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Partial oxidations of CH4, C2H6, and C3H8 proceeded over sodium peroxide at low temperatures 
(600-650 K). The only partial oxidation product from CH4 was ethane, a coupling product. The 
quantity of its formation depended on the second order of the methane pressure. The products from 
C2H6 were ethylene and butane. The formation rate of ethylene depended on the first order but that 
of butane depended on the second order of the ethane pressure. In the case of C3H8, the products 
were C6 alkanes, C4 alkanes, ethylene, and traces of propylene. The formation rates of C6 and C4 
alkanes depended on the second order but those of ethylene and propylene depended on the first 
order of the propane pressure. The activation energies for the conversions of CH4 (127 kJ tool -~) 
were considerably larger than those of C2H6 (83) and C3H8 (89). The transition state of CH4 in its 
activation is suggested to be different from those of C2H 6 and C3H8. The presence of gaseous 
oxygen decreased the selectivities to the coupling products and to the dehydrogenation products, 
although the rates of conversion of alkanes were not affected by gaseous oxygen. These observa- 
tions suggest that the activation of alkanes is caused only by peroxide anions, but the selectivities 
to further reactions of the surface alkyl groups formed are affected strongly by the presence of 
gaseous oxygen. © 1990 Academic Press, Inc. 

INTRODUCTION 

The activation and functionalization of 
methane, ethane, and propane have at- 
tracted much attention from chemists and 
chemical engineers who wish to convert 
natural gas into transportable chemicals 
such as higher order hydrocarbons or Cr ,  
C2-, and C3-oxygenates. However, the acti- 
vation of light alkanes at temperatures 
lower than 773 K is not easy, and still more 
difficult is their conversion into functional- 
ized products. 

Among many trials in converting meth- 
ane into functionalized products, oxidative 
coupling of methane into ethane and ethyl- 
ene is so far the most successful and prom- 
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ising reaction (1-9). In general, basic ox- 
ides such as rare earth oxides, alkaline 
earth oxides, and especially alkali metal- 
doped metal oxides are active and selective 
catalysts in oxidative coupling of methane 
(5). However, only a few fundamental stud- 
ies have been reported concerning the oxy- 
gen species responsible for the catalytic ac- 
tivation of methane over basic metal oxides 
(6-8). Moreover, the reaction mechanisms 
proposed so far are not quite in agreement 
(9). 

Recently, kinetic work in our laboratory 
has suggested that the activation of meth- 
ane is initiated by diatomic oxygen species 
such as O2, O~-, or 02 chemically adsorbed 
on the surface (10). Sinev et al. first re- 
ported the formation of ethane through the 
reduction of barium peroxide with methane 
at temperatures above 723 K (11). We have 
demonstrated that methane can be acti- 
vated and converted to Cz compounds at 
temperatures lower than 673 K with alkali 
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or alkaline earth metal peroxides such as 
Na202, BaOz, and SrO2 (12). Therefore, we 
suggested that O 2- peroxide anions could 
be responsible for abstraction of H from 
CH4 over rare earth oxides (10, 12). 

In this work, we describe in more detail 
the reactions of methane as well as ethane 
and propane with Na2Oz in order to under- 
stand the general features of activation of 
light alkanes by peroxide anions. This 
study may contribute to progress in defin- 
ing the reaction mechanism of catalytic~ ox- 
idative coupling of light alkanes into higher 
hydrocarbons over basic metal oxides. 

EXPERIMENTAL 

The Na202 powder used was obtained 
from Wako Pure Chemical Co. The purity 
of the metal (Na) in the sample was >99%. 
The purity of alkanes used was above 
99.9%. The experiments were carried out 
applying a conventional microcatalytic 
method using a gas-flow system with he- 
lium carrier. Prior to each run of reaction of 
alkanes with Na202, the peroxide was 
treated in a stream of helium for 2 h at the 
reaction temperatures of 600-650 K. Evo- 
lution of oxygen from the sample oxides 

due to the decomposition of the impurity 
NaO2 in the sample was observed during 
this pretreatment (12), but it ceased within 
the first 30 rain of the treatment. A pulse of 
alkanes diluted with helium (total 2.7 ml 
STP) was introduced into a helium stream 
(30 ml min -~ flow rate) upstream from a 
fixed bed of Na202 (0.50 g). The effluent 
gases from the Na202 were analyzed di- 
rectly by TCD-GC using a Gaschropack 54 
column. The conversions of alkanes were 
calculated on the basis of Cj, C2, or C3 for 
the CH4, C2H6, and C3H8 reacted, respec- 
tively. All the kinetic studies described 
later were carried out at an alkane conver- 
sion of less than 18%. 

