defined: -= 

dt 
R, = k3P.CH,P6f 

KPP =A’ 0 02 

Km&I, = B’. 

Pa) 

(lOa) = 4c 
’ ((1 + 8k*A’B’C)‘.’ - 1). (13a) 

The formation rate of Cz hydrocarbons and The values of C can be obtained as C = RZl 
Cr oxides is then obtained as follows, using R: by Eqs. (12a) and (13a); i.e., the value of 
A’ and B’ as well as C from Eq. (ll), C in this model is identical to that for the 

dpczne 
Rideal-redox mechanism. Therefore, the 

-= 
dt 

R2 = kdP&.,, order of PO, against C is also - 1.6 (X = 1.6). 
Equations (12a) and (13a) give the relation 

=- l,!c ((1 + 8k2A’B’C)“‘5 - I)* (12a) kzA’B’ = 2R2 + RI, which can be calculated 
f or each data point. By taking the loga- 
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TABLE 4 

Constants of Reaction Rates on the Basis of the 
Langmuir-Hinshelwood Mechanism 

923 K 973 K 1023 K 

P 0.55 0.66 0.76 

&&C 
0.68 0.33 0.27 

10.1 7.2 21.0 
k.,lk: 0.761 1.77 1.57 
X 1.60 1.60 1.60 

’ Values were rearranged per constant catalyst 
weight (0.05 g of 15% Na+-MgO). The units used were 
kPa and mmol/h. 

rithms of k2A’B’ = k2K0K,,,Pf,2P&4 (= 2R2 
+ RI) as a function of log PO, and log PCHd 
with constant PoI or P,-,, p and q are calcu- 
lated. The values of p and q are practically 
the same as the values of O2 and CH4 order 
in CH4 conversion (2R1 + RJ in Table 2. 
The values at each temperature are listed in 
Table 4. It is thus seen that the experimen- 
tal data can be also rearranged by the 
Langmuir-Hinshelwood mechanism, 

Kinetic Simulation Based on the 
Multiple-Redox Mechanism 

In the Rideal-redox mechanism, the re- 
duction of the catalyst is assumed to be per- 
formed with CH4 alone. In the multiple- 
redox mechanism, the reductant is assumed 
to be both CH4 and CH3. The other as- 
sumptions are the same as for the Rideal- 
redox mechanism. Equations (l), (2), and 
(4) are also applicable to this model, and x0 
from Eq. (3) is assumed to be identical with 
[oxygen] : 

CH3 + [oxygen] -% CO, COZ. (3b) 

Now, by using the steady-state treatment 
for [oxygen] in Eqs. (I), (2), and (3b), Eqs. 
(Sb) and (6b) are obtained. In this case, the 
rate of Eq. (1) is assumed to be proportional 
to Pods (another case in which the rate of 
Eq. (1) is proportional to PO* will be de- 
scribed later): 

de 
- = k,Pg;(l - e) - k2PCH4e 
dt 

- k3P.CH,e = 0 (5b) 

e= 
k,POdS * 

kzPcH4 + k&H3 + k,POd: 
. (6b) 

By using the steady-state treatment for 
CH3 in Eqs. (2), (3b), and (4) and substitut- 
ing 8 in Eq. (5b) with Eq. (6b), the following 
equation is obtained: 

df’cn, 
- = kzPr&3 - kj P.CH,e - 2kdP& 

dt 

hW%i~Pc~, 

= WcH4 + kjP.CH3 + k,P%; 

k,k3PgS P. CH3 - 
@‘cm4 + k3PICH, + kIP$; 

- 2k4P& = 0. (7b) 
Therefore, 

2k3k4P& + 2k.,(k,P$; + k2PCHJP?cH, 
+ k,k3P;;P.CH, - k k P’.‘P 1 2 02 CH4 = 0. (gb) 

