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bstract

he thermo-mechanical behaviours of La0.8Sr0.2Fe1−xGaxO3−δ (x = 0 or x = 0.3) ceramics for catalytic membrane reactors are studied up to 1100 ◦C
nder air and nitrogen atmospheres. XRD data, thermogravimetric and dilatometric analyses associated with Young’s modulus measurements
ive a better understanding and a qualitative description of the mechanical behaviour of the perovskite materials as a function of temperature.
irst, a decrease of Young’s modulus from room temperature to 300–400 ◦C is attributed to FeO6 octahedrons distorsions of the monoclinic (or
rthorhombic) phase. After phase transition, the rhombohedral phase exhibits a higher TEC and a stiffening of the perovskite structure probably
ue to less distorted FeO octahedrons. Finally, at higher temperatures (T > 800 ◦C), thermogravimetric data show a weight loss attributed to oxygen
6

eparture from the perovskite structure leading to a large cell expansion.
This study presents the structural evolution of both materials and its impact on the thermal and mechanical behaviours that have to be considered

or industrial uses.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The interest for catalytic membrane reactors (CMR) has
reatly increased since they were found to allow conversion of
atural gas to synthesis gas (CO and H2 mixture) with a bet-
er efficiency and a lower cost than conventional processes.1–3

hese reactors make it possible to separate oxygen from air and
o achieve conversion of methane, in a single step, by means of

mixed ionic/electronic conducting membrane. However, the
eramic membrane material should meet many requirements
uch as high oxygen permeation rate, long-range thermal and
hemical stability under a large range of oxygen partial pressure,
orresponding typically to membrane reactors conditions,3 and
uitable mechanical properties for industrial applications. One

romising group of membrane materials is ABO3 perovskite-
ype oxide such as (La, Sr)(Fe, Ga)O3−δ.

∗ 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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Nevertheless, previous studies have shown that self sup-
orted thick membranes cannot reach a high enough oxygen
ux to compete with traditional syngas production routes, i.e.
team methane reforming and auto-thermal reforming. Oxygen
ux can be significantly improved by decreasing the membrane

hickness and adding a catalyst layer. In this way, the co-firing
f a CMR consisting of a thick porous support and a thin dense
embrane seems to constitute a good solution to meet this

equirement.4–12 The porous support provides suitable mechani-
al properties, while the dense membrane separates oxygen from
ir by ionic oxygen conduction. A catalyst layer can be added
o improve the surface exchange and the conversion of methane
n the surface of the membrane.

The elaboration by co-firing requires a good knowledge of
he thermo-mechanical properties of the materials. For instance,
large thermal expansion coefficient (TEC) mismatch between

he porous support and the dense membrane can lead to cracking

nd finally destruction of the reactor. In this respect, this study
resents the thermo-mechanical properties of both materials of
he dense and porous layers, over a large range of tempera-
ure and atmosphere in order to be as close as possible to the

mailto:pierre-marie.geffroy@unilim.fr
dx.doi.org/10.1016/j.jeurceramsoc.2009.02.016
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Table 1
Characteristics of powders.

Powder d50 (�m) Specific surface area (m2/g)

L
L

w
m
a

d
o
s
t
e

p
b
p

2

2

d
p
c
a
s

u
p
a
fi

p
1
p
u

u
p
2
(
p
m
g

d
a

2

b
t
o
a
h
d

a
(
l
d
r
s

SFG 8273 0.26 10
SF 821 0.40 7

orking conditions. The aim of our approach is to evaluate the
echanical reliability of the membrane in working conditions,

s proposed by Blond and Richet.13

La0.8Sr0.2Fe0.7Ga0.3O3−δ material has been selected for the
ense membrane, because of the high performance in terms
f oxygen permeation and a good chemical and dimensional
tability over a large range of temperature and oxygen par-
ial pressure.5,6,9,10 However, gallium-doped ferrites are very
xpensive due to the cost of Ga.

The selected material for the porous support is also a
erovskite to prevent chemical interaction with the dense mem-
rane, but without gallium to decrease the cost of the CMR. The
roposed material is La0.8Sr0.2FeO3−δ.

