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Novel and ideal zirconium-based dense membrane reactors
for partial oxidation of methane to syngas
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A novel and ideal dense catalytic membrane reactor for the reaction of partial oxidation of methane to syngas (POM) was constructed
from the stable mixed conducting perovskite material of BaCo0.4Fe0.4Zr0.2O3−δ and the catalyst of LiLaNiO/γ -Al2O3. The POM reaction
was performed successfully. Not only was a short induction period of 2 h obtained, but also a high catalytic performance of 96–98% CH4
conversion, 98–99% CO selectivity and an oxygen permeation flux of 5.4–5.8 ml cm−2 min−1 (1.9–2.0µmol m−2 S−1 Pa−1) at 850◦C
were achieved. Moreover, the reaction has been steadily carried out for more than 2200 h, and no interaction between the membrane
material and the catalyst took place.
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1. Introduction

The most effective application of the abundant natural gas
in world was to convert methane to more useful and easily
transported chemicals. The direct conversion approach was
to produce methanol, formaldehyde, or olefins by partially
oxidizing methane directly. This approach was too difficult
to realize because the desired products of the reaction were
more reactive than the starting reactant (CH4). This eventu-
ally led to deep oxidation and high selectivity of CO2 and
H2O [1]. The alternative conversion approach for methane
was to produce syngas (CO+ H2) by partially oxidizing
methane in the first stage, which could be achieved by either
steam reforming or direct partial oxidation, or a combination
of both. Then the syngas was converted into upgraded chem-
icals in the next stage by methanol synthesis or Fischer–
Tropsch technology. But the commercially used method of
steam reforming needed to operate at high temperatures and
high pressures. The cost of syngas production by steam re-
forming was too high to apply this process into practice. So
attention was turned to the process of the direct partial oxi-
dation of methane to syngas (POM). Although POM has re-
ceived increasing attention as an alternative method in recent
years and many active catalysts with high CH4 conversion,
high CO selectivity and proper ratio of H2 to CO have been
reported [2–4], commercial-scale plants have not been real-
ized up to now. The hot-spot problem of a conventional co-
fed reactor for the exothermic POM reaction, which might
result in reactor runway, had to be carefully dealt with in the
reactor design. The design of the reactor was focused on
how to remove the additional heat efficiently. For instance,
the cyclic reactor [5], in which flow direction was periodi-
cally reversed for heat exchange, and the combined reactor,
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in which heat recovery from a second auto-thermal packed-
bed reactor was provided for a primary steam reformer [6],
were attempted. The second obstruction for the direct syngas
production from the economic point was that air was usually
used as oxidant. Since the downstream upgrading process
required the syngas stream to be free from nitrogen and the
by-production of NOx , either N2 or NOx must be eliminated
from the syngas stream, or oxygen must be separated from
air (usually cryogenically) before being fed to the POM re-
actor. Although upstream oxygen separation from air was
more favorable than the costly downstream purification, the
conventional cryogenic oxygen plant was very costly in op-
eration combined with the partial oxidation process. A novel
catalytic membrane reactor, such as a mixed oxygen ion and
electron membrane (MIECM) reactor, in which oxygen was
separated from air and simultaneously fed into the methane
stream without impairing the conversion and selectivity, was
becoming an appreciated design.

The principle behind application of this MIECM reac-
tor technology for the POM reaction is shown in figure 1.
The MIECM was exclusively an oxygen ion and electron
conductor, which behaved as short-circuited electrochemi-
cal cells with oxygen ions transporting from the oxygen-rich
side to the oxygen-lean side of the membrane and electrons
mediating in a contrary processvia the membrane lattice
bulk. Moreover, no electrical energy was required to drive
that thermodynamically downhill process for the meaning-
less. Employing an MIECM reactor not only allowed the
direct use of air as an oxidant, such that the product was free
from the nitrogen impurity and the formation of NOx during
high-temperature reaction was avoided, but also could cir-
cumvent flammability limits due to the separation of oxidant
and reductant. The hot-spot problem of the conventional co-
fed reactor could also be avoided by the separate feeding of
methane and oxygen by using MIECM reactors. In addition,
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Figure 1. Schematic diagram of the mixed conducting membrane reactor
for spontaneous partial oxidation of methane to syngas.

the cost of the gas compression in downstream processing
could also be greatly reduced.

