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ABSTRACT:The dense ceramic membranes BaCo0.7Fe0.2Nb0.1O3�δ (BCFN) combined with GdBaCo2�xFexO5+δ (0e xe 2.0)
surface modification layers was investigated for hydrogen production by partial oxidation reforming of coke oven gas (COG). As
oxygen permeation of BCFN membrane is controlled by the rate surface exchange kinetics, the GdBaCo2�xFexO5+δ materials
improve the oxygen permeation flux of the BCFN membrane by 20�44% under helium atmosphere at 750 �C. The maximum
oxygen permeation flux reached 14.4mLmin�1 cm�2 in the GdBaCoFeO5+δ coated BCFNmembrane reactor at 850 �C, and aCH4

conversion of 94.9%, a H2 selectivity of 88.9%, and a CO selectivity of 99.6% have been achieved. The GdBaCo2�xFexO5+δ coating
materials possess uniform porous structure, fast oxygen desorption rate and good compatibility with the membrane, which showed a
potential application for the surface modification of the membrane reactor.
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1. INTRODUCTION

Hydrogen is regarded as the most promising energy carrier in
the 21st century owing to its highly efficient, nonpolluting and
abundant sources characters.1�3 Tremendous efforts are being
undertaken to explore high-efficiency and large-scale technologies
for hydrogen production. At present, hydrogen can be produced
from a wide range of source materials including hydrocarbons,
alcohol, biomass, and some industrial chemical byproducts.4�6

Among them, coke oven gas (COG) is gaining increasing atten-
tion as one of the most attractive sources for low-cost hydrogen
production.7,8 Especially in China, the coke tonnage of above 388
million tons ranks as the first in the world and the corresponding
amount of COG has reached 163 billion Nm3 in 2010. The main
components of COG are 54�59% hydrogen and 24�28%
methane. Theoretically, by high-temperature desulfurization, reform-
ing and water-gas shift reaction, the amount of hydrogen pro-
duced is more than that of original hydrogen in the COG. Of
these cases, catalytic partial oxidation of CH4 in COG using a
ceramic oxygen-permeable membrane reactor is considered as an
efficient and low-cost method to produce hydrogen.9�13 This
technology could significantly reduce the energy and the cost for
hydrogen production by eliminating the need for an individual
oxygen production plant.

During the past several years, ceramic membranes with mixed
oxygen ionic and electronic conducting (MIEC) properties have
been exploited deeply in the fields of oxygen separation and partial
oxidation of methane to syngas.14�16 One of the key targets for
the development of membrane reactor is improving its oxygen-
permeation rate and structural stability under reductive environ-
ment. It is well-known that the oxygen transport in a membrane
is limited mainly by oxygen-ion diffusion in the membrane bulk
and oxygen exchange on the surfaces of the membrane. The
oxygen permeation flux in a dense ceramic membrane can be

increased by reducing the thickness of the membrane until it is
less than Lc, where the Lc is the critical membrane thickness,
which determines the transition from bulk-diffusion limit to
surface-exchange kinetics limit for the permeation. If the thick-
ness of membrane is smaller than Lc, the oxygen surface exchange
rate will become a dominant factor. In our previous work, the
result have been confirmed that the rate-determining steps of the
oxygen permeation in BaCo0.7Fe0.2Nb0.1O3�δ (BCFN) mem-
brane with a thickness of about 1.0 mm are both the oxygen
exchange on the surface and the bulk diffusion.17 In fact, for pra-
ctical applications, disk-shaped or tubular membrane reactors
should have a relative reasonable mechanical strength, and the
thickness of the membranes is always near to or over 1.0 mm.
Therefore, any further increase in the permeation rate can be
achieved only by coating a catalytic thin layer on the surface of the
membrane. First, the coating layer should have a porous struc-
ture, the higher surface/volume ratios can enhance the ability of
oxygen surface exchange kinetics. Second, the materials should
present a faster oxygen surface exchange rate (desorption, disso-
ciation, and oxidation) than the membrane.

