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Abstract

A perovskite-type oxide of Bag 5Srg 5Cog sFep203_5 (BSCFO) shows mixed (electronic/oxygen ionic) conductivity at high
temperatures. Membrane made of the oxide has high oxygen permeability under air/helium oxygen partial pressure gradient.
At 850°C, oxygen permeation rate maintained about 1.15 ml/cm? min for more than 1000 h under ambient air/helium oxygen
gradient. A membrane reactor constructed from the oxide membrane was applied for the partial oxidation of methane (POM) to
syngas, LiLaNiO,/v-Al, O3 with 10 wt.% Ni loading was used as the packed catalyst. At the initial stage, oXygen permeation
rate, methane conversion and CO selectivity were closely related with the state of the catalyst. Less than 21 h was needed for
the oxygen permeation rate to reach its steady state. A membrane reactor made of BSCFO was successfully operated for POM
reaction at 875°C for about 500 h without failure, with methane conversion of >97%, CO selectivity of >95% and oxygen
permeation rate of about 11.5 ml/cm? min. Under membrane reaction condition, the POM reaction mechanism was suggested
to obey the CRR (complete combustion of CH4 to CO, and H,O and a subsequent reforming reaction of the residual CHy

and with CO; and H>O to CO and H,) mechanism. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Economical uses of natural gas have attracted ex-
tensive attention all over the world [1]. As regards, the
fact that the transporting cost of natural gas rapidly
rises with the increasing transportation distance, a
plan called gas-to-liquid (GTL) received considerable
attention during the past decade, because the most
economical uses of natural gas seems to convert it into
value-added liquid chemical products at site of the gas
source. During the past years, extensive efforts have
been made on both direct and indirect conversions
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of methane. The direct conversion involves oxidative
coupling of methane to ethylene, and the selective
oxidation of methane to methanol and formaldehyde.
The indirect conversion involves reforming of natural
gas to syngas (CO + Hj) and then using syngas to
produce a series of important chemical products such
as liquids fuel and methanol [2]. For the direct conver-
sion, because reaction products are more active than
the starting material, reaction products are easily to be
further oxidized to CO, and H,O, which leads to the
low selectivity of the aimed products. Till now, the di-
rect conversion has not found application in industry
yet. At present, the application of natural gas in chem-
ical industry is mainly by indirect conversion, and
natural gas to syngas is the first step of the application.
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For the production of syngas, there are several choices
including partial oxidation of methane (POM), steam
reforming (which has already been industrialized),
and CO, reforming (which is at its developing stage).
Steam reforming and CO; reforming are both strong
endothermic reactions (CH4 + H,O < CO + 3Ho,
AH(25°C) = 206.16 kJ/mol, CH4 + CO, < 2CO +
2H;, AH(25°C) = 247.37kJ/mol). This means that
the two reactions need high temperatures, which re-
quire huge investments in plant and energy supply.
POM to syngas is a weak exothermic reaction, and the
reaction rate is 1-2 orders of magnitudes faster than
that of the reforming reaction. Furthermore, the prod-
uct ratio of CO and H» is 1:2, which is a perfect sto-
ichiometry for Fisher—Tropsch reaction to methanol.
However, Fisher—Tropsch reaction cannot tolerate
nitrogen, and pure oxygen is required. Traditionally,
oxygen is produced by cryogenic distillation of air
at ultra low temperature, which increases the invest-
ment in energy supply and plant. Recently, coupling
the mixed-conducting membranes with POM reaction
could directly use air as the oxidant for POM reac-
tion, which makes the separation of oxygen and cata-
Iytic oxidation in one process. Furthermore, the heat
produced by POM reaction sustains the temperature
needed for oxygen permeation. Such coupling simpli-
fies the process of operation, and a reduction in GTL
production cost by 20-30% can be estimated [3.,4].

