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( )The pero®skite-related yttria-stabilized zirconia promoted SrCo Fe O SCFZ0.4 0 .6 3y �

oxides were used to construct membrane reactors for the partial oxidation of methane to
( )syngas POM . The oxygen permeability study of the SCFZ membrane in the airrhelium

gradient showed that the apparent acti®ation energy was about 69� 5 kJrmol at 1,023
�1,223 K, and the oxygen flux was controlled by the bulk diffusion and surface ex-
change rate. In a cofeed reactor packed with SCFZ pellets and a blank SCFZ mem-
brane reactor without any catalyst packing, the SCFZ oxides showed low catalytic acti®-
ity for POM in the fixed-bed reactor and no POM catalytic acti®ity in the membrane
reactor. An SCFZ membrane reactor with NiOrAl O catalyst was continuously run-2 3
ning for o®er 220 h under constant operational conditions. While about 64% of methane
was con®erted with 100% CO selecti®ity after reaching the steady state, the oxygen flux
was about 10 times the ®alue of the airrhelium gradient, in the reactor packed with the
catalyst. The oxygen flux of SCFZ membranes in the reducing atmosphere could be
limited by the surface reaction rate at the reaction side.

Introduction

In recent years, there has been a significant interest in a
new approach to the partial oxidation of methane to syngas
Ž .POM , where a dense oxygen-permeable membrane is used

Žto supply oxygen from air Sanchez and Theodore, 1996; Dyer
et al., 2000; Hendriksen et al., 2000; Gellings and

.Bouwmeester, 2000; Sammells et al., 2000 . Several dense
oxygen-permeable membranes, including dense stabilized zir-

Ž .conia membranes Alqahtany et al., 1993 , PbO dense films
Žsupported on a MgO-coated porous alumina tube Omata et

.al., 1989 , and perovskite-type or perovskite-related oxide
Žmembranes Teraoka et al., 1985; Kruidhof et al., 1993; Pei

.et al., 1995; Qiu et al., 1995; Li et al., 1999a , have been in-
vestigated. Among these dense oxygen-permeable mem-
branes, the perovskite-type or perovskite-related oxide mem-
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branes have been extensively investigated due primarily to
their very high oxygen ionic and electronic conductivity at el-
evated temperatures and ability to separate oxygen from air
without the use of an external electrical circuit.

There are a larger number of studies focusing on the
preparation and performance investigation of perovskite-type

Ž .oxide membranes. Teraoke et al. 1985 was the first to re-
port the oxygen permeability through perovskite-type dense
oxygen-permeable membranes. They concluded that the rate
of oxygen permeation through La Sr Co Fe O1yx x 1y y y 3y�

membranes increased with an increase in Sr or Co content.
In particular, SrCo Fe O oxides exhibited consider-0.8 0.2 3y�

ably high oxygen permeability, which was conformed by other
Žinvestigators Kruidhof et al., 1993; Qiu et al., 1995; Lee et

.al., 1997 . However, since some of the high-oxygen-permea-
bility perovskite-type oxides exhibited poor stability in a re-
duced-oxygen partial-pressure atmosphere at high tempera-

Ž .tures Kruidhof et al., 1993; Pei et al., 1995; Jin et al., 2000 ,
they were not suitable for membrane reactor applications.
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Using SrCo Fe O tubular membranes for POM, Pei et0.8 0.2 3y�

Ž .al. 1995 observed that the fracture of the tubular membrane
occurred shortly after the initiation of the reaction. They
concluded that the fracture happened because the lattice
mismatch resulted from the phase change caused by the oxy-
gen gradient across the membrane.

It is very important to select a suitable membrane material
for constructing membrane reactors for the POM reaction.
The ideal material for membrane reactors should have the

Ž . Ž .following features: 1 high oxygen permeability; 2 good
Ž .chemical stability under reducing atmosphere; and 3 a sta-

ble lattice structure under changes in O partial pressure.2
Several reports have revealed that some perovskite-type or
perovskite-related oxide membranes have exhibited chemical
stability under POM reaction conditions. For example, Bal-

Ž .achandran et al. 1997 reported nonperovskite oxides
SrFeCo O tubular membrane reactors packed with an0.5 x
Rh-based reforming catalyst for the POM. The SrFeCo O0.5 x
membrane reactor was operated continuously for over 1,000
h, and an oxygen flux of 2�4 cm3rmin �cm2 was obtained dur-

Ž .ing the reaction process. Tsai et al. 1997 also investigated
disk-shaped perovskite-type La Ba Fe Co O mem-0.2 0.8 0.8 0.2 3y�

brane reactors for the POM. They found that compared with
the blank reactor, packing a 5% NirAl O catalyst directly2 3
on the surface of the membrane reactor-side resulted in a
fivefold increase in O permeation and a fourfold increase in2
CH conversion. Oxygen continuously transported from the4
air side appeared to have stabilized the membrane interior,
and the La Ba Fe Co O reactor was operated for0.2 0.8 0.8 0.2 3y�

up to 850 h. Recently, a novel perovskite-related oxide mem-
brane, which was prepared by doping YSZ into

Ž .SrCo Fe O SCFZ , has been reported in our labora-0.4 0.6 3y�

Ž .tory Li et al., 1999b; Li et al., 2001 . The SCFZ membrane
material exhibited very high oxygen permeability in airrhelium
gradient. High-temperature XRD in a flowing argon atmo-
sphere showed that the SCFZ material was very stable in re-
duced oxygen partial pressures at high temperatures.