Equation 8b cannot be solved easily be- 
cause the P.CH3 term is third-order. There- 
fore, numerical calculations were per- 
formed to obtain P.CH, by assuming 27 cases 
for which each of the constant ratios kllk4, 
kJk4, and k3lk4 had values of I, 10, and 100, 
respectively, in order to cover the wide 
conditions which cannot be expected a 
priori. At last, several practical values of 
PcH4 and Po2 were introduced in order to 
obtain P.cH3 for the 27 cases. These hun- 
dreds values of P.CH3 calculated can be used 
to obtain the rates of formation of C2 hydro- 
carbons (by Eq. (12b)) and of C1 oxides (by 
Eq. (13b)): 

@Cd6 
dt 

= R2 = kz+P$,, Wb) 

@co2 
- = R, = k3P.CH,0 

dt 
hW%: Pat, 

= ICZPcH, + k3P.cH, + k,P;; 
. (13b) 

For every 27 cases, the rates of CZ forma- 
tion (R2) were rearranged as a function of 
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-1' 
0 1 2 

-1' 
-1 0 1 

rn2 in R2= kPCHLm2Poy2 m, ,n R,= kPcHbm’ PO; 

FIG. 5. (a) The relation between m2 and nz (CH4 order and O2 order for Cz production rate, see text). 
The value was calculated by assuming that the rate of Eq. (1) was proportional to Podi (0) and to PO2 
(A). (0) Experimental values over 15% Na+-MgO. (b) The relation between m, and n, (CH4 order and 
O2 order for C, production rate, see text). The value was calculated by assuming that the rate of Eq. (1) 
was proportional to P:: (0) and to Pot (A). (0) Experimental values over 15% Na+-MgO. 

PCH4 and PO, using the power rate law ex- 
pression. The 27 sets of the PcHl and PO, 
dependences (represented to as m2 and n2) 
were found to have some relationship, (fmz 
+ 2~ = 1, which is shown in Fig. 5a. For 
C, oxide formation, the rates RI were also 
rearranged into the power rate law expres- 
sion. The 27 sets of PCHl and PO1 depen- 
dences (represented to as ml and ni) were 
also found to have a similar relation: ml + 
ini = 1, this is shown in Fig. 5b. 

As the second case, Eq. (1) was assumed 
to be first-order with respect to PO,. For this 
case, calculations similar to those above 
gave the relationships $rnz + ~2 = 1 and 
f(ml + 1) + fnl = 1 (Figs. 5a and 5b). 

The experimental data in Table 2 are also 
plotted in Figs. 5a and 5b. Clearly, these 
data do not obey either of the above two 
relationships. Therefore, it does not seem 
that this reaction can be explained by the 
multiple-redox mechanism model. 

DISCUSSION 

Rideal-Redox Mechanism 

It was shown that the kinetic data over 
Na+-doped MgO catalyst can be expressed 
by the rate equation based on the Rideal- 

redox mechanism. Sinev et al. have re- 
ported that the rate of CHI conversion (but 
not the rates of C2 and C1 formation) over 
PbO-A1203 is expressed by rate equations 
involving a CH4-O2 redox cycle (2, 3). 
They reported activation energies for MO 
(M = metal) reduction (Eq. (2)) of 31.5 t 
2.5 kcal/mol and for M oxidation (Eq. (1)) 
of 73.5 + 3.5 kcal/mol. That means that the 
oxidation of catalyst proceeds preferably at 
higher temperature. In this study, we ob- 
tained an activation energy for MO reduc- 
tion (on 15% Na+-MgO) of 36 & 3 kcal/mol 
and for M oxidation of 18 2 3 kcal/mol. 
This means that the catalyst is more re- 
duced or has more bare sites at higher tem- 
peratures, which seems reasonable. The 
simulated value of k2 is lower than that of k, 
at 923 K, while that of k2 is higher than that 
of kl at 1023 K. 

What is the meaning of redox of the MgO 
catalyst (15% Na+-MgO) used here? Since 
MgO itself is a stable oxide even at 1023 K, 
the reduction of MgO means the formation 
of coordinationally unsaturated Mg2+ ions 
on the surface. These surface Mg2+ ions 
would be covered by oxygen in the “oxi- 
dized state.” Another explanation might be 
that Na+ ions act as an oxygen reservoir 
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(for example Na20 + 0.5 02 = 2 Na+O-, 
NazO + 1.5 O2 = 2 NaOz, or Na20 + 0.5 O2 
= Na,O,). However, we prefer the first 
model, in which MgO itself is the active 
center rather than the alkali ion as has been 
discussed in the previous paper ( 11). 

