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A2BO4 type oxides consisting of an alkali earth metal and tin showed high selectivity (> 99%) and activity for the oxidative cou-
pling of methane at 1023 K in a methane^water redox system where active oxygen species were regenerated by water. The products
were C2 hydrocarbons and hydrogen. Repeated reaction^oxidation cycles showed that the oxide is stable under both oxidative and
reductive atmosphere. Doping of Bi to the oxidewas found to enhance the activity for the oxidative coupling ofmethane.
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1. Introduction

Natural gas has potential as a source of fossil energy
and as a huge reservoir of carbon. The oxidative cou-
pling of methane (OCM) to higher hydrocarbons is one
of the attractive processes to utilize natural gas as chem-
ical resource [1^5]. A serious problem of this reaction is
the non-selective oxidation of methyl radicals by oxygen
molecules to produce COx. To avoid this side reaction,
CO2 was used as an alternative oxidant [6].

Another approach to reduce the side reaction is to
use water as additive or as alternative oxidant. In some
cases the activity and/or selectivity for C2 hydrocarbons
were promoted by water in both catalytic and non-cat-
alytic processes [7^9]. For example, water stabilizes the
surface active site on Ca^Ni^K oxide to show high activ-
ity at extremely low temperature [8]. Recently, Li et al.
have proposed the utilization of water as the main oxi-
dant under co-feeding of methane and water with per-
ovskite oxide to avoid non-selective oxidation by oxygen
[10].

From an industrial point of view, the methane^water
co-feed reaction has some advantages over the conven-
tional OCM reaction. In the conventional OCM reac-
tion, hydrogen of the methane is usually removed as
water because usually air/oxygen is supplied as oxi-
dant:

2CH4 �O2 ! C2H6 � 2H2O �1�
In the methane^water reaction, on the other hand,
hydrogen molecules are produced instead of water
because the stoichiometric reactions of methane and
oxide surface for ethane formation are

2CH4 � 1
�
MO! C2H6 � 1

�
MO

1ÿ�
�H2O �2�

1
�
MO1ÿ� �H2O! 1

�
MO�H2 �3�

and so, the overall reaction is

2CH4 ! C2H6 �H2 �4�
where MO is the original oxide surface and MO1ÿ� is
the partially reduced oxide surface.Water can be applied
in the OCM reaction as oxidant both to reduce side reac-
tions and to produce hydrogen.

The problems of this methane^water co-feed reaction
are that overall reaction (4) is not thermodynamically
favored at high temperature and steam reforming of
CH4 occurs as follows [10]:

CH4 � 2H2O! CO2 � 4H2 �5�

CH4 �H2O! CO� 3H2 �6�
In the present study the methane^water reaction was

carried out in redox manner to shift the equilibrium of
reaction (4) and to avoid the steam reforming reactions
(5) and (6). From thermodynamical considerations,
when the oxide is in low oxidation state, only few oxides,
such as those of Ce, V, Ti, Fe and Sn, are available to
reduce water as MO1ÿ� in reaction (3). Among SnO2,
CeO2, and V2O5 supported on 
-alumina (10 wt% as
metal), only SnO2/Al2O3 showed C2 formation activity
in reaction (2), as shown later. Therefore, we focused our
attention on tin oxides. About the catalysis of tin oxide it
is known that the activity of SnO2 for OCM reaction in
redox manner is low [1] and that SnO2 shows a promoter
effect when supported on MgO [11^13]. Recently, pyro-
chlore structure [14,15] or K2NiF4 structure [16] oxides
containing Sn have been reported as effective catalysts
for the conventional OCM reaction. In the present work
the activities of mixed oxides consisting of SnO2 and an
alkali earth metal oxide were tested by cycling redox
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mode in which methane and water were passed alter-
nately over the oxide.

2. Experimental

Bulk oxides were prepared by a co-decomposition
method in the following manner. After drying-up of the
aqueous solution of acetates and/or nitrates of metals,
the mixture was decomposed in air at 1223 K for 8 h to
produce a mixed oxide. The oxides are denoted as
[ABO3] or A2BO4 according to the charged ratio of A to
B, while the oxide [ABO3] was found to be a mixture of
SnO2, perovskite (ABO3) and K2NiF4/spinel type oxide
(A2BO4) by XRD observation, as described later in
detail. Specific surface areas were measured by nitrogen
adsorption according to the BET method. The activities
of the oxides were evaluated by periodic reaction in a
flow-type fixed-bed reactor made of quartz. For the
methane coupling reaction pure methane (99.99%,
37 ml/min) was introduced at 1023 K first from 90 s to
30 min, and then, after Ar purging, argon saturated with
water vapor at r.t. was supplied to reoxidize the partially
reduced oxide for 1.5 h. Methane and Ar were purified
by passing overMnO/SiO2 and molecular sieve 5A. The
oxide granules (0.2 g) were placed in the annular space
between the inner and outer tube with quartz granules
(0.3 g) as diluent. Reaction temperature was monitored
by a thermocouple placed inside the inner quartz tube.
The products were analyzed by gas chromatographs. At
methane conversion reaction, products were C2 (C2H6
and C2H4), COx (CO and CO2), and H2. During reoxi-
dation by steam, H2 and a small amount of COx were
observed, the latter should originate from carbon
deposition duringmethane reaction.