Recent efforts to increase the oxygen flux have been heavily
addressed by several groups. The enhancement of oxygen permea-
tion flux was reached successfully by simple roughening lead-
ing to bigger effective surface area and higher surface/volume
ratios.18 The application of the perovskite-related oxide GdBa-
Co2O5+δ porous layer into dense Ba0.5Sr0.5Co0.8Fe0.2O3�δmem-
brane have boosted its oxygen permeation flux greatly.19 Further-
more, the deposition of the porous layer of Ba0.5Sr0.5Co0.8Fe0.2O3�δ

into a new cobalt-free BaCe0.15Fe0.85O3�δmembrane also resulted
in increased oxygen permeation flux.20 Other options include the
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use of the porous coating material with a high surface area and
subsequently modifying the porous surface by impregnation with
catalytically active metals, e.g., Pt, Ag, or Pr oxide.21,22 A smart
breakthrough idea is to use the porous coating layered with the
membrane made from the same material to get rid the compat-
ibility problem. Chen et al.23 proposed a new configuration of
Ba0.5Sr0.5Co0.8Fe0.2O3�δmembrane with layered Ba0.5Sr0.5Co0.2-
Fe0.8O3�δ as the thin-film and showed that the oxygen permea-
tion flux was about 3.5 times higher than that of the Ba0.5Sr0.5-
Co0.2Fe0.8O3�δmembrane under the same conditions. Recently,
our research group has applied disk-type BCFN membrane by
solid state reaction to the partial oxidation of COG for hydrogen
production.9�13,17 It was reported that the oxygen permeation
flux and structural stability of the BCFN membranes coated by a
Ce0.8Re0.2O2‑δ (Re = Sm, Gd) surfacemodification layers showed
significant enhancement.

Among the various coating materials, the LnBaCo2O5+δ

perovskite-related oxides has drawn extensive attention in recent
years due to the wide variations in oxygen contents (5+δ) and
their promising MIEC properties.24�26 A great deal of experi-
mental effort has been made toward the study of LnBaCo2O5+δ,
in which Ln is a trivalent rare earth. However, The replacement
of one transition-metal ion by another one could have a great
impact on their MIEC properties.27,28 In view of this, the purpose
of the present work was to use the double perovskite oxides
GdBaCo2‑xFexO5+δ as a coating layer on the BCFN membrane
hopefully to improve oxygen permeability of the membrane and
to find the most desirable materials which can act as effective
catalytic coating layers on dense ceramic membranes. The effects
of Fe substitution for Co in GdBaCo2‑xFexO5+δ coating layers,
reaction temperature, air and He sweep flow rates on oxygen
permeation fluxes of the membrane reactors were also examined.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. The Ni/Ce0.75Zr0.25O2/Mg3(Al)O
catalyst was prepared by the same method as that described in our
previous work.17 The BaCo0.7Fe0.2Nb0.1O3�δ (BCFN) membrane was
prepared by conventional solid-state reaction methods. A stoichiometric
mixture of BaCO3, Co3O4, Fe2O3, and Nb2O5 powders was ball milled

in ethanol using zirconia grinding media for 72 h, then dried overnight
and calcined at 950 �C for 20 h with heating and cooling rates of 2�3 �C
min�1. The calcined powder was ball milled in ethanol for a further 72 h,
and then dried overnight at 110 �C. Subsequently, the oxide powder was
pressed into disk-shaped pellets using a stainless steel mold (20.0 mm
diameter) under approximately 1.2 � 108 Pa hydraulic pressure, and
finally sintered at 1110 �C in ambient air for 8 h with heating and cool-
ing rates of 1�2 �C min�1. The final diameter and thickness of the
membranes were about 16.5 and 1.5 mm, respectively.

