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a b s t r a c t

A triple-layer composite membrane with porous-dense-porous structure was proposed to develop a high
performance membrane reactor. The triple-layer composite membrane consists of a porous
Sr0.7Ba0.3Fe0.9Mo0.1O3�δ (SBFM) layer, a dense 0.5 wt% Nb2O5-doped SrCo0.8Fe0.2O3�δ (SCFNb) layer
and a porous La0.8Sr0.2MnO3�δ–yttria stabilized zirconia (LSM/YSZ) layer. The porous layers can
effectively reduce the corrosion of the reactive atmosphere to the membrane, while the dense layer
permeated oxygen effectively. Compared with single layer dense SCFNb membrane reactor, the triple-
layer composite membrane reactor can be operated for more than 500 h. At the temperature of 900 1C,
the CO2 conversion can reach 20.58% with the CH4 conversion, CO selectivity and O2 flux being about
84%, 97% and 2.13 mL (STP) cm�2 min�1, respectively. The porous-dense-porous structure can success-
fully combine the high oxygen permeation and stability of the membrane reactor.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Global warming is one of the major global concerns resulting
from emissions of greenhouse gases. CO2 is the primary green-
house gas contributing to global warming [1]. To minimize this
undesirable climate change, many techniques have been proposed
to recover and sequestrate CO2 [2–5]. One alternative process
would be the thermal decomposition of CO2 (TDCD) to CO and
O2 ð2CO2-2COþO2; ΔH0

298 K ¼ 552 kJ=molÞ [6]. However, this
reaction which only takes place at high temperature is limited
by the thermodynamic equilibrium and hard to be realized in
conventional fixed-bed reactors. Up to date, a few researchers have
attempted to apply mixed ionic-electronic conducting membranes
(MIEC) membranes to solve these problems [7–10]. Such mem-
brane reactors can in situ remove oxygen from reaction zone and
promote the shift of chemical equilibrium, thereby enhancing the
conversion of CO2. In our previous work [9,11–13], we proposed to
couple the TDCD with the partial oxidation of methane (POM) to
syngas in the membrane reactor. In this process, not only CO2 is
decomposed to provide the oxygen source for POM reaction, but
also H2 and CO could be produced. To realize this process
successfully, the membrane reactors should possess suitable
oxygen permeability and sufficient stability.

The configuration of membrane is critical to the stability of a
membrane reactor [14–16]. A membrane reactor with a single
layer structure is more suitable for studying the reaction kinetics
and mechanisms. A great challenge is that a trade-off relationship
between permeability and stability does exist for such membrane
reactors with simplex material or structure. Therefore, it is
necessary to design a reactor with multilayers which may be
composed of the same or different materials based on the
application requirements. To data, the well established fabrication
techniques, such as co-sintering[17], spin-spray [18] and catalyst
loading [11,19], and various excellent materials provide a possibi-
lity to design required membrane structure aimed for different
applications. In our previous work [20], a dual-layer composite
membrane which consists of dense separation layer and porous
protective layer is successfully designed. The selectivity and
conversion were promoted to 94% and 99.34% as the increasing
triple phase boundary (TPB), while the stability under POM was
longer than 1500 h as the creation of nonzero oxygen partial
pressure region near the surface of the dense layer. This structure
was demonstrated that can effective improve the reaction and
stability.

CO2 decomposition was mainly studied in single layer mem-
brane rector. Nigara et al. [10] first reported use of a ZrO2–CaO
membrane reactor for TDCD at high temperature and observed
that the CO2 conversion reached at 21.5% at 1954 K (the corre-
sponding thermodynamic equilibrium conversion of 1.2%) by using
CO as sweep gas flowed on the permeate side. However, the net
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conversion in the whole system was not changed as much because
CO2 was simultaneously produced by the reaction between the
permeated O2 and CO on the permeate side. Itoh et al. [8] studied
the TDCD with a yittria-stabilized zirconia (YSZ) membrane
reactor system. The experiments were carried out in the tempera-
ture range of 1584–1782 K, and argon was used as sweep gas.
Since argon cannot supply enough low oxygen partial pressure in
the permeate side, the highest conversion of CO2 obtained was
about 0.6%. Zhang et al. [13] investigated the TDCD in a mixed
conducting oxide (Al2O3 of 3 wt% doped in SrCo0.8Fe0.2O3�δ)
membrane reactor and found that the conversion of CO2 was
12.4% at 1173 K when methane was used as a sweep gas in the
permeate side.