Mixed-conducting oxygen permeable membranes
represent a class of novel ceramic membranes, which
exhibit both oxygen ionic and electronic conductivity.
At high temperatures, oxygen ions transport through
membrane from high to low oxygen pressure side
via lattice oxygen vacancies (or interlattice oxygen).
Simultaneously, electrons move in a reverse direc-
tion by hopping between the multivalent metal ions.
Because the membrane is dense type and only oxy-
gen ion can incorporate into the oxygen vacancies, the
permselectivity of oxygen is 100%. The driving force
for oxygen permeation is the oxygen partial pressure
difference across the membrane. The oxygen perme-
ation flux of the mixed-conducting membrane under
the condition of bulk diffusion controlling for oxygen
permeation can be described as

RT In P(l)2
Jo, = —m[n oy tiontelOtotal d[InPo, | Q)
2

where L is the membrane thickness, P(l)2 the oxygen
partial pressure of the membrane surface of the lean
oxygen side (reaction side or helium sweep side), P(])‘2
the oxygen partial pressure of the membrane surface
of the high oxygen partial pressure side (air side), fjon
the oxygen ion transference number, #; the electron
transference number, o o1 the sum of electronic con-
ductivity and oxygen ionic conductivity. According to
Eq. (1), the oxygen permeation flux will increase with
the increasing oxygen partial pressure gradient across
the membrane. Under POM reaction condition, one
side of the membrane surface exposed to air (Pg2 =
0.21 atm), and the other side of the membrane exposed
to synthesis gas (P(l)2 can be as low as 10712 atm), oxy-
gen permeation through the membrane from air side
to the reaction side where the permeated oxygen is
consumed up by methane to form syngas at the pres-
ence of POM catalyst. A steady oxygen permeation
flux can be sustained.

For practical application in the POM to syngas, the
membrane materials must be chemically and mechan-
ically stable at the high operating temperature and
under the harsh environment. Many mixed conduc-
tors with the perovskite-type structure have shown
to exhibit notably high oxygen permeability. Unfor-
tunately, most of them are unstable under methane
conversion conditions, SrCog gFep203_s, €.g., shows
the highest permeability in the (La, Sr)(Co, Fe)O,
series [5,6], but it was found to undergo phase
transition under low oxygen pressure or low tem-
perature and decompose under reforming condition
[7-9].

In open literature, two materials, i.e., SrCoqs-
F€O3.25,5 and Lao_zBao_gCOo.zFeo.gO3_3, have been
tried for POM membrane reactors successfully
[10-14]. Stable operation was achieved, while oxygen
permeation rate was only about 4 ml/cm? min under
reaction condition. Bredesen and Sogge [15] have
performed an economic analysis, where they compare
the catalytic membrane reactor route for syngas pro-
duction with traditional autothermal reforming. For
economical attractiveness, they report, that an oxygen
flux of 10 ml/cm® min is needed when the membrane
material is about 1600 $/m?. Recently, a new mixed-
conducting membrane Bag s5Srg 5Cop gFeq203_;
(BSCFO) was developed in our laboratory, which
shows high oxygen permeability and improved stabi-
lity. The membrane was also successfully applied in
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POM reaction using air as the oxidant [16]. In this
paper, we would have a more detailed investigation
of the POM reaction in the membrane reactor using
Ni-based packed catalyst. Importance was paid to the
non-steady state of the reaction during the catalyst
activation stage and the long-term performance of the
membrane reactor. Primary results on the reaction
mechanism of POM to syngas in membrane reactor
were also present.

2. Experimental

BSCFO oxide powder was synthesized by a com-
bined citrate and EDTA complexion method. The
detailed information for the preparation of BSCFO
was present in [17]. The as-synthesized powder
was pressed into disks in a stainless steel module
(17mm in diameter) under a hydraulic pressure of
1.3-1.9 x 10° Pa. These green disks were then sintered
in a SiC muffle oven under 1150°C for 5 h with a heat-
ing and cooling rate of 1 and 2°C/min, respectively.
LiLaNiO,/y-Al,O3 catalyst with 10 wt.% Ni loading
was prepared by impregnation method, namely im-
pregnating appropriate amounts of LiNO3, Ni(NO3),
and La(NO3)3 on y-Al,O3 supports for 24 h, dried at
120°C under open environment, then calcined in air
at 550-800°C for 4h [18].