3. Results and discussion

Figure 1 shows the typical activity change in

methane^water redox cycles. As a transient response to
the methane feed in the first cycle, [SrSnO3] shows a high
selectivity to C2 hydrocarbons while hydrogen is
observed as a response to the water/Ar feed. The activity
and selectivity for methane conversion are reproduced
after the feeding of water, as shown in the second cycle.
It suggests that regeneration of the oxide by reaction (3)
proceeds.

The maximum activities of the oxides supported on

-alumina (10wt% asmetal) are compared in figure 2 for
each cycle. Among SnO2, CeO2, and V2O5 supported on

-alumina, only SnO2/Al2O3 showed C2 formation
activity in reaction (2). In addition, the recovery of activ-
ity after reaction (3) was also observed. Figure 2 also
shows the activity of supported and unsupported SnO2.
Both high selectivity for C2 hydrocarbons and regenera-
tion of activity are observed when SnO2 was supported
onMgO.

For higher C2 selectivity and stable regeneration, we
intended to synthesize mixed oxides of perovskite phase
from alkali earth metal oxides and SnO2. Surface area of
[MgSnO3], [CaSnO3], [SrSnO3] and [BaSnO3] is 6.2, 7.3,
2.5 and 2.4 m2/g, respectively. The maximum activities

Figure 1. Transient response in cyclic activity test at 1023Konmixed oxides of strontium and tin using [SrSnO3].

Figure 2.Methane conversion activity at 1023Kon supported oxides.

K.Omata et al. /Methane^water redox reaction onA2SnO4 oxide toC2
246



of the mixed oxides in each cycle are compared in
figure 3. Every oxide shows C2 formation activity and
the activity is almost recovered by feeding water/Ar.
Among the [ABO3] oxides, the activity, selectivity and
activity-recovery of [SrSnO3] aremost remarkable.

The bulk phases of these oxides were characterized
by XRD (figure 4). The presence of ABO3 (perovskite
oxide), A2BO4 (K2NiF4 or spinel type oxide) and SnO2

was observed. Therefore, the activities in figure 3 are ori-
ginated from every phase. The relative peak heights of
these peaks are shown in figure 5 to clarify the relation-
ship between the oxide phase and its activity. A relation
between the intensity of SnO2 andCOx formation is sug-
gested. The result suggests that SnO2 is active for COx
formation [11] but it is not clear if the A2BO4 and ABO3
phases are active for C2 formation or if the amorphous
phase, which is not observed in diffractograms of mixed
oxides, is active. To identify the activity of Sr2SnO4
phase, single Sr2SnO4 phase oxide was successfully pre-
pared by calcination of its precursor at 1223 K. Single
phase of ABO3 was not obtained at that calcination tem-
perature. The surface area of Sr2SnO4 was 3.8m3/g. The
activity per unit surface area is also shown in figure 3.
The C2 activity of Sr2SnO4, almost the same as that of
[SrSnO3], suggests that the C2 activity of [ABO3] in
figure 3 depends onABO3 orA2BO4 oxide phase.

Figure 3. Methane conversion activity at 1023 K on mixed oxides of
alkali earthmetal and tin.

Figure 4. XRDpattern ofmixed oxides of alkali earthmetal and tin.

Figure 5. Peak intensities on the diffractograms of mixed oxides of
alkali earthmetal and tin.

Figure 6. Effect of doping in Sr2SnO4.
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The effect of dopant on the catalytic activity of
A2BO4 is shown in figure 6. Doping to B site Sn4� cation
is clearly effective while doping to A site cation results in
almost the same activity. Ni2�, Bi3�, Mn4� and Fe3�

enhanced the activity in the first cycle. Among them,
however, only Bi3� showed repeated activity-maxima.
The effect of the amount of Bi doping is shown in
figure 7. Activity-recovery after reoxidation by water is
remarkable on Sr2Sn0:95Bi0:05O4 while the recovery on
Sr2Sn0:9Bi0:1O4 and Sr2Sn0:8Bi0:2O4 is not so clear.

Sr2SnO4 has been reported to be active for the con-
ventional co-feed OCM reaction [16]. The active oxygen
species is O2ÿ

2 , which was observed by XPS. The
mechanism of O2ÿ

2 formation is decomposition of sur-
face carbonate by vapor phase oxygen. A similar phe-
nomenon was reported in the case of BaPbO3 and
BaBiO3 [18,19] where barium peroxide is formed from
barium carbonate. It is probable that O2ÿ

2 is generally
formed during OCM reaction (co-feed) at the surface of
mixed oxides containing such alkali earth metal element
as Ba and Sr. In the case of redox OCM reaction, how-
ever, vapor phase oxygen is lacking to decompose sur-
face carbonate and so, the active surface center is not
clear yet. Effect of Bi doping might be discussed in terms
of p-type semiconductivity. When the B site cation of
A2BO4, Sn4�, is replaced by Bi3� oxygen, a vacancy and
hole are formed to attain electroneutrality. The gener-
ated hole promotes the formation of electron deficient
oxygen species, such as Oÿ, O2ÿ

2 and Oÿ2 , from lattice
oxygen [20]. The result given in figure 7 could be
explained by an increasing amount of such oxygen spe-
cies. Further investigations about the characteristics of
the Sr2SnO4 structure and the oxygen species which is
generated by water are in progress.
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Figure 7. Effect of Bi doping in Sr2SnO4.
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