In this article, therefore, perovskite-related YSZ-promoted
SrCo Fe O membranes were used to study partial oxi-0.4 0.6 3y�

dation of methane to syngas. The partial oxidation reaction
was performed over an extended period of time to investigate
the chemical stability of the SCFZ membrane under reaction
conditions. A detailed investigation was conducted to obtain
the performance of the SCFZ membrane by carrying out the
oxygen permeation measurements in the airrhelium gradient
and membrane reactions with and without the NiOrAl O2 3
catalyst. In addition, SEM analysis was used to characterize
the SCFZ membranes to demonstrate the structure changes
of the used membranes.

Experimental Studies
Membrane preparation

Ž .The perovskite-related YSZ 9 wt % ySrCo Fe O0.4 0.6 3y�

Ž .SCFZ ceramic powders were synthesized by a solid-state re-
Žaction. Appropriate amounts of SrCO , Co O , Fe O the3 2 3 2 3

.Second Chemical Industry of Shanghai, purity of 99.9% and
Ž . Ž8% Y O stabilized ZrO YSZ Shenzhen Nanbo Structure2 3 2

.Ceramics Co., Ltd. were mixed and ball-milled in pure water
for 24 h. After having been dried at 353 K for 24 h, the mix-
ture was ground and calcined in air at 1,173 K for 10 h. The

heating and cooling rates were controlled at 2 Krmin. After
the final calcination, the powders were ground and sifted to
an average particle size of about 8 �m.

The disk-shaped SCFZ membranes were prepared by iso-
static pressing at a pressure of 192 MPa using an oil press,
which included loading, pressing, and ejecting. The green
membrane disks were sintered in air at 1,513 K for 5 h in
MoSi furnace, with the heating and cooling rate controlled2
at 2 Krmin. The sintered membranes were polished with a
1,000 MESH SiC before being used in experiments. The
thicknesses of the membranes used in the oxygen permeation
measurements were 0.44 mm, 1.16 mm, 1.80, mm and 2.32
mm. The disk-shaped membranes with the thickness of 1.80
mm were used for the membrane reactor study.

Catalyst preparation
The SCFZ particles employed in this study were prepared

by pressing SCFZ powders with a particle size smaller than
50 �m at 256 MPa to form the pellets, which were then
crushed and sieved to 20�40 mesh.

The 4.7 wt % NiOrAl O catalyst was prepared by the im-2 3
pregnation techniques. An appropriate amount of �-Al O2 3
Ž .20�40 mesh was impregnated by an aqueous solution of

Ž . ŽNi NO �6H O the Second Chemical Industry of Shang-3 2 2
.hai; purity of 99.9% . After being dried at 333 K for 24 h, the

catalytic precursors were calcined in air at 1023 K for 4 h.
The color of the particles turned from green to dark blue
after calcination. The BET surface area of the catalyst was
128 m2rg.

Membrane reactor configurations and experimental
procedures

Figure 1 shows the experiment apparatus used for oxygen
permeation measurements and membrane reaction experi-
ments. The detailed flow arrangements of three modes of op-
eration, which included the oxygen permeation measure-
ment, blank membrane reactor without any catalyst packing
Ž .briefly named blank membrane reactor , and membrane re-
actor with NiOrAl O catalyst, are illustrated in Figure 2,2 3

Ž .which is similar to the one used by Tsai et al. 1997 . A disk-
shaped membrane between two gold rings was held in place

Figure 1. Membrane reaction apparatus.
1: gas cylinder, 2: gas dryer, 3: valve, 4: mass-flow controller,
5: mixer, 6: pressure gauge, 7: pressure sensor, 8: computer,
9: electric furnace, 10: membrane reactor, 11: chro-
matogram, 12: bubble flowmeter.
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( )Figure 2. a Flow arrangement in oxygen permeation
( )measurements; b blank membrane reaction

( )experiments; c membrane reaction experi-
ments.

Ž .by two quartz tubes 6 mm ID, 12 mm OD . The gold rings
were the same dimensions as the quartz tubes, which left an
effective area of about 0.283 cm2 for the oxygen permeation.

