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Membrane Reactor for Oxidative Coupling of CH, with an Oxide

lon—-Electron Hole Mixed Conductor

Takashi Hibino,* Teruyuki Sato, Ken-ichi Ushiki and Yoshitaka Kuwahara
Material Structure Designing Laboratory, Structure Formation Process Department, National
Industrial Research Institute of Nagoya, 1-1, Hirate-cho, Kita-ku, Nagoya 462, Japan

A membrane reactor for the oxidative coupling of CH, has been constructed with an oxide ion—electron hole
mixed conductor, BaCe, gGd, ,05_,. 10% CH, diluted with Ar and an O,—Ar mixture at a given ratio were fed
into opposite sides of the membrane at 1173 K. The formation rate of C,—hydrocarbons (ethane and especially
ethene) in the CH, compartment increased with P, in the O,~Ar compartment. This enhancement was due to
electrochemical oxygen permeation, causing the conductor to short-circuit itself, resulting from the mixed con-
duction. For comparison, 10% CH, and a small amount of O, were co-fed into one side of the membrane. The
membrane operation gave a G, selectivity two times that of the co-feed operation for all CH, conversions. From
a catalytic study using BaCe, _,Gd,O;_, powders as catalyst, it was found that increasing both the oxide-ion and
electron-hole conductivities enhanced the formation of C, hydrocarbons, but reduced that of CO,. On the basis
of these results, a mechanism for the oxidative coupling of CH, of the mixed-conductor membrane was pro-

posed.

The oxidative coupling of CH, is of interest, because it con-
stitutes a one-step process from CH, to C, hydrocarbons:

2CH, + 120, - C,H, + H,0 (1)
2CH, + O, - C,H, + 2H,0 Q)

Typical catalysts for this reaction are combinations of basic
oxides and refractory oxides, e.g. Li/MgO,! Sr/La,0;,>
Ba/La,0,.3 There is general agreement that adsorbed and
non-fully reduced oxygen species (e.g. O, O, or O,27) are
active sites for the formation of C, hydrocarbons.*~® This
reaction has also been studied using pure oxide ionic conduc-
tors, such as CSZ and YSZ as solid-oxide membranes.'®~*4
One side is exposed to CH, and serves as the catalysis elec-
trode (anode), while O, is present on the other side, which
serves as the counter-electrode (cathode). By applying a dc
voltage between the two electrodes, C, hydrocarbons are
formed via the oxidation of CH, by oxygen species trans-
ferred through the membrane. This offers a few advantages.
The undesirable gas-phase combustion of CH, by gaseous
O, can be depressed, because oxygen first reaches the catalyst
through the membrane. Also, the flux of O®~ through the
membrane can give rise to the partially reduced oxygen
species more easily than gaseous O,.

Oxide ion—electron mixed conductors, in contrast to pure
oxide ionic conductors, allow the transfer of O~ through the
membrane even at open circuit under the gradient of an
oxygen chemical potential, because the O?~ flux is counter-
balanced by an equivalent electron flux in the opposite direc-
tion (i.e. by a self-discharge of the conductor).!® If such a
mixed conductor is used as the solid-oxide membrane, there
arise additional advantages. The external electric source, the
electrode material, the current connector and output terminal
are eliminated from the reactor, leading to a reduction in the
cost required to design the reactor or to operate it. Moreover,
some of the mixed conductors themselves have been found to
be good catalysts for the oxidative coupling of CH,.'® Using
such a mixed conductor, the formation of C, hydrocarbons
can be promoted without special catalysts.