RESULTS 

Product Distribution and Reactivities o f  
Light Alkanes 

f 

The reactivities of methane, ethane, and 
propane and the yields of products from 
each alkane have been examined under the 
following reaction conditions: T = 648 K, 
pressure of alkanes = 15.5 kPa ((17.4 +- 0.1) 
× 10 -6 mol), weight ofNazO2 = 0.50 g. The 
results are shown in Table 1. The only 

TABLE 1 

Partial Oxidation of Alkanes over Na202 

Pulse No. Reactant Conversion Yield (%)0 
(%) 

1 CH 4 •3.0 C2H6 0.88 
2 CH4 13.7 C2H6 0.97 
3 CH4 13.9 C2H6 1.11 
4 CH4 14.1 C2H 6 1.50 
5 CH 4 •4.0 C2H 6 1.55 
6 CH4 13.2 C2H6 1.69 
7 CH4 13.6 C2H6 1.61 
8 CzH6 13.1 n-C4Hl0 1.58, C2H 4 1.88 b 
9 CzH 6 12.2 n-C4Hlo 1.76, C2H 4 1.76 b 

10 C21-I 6 11.0 n-C4H10 1.68, C2H4 1.71 b 
11 C3H 8 17.9 C6H14 0.80, C4H10 0.65, C2H 4 0.55 c 
12 C3H 8 14.9 C6H14 1.03, C4H10 0.52, C2H 4 0.49 c 

a The yields of CzHr, CaHto, and C6Ht4 were calculated on the basis of C~, 
Cz, or C3 for the CH4, CzHr, and C~H~ reacted, respectively. 

b With a trace of acetaldehyde. 
c With a trace of propylene. 



124 OTSUKA ET AL. 

product observed for the reaction of meth- 
ane was ethane. The other possible prod- 
ucts, CO, CO2, and HzO, were trapped in 
the peroxides. In fact, separate experi- 
ments showed that, CO, COs, and HsO 
were irreversibly captured by Na2Os at 573 
K, probably due to the reactions 

NasOs + CO ~ NazCO3 (I) 

NasOs + COs --+ Na2CO3 + ½ 02 (2) 

NasO2 + H20  --~ 2 N a O H  + ½ 02.  (3) 

The products from ethane in the effluent 
gas were butane, ethylene, and a trace of 
acetaldehyde. The products in the reaction 
of propane with NasO2 were C6 alkanes 
(isomers were not separated), C4 alkanes 
(n- and isobutanes), ethylene, and trace of 
propylene. The conversion of methane was 
constant within experimental error of 
+0.5% for pulses 1 to 7, but yield of ethane 
increased from 0.88 to 1.50% with the num- 
ber of methane pulses and became constant 
at 1.62 + 0.07% for pulses 5 to 7. The con- 
versions of ethane and propane were con- 
stant within +0.6 and 1.5%, respectively, 
with the number of pulses. The conversions 
and the yields listed in Table 1 show that 
the selectivities to the coupling products 
are 11 +- 1 (pulses 5-7), 13 +- 1 (pulses 8 and 
9), and 5.5 + 1.5% (pulses 11 and 12) for the 
reactants of CH4, C2H6, and C3H8, respec- 
tively. The selectivities increased with in- 
creased temperature because the apparent 
activation energy of the coupling reaction 
was considerably greater than that of the 
conversion of each alkane, as will be de- 
scribed later. 