Ž .An inner quartz tube 2.3 mm ID, 4.3 mm OD was used to
introduce helium or a gas mixture of helium and methane to
one side of the membrane, while a stainless-steel tube was
used to introduce air to the other side of the membrane. In
all cases of this study, air flow rates were controlled at 200

3 Ž .cm STP rmin. The clearance of the inner quartz tube and
membrane surface was about 2�3 mm. Before the experi-
ments were performed, the temperature around the SCFZ
membranes was held at 1313 K for 10 h to ensure the soften-
ing of the gold rings. Gas leakage, if present, could be de-
tected by monitoring the nitrogen concentration in the efflu-
ent from the oxygen-lean side of the membrane. The inlet gas

Žflow rates were controlled by mass-flow controllers Models
.D07-7ArZM , which were calibrated by a bubble flowmeter.

Both sides of the membrane were maintained at atmospheric
pressure, which was monitored by electronic pressure sensors
Ž .Models DG1300 . A programmable temperature controller
Ž .Model AI-708PA controlled the temperature around the
membrane, which was measured by a type-K thermocouple
encased in an alumina thermocouple well. The effluent
streams were analyzed by two on-line gas chromatographs
Ž .Model Shimadzu GC-7A and Model SP-6800 with about 1
cm3 sample loop. The maximum sensitivity of the chro-

3 Ž .matographs was about 7000 mv �cm rmg benzene . A 2-m
5A molecular sieve column was used for the separation of
H , O , N , CH , and CO, and a 1-m TDX-01 column was2 2 2 4

used for the separation of CO and hydrocarbons. The chro-2
matograph with 5A molecular sieve was operated under a
current of 180 mA and the attenuation of 1, under which a

Ž .trace amount of oxygen �1 Pa could be detected. The
analyses were checked by the carbon balance, which was
within 5% for all reaction experiments. For oxygen perme-
ation measurements, helium gas was used as the sweeping
gas in the permeation side, and an internal standard gas CH4
was added to the effluent streams and flowed through the
on-line analysis loop. In the membrane reaction experiments,
methane diluted by helium was introduced into the reaction
side of the membrane, and the unreacted feed gases and
products flowed through the loop of the on-line analysis. The
conversion of CH and selectivity of CO for the POM were4
defined, respectively, as follows

F yFCH inlet CH outlet4 4X s 1Ž .CH4 FCH inlet4

FCO
S s 2Ž .CO F yFCH inlet CH outlet4 4

where F is the flow rate of species i, in molrs. The oxygeni
flux in the dense membrane reactors could be calculated by
the mass balance on the basis of the components of CO, H ,2
CH , CO , O , and H O in exit stream4 2 2 2

F sF q1r2 FO inlet O outlet CO2 2

qF qF yF y1r2 F 3Ž .CO CH inlet CH outlet H2 4 4 2

Characterization of membrane material
The crystal types of SCFZ powders were studied by XRD

Ž .Rigaku DrMAX-RB diffractometer, with CuK � radiation .
The sintered and used membranes were characterized by

Ž .SEM JSM-6300 . The relative densities of the sintered mem-
branes were determined by the Archimedes method, and ex-
ceeded 90% of the theoretical density in all cases.

Results and Discussion
Oxygen permeability

The oxygen permeation fluxes through the SCFZ mem-
brane disks with the thickness of 0.44 mm, 1.16 mm, and 2.32
mm were measured as a function of temperature in airrhelium
gradient. The flow rate of the sweep gas, He, was controlled

3Ž .at 50 cm STP rmin first. After helium was initially intro-
duced, the oxygen flux decreased with time, and required
about 2 h to attain the steady state. This phenomenon was
most likely caused by the release of the lattice oxygen from
the membrane bulk when the helium was first introduced,
and the rate of the release of the lattice oxygen decreased
gradually and finally reached the steady value when the steady
oxygen vacancy was fully developed in the bulk of the mem-
brane. A similar phenomenon was reported by Tsai et al.
Ž . Ž .1997 and Zeng et al. 1998 . The steady oxygen permeation
data were used to calculate the activation energy. The Arrhe-
nius plots of three thicknesses are shown in Figure 3. The
oxygen partial pressure difference across the membrane was
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Figure 3. Temperature dependence of oxygen perme-
ation flux in airrrrrrhelium gradient for different
membrane thicknesses.

fixed during measurement. These straight lines in Figure 3
have approximately the same slope, giving the apparent acti-
vation energy of 69�5 kJrmol between 1023 and 1223 K,
which was similar to that of the SCFZ prepared with nitrate

Ž .precursors by Li et al. 1999b .
Four SCFZ membranes with a thickness of 0.44 mm, 1.16

mm, 1.8 mm, and 2.32 mm were used to investigate the thick-
ness dependence of the oxygen flux. The experimental results
at 1,123 K and 1,223 K are shown in Figure 4. The data points
near to the vertical line in Figure 4 were used to investigate
the thickness dependence of the oxygen flux, which is showed
in Figure 5a. As expected, it can be seen from Figure 5a that
the oxygen flux increased as the thickness of the membrane
was decreased. When the oxygen permeation is controlled by
the bulk diffusion, the oxygen flux can generally be described