. Experimental

.1. Samples preparation

La0.8Sr0.2Fe0.7Ga0.3O3−δ and La0.8Sr0.2FeO3−δ respectively
enoted LSFG 8273 and LSF 821 were synthesized by spray
yrolysis (Pharmacie Centrale de France, France). Powders were
alcined at 1000 ◦C in air respectively during 6 and 2 h before
n attrition milling step. Specific surface area and mean grain
ize after milling are reported in Table 1.

Samples were elaborated by tape-casting which is currently

sed to produce thin ceramic films. The preparation of the sus-
ensions was described in a previous paper.14 The suspensions
re degassed and directly cast onto a siliconed Mylar carrier
lm with a doctor blade. After solvent evaporation at room tem-

2

(
f

Fig. 1. SEM observations of unpolished cross sections of (a) LS
eramic Society 29 (2009) 2603–2610

erature under air, the obtained green tapes with a thickness of
50 �m are easily handled. Disks of 30 mm of diameter were
unched from the green tapes, stacked and laminated at 85 ◦C
nder a pressure of 50 MPa.

Rectangular bars (40 mm × 3 mm × 3 mm) for Young’s mod-
lus measurements were pressed. The powders were previously
lanetary milled in an organic solvent (mixture of butanone-
and ethanol in the azeotropic proportion) with a dispersant

phosphoric ester 1 wt.%), a binder (acrylic resin 3 wt.%) and a
hthalate plasticizer (1 wt.%) during 4 h. After drying, the for-
ulations were granulated through a 250 �m mesh sieve and the

ranules obtained were uniaxially pressed under 100 MPa.
All samples are debinded at 650 ◦C and sintered at 1250 ◦C

uring 2 h in air with a slow cooling rate (i.e. 2 ◦C/min) to reach
n equilibrium with the surrounding atmosphere.

.2. Sample characterizations

LSFG 8273 as a dense membrane material for catalytic mem-
rane reactor must exhibit the lowest possible porosity in order
o avoid gas leakage through the membrane. Relative densities
f sintered samples were evaluated at 98% for tape-cast samples
nd at 96% for pressed samples, using Archimedes’ method and
elium pycnometry. Fractures of sintered samples prepared by
ie-pressing revealed submicronic closed pores (Fig. 1).

The crystallographic phases of LSFG 8273 were followed in
ir and nitrogen between 25 ◦C and 900 ◦C by X-ray diffraction
XRD) using a Bruker D8 with Cu K� radiation. Crystal-
ographic structure of LSF 821 at room temperature was
etermined by XRD (INEL CPS 120). Lattice parameters were
efined using the full-profile Rietveld method. All XRD mea-
urements were performed on powders treated at 1250 ◦C during

h in air.

Thermal expansion was measured by dilatometry
SETARAM setsoft 2400) on 10 mm long samples extracted
rom sintered laminated stacks. Measurements were performed

FG 8273 and (b) LSF 821 pressed and sintered samples.
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Table 2
Lattice parameters and cell volume of heat treated powder at room temperature.

Space group a ( ´̊A) b ( ´̊A) c ( ´̊A) β (◦) V ( ´̊A3)

L 5.547 5.527 90.10 (±0.01◦) 239.64
L 5.529 7.811 – 239.99
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Table 3
Thermal expansion coefficients of individual lattice parameter of the monoclinic
phase (20–200 ◦C).

Lattice parameter TEC (◦C−1) (air)

a 14.1 × 10−6

b −6

c

T
L
8
o

(
F
i
v
w
c
l

F
r

SFG 8273 Monoclinic P2/m 7.817

SF 821 Orthorhombic Pbnm 5.549

nder air and nitrogen flow (30 ml/min) with a heating rate of
◦C/min from room temperature to 1100 ◦C. For thermogravi-
etric analyses, disks punched from green tapes were sintered,

hen crushed into powder. Measurements were performed under
ir and argon with a heating and cooling rate of 4 ◦C/min using
SETARAM setsys apparatus.

A high temperature ultrasonic pulse echo technique
350 kHz) was used to measure the evolution of Young’s modu-
us (E) from 20 ◦C to 1100 ◦C.15 Heating and cooling rates were
◦C/min and 2 ◦C/min respectively.

