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Abstract

Multilayer membranes based on Lag ¢St 4Fep9Gag 1 O35 (LSFG) and Lag ¢Sty 4Cog sFep,03_s (LSCF) perovskite materials were fabricated to
study the impact of membrane architecture on the oxygen permeability. Thick dense membrane and asymmetric membranes were shaped by
tape casting and stacked to reach the desired architecture. Asymmetric membranes composed of a thin dense LSFG layer (120 um) and a thick
porous support layer (820 m) of the same material were co-sintered to obtain crack-free and flat membranes. The use of large corn-starch
particles (14 wm) as pore forming agent to the tape-casting slurries resulted in a connected porosity in the sintered support layer with low
gas diffusion resistance. Oxygen permeation measurements in an air/argon gradient between 800 and 925 °C showed that the thickness of
self-supported LSFG membranes was not the determining factor in the membrane performance for our testing conditions. A catalytic layer
of LagSrp4CogsFep,0;3-_s (LSCF), deposited on the membrane surfaces to catalyze the oxygen exchange reactions, leads to a significant
increase of oxygen permeation rates. As the membrane thickness had no effect even if a catalyst coating was used, surface-exchange reactions
were thought to be still limiting for the oxygen permeation fluxes. Thus, the improvement of surface activity of LSFG membrane was found

to be a key point to reach higher oxygen permeation fluxes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Catalytic membrane reactors (CMR) for partial oxidation
of methane are subjected to an increasing interest since they
were found to allow conversion of natural gas to synthesis
gas, i.e. an Hy and CO mixture, with a better efficiency and
a lower cost than conventional processes.!™ These reactors
make it possible to achieve, in a single step, the separation
of oxygen from air on one side of the membrane and the
catalytic partial oxidation of methane to syngas on the other
face at about 750°C.>~10

To operate without the need of an external electronic
circuit, the membrane material has to exhibit both ionic
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and electronic conductivity. Ceramic membranes based on
perovskite-type oxides (ABQO3), suitably doped on the A
and/or B site, may exhibit ionic and electronic conductivi-
ties at temperature typically higher than 700 °C.!!-1®¢ When
such dense perovskite membranes are exposed to an oxy-
gen partial pressure gradient between their opposite faces, an
anionic oxygen flux takes place through the membrane bulk
from the oxygen-rich side to the oxygen-lean side.

During the last decades, an important research effort has
been focused on materials able to provide high oxygen perme-
ation rates and long term stability in the process conditions.
Laj_,Sr,Fe;_,Ga, O3 perovskites were found to be promis-
ing materials because of their good chemical stability under
a reducing environment, their high oxygen-ionic conductiv-
ity and their low dimensional variation when submitted to
oxygen gradients.!”-22



2808 G. Etchegoyen et al. / Journal of the European Ceramic Society 26 (2006) 2807-2815

Nevertheless, self-supported thick dense membranes can-
not reach the oxygen flux requirement of 10 mlcm™2 min~!
to make CMR technology competitive with the traditional
syngas production route, i.e. steam methane reforming
(SMR) and auto thermal reforming (ATR).% Indeed, the
oxygen transport includes different resistive steps, such as
oxygen exchange on the surfaces of the membrane or oxygen
ionic diffusion in the membrane bulk, which result in losses
in the overall oxygen permeation kinetics. So, the oxygen
flux can be significantly improved by acting on the limit-
ing step, for example by decreasing the dense membrane
thickness when the bulk diffusion is dominating,*%3 or by
coating the membrane with a catalyst to enhance oxygen sur-
face exchanges.?32

The purpose of this study is to examine the potential of the
composition Lag ¢Stg.4Fen 9Gag.1O3_s (referenced as LSFG)
as mixed-conducting material for CMR application and to
study the impact of membrane architecture on oxygen per-
meation flux.