Fig. 1 shows a sketch of the membrane reactor
assembly. One side of the membrane was exposed to
air, while the other side was exposed to either diluted
methane in the reaction run, or helium in the perme-
ation run. The effective area of the membrane
disk exposed to methane was 1.00cm?. Before
the reaction run, unreduced catalyst particles of
LiLaNiO,/y-Al,O3 (300 mg), were packed on the top
of the membrane at 850°C, and then temperature of
the reactor was increased to 1040°C with 1°C/min.
After kept at 1040°C for about 5h, the temperature
of reactor was decreased to 850°C at the rate of
1°C/min. Then, 50 vol.% helium diluted methane was
used for the feedstock. An HP5890 A and a GC910
chromatograph were used for analyzing the compo-
sitions of the outlet gas. A molecular sieve 5 A was
used for the separation of Ny and O;. A TDX-01
column was used for the separation of CO,, CO, H;
and CHy4. Methane conversion, CO selectivity, CO;
selectivity and oxygen permeation flux were defined
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Fig. 1. Configuration of membrane reactor for POM to syngas.
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where S is the effective membrane surface of the
reaction side. The carbon balance is defined as
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Carbon balance
_ Feny outlet + 2(Feyn, + FoyH,) + Feo, + Feo
FcH, inlet

(6)

The carbon balance was within a level of 100 & 5%.
The deviation of carbon balance from 100% was due
to the GC error and possible methane leakage from
inner tube (reaction side) to outer tube (air side). There
was almost no carbon deposition on the catalyst after
reaction, so the carbon deposition was not included in
the calculation of CO, CO; selectivity and methane
conversion.

After the reaction performance, the temperature of
reactor was rapidly decreased to room temperature.
The X-ray diffraction technique was used to exam-
ine the catalyst. XRD characterization was performed
with a Riguku D/Max-RB X-ray diffractometer using
a copper target at 40 kV x 100 mA and scanning speed
of 8°/min.

3. Results and discussion

The oxygen permeation rate of BSCFO membrane
under the oxygen gradient of flowing air/helium was
investigated. The temperature dependence of oxygen
permeation rate through BSCFO and other membranes
is shown in Fig. 2. Helium sweep rate was maintained
at 30 ml/min and air feed rate was kept at 100 ml/min.
Very high oxygen permeation rate was observed for the
BSCFO membrane, and the permeation rate increased
with the increase of temperature. Under the oxygen
permeation measurement, the oxygen partial pressure
of the feed side is 0.21 atm, and the oxygen partial
pressure of the helium sweep side is about 0.036 atm
at 850°C. Modest higher permeation was found for
BSCFO than that for other membranes under similar
conditions [19,20], which might be due to the higher
free oxygen vacancies in BSCFO lattice than that in
others.

As an ideal ceramic oxygen permeation membrane,
it is not enough to possess high permeability only,
but also should possess stable long-term oxygen per-
meation rate. Fig. 3 shows the long-term oxygen per-
meation stability of the BSCFO membrane at 850°C,
ambient air was used as the feed gas. The permeation
rate was really stable at 850°C, during more than

Lgloa (mol/cmz.s)

1000/T (K™)

Fig. 2. Temperature dependence of oxygen permeation flux of
various membranes under air/He oxygen gradient: (1) Bag 5Sro s-
CopgFe0203-s (L = 1.8mm) [17]; (2) SrCopgFep203-5
(L = l.SOmm) [17]; (3) Ba_Bio'3C00.2FCQ‘503,5 (L =1.50 mm)
[19]; (4) Lag3Bag7CopsFepsO3—s (L = 1.0mm) [19]; (5)
Sro.7Big.3Co0.2Fe0.803-s (L = 1.0mm) [19]; (6) Sro.7Bigs-
FeO3_s (L = 1.0mm) [20]; (7) Yo.75Bio.5sCup75 (L = 2.0 mm)
[19]; (8) Ery03-BizO3 (L = 0.79 mm) [19].