Herein, a porous-dense-porous triple-layer composite membrane
structure was proposed for TDCD. As shown in Fig. 1, 0.5 wt% Nb2O5-
doped SrCo0.8Fe0.2O3�δ (SCFNb) and Sr0.7Ba0.3Fe0.9Mo0.1O3�δ (SBFM),
recently developed by our group [21,22], are used as dense mem-
brane layer and porous layer at the POM side, respectively. SCFNb
exhibits excellent oxygen permeability, while SBFM shows high
reduction tolerance. La0.8Sr0.2MnO3�δ/yttria stabilized zirconia
(LSM/YSZ) [23,24], a dual phase electronic/ionic conducting mem-
brane material with good stability under CO2 atmosphere, is used as
porous layer at the TDCD side. The triple-layer composite membrane
is expected to play their respective functions and combine the
advantages of each layer and improve stability and conversion of CO2.

2. Experimental

2.1. Synthesis of powders

The SCF and Nb2O5-doped SrCo0.8Fe0.2O3�δ (SCFNb) oxide were
synthesized by the conventional solid-state reaction method as
reported by Zhang et al. [21]. Stoichiometric amount of SrCO3

(99.9%), Co2O3 (99.9%) and Fe2O3 (99.9%) were mixed and ball-
milled in ethanol for 24 h and then dried at 250 1C. The SCF oxide
was formed after a further calcination at 900 1C for 5 h in air. The
SCFNb oxides were prepared by ball-mill mixing a certain amount
of 0.5 wt% Nb2O5 with the SCF powders and calcined at 950 1C for
5 h in air.

The Sr0.7Ba0.3Fe0.9Mo0.1O3�δ (SBFM) and La0.8Sr0.2MnO3 (LSM)
powder was synthesized via an EDTA–CA complexing method as
described in Refs. [22,25]. A slurry of 8.41 wt% SBFM powers,
6.43 wt% glycerin, 18.91 wt% ethylene glycol, and 66.25 wt% iso-
propyl alcohol was used as spraying precursor. While the calcu-
lated amount of LSM and YSZ (TZ-8Y, Tosoh Corporation, Tokyo,
Japan) powders were mixed in a weight ratio of 6:4. And the

mixed powders were ground with glycerin, ethylene glycol, and
isopropyl alcohol to get the stable spraying fluid.

2.2. Preparation of novel triple-layer composite membrane

The SCFNb powders were uniaxially pressed at 400 MPa to
prepare the green disk membranes with the diameter of 16 mm.
The membranes were then sintered in a furnace at 1200 1C for 5 h
to form the dense bodies.

After polished to a thickness of 1.0 mm, one side of the dense
SCFNb membrane was coated with a SBFM porous layer by
spraying [18]. The coated sample was dried then heated at
1000 1C for 2 h with the heating and cooling rate of 2 1C/min.
The average particle size of SBFM was about 260 nm. The other
side was coated with a LSM/YSZ porous layer. The coated sample
was dried then heated at 900 1C for 2 h with heating and cooling
rate of 2 1C/min. Uniform coating layers could be deposited on
SCFNb surface, and the thicknesses of the porous layers were
about 20 mm.

2.3. Characterization

The crystal structures of the samples were characterized by
XRD (RigakuMiniflex 600) with Cu Kα radiation in air. The
experimental diffraction patterns were collected at room tempera-
ture by step scanning in the range of 201r2θr801 with an
increment of 0.021. The morphologies of sintered membranes
were examined by scanning electron microscopy (SEM) (Hitachi
S-4800, Japan). Oxygen temperature-programmed desorption (O2-
TPD) experiment was carried out on a conventional apparatus
equipped with a mass spectrometer (AMETEK, LCD-200) to inves-
tigate the carbon deposition of the catalyst.