The effect of dense membrane thickness on oxygen per-
meation rate was evaluated with self-supported membranes
for a thickness ranging from 1.30 to 0.63 mm. For thinner
membranes (<0.6 mm) a separate porous support is needed
to ensure the mechanical integrity of the membrane. This sup-
port has to allow gas species diffusion up to the dense layer. In
these asymmetric membranes, the same material (LSFG) was
used for the dense and porous layers as previously proposed
by Jin et al.;?¢ thus the chemical and thermal compatibility
between the layers is guaranteed. In addition, the mixed-
conducting properties of the porous layer can improve the
oxygen flux by shifting the oxygen exchanges at gas/solid
interfaces to the inside of the whole porous layer thickness.

To identify the oxygen permeation regime, a catalytic
layer was coated on one or both sides of several mem-
branes. This layer makes it possible to increase the oxygen
surface-exchange coefficient thanks to its catalytic activity
for oxygen reduction and re-oxidation and by developing
active surface area (microporous layer). Perovskite of the
general formulaLaj _,Sr,Co_yFe,O3_s often used as a cath-
ode material for the solid oxide fuel cell (SOFC)33 due to its
high electronic and ionic conductivities and its excellent cat-
alytic activity'>~1# was chosen as a catalytic material.

2. Experimental
2.1. Powders synthesis

The LSFG powder was synthesized through a solid-state
reaction as described previously.>* Appropriate amounts of
Lay03, Fe; 03, Gay 03 and SrCO3 were weighed, and briefly
milled in a mortar. The mixture was then finely attrition-
milled using zirconia media in ethanol for 3 h, separated the
charge, dried and calcined at 1100 °C for 10 h.

The synthesized powder was then attrition-milled using
zirconia balls and ethanol in order to decrease the average

grain size down to 0.8 pum which was directly controlled on a
sample of suspension with a laser granulometer (Mastersizer
2000, Malvern Instruments).

The LSCF powder was synthesized starting from LaO3,
SrCO3, Fer 03 and CopO3 powders with the same protocol
as used for LSFG.

2.2. Dense membrane preparation

The various configurations of prepared membranes are
presented in Fig. 1.

An amount of 5vol% of magnesia (grain size =0.5 pm)
was added to the LSFG powder to control the sintered mem-
brane microstructure as explained in a previous paper.>*

The LSFG/MgO powder was planetary milled for 5h in
the azeotropic mixture of butanone-2 and ethanol, with a dis-
persant (phosphate ester). Then, an acrylic binder (methyl
methacrylate, Degalan LP51/07, Degussa) and a phthalate
plasticizer (dibutyl phthalate, Sigma—Aldrich,) were added
to the slurry with a subsequent 10-h ball-milling. The tape-
casting formulation is given in Table 1. After de-airing for
2 days at a very slow rotation speed and verifying the vis-
cosity, the slurry was tape-cast on a polymeric film using a
doctor blade device to obtain green tapes with a thickness
of 150 wm. Then, 30 mm-diameter disks were punched from
the green tapes, stacked and laminated under a pressure of
50 MPa at a temperature of 70 °C to obtain defect-free green
membranes.

These green membranes were slowly debinded at 550 °C
in air and sintered at 1300 °C for 2 h in a 90% nitrogen/10%
oxygen atmosphere.

2.3. Asymmetric membrane preparation

Porous LSFG membranes were obtained by adding to the
previous slurries, a fugitive material that will burn out, leaving
large connected pores in the membrane. Fourteen microme-
ters mean diameter corn-starch particles were used as fugitive
agent because of their spherical shape, their narrow size dis-
tribution and their total combustion during thermal treatment.