GdBaCo2�xFexO5+δ (x = 0, 0.5, 1.0, 1.5, 2.0) composite oxides
coating materials were synthesized via combined EDTA-citrate com-
plexing sol�gel method. The necessary amount of Gd2O3 was first dis-
solved in HNO3 solution under heating and stirring, then the calculated
amounts of Ba(NO3)2, Co(NO3)2 3 6H2O, and Fe(NO3)3 3 9H2O were
added to the solution. After stirring for certain time, proper amounts of
EDTA and citric acid were introduced, which served as the complexing
agents. The mole ratio of total metal ions: EDTA: citric acid in the solu-
tion was controlled to be 1:1:2, and the pH value was adjusted to around
6 with NH3 3H2O. Subsequently, the solution was heated continuously
at 90 �C until sufficient water had evaporated that a dark purple gel was
obtained. This gel was then dried overnight at 110 �C and prefired at
300 �C for several hours, then finally calcinated at 950 �C for 2 h under
an air atmosphere to obtain the powder with final composition. The
GdBaCo2‑xFexO5+δ-coated (x = 0, 0.5, 1.0, 1.5, 2.0) BCFN membranes
(named BCFN-x) were prepared with spin-coatingmethod. The coating
paste was a mixture of 9 wt % GdBaCo2�xFexO5+δ powder, 90 wt %
terpineol, 0.2 wt % of carbon fiber, 0.3 wt % glycol, and 0.5 wt % ethyl
cellulose. The GdBaCo2‑xFexO5+δ layer was coated on the permeation
side of the BCFN membrane. Postheat treatment was conducted to
remove the organic additives at 950 �C for 2 h with heating and cooling
rates 2 �C min�1.
2.2. Sample Characterization. X-ray diffraction (XRD, Rigaku

D/Max-2550) was used to characterize the phase evolution of the
coating materials and membranes.

The changes of the morphology of the coating materials and mem-
branes were observed using a scanning electron microscope (SEM,
JEOL JSM-6700F).

Thermogravimetric analyzer (TGA, Thermo Cahn TherMax 700)
was used to detect the oxygen adsorption and desorption rate properties
of the coating layer materials and BCFN. About 0.5 g of the sample was
loaded into an alumina pan and heated to 850 �Cunder a 20mol%O2/He

Figure 1. Schematic diagram of the membrane reactor system and gas flow direction.
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atmosphere. When the weight of the sample did not change any more,
20 mol % O2/He was exchanged with He quickly. Then He was
exchanged with 20 mol % O2/He again when the weight did not
decrease remarkably. The flow rate of the 20 mol % O2/He and He
was 100 mL min�1.
2.3. Experimental Setup. The schematic diagram of the partial

oxidation of COG in BCFNmembrane reactor combined with a surface-
coating layer and the gas flowchart were presented in Figure 1. The gas
flow rates were controlled by mass flow controllers. One side of the
membrane was exposed to compressed air and the other side to He or
COG (57.42% H2, 32.00% CH4, 7.47% CO, and 3.11% CO2). On the
permeation side of the membrane, H2, CH4, CO and CO2 in the outlet
gas, in which the water was removed by Mg(ClO4)2, were analyzed by a
Varian CP 3800 gas chromatography (GC) with a thermal conductivity
detector (TCD).

Prior to the start of a test, the ceramic disk membrane was polished to
1.0 mm thickness by 800-mesh abrasive paper, and sealed into the
reactor with a silver seal. Gas-tightness of membrane was ensured by
monitoring nitrogen and no nitrogen leakage was detected. The effective
inner surface area of the membrane was controlled around 1.3 cm2.
A total of 1.0 g of 20�40 mesh the catalyst was directly placed on the
membrane. A K-type thermocouple was placed at the center of the bed
to monitor the reaction temperature. The oxygen permeability of the
discoid sample was determined from the content of CO and CO2 in the
reacted gas, and the amount of H2O was evaluated from the balance of
hydrogen before and after the reaction. The flow rate of outlet gas was

measured by a soap-membrane flow meter. The conversion of CH4, the
selectivity of H2, CO, CO2 and H2O were defined as follows

CH4 conversion,% ¼ FinCH4
� FoutCH4

FinCH4

� 100;

H2 selectivity,% ¼ FoutH2
� FinH2

2ðFinCH4
� FoutCH4

Þ � 100

CO selectivity,% ¼ FoutCO � FinCO
FinCH4

� FoutCH4

� 100;

CO2 selectivity,% ¼ FoutCO2
� FinCO2

FinCH4
� FoutCH4

� 100

H2O selectivity,% ¼ 2FinCH4
þ FinH2

� FoutH2
� 2FoutCH4

2ðFinCH4
� FoutCH4

Þ � 100

where Fi
in and Fi

out were the flow rates of the inlet and outlet gas i,
respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of Materials. Figure 2a depicts the
room temperature XRD patterns of the GdBaCo2�xFexO5+δ

