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bstract

oderate additions of Al2O3 to strontium ferrite-based mixed conductors, such as SrFe0.7Al0.3O3−δ and La0.2Sr0.8Fe0.8Ga0.2O3−δ with the composi-
ion close to the solid solution formation limits, make it possible to improve ceramics sinterability, to increase oxygen permeability and to decrease
hermal expansion. These effects are associated with the segregation of alumina-rich phases, primarily SrAl2O4, and the formation of A-site
ation-deficient perovskite. The improved properties of the SrFe0.7Al0.3O3-based material were used to fabricate high-quality tubular membranes
or methane conversion reactors. Similar enhancement in sinterability is also observed for another promising parent material of mixed-conducting

embranes, La0.5Sr0.5FeO3−δ. However, extensive dissolution of Al3+ cations in the iron sublattice, creation of A-site vacancies and changing

he La:Sr concentration ratio all lead to decreasing ionic transport in La0.5Sr0.5FeO3−δ. As a result, additions of either Al2O3 or SrAl2O4 have a
eteriorating influence on the oxygen permeation fluxes through La0.5Sr0.5FeO3-based ceramics.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Conversion of natural gas to synthesis gas, a mixture
f CO and H2, takes place rather effectively over the sur-
ace of a mixed oxygen-ion/electron conducting membrane,
hich assimilates oxidation reactions with controlled oxygen

eparation.1–5 Although this technology may provide substantial
conomic and environmental benefits, development of mem-
rane reactors is limited by the stringent thermomechanical
nd chemical demands on the membrane material, including
igh oxygen permeability, moderate thermal and chemically-
nduced expansion, mechanical and chemical stability under

wider range of oxygen chemical potentials, low cost of the

aw materials and viable fabrications methods. A strong can-
idate to satisfy these requirements is the SrFeO3-based per-
vskite, with Fe and Sr partially substituted by more redox-

∗ Corresponding author. Tel.: +351 234 370263; fax: +351 234 425300.
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, Sr)(Fe, Ga)O3

nd chemically-stable cations, respectively, such as Cr, Ti,
a and Al on the B sublattice, and La for Sr.2,4,6–12 Partic-
lar compositions having attractive transport properties and
tability are Sr1−xLaxFe1−yMyO3−δ (M = Ga, Cr; x = 0.2–0.4;
= 0.2–0.4), SrFe0.7Al0.3O3−δ and Sr0.5La0.5FeO3−δ. The lat-

er phase exhibits a maximum of electronic and oxygen ionic
onductivity in the Sr1−xLaxFeO3−δ system; a higher strontium
ontent without B-site doping results in oxygen vacancy order-
ng and deterioration of transport properties.8 Incorporation of
luminum into the perovskite-type lattice of SrFe1−yAlyO3−δ

nhances the phase stability at low oxygen chemical poten-
ials, moderately decreasing the thermal expansion and oxy-
en permeability within the solid solution formation range,
= 0–0.35.9,10 The oxygen fluxes through ferrite ceramics show-

ng the highest ionic transport are typically determined by both
ulk ionic conductivity and surface exchange kinetics.10,11,13
he exchange limitations play, however, a positive role under
arge p(O2) gradients due to kinetic stabilization of ferrite-based

embrane materials thermodynamically unstable in reducing
nvironments.5,12–14 Namely, when the overall oxygen transport
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s surface-limited, the oxygen chemical potential on the mem-
rane permeate-side surface is always higher than that in the gas
hase, thus preventing reduction.

The present work was focused on the study of sinter-
ng, microstructure and transport properties of ferrite-based
erovskite ceramics with minor additions of alumina. The
icrostructural modification via incorporation of small amounts

f highly dispersed Al2O3 is a well-established approach in
he engineering of oxygen ion-conducting solid electrolyte

aterials.15–19 While significant volume fractions of insulating
luminum oxide lead to decreasing ionic conductivity, moderate
dditions have no significant blocking effect, but decrease grain-

oundary resistance due to “scavenging” of silica-rich impurity
hases. Alumina additions to solid oxide electrolyte ceramics
ake it possible also to improve the mechanical strength, to

c
m
i

able 1
roperties of ferrite-based ceramics

omposition Additive (mol%) Secondary phases Cr

a0.5Sr0.5FeO3−δ – – R
a0.5Sr0.5FeO3−δ Al2O3 (5.0%) SrAl2O4 R
a0.5Sr0.5FeO3−δ SrAl2O4 (5.3%) SrAl2O4 R