Corn-starch particles were added to the slurry after the 10-
h ball-milling stage to obtain a 40 vol% corn-starch, 60 vol%

Table 1
Slurry composition for tape-casting
Volume (%)

Powders

LSFG 24.4

MgO 1.3
Dispersant (phosphate ester) 2.0
Solvent

Ethanol 19.5

Butanone-2 37.7
Binder (methyl methacrylate) 8.4
Plasticizer (dibutyl phthalate) 6.7
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Description

Abbreviation

LSFG dense membrane

LSFG dense membrane coated with LSCF on

permeate side

LSFG dense membrane coated with LSCF on feed

and permeate sides

LSFG asymmetric membrane

LSFG asymmetric membrane coated with LSCF on

dense layer (feed side)

pO,”
LSFG LSFG
pO,’ pO,’ > p0O,”

psc-LSFG

LSFG

fpsc-LSFG

LSFG-am

fsc-LSFG-am

Fig. 1. Architectural description and abbreviation of prepared membrane.

mineral powder slurry. After a subsequent homogenization
and de-airing phase, the slurry was tape-cast to obtain a
150-pm thick tape from which 30 mm-diameter disks were
punched. Asymmetric membranes were elaborated by stack-
ing seven disks of a corn starch containing tape (porous layer)
and 1 disk of a tape without pore forming agent (dense layer).
Asymmetric membranes were slowly debinded and sin-
tered with the same thermal cycle as dense membranes.

2.4. Catalyst coating

A 20-pm thick porous layer of Lag ¢Sr9.4Cog.3Fen203_s
(referenced as LSCF) was deposited on membrane surfaces
using screen-printing. The screen-printing slurry was a mix-
ture of 35vol% of LSCF powder, 63 vol% of resin (3% of
ethylcellulose dissolved in terpineol) and 2 vol% of a disper-
sant. After homogenization using a three-cylinder system, the
slurry was deposited on sintered disks through a 44 pm sieve.
Dense membranes were screen-printed on one or both sides,
while asymmetric membranes were only screen-printed on
the dense layer side.

The coated membranes were dried at room temperature
and fired at 1000 °C for 1 hin a 10% 0,/90% N, controlled
atmosphere.

2.5. Characterization

Phase crystallographic structures were determined by X-
ray diffraction (XRD) using Cu Ka1 radiation.

Gas permeability of the sintered supports was measured on
a 1.2-mm thick porous support using argon at room temper-
ature. Porous supports were submitted to an argon pressure
flow from 0.105 to 0.175 MPa on one face while the opposite

face remains at atmospheric pressure. Outlet gas flows were
measured using a soap bubble flowmeter.

Membrane microstructures and architectures were
observed using a scanning electron microscope (S-2500,
Hitashi) on fractured or polished cross sections.

2.6. Oxygen permeation measurement

Oxygen permeation fluxes were measured on a specific
device (Fig. 2), composed of a tubular furnace, gas feeders
and gas analyzers (gas chromatograph and YSZ-based oxy-
gen sensor). Membranes were sealed on the top of an alumina
tube and inserted in the vertical furnace at room temperature.

Ar

Thermocouple 1

S
R

2%

Alumina cap

L
7
=

2
E

Membrane

Glass ring

Furnace

Thermocouple 2

02+N2

Fig. 2. Schematic view of the membrane testing system.
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The inner compartment (O, + N;) and the outside compart-
ment (Ar) were made gas-leak proof thanks to a Pyrex-based
glass ring placed between the membrane and the alumina sup-
port tube as suggested by Qi.3® An alumina cap was placed
on the top of the membrane in order to apply a pressure on
the glass sealing ring. The furnace was heating up in air at
a temperature above the glass softening temperature of the
sealing ring. After sealing, the membrane was submitted to
an argon flow on its upper face and to a recombined air flow
(79% N> +21% O») on its bottom face, both flow rates were
200ml (STP) min—'. Membrane and seal tightness were ver-
ified by controlling the nitrogen level in the outlet product
gases with the chromatograph (CP 3380, Varian). Permeation
measurements were performed in a temperature range from
800 to 925 °C. The temperatures given are the average of the
values measured with thermocouple 1 and 2 (Fig. 2). Oxygen
permeation fluxes are calculated from the experimental data
from the relation:

CF
JjO2 = ke )]
where jos is the oxygen permeation flux (ml cm ™2 min~!); C,
the permeating oxygen concentration in the argon flow (ppm);
F, the argon flow rate (ml min_l); S, the membrane effective
surface area (cm?) and « a coefficient of normalization for
standard temperature and pressure.

