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bstract

atalytic membrane reactors (CMR) have been an economically attractive process for natural gas reforming to syngas (H2 + CO) since more than
wenty years.

The CMR studied in this paper consists of a mixed ionic and electronic conductor dense layer (La(1−X)SrXFe(1−Y)GaYO3−δ). High temperature
-ray diffraction analysis, from room temperature to 900 ◦C under air and nitrogen atmosphere, show a reversible monoclinic to rhombohedral
hase transition around 300 ◦C, and good chemical and dimensional stabilities of La0.8Sr0.2Fe0.7Ga0.3O3−δ material.
The La0.8Sr0.2Fe0.7Ga0.3O3−δ dense layer elaborated by tape casting has been respectively coated with La0.8Sr0.2Fe0.7Ga0.3O3−δ on the air side and

a0.8Sr0.2Fe0.7Ni0.3O3−δ on the inert side using screen printing. The influences of the dense membrane microstructure and of the surface exchange

inetics on the oxygen semi-permeation performances are evaluated. Small grain size, mainly below 1 �m in the dense membrane significantly
ncreases the oxygen flux. A porous layer of La0.8Sr0.2Fe0.7Ni0.3O3−δ or La0.8Sr0.2Fe0.7Ga0.3O3−δ on the air or inert side of the membrane increased
trongly the specific oxygen semi-permeation. The impact of the porous layer is much more important than the reduction of the grain size. In this
ase, surface exchange kinetics are the limiting steps of oxygen permeation, and Ni-containing formulation leads to the highest flux.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Over the last decade, the interest in catalytic membrane reac-
ors (CMR) has increased due to the potential benefits they
an offer to convert methane into synthesis gas (H2 CO mix-
ure). Synthesis gas or syngas is used as precursor for more
alue-added products (polymers, chemicals, . . .) and synthetic
uels [1–3]. CMR technology is based on the separation of the
xygen from air and the conversion of methane to syngas in

single reactor. The CMR technology does not need oxygen

eed by cryogenic distillation, leading to lower capital invest-
ent and potential higher efficiency than conventional processes

4,5]. For an industrial development, the key parameters are

∗ Corresponding author. Tel.: +33 5 55 45 22 65; fax: +33 5 55 79 69 54.
E-mail address: pierre-marie.geffroy@unilim.fr (P.-M. Geffroy).
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embranes lifetime and performances in terms of oxygen semi-
ermeation.

A dense ceramic membrane based on perovskite type oxide,
ith both ionic and electronic conduction properties, is the main
art of the reactor. When an oxygen partial pressure gradient is
pplied on between their opposite surfaces of the membrane and
t a temperature typically above 700 ◦C, an oxygen flux takes
lace. Pure oxygen permeates through the dense membrane from
he oxygen rich (air) to the oxygen lean surface (inert gas or

ethane). On the oxygen lean surface, a catalyst layer can be
sed to favor the reactions producing syngas (partial oxidation,
team reforming).

Numerous mixed ionic and electronic oxides have been stud-
ed in recent years in view of potential use, as membrane material

n CMR application. A particular attention has been brought to
he group of perovskite oxides (La, Fe)(Sr, Ga)O3−δ, due to
heir excellent chemical stability in operating conditions and
heir oxygen semi-permeation performances.

mailto:pierre-marie.geffroy@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2009.11.005
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ig. 1. XRD patterns of prepared La0.8Sr0.2Fe0.7Ga0.3O3−δ and
a0.8Sr0.2Fe0.7Ni0.3O3−δ powders.

A previous work [6] concerning the influence of the cationic
ubstitution on the membrane performances (dimensional sta-
ilities and oxygen semi-permeation rate) has concluded that
a0.7Sr0.3Fe0.7Ga0.3O3−δ and vicinity materials present a good
ompromise to satisfy all requirements for a CMR applica-
ion.

The present study considers firstly the thermo-structural
tability of the La0.8Sr0.2Fe0.7Ga0.3O3−δ material for the
ense membrane. Dimensional and structural stabilities were
tudied by dilatometric measurements and high tempera-
ure X-rays diffraction (HT-XRD) under two oxygen partial
ressures (0.21 and 10−5 atm). In a second time, the influ-
nce of the grain size of the membrane (microstructural
ffect) and the deposit of a porous layer on both faces
f the membrane (architectural effect) on oxygen perme-
tion have been investigated. The La0.8Sr0.2Fe0.7Ga0.3O3−δ

ense layer elaborated by tape casting has been coated by
creen printing on the inert gas (Argon) and the air side
ith La0.8Sr0.2Fe0.7Ga0.3O3−δ or La0.8Sr0.2Fe0.7Ni0.3O3−δ thin
orous layer.