The total amount of alkanes converted 
after pulse 12 in Table 1 was 2.9 x 10 -5 tool. 
The NasOs in the sample (0.50 g) used in 
Table 1 was 6.4 -+ 10 -3 mol. The surface 
area of the NasO2 sample measured by the 
BET method using Ns adsorption was 0.70 
+ 0.05 m 2 g-l. Assuming that the number of 
Na202 units on the surface is roughly 3 x 
1018 m -z on the basis of the lattice parame- 
ters of the oxide, the number of surface 
NazO2 units in the sample (0.50 g) used in 

Table 1 was 1.1 x 10 TM (1.8 x I0 -6 mol). 
Therefore, the total amount of alkanes con- 
verted in Table 1 was 16 times greater than 
the surface Na202 molecules. It is surpris- 
ing that the reactivity of the oxides does not 
decrease with the number of pulses, as can 
be seen in Table 1. This observation sug- 
gests that the migration of O~- anions from 
the bulk to the surface is quite rapid at 648 
K or that the Na2CO3 and NaOH formed 
aggregate locally on the surface, which al- 
ways preserves the exposure of the reactive 
NazOs on the surface. 

Effects o f  Alkane Pressures on the 
Quantities o f  Products 

1. Methane. Figure 1 shows the quantity 
of the ethane formed plotted against the 
partial pressure of methane in the pulse of 
methane diluted with helium. The data in 
Fig. 1 were plotted against the square of the 
methane pressure in Fig. 2. The straight 
line in Fig. 2 indicates that the rate of cou- 
pling reaction depends on the second order 
of the methane pressure. 

2. Ethane. The effect of ethane pressure 
on the quantity of products is shown in Fig. 
3. The quantity of ethylene is proportional 
to the pressure of ethane. On the other 
hand, the quantity of n-butane depends on 
the square of the ethane pressure (Fig. 4). 
These results show that the formation rate 
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FIG. 2. Plots of the amount of ethane formed against FIG. 4. Plots of the amount of n-butane formed 
p 2 I t  4 . against P~H4" 

of  ethylene depends on the first order but 
that o f  butane depends on the second order 
o f  the ethane pressure. 

3. Propane. In the case  o f  the propane 
oxidation,  the formation rates of  e thylene  
and propylene depend on the first order o f  
the propane pressure,  as can be seen in Fig. 
5. H o w e v e r ,  the formation rates of  C6-al- 
kanes  and C4-alkanes depend on the second 
order o f  the pressure o f  propane (Fig. 6). 

Temperature Effects 
Temperature effects on the convers ion  

and the amounts  of  products from methane,  

ethane,  and propane are shown in Figs. 7, 
8, and 9, respectively.  The logarithm of  the 
amounts  of  starting alkanes reacted (Re) 
and the logarithm of  the amounts  o f  each 
product (Rf) are plotted against the inverse 
o f  temperature in Figs. 7, 8, and 9. 

Comparison o f  the apparent activation 
energies (E,) shown in Figs. 7, 8, and 9 indi- 
cates that (1) the activation energies for the 
convers ion  o f  alkanes are in the order CH4 
> C2H6 ~ C3H8, and (2) the activation ener- 
gies for the formations of  coupling products 
are in the order C2H6 (from CH4) > C4HIo 
(from C2H6) ~ C6HIa (from C3H8). It must  

5 

0 
E 4 

O 

'-- 3 
"x 

01 
-~ 2 
0 
3 "U 
o 1 
L 

0.. 

o 
0 

f o 

o J.~°~ 
i 

5 10 15 20 

P ressuPe  o£ C2H 6 / NPo 

FIG. 3. Effect of ethane pressure on the amounts of 
n-butane (©), and ethylene (@) formed at 648 K over 
Na2Oz (0.5 g). 
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butanes (O) formed against P~3Hs. 

be noted that the activation energy of  the 
coupling reaction for each alkane is consid- 
erably larger than that of conversion of the 
corresponding alkane. In the case of  reac- 
tion of C2H6 with Na202,  the activation en- 
ergy in the formation of C2H4 is the small- 
est, as can be seen in Fig. 8. These results 
will later be discussed on the basis of the 
proposed mechanism. 