What about the value of kJk:, which is 
assumed to decide the selectivity of C2 hy- 
drocarbons against Cr oxides? The results 
in Table 3 show that kJk$ has a temperature 
coefficient of 14 kcal/mol. If Eq.(4) is a sim- 
ple gas phase reaction of CH3 combination, 
which has been reported to have a very low 
activation energy (-0), the apparent activa- 
tion energy of k3 is -7 kcal/mol. This ap- 
parent negative activation energy of k3 may 
be explained as follows. If O2 is present, 
CH3 is easily converted to CH302: this 
process is believed to be almost in equilib- 
rium (Eq. (14)) (37, 38). We assume that 
CO* is mostly produced by decomposition 
of CH302. Now Eq. (3) (k3) is assumed to 
be composed of 

CH3 + O2 2 CH302 (14) 

CH302 2 --, CO, COz. (144 

Thus, k3 is represented as kjaKp. Since AH 
for Kp has been reported to be -32 kcal/ 
mol (37, 38), the apparent activation en- 
ergy of k3a is thus assumed to be 25 kcal/ 
mol. At a high temperature, the equilibrium 
condition moves the system far to the left in 
Eq. (14). The ratio CH30JCH3 is consid- 
ered to be about 2% under the reaction con- 
ditions at 1023 K. Lunsford and colleagues 
have speculated that the similar mecha- 
nisms occur over Li+-MgO and Na+-CaO 
catalysts (6, 39). 

If Eqs. (14) and (14a) only govern CO2 
formation, the value of x in Eq. (3) must be 
2. Since the experimental value obtained is 
not 2 but 1.6, another path must also occur, 
for example the reaction of CH3 with the 
surface: 

CH3 + surface oxide(02-) --f 
methoxide(a) + CO2. (15) 

Although there are some ambiguous points, 
such that x is not 2, which suggest some 
contribution of Eq. (15), the Rideal-redox 
mechanism seems to be the most adequate 
mechanism and useful for the discussion of 
the CJC1 selectivity. 

Sinev et al. recently proposed a very sim- 
ilar treatment(40). In their work, the rate of 
C1 formation is proportional to the square 
of methyl peroxide concentration, while it 
is first-order in our treatment. 

Langmuir-Hinshelwood Mechanism 

The kinetic data obtained over 15% Na+- 
MgO could also be explained by using the 
Langmuir-Hinshelwood mechanism. Here 
we have to check the meaning of the rate 
constants. As shown in Table 4, k2KOK, 
does not seem to depend much on the reac- 
tion temperature. The value of k2 is clearly 
higher at higher temperatures, because it is 
the rate constant of Eq. (2a). However, KO 
and K,,, are clearly lower at high tempera- 
tures, because they are the adsorption equi- 
librium constants. As a result, k2KOK,,, is 
relatively constant in the temperature range 
923 to 1023 K. We cannot derive individual 
values for k2, KO, and K, by this method. 
Thus, this approach gives less information 
than the Rideal-redox mechanism. 

From the nature of the adsorption equi- 
librium in Eqs. (Sa) and (6a), the values of p 
and 4 must be higher (weak adsorption) at 
higher temperatures. However, although 
the value of p is higher at the higher temper- 
atures, the value of q is not. Note that the 
value ofp is greater than 0.5, indicating that 
oxygen should be adsorbed as the molecu- 
lar species, 02(a), instead of as the atomic 
species, O(a). This result is very similar to 
the results for the rate of CH, oxidation 
over several catalysts, for example, Sm203 
(I), where the active oxygen species was 
reported to be 02(a). At present, it is hard 
to decide the form of active oxygen. This 
model also can give the information about 
C2/C1 selectivity in a simple form. Overall, 
the Langmuir-Hinshelwood mechanism 
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leaves several ambiguous points, although 
it can be applied numerically. 