. Experimental procedure

.1. Powder synthesis

The perovskite powders, La0.8Sr0.2Fe0.7Ga0.3O3−δ (refer-
nced LSFG8273) and La0.8Sr0.2Fe0.7Ni0.3O3−δ (referenced
SFN8273), are synthesized by spray pyrolysis process (Phar-
acie Centrale de France). The as-synthesized powders are

gglomerated and exhibit a high BET surface area around
7 m2 g−1. These powders were calcined at 1000 ◦C during
h, then attrition-milled using zirconia balls media in ethanol
nd a dispersing agent CP213 (Cerampilote, Limoges France),
n order to obtain a narrow distribution with dense parti-
les having a mean size of 0.3 �m for LSFG8273, 0.2 �m
or LSFN and a BET surface area of around 10 m2 g−1 for
oth.
After attrition milling, LSFG8273 and LSFN8273 powders
ere controlled by XRD analysis (Fig. 1). LSFG8273 powder
resented minor La2O3 secondary phase. No impurities were
etected for the La0.8Sr0.2Fe0.7Ni0.3O3−δ powder.

α

w

ramic Society 30 (2010) 1409–1417

.2. Characterizations

During the attrition-milling process step, grain size dis-
ribution was controlled with a laser granulometer (Malvern
nstruments Mastersizer 2000). Densities of sintered samples
ere measured by the Archimede method. Microstructures
ere observed by Scanning Electron Microscope (SEM S-2500,
itachi). The grain size distribution of the dense membranes
as computed by image analysis software on about 1000 grains

ssimilated to spheres (Aphelion, ADCIS, France). Grains
oundary of a polished cross-section is thermally etched 50 ◦C
elow the sintering temperature for 12 min.

In situ high temperature X-ray diffraction (HT-XRD) was
onducted on LSFG8273 powder, calcined at 1250 ◦C for 2 h,
nder air flow and nitrogen flow (Bruker D8 diffractometer with
igh temperature cell (HTK 1200N) equipped with a Vantec
etector). The measurements were performed using CuK� radi-
tion in the 2θ range of 20–80◦ with 0.0148◦ step. The heating
nd cooling rates, between room temperature and 900 ◦C, were
◦C min−1. At each step, the temperature was held for 15 min to
stablish thermal equilibrium before data acquisition. At 900 ◦C,
he temperature was held 10 h. During the dwell time, a X-ray
attern was collected every hour.

The expansion behaviour was measured under air and
itrogen flow. The samples are 5 mm long beam extracted
rom laminated membranes sintered at 1250 ◦C during 2 h.
ilatometric characterizations were performed using a Thermal
echanical Analysis (Setaram evolution) from room tempera-

ure to 1050 ◦C with heating and cooling rates of 5 ◦C min−1 or
◦C min−1 and a gas flow rate of 30 ml min−1.

The oxygen semi-permeation measurements were performed
sing a specific device described in a previous paper [6]. A 1 mm
hick dense membrane, 24 mm in diameter, is sealed between
wo alumina tubes using a home-made Pyrex-based glass to
btain a tight system. Upon both opposite faces, gas flows (syn-
hetic air to the bottom and argon to the upper face) are injected to
mpose an oxygen partial pressure gradient. Oxygen content in
rgon is monitored using an Yttria-stabilized Zirconia (YSZ)-
xygen sensor for temperature ranging from 750 to 1000 ◦C
y steps of 10 or 20 ◦C. The oxygen semi-permeation flux was
alculated using Eq. (1).

O2 = CD

S
α (1)

here jO2 is the oxygen semi-permeation flux through the dense
embrane (Nm3 m−2 h−1), C the measured oxygen amount

ppm), D the argon carrier gas output flow rate (m3 h−1), S
he membrane effective reacting area (m2) (S = 2.83 × 10−4 m2)
nd α the normalization volume coefficient function of the room
emperature and pressure as defined in Eq. (2):

P × T
= room (STP)

P(STP) × Troom

(2)

here T(STP) = 298 K and P(STP) = 105 Pa.
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as chemical expansion. This singular expansion behaviour
has been investigated in our previous paper [6]. In case
of LSFG8273 material, the difference between TEC under
air and under nitrogen above 870 ◦C is 19% (Table 1),

Table 1
Thermal expansion coefficients of La0.8Sr0.2Fe0.7Ga0.3O3−δ membrane under
air and nitrogen flow.
ig. 2. SEM micrographs of LSFN/LSFG8273 architecture (a) polished cro
a0.8Sr0.2Fe0.7Ni0.3O3−δ and (b) top view of porous La0.8Sr0.2Fe0.7Ni0.3O3−δ.