1000 h operation the oxygen permeation rate was not
decayed, which demonstrated the stable phase struc-
ture of the BSCFO membrane at 850°C. At lower
temperatures, however, the oxygen permeation flux
was found to decrease very slowly with time. So in
later POM investigation in the membrane reactor, the
operation temperatures of the membrane were usually
not lower than 850°C.
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Fig. 3. Time dependence of oxygen permeation flux of Bag 5Srg 5-
Cop.gFep»03_s5 membrane: membrane thickness, L = 1.46 mm;
temperature, 850°C; ambient air/helium (30 ml/min) oxygen partial
pressure gradient.
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The BSCFO membrane was adopted for construc-
tion of membrane reactor for POM study, since it
had the high steady-state oxygen permeation rate at
high temperatures. Experiments were performed on
a reactor as shown in Fig. 1, where one side of the
membrane disk was exposed to 50 vol.% helium di-
luted methane, and the other side was exposed to air
(100-300 ml/min). After the methane was switched
on, it was found that the only species in the eluted
gas from the reaction chamber were CO, CO», H;O,
H; and unreacted CHy, not any CoH4, CoHg were de-
tected. Because no gas oxygen was detected on the
eluted gas, it indicated that all the oxygen permeated
was consumed by the methane. It is different from
that when no packed catalyst was used (the mem-
brane surface acted as catalyst), in that case the main
carbon-contained products were ethylene and ethane
and considerable amount of oxygen was detected in
the eluted gas [21].

Because the catalyst adopted is in the oxidation state
(NiAl;0O4), and the active Ni species for POM to syn-
gas is Ni% (or NiO for methane combustion in the first
step), so an activation stage of the catalyst is needed.
However, the activation process of the catalyst would
be much different in the membrane reactor from that
in the packed bed reactor. In the membrane reactor, the
methane to oxygen ratio is varied with the state of the
catalyst, owing to the oxygen permeation flux of the
membrane reactor is determined by the oxygen partial
pressure gradient across the membrane, while in the

fixed bed reactor the methane to oxygen ratio is con-
stant with time (unless we adjust it on purpose). The
oxygen partial pressure near the membrane surface,
which determined the oxygen permeation flux of the
membrane, is determined by the degree of consump-
tion up of the oxygen permeated by the reaction near
the membrane. So the initiation stage of the catalyst
would be very interesting.

The time dependence of oxygen permeation rate
and the catalytic performance of the BSCFO mem-
brane during the catalyst initiation stage were shown
in Fig. 4. Methane (helium diluted) flow rate were
kept constant at 35ml/min and air feed rate was
300 ml/min. At the beginning, the oxygen permeation
rate (t = 1.2h, Jo, = 1.78 ml/cm? min) was only
modestly higher than that under air/helium oxygen
partial pressure gradient (Jo, = 1.15 ml/cm? min).
The main carbon-contained products were CO»
(~80%) and CO (~20%); the methane conversion
was low (<10%). At the first 7h, the oxygen perme-
ation rate increased only slowly (+ = 7.3h, Jo, =
2.2ml/cm? min), but the CO selectivity improved
very quickly, at + = 7.0h nearly 100% CO selectivity
was achieved. The first acceleration of methane con-
version has also occurred in this stage accompanied
with an increasing flow rate of tail gas (the tail gas
is the sum of unreacted methane, produced CO, Hj,
CO; and the diluting gas of helium).