La0.5Sr0.5)0.97FeO3−δ – – R
a0.5Sr0.5Fe0.9Al0.1O3−δ – – R
a0.3Sr0.7FeO3−δ – – C
a0.2Sr0.8Fe0.8Ga0.2O3−δ – – C
a0.2Sr0.8Fe0.8Ga0.2O3−δ Al2O3 (5.0%) SrAl2O4, SrLaGa3O7 C
rFe0.7Al0.3O3−δ – – C
rFe0.7Al0.3O3−δ Al2O3 (5.0%) SrAl2O4 C

omposition Additive Average TECs in air

T (K)

a0.5Sr0.5FeO3−δ – 350–950
950–1310

a0.5Sr0.5FeO3−δ Al2O3 350–900
900–1300

1300–1500

a0.5Sr0.5FeO3−δ SrAl2O4 340–950
950–1150

La0.5Sr0.5)0.97FeO3−δ – 350–950
950–1150

a0.5Sr0.5Fe0.9Al0.1O3−δ – 350–900
900–1200

1200–1500

a0.3Sr0.7FeO3−δ – 300–770
770–1150

a0.2Sr0.8Fe0.8Ga0.2O3−δ – 370–800
800–1080

a0.2Sr0.8Fe0.8Ga0.2O3−δ Al2O3 370–850
850–1200

rFe0.7Al0.3O3−δ – 370–920
920–1270

rFe0.7Al0.3O3−δ Al2O3 370–920
920–1270

a C and R correspond to the cupic and rhombohedrally-distorted perovskite structu
b The data correspond to the membrane thickness of 1.00 mm, p2 = 21 kPa and p1 =
Ceramic Society 26 (2006) 3695–3704

uppress grain growth in the course of sintering and, often, to
ncrease sinterability.15–19 All these effects may be of great inter-
st for the developments of mixed-conducting membrane mate-
ials, taking into account the stability and low costs of alumina.

. Experimental

The powders of SrFe0.7Al0.3O3−δ and La0.5Sr0.5FeO3−δ

ere prepared via the glycine-nitrate process (GNP), a self-
ombustion method using glycine as fuel and nitrates of the
etal components as oxidant.20 In the course of GNP, glycine
ations in the stoichiometric proportion; the glycine/nitrate
olar ratio was 1.7–2.0 of stoichiometric, calculated assum-

ng the only gaseous reaction products to be N2, CO2 and H2O.

ystal latticea Density (g/cm3) Perovskite unit cell parameters

a (nm) α (◦)

5.83 0.5493 60.27
5.61 0.5503 59.98
5.71 0.5491 60.25
5.87 0.5497 60.12
5.72 0.5491 59.99
5.49 0.3872 –
5.32 0.3888 –
5.37 0.3881 –
4.42 0.3900 –
4.49 0.3890 –

Activation energy for oxygen permeationb

ᾱ × 106 (K−1) T (K) EA (kJ/mol)

12.4 1023–1223 138 ± 13
23.7

12.7 1023–1223 131 ± 16
25.6
21.0

12.9 1023–1223 142 ± 8
24.1

12.4 1123–1223 111 ± 27
16.4

13.0 1073–1223 112 ± 13
27.6
22.0

13.0 1023–1223 161 ± 12
24.9

16.0 1023–1223 142 ± 7
26.7

14.9 1023–1223 124 ± 15
25.2

15.4 1123–1223 116 ± 18
23.0

12.9 1123–1223 107 ± 22
19.8

res, respectively.
2.1 kPa.



pean

T
w
T
a
s
(
p
s
a
p
r
c
m
p
(
f

u
s
i
d
o
r
a
m
s
t
p
1
d
i
i
a
m
u
s

m
(
a
s
D
t
K
a
d
S
e
a
s
c
(
o
D
f
m
c

3

3
a

a
h
I
i
m
A
(
S
X
i
u
d
t
m
t
T
i
t
a
t
the traces of secondary alumina-rich phase are still present at
the grain boundaries (Fig. 2B and C).
V.V. Kharton et al. / Journal of the Euro