3. Results and discussion
3.1. XRD characterization

The crystallographic phase of the synthesized LSFG and
LSCF powders and of a crushed LSFG asymmetric mem-

brane were verified by XRD (Fig. 3). A perovskite structure
was found for all the samples. The crushed membrane pattern

ALJ.jJJ\

Intensity (a.u.)

20 30 40 50 60 70

Fig. 3. XRD patterns of synthesized powders and of a crushed LSFG mem-
brane: (a) LSCF powder; (b) LSFG powder; (c) LSFG asymmetric mem-
brane.

reveals the presence of a single perovskite phase which is the
same for the dense layer and the porous one. Changes in XRD
patterns of LSFG powder and asymmetric membrane can be
only attributed to an increase of the crystallite size during sin-
tering that reduces peak width, and to the presence of MgO
inclusions in the membrane that explains an additional small
peak near 43°.

3.2. Porous support

Pore size and porous volume of the porous support have
to satisfy the requirements in terms of mechanical integrity
and gas permeability. The connected porosity of the sintered
supports was determined to be about 30% by Archimedes
method. As the starting slurries contained 40% pore forming
agent per mineral part, about 10% of porosity was lost during
the sintering stage. Micrographs of the fractured section of
a porous membrane show large connected pores with a size
ranging from 8 to 20 pm, that corresponds to the size of the
corn-starch particles introduced in the slurry (Fig. 4). The
bulk that surrounds the pores is dense with a small grain size
of about 1 pm. Pore size and pore volume would likely ensure
easy gas diffusion through open porosity but the narrow pore
interconnections could be resistive to the gas flow.

Cross
section

Surface

Cross
section

Fig. 4. SEM micrographs of the porous LSFG support; perspective views at
two magnifications.
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Fig. 5. Argon permeability of a 1.2 mm thick porous membrane at room
temperature.

Fig. 5 shows the evolution of argon permeability as a
function of the mean pressure for a 1.2-mm thick porous
membrane. The linear pressure dependence of the permeabil-
ity suggests that the viscous flow regime (Poiseuille flow) is
dominating in front of Knudsen diffusion and further that the
diameter of the pore interconnections are larger than the mean
free path of the gas molecules (about 300 nm at 300 K and
1 atm). The average radius of the pore interconnections can
be calculated with the following relation’ using the equation
of the fitted line in Fig. 5:

_16Sy [8RT

_ 2
"T 3k VoM @

where r is the average interconnection radius (m); 1, the gas
viscosity (Pas); M, the gas molecular weight (kg mol~!); R,
the ideal gas constant (J mol~L K1) T, the temperature (K);
S, the slope of the fitted line of permeability versus pressure
(molm~2s~! Pa~?) and K, the permeability for a null pres-
sure (molm~2s~! Pa—1).

A pore aperture of 2.7 pum was calculated from Eq. (2)
which is in good agreement with results obtained by mercury
porosimetry (Autopore 9215, Micromeritics), i.e. 1.9 wm for
an open porosity of 28 vol%.

The supports do not present deficient mechanical prop-
erties thanks to the great density of the bulk that sur-
rounds the pores, whereas their gas permeability of
2.88 x 107®molm~2s~!Pa~! at room temperature for a
upstream pressure of 0.1 MPa is sufficient to ensure satis-
factory gas diffusivity through a 1.2-mm thick support.

3.3. Asymmetric membrane

Asymmetric membrane fabrication can become problem-
atic when the sintering behavior of the dense and of the
support layers are dissimilar. Then, shrinkage or thermal
expansion differences result in stresses or cracks in the mem-

20

—@-- Dense layer
—8B— Porous layer

Linear shrinkage (%)
=
1

1300°C isotherm

>

o o o o g o ] o S
$Y 80 O $C $C $O T o
& & & &

Sintering conditions

Fig. 6. Linear shrinkage of a porous and of a dense LSFG membrane vs.
sintering conditions.

brane, especially when the dense layer is deposed on a pre-
sintered support. So the co-sintering of these two layers is
better than a double-step sintering even if it requires simi-
lar shrinkage and thermal expansion coefficients of the two
materials.