In order to exploit the mixed conductor to full advantage,
it is necessary to optimize the O?~ flux through the mem-
brane. Although it is generally agreed that both the oxide
ionic and electronic conductivities in the mixed conductor

need to be as high as possible, it is not yet known whether n-
or p-type electron conduction should be employed. Hazbun'’
has proposed a membrane reactor for the oxidative coupling
of CH, using the mixed conductor YSZ-TiO,, where n-type
electrons serve as the current carrier. However, it would be
expected that the supply of O, to one side of the membrane
would favour p-type electron conduction (electron holes),
because the concentration of electron holes in the mixed con-
ductor increases with P,,'"* in the atmosphere.’® Also, it is
known that selective catalysts show p-type electronic conduc-
tion.'®

Recently, Bonanos et al. have reported that the electric
conduction of BaCeO, oxide is dramatically changed upon
partial substitution of Gd3* for Ce** in the oxide.'®!° The
dopant cations, Gd3*, are compensated by oxide-ion
vacancies and electron holes, and mixed conduction thus
appears in the oxide. The total conductivity reaches 10 mS
cm ™! at 873 K, which is higher than that of YSZ at the same
temperature. The object of this study is to test the Gd3*-
doped BaCeO; (BaCe, _,Gd,O;_,) oxide as a solid-oxide
membrane for the oxidative coupling of CH,. A mechanism
for the enhanced formation of C, hydrocarbons will be dis-
cussed.

Experimental

The BaCe,_,Gd,0,_,(0 < x <£0.3) powders and their sin-
tered compacts were prepared as follows. The desired
amounts of starting materials [Ba(MeCO,),, CeO, and
Gd,0,] were mixed with ethanol and calcined at 1623 K for
10 b in air. The BaCe, _,Gd,O;_, powders were obtained by
grinding the calcined oxide in a ball mill at a rotation rate of
112 rpm for 1 h. The crystalline structure and surface area of
the powders were examined by XRD analysis and the BET
method, respectively. In the latter, Kr gas was used as an
adsorbate at 77 K. The sintered BaCe, _,Gd, O, _, compact
was obtained by pressing the powders into a pellet at 2 x 10°
kg cm™2. The pellet was sintered at 1923 K for 10 h in air.
The density of the sintered compact was >95% of its theo-
retical value and its total conductivity was measured at 1173
K by a complex impedence method. Two porous Pt films
were used as electrode materials. The measurements were
carried out in a gas flow at various Py, .
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Fig. 1 Schematic illustration of a membrane reactor for oxidative
coupling of CH,

The sintered compact was cut into a disk (diameter 12 mm
and thickness 0.35 mm). Two gas compartments were con-
structed by interposing the disk between two alumina tubes,
as shown in Fig. 1. Each compartment was sealed by melting
a glass ring round the joins at 1173 K. 10% CH, diluted with
Ar was fed into one compartment at 1173 K, and an O,-Ar
mixture at a given ratio was fed into the other compartment
at the same temperature. In the CH, compartment, the flow
rate of the inlet gas was 20 m! min~*!, and the composition of
the outlet gas was analysed by gas chromatography with
Porapack Q and molecular sieve 5A column packings. In the
O,-Ar compartment, Py, of the outlet gas was monitored
using a YSZ oxygen sensor (sample gas, Pt | YSZ| Pt, air),
which was heated at 1173 K.

In order to compare the effects of the oxygen species trans-
ferred through the membrane with those of gaseous O,, 10%
CH, and a small amount of O, were co-fed into one com-
partment at 1173 K. Then, an H,-Ar mixture with Py, = 4
x 10~ !% atm was fed into the other compartment in order to
block the O2~ flux through the membrane. The reaction con-
ditions were the same as described above.

The catalytic activities and selectivities for the oxidative
coupling of CH, were studied for the BaCe,_,Gd,O;_,
powders with a conventional gas-flow system. The reaction
conditions were as follows: 0.1 g catalyst; 1173 K; reactant,
8.3% CH,~1.7% O, mixture in Ar; flow rate, 24 ml min~!.