The above phenomena can be explained by the
action of the catalyst. In the fresh catalyst used in
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Fig. 4. Time dependence of methane conversion, CO selectivity, CO; selectivity tail gas flow rate and oxygen permeation flux at the
catalyst activation stage at 850°C: air feed rate, 300 ml/min; 50% helium diluted methane flow rate, 35 ml/min.
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this study, the nickel was in the oxidation state, i.e.,
NiAl,O4, which was active for methane combustion,
however, the activity is very weak. The initial reduc-
tion of NiAl,O4 to Ni® was somewhat difficult for the
reducibility of methane is relatively weak, but once
some Ni’ was appeared, the reduction process was
accelerated by the produced Hy and CO, which are
highly reductive. The reduction of NiAl,O4 was first
occurred at the top layer of the catalytic bed and then
downward membrane surface. At the early stage of
the reduction, the actual oxygen partial pressure near
the membrane surface of the reaction side was little
affected by the produced syngas, because there was
somewhat distance between the active layer of the
membrane surface and the produced syngas is less
likely to reach the membrane surface, and the catalytic
activity of NiAl,O4 very weak, lot of oxygen perme-
ated is not consumed up near the membrane surface,
so the oxygen partial gradient across the membrane,
which determined the oxygen permeation rate, in-
creased just modestly. With the downward movement
of the active layer, the catalytic activity of the catalyst
is improved, so more oxygen was consumed up near
the membrane surface, the oxygen partial pressure on
the reaction side decreased, and the oxygen perme-
ation rate increased. Within the time of 8-10h, the
CHy conversion rocketed from about 40% to around
97% accompanied with a sharp increase in the oxy-
gen permeation rate. The flow rate of tail gas also
increased due to the sharp increase in CO and H; pro-
duction. The CO selectivity decreased from 99.0% at
t = 7.3htoabout 95% at t = 12 h. The sharp increase
in the oxygen permeation was owing to the fact that,
with the reach of the active layer near the membrane
surface of the reaction side, the oxygen partial pres-
sure near the membrane became very low (the oxygen
partial pressure of syngas atmosphere can be as low
as 1079 atm). The increase in oxygen permeation
rate led to the sharp increase in methane conversion.
After 12 h, the increase in the oxygen permeation rate
became slow down again and leveled off after 21 h.
At last, 98.5% CHy4 conversion, 93.0% CO selectivity
and 10.45ml/cm® min oxygen permeation rate were
achieved. The oxygen permeation rate was higher
than that of SrCog sFeO3 25 membrane (4 ml/cm? min
at 900°C) [3] and Lag,Bag.gCogrFep303_s mem-
brane [10] (4 ml/cm? min at 850°C) also under POM
reaction condition. Tsai et al. [10,11] operated a

dense disk-shape LagpyBaggCop2FepgO3_s mem-
brane reactor for POM using 5% Ni/Al,O3 as the
catalyst, our two configurations of the membrane re-
actors are similar. For their membrane reactor, it was
found that the oxygen permeation rate increased very
slowly, actually a time as long as 500 h was needed
for the oxygen permeation rate to reach its steady
state, which was fivefold of the original one. It might
demonstrate that the BSCFO membrane was more
easily adjusted to the new environment than that of
Lag,Bag gCog2FeggO3_s membrane.

Fig. 5 shows the temperature dependence of
methane conversion, CO selectivity and oxygen per-
meation rate with the diluted methane at the flow rate
of 42.8 ml/min. Air feed rate was kept at 200 ml/min.
The oxygen permeation rate and the methane conver-
sion increased with the increasing temperature and the
CO selectivity decreased on the contrary. The increase
of oxygen permeation rate was due to the increase in
oxygen diffusion and the surface exchange kinetics
with the increasing temperature. For the excess feed
of methane, the methane conversion efficiency was
mainly controlled by the oxygen permeation rate, the
increase in oxygen permeation rate spontaneously
led to the increase in methane conversion. But the
oxygen permeation rate increased slowly when the
temperature was higher than 875°C, when the air feed
rate was increased to 300 ml/min, the oxygen perme-
ation rate increased obviously with temperature again
(Fig. 6). It demonstrated that the oxygen permeation
flux could be influenced by the air feed rate.

Fig. 7 shows the influence of air feed rates on
methane conversion, CO selectivity and oxygen per-
meation rate at 850°C with diluted methane flow rate
at 42.8 ml/min. It shows that, when the air feed rate
increased from 100 to 200 ml/min the oxygen per-
meation rate increased, when the air flow rate was
higher, i.e., 200 ml/min, its influence on the methane
conversion, CO selectivity and oxygen permeation
rate is negligible. It manifested that the exchang-
ing of oxygen on the membrane surface of the rich
oxygen side was not the controlling step of oxygen
permeation with air flow rate >200 ml/min at 850°C.
Similar experiment demonstrated that, when the air
flow rate was higher than 300 ml/min, the influence
of air flow rate on the oxygen permeation rate of the
membrane reactor at a temperature lower than 950°C
is negligible. So for the later examination, the air
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Fig. 5. Temperature dependence of methane conversion, CO selectivity and oxygen permeation rate at the air feed rate: 200 ml/min, 50%

helium diluted methane flow rate: 42.8 ml/min.