Ž .by the Wagner’s equation 1975

ln P ��
O 2RT

J sy t � d ln P 4Ž .HO el ion O2 22 2
�4 F L ln PO 2

where R is the gas constant; L is the thickness of membrane;
F is the Faraday constant; P� and P�� are the oxygen par-O O2 2

tial pressures at the high and low pressure side of the mem-
brane, respectively; t is the electronic transference number;el
and � is the ion conductivity. Therefore, according to Eq.ion
4, the oxygen permeation flux should be inversely propor-
tional to the membrane thickness if the transport of the oxy-
gen ion is limited by the bulk diffusion. However, departures
from this ideal inverse relationship were observed in Figure
5a. To further substantiate this deviation from the ideal in-
verse relationship, a log-log plot of J vs. 1rL is shown inO2

Figure 5b. Both lines have the same slope of around 0.57, an
indication that the permeation flux is at least partially con-

Ž .trolled by the surface exchange rate Chen et al., 1997 .

Figure 4. Oxygen pressure dependence of the oxygen
permeation flux airrrrrrhelium gradient for differ-
ent membrane thicknesses at 1,123 and 1,223
K.

Catalytic performance of SCFZ membrane material
In order to study the SCFZ membrane reactors packed with

NiOrAl O catalyst, the SCFZ blank membrane reactor2 3
without any catalyst packing was investigated first. The blank
membrane reactor was operated at 1,123 K, with a CH flow4

3Ž .rate of 2.9 cm STP rmin and a helium flow rate of 17.9
3Ž .cm STP rmin. The reaction was run continuously for over

270 h. The main reaction products were CO and H O, and2 2
no C , CO, and H were detected. The results of the blank2 2
membrane reaction experiments are shown in Figure 6. For
comparison, before methane was introduced, the steady-state

Žoxygen flux under the airrhelium gradient air on one side
.and helium used as the sweep was determined to be 0.4

3Ž . 2cm STP rmin � cm , at the helium flow rate of 17.9
3Ž .cm STP rmin and 1,123 K. However, once the methane and

helium mixture was introduced to one side of the membrane,
the oxygen flux increased with the increase of methane con-
version and the oxygen partial pressure in the reaction side
decreased gradually. When the reaction time was close to 270

3Ž . 2h, a steady-state oxygen flux of about 0.8 cm STP rmin �cm
was reached. At this time, the oxygen partial pressure in the
reaction side was around 15 Pa.

Ž .Tsai et al. 1997 performed a similar experimental study
of disk-shaped La Ba Fe Co O membrane without0.2 0.8 0.8 0.2 3y�

catalyst packing, and obtained about 5% CH conversion.4
Their reaction products, consisting of CO , CO, and C , were2 2
different from our experimental results due, possibly, to the
difference between the catalytic activities of SCFZ mem-
brane and their La Ba Fe Co O membrane.0.2 0.8 0.8 0.2 3y�

A fixed-bed reactor packed with 0.3-g SCFZ particles was
used to further investigate the catalytic activity of SCFZ. A

3Ž . 3Ž .mixture of 4.9 cm STP rmin methane, 31.6 cm STP rmin
3Ž . Žhelium, and 6.5 cm STP rmin air oxygen partial pressure of

.3.2 kPa was introduced into the reactor. The reaction tem-
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Figure 5. Thickness dependence of the oxygen perme-
ation flux at the same oxygen partial pressure
gradient at 1,123 and 1,223 K.
Ž . Ž . Ž .a J vs. 1rL; b log J vs. log 1rL .O O2 2

perature was kept at 1133 K and the effluent gases at the
outlet of the reactor included H , CO, CO , O , and H O,2 2 2 2
but no C was detected. The results suggested that the SCFZ2
material exhibited some catalytic activity for POM, but poor

Ž .catalytic activity for oxidative coupling of methane OCM .
The results of the fixed-bed reaction packed with SCFZ par-
ticles are shown in Figure 7. A gradual increase in methane
conversion, as well as CO selectivity, was observed at the ini-

Ž .tial stage first 20 h , which was due to an increase in the
catalytic activity of the SCFZ particles during this period.
When a steady state was reached, the CH conversion of 30%,4

Figure 6. Long-time stability of the blank membrane re-
actor at 1,123 K.
Membrane thickness: 1.8 cm. Feeding conditions: Q s 2.9CH43 Ž . 3 Ž .cm STP rmin, Q s17.9 cm STP rmin.He

CO selectivity of 70%, and H rCO ratio of about 2.2 were2
obtained. Chromatograph analysis showed that the partial
pressure of the unreacted oxygen in the effluent gas was about
150 Pa.