Pressure Dependence 

Our kinetic data were well expressed by 
the rate equation based on the Rideal-redox 
mechanism. The rate equations (Eqs. (12) 
and (13)) may be rewritten using a constant 
x= 1.6as 

(( 

‘%k2kd’o~Pcn~ 0.5 

1 ) 

2 

It- 

k:Pb;:W’o, + k#cHa) 
-1 

WC) 

@co2 
-=R,= 4k4 

dt 

(( 1+ 
8hk&4P02PcH4 0.5 

k:P~:W’o, + kzPcH,> 1 ) -1. 

(13c) 

The sum of RI + 2R2 gives -dCHJdt, 
which leads the rate of CH4 conversion, as 

dPcH4 WoW’cn4 --= 
dt Wo, + k2Pcn4 

(16) 

We then tried to transform the Eqs. 
(12c), (13c), and (16) to the power rate form 
using an approximation method, in order to 
compare the experimental data of power 
rate form. Table 5 shows the results. The 
orders in Table 5 are given as ranges be- 
cause they were calculated by an approxi- 
mation. Note that the CH4 power in C2 for- 
mation is higher than the CH4 power in C, 
formation, because 1 mol of C2 is formed by 
2 mol of CHJ. It is also interesting to note 
that the 02 order in C2 formation can be 
negative. Indeed, the data at 923 K give a 
negative order (-0.4 in Table 2). A negative 
order is also seen on St-CO3 (42). Similar 
results were reported by Ito et al. (6) and 
Hinsen et al. (13). Our experimental values 
(Table 2) are all within the range of the cal- 
culated values (Table 5). Therefore, the 
results of the power rate form are well ex- 
plained by the Rideal-redox mechanism. 

TABLE 5 

Reaction Orders for RcH4, R2, and RI Calculated on 
the Basis of the Rideal-Redox Mechanism on 0.0165 

or 0.05 g of 15% Na+-MgO at 923 to 1023 K 

Order 

CH4 02 

R CH4’ o-1 o-1 
R2’ o-2 - 1.6-1 
RIG O-l o-1.3 

(1 2R2 + RI (rate of methane consumption). 
b Rate of C2 hydrocarbon formation. 
c Rate of C, oxide formation. 

Possible Independent Path to CO2 

So far we have analyzed three reaction 
models that assume a common intermediate 
to both C2 and Ci compounds. This assump- 
tion was based on the fact that C2 hydrocar- 
bons and CO2 start to form at the same tem- 
perature over the Na+-MgO catalyst (7). 
Now we discuss the possibility of an inde- 
pendent path to CO2 (step 0 in the initial 
scheme) from a kinetic viewpoint. As a 
matter of convenience, we assume that CZ 
hydrocarbons are formed as in the Rideal- 
redox mechanism (Eqs. (l), (2), and (4)). 
However, Eq. (3) is replaced by the reac- 
tion 

CH4 + [oxygen] + CO, CO2 (3c) 

Thus, assuming that the concentration of 
surface [oxygen] is identical to 8 in Eq. (6) 
and using the steady-state treatment for 
CH3 in Eqs. (2) and (4), the following equa- 
tions are obtained: 

dP.cHI ktPo&2PcH4 -= 
dt Wo2 i- k2PcH4 

- 2k‘,P&, = 0 

(7c) 

@Cd6 

dt 
= R2 = kdP$H, 

= 2W’02 + Wcfi) ’ (124 

The rate of CO2 formation (Eq. (3~)) is inde- 
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pendent of Cz formation. It should be de- 
scribed as 

dpcoz 
- = RI = k3P&P&,. 

dt (134 

This model suggests that any orders with 
respect to PCHI and PO2 should be positive 
for C2 or the COz production rate. How- 
ever, as shown in Table 2, the experimental 
results sometimes give negative orders with 
respect to PO2 for Cz hydrocarbon forma- 
tion. Therefore, this reaction model is not 
applicable to the reaction over Na+-MgO 
at higher temperatures. However, if the re- 
action is performed at low temperatures es- 
pecially over transition-metal-doped MgO, 
the surface reaction to give CO2 by way of 
surface methoxide may be important (42). 