Results and Discussion

Fig. 2 shows the total conductivities of the sintered compacts
of BaCe, . ,Gd, O,_, with 0 < x < 0.3 at 1173 K as a func-
tion of P, in the gas flow. The conductivities of
BaCe,_,Gd, O;_, showed a maximum at x =0.2. From
X-ray spectroscopy of the BaCe, _ .Gd, O, _, powders, it was
found that BaCe, .Gd,0O,_, with x < 0.2 consisted of a
single phase of orthorhombic perovskite-type structure, but
with x = 0.3 a small amount of Gd,0, as a secondary phase
was present. Therefore, these two results indicate that the
substitutable limit for Gd** is x = 0.2. The conductivity of
the non-doped BaCeO, was roughly proportional to P, ~ /¢
over the entire Py, range. According to the general theory of
defect equilibria in semiconductors, this means that BaCeO,
has an n-type electron conduction over all Py, . On the other
hand, the conductivities of the Gd**-doped BaCeO, samples
were roughly proportional to Py, '/* at high Pg,, but inde-
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Fig. 2 Total conductivity of a sintered compact of
BaCe, _,Gd,O;_, at 1173 K in a gas stream with various P,

pendent of Py, at low Pg,. The defect equilibria in the oxide
ion—electron hole mixed conductors are as follows:!3

Oy + 20" > 1/20, + V" )
K, =[V5"1P,,"*p"? )

where Oy, h" and ¥,,” denote the oxide ions on the normal
lattice sites in the conductor, the electron holes and the
oxide-ion vacancies, respectively. K, and p are the equi-
librium constant at a given temperature and the electron
holes concentration, respectively. If [V,,""] is large and essen-
tially constant, then eqn. (I) reduces to

p=KP,,'"* 8y

where K is a constant. Therefore, the conductivities of the
oxide ion-electron hole mixed conductors should be pro-
portional to Py,"/*. The agreement between the theoretical
and observed P,, dependences means that the
BaCe, _,Gd,O,_, samples exhibit oxide ion—electron hole
mixed conduction. Unless stated otherwise,
BaCe, ¢Gd, ,05_,, which showed the highest conductivity
among the BaCe, _,Gd O, _, samples, was used as the solid-
oxide membrane in the subsequent experiments.

Typical results for the oxidative coupling of CH, by
feeding CH, and an O,—Ar mixture into opposite sides of the
membrane are shown in Fig. 3. C,H,, C,;Hq, H,, CO and
CO, were formed in the CH, compartment. The formation
rate of the products in the CH, compartment depended
strongly on the Py, in the O,~Ar mixture compartment: all
formation rates, as well as the CH, conversion, increased
with P, . In order to understand this result better, the experi-
ment was repeated with Ar only in the CH, compartment;
the result is shown in Fig, 4. The permeation of O, from the
O,-Ar mixture compartment to the CH, compartment
through the membrane was observed even at P,, = 4 x 1073
atm in the O,—Ar mixture compartment, and the permeation
rate became progressively larger as Pg, in the O,~Ar mixture
compartment increased. From permeation tests on other
gases, it was found that mechanical leakage of gas through
the membrane was negligible. These results indicate that O,
is transferred from the O,-Ar mixture compartment to the
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Fig. 3 Effect of Py, in the O,-Ar mixture compartment on the for-
mation rate of products and conversion of CH, at 1173 K. O, C,H,;
0, C,Hg; A, CO; x, CO,; @, CH, conversion.

CH, compartment by a self-discharge phenomenon resulting
from the presence of mixed conduction in the membrane.
Furthermore, CH, fed into the CH, compartment reacts with
the oxygen species transferred through the membrane to form
C, hydrocarbons, CO and CO,.