(0exe 2.0) samples after sintering at 950 �C for 2 h in Air. For 0
e x e 0.5, the XRD patterns of the GdBaCo2�‑xFexO5+δ

compositions were identified as single-phase double-perovskites
and indexed on the basis of a tetragonal structure.29,30 However,
the crystal structure changes from tetragonal to cubic, suggesting
a lack of long-range ordering in the perovskite lattice with in-
creasing Fe content (x = 2.0). Furthermore, it can be seen that
the main XRD peaks of the GdBaCo2�xFexO5+δ samples shift
gradually toward the low-angle direction with increasing Fe content.
This indicates that the lattice expansion increases with increase in
doping content of larger ion-radius Fe3+ in cobalt-sites. The XRD
patterns of the BCFN membrane and GdBaCo2‑xFexO5+δ-coa-
ted BCFN membranes are presented in Figure 2b. According to
the XRD patterns, there are not undesired solid state reactions
between GdBaCo2�xFexO5+δ and BCFN for the mixture sin-
tered at 950 �C for 2 h. It indicates that GdBaCo2�xFexO5+δ have
a good chemical compatibility with BCFN below 950 �C.
The SEMmicrographs of the coated membranes are shown in

Figure 3. From Figures 3a�e, it can be seen that the cross-section
images of the BCFN-x membranes possess the similar structure
and geometry properties. Additionally, we can distinguish the
porous layers, which had approximately 15 μm thickness, from
the dense BCFN membrane. As seen in Figure 3f, the surface of
the GdBaCoFeO5+δ layer was porous due to the volatilization of
organic solution during the postheat treatment. This porosity would
provide adequate diffusion pathway near the surface and increase
the effective surface area of the BCFN-1.0 membrane. All the
other GdBaCo2‑xFexO5+δ-coated BCFN membranes showed
similar particle size distribution and morphology. In summary,
it can be suggested that a sintering temperature of 950 �C pro-
vides good balance between the conflicting coating requirements
of maintaining a porous, high surface-area structure while at the
same time providing a strong, well-sintered and adherent layer.
Figure 4a compares the TG plots of the BCFN and GdBa-

Co2�xFexO5+δ samples recorded in 20 mol % O2/He with the
temperature increasing from 100 to 850 �C. All the samples
experience weight loss above about 250 �C due to the loss of

Figure 2. XRD patterns of the samples: (a) the GdBaCo2‑xFexO5+δ

calcined at 950 �C for 2 h; (b) the BCFN membrane and the GdBa-
Co2�xFexO5+δ-coated BCFN membranes calcined at 950 �C for 2 h.
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oxygen from the lattice, except for the BCFN sample that shows a
slight initial weight gain before losing oxygen. This is because of
the incomplete oxygen absorption during the cooling of the
BCFN sample in the furnace following the synthesis firing at
1110 �C. A remarkable feature of GdBaCo2�xFexO5+δ com-
pounds is that all samples release more oxygen than BCFN at a
certain temperature. Furthermore, it can be seen that the amount
of oxygen released of GdBaCo2O5+δ and GdBaCoFeO5+δ sam-
ples is several times than that in BCFN.
Figure 4b shows the weight change with the time during the

gas changing cycle (20 mol % O2/HefHef20 mol % O2/He)
at 850 �C. It can be seen that the weight of all the compounds will
decrease (releasing oxygen) when gas flow is changed from O2/He
to He and increase (absorbing oxygen) when gas flow is changed
fromHe toO2/He. All of the samples show a slowweight loss in the
oxygen desorption period and a rapid weight gain in the oxygen
absorption period. However, the oxygen desorption rate of GdBa-
CoFeO5+δ in He gas flow is faster than other samples at the same
time points. Another thing needs to note is that the weight dif-
ference in O2/He and He gas obtained in the transient TG experi-
ment is smaller than that obtained in the temperature rising process
(Figure 4a). One reason caused this difference may be that the time
of oxygen desorption is not long enough for the sample to reach
equilibrium with He in the transient TG experiment.