.3. Membranes: shaping and coating

Dense LSFG8273 membranes for oxygen permeation flux
easurements were shaped by tape casting. A shear-thinning

lurry was prepared from LSFG8273 attrition-milled powder
y adding a binder (methyl methacrylate, Degalan LP51/07
egussa), a plasticizer (dibutyl phthalate, Sigma–Aldrich) and
dispersing agent (CP 213, Cerampilote, Limoges France) in an
zeotropic solvent of butanone-2 and ethanol. A cohesive and
exible green tape with a controlled thickness is obtained using
doctor blade tape casting apparatus.

The green tape was pounded into disks, which were stacked
hen laminated. Stacks were sintered to obtain 1 mm thick dense

embranes with a relative density above 95% of theoretical
ensity of the powder.

A LSFG8273 and LSFN8273 serigraphy inks is prepared from
ttrition-milled powders dispersed in an organic medium with
he addition of rice starch as pore forming agent. A thin layer
f ink is screen printed onto one side surface of the LSFG8273
ense membrane and dried at room temperature. Then a heat
reatment at 1100 ◦C during 30 min after organics removal, leads
o a 10 �m thick porous layer with a porosity varying from 27
o 50% vol% depending on the concentration of pore former
gent. As shown in Fig. 2 a well adherent LSFN8273 porous layer
s deposited on the dense LSFG8273 membrane. This architec-
ure is referenced LSFN/LSFG8273 (27 vol% of porosity) or p
SFN/LSFG8273 (50 vol% of porosity) in this paper.

. Results and discussion
.1. Dilatometric and structural behaviour

La0.8Sr0.2Fe0.7Ga0.3O3−δ materials present a singular expan-
ion behaviour. The apparent thermal expansion coefficient

T

ig. 3. Comparison of dilatometric curves of La0.8Sr0.2Fe0.7Ga0.3O3−δ per-
vskite under air and nitrogen flow.

TEC) is defined as the slope of the expansion curve (Fig. 3).
elow 600 ◦C, a classical thermal expansion, due to lat-

ice vibrations with temperature is measured. Whereas, above
70 ◦C, apparent expansion coefficient increases due to cell
olume expansion caused by oxygen vacancies formation in
he perovskite structure [2,7]. This phenomenon is known
Atmosphere T < 800 ◦C T > 800 ◦C

EC (×10−6) Air (pO2 = 0.21 atm) 11.9 16.0
Nitrogen (pO2 = 5 × 10−6 atm) 12.3 19.0
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ig. 4. Evolution (a) of XRD patterns of La0.8Sr0.2Fe0.7Ga0.3O3−δ scanned from
howing a split of a peak.

nd similar CTE difference was observed for LSFG7373 [6]
Fig. 4).

.2. XRD analysis

Fig. 5 presents the evolution of the XRD patterns of LSFG8273
nder air and nitrogen flow with the temperature. Peaks split-
ing (2θ about 40◦, 58◦ and 67◦) were observed around
00 ◦C while the temperature is increasing under both atmo-
pheres, suggesting a phase transition between 300 and 400 ◦C
Fig. 5b).

Under air, XRD patterns are reversible during heating and
ooling (Figs. 4 and 5). Under nitrogen flow, the phase transition
ccurred at about 400 ◦C upon cooling instead of 300 ◦C during

eating. The final XRD pattern at room temperature presented
slight hysteresis (Fig. 5b). This slight difference between both
tmospheres could be explained by the formation of oxygen
acancies at high temperature that cannot be withdrawn during

t
e
f

temperature to 900◦C under air flow (b) detail during the increase temperature

ooling due to the low oxygen partial pressure. TG analysis
eported in a previous work [8] confirm this behaviour.

Diffraction pattern of the perovskite can be indexed in a
onoclinic structure with P2/c space group from room tem-

erature to 200–300 ◦C. Between 200 and 300 ◦C, LSFG8273
rystalline symmetry evolves from monoclinic to rhombohe-
ral. From 300 to 900 ◦C, LSFG8273 perovskite diffraction peaks
ould be indexed in a R-3c space group.