Figure 7. Stability of the fixed-bed reactor packed with
SCFZ particles at 1,133 K.

3 Ž .Feeding conditions: Q s 4.9 cm STP rmin, Q s 31.6CH He43 Ž . 3 Ž .cm STP rmin, Q s 6.5 cm STP rmin.air
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Like the fixed-bed reactor, the catalytic activity of the
membrane surface, which was exposed to the methane side,
gradually increased during the 270-h operation. As shown in
Figure 6, the increase in catalytic activity at the membrane
surface could enhance the interaction of oxygen ion with gas
species and contribute to an increase in oxygen flux. A de-
tailed discussion is given in the section ‘‘Comparison and
Analysis of Oxygen Permeation in Three Processes.’’

Membrane reaction with NiOrrrrrAl O catalyst2 3

Long-term experiments performed in a fixed-bed reactor
packed with 0.1 g 4.7 wt % NiOrAl O catalyst showed steady2 3
catalytic activity with a CH conversion, CO selectivity, and4
H rCO of about 86.7%, 100%, and 1.75 respectively, at the2

3Ž . 3Ž .feed flow rates of 2.9 cm STP rmin CH , 6.2 cm STP rmin4
3Ž .air, and 17.9 cm STP rmin He. Since experimental results

from the fixed-bed reactor studies showed that the catalytic
activity of the SCFZ particles was relatively low compared to
that of the NiOrAl O catalyst, the SCFZ particles were not2 3
selected for the membrane reactor experiments.

A fresh SCFZ disk-shaped membrane reactor packed with
0.1 g 4.7 wt % NiOrAl O catalyst was used to investigate2 3
the POM at 1,123 K. The membrane reactor was continu-
ously operated for over 220 h at constant feed flow rates of

3 Ž . 3 Ž .2.9 cm STP rmin CH , 17.9 cm STP rmin helium, and4
3 Ž .200 cm STP rmin air. The effluent stream contained the

products of CO, CO , H , H O, and unreacted CH and O .2 2 2 4 2
The reaction results for 220 h are shown in Figure 8. At the
initial stage, the CH conversion and CO selectivity de-4
creased within a short period of time; then, the CH conver-4
sion and CO selectivity increased gradually to about 64% and
100% at 60 h, and the oxygen flux was about 4.5 cm3

Ž . 2STP rmin � cm , which was about 10 times the value in
airrhelium gradient at the same temperature. The variations
in methane conversion and CO selectivity in the first 60 h
could be attributed to a reduction in NiOrAl O and an in-2 3
crease in oxygen flux, as shown in Figure 8. A similar in-

Ž .crease in the oxygen flux was reported by Tsai et al. 1997 ,
although their reactor was operated under oxygen-limited
conditions and the oxygen permeation flux was controlled by
the bulk diffusion for their membrane. When the reaction
time was greater than 60 h, slight decreases in the oxygen
flux and CH conversion were found, due, possibly, to the4
final readjusting of the lattice structure. Steady state in the
membrane reactor was reached after about 150 h.

Comparison and analysis of oxygen permeation in three
processes

In order to further study the oxygen permeability of the
SCFZ membrane in the reactive atmosphere, three processes
were compared at 1123 K. These included the oxygen perme-

Figure 8. Long-time stability of the membrane reactor
packed with NiOrrrrrAl O catalyst at 1,123 K.2 3
Membrane thickness: 1.8 cm. Feeding conditions: Q s 2.9CH43 Ž . 3 Ž .cm STP rmin, Q s17.9 cm STP rmin.He

ation measurement, blank membrane reaction experiment,
and membrane reaction experiment with NiOrAl O catalyst.2 3
The thickness of the membranes adopted in the experiments
was 1.8 mm. All the data of the oxygen flux used for a com-
parison were measured after steady state was reached. For
the membrane reactors, the methane flow rates were con-

3 Ž .trolled at a constant rate of 2.9 cm STP rmin, and the oxy-
gen fluxes were measured at different helium flow rates. The
value of oxygen partial pressure at the lean-oxygen side was
obtained by chromatographic analysis. For every operating
condition, the measurement was repeated more than three
times, and the average values were used for experimental
comparison. For the oxygen permeation measurement in
airrhelium gradient and the blank membrane reaction, the
error bars of P�� values were lower than 5%, and for theO2

membrane reaction, the error bars of P�� values were lowerO2

than 10%. The results of the three experiments are shown in
Table 1.