3.2. Oxygen Permeation of the Membranes. Figure 5
presents the influence of different coatings on the oxygen per-
meation flux through the membranes under the He atmosphere
at 750�925 �C. It can be clearly seen that the addition of porous
catalytic materials GdBaCo2�xFexO5+δ on the membrane sur-
face can sharply improve the oxygen permeation flux. We pro-
posed that the rate-determining steps of the oxygen permeation
in the BCFN membrane with 1.0 mm thickness are both the
oxygen exchange on the surface and the bulk diffusion.17 The en-
hancement of the oxygen permeation flux was mainly caused by
the modification of oxygen potential drops at gas-membrane
interfaces or the potential slope in the membrane due to the im-
provement of oxygen exchange rates by the porous layers.31,32

The oxygen permeation flux through uncoated BCFNmembrane
was 0.86mLmin�1 cm�2 at 750 �C,whereas the value through the
membrane coated usingGdBaCo2O5+δwas 1.24mLmin�1 cm�2,
which was significantly 44% higher than that of uncoated BCFN
membrane. Simultaneously, it can be noticed that the perfor-
mance of the membrane reactors were greatly affected by the
operating temperature. For instance, when the reaction tempera-
ture increased from 750 to 925 �C, the change of the experi-
mental condition resulting from the oxygen permeation flux of
the BCFN-GdBaCoFeO5+δmembrane enhanced gradually from
1.20 to 2.16 mL min�1 cm�2.

Figure 3. SEM images of the cross-section and surface of the fresh GdBaCo2�xFexO5+δ-coated BCFNmembranes: (a) BCFN-0; (b) BCFN-0.5; (c, f)
BCFN-1.0; (d) BCFN-1.5; (e) BCFN-2.0.
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Figure 6 shows the influence of the air flow rate on the oxygen
permeation flux at 875 oC with a constant He flow rate of
100mLmin�1. As shown in Figure 6, at the beginning the oxygen

permeation flux changed and subsequently kept stable with the
increase of the air flow rate.When the air flow rate increased from
25 to 200 mL min�1, the oxygen permeation flux of the BCFN
membrane increased from 0.23 to 1.55 mL min�1 cm�2. How-
ever, when the air flow rate was higher than 200 mL min�1, its
influence on the membrane became negligible and the oxygen
permeation flux remained about 1.55 mL min�1 cm�2. This
indicates that at the reaction temperature of 875 �C the exchange
of oxygen on the air side of the membrane was the rate con-
trolling step of oxygen permeation when the air flow rate was
below 200 mL min�1. Hence, the oxygen permeation flux in-
creases with the increase of the air flow rate, whereas the oxygen
permeation flux comes to a saturation level for air flow rate above
200 mL min�1. This experimental finding indicates that the
external diffusion of air has no influence on the oxygen permea-
tion under the conditions. Furthermore, with the air flow rate
increasing from 25 to 400 mL min�1, the addition of porous
catalytic materials GdBaCo2�xFexO5+δ on the sweep side of the
BCFN membrane surface can remarkably improve the oxygen

Figure 4. Weight change of the BCFN and GdBaCo2�xFexO5+δ

samples: (a) 20 mol % O2/He atmosphere with the temperature
increasing from 100 to 850 �C; (b) 20 mol % O2/He f He f 20
mol % O2/He cycle at 850 �C.

Figure 5. Effect of coatings and reaction temperature on oxygen
permeation fluxes through the GdBaCo2�xFexO5+δ-coated BCFN
membranes with 1.0 mm thickness. Reaction conditions: He flow rate,
100 mL min�1; air flow rate, 200 mL min�1.

Figure 6. Effect of the air flow rate on oxygen permeation fluxes
through the GdBaCo2�xFexO5+δ-coated BCFN membranes with 1.0 mm
thickness. Reaction conditions: He flow rate, 100 mL min�1; 875 �C.

Figure 7. Effect of the He flow rate on oxygen permeation fluxes through
the GdBaCo2‑xFexO5+δ-coated BCFNmembranes with 1.0mm thickness.
Reaction conditions: Air flow rate, 200 mL min�1; temperature, 875 �C.
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permeation flux. It is worth noting that the oxygen permeation
flux through the membrane with GdBaCoFeO5+δ coating layer is
higher than that through the others membranes. It is probably
because GdBaCoFeO5+δ coating layer possesses better proper-
ties to enhance the oxygen surface exchange ability of the mem-
brane. It has also been confirmed that the oxygen adsorption and
desorption rate constants of double perovskite oxides (LnBaCo2O5+δ,
Ln = Gd, Pr) are much larger than that of perovskite oxides such
as Ba0.5Sr0.5Co0.8Fe0.2O3�δ.