It has been pointed out that the CH4 or- 
der for C2 hydrocarbon formation is higher 
than that for Cr oxides in any model with a 
common intermediate. The results in Table 
2 show this tendency, which results from 
the fact that 2 mol of CH3 give 1 mol of 
C2H6, whereas 1 mol of CH3 gives 1 mol of 
C1 oxides. On the other hand, this con- 
straint does not hold for the independent 
reaction model. Since all CH3 reacts to 
give C2 hydrocarbons in this model, the 
CH4 order for C2 formation is between 0 
and unity (Eq. (12d)), and the CH4 order for 
C, oxide formation (z) is also between 0 and 
unity. Thus, CH, orders seem to be much 
the same in the two rate equations. In this 
sense, this model does not agree with the 
experimental results (Table 2). 

Effect of Specific Surface Area on 
Selectivity 

It has been shown that among MgO cata- 
lysts doped with various elements, cata- 
lysts with low specific surface area have 
higher C2 selectivity at a similar conversion 
level (about 100% O2 conversion). It has 
been suggested that this fact is due to 
the heterogeneous-homogeneous reaction 
mechanism (7, 10, II). In this section, the 
surface area effect will be discussed 
through the Rideal-redox mechanism. We 
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FIG. 6. R2 (rate of C2 hydrocarbon formation), RI 
(rate of C, oxide formation), and R2/Rt as a function of 
S, (specific surface area) for a constant catalyst 
weight (0.05 g). One point is a real datum (1023 K, PcHq 
= 2.72 kPa, PO2 = 1.36 kPa, S SP = 2 m* g-l, W = 
0.05 g). 

consider the rate ratio of C2 hydrocarbons 
to Cr compounds, R2/R1, which is derived 
by Eqs. (9) to (13): 

R2 1 -=- 

RI 4 

(( 1+ 
8W&J’o$‘cn~ 0.5 

k:P&(k,Po, + k2PcH4) ) ) - 1 . (17) 

If all processes (Eq. (1) to (4)) are surface 
reactions, R2/R1 does not depend on the 
specific surface area, S,,. If any process is 
not a surface reaction; however, RJR, 
could be a function of S,,. If the CH3 cou- 
pling process (k4) is a gas phase reaction 
and the CO2 formation process (k3) needs 
the surface (probably through Eq. (14a)), 
then k,, k2, and k3 are proportional to SsP, 
but k4 is independent of S,,. In this case, Rzl 
R, changes as a function of S,, as predicted 
by Eq. (17). The value of R2IR1 is higher at 
low S,,. By Eqs. (12~) and (13c), R2 and RI 
can also be expressed as functions of S,,. 

Suppose we could make various catalysts 
have the same chemical properties but dif- 
ferent specific surface areas (S,,). Figure 6 
demonstrates how the production rates (R2, 
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FIG. 7. R2 (rate of C2 hydrocarbon formation), R, 
(rate of C, oxide formation), and RJR, as a function of 
catalyst weight for constant S,, (2 m* g-l). One point is 
area1 datum (1023 K, PcHl = 2.72 kPa, PO* = 1.36 kPa, 
S,, = 2 mz g-r, W = 0.05 g). 

Z?J and selectivity (&/RI) would change if 
we could change S,, at a constant catalyst 
weight and volume. These results are based 
on the above assumptions and the kinetic 
data at one point (1023 K, PCHd = 2.72 kPa, 
PO, = 1.36 kPa, S,, = 2 m2 g-l, W = 0.05 g). 
R, is almost proportional to SSp, but Rl 
gradually approaches saturation. RJR, is 
higher when S,, is small. In this calculation, 
the value at S,, = 2 m2 gg’ is the only real 
value from the experiment. 