Typical results for the oxidative coupling of CH, by co-
feeding CH, and a small amount of gaseous O, in the CH,
compartment are shown in Fig. 5. Compared with the result
shown in Fig. 3, the formation of CO, and CO was
enhanced, and that of C, hydrocarbons was reduced. The dif-
ference between these two operations is quantitatively rep-
resented in Fig. 6. The membrane operation exhibited a
higher selectivity to C, hydrocarbons than the co-feed oper-
ation for all CH, conversions, indicating that the oxygen
species passing through the membrane is more active for C,
formation than gaseous O,. Many research groups have
observed similar differences with pure oxide ionic conduc-
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Fig. 4 Effect of Py, in the O,~Ar mixture compartment on per-
meation rate of O, at 1173 K
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Fig. 5 Effect of P, in the CH,~O, co-feed gas on formation rate of
products and conversion of CH, at 1173 K. The symbols correspond
to those shown in Fig. 3.

tors.!%~'* The conclusion, i.e. that the oxygen species par-
tially reduced on the electrode surface could lead to
activation of CH,, appears to be consistent with studies
involving pure oxide ionic conductors. However, this conclu-
sion cannot be applied fully to this case, because there is no
electrode in this reactor. It is probable that an oxygen species
is present either on the BaCe, 3Gd, ,O5 -, surface or on the
lattice site in the oxide.

In order to ascertain whether BaCe, ¢Gd, ,05_, itself is a
good catalyst for the oxidative coupling of CH,, the catalytic
activity and selectivity of the BaCe,_,Gd,O,_, powders
were studied at 1173 K as a function of Gd** content. The
results are summarized in Fig. 7. H,, CO, C,;H, and C,Hg
and CO, were observed as products. The formation rates of
the products, especially C,H, and CO,, were strongly depen-
dent on the Gd3* content. At x < 0.2, the formation rate of
C,H, increased from 2.6 to 4.5 pmol min~*, and that of CO,
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Fig. 6 Difference in C,-selectivity between membrane and co-feed
operations. @, Membrane operation; O, co-feed operation.
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Fig. 7 Formation rates of products over BaCe,_,Gd O,_,
powders at 1173 K as a function of Gd** content

decreased from 9.3 to 6.9 pmol min~!. At x = 0.3, however,
the formation rate of C,H, decreased to 4.4 pmol min~ !, and
that of CO, increased to 7.3 pmol min~'. For CO and
C,H,, the formation rates increased slightly with Gd content.
As a result, the conversion of CH, increased from 21 to 36%,
and the selectivity to C, hydrocarbons increased from 21 to
35%. At all Gd** contents, the conversions of O, were
100%. The surface areas of the BaCe,_,Gd,O,_, powders
were 0.7-1.0 m? g~ ! (by BET) with a maximum at x = 0.3.
Consequently, the difference in catalytic activity among the
BaCe, _,Gd, O, _, powders is attributed not to differences in
surface area, but rather to those in conductivity. Based on the
self-discharge phenomenon occurring via mixed conduction
in BaCe,_,Gd,O,_, powders, the gaseous O, species are
freely able to pass into and out of the oxides (the exchange
rate is determined by both the oxide-ion and electron-hole
conductivities). Here, assuming that the oxidative coupling of
CH, is carried out by reacting CH, with the oxygen species
on the lattice site in the BaCe, _,Gd,O;_, oxides and that
the reduced BaCe,_,Gd,O,_, surfaces are reoxidized by
gaseous O,, the formation rate of C, hydrocarbons increases
with the conductivity of BaCe,_,Gd ,O;_,. A similar effect
has been reported using a number of metal oxides as cata-
lysts: for example, in the cases of Group 3-5 metal oxides,
the oxygen species incorporated into the oxide lattice is the
oxidant, rather than the gaseous O, outside the membrane;*
in the cases of metal oxides where the metals have two acces-
sible positive oxidation states, the oxygen reactant is the
oxide ion on the oxide lattice site rather than the gaseous
02 .20