. Results and discussion

.1. Structural analysis

At room temperature, LSF 821 material could be indexed
s an orthorhombic phase (Pnma)16,17 and LSFG 8273 mate-
ial as a monoclinic phase (P2/m). Lattice parameters of the
wo materials at room temperature are reported in Table 2.
he space group has an influence on the distortion of the per-
vskite cell and particularly on the octahedral tilt (a+b−b− for

he orthorhombic phase and a+b−c− for the monoclinic phase
n Glazer notation).18 The data obtained by XRD show that the
resence of Ga3+ on the B-site of the perovskite involves a dis-
ortion of the perovskite cell and so a tilting of the octahedron.

a
T
t
t

ig. 2. High temperature XRD of LSFG 8273 under (a and b) air and (c and d) nit
hombohedral phase, open symbols correspond to heating and solid symbols to cooli
13.1 × 10
7.04 × 10−6

he Ga doping also has a direct effect on BO6 octahedrons. In
SF 821, all Fe–O bond distances are similar, whereas for LSFG
273 different Ga–O and Fe–O bond lengths are increasing the
ctahedron distortion.

On heating, LSFG 8273 exhibits similar behaviours in air
pO2 = 0.21 atm) and nitrogen (pO2 = 10−5 atm) atmospheres.
rom room temperature to 200 ◦C, only the monoclinic phase

s present (Fig. 2a and c). The thermal expansion coefficient
alues of the three lattice parameters of the monoclinic phase
ere calculated from XRD data and are reported in Table 3. It

an be noted that there is a great anisotropy in the evolution of the
attice parameters; the TECs of the a- and b-lattice parameters

re similar and twice as high as those of the c-lattice parameter.
his results in an elongation of Fe1–O2 and Fe1–O3 bonds larger

han for Fe1–O1 bond, as can be seen on the schematic view of
he monoclinic structure in Fig. 3. Consequently, this anisotropy

rogen from room temperature to 900 ◦C (m is for monoclinic phase and r for
ng).
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2
the phase transition already highlighted. This phase transition
occurs exactly at the same temperature in air and in nitrogen. The
atmosphere does not have any influence on thermal expansion
up to 850 ◦C before and after phase transition (Table 4).
Fig. 3. Schematic view of phase transition of

mplies an increase of the distortion of BO6 octahedrons over
his range of temperature, i.e. from room temperature to 200 ◦C.

Then between 200 ◦C and 300 ◦C, a phase transition from
onoclinic to rhombohedral (R-3c) symmetry occurs, imply-

ng a different tilt system of the octahedron (a−a−a−). As the
hombohedral phase is reached, Fe1–O1, Fe1–O2 and Fe1–O3
onds become equal resulting in a less distorted BO6 octahedron
Fig. 3).

After 650 ◦C, an increase in cell volume is noted, with a more
mportant increase in nitrogen than in air. It is well known that
hermal expansion of perovskite materials is strongly dependent
n the surrounding atmosphere at high temperature. This can
e correlated to a larger oxygen departure from the perovskite
tructure in nitrogen than in air; as can be suggested by TGA
easurements from 650 ◦C.
When cooling in air, the temperature of the phase transi-

ion and cell parameters are strictly the same than when heating
Fig. 2a and b). In nitrogen, the phase transition from rhom-
ohedral to monoclinic phase occurs at higher temperature
300–400 ◦C) and final lattice parameters are larger than ini-
ial ones at room temperature (Fig. 2d). The different behaviour
n nitrogen is attributed to the oxygen loss from the material on
eating which is not reversible on cooling (Fig. 4).

Some authors have observed a similar behaviour in the case
f La1−xSrxFeO3−δ materials and more particularly for LSF
21.19,20 On heating, they have observed a phase transition from
rthorhombic to rhombohedral symmetry in the case of LSF 821
nd an anisotropic thermal expansion during the orthorhombic
hase. In this case, b- and c-lattice parameters exhibit larger
ECs than a-lattice parameter. As for LSFG 8273, we can
ssume that this anisotropy increases the distortion of the FeO6
ctahedrons.

.2. Thermal expansion behaviour
Expansion behaviour data provide macroscopic measure-
ents of thermal expansion of materials compared to XRD, but

n a wider range of temperature.
F
n

8273. Octahedral tilting is not considered.

Fig. 5 shows the dimensional behaviour of LSFG 8273 and
SF 821 materials submitted to air and nitrogen atmospheres

rom room temperature to 1100 ◦C.
Under air, thermal expansion is fully reversible for the two

aterials in agreement with XRD analysis. This behaviour is
orrelated with the reversible exchange of oxygen previously
bserved on TGA curves (Fig. 4).