For the oxygen permeation measurement in the airrhelium
gradient, the oxygen partial pressure at the permeation side
dropped along with an increase in the oxygen flux when the
helium flow rate was increased, as shown in Table 1. This
was because the decrease in the oxygen partial pressure at
the permeation side brought about an increase in the gradi-
ent of the oxygen chemical potential across the membrane,
which resulted in an increase in the oxygen flux. From Table

Table 1. Comparison of Oxygen Fluxes at 1,123 K among Three Experimental Processes

Oxygen Permeation Exp. Blank Memb. Reaction Memb. Reaction

Q , J , J , J ,He O O O2 2 2�� �� ��3 3 2 3 2 3 2Ž . Ž . Ž . Ž .cm STP rmin cm STP rmin �cm P , Pa cm STP rmin �cm P , Pa cm STP rmin �cm P , PaO O O2 2 2
2 117.9 0.39 9.2�10 0.77 1.5�10 4.35 6.9
2 132.2 0.43 5.4�10 0.69 2.9�10 3.87 4.8
2 150.4 0.45 3.4�10 0.60 6.1�10 3.44 1.9
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1, however, it is interesting to note that the oxygen flux in
both the blank membrane reactor and the membrane reactor
decreased with an increase in helium flow rate. However, the
dependences of the oxygen partial pressure on the helium
flow rate in the permeate side were different between the
two types of membrane reactors. For the blank membrane

Žreactor, the oxygen partial pressure at the reactive per-
.meate side increased with an increase in the helium flow

rate; while for the membrane reactor, the oxygen partial
pressure decreased when the helium flow rate increased.

ŽPrevious reports van Hassel et al., 1994; Xu and Thom-
.son, 1997 in the literature have shown that the oxygen flux

of some membrane materials is limited by the rate of the
surface reaction in a reducing atmosphere. Ten Elshof et al.
Ž . Ž .1995 found that for La Sr FeO xs0.1�0.4 mem-1yx x 3y�

branes, the oxygen permeation flux was controlled mainly by
the bulk-diffusion in airrhelium gradients. However, when

Ž .La Sr FeO ys0.1, 0.2 membranes were in large oxy-1yy y 3y�

Ž .gen partial-pressure gradients airrCO, CO mixture , the2
oxygen flux was limited by the carbon monoxide oxidation

Ž .rate at a low oxygen partial pressure van Hassel et al., 1994 .
Ž .Xu and Thomson 1997 found that the oxygen flux in their

disk-shaped La Sr Co Fe O catalytic membrane0.6 0.4 0.2 0.8 3y�

reactors for the oxidative coupling of methane were signifi-
cantly higher than that in airrN gradient. They postulated2
that it was possible that the oxygen fluxes were limited by the
surface exchange rates at the oxygen�lean side of the mem-
brane for OCM.

It has been mentioned in the section on ‘‘Catalytic Perfor-
mance of SCFZ Membrane Material’’ that the POM reaction
occurred in the fixed-bed reactor packed with SCFZ parti-
cles, while only methane combustion took place in the
blank-membrane experiments. This implied that the catalytic
performance of the oxygen species released from the SCFZ
membrane was somewhat different from that of oxygen ad-
sorbed from the gas phase. In other words, the oxygen ad-
sorbed on the SCFZ surface mainly contributed to the POM
reaction in the fixed-bed reactor, whereas the lattice oxygen
on the membrane surface contributed to the methane com-
bustion in the blank-membrane experiments. Similarly, for the
membrane reaction experiments with NiOrAl O , the2 3
methane combustion reaction should occur between methane
and the lattice oxygen ion; meanwhile at the membrane sur-
face, there were reactions between lattice oxygen ions and
the reducing gases of CO and H from reforming reactions2
in the NiOrAl O catalyst bed. It can therefore be postulated2 3
that the surface oxygen ions exposed to the reducing atmo-
sphere could be transformed by four routes described below

Ž .by adopting the Kroger�Vink notation Kroger, 1964¨ ¨

CH q4O Xq8h�™CO q2H Oq4V �� 5Ž .4 O 2 2 O

COqO Xq2h�™CO qV �� 6Ž .O 2 O

H qO Xq2h�™H OqV �� 7Ž .2 O 2 O

2O Xq4h�™O q2V �� 8Ž .O 2 O

In the blank-membrane reactor, Eqs. 5 and 8 occurred at
the membrane surface, and the oxygen flux was enhanced by
Eq. 5 compared with the oxygen permeation measurement.

When the flow rate of methane was controlled at a constant
rate, the increase in the helium flow rate would result in a
decrease in the methane partial pressure in the reactive side.
Therefore, from the viewpoint of the reaction kinetics, the
rate of the reaction in Eq. 5 would decrease, which would
eventually lead to the decrease in the oxygen flux. For the
membrane reactor with NiOrAl O catalyst packing, there2 3
were larger amounts of reducing gases such as CO, H , and2
CH in the reaction side. Reactions in Eqs. 5�8 would occur4
simultaneously at the membrane surface. Because of the
stronger reducing potential of H and CO, the rates of the2
reactions in Eqs. 6 and 7 were essentially higher than that of
the reaction in Eq. 5. Consequently, the oxygen flux of the
membrane reactor packed with the catalyst would be sub-
stantially higher than that of the membrane reactor without
the catalyst. A decrease in the oxygen flux with an increase in
the helium flow rate in the membrane reactor with
NiOrAl O catalyst could be attributed to the decrease in2 3
the rates of reaction in Eqs. 5�7, which was similar to the
result of the blank-membrane reactor without the catalyst.