Recent reports in the literature suggested that the MIECM
could successfully separate oxygen from air at a commer-
cially feasible flux (>1.0 ml cm−2 min−1) [7–15]. But when
the MIECM was applied to the POM reaction, the high oxy-
gen permeability, good chemical stability, high mechanical
strength and good compatibility between membrane materi-
als and catalysts would be supplied simultaneously. Due to
this harsh demand, some membrane materials were not suit-
able for the reaction of POM. In order to resolve this prob-
lem the Zr4+ ion was selected in the present work to synthe-
size a perovskite structure oxide of BaCo0.4Fe0.4Zr0.2O3−δ
(BCFZO) for the first time due to its high mechanical
strength, low thermal conductivity and stability in the high
valence state [16,17].

2. Experimental

2.1. Preparation of the catalyst and membrane disks

Powders of BCFZO and compared material of SrCo0.8
Fe0.2O3−δ (SCFO) were synthesized from nitrates of the
component metalsvia a method of combining EDTA acid
and citric complexes. In brief, the calculated amounts
of nitrates were dissolved in EDTA-NH3·H2O (NH3·H2O,
8 mol l−1, EDTA : NH3·H2O = 1 g : 10 ml) solution under
heating and stirring. Then a proper amount of citric acid was
introduced, the mole ratio of EDTA acid : citric acid : total
metal ions was controlled to be around 1 : 1.5 : 1. Precip-
itation might occur after the addition of citric acid, then
NH3·H2O or HNO3 was added to adjust the pH value to
around 6, and the solution became transparent immediately.
By evaporating the water, a dark purple gel was obtained.
The gel was then heated at 120◦C for 10 h to get primary
powders, which were calcined at 950◦C for 5 h to obtain
powders with the final composition.

The as-synthesized powders were compressed into disks
in a stainless-steel mold (17 mm in diameter) under hy-
draulic pressures of 15–25 MPa based on an area of
2.27 cm2. Green disk compacts were then sintered in air
at 1100–1200◦C for 10 h, with heating and cooling rates
of 1 and 2◦C min−1, respectively. The densities of the sin-
tered membrane disks were determined by the Archimedes
method using ethanol. Only those membrane disks that had
relative densities higher than 95% were used for permeation
study and constructing POM reactors.

LiLaNiO/γ -Al2O3 catalyst with 10 wt% nickel loading
was prepared by the impregnation method [18]. Appropri-
ate amounts of LiNO3, Ni(NO3)2 and La(NO3)3 were co-
impregnated onγ -Al2O3 supports. After drying at 120◦C
for 24 h under an open environment, it was calcined in air at
550–800◦C for 4 h.

2.2. Characterization of the membrane materials

X-ray diffraction (XRD, Rigaku D-Max/RB) was used to
characterize the structure of the powders and the membrane
disks after treatment under different conditions. The sam-
ples of SCFO and BCFZO before and after O2-TPD were
submitted to XRD measurement for characterization of their
structural stability under oxidizing and inert atmospheres. In
order to check their structural stability under a more reduc-
ing atmosphere, the samples of SCFO and BCFZO after H2-
TPR (5% H2 + 95% Ar) were recovered in a more oxidiz-
ing atmosphere (1% O2 + 99% Ar) and then submitted to
XRD characterization. The XRD patterns of BCFZO after
treatment in pure helium at 650, 750, 850 and 950◦C for
100 h were acquired. In order to check the structure change
of the membrane disk after long-term POM reaction, the
two membrane surfaces after removing the top layers were
also submitted to XRD characterization. SEM-EDS (JEM-
5600LV, Oxford ISIS-300) and XPS (VG ESCA LABMKII)
were used to characterize the interaction of the membrane
disk and the LiLaNiO/γ -Al2O3 catalyst. The structural sta-
bility under inert and reducing atmospheres was character-
ized by techniques of oxygen programmed desorption (O2-
TPD) and hydrogen programmed reduction (H2-TPR). The
oxygen desorption experiment was performed according to
the following procedure [13]. About 1 g of the sample was
loaded in a quartz glass tube and treated in a pure oxygen
atmosphere at 800◦C for 2 h. After the temperature was
cooled down to room temperature at a rate of 1◦C min−1, the
oxygen desorption experiment was performed by increasing
the temperature from 20 to 1020◦C at a rate of 10◦C min−1.
Highly pure He was used as the carrier gas, with a flow rate
of 30 ml min−1. A thermal conductivity detector (TCD) was
used on line for signal detection with a computer data acqui-
sition system. In order to examine the reversibility of oxy-
gen adsorption and desorption, the sample after O2-TPD was
treated in pure oxygen atmosphere at 800◦C for 2 h, then
cooled down to room temperature, as described above, and
the O2-TPD experiment was performed again. Compared
with the procedure of O2-TPD, the H2-TPR experimental
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Figure 2. Schematic diagram of high-temperature permeation cell.