Under nitrogen, the thermal expansion of LSFG 8273 and
SF 821 is not reversible on cooling. This can be explained by

he inability of the materials to recover the quantity of oxygen
ost during heating (Fig. 4).

Three thermal expansion coefficients can be measured, for
oth materials, from the dilatometric curves for different ranges
f temperature (Table 4).

The drop in thermal expansion coefficient, beginning around
70 ◦C and ending at 320 ◦C for LSFG 8273, corresponds to

21
ig. 4. Oxygen vacancies concentrations of LSF 821 and LSFG 8273 in air and
eutral atmosphere in order to temperature.
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Fig. 5. Thermal expansion coefficient and dilatation o

In the case of LSF 821, a drop in thermal expansion coef-
cient is also observed, beginning at 340 ◦C. There is a shift
f temperature compared to LSFG 8273. This can be attributed
o the orthorhombic-to-rhombohedral phase transition. Tai et al.
ave studied a similar phase transition on La1−xSrxCo1−yFeyO3
aterials.20,22 They observed that the temperature of the phase

ransition is strongly dependent on the contents of Sr2+ and
o3+. The phase transition temperature increases with lower-

ng Co3+ content and reaches its maximal value for LSF 821.
o the difference of the phase transition temperature between

he two materials can be explained by the substitution of iron by
allium.

In all cases, the rhombohedral phase exhibits a coefficient
f thermal expansion higher than the low temperature phase
monoclinic in the case of LSFG 8273 and orthorhombic in the
ase of LSF 821).

At high temperature (i.e. above 850 ◦C), the expansion
ncreases under air and nitrogen atmospheres (Table 4). That
s directly linked to the greater weight loss observed on TGA
urves. Some authors have highlighted a “chemically induced
xpansion” added to classical thermal expansion above a T*
emperature (∼850 ◦C), due to oxygen loss .6,8,23,24 Departure
f oxygen from the material in air and neutral atmospheres
auses cell expansion, due to both cationic repulsion and reduc-
ion of Fe4+ (0.58 Å) to Fe3+ (0.64 Å). In air, both materials
xhibit a similar thermal expansion. In nitrogen, both materials
resent greater weight losses than in air and higher TECs. That
s in good agreement with the chemically induced expansion,

ttributed to oxygen departure from the perovskite structure.
his chemical expansion is linked with absolute oxygen non-
toichiometry of perovskite material which is presented in recent

able 4
hermal expansion coefficient of LSF 821 and LSFG 8273 materials in air and
itrogen.

TEC in air (10−6 ◦C−1) TEC in nitrogen (10−6 ◦C−1)

SFG 8273 9.7 (RT–320) 9.5 (RT–320)
12.4 (320–850) 12.4 (320–850)
16.8 (850–1100) 20.6 (850–1100)

SF 821 10.3 (RT–380) 10.0 (RT–380)
13.2 (380–850) 13.1(380–850)
16.2 (850–1100) 21.5 (850–1100)

(
b
e
b
a
o
l

Y
t
(
T
5

U
o

(a) LSFG 8273 and (b) LSF 821 in air and nitrogen.

orks.25,26 Moreover, replacing iron cations by gallium cations
ill decrease the effect of iron on thermal expansion and lead

o a lower TEC for LSFG 8273 than for LSF 821. As the dense
embrane is exposed to a gradient of oxygen partial pressure,
ismatch in expansion of the material submitted to air and inert

r reducing atmosphere at high temperature is strongly limited
y introducing gallium on the B-site.6,8 It can be noted that
ell expansion occurs at lower temperature on XRD data than
n dilatometric curves, probably due to the use of powders for
RD analysis instead of a monolithic samples for dilatometric
easurements.