flow rate was kept constant at 300 ml/min when the
operation temperature was higher than 850°C.
Influence of methane flow rate on catalytic activity,
selectivity and oxygen permeation flux at 850°C on
a 1.48mm thick BSCFO membrane in the reactor
is showed in Fig. 8. Air feed rate was 200 ml/min.
Oxygen permeation rate was kept constant when
methane flow rate decreased from 42.7 to 28.5 ml/min,
but as methane flow rate further decreased to

19.4 ml/min, oxygen permeation decreased with de-
creasing methane flow rate. According to the above
phenomenon, the methane conversion mechanism
in membrane reactor is likely CRR mechanism —
all the oxygen is used up for the complete combus-
tion of part of the methane, and subsequently the
residual methane is reformed by steam and CO; to
form syngas. We know that the oxygen permeation
rate is determined by the oxygen gradient across the
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Fig. 6. Temperature dependence of methane conversion, CO selectivity and oxygen permeation rate at the air flow rate of 300 ml/min, 50%

helium diluted methane flow rate: 42.8 ml/min.
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permeation rate at 850°C, 50% helium diluted methane at a constant flow rate of 42.8 ml/min.

membrane. If the reaction can proceed directly to
yield CO and Hj, i.e., methane reacted with oxygen
to form syngas is the first step, and then the residual
oxygen reacted with CO to produce CO; near the top
of catalyst in the membrane reactor, oxygen partial
pressure near the membrane surface would increase
with decreasing methane flow rate, because the resid-
ual oxygen near the membrane surface would increase
with decreasing methane flow rate. So under direct
partial oxidation mechanism, the oxygen permeation

flux would decrease with decreasing methane flow
rate. However, this phenomenon did not occur in
the real experiment. The reason that oxygen perme-
ation rate decreased with decreasing methane flow
rate when diluted methane flow rate is lower than
19.4 ml/min is explained as follows. Not all the intro-
duced methane reached the membrane surface before
entering the outlet tube, some methane directly enter
the outlet tube because the outlet tube had some
distance to the membrane surface (refer to Fig. 1).
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850°C, air feed rate: 200 ml/min.

oxygen permeation flux of the membrane at
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At the condition that the oxygen permeation rate
was 10.5 ml/cm? min, and the membrane surface was
1cm?, at least 5.25 ml/min of methane should reach
the membrane surface to consume up the permeated
oxygen. Otherwise, some of the oxygen permeated
could not be consumed, which led to the increased
partial oxygen pressure of the membrane surface of
the reaction side, and resulted in the decrease of
oxygen permeation rate of the membrane reactor. It
indicates that when the diluted methane flow rate was
less than 19.4 ml/min (methane feed rate, 9.7 ml/min),
the methane reached the membrane surface of the
reaction side was likely less than 5.25 ml/min.

After the POM experiment, the air was replaced
by nitrogen to sweep the membrane surface of the
feed side, and in the reaction side, the methane
was switched off and helium was switched on, the
membrane reactor was rapidly cooled down to room
temperature under the protection of helium. It was
found that the catalyst showed three layers. The layer
contacted with the membrane surface took the color
of blue, this layer was very thin; the middle layer
was gray and the third layer was black. The gray
layer and black layer were divided carefully by hand,
and they were later measured by XRD, respectively.
Fig. 9 shows the X-ray diffraction pattern of the gray
and black catalysts. NiO phase was found in the
gray catalyst, however, Ni’ phase was observed in
the black catalyst. This result is the same to that of