Effect of Gaseous Oxygen 
All the experiments described above 

have been carried out in the absence of gas- 
eous oxygen to determine the direct reac- 
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tion of CH4 with the 022- anions in the solid. 
Under the usual catalytic oxidative cou- 
pling of  methane, the experiments are car- 
ried out with cofeeding CH4 and 02.  Thus,  
it is interesting to examine the effect of  gas- 
eous oxygen on the reactions described ear- 
lier. The experiments were carried out un- 
der a constant pressure of alkanes (15 kPa, 
(17.3 +- 0.1) x 10 -6 mol in the pulse) with 
various partial pressures of  oxygen  added. 
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FIG. 9. Effects of  reaction temperature on the 
amounts of propane converted (O; Ea = 89 kJ mol -~) 
and of  hexanes  ((3; Ea = 137 kJ mol-:) ,  butanes (Ol; E~ 

- - 177 kJ mol -I) and ethylene formed (tD; Ea = 94 kJ 
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TABLE 2 

Partial Oxidation of CI'14 over Na2Oz in the Presence 
of Gaseous 02 

PoJkPa Conversion of CH4 C2H6 Selectivity 
(%) (%) 

0 12.6 10.9 
5 14.1 4.7 

10 13.3 1.8 
15 13.8 0.6 

Note. Weight of Na2Oz = 0.50 g, PcH4 = 15 kPa. 

The effects of gaseous oxygen on the 
conversion of CH4 and on the selectivity to 
C2H6 are shown in Table 2. The conversion 
of CH4 was not affected at all by gaseous 
oxygen within experimental error, but the 
selectivity to C2H6 was decreased apprecia- 
bly in the presence of gaseous oxygen. 

Similar results were observed in the case 
of oxidation of CzH6 as shown in Table 3. 
The conversion of C2H6 did not change in 
the presence and absence of gaseous oxy- 
gen. However,  the selectivities to C2H4 and 
C4HI0 decreased with increasing partial 
pressure of oxygen. 

DISCUSSION 

Activation of  Alkanes by Na202 

In general, oxidative coupling of methane 
occurs at a temperature higher than -873K 
(9, 13). The partial oxidations of ethane and 
propane by oxygen do not require such high 
temperatures, but the main reactions are 
oxidative dehydrogenation of the alkanes 
giving ethylene and propylene, respectively 
(14). Recently, we have demonstrated the 
direct formations of C2- and C3-oxygenates 
from ethane (15) and propane (16), respec- 
tively, but there were no coupling products 
at all. As far as we know, no one has ever 
reported oxidative dimerization of ethane 
and propane. 

As described in this work, although the 
reactions were not catalytic, methane, eth- 
ane, and propane were partially oxidized by 
Na2Oz giving ethane, butane, and hexane, 
respectively, as the main reaction products 

at temperatures <650 K. The results in 
Figs. 2, 4, and 6 show that the formation 
rate of each coupling product depends on 
the square of the partial pressure of the cor- 
responding starting alkane. These observa- 
tions can be explained by assuming the 
following activation of alkanes and subse- 
quent coupling of the produced alkyl 
groups on the surface: 

CH3 H ! 

CH4 + Na202 k4 ~) Na O Na (4) 

C2H5 H 
I f 

C2H6 + Na202 - k~ > N a  O O Na  (5) 

C3H7 H 

I 
| 

C3H8 + Na202 k6 ~) Na O Na (6) 

CH3 
1 

2 Na () k7 > Na202 + C2H6 (7) 

C2H5 
I k8 

2 Na O - NazOz + C4H10 (8) 

C3H7 

I k9 
2 Na O -- > Na202 + C6H14 (9) 

H 

2 0  Na _A~ Na20 + H20. (10) 

Further oxidation of the adsorbed alkyl 
groups by Na202 gives deep oxidation prod- 

TABLE 3 

Partial Oxidation of C2H6 over Na202 in the Presence 
of Gaseous Oz 

PoJkPa Conversion of C2H6 (%) Selectivity 
(%) 