2.4. Membrane reactor set-up

The membrane reactor module used in this work has been
described previously [11]. A disk membrane was mounted on a
quartz tube (6 mm ID, 12 mm OD) using a silver sealant. 0.1 g 20–
40 mesh Ni-based catalyst and Pd-based catalyst were loaded on
upper and lower side of the membrane, respectively. High purity
CH4 (99.999%) carried by Ar was introduced into the upper
chamber, while high purity CO2 (99.99%) carried by He was
introduced into the lower chamber. Two sides were maintained
at the atmospheric pressure. The gas flow rates were controlled by
mass flow controller (Model D07-7A/ZM). The effluent streams
were analyzed by two online gas chromatographs (Shimadzu,
model GC-8A, Japan) equipped with a 5 Å molecule sieve column
and a TDX-01 column. A 2 m, 5 Å molecular sieve columnwas used
to detect O2, CH4 and CO, and a 1 m TDX-01 column was used to
detect CO2, H2 and H2O. We also conducted the O2-TPD experi-
ment on the used catalyst after the long-term operation. We found
no carbon deposited on the catalyst in the reaction process. In this
work, CO2 and CO which were produced from the TDCD were in
the same chamber. Therefore, we could analysis the concentra-
tions of CO2 and CO by the carbon balance at the same time. The
conversion of CO2 can be calculated as follows:

XCO2 ¼
FCO2 ;inlet�FCO2 ;outlet

FCO2 ;inlet
ð1Þ

The oxygen permeation flux through the dense membranes
could be calculated by the mass balance of the components of CO,
H2, CH4, CO2, O2, and H2O in the effluents stream from the upper
chamber [9].

Fig. 1. Schematic diagram of a porous-dense-porous triple-layer composite
membrane.
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3. Results and discussion

3.1. Morphology of the fresh membrane

Fig. 2 shows the surface and cross morphologies of the SBFM–

SCFNb–LSM/YSZ triple-layer composite membrane. From the cross
section of the membrane (Fig. 2a), no peel-off is observed at the
interface between the dense layer and the porous layer. The SCFNb
layer is well densified with a thickness of 1 mm. As shown in
Fig. 2b and c, the thickness of the SBFM porous layer and the LSM/
YSZ porous layer were about 20 μm. Fig. 2d and e shows the
surface of the triple-layer composite membrane. The SBFM and
LSM/YSZ layers were porous due to the volatilization of organic
solution during the heating treatment.

3.2. Effect of operating conditions on the composite membrane
reactor

Generally, the operating conditions such as temperature, CH4

feed concentration and CO2 feed concentration will greatly affect
the oxygen permeation flux, CH4 conversion, CO selectivity and
CO2 conversion. The effects of these operating conditions on the
performance of SBFM–SCFNb–LSM/YSZ triple-layer composite
membrane reactor were investigated systematically.

3.2.1. Effect of temperature
The performance of the membrane reactor in the temperature

range of 750–900 1C was firstly investigated. Fig. 3a shows the
temperature dependence of the performance of SBFM–SCFNb–
LSM/YSZ membrane reactor. Each temperature was held for about
1 h and the corresponding date points were recorded at least three
times to ensure the reliability of the results. In general, tempera-
ture could significantly affect the performance of membrane
reaction. CH4 conversion, H2 production, O2 permeation flux and

CO2 conversion increase rapidly with temperature. The rate of the
oxygen permeates was essentially controlled by the rate of oxygen
diffusion across the membrane bulk and surface oxygen exchange
on either side of the membrane [26,27]. On one hand, the increase
of temperature can promote the oxygen permeation through the
membrane bulk according to Wagener's equation [28]. On another
hand, because of the presence of CO2 decomposition and the
partial oxidation of methane at either side of the membrane, the
oxygen partial pressure gradient increased or the rate of interfacial
oxygen change accelerated with temperature. As the temperature
changed from 750 1C to 900 1C, the CO2 conversion improved from
15.1% to 20.21% which was higher than the best CO2 conversion
reported in the literatures. Such an improvement in CO2 conserva-
tion may be caused by two reasons. One is that the SCFNb dense
layer with good oxygen permeability enhances the transport of the
oxygen from the CO2 side to CH4 side. The other is that the porous
layer improves the surface exchange rate of the membrane to
obtain high oxygen flux and CO2 conservation. At 900 1C, the CH4

conversion, the CO selectivity, the O2 flux and the CO2 conversion
are about 84.45%, 95.45%, 2.13 mL (STP) cm�2 min�1, and 20.21%,
respectively.