XRD analysis, versus temperature and pO2, show that
SFG8273 has a stable structure up to 1000 ◦C under air and
itrogen flow. The reversible evolution of the crystal cell struc-
ure can be explained by perovskite lattice distortion due to the
eduction of iron cations and the creation of oxygen vacancies
8].
Some studies have shown an influence of the temperature on
he crystal structure of La(1−X)SrXFe(1−Y)GaYO3−δ. Koutcheiko
t al. [9] reported for La0.7Sr0.3Fe0.6Ga0.4O3 a phase transition
rom hexagonal to cubic around 600 ◦C with an increase of the
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membrane and oxygen partial pressure gradient through the
membrane. In order to compare the materials performances, the
specific oxygen semi-permeation, which does not depend on
thickness of membrane, is defined by the following relationship
ig. 5. Comparison at room temperature of a peak (100) of the XRD pattern of
ow.

olume. They explain this phenomenon by the reduction of Fe
ations (Fe4+ in Fe3+, or Fe3+ in Fe2+). McIntosh et al. [10]
ave observed the influence of temperature and pO2 on unit cell
ymmetry for SrCo0.8Fe0.2O3−δ. This material presents a cubic
tructure with a space group Pm-3m in air at room tempera-
ure. In the temperature range 300–700 ◦C under a nitrogen flow,
rCo0.8Fe0.2O3−δ evolves to orthorhombic symmetry associated
ith the formation of a brownmillerite structure. Between 700

nd 800 ◦C, the cubic symmetry is restored. Wang et al. [11] have
lso observed for SrCo0.8Fe0.2O3−δ, Ba0.5Sr0.5Co0.8Fe0.8O3−δ

nd BaCo0.4Fe0.4Zr0.2O3−δ oxides a reversible variation of XRD
atterns from 30 to 1000 ◦C with a phase transition attributed
o the reduction of metal ions and the formation of oxygen
acancies [11].

Julian et al. [8] give a better understanding of the influ-
nce of the temperature on La(1−X)SrXFe(1−Y)GaYO3−δ structure
nd its thermo-mechanical properties. The Fe substitution
y Ga leads to a decrease of the thermal expansion at
igh temperature, but also to a significant decrease of the
oung modulus of La(1−X)SrXFe(1−Y)GaYO3−δ. Ga doping in
a(1−X)SrXFe(1−Y)GaYO3−δ perovskite leads to local distortions
f the structure and the phase change from monoclinic to rhom-
ohedral between 200 and 300 ◦C. However, the phase transition
as no impact on the thermal expansion coefficient of perovskite.
n this respect, the Ga doping improves the thermo-mechanical
roperties because of the decrease of the thermal expansion
oefficient and the stiffness of the perovskite.

One of the main properties of the membrane material is the
xygen semi-permeation flux. This property can be strongly
mpacted by the mean grain size of the dense membrane
microstructural effect) and the modification of membrane sur-
ace by the coating with a porous layer (architectural effect).

.3. Oxygen permeation

.3.1. Relation between dense membrane microstructure
nd oxygen permeation

Numerous authors have related the relation between the
icrostructure of the membrane and the oxygen semi-
ermeation. For instance, Etchegoyen et al. [12] have reported
n improvement of oxygen semi-permeation flux through a
a0.6Sr0.4Fe0.9Ga0.1O3−δ dense membrane with the decrease
f the mean grain size. Kharton et al. [13,14] have observed F
Sr0.2Fe0.7Ga0.3O3−δ after heating and cooling (a) under air, (b) under nitrogen

he opposite behaviour with an increase of the oxygen semi-
ermeation flux when grain size increase for LaCoO3−δ

nd SrCo(Fe, Cu)O3−δ. Similar results were obtained by
ang et al. [15] for Ba0.5Sr0.5Co0.8Fe0.2O3−δ membranes

nd by Martynczuk et al. [16] and Arnold et al. [17] for
Ba0.5Sr0.5)(Fe0.8Zn0.2)O3−δ membranes. For these last materi-
ls, the semi-permeation flux increases with the mean grain size.
ence, a general explanation cannot be given about the influence
f microstructure of the membrane on oxygen semi-permeation
ux, probably because many parameters can be involved to
owder synthesis process, powder purity, shaping process, . . .