.3. Young’s modulus

Young’s modulus was measured vs. temperature up to
100 ◦C for samples sintered in air with a relative density of
t least of 96% of the theoretical density. Fig. 6 shows the varia-
ions with temperature of the elastic moduli of both dense LSFG
273 and LSF 821 in air and nitrogen. As relative densities of
he samples are not totally equal, data are corrected to take into
ccount the porosity using a linear law E0 = E/(1 − 2P) with E
he measured Young’s modulus and P the evaluated porosity of
he material.27

At room temperature, LSF 821 is about 30% stiffer than
SFG 8273, which is probably due to the iron substitution by
allium. This phenomenon may be associated with (i) the signif-
cant difference in the covalence of Fe–O and Ga–O bonds and
ii) the lattice distortion induced by Ga doping. Indeed, Ga–O
ond energy is lower than for Fe–O one that can involve a soft-
ning of the material as Young’s modulus is directly linked to
ond energies. Moreover, Ga doping leads to a cell distortion,
s LSF 821 and LSFG 8273 can be refined respectively into
rthorhombic and monoclinic structures, and this involves local
attice distortion implying a decrease of stiffness.8,21,24,28

For LSFG 8273, under both air and nitrogen up to T1 (270 ◦C)
oung’s modulus decreases by approximatively 33% of the ini-

ial value. An increase of 15% on the basis of the minimal value
T1) is observed up to T2 (860 ◦C in air and 800 ◦C in nitrogen).
hen, up to T3 (1100 ◦C), E decreases by about 3.5% in air and

% in nitrogen on the basis of the T2 value.

A similar behaviour is observed for LSF 821 dense material.
p to 340 ◦C (T1) Young’s modulus is decreasing of about 38%
f the initial value. Then it increases of 19% from the minimal
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Fig. 6. Young’s modulus of (a) LSFG 8

alue up to 800 ◦C (T2) and decreases again of 3% in air and
% in nitrogen above this temperature.

On heating, the two materials exhibit similar behaviours
nder air and nitrogen with three stages in the Young’s mod-
lus evolution as a function of the temperature: (i) from room
emperature to T1, (ii) between T1 and T2 and (iii) over T2.

From room temperature to T1, the strong decrease of the
lastic moduli can be attributed to the slight variation of elas-
ic constants (Cij) of the low temperature phase. More data are
eeded to confirm this supposed origin of the drop of the Young’s
odulus. Nevertheless, Young’s modulus is very sensitive to

rystal lattice variation.29 In the case of LSF 821, an increase
f the FeO6 octahedrons distortion between room temperature
nd T1, due to an anisotropy in the evolution with tempera-
ure of lattice parameters, was confirmed by Fossdal et al.19

ame anisotropy and BO6 octahedron distortion is observed by
TXRD, between room temperature and T1, for LSFG 8273.
his rise of the distortion results in the softening of two Fe–O
onds (Table 3), as discussed previously, that could explain the
rop of the Young’s modulus in both LSF 821 and LSFG 8273.
ome authors have already underlined the influence of the BO6
ctahedron distortion on the Young’s modulus of perovskite
aterials such as La1−xCaxMnO3.30 They showed that the mag-

itude of the drop of the Young’s modulus is correlated to the
ype of distortion of the BO6 octahedrons. When the fraction of

3-type distortion (elongated mode) increases, the magnitude
f the drop of the Young’s modulus increases, conversely when
he fraction of Q2-type distortion (compressed mode) increases.
o Jahn–Teller effect is present in the LaFeO3 perovskites as
e3+ is an octahedrally symmetric ion,31 however doping with
a modifies bond lengths of FeO6 octahedron. So the distortion
f the BO6 octahedron could explain why LSF 821 exhibits a
reater drop of Young’s modulus.

Cell distortions are observed on LSF 821 and LSFG 8273, so
e can assume that cell distortion, especially for the octahedron,

eads to a decrease of Young’s modulus observed from room
emperature to T1 under both atmospheres.

Then around T1, phase transition from the low temperature

hase to rhombohedral symmetry occurs according to XRD
nd dilatometric data. The phase transition is associated with
stiffening of the material, resulting in a minimum of Young’s
odulus.32 The increase of Young’s modulus between T1 and

l
b
t
a

nd (b) LSF 821 under air and nitrogen.