Shrinkage behavior during sintering at 1300 °C with a
dwell of 2h of a dense membrane and of a fugitive parti-
cle containing membrane, measured by dilatometry (402ED,
Netzsch), are identical (Fig. 6). As expected, the presence
of large stable pores (8—20 wm) in the porous layer did not
change the sintering behavior of LSFG material, and so, the
co-sintering of the two materials could be performed.

Flat and crack-free co-sintered asymmetric membranes
presenting a 19% diametral shrinkage were obtained (Fig. 7).
Porous layer and dense layer thicknesses are respectively
about 820 and 120 wm. No delamination or interfacial reac-
tion can be observed.

3.4. Catalyst coating

The LSCF catalyst has to develop the exchange surface
of the membrane on a thin layer (5-30 wm) in order to yield
a small gas flow resistance. Disk coating, with an amount
of 10.3mgem™2 of LSCF per surface area and a thermal
treatment at 1000 °C for 1 h, led to a micro-porous thin layer
with a homogeneous thickness of about 20 um (Fig. 8). A
good adhesion was observed between the LSCF layer and the
dense layer even if the micrograph on Fig. 8 shows a minor
crack at the interface caused by the fracture of the sample. The
porosity of the catalyst layer was estimated to be about 25%
from its weight and thickness (calculated with a LSCF density
of 6.8) and its specific surface was almost 2m? g~ ! (measured
on scraped catalyst fragments after thermal treatment, BET
ASAP-2010, Micrometrics). These values make it possible
to estimate the gas/solid interface to be about 200cm? of
catalyst per cm? of coated disk membrane.
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Fig.7. SEM micrographs of a polished cross-section of an LSFG asymmetric
membrane at two magnifications.

3.5. Oxygen permeation fluxes

Oxygen permeation fluxes measurements were performed
on the membranes between 800 °C and 925 °C in an oxygen
pressure gradient (2.1 x 1072 MPa on the oxygen-rich side,
4 % 1073 to 6 x 10~* MPa on the oxygen-lean side depend-
ing on permeation fluxes). As the overall oxygen transfer
through the membrane depends on thermally activated reac-
tions, it is common to represent the Arrhenius plots of the
oxygen permeation fluxes, i.e. log jop versus 1/T. Thus, a lin-
ear fit of the experimental data makes it possible to calculate
the flux activation energy.

According to Wagner theory, the one dimensional oxygen
permeation flux through a membrane placed under a chemical
potential gradient can be expressed as:

In pO)
RT 0i0e
0, = d In(pO 3
o = 1o / 2% n(pOy) 3
lnpO;,

where o and o, are respectively the ionic and electronic

conductivity; F, the Faraday constant; L, the membrane thick-
" . .

ness and pO} and pO, are the oxygen rich-side and oxygen

lean-side partial pressure, respectively. However, this rela-

Fig. 8. Cross section of a fractured membrane: porous LSCF layer coating
on a dense LSFG layer.

tion is only valid when the flux is governed by bulk oxygen
diffusion which is generally true for thick membranes. But
if the membrane thickness decreases below a critical value
(L <L), oxygen exchanges at the solid-gas interfaces become
rate limiting.?>