The influence of the microstructure of the membrane materi-
ls on the oxygen semi-permeation was investigated in this paper
or three grain size distributions (Table 2). The grain size dis-
ribution was adjusted by mean of the sintering conditions (i.e.
emperature and dwell time). The mean grain diameter obtained
ere 0.47, 0.95 and 1.70 �m (Fig. 6).
The bulk diffusion step is usually the slowest mechanism. In

his case the oxygen flux follows the Wagner theory [3] in Eq.
3):

O2 = RT

16F2L

∫ pO′
2

pO′′
2

σion∂ln(pO2) (3)

Oxygen semi-permeation depends on the thickness of the
ig. 6. Grain size distribution of LSFG8273 materials presented in Table 2.
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Table 2
Sintering conditions and mean grain size of the LSFG8273 membranes.

Sintering conditions 1250 ◦C/2 h 1350 ◦C/10 h 1400 ◦C/10 h

Relative density 99% 98% 96%
Mean grain diameter (�m) 0.47 0.95 1.70
Standard deviation grain diameter (�m) 0.31 0.56 1.07
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Eq. (4)) proposed by Kharton et al. [14].

O∗ = jO2

ln(pO′
2/pO′′

2)
× L (4)

here pO′
2 is the oxygen partial pressure on the oxygen rich side

nd pO′′
2 the oxygen partial pressure on oxygen poor side. The

erm ln(pO′
2/pO′′

2) takes into account the influence of the evolu-
ion of the oxygen partial pressure gradient with the temperature
n the oxygen semi-permeation.

However, the Wagner theory is not applicable when the oxy-
en flux through the membrane is controlled by surface exchange
inetics. In this case, the specific oxygen semi-permeation
epends on the thickness of membrane.

Fig. 7 shows the evolution of the specific oxy-
en semi-permeation flux with the temperature for the

hree microstructures. The specific oxygen flux through
a0.8Sr0.2Fe0.7Ga0.3O3−δ material increases with the temper-
ture and the decrease of the grain size. At 900 ◦C, the specific
xygen semi-permeation flux are respectively 1.0 × 10−5 and

ig. 7. Specific oxygen semi-permeation flux through La0.8Sr0.2Fe0.7Ga0.3O3−δ

ense membrane for three mean grain sizes.
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.4 × 10−5 ml cm−1 min−1 for membranes with a mean grain
ize of 1.70 and 0.95 �m. For an average grain size of
.47 �m, the specific oxygen semi-permeation flux reaches
.7 × 10−5 ml cm−1 min−1 at 900 ◦C.

Contrary to the results obtained by Kharton et al.
14,18] for different mixed conductors, grain boundaries in
a0.8Sr0.2Fe0.7Ga0.3O3−δ materials do not constitute barriers

or oxygen transport. The increase of specific oxygen semi-
ermeation flux for higher density of grain boundaries could
e explained by a significant role of grain boundaries in oxygen
ransport. It is well known that grain boundaries contain a lot
f crystalline defects, for instance oxygen vacancies that leads
o a more rapid path of oxygen in the bulk of the membrane
19]. Another assumption is that the grain boundary density
ould improve significantly oxygen exchange kinetics on the
urface of the membrane. Grain boundaries at the surface of the
embrane are favored sites for oxygen adsorption from air or

xygen desorption to argon sweep gas. In other terms, a sur-
ace exchange rate-limiting mechanism may govern the oxygen
ransport through the dense membrane that is investigated in the
ext section.

.3.2. Influence of the membrane thickness on oxygen
ermeation

When bulk diffusion mechanisms of oxygen are the limiting
teps, the flux variations follow the Wagner theory: Eq. (5) [20]:

O2 = −RT

16F2L

∫ ln pO′′
2

ln pO′
2

σel × σion

σel + σion

d ln(pO2) (5)

here R is the ideal gas constant; T the temperature; F the Fara-
ay constant, L the membrane thickness, and σel and σion are
he electronic and ionic conductivity, respectively.

The oxygen flux through LSFG8273 dense membranes with

mean grain size of 0.47 �m were measured for two thick-

esses: 1.0 and 1.7 mm. The evolution of the specific oxygen
ux between 750 and 1000 ◦C with the thickness (Fig. 8) sug-
ests that the bulk oxygen diffusion is not the rate-controlling
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ig. 8. Specific oxygen semi-permeation flux through La0.8Sr0.2Fe0.7Ga0.3O3−δ

embrane with different thicknesses.

echanism. In this respect, we can assume that oxygen surface
xchanges for both surfaces are the rate-controlling mechanisms
f oxygen semi-permeation [21,22].