3.2.2. Effect of CH4 feed concentration
Fig. 3b shows the influence of the CH4 feed concentration on

the membrane reaction at temperature of 900 1C. The CH4 feed
concentration was changed from 5% to 12.5% in the upper
chamber, while CO2 feed concentration was kept constant in the
lower chamber. The CH4 conversion decreased with increasing the
CH4 feed concentration, while oxygen flux and CO2 conversion
increased with increasing of the CH4 feed concentration. CO
selectivity remained almost unchanged with accelerating the
CH4 feed concentration. The results suggest that the POM reaction
follows the combustion and reforming mechanism [19]. All the
permeated oxygen is used up by the complete combustion of

Fig. 2. The SEM of fresh SBFM–SCFNb–LSM/YSZ membrane: (a) cross section of triple-layer composite membrane, (b) cross section of porous SBFM, (c) cross section of
porous LSM/YSZ, (d) surface of porous SBFM, and (e) surface of porous LSM/YSZ.
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methane ðCH4þ2O2 ¼ CO2þ2H2OÞ. Subsequently, the residual
methane is reformed by steam ðCH4þH2O¼ COþ3H2Þ and carbon
dioxide ðCH4þCO2 ¼ 2COþ2H2Þ to form syngas. As known, the
oxygen permeation flux depends on the oxygen gradient across
the membrane [29,30], indicating that the permeated oxygen
reacts with methane, and the excessive methane is further
reformed by steam and carbon dioxide to form syngas. When
the methane feed increased, the increased methane reacted with
CO2 and H2O to form syngas, which would result in boosting the
CO selectivity. At the same time, the oxygen permeation flux

increased due to the decrease in partial oxygen pressure near the
surface of the membrane, which would lead to the increase in the
CO2 conversion.

3.2.3. Effect of CO2 feed concentration
Fig. 3c shows the influence of the CO2 feed concentration on

the membrane reaction at the temperature of 900 1C. The CO2 feed
concentration changed from 5% to 25% in the lower chamber,
while CH4 feed concentration kept constant in the upper chamber.
With increasing the CO2 feed concentration, the oxygen flux and
CH4 conversion showed a trend of first increase rapidly and then
increase slowly. The CO2 conversion decreases slightly. This
suggests higher CO2 concentration would benefit the thermal
decomposition process.

Although more oxygen could be produced from the CO2

decomposition with increasing the CO2 feed concentration in the
lower chamber, not all the produced oxygen could permeate
through the membrane to the upper chamber due to the oxygen
permeation capability of the membrane [31]. Thus the excess
oxygen could react with CO produced from the CO2 decomposition
to recreate the CO2 [9]. Therefore, the CO2 conversion decreased
with increasing the CO2 feed concentration. From the viewpoint of
kinetics, the production rate of oxygen from the CO2 decomposi-
tion, the oxygen permeation rate through the membrane, and the
consumption rate of the permeated oxygen should match each
other under a given operation condition.

3.3. Long-term stability of the membrane reactor

Generally, the criteria of stability was evaluated by the time
dependence of membrane performance [32,33]. In this work,
therefore, in order to study the influence of the porous layer on
membrane stability, we first investigated the performance of
SCFNb single-layer membrane reactor without any porous layer.

Fig. 4a shows the time dependence of the performance of
SCFNb membrane reactor at 900 1C. CO2 was fed into the lower
chamber of the membrane reactor while CH4 went into the upper
chamber. At the first 16 h, the CH4 conversion (90%) and CO
selectivity (99%) leveled off together with the CO2 conversion
(20%). The oxygen permeation flux was about 2.03 mL (STP)
cm�2 min�1. But after 16 h, the variables observed in Fig. 4
decreased slightly until the membrane broke at about 35 h. The
results of XRD analysis of the SCFNb membrane after the mem-
brane reaction are shown in Fig. 5a. The fresh membrane pre-
sented a perovskite structure, and the particles were closely
connected to each other with clear boundaries. However, most of
the characteristic peaks of the perovskite phase of the used
membrane collapsed after the experiment. From Fig. 5a, the
surface exposed to CO2 (feed side) of the used membrane contains
amount of SrCO3 and other unknown phases. It is due to that Sr2þ

is vulnerable to CO2 atmosphere. The surface to the permeate side
contained amount of unknown phases which may be assigned to
partial decomposition of the perovskite phase. For the fresh SCFNb
membrane, the ceramic grains with clear boundaries were visible
as shown in Fig. 6a. From Fig. 6b and c, we can see that the surface
of SCFNb membrane were destroyed and became porous and
loose. Material degradation can occur either by aggressive atmo-
sphere or by phase segregation under oxygen partial pressure
gradient [29,34–36]. Due to the existence of TDCD and POM
reaction, both sides of the membrane were exposed to the
aggressive gas (one side is CH4, the other side is CO2); in addition,
a large oxygen pressure gradient existed. After underwent for 20 h
in reactive atmosphere, a severe degradation of the SCFNb mate-
rial occurred and finally the membrane cracked.