Next, we suppose that the secondary re- 

151 
a I 

action (C, to Cr oxides) and reactant pres- 
sure drop could be neglected even at high 
conversion (high W/F). Thus, R2 and RI are 
proportional to the catalyst weight (or con- 
tact time), and RJR, is independent of the 
catalyst weight. Figure 7 shows this rela- 
tion: R2, RI, and RJR1 as a function of the 
catalyst weight (W) where S,, of the cata- 
lyst (2 m2 g-l) and the total flow rate (F = 
55 ml/min) are constant. The value of 2 m2 
g-i is the real value of S,, for the 15% Na+- 
MgO catalyst used in this reaction. R2 and 
RI reach values where 02 conversion would 
be 100% at some catalyst weight. By as- 
suming the above method, R2, RI, and the 
catalyst weight that gives 100% 02 conver- 
sion were calculated for various catalysts 
having various S,,. The results are shown 
as a function of S,, in Figs. 8a and 8b. When 
S,, is high, a smaller weight of catalyst 
gives 100% O2 conversion. As shown in 
Fig. 8a, the catalyst with S,, = 0.3 m2 gg’ 
achieves 100% O2 conversion at a 2-g cata- 
lyst weight. To compare these calculations 
to the practical data, R2/R1 was calculated 
for 2 g of catalyst with various S,, (Fig. 8b). 
In Fig. 8b, for S,, less than 0.3 m2 g-‘, the 
reactions are progressive; that is, R2 in- 
creases with increasing S,, as long as 02 
conversion is less than 100%. However, 02 
conversion reaches 100% at S,, = 0.3 m2 

1.51 

FIG. 8. (a) The catalyst weight necessary to get 100% O2 conversion as a function of S,, (1023 K). 
Reactant pressure drop and secondary reactions are neglected (see text). (b) R2, R,, and RJR, over 2 g 
of catalyst with various S,, (1023 K). The value for S,, > 0.3 m*/g is calculated at 100% O2 conversion. 
Reactant pressure drop and secondary reaction are neglected (see text). 
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g-i, after which R2 decreases with increas- 
ing S,, (S, > 0.3 m* g-l). In this way, the C2 
hydrocarbon yield has a maximum at a suit- 
able S, under these conditions (if reactant 
pressure drop can be neglected). 

Indeed, this tendency is seen in the data 
obtained over various MgO catalysts (7, 
20). A similar specific surface area effect 
has been reported for the C2 formation from 
CH4 pyrolysis (43). Strictly speaking, the 
specific surface area effect is much more 
pronounced for the calculated result (Fig. 
8) than for the actual data (7, 20). One rea- 
son may be overestimation of the surface 
dependence with respect to CO2 formation 
from CH3 (Eq. 3) (k3 is proportional to S,,). 
Lunsford and colleagues suggest that the C2 
hydrocarbon selectivity would be a func- 
tion of l/(S + constant) (personal commun- 
ication, 1987). CO2 formation may occur by 
the oxidation of CHJ02 in the gas phase. 
Although there are some other assumptions 
(reactant pressure drop and secondary re- 
action are neglected), the specific surface 
area effect would be qualitatively well ex- 
plained by the Rideal-redox mechanism 
where CHS coupling occurs in the gas 
phase. The Cz hydrocarbon yield decreases 
with increasing S,, under the condition that 
O2 conversion is constant even if the con- 
version is less than lOO%, because RJR, 
decreases with increasing S,,. 

CONCLUSION 

Oxidative coupling of CH4 over 15% 
Na+-MgO can be explained by using the 
Rideal-redox mechanism, which includes 
heterogeneous and homogeneous steps. 
The production of gaseous CH3, the inter- 
mediate, would be a heterogeneous process 
(surface reaction), and the production of C2 
hydrocarbons, the coupling of CH3, would 
be a homogeneous process (gas phase reac- 
tion). The activity of the catalyst is related 
to the rate of oxidation of the surface (ki) 
and the rate of reaction between surface ox- 
ygen and CHJ (k2), and the selectivity is 
related to the rate ratio of methyl coupling 
and methyl oxidation (kJ#). These con- 

stants are easily obtained from the flow ex- 
periments. The specific surface area (sur- 
face structure) seems to control both the 
reaction space, where coupling of CH3 (gas 
phase reaction k4) occurs preferably, and 
the surface, where oxidation of CH3 to 
CO2 (surface reaction kJ) occurs preferably. 
This method of kinetic analysis can be ap- 
plied to clarify the catalyst properties of 
various catalysts, which should be useful in 
reactor design. 
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