.3.3. Influence of surface exchanges kinetics on oxygen
ermeation

As bulk diffusion is not the limiting step of the diffu-
ion, surface exchanges kinetics are key parameters to increase
he oxygen flux. Two ways are proposed to improve surface

xchange kinetics:

1) Increase the surface by coating the membrane with a porous
layer. This way has been investigated in previous papers
[23,24].

6
t
w
o
f

ig. 9. SEM micrographs of p LSFN/LSFG8273 polished cross section (a) highly
embrane (b) top view of porous La0.8Sr0.2Fe0.7Ni0.3O3−δ.
ramic Society 30 (2010) 1409–1417 1415

2) Add catalysts of respectively oxygen dissociation on the
oxygen rich side and of the conversion reactions on the
oxygen poor side.

On an experimental point of view it is difficult to separate
hose two contributions. We have decided to use a porous coating
f a catalyst material. Moreover, the porous layer can also act
s a support for mechanical resistance, especially if thin dense
embrane is required.
In this respect, the La0.8Sr0.2Fe0.7Ga0.3O3−δ dense mem-

rane has been coated with La0.8Sr0.2Fe0.7Ga0.3O3−δ (p LSFG)
r La0.8Sr0.2Fe0.7Ni0.3O3−δ (p LSFN) thin porous layer by
creen printing respectively on the oxygen rich and oxygen
oor sides. Ni is well-known as catalyst for methane conversion
eactions (POM, SMR, . . .).

However, under our test conditions (under Ar), Ni catalytic
ffect can only impact oxygen dissociation (air rich side) of
ecombination (air poor side). The most important impact is the
ncrease of the exchange surface due to the porous layers.

The La0.8Sr0.2Fe0.7Ga0.3O3−δ porous layer is deposited by
creen printing of an ink containing 60 vol% of 5 �m diameter
ice starch particles. After co-sintering at 1100 ◦C during 30 min
f the thick dense and thin porous layer, the porosity is fully
nterconnected with an average diameter around 4 �m, and a
olume fraction close to 50%.

The porosity of LSFN catalyst layers elaborated with the
ame ink and sintering conditions (1100 ◦C during 30 min,
0 vol% of rice starch) vary from 27 to 50 vol%. The microstruc-

ure of the catalyst layers includes many interconnected pore
ith an average diameter around 4 �m compared to 0.2 �m with-
ut pore forming agent. Large interconnections are necessary to
acilitate gas flow through the porous layer (Fig. 9).

porous (50%) La0.8Sr0.2Fe0.7Ni0.3O3−δ coating on La0.8Sr0.2Fe0.7Ga0.3O3−δ
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Fig. 11. Specific oxygen semi-permeation flux through
La0.8Sr0.2Fe0.7Ga0.3O3−δ with and without coating of La0.8Sr0.2Fe0.7Ni0.3O3−δ

on the air poor side.

Table 4
Apparent activation energies for oxygen semi-permeation of membranes.

Membranes Apparent activation energies

LSFG8273 190–220 kJ/mol
p LSFG/LSFG8273 160–190 kJ/mol
LSFN/LSFG8273 170–200 kJ/mol
p
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ig. 10. Specific oxygen semi-permeation flux of La0.8Sr0.2Fe0.7Ga0.3O3−δ with
porous coating (p) of La0.8Sr0.2Fe0.7Ga0.3O3−δ on oxiding and reducing face

ompared to of La0.8Sr0.2Fe0.7Ga0.3O3−δ membrane without coating?

The LSFG8273/p LSFG (air) and (Ar) p LSFG/LSFG8273 con-
ist in 1 mm thick La0.8Sr0.2Fe0.7Ga0.3O3−δ dense membrane
oated by a 20–25 �m thick La0.8Sr0.2Fe0.7Ga0.3O3−δ porous
ayer respectively on oxygen rich and oxygen poor sides.