Dense LSFG membranes were tested with different thick-
nesses varying from 0.63 to 1.30 mm. Oxygen permeation
fluxes were found to be mostly independent of membrane
thickness in the range tested (Fig. 9a), while thickness nor-
malized oxygen fluxes (by definition jo» x L) are clearly
dependant on the membrane thickness (Fig. 9b) which is in
contradiction with the Eq. (3). These results suggest that the
flux through these LSFG membranes is mostly governed by
oxygen surface exchanges, mechanisms previously described
in the literature,3’ and that the critical thickness is larger than
1.30 mm. The limitation of the flux due to surface-exchange
reactions in Lag 5Srg sFeg §Gag 2035 was reported by Kim et
al.!” They estimated that the surface-exchange coefficients k
of Ga-containing materials are one order of magnitude lower
than that for Co-containing mixed-conducting materials or
the Lag ¢Sro.4FeO3_; composition. However, even if the Ga-
containing materials’ surface-exchange coefficient is small,
its oxygen permeation flux can be largely improved by using
a catalyst.?" In this respect, surface modification of LSFG by
coating it with LSCF catalyst was expected to improve the
flux and to decrease the critical thickness.
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Fig. 9. Oxygen permeability of LSFG for three membrane thicknesses: (a)
Arrhenius plot; (b) thickness normalized flux (joa x L).

Coating both faces of 1-mm thick LSFG membranes with
a LSCF porous layer made it possible to increase the oxygen
flux by a factor varying between 2 and 4.5 depending on tem-
perature (Fig. 10). At 850 °C, the oxygen flux increased from
0.022mlem™2 min~"! for LSFG to 0.084 mlcm™2 min~! for
fpsc-LSFG. The apparent activation energy decreased from
144 kI mol~! for LSFG to 63kJ mol~! for fpsc-LSFG. As
expected, the LSCF catalyst porous layer appears to have
a great influence on the oxygen surface exchanges. On the
other hand, LSFG and psc-LSFG membranes presented the
same fluxes whatever the temperature (Fig. 10) and similar
apparent activation energy, i.e. 144 and 139 kJ mol~! respec-
tively. The catalyst coating of the oxygen lean-side exposed
surface is insufficient to ensure the flux improvement. The
surface reaction on the oxygen-feed side of LSFG, which
can be described with the overall reaction:

10x(g) + V5 — 0f + 21 4)

has a lower reaction rate than bulk diffusion and surface reac-
tion on the permeate side. As a result, the coating of the
feed-side surface by a catalyst makes it possible to increase
the flux which is now governed either by bulk diffusion or by
feed-side exchange or by these two mechanisms.

2813
T/°C
950 900 850 800
-6.5 t t t t + t t t
T 70T
o
o
- - .\‘\o-\,\.
Q
° 754
£ 7.5
5_: L=1mm
o @ LSFG
2 80+
€ psc-LSFG
@ fpsc-LSFG
-8.5 T } T t T
0.80 0.85 0.90 0.95
1000/T /K

Fig. 10. Arrhenius plots of oxygen permeation fluxes of 1-mm thick LSFG
membrane uncoated (LSFG), coated with LSCF on the oxygen permeate
side (psc-LSFG) and coated with LSCF on both sides (fpsc-LSFG).

In order to confirm the flux limiting mechanism, asymmet-
ric membranes were tested, with a dense layer thickness of
120 pm (Fig. 11). The dense layer was exposed to air flow and
the porous one to argon flow. Oxygen fluxes through LSFG-
am are similar to the ones of LSFG (Fig. 9) that confirms the
weak impact of the thickness for uncoated membranes. As far
as coated membranes are concerned, the oxygen permeation
fluxes of LSFG asymmetric membrane coated on the dense
feed side (fsc-LSFG-am) were found to be close to the ones
of LSFG thick membrane coated on both sides (fpsc-LSFG)
(Fig. 10). The apparent activation energy of fsc-LSFG-am
was found to be 79 kJ mol~!. As the dense layer thickness of
the asymmetric membrane (120 wm) is much lower than the

-7.0 1

75+

O LSFG-am
-8.0 4+ O fsc-LSFG-am
A 0.85mm-thin coated membrane from [30]

log jo. / mol.cm?.s™

A 1.7mm-thick coated membrane from [30]

-8.5 T } T } T
0.80 0.85 0.90 0.95

1000/T /K

Fig. 11. Arrhenius plots of oxygen permeation fluxes of asymmetric mem-
branes, uncoated (LSFG-am) and coated on the air side (fsc-LSFG-am).
Comparison with literature data’® with L=0.85mm (thin membrane) and
L=1.7mm (thick membrane).
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one of fpsc-LSFG (1 mm), the membrane thickness does not
seem to play a critical role for the membrane performance
even if a catalyst was used on its oxygen feed-side. These
results confirm that the oxygen exchange on the oxygen rich-
side exposed surface is the rate determining step both for
uncoated and coated membranes.