2 may be due to the less distorted BO6 octahedron as all Fe–O
onds are identical in the rhombohedral phase.33,34

During the third stage over T2, the slight decrease of E val-
es corresponds to a weight loss of the material and a strong
ncrease in thermal expansion under both atmospheres. The
xygen departure from the perovskite structure implies a cell
xpansion with a weakening of the rigidity. The decrease of
oung’s modulus is greater in nitrogen due to the larger oxygen

oss (Fig. 4).
On cooling, the same three stages are observed under both

tmospheres. Transition temperatures are similar except for
SFG 8273 under nitrogen atmosphere. For the latter, phase

ransition occurs at a temperature T4 (380 ◦C) higher on cooling
han on heating (270 ◦C), probably due to impossible oxygen
ecovery. Moreover, final Young’s modulus of LSFG 8273 in
itrogen is higher than the initial value, whereas in air, final and
nitial values are equal. The high temperature XRD measure-

ents have shown that after treatment at 900 ◦C during 10 h in
ir LSFG 8273 material exhibits similar cell parameters to the
nitial ones while under nitrogen the lattice parameters are higher
ndβ is lower than the initial value (90.01◦). This induces a slight
iminution of the cell distortion, becoming almost orthorhom-
ic, which can explain the increase in Young’s modulus on
ooling. For LSFG 8273 in air and LSF 821 under both atmo-
pheres, the evolution of Young’s modulus is totally reversible
ith temperature.
From other considerations, these two types of materials

re likely to exhibit a ferroelastic behaviour. Young’s modu-
us evolution with respect to temperature could be dependent
n the difference of ferroelastic behaviour of orthorhombic or
onoclinic and the rhombohedral phase. In this way, Foss-

al et al. and Orlovskaya et al. have shown that LaFeO3,35

aCoO3 and La0.8Ca0.2CoO3 perovskites36,37 present a fer-
oelastic behaviour with orthorhombic–rhombohedral phase
ransition. Besides, Young’s modulus evolution of LSFG8273
nd LSF821 perovskites with temperature between 25 ◦C and
00 ◦C is similar to Young’s modulus evolution of LaCoO3
erovskites presented by Orlovskaya et al.36,37 The ferroe-

astic behaviour of LSFG8273 and LSF821 perovskites could
e expected above the orthorhombic-to-rhombohedral phase
ransition described in this study by analogy with LaCoO3
nd La0.8Ca0.2CoO3 perovskites. However, this ferroelastic
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ehaviour does not explain clearly the increase of Young’s mod-
lus with temperature between 400 ◦C and 600 ◦C, and leads to
nonlinear stress–strain relationship which should be confirmed
y a complementary microstructural analysis and mechani-
al tests in further studies, such as bending or compressive
ests.

The differences observed between heating and cooling stages
nder nitrogen and air for LSFG 8273 suggest possible stress
evelopment in the membrane under working conditions and
ore particularly, during cooling stage, as one face of the
embrane will be exposed to air and the other one to reduc-

ng conditions. So for industrial applications, temperature and
tmosphere have to be controlled during cooling step to avoid
racking of the membrane.

. Conclusions

The thermal behaviour of La0.8Sr0.2FeO3−δ and
a0.8Sr0.2Fe0.7Ga0.3O3−δ was studied between room tem-
erature and 1100 ◦C. The two materials are meant to be
espectively the porous support and the dense membrane of a
atalytic membrane reactor. Both materials must exhibit similar
hermal expansions and good mechanical properties. Structural,
hermogravimetric and dilatometric analyses associated with
oung’s modulus measurements were performed over a large

ange of temperature under air and nitrogen to give a qualitative
escription of the thermal behaviour of both materials.

These measurements show that LSF 821 is stiffer than LSFG
273 respectively 170 GPa and 120 GPa at room temperature.
his result is probably linked to the introduction of Ga in the
erovskite structure, leading to local lattice distortion and to
oftening.24 Both LSFG 8273 and LSF 821 exhibit a phase tran-
ition respectively at 270 ◦C and 340 ◦C resulting in a minimal
alue of Young’s modulus. It is assumed that the strong decrease
f Young’s modulus before phase transition is due to an increased
ell distortion. After phase transition, both materials exhibit a
hombohedral phase with higher TECs and Young’s modulus
alues. Then over 850 ◦C, oxygen departure from the perovskite
tructure observed on TGA measurements, involves a strong rise
f the thermal expansion and a small Young’s modulus decrease.

The evolution of Young’s modulus with temperature was
dentified as a very important parameter in term of stress devel-
pment in the membrane. These results show that expansion
ehaviour and the evolution of mechanical properties of those
aterials are of great importance to improve the reliability of

atalytic membrane reactors.
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