Fig. 3. CO selectivity, CH4 conservation, oxygen flux and CO2 conservation as a
function of temperature (a), CH4 concentration (b) and CO2 concentration (c).
(CH4 side: Ar¼20 mL (STP) min�1; CO2 side: He¼20 mL (STP) min�1; tempera-
ture: 900 1C).
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The experiment of SCFNb membrane reactor demonstrates that
the dense SCFNb membrane was unstable during the experiment
of TDCD coupled with POM. Thus, a porous-dense-porous triple-
layer composite membrane was designed to improve the stability
of the membrane in the reactive atmosphere. CO2 was fed into the
lower chamber of the membrane reactor while CH4 was intro-
duced into the upper chamber. Fig. 4b shows the stability of the
SBFM–SCFNb–LSM/YSZ membrane reactor at 900 1C. During the
500 h operation period, the CH4 conversion, CO selectivity, oxygen
flux permeation, and CO2 conversion remained at about 84%, 97%,
2.13 mL (STP) cm�2 min�1, and 20.58%, respectively.

The long-term stability test suggests that the reduction-tolerate
SBFM layer could effectively enhance the stability of SCFNb under
reducing atmospheres and the CO2-tolerate LSM/YSZ layer could
effectively protect composite membrane under CO2 atmosphere.
Firstly, the porous layers were good oxygen ion conductors. Oxygen
ions can transfer from the dense membrane to the porous layer which
reduced the contact of the reactive atmosphere with the dense
membrane. Secondly, owning to the existence of the porous layer,

reactions mainly happened at the porous layers, instead of the
membrane surface. Thus, the porous layer can reduce effectively the
erosion of the aggressive atmosphere to the dense membrane surface,
and the stability of the membrane could be greatly improved.

The CO2 conversion in TDCD experiments after different times
are reported for various materials in Table 1. Comparing the results
of SBFM–SCFNb–LSM/YSZ porous-dense-porous triple-layer com-
posite membrane with those other membranes, we can see that
the triple-layer membrane possesses a high performance in terms
of the CO2 conversion and the stability overall.

The XRD patterns of the fresh and used SBFM–SCFNb–LSM/YSZ
membrane are shown in Fig. 5b. The XRD analysis indicated that
the structure of both sides and the bulk of the used SBFM–SCFNb–
LSM/YSZ membrane still kept unchanged for a long-term opera-
tion. From the SEM images (Fig. 6d and e), after the reaction, the
grain size of porous layer became a little larger, which was because
of partial sintering of the particles during the reaction at 900 1C.
This result explains the reason why the SBFM–SCFNb–LSM/YSZ
membrane reactor could resist the corrosive atmosphere.

Fig. 4. Stability of the SCFNb (a) and SBFM–SCFNb–LSM/YSZ membrane reactor (b). CH4 side: Ar¼20 mL (STP) min�1, CH4¼1 mL (STP) min�1; CO2 side: He¼20 mL (STP)
min�1, CO2¼4 mL (STP) min�1; temperature: 900 1C.

Fig. 5. The XRD of the SCFNb (a) and SBFM–SCNb–LSM/YSZ triple-layer (b) membrane.
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The design of porous-dense-porous membrane reactor results
in that the reaction site keeps away from the surface of the SCFNb
layer as reported by Jiang et al. [20]. In this way, the porous layer
can protect the dense membrane from the effects of reducing and
oxidative atmosphere. We can conclude that the SBFM–SCFNb–
LSM/YSZ triple-layer composite membrane reactor possesses a
high performance in terms of the oxygen flux and the stability
overall. This showed that the design of triple-layer composite
membrane reactor was successful.

4. Conclusions

A novel SBFM–SCFNb–LSM/YSZ porous-dense-porous triple-layer
composite membrane reactor was proposed. The thermal decomposi-
tion of CO2 was coupled with the partial oxidation of methane to

syngas to confirm the feasibility of the porous-dense-porous triple-
layer composite membrane. The stability of the SCFNb membrane was
significantly improved by the porous layer on both sides. At the
temperature of 900 1C, the CO2 conversion reached about 20.58%,
which was higher than the reported values under the TDCD condition
in the literatures. The porous-dense-porous membrane reactor was
operated stably for more than 500 h without any degradation of
reaction performance. This design can be regarded as a good candidate
to combine the high oxygen permeation and the stability of the
membrane reactor for potential industrial processes.
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