he solutions were heated on a hot plate until self-combustion,
hich started in the course of gradual heating up to 520–570 K.
he resultant powders having a foamed structure were annealed
t 1173–1373 K for 2 h to remove residual organic substances;
elected portions of the powders were mixed with 5 mol% Al2O3
99.99%). The samples of La0.2Sr0.8Fe0.8Ga0.2O3−δ were pre-
ared by a standard solid-state synthesis procedure, dissolving
toichiometric amounts of metal nitrates and carbonates in nitric
cid; after drying on a hot plate, the nitrate mixture was decom-
osed in the course of slow heating up to 970 K in air. The
esultant powder was milled and the solid state reaction was
onducted in air at 1470–1640 K for 15 h with several inter-
ediate grinding steps. The formation of single phase with a

erovskite-type structure was confirmed by X-ray diffraction
XRD) analysis. Then 5% alumina was added to the powder, as
or SrFe0.7Al0.3O3−δ and La0.5Sr0.5FeO3−δ.

For all other ferrite-based materials listed in Table 1 and
sed in this work for comparison, the synthesis procedure was
imilar to that of La0.2Sr0.8Fe0.8Ga0.2O3−δ. The only exception
s La0.5Sr0.5Fe0.9Al0.1O3−δ, which was synthesized by GNP
ue to significant kinetic limitations hampering the formation
f single perovskite-type phase in the course of solid state
eactions. Finally, all powders were ball-milled in ethanol or
cetone; the particle size estimated by the scanning electron
icroscopy (SEM), varied in the range 30–120 nm for the GNP-

ynthesized powders and 80–500 nm for the samples prepared by
he standard ceramic route. Gas-tight ceramics were uniaxially
ressed in the shape of disks (diameter of 1.0–1.8 cm; pressure of
20–400 MPa) and sintered at 1490–1770 K in air for 2–8 h. The
ependency of the ceramic density on the sintering conditions
s discussed below. Then the samples were polished, annealed
n air at 1170–1270 K for 2–3 h and slowly furnace-cooled to
chieve equilibrium with air at low temperatures. The tubular
embranes were compacted by cold isostatic pressing (CIP)

sing a Burton Corblin instrument (France), with pressure ves-
el of 90 mm in diameter and 500 mm in length.

The materials were characterized by scanning electron
icroscopy combined with energy dispersive spectroscopy

SEM/EDS), inductively-coupled plasma (ICP) spectroscopic
nalysis, standard picnometric technique, dilatometry, and
teady-state oxygen permeation and total conductivity (4-probe
C) measurements. The XRD patterns were collected at room

emperature using a Rigaku D/MAX-B diffractometer (Cu
�, 2Θ = 20◦–80◦, step 0.02◦, 1 s/step). Thermal expansion

nd shrinkage were measured using an alumina Linseis L70
ilatometer with a constant heating rate of 5 ◦C/min, in air.
EM studies were performed using a Hitachi S-4100 microscope
quipped with a Rontec UHV Detection system for the EDS
nalysis. Only gas-tight samples were used for the permeation
tudies. All data on oxygen permeability presented in this work
orrespond to the membrane feed-side oxygen partial pressure
p2) maintained at 21 kPa (atmospheric air); the permeate-side
xygen partial pressure (p1) varied in the range 0.2–20 kPa.

etailed description of the equipment and techniques, used

or ceramic characterization and oxygen permeation measure-
ents, was published earlier (see 7,9,10,21,22 and references

ited).
F
c
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. Results and discussion

.1. Sintering of ferrite-based ceramics with alumina
dditions: La0.5Sr0.5FeO3−δ and SrFe0.7Al0.3O3−δ

Dilatometric studies showed that, indeed, 5 mol% Al2O3
ddition to La0.5Sr0.5FeO3−δ powder results in a considerably
igher sinterability (Fig. 1) and a smaller grain size (Fig. 2).
n contrast to the undoped ferrite, extensive sintering processes
n the presence of alumina start at 1000–1200 K. The maxi-

um density is achieved at approximately 1570 K (Fig. 3A).
t the same time, the sintered material is almost single-phase