33,34

The influence of different He flow rate on the oxygen per-
meation flux through the membranes at 875 oC is given in
Figure 7. It is found that the oxygen permeation flux enhanced
dramatically as the He flow rate is increased to 80 mL min�1,
whereas that returned to a slow increase with the sweep gas (He)
flow rate above 80 mL min�1. The sweep gas (He) flow rate has
significantly influenced the oxygen partial pressure on the sweep
side of the membrane.35 According to the Wagner equation,36 it

can be concluded that the increase of the oxygen permeation flux
mainly resulted from the increase of the oxygen partial gradient
across the membrane. Furthermore, from Figure 7, it can be seen
that the oxygen permeation flux was augmented with addition of
coatings on the sweep side of the membrane. Especially, when the
He flow rate was 20mLmin�1, the oxygen permeation flux through
BCFN-GdBaCoFeO5+δ membrane was 0.82 mL min�1 cm�2,
which was 2.6 times higher than that of uncoated BCFN mem-
brane. The porous structures can improve the ability of oxygen
surface exchange, as some researchers have reported that the ability
of oxygen surface exchange can be enhanced by the increase of the
specific surface area (roughness) of membrane.18,37

3.3. Partial Oxidation of COG in the Membrane Reactors.
For practical applications, the membranes not only have high
oxygen permeation but also possess excellent stability in the long
term operation under reducing environments. One of the most
promising industrial applications of perovskite membranes is the

Figure 8. Effect of the coatings in the BCFN membrane reactors on (a) oxygen permeation flux; (b) CH4 conversion; (c�e) products selectivity; (f)
CH4/O2 molar ratio in the reforming reaction . Reaction conditions: COG flow rate, 100 mLmin�1; air flow rate, 200 mLmin�1; membrane thickness,
1.0 mm; temperature, 850 �C.
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partial oxidation of hydrocarbons to syngas. Therefore, the
catalytic partial oxidation of COG was constructed using the
disk-shape BCFN membrane reactor coated with a porous layer
and packed with Ni/Ce0.75Zr0.25O2/Mg3(Al)O catalyst. In order
to clarify the performance of the GdBaCo2�xFexO5+δ layer to
partial oxidation of CH4 in COG, a blind experiment was also
carried out in a BCFN membrane reactor without coating.
The influence of various surface-coating layers on the perfor-

mance of the membrane reactor at 850 �C is shown in Figure 8.
From a and b in Figure 8, it can be clearly seen that the BCFN
membrane showed significant enhancement in oxygen permea-
tion flux and CH4 conversion during the entire reaction process
by coating GdBaCo2‑xFexO5+δ layer on the permeation side. In
present work, the Fe-doped GdBaCoFeO5+δ sample showed the
similar performance of releasing and absorbing oxygen compared
with undoped sample (Figure 4). However, the results show that
the BCFN membrane coated with GdBaCoFeO5+δ layer achieves
the best performance under COG atmosphere. It was reported
that cobalt-containing layered perovskite GdBaCo2O5+δ exhib-
ited high oxygen surface exchange coefficient and reasonable
oxide ionic diffusivity.38 Nevertheless, these cobalt-based materi-
als often suffer from problems like poor chemical stability inCO2,
high thermal expansion coefficients, ease of evaporation, as well
as high cost of cobalt element. Partial substitution of cobalt ele-
ment with Fe in GdBaCo2O5+δ could potentially mitigate the
disadvantages while keeping adequate electrochemical activity of
cobalt-containing materials.39,40 The average oxygen permeation
flux through uncoated BCFNmembranewas 10.9mLmin�1 cm�2,
whereas the values through the membrane coated using GdBa-
CoFeO5+δ increased to 14.4 mL min�1 cm�2, i.e., 32% higher
than that of uncoated BCFNmembrane. In themeantime, the corre-
sponding conversion of CH4 increased from 91.2 to 94.9%.
Wang et al.19 proposed that a coating layer may change the
“effective” oxygen pressure imposed on the membrane surface.
Therefore, the increase of the oxygen permeation flux in present
experiments probably because the fast desorption ability of the
coating layers can lower the “effective” oxygen pressure on the
membrane surface as well as the increase of the effective
surface area.
Panels c and d in Figure 8 show the influence of GdBa-