C2H4 C4H1o 

0 13.2 14,5 12.1 
5 12.8 10,7 8.4 

10 12.9 8.3 5.2 
15 13.6 6,2 2.3 

Note. Weight of Na20 z = 0.50 g, Pc2H6 = 15 kPa. 
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ucts, CO and CO2. For example, in the case 
of deep oxidation of methane, the deep oxi- 
dation may be written as 

CH3 

Na O + Na202 > 

CO, CO2, H20. (11) 

Steady-state approximation for the con- 
centration of the surface methyl groups, for 
example, can be expressed as 

d[CH3-] 
dt - k4Pcu4[Na202] - k7[CH3-] 2 

- ku[CHa-][Na202] = 0. (12) 

Since the selectivity to the coupling reac- 
tion was less than 11% under the conditions 
of this work, the concentration of methyl 
groups can be written as 

k4 
[CH3-] - ~ Pcn,- (13) 

Thus, the formation rate of ethane from 
methane can be written as 

Rf(C2H6) = kT[CH3-] 2 
2 

= k7 \~u/  p2cr~,. (14) 

This second-order dependence of the for- 
mation rate of ethane on the pressure of 
methane explains well the observation in 
Fig. 4. The conversion rate of methane, 
Rc(CH4), is simply expressed by 

Rc(CH4) = k4Pcn4[Na202]. (15) 

The larger activation energy observed for 
the conversion of CH4 than that for the for- 
mation of C2H6 in Fig. 7 can be explained 
by the rate equations 14 and 15 as follows: 
assuming that the initiation step (Eq. 4) and 
the coupling of methyl groups on the sur- 
face (Eq. 7) have higher activation energies 
than that of deep oxidation (Eq. 11), the 
apparent activation energy in the formation 
of  C2H6 (=  E4 + (E4 - Ell) + (E7 - Ell)) 
should be greater than the activation energy 
for the conversion of methane (= E4). 

In the case of reaction of ethane, the 

ethyl groups formed in Eq. 5 can couple 
forming n-butane in Eq. 8 or release hydro- 
gen producing ethylene as follows: 

C2H5 

Na O k,6> NaOH + C2H4. (16) 

However, the total selectivities to those 
products were less than 30%. The fate of 
surface ethyl groups is mostly to be oxi- 
dized deeply into CO and CO2: 

C2H5 
I +Na~O2 N a  O + Na202 k ,7> . > 

CO, CO2, H20. (17) 

Thus, a treatment for the steady-state con- 
centration of the ethyl groups similar to that 
for the methyl groups described above 
shows that the formation rates of ethylene, 
Rf(C2H4), and of butane, Rf(C4H10), can be 
expressed as 

k--L PC2H6 (18) Rf(CzH4) = kl6 k17 

( k5~2 2 (19) 
Rf(C4HI0) = ks \k--~7/ PC2H6" 

These rate equations explain the first- and 
second-order dependences of the formation 
rates of ethylene and butane, respectively, 
on the partial pressure of ethane as shown 
in Figs. 3 and 4. The absolute formation 
rate of ethylene was much greater than that 
of butane (Figs. 3 and 8). The apparent acti- 
vation energy for the former was about half 
that of the latter reaction (Fig. 8). These 
observations suggest that the release of hy- 
drogen from ethyl groups (Eq. 16) is easier 
than coupling reaction (Eq. 8) under the re- 
action conditions applied in this work. 

In the case of partial oxidation of pro- 
pane, we can expect the formations of both 
normal- and isopropyl intermediates by the 
oxidative dehydrogenation of propane in 
Eq. 6. Coupling of these propyl groups pro- 
duces n-hexane, 2-methyl pentane, and 2,3- 
dimethyl butane. Since we cannot estimate 
the relative formation rates of the different 



OXIDATIVE COUPLING OF LIGHT ALKANES WITH NazOz 129 

propyl groups at the moment, the results in 
Figs. 5, 6, and 9 can be explained only qual- 
itatively as follows: The second-order de- 
pendence of the total formation rate of 
C6-alkanes on the pressure of propane ob- 
served in Fig. 6 can be explained in terms of 
the similar discussion described earlier for 
the coupling products from methane and 
ethane providing that the rates of coupling 
reactions between each propyl intermediate 
(n-propyl + n-propyl, n-propyl + isopro- 
pyl, and isopropyl + isopropyl) are similar. 
Unimolecular decomposition of the propyl 
groups produces ethylene or propylene, 