procedure had some differences, for example, the amount
of sample was 60 mg rather than 1 g, the pretreatment at-
mosphere was a mixture of 1% O2 and 99% Ar rather than
pure oxygen and the carrier gas was a mixture of 5% H2
and 95% Ar. After H2-TPR, the sample was recovered with
a flow of 1% O2 and 99% Ar mixed gases at 800◦C for a
certain time, then cooled down to room temperature quickly
under the same atmosphere. The next-run H2-TPR experi-
ment was performed again. This process was repeated sev-
eral times for obtaining multi-run H2-TPR profiles.

2.3. Oxygen permeability under air/He gradient

The oxygen permeation experiments under an air/He gra-
dient were performed in a vertical high-temperature gas per-
meation cell, as shown in figure 2. A ceramic glass pow-
der (Keramik-Glasur, UHLIG, Germany) was used as the
ceramic binding agent to seal the disk into a dense quartz
tube. The sidewall of the disk was also covered with the
paste based on the ceramic glass powder to avoid a radial
contribution to the oxygen permeation flux. After assembly
of the permeation cell, the temperature was increased up to
1040◦C at a heating rate of 2◦C min−1 and held at this tem-
perature for 10 min. The ceramic glass powder was softened
and it fused the membrane disk and the quartz tube. The per-
meation study was performed within the temperature range
of 600–950◦C. An HP6890 gas chromatograph equipped
with a 5A sieve column for the separation of O2 and N2 was
connected to the exit of the oxygen-lean side. The gas chro-
matograph was frequently calibrated using standard gases of
oxygen in helium in order to ensure reliability of the exper-
imental data. The detailed experimental procedure and the
calculation of oxygen permeation flux were given in [14].

2.4. Performance of the POM reaction

The membrane reactor configuration for the POM reac-
tion is shown in figure 3. After polishing on both surfaces,
the membrane disk was mounted on a quartz tube with a gold

Figure 3. The configuration of the mixed conducting membrane reactor for
partial oxidation of methane to syngas.

ring seal. Then the temperature was increased to 1070◦C
and maintained at this temperature for several minutes. Af-
ter sealing the membrane disk well, the temperature was
cooled down to 850◦C at a rate of 1◦C min−1 and 300 mg
of LiLaNiO/γ -Al2O3 catalyst containing 10% Ni prepared
by impregnation [18] was loaded on the membrane surface.
Then the diluted methane (50% He and 50% CH4) and air
were introduced to start the reaction. An HP6890 gas chro-
matograph equipped with a 5A molecular sieve column (for
the separation of H2, O2, N2, CH4 and CO) and a TDX-01
column (for the separation of CO, CO2 and hydrocarbons)
were used for analyzing the compositions of the product
gases. The total flow rates at the inlet and outlet of the reac-
tor were separately measured by a soap flow meter. Methane
conversion, CO selectivity, CO2 selectivity, C2 selectivity
and oxygen permeation flux were defined as follows:

CH4, conversion=
(FC2H4 + FC2H6)2+ FCO2 + FCO

(FC2H4 + FC2H6)2+ FCO2 + FCO+ FCH4outlet
,

CO, selectivity= FCO

FCO+ FCO2 + 2(FC2H4 + FC2H6)
,

CO2, selectivity= FCO2

FCO+ FCO2 + 2(FC2H4 + FC2H6)
,

C2, selectivity= 2(FC2H4 + FC2H6)

FCO+ FCO2 + 2(FC2H4 + FC2H6)
,

JO2 =
FCO+ 2FCO2 + FH2O+ 2FO2(unreacted)

2S
,

whereS is the effective membrane surface of the reaction
side.
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(a)

(b)

Figure 4. (a) Multi-run O2-TPD profiles of SCFO. (b) Multi-run O2-TPD
profiles of BCFZO.