In the blank-membrane reactor and the membrane reactor
with catalyst, there were two competing phenomena when the

Ž .helium flow rate was increased: a increasing flow rates
tended to maintain lower oxygen pressures at the reactive

Ž .side; b increasing flow rates also lowered the methane par-
tial pressure, which would lower the rate of reaction in Eq. 5
for the blank-membrane reactor or the rates of surface reac-
tions and POM reaction for the membrane reactor with cata-
lyst, thus, improving the amount of molecular oxygen in the
reactive side of the membrane. These two competing pro-
cesses could raise or lower the oxygen pressure, depending
on their relative effects. As shown in Table 1, the increase in
oxygen partial pressure with the increase of the helium flow
rate in the blank-membrane reactor might mainly be at-
tributed to the decrease in the reaction rates in the reactor
w Ž .xprocess b ; while in the membrane reactor with catalyst,
the decrease in the oxygen partial pressure might mainly be

w Ž .xattributed to the dilution of helium process a .
For a further examination of the effect of the surface-ex-

change on the oxygen flux in the membrane reactor with cat-
alyst packing, the effect of the methane partial pressure on
the oxygen flux was investigated at five different feed condi-
tions. The results are shown in Figure 9. It was seen that the
increase in the methane partial pressure in the inlet of the
reactor caused an increase in the oxygen flux. The results
again suggested that the oxygen flux of the SCFZ membrane
in the reducing atmosphere should be limited by the rate of
the surface exchange.

XRD and SEM analyses of SCFZ membranes
The XRD pattern of the SCFZ membrane material is illus-

trated in Figure 10. For comparison, an XRD pattern of
SrCo Fe O oxides prepared by solid-state reaction is0.4 0.6 3y�

also shown in this figure. As can be seen, the
SrCo Fe O oxides have a pure cubic perovskite phase0.4 0.6 3y�

structure, and the SCFZ is a multiphase material composed
of SrZrO , ZrO , and perovskite phase similar to3 2
SrCo Fe O oxides. However, the Bragg angles of the0.4 0.6 3y�

perovskite phase in the SCFZ are slightly lower than those of
the SrCo Fe O oxides, indicating that most Y3q and0.4 0.6 3y�
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Figure 9. Effect of methane partial pressure on oxygen
flux in SCFZ membrane reactor packed with
NiOrrrrrAl O at 1,123 K.2 3

Ž . 3 Ž .Feeding conditions: a Q s 2.9 cm STP rmin, Q sCH He43 Ž . Ž . 3 Ž .50.4 cm STP rmin; b Q s1.5 cm STP rmin, Q sCH He43 Ž . Ž . 3 Ž .17.9 cm STP rmin; c Q s 2.9 cm STP rmin, Q sCH He43 Ž . Ž . 3 Ž .32.2 cm STP rmin; d Q s 2.0 cm STP rmin, Q sCH He43 Ž . Ž . 3 Ž .17.9 cm STP rmin; e Q s 2.9 cm STP rmin, Q sCH He43 Ž .17.9 cm STP rmin.

some Zr4q in the SCFZ could have entered the lattice posi-
Ž 3q 4qtions of the perovskite phase as Y and Zr have a larger

ionic radius than Co3q and Fe3q, which contributed to the
.increase in the crystal cell volume of the perovskite phase . A

detailed XRD investigation on the SCFZ material can be
Ž .found in Li et al. 2001 . Figure 11 shows the SEM photos of

the fresh and used membranes. It is seen from Figure 11a
that significant grain boundaries existed in the bulk of the
fresh membrane. After being polished by 1000 MESH SIC, a

Ž .smooth membrane surface shown in Figure 11b was ob-
tained. For the blank membrane reactor, a slight deteriora-
tion in the structure of the membrane surface exposed to the

Ž .reaction side Figure 11c occurred. However, for the used

( )Figure 10. a X-ray diffraction patterns of SCFZ mem-
( )brane material; b SrCo Fe O oxides.0.4 0.6 3

Ž . Ž . Ž . Ž .P hlk : Perovksite Mill’s indexes ; Z ZrO ; S SrZrO .2 3

Figure 11. SEM of fresh and used membranes.
Ž . Ž .a The cross-section of fresh membrane; b the polished

Ž .surface of fresh membrane; c the membrane surface ex-
Ž .posed to reactive side in blank membrane reactor; d the

membrane surface exposed to air side in blank membrane
Ž .reactor; e the membrane surface exposed to reactive side

Ž .in membrane reactor; f the membrane surface exposed to
Ž .air side in membrane reactor; g the cross section of

Ž .membrane center in membrane reactor; h the cross sec-
tion near the reaction side in membrane reactor.