C3H7 ----> C2H4 + CH3 (20) 
[ [ 

~3H7 ---~ C3H6 --~- H, (21) 

explaining the first-order dependence of 
their formation rates on the pressure of pro- 
pane (Fig. 5). The apparent second-order 
dependence of the formation rate of bu- 
tanes (n- + isobutanes) demonstrated in 
Fig. 6 may be ascribed to the coupling of 
propyl groups with methyl groups formed 
in Eq. 20. The speculations described 
above must be verified by detailed studies 
in the future. 

The activation energies for the conver- 
sions of the three alkanes (Eqs. 4, 5, and 6) 
were in the order of CH4 (127) > C2H6 (83) 

C3H8 (89 kJ tool-l). These observations 
show that the activation of CH4 is difficult 
compared to those of C2H6 or C3H8. The 
large difference in the activation energies 
between CH4 and C2H6 (or C3H8) cannot 
simply be ascribed to the difference in the 
dissociation energies of C - H  bonds for CH4 
and C2H6 (or C3H8). For C2H6 and C3H8, a 
collision of the molecules whose C-C or C-  
C -C  configuration is parallel to the surface 
might reduce the potential energy barrier 
for their C - H  bond cleavage compared to 
the rigid collision of CH4. Another possible 
explanation is that the stabilities of the alk- 
oxy intermediates are different between 
CH3-O and C2H5-O (or C3H7-O). CH3-O 
is much less stable than C2H5-O and C3H7- 

O because of localization of charge density 
on CH3 groups. 

Effect of Gaseous Oxygen 

The results in Tables 2 and 3 showed that 
the presence of gaseous oxygen decreased 
the selectivities to the coupling products 
from methane and ethane and to the dehy- 
drogenation product (C2H4) from ethane. 
However, the rates of conversion of al- 
kanes were not affected by gaseous oxy- 
gen. These observations suggest that the 
activation of methane is caused only by 
peroxide anions, but further reactions of 
the formed surface alkyl groups are af- 
fected strongly by gaseous oxygen. The al- 
kyl groups would react with the adsorbed 
oxygen or directly with gaseous oxygen 
(Rideal type), promoting deep oxidation 
into CO and CO2. This idea may explain the 
general observation that the oxidative cou- 
pling of light alkanes cannot be observed at 
low temperatures (<873 K) in the presence 
of gaseous oxygen (alkane and oxygen co- 
feed conditions). 

Although there are many active catalysts 
for the C - H  cleavage of the alkanes at low 
temperatures, such as transition metals or 
their oxides, the subsequent reaction of the 
formed alkyl groups on the surface goes ex- 
clusively to deep oxidation in the presence 
of gaseous oxygen and never produces cou- 
pling products. We would suggest that the 
one way to avoid deep oxidation of the al- 
kyl intermediates is to desorb them into the 
gas phase before being oxidized to CO and 
COz on the surface. The desorption of the 
alkyl intermediates, however, must have a 
high activation energy, thus requiring high 
temperatures to obtain coupling products 
with high selectivity. In the case of oxida- 
tive coupling of methane, it appears that 
many catalysts generate gas-phase methyl 
radicals which undergo subsequent cou- 
pling, forming ethane (17). In fact, most of 
the catalysts selective to the oxidative cou- 
pling of methane required temperatures 
higher than 973 K (5, 9, 13). 

If the deep oxidation of alkyl groups is 
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caused by adsorbed oxygen (L-H mecha- 
nism), the desorption of oxygen with in- 
creasing temperature may diminish the 
deep oxidation. In such cases, we can ex- 
pect the selective coupling of the alkyl 
groups on the surface. This hypothesis may 
be an alternative explanation for the obser- 
vations that the selective synthesis of cou- 
pling products is possible only at high tem- 
peratures (>973 K). 
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