Co2�xFexO5+δ surface-coating layers on the selectivity of H2 and
H2O. It is clearly found that the selectivity of H2 decreased,
whereas that of H2O increased with the addition of coating layer
on the permeation side of the membranes. In the BCFN mem-
brane reactor, the average selectivity of H2 and H2O were 97.8
and 2.2%, respectively. However, the average selectivity of H2

lowered to 88.9%, and that of H2O increased to 11.1% in the
BCFN-1.0 membrane reactor. The diversiform tendency of the
products yield was attributed to the increment of oxygen sup-
plied by the coated membrane reacted with H2 (2H2 + O2 =
2H2O). The influence of the surface-coating layers on the selec-
tivity of CO is shown in Figure 8e. It is noteworthy that the
average selectivity of CO exceeded 100% in all of the membrane
reactors except BCFN-1.0 (99.6%). The reason is that the oxi-
dantwas not adequate in the reaction system and theCO2 inCOG
was consumed dramatically through the dry reforming reaction
(CO2 + CH4 = 2CO + 2H2). Although the oxygen permeation
flux was increased, the increment of oxygen supplied by the
coated membranes was not enough for the partial oxidation of
methane under the conditions except BCFN-1.0. At the same
time, it can be seen from Figure 8f, the minimum average CH4/
O2 molar ratio is 1.7 in the BCFN-1.0 membrane reactor,

indicating that the oxygen was sufficient for the partial oxidation
reaction (2CH4 + O2 = 2CO + 4H2).
The possible reaction mechanism of partial oxidation of CH4

in COG by using ceramics membrane reactor has been proposed
in our previous work.41,42 The schematic of oxygen permeation
through coated membranes under COG atmosphere is outlined
in Figure 9. First, the adsorbed oxygen on the air side of the
membrane will be transformed into lattice oxygen (OO

� ) by
oxygen vacancies (VO

••), which will result in the generation of
electron holes (h•). Then the lattice oxygen withdraws two elec-
trons from the membrane and dissociates into oxygen ions. Driven
by the oxygen partial pressure gradient across the membrane, the
oxygen ions diffuse across the membrane bulk to the membrane
surface on the oxygen-poor side, where they recombine with
electron holes to form lattice oxygen. Finally, the lattice oxygen
will be lost on the reduction surface of the membrane, which will
result in the generation of molecular oxygen, oxygen vacancies
and electrons. The generated electrons are captured by the elec-
tron holes, which result in the whole of the membrane is elec-
trically neutral. On the permeation side of the membrane, if the
coating layer has a faster oxygen desorption rate than the mem-
brane material, oxygen ions can dissipate in the coating layer and
a lower oxygen pressure will be formed on the surface of the
membrane. This oxygen pressure can enhance the oxygen per-
meation flux through the membrane. In fact, from the results of
TG experiments, it is reasonable to consider that the oxygen
desorption rate and the amount of oxygen released of the
GdBaCoFeO5+δ surface-coating layer are much larger than that
of BCFN.

4. CONCLUSIONS

Hydrogen production from COG by partial oxidation of
methane was investigated by using a BCFN membrane reactor
combined with GdBaCo2�xFexO5+δ surface-coating layers. The
results of experimental tests indicated that the surface-exchange
kinetics is one of the rate determining steps for oxygen permea-
tion through the membrane. The oxygen permeation fluxes for
the BCFNmembranes surface-modified by the layers on the per-
meation side were 20�44% higher than that for uncoated BCFN
membrane under the He atmosphere at 750 �C. The increases of
the reaction temperature, air flow rate and He sweep gas flow
rate were beneficial to improve the oxygen permeation flux.

Figure 9. Schematic illustration of the oxygen permeation through
coated membranes under COG atmosphere.
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Themaximumoxygenpermeationflux reached14.4mLmin�1 cm�2

in the GdBaCoFeO5+δ coated BCFNmembrane reactor at 850 �C,
and 94.9% CH4 conversion, 88.9% H2 selectivity, 99.6% CO
selectivity have been achieved. The GdBaCo2�xFexO5+δ coating
materials can sharply improve the oxygen permeation flux under
COG atmosphere, which will be promising surface modification
materials for hydrogen production from COG by catalytic partial
oxidation reforming of methane in a BCFN membrane reactor.
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