3. Results and discussion

3.1. Structural stability of SCFO and BCFZO

The structural stability of SCFO and BCFZO under in-
ert atmosphere was characterized by multi-run O2-TPD and
XRD, as shown in figures 4 and 5, respectively. From fig-
ure 4(a) we could easily find that for SCFO the peak num-
ber, peak position and peak shape of different run oxygen de-
sorption profiles were changed greatly, which revealed that
SCFO had a low reversibility of oxygen adsorption and de-
sorption. This was in accordance with the result of XRD
shown in figure 5(a). The XRD patterns showed that the
SCFO had a pure perovskite structure before the oxygen de-
sorption experiment while after oxygen desorption new non-

(a)

(b)

Figure 5. (a) XRD patterns of SCFO before and after O2-TPD. (b) XRD
patterns of BCFZO before and after O2-TPD.

perovskite phases had emerged due to the loss of oxygen in
the lattice. In comparison with SCFO, the profile of O2-TPD
for BCFZO (figure 4(b)) only possessed one oxygen desorp-
tion peak in the low-temperature zone from 300 to 700◦C.
The desorption peak in the high-temperature zone corre-
sponding to reduction of Co3+ ions and the large expansion
of lattice parameters which could be seen for SCFO dis-
appeared. This demonstrated that the introduction of Zr4+
made the reduction of Co3+ become more difficult, which
denoted that the BCFZO material was relatively stable. In
addition, a high reversibility of oxygen adsorption and de-
sorption could be obtained and was consistent with the com-
pletely identical XRD patterns before and after the oxygen
desorption experiment (figure 5(b)). The negligible small
lattice expansion might be the reason why BCFZO possessed
a stable structure under inert atmosphere. From the point
of structural stability under inert atmosphere, BCFZO was
more suitable for oxygen separation and supplying pure oxy-
gen for the POM reaction.

The technique of H2-TPR was used to characterize the
structural stability of SCFO and BCFZO under a more re-
ducing atmosphere. The XRD patterns after hydrogen re-
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(a)

(b)

Figure 6. (a) Multi-run H2-TPR profiles of SCFO after recovery at 800◦C
for different times. (b) Multi-run H2-TPR profiles of BCFZO after recovery

at 800◦C for different time.

duction showed that both SCFO and BCFZO did not main-
tain the pure perovskite structure. Therefore, the mixture of
1% O2 and 99% Ar was used to recovery the original pure
perovskite structure for SCFO and BCFZO. Figure 6 (a) and
(b) have given the multi-run H2-TPR profiles of SCFO and
BCFZO after recovery for different times at 800◦C. It was
very clear that the long-term recovery of 16 h could not give
an identical H2-TPR profile as the original one for SCFO,
while only 0.5 h was long enough for BCFZO to recover
its original structure and to give an identical H2-TPR pro-
file as the first run H2-TPR profile. The XRD patterns of
SCFO recovery for 16 h and of BCFZO recovery for 0.5 h
were displayed in figure 7, which proved that BCFZO could

Figure 7. XRD patterns of SCFO and BCFZO after performing the
H2-TPR experiment and then recovery in 1% O2 + 99% Ar for 16 h and

0.5 h, respectively.

more easily recover its original structure than SCFO. The
reversible structure of BCFZO under a more reducing at-
mosphere made it more suitable for constructing POM re-
actors than SCFO.