From the above reasoning, the following mechanism has
been proposed for the solid-oxide membrane consisting of the
mixed conductor, BaCe, ¢Gd, ,05_,. The CH, fed into the
CH, compartment is oxidized by the oxygen species on the
BaCe, ¢Gd, ,0,_, surface lattice site to form C, hydrocar-
bons, while the gaseous O, fed into the O,—~Ar mixture com-
partment permeates to the CH, compartment through the
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bulk oxide to reoxidize the reduced BaCe,Gd, 05,
surface in the CH, compartment. Unfortunately, the non-
fully reduced oxide ions pointed out by many research
groups*~®) have not been identified in this study. However,
since the oxide-ion vacancies and electron holes, which are
thought to be required for the formation of non-fully reduced
oxide ions,'® are present in abundance in BaCe, Gd, ,0;_,,
one would expect such an oxide ion to be formed on
BaCe, ;Gd, ,O;_, surface lattice site. Further studies are
needed to clarify this point.

Conclusion

Oxidative coupling of CH, was carried out using the oxide
ion—electron hole mixed conductor BaCe, ;Gd, ,O;_, as the
solid-oxide membrane. Mixed conduction allowed the trans-
fer of oxygen through the membrane at open circuit when
CH, and O, were fed into opposite sides of the membrane.
The oxygen species transferred through the membrane were
more selective for the formation of C, hydrocarbons than
gaseous O,. The oxide ion on the lattice site of the
BaCe, ¢Gd, ,0;_, surface is considered to be such an active
oXygen species. '

Financial support from Professor Hiroyasu Iwahara of
Nagoya University, Japan, is gratefully acknowledged.

References

1 T.Ito and J. H. Lunsford, Nature (London), 1985, 721, 314.
2 J. M. DeBoy and R. F. Hicks, Ind. Eng. Chem. Res., 1988, 27,
1577.

3 J. M. DeBoy and R. F. Hicks, J. Chem. Soc., Chem. Commun.,

1988, 982.

G. E. Keller and M. M. Bhasin, J. Catal., 1982, 73, 9.

J. H. Lunsford, W. Martir and D. J. Driscoll, Prepr., Div. Petrol.

Chem., ACS, 1984, 29, 920.

6 K. Otsuka, K. Jinno and A. Morikawa, J. Catal., 1986, 100, 353.

7 M. Y. Sinev, V. N. Korchak and O. V. Krylov, Kinet. Katal.,
1987, 28, 1376.

8 J-L. Dubois, M. Bisiaux and C. J. Cameron, Chem. Lett., 1990,
967.

9 K. C. C. Kharas and J. H. Lunsford, Prepr., Div. Petrol. Chem.,
ACS, 1990, 35, 200.

10 K. Otsuka, S. Yokoyama and A. Morikawa, Chem. Lett., 1985,
319.

11 D. Eng and M. Stoukides, Proc. 9th Intl. Congress on Catalysis,
Chemical Institute of Canada, Ottawa, 1988, vol. 2, p. 974.

12 N. U. Pujare and A. F. Sammells, J. Electrochem. Soc., 1988,
135, 2544.

13 V. D. Belyaev, O. V. Bazhan, V. A. Sobyanin and V. N. Parmon,
in New Developments in Selective Oxidation, ed. C. Centi and F.
Trifiro, Elsevier, Amsterdam, 1990, p. 469.

14 H. Nagamoto, K. Hayashi and H. Inoue, J. Catal., 1990, 126,
671.

15 First International Symposium on Ionic and Mixed Conducting
Ceramics, ed. T. A. Ramanarayanan and H. L. Tuller, The Elec-
trochemical Society Proceedings Series, Pennington, NJ, 1991.

16 J-L. Dubois and C. J. Cameron, Appl. Catal., 1991, 67, 49.

17 E. A. Hazbun, US Pat., 4791079, 1988.

18 N. Bonanos, B. Ellis and M. N. Mahmood, Solid State Ionics,
1991, 44, 305.

19 N. Bonanos, Solid State Ionics, 1992, 53-56, 967.

20 J.S.Leeand S. T. Oyama, Catal. Rev.-Sci. Eng., 1988, 30, 249.

[V 90N

Paper 5/03710G; Received 9th June, 1995


http://dx.doi.org/10.1039/ft9959104419