membrane packed with the catalyst, there was a porous layer
found at the membrane surface exposed to the reaction side
Ž .Figure 11e . The porous layer could have caused the decom-
position of the SCFZ in a strongly reducing atmosphere, and
large grains at the membrane surface broke into many fine
particles. The porous layer increased the surface area of the
SCFZ membrane exposed to the reaction side, which would
be beneficial to the oxygen permeation through the SCFZ
membranes. Similar phenomena of this type of decomposi-
tion at a surface exposed to a reducing atmosphere were also

Ž . Ž .observed by Tsai et al. 1997 and Xu and Thomson 1998
who, respectively, studied the La Ba Fe Co O0.2 0.8 0.8 0.2 3y�

membrane for POM and La Sr Co Fe O mem-0.6 0.4 0.2 0.8 3y�
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brane for OCM, reporting that these materials were sub-
jected to severe degradation when exposed to a strongly re-
ducing atmosphere. The thickness of the porous layer in Fig-
ure 11h was only about 10 �m, which was very similar to the

Ž .result reported by Tsai 1997 . It was found from Figure 11g
that the structure of the bulk of the membrane used for the
POM remained intact and dense. It can be seen in Figure
11d and 11f that after a lengthy operation, the etched mem-
brane surface was developed at the air side by some big grains.

Conclusions

1. The perovskite-related SCFZ membrane reactors were
used to study the POM. Three operational processes, includ-
ing the oxygen permeation measurements, blank membrane
reactor experiments, and membrane reactor experiments,
were compared. The oxygen permeation measurements of the
SCFZ membrane were performed in the airrhelium gradient,
and an apparent activation energy of 69�5 kJrmol was ob-
tained in the temperature range of 1,023�1,223 K. In the
airrhelium gradient, the oxygen permeation of the SCFZ
membrane was controlled by both the bulk diffusion and sur-
face exchange rate.

2. The membrane reactor without catalyst packing was op-
erated continuously for over 270 h. The main products were
CO and H O, which were produced at the membrane sur-2 2
face exposed to the reaction side. An increase in the oxygen
flux in the membrane reactor without catalyst could be at-
tributed to the increase in the catalytic activity at the mem-
brane surface. The steady-state oxygen flux was about twice
the value under the airrhelium gradient. The membrane re-
actor packed with NiOrAl O catalyst was continuously op-2 3
erated for over 220 h at constant operation conditions. The
methane conversion was achieved at about 64% with 100%
CO selectivity after steady state was reached. The oxygen flux

3Ž . 2increased gradually to about 4.5 cm STP rmin �cm , which
was about ten times the value under the airrhelium gradient.

3. The effect of the variation in the helium flow rate on
the oxygen permeation flux was investigated for three opera-
tional processes, including the permeation measurements,
blank membrane reactor, and membrane reactor. The in-
crease in the helium flow rate resulted in an increase in the
oxygen flux in the airrhelium gradient. However, a decrease
in the oxygen flux was found in the membrane reactors when
the helium flow rate was increased. The oxygen flux in the
membrane reactor packed with the catalyst was affected by
the partial pressure of the feed gas CH , and an increase in4
the CH partial pressure resulted in an increase in the oxy-4
gen flux in the membrane reactor. The results also showed
that the oxygen flux of the SCFZ membrane in reducing at-
mosphere could be limited by the surface reaction rate at the
reaction side of the membrane.

4. After a lengthy operation, a slight structural change in
the membrane surface at the reaction side was found in the
membrane reactor without catalyst packing. For the mem-
brane reactor packed with NiOrAl O , a porous layer was2 3
developed at the surface of the SCFZ membrane exposed to
the reaction side after a lengthy operation.
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Notation
Asperexponential, molrm � s �K

E sactivation energy for diffusion of oxygen, kJrmola
FsFaraday constant, 96,485 Crmol
Fsmolar flow rate of species i, molrsi

F smolar flow rate of species i at the inlet of reactor, molrsi,inlet
F smolar flow rate of species i at the outlet of reactor, molrsi,outlet

ḣs free-electron hole
3Ž . 2J soxygen permeation flux, cm STP rmin �cmO 2

Ls thickness of membrane, mm
O Xsoxygen ion on its normal lattice positionO

P smethane partial pressure, PaCH 4
P soxygen partial pressure, PaO 2
P� soxygen partial pressure at high-pressure side of membrane,O 2

Pa
P�� soxygen partial pressure at low-pressure side of membrane,O 2

Pa
Q s volume flow rate of species i at the inlet of reactor,i

3Ž .cm STP rmin
Rsgas constant, 8.314 Jrmol �K

S sCO selectivityCO
tsreaction time, h

t selectronic transference numberel
Ts temperature, K

V ��soxygen ion vacancyO
X sCH conversionCH 44

Greek letters
� s ion conductivity, Srmi o n
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