3.2. Oxygen permeability under air/He gradient

The temperature dependence of the oxygen permeation
flux of Arrhenius form through SCFO and BCFZO mem-
brane disks is shown in figure 8. The fluxes of these two
membrane disks were very high and increased rapidly with
increase in temperature. This resulted from the elevation of
the oxygen vacancy diffusion rate in the bulk lattice and the
elevation of the surface oxygen and oxygen ion exchange
rate with the increase in temperature. A slightly higher per-
meation flux was found for SCFO than for BCFZO. But
the activation energy for oxygen permeation for SCFO was
also higher than that of BCFZO. In addition, two activation
energies corresponding to different phase structures in the
temperature range of 600–950◦C were found for SCFO. As
for BCFZO, we could only see a single activation energy,
which showed that the cubic perovskite structure was kept

Figure 8. The Arrhenius plots for oxygen permeation of SCFO and BCFZO
membrane disks under air/He gradient, air flux 150 m min−1, He flux

30 ml min−1, thickness 1.0 mm.
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Figure 9. XRD patterns of BCFZO after treatment in high purity helium for
100 h at different temperatures.

well in the range of 600–950◦C. The identical cubic per-
ovskite structures were demonstrated by treating the sam-
ples in pure helium at different temperature for 100 h and
then immediately submitting these samples to XRD char-
acterization. Figure 9 gives the XRD patterns of BCFZO
after treatment at 650, 750, 850 and 950◦C, which re-
vealed that the cubic perovskite structure was well pre-
served.

3.3. POM reaction in membrane reactors constructed from
SCFO and BCFZO

The performance of SCFO and BCFZO membrane reac-
tors was investigated using the reactor configuration shown
in figure 3. SCFO membrane disks survived only a few hours
when operated as a reactor for the POM reaction at 850◦C.
The abrupt cracking of the disks led to an interruption of this
reactor. This was in accordance with the unstable structure
and unsteady oxygen permeability of SCFO under inert at-
mosphere discussed above. As for the BCFZO reactor, the
POM reaction was performed successfully for a long time
and good performance was obtained.

The time dependence of the oxygen permeation flux and
catalytic performance of the BCFZO membrane reactor dur-
ing the induction period are shown in figure 10. At the
beginning (t = 10 min), the oxygen permeation flux was
twice as high as that under air/He gradient. This might have
resulted from the slightly lower oxygen partial pressure in
the mixture of He CH4, CO, CO2 and H2 than the original
helium atmosphere and the contribution of dual-phase per-
meation caused by the gold ring and membrane disk. The
CH4 conversion was only around 5%, and the main carbon-
containing products were CO2 (∼80%) and CO (∼20%).
The ratio of H2 to CO was higher than 2. With the increase
of the induction time, the oxygen permeation flux, the CH4
conversion and the CO selectivity increased modestly. When
the induction time exceeded 40 min, the CO selectivity im-
proved very quickly, att = 80 min nearly 100% CO se-
lectivity had been achieved. The abrupt increase of oxygen
permeation flux and CH4 conversion was a little delayed,

Figure 10. Initiation stage of the BCFZO MIECM reactor for the POM
reaction.

which began att = 70 min and finished att = 100 min.
Within 120 min, a CH4 conversion of 96–98%, a CO se-
lectivity of 98–99%, an oxygen permeation flux of around
5.4–5.8 ml cm−2 min−1 (1.9–2.0µmol m−2 S−1 Pa−1) and
a proper ratio of H2 to CO close to 2 were achieved. The
above phenomena could be interpreted by the factor of the
activation of the catalyst and the structure adjustment of the
membrane. At the beginning, the activation of the catalyst
was the rate-determining step. In the fresh catalyst used in
this study, the nickel was in the oxidation state,i.e., NiAlO4,
which was active for methane combustion. This might give
a good reason why the CO2 selectivity was very high at the
beginning. The initial reduction of NiAlO4 to Ni0 was some-
what difficult, but once some Ni0 appeared, the reduction
process was accelerated by the produced H2 and CO. The re-
duction of NiAlO4 to Ni0 and the production of H2 and CO
accelerated each other, which resulted in the rapid increase
of the CO selectivity and the H2 selectivity. The induction of
the LiLaNiO/γ -Al2O3 catalyst was finished within 60 min,
which was in accordance with the induction in the conven-
tional co-fed reactor. After the induction of the catalyst,
the structure adjustment of the membrane became the rate-
determining step. The rate of structure adjustment varied
greatly for different membrane materials. As for the BCZFO
studied in our experiment, the structure adjustment was very
quick and only a small change occurred on the membrane
surface. The original bulk lattice was suitable for high oxy-
gen permeability, and was not adjusted, which has been
proved by the structure analysis of the membrane after long-
term operation of the POM reaction. Therefore, the oxygen
permeation flux and the CH4 conversion sharply increased
after the induction of the catalyst. And because the CH4
conversion and the oxygen permeation flux accelerated each
other, they possessed an abrupt increase betweent = 70 and
100 min. As for Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCFO) [15]
and La0.2Ba0.8Co0.2Fe0.8O3−δ (LBCFO) [11] reactors, the
structure adjustment was relatively difficult, which resulted
in the longer induction period of these two reactors. For
the BSCFO reactor, the induction period ended within 20 h,
whilst for LBCFO, 500 h was needed to reach the opera-
tional steady state.
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Figure 11. Effects of temperature on the CH4 conversion, CO selectivity
and O2 permeation flux.