Fig. 10 shows the influence of a La0.8Sr0.2Fe0.7Ga0.3O3−δ

orous layer on oxygen poor or oxygen rich side of
a0.8Sr0.2Fe0.7Ga0.3O3−δ membrane. The oxygen flux increases
ith the increase to the exchange surface developed, by

he porosity of the La0.8Sr0.2Fe0.7Ga0.3O3−δ porous layers,
n both sides. For instance at 900 ◦C, the specific oxygen
ux is 0.27 ml cm−1 min−1 for La0.8Sr0.2Fe0.7Ga0.3O3−δ dense
embrane and 2 ml cm−1 min−1 for LSFG8273/p LSFG (air).
esides, Table 3 shows that the apparent activation energies for
xygen permeation decrease slightly with the increase of the
xchange surface, although these values of apparent activation
nergies present likely a large incertitude. This assumes that the
xygen transport through the LSFG membranes is governed by
urface exchanges kinetics.

Further improvement can be expected using materials having
etter surface exchange kinetic than Ga-containing perovskite.
or example, Ni-containing materials, could be advantageously
sed on the oxygen poor side of the membrane especially for
ethane conversion applications [25,26].
In this respect, a catalytic layer of La0.8Sr0.2Fe0.7Ni0.3O3−δ

as coated onto the oxygen poor side (Fig. 2), referenced p
SFN/LSFG8273. Ni is introduced in the perovskite structure
or its high catalytic activity for methane conversion reac-
ions. At 900 ◦C, under an air/argon gradient, the specific
xygen flux is increasing from 2.7 × 10−5 ml cm−1 min−1 for

able 3
pparent activation energies for oxygen permeation of membranes.

embranes Apparent activation energies

SFG8273 190–220 kJ/mol
SFG8273/p LSFG (air) 150–170 kJ/mol

Ar) p LSFG/LSFG8273 160–190 kJ/mol

b
fl
5
s
o
i

p
L
a
w

LSFN/LSFG8273 160–190 kJ/mol

SFG8273 to 6.3 × 10−4 ml cm−1 min−1 for p LSFN/LSFG8273.
s a comparison, the flux is 2.0 × 10−4 ml cm−1 min−1 for p
SFG/LSFG8273. The higher developed surface on the air poor
ide of the membrane, and/or the catalyst effect of the Ni-
ontaining material, have a more important effect on the oxygen
ux than on the oxygen rich side.

The surface exchange kinetic is likely larger on the oxygen
oor side with a La0.8Sr0.2Fe0.7Ni0.3O3−δ coating than on the
xygen rich side with La0.8Sr0.2Fe0.7Ga0.3O3−δ coating. The
imiting step is the surface exchange on the oxygen rich side.
urther improvement could be reached by coating both sides of

he membrane with a porous layer.
As shown in Fig. 11, at 900 ◦C, the specific oxy-

en semi-permeation flux is 2.8 × 10−4 ml cm−1 min−1 for
SFN/LSFG8273 (27 vol% of porosity) membrane, two times

ower than for a p LSFN/LSFG8273 (50 vol% of porosity) mem-
rane. The porosity of the layer has also an impact on the oxygen
ux. Low porosity (27 vol%) leads to smaller oxygen flux than a
0 vol% porous layer. However, the Ni-containing formulations
eem to have no significant effect on the activation energy for
xygen permeation (Table 4) of which the values present a large
ncertitude.

The results obtained are in good agreement with
revious published works from Lee et al. [27] for
a Sr Fe Ga O coated with a La Sr CoO layer
0.7 0.3 0.6 0.4 3−δ 0.8 0.2 3−δ

nd Etchegoyen et al. [28] for La0.6Sr0.4Fe0.9Ga0.1O3−δ coated
ith La0.6Sr0.4Co0.8Fe0.2O3−δ.
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. Conclusions

La0.8Sr0.2Fe0.7Ga0.3O3−δ perovskite exhibits a good com-
romise in terms of dimensional, chemical and structural
tabilities for methane conversion applications. Under air and
rgon atmospheres, a reversible structural phase transition from
onoclinic to rhomboedral was observed around 300 ◦C.
Oxygen flux measurements through several microstruc-

ures and architectures of membranes have shown that surface
xchange kinetic is the limiting step. By the way, it was not
ossible to evaluate the impact of the grain size.

Porous layers have been coated on the oxygen rich side or on
he oxygen poor side of the membrane. Oxygen flux increases
ith the development of the surface and/or the catalytic effect of

he material on oxygen dissociation or recombination. The total
olume of the porosity has also an impact on the flux. There
hould be an optimum enabling the access of the gas to the
embrane and developing enough surfaces. Then, better oxygen
uxes are expected by coating both sides of the membrane with
orous layers of dedicated formulations.
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