Lunsford’s observation in a fixed bed reactor [22],
demonstrated a CRR mechanism of the reaction, i.e.,
in the membrane reactor, part of methane combusted
with all oxygen near the membrane surface, and sub-
sequently the residual methane was reformed by steam
and COs. Due to the fact that only part of methane
reached the membrane surface, near the membrane
surface of the reaction side the methane was in an
oxygen-rich atmosphere. It was found that the surface
state of the Ni-based catalyst plays a crucial role in
the reaction mechanism of the POM process [23].
Under the oxygen-rich environment, methane partial
oxidation favors CRR mechanism, because the cata-
lyst surface near the membrane surface favored the
oxidation state. It should be pointed out that Kikuchi
and Chen [24] considered the same CRR mechanism
for the methane partial oxidation in a dense palladium
membrane reactor. The difference between our two
reactors is that, they use dense palladium membrane
to remove partial of produced hydrogen in order to
modify of the CO to hydrogen ratio and to increase
the conversion of methane, and we use dense oxygen
membrane in order to directly use air as oxidant to
reduce capital cost of operation.

For practical application, POM reaction need
long-time continuous operation, so long-term stability
of membrane reactor is important. It should be pointed
out that the stable performance of POM reaction in
the membrane reactor was determined not only by the

10 20 30 40

50 60 70 80
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Fig. 9. XRD of the black (A) and gray (B) catalysts after operation in the membrane reactor: (1) y-Al,O3; () NiO; (@) Ni.



12 H. Dong et al./Catalysis Today 67 (2001) 3-13

—
3
—
W

[ we-meas eSS ew g s
% {14
% 00-30-00—00—0-0-0-000-0-00-0—00—0g-0-F 00" %0—0
Z %4t 18 =
;‘E g
g 92 d12 NE
g W0 MM“M—MWW 2
g ssf 14 &
E 86 | Hgl
E —M&— CH, conversion 110
3G saf —O0— CO selectivity
—A— Oxygen permeation flux —49
82
80 L 1 L 1 L 1 " 1 " 1 n 1 " 1 8
150 200 250 300 350 400 450 500

Time (hours)

Fig. 10. Long-term membrane performance for POM to syngas at 875°C: air flow rate, 300 ml/min; 50% diluted methane flow rate,

42.8 ml/min.

stability of the membrane reactor, but also by the sta-
bility of the catalyst used. The deactivation of catalyst
or the decay of membrane reactor, both could lead
to the failure of the POM reaction in the membrane
reactor. Our recent results of LiLaNiO,/y-Al,Os3 cat-
alyst from packed bed reactor demonstrated that it
was stably operated for POM reaction for 500 h with-
out obviously deactivation [25]. A 500h long-term
POM reaction in the membrane reactor was performed
at 875°C with the diluted methane at the flow rate
of 42.8 ml/min. Air feed rate was kept constant at
300 ml/min. The time dependence of CH4 conversion,
CO selectivity and oxygen permeation rate is shown
in Fig. 10. Methane conversion of 97-98%, CO se-
lectivity of 95-97% and oxygen permeation rate of
around 11.2-11.8 ml/cm? min were achieved. During
the 500 h run, the oxygen permeation was fairly stable
with a value of about 11.5 ml/cm? min, demonstrated
the excellent performance of the BSCFO membrane
reactor. To investigate a longer time (>500 h) stability
of the membrane reactor for POM, the stability of the
catalyst should be tested first, however the data is still
lacking in our laboratory for the catalyst.

4. Conclusion

BSCFO oxide has been synthesized by a combined
and EDTA complexion method. Dense membrane re-
actor was constructed. Very high oxygen permeability
was observed for BSCFO membrane, at 850°C under
the gradient of air/He, Jo, maintained about 1.1 ml/

cm? min during 1000 h of operation under ambient air/

helium oxygen gradient. XRD measurement shows the
bulk structure of membrane still kept perovskite-type
after 1000h operation. The membrane reactor was
tested for POM reaction with the presence of a refor-
ming catalyst, LiLaNiO,/y-Al,O3. At the beginning
of the reaction, reaction products were controlled by
the state of the catalyst. Air feed rate could influence
oxygen permeation rate when it was relatively low.
The mechanism of methane conversion is likely CRR
mechanism in the membrane reactor. The membrane
reactor was successfully operated at 875°C for more
than 500 h for POM reaction with methane conversion
>97%, CO selectivity >95% and oxygen permeation
rate of about 11.5 ml/cm? min.
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