Figure 11 shows the temperature dependence of CH4 con-
version, CO selectivity and oxygen permeation flux with
50% helium diluted methane at a flow rate of 24 ml min−1

and air at a flow rate of 150 ml min−1. The CH4 conver-
sion and oxygen permeation flux increased rapidly with the
increase in temperature and the CO selectivity decreased
slowly in contrast. The elevating of the oxygen perme-
ation flux was due to enhancing of the diffusion rate of
oxygen vacancyvia the bulk lattice and the enhancing of
the surface exchange rate with increasing operational tem-
perature, which was identical with the results obtained un-
der the air/He gradient. For an excess feed of methane,
the CH4 conversion efficiency was mainly controlled by the
oxygen permeation flux and the increase in oxygen perme-
ation flux spontaneously led to the increase in the methane
conversion. When methane was kept in excess, the CO se-
lectivity was unchanged and near 100%. But with the in-
crease of oxygen permeation flux, the oxygen was in ex-
cess and the deep oxidation of CO took place and the CO
selectivity decreased slowly. At 950◦C, an oxygen per-
meation of 8.6 ml cm−2 min−1 (3.0 µmol m−2 S−1 Pa−1)
and CH4 conversion of nearly 100% were obtained, while
the CO selectivity only was 82%. At 850◦C, not only
the high oxygen permeation flux of 5.6 ml cm−2 min−1

(1.96µmol m−2 S−1 Pa−1) and the high CH4 conversion of
97.5% were achieved, but also the high CO selectivity of
98.5% was obtained.

Figure 12 shows the methane flux dependence of oxy-
gen permeation flux, CH4 conversion and CO selectiv-
ity when the operational temperature was unchanged at
850◦C. At first, the CO selectivity and oxygen perme-
ation flux increased rapidly with increasing methane flux
and the methane conversion decreased slowly in contrast.
When the methane flux was 24 ml min−1, the high CH4
conversion of 97.5%, the high CO selectivity of 98.5%
and the oxygen permeation flux of 5.6 ml cm−2 min−1

(1.96µmol m−2 S−1 Pa−1) were achieved. With the con-
tinuous increase of the methane flux, the CH4 conversion
rapidly decreased. Meanwhile, the oxygen permeation flux
was still increasing and the CO selectivity kept unchanged

Figure 12. Effects of CH4 flux on the CH4 conversion, CO selectivity and
O2 permeation flux.

around 99%. The changes of CH4 conversion and the CO
selectivity with the methane flux could be interpreted by the
POM reaction performance under different ratios of CH4 to
O2 as in a conventional co-fed reactor. The low ratio of CH4
and O2 was responsible for the deep oxidation of methane
and the low CO selectivity and high methane conversion.
The high ratio of CH4 and O2 was responsible for the par-
tial oxidation of methane and high CO selectivity and low
methane conversion. Only when the ratio of CH4 and O2 was
around 2 could good performance be achieved. The contin-
uous increase of oxygen permeation flux resulted from the
decrease of oxygen partial pressure caused by the increase
of the tail flux and the yield of CO and H2.