This behavior is different from the study reported by
Lee et al.’0 They found that the thickness of a Lag7Srg3
Feo.4Gag 03_s membrane coated with Lag ¢Srg 4Co0O3_s on
both surfaces had an influence on the flux in good agree-
ment with Wagner’s theory. Their results are compared on
Fig. 11 for two thicknesses, i.e. for a 0.85-mm thin mem-
brane and a 1.7-mm thick membrane. The values of the fluxes
and of the activation energies are similar for our system and
Lee’s one. However, with the assumption that the Wagner’s
law was still verified in Lee’s system until a thickness of
120 pm, a 120-pm thick membrane should present a flux
as logjoz =—6.0mol ecm~2s~! at 890°C, and so an order
of magnitude larger than the one we measured. The differ-
ence in thickness dependence is supposed to be caused by
the catalyst nature or morphology. In other words, catalytic
activity of LagSr94CoO3_s used by Lee could be better
than Lag ¢Srg4Feo3Gap203_s but the differences in grain
size and distribution on the surface may also be important.
In addition, Lee et al. observed an intermediate layer derived
from the reaction between membrane and catalyst materi-
als of composition (La;—Sry)(CoyGa,Fej_y_,)O03_5 that
wasn’t detected in our membranes and that can have an effect
on near-surface bulk properties.

To summarize, our coated-membrane performances are in
good agreement with literature data but oxygen permeation
rate is strongly dependant on oxygen surface-exchange. To
improve oxygen fluxes, a study of the surface catalyst has
to be made to determine the influence of its composition
and microstructure on oxygen reduction and re-oxidation
kinetics.

4. Conclusions

The synthesis of the perovskite compositions Lag ¢St 4
Fep9Gap 1035 (LSFG) and LageSro4CoggFe203-s
(LSCF) was achieved using a solid-state reaction route.
LSFG powder was successfully shaped into self-supported
and asymmetric membranes via a tape-casting and lamina-
tion process. Crack-free and flat asymmetric membranes
were obtained after sintering when the porosity of the
support layer was formed by large corn-starch particles as
pore forming agent. The shrinkages of the dense and of the
porous layers were identical and the final porosity in the
support was mostly governed by the amount and size of the
fugitive particles that were incorporated.

Porous coating of LSCF on the membrane surface with-
out delamination was performed using screen-printing. After
thermal treatment, the surface area developed by a 20-pm
thick catalytic layer was found to be about 200 cm? per cm?

of membrane area. LSFG and LSCF materials did not present
any interfacial reactions.

The thickness of uncoated LSFG-membrane was found
to have small or negligible effect on oxygen permeation
fluxes (0.022 mlecm ™2 min~! at 850 °C) that indicates a sur-
face exchange driven mode in our experimental conditions.
On the other hand, coated membranes present a significant
enhancement of the fluxes (0.084 mlcm ™2 min~! at 850°C
for a permeate and feed-side coating 1 mm thick membrane).
Based on these experiments, it has been determined that the
oxygen transport is mainly limited by surface reactions on
the air exposed face of the membrane.

Similar results were obtained on a coated asymmetric
membrane since decreasing the thickness did not bring flux
improvement. Even if the LSCF coating of LSFG membrane
on its oxygen feed side has a positive effect on the flux, the
surface reactions seem to remain limiting for the overall per-
meation rate. The catalytic layer nature and its microstructure
have to be studied to improve the overall oxygen permeation
fluxes.
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