Figure 13 shows the long-term stability of the BCFZO
membrane reactor for the POM reaction. After a short in-
duction period of 2 h, CH4 conversion of 96–98%, CO se-
lectivity of 98–99%, oxygen permeation flux around 5.4–
5.8 ml cm−2 min−1 (1.9–2.0 µmol m−2 S−1 Pa−1) and a
proper ratio of H2 to CO close to 2 were achieved. Dur-
ing a more than 2200 h running, the oxygen permeation flux
was fairly stable, similar to the stable reaction performance
of CH4 conversion, CO selectivity and the ratio of H2 to CO.
And there was an important point we should stress, namely,
the ending of this experiment in the BCFZO reactor was
caused by an abrupt failure of the power supply, and not due

Figure 13. Long-term stability of the BCFZO membrane reactor at 850◦C
for the POM reaction.
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Figure 14. XRD patterns of the long-term reaction membrane after removal
of the surface layers.

to the failure of the reactor. This long-term stable operation
showed that the BCFZO membrane reactor was more stable
than any other mixed conducting membrane reactors for the
POM reaction published so far, except for that constructed
from Sr1.7La0.3Ga0.6Fe1.4O5.15 (SLGFO) [19]. But it was
well known that not only the gallium element was more ex-
pensive but also its oxygen permeation flux was too low to
be suitable for practical application. These two shortcom-
ings made SLGFO not suitable for constructing a reactor for
the POM reaction, when compared with the new material of
BCFZO developed by us.

In order to interpret why the BCFZO membrane reactor
had a very stable POM reaction performance, the membrane
disk after the long-term reaction was subjected to charac-

terization by techniques of XRD, EDS and XPS. The XRD
patterns of both the reaction side and the air side of the mem-
brane disk showed that the cubic perovskite structure has
been destroyed and the metal oxides and carbonates have
been formed on both top layers, which might be a result of
the structure adjustment in the induction period of the mem-
brane reactor. After the other characterization the surface
layers of both top layers were removed and the disk was
submitted to XRD again. The XRD patterns shown in fig-
ure 14 indicated that the cubic perovskite structure was still
kept unchanged. This might be one reason why the mem-
brane disk could operate steadily for a long time. This re-
sult was accompanied by the unchanged element composi-
tion in the membrane bulk lattice obtained by EDS analysis
(figure 15). Another factor to determine the stability of the
BCFZO membrane reactor was the interaction between the
membrane and the catalyst. The solid-state reaction between
membrane surface and the catalyst could form a new phase
that impairs the oxygen permeability and POM reaction per-
formance. The reaction could diffuse into the membrane
bulk lattice and result in the failure of the membrane reactor
eventually. The BSCFO membrane reactor, which had high
oxygen permeability and good reaction performance, only
steadily operated for 500 h for this reason [15]. But the pro-
files of the XPS and EDS of the reaction side of the BCFZO
membrane after long-term reaction (shown in figures 16
and 17) indicated that no elements of the LiLaNiO/γ -Al2O3

catalyst were found. There did not exist the solid-state re-
action between the membrane and the catalyst, which might
be another reason why the BCFZO membrane reaction could

Figure 15. Crosswise EDS composition analyses Atomic ratio vs. the depth of membrane from the reduction-side surface (L = 0 µm) to the air-side
surface (L = 1200µm).
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Figure 16. EDS profiles of reaction side of BCFZO membrane disk after long-term POM reaction.

Figure 17. XPS profiles of reaction of BCFZO membrane disk subsequent
to long-term POM reaction.

steadily operate for a long time, more than 2200 h. From the
point of long-term steady operation, the BCFZO membrane
reactor was more suitable for the POM reaction.

In conclusion, a novel zirconium-based perovskite type
material of BCFZO for constructing membrane reactors for
the POM reaction was synthesized. The high structural sta-
bility and oxygen permeation flux were evidenced by XRD,
O2-TPD results and oxygen permeation studies. Moreover,
long-term stability was evidenced through the running of the
POM reaction for more than 2200 h. Not only high oxy-
gen permeability and excellent catalytic performance for the
POM reaction were obtained, but also an induction period
shorter than any other MIECM materials published so far
was achieved.
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