Fig. 4). In fact, very small impurity peaks characteristic of
rAl2O4 phase are only visible in the course of a high-resolution
RD scan. The unit cell volume of the perovskite phase formed

n La0.5Sr0.5FeO3−δ–Al2O3 ceramics is larger with respect to
ndoped lanthanum-strontium ferrite, whilst the rhombohedral
istortion characteristic of La0.5Sr0.5FeO3−δ structure decreases
o an almost negligible level (Table 1). These data suggest that a

ajor part of alumina is dissolved in the ferrite lattice during sin-
ering, leading to the formation of A-site deficient perovskite.
he creation of A-site cation vacancies is accompanied with

ncreasing coulombic repulsion of oxygen anions and, thus, with
he expansion of the perovskite unit cell; a similar effect may
lso be expected for the A-site deficiency charge compensa-
ion mechanism via oxygen vacancy formation. Nonetheless,
ig. 1. Shrinkage curves for La0.5Sr0.5FeO3- and SrFe0.7Al0.3O3-based green
ompacts.
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ig. 2. SEM micrographs of La0.5Sr0.5FeO3−δ (A), La0.5Sr0.5FeO3−δ with A
a0.2Sr0.8Fe0.8Ga0.2O3−δ (F), La0.2Sr0.8Fe0.8Ga0.2O3−δ with Al2O3 addition
lumina-rich precipitates in La0.5Sr0.5FeO3−δ- and SrFe0.7Al0.3O3−δ-based ma

In the case of SrFe0.7Al0.3O3−δ, no essential influence of
lumina additions on the shrinkage was found at tempera-
ures below 1370 K (Fig. 1). At higher temperatures, however,
nother situation is observed. For single-phase SrFe0.7Al0.3O3−δ
eramics, the highest density could be obtained at 1473–1523 K
Fig. 3A); further increase of the sintering temperature rises
rain size and total porosity. Although the atomic weight of
l is low compared to Sr and Fe, adding 5 mol% (3 wt.%) alu-

s
t
(
c

B and C), SrFe0.7Al0.3O3−δ (D), SrFe0.7Al0.3O3−δ with Al2O3 addition (E),
nd fractured SrFe0.7Al0.3O3−δ–Al2O3 composite tube (H). The arrows show
, detected by EDS (B, C and E).

ina makes it possible to increase the density (Fig. 3B). For the
aterials with the addition sintered at 1623 K for 3–4 h, the den-

ity is even higher than that of single-phase SrFe0.7Al0.3O3−δ.
he XRD and SEM/EDS analyses showed the presence of a

econdary phase, SrAl2O4, the amount of which is substan-
ially larger than that in Al2O3-containing La0.5Sr0.5FeO3−δ

Figs. 2E and 4). Despite the formation of A-site cation vacan-
ies in the cubic perovskite Sr(Fe, Al)O3−�, alumina addition
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ig. 3. Density of ferrite-based materials as a function of the sintering tem-
erature and time: SrFe0.7Al0.3O3−δ and La0.5Sr0.5FeO3−δ–Al2O3 (A), and
rFe0.7Al0.3O3−δ–Al2O3 (B).

eads to the unit cell contraction (Table 1) indicating a substan-
ial change in the state of iron cations. More detailed studies of
he charge compensation mechanism are necessary to identify
xact reasons responsible for this behavior.

In general, the improved sinterability of both La0.5Sr0.5
eO3−δ–Al2O3 and SrFe0.7Al0.3O3−δ–Al2O3 ceramics seems
losely associated with the interaction between perovskite
hases and alumina. In the case of La0.5Sr0.5FeO3−δ, this
olid-state interaction is more extensive and should involve,
t least, Al3+ diffusion into the perovskite and strontium
ations transfer towards alumina particles to form SrAl2O4. For
rFe0.7Al0.3O3−δ where the aluminum content is close to the
olubility limit,9 the latter process is expected to prevail and the
verall driving force for cation interdiffusion should be substan-
ially lower than that in La0.5Sr0.5FeO3−δ–Al2O3 system. At the
ame time, one should note that the solid-state interaction might
ot be considered as the only process responsible for the sinter-
ng changes. Additional studies are necessary to identify other
elevant factors, particularly the role of SrAl2O4 precipitates in
he grain growth processes.

.2. Conductivity and thermal expansion
The results on total conductivity (Fig. 5), which is pre-
ominantly p-type electronic,8,9 support the above conclusion.
lumina addition to SrFe0.7Al0.3O3−δ decreases slightly the

t
a
s
o

ig. 4. XRD patterns of sintered La0.5Sr0.5FeO3−δ and SrFe0.7Al0.3O3−δ ceram-
cs with Al2O3 addition.

onductivity of dual-phase ceramics, but this influence is rather
egligible. Such behavior indicates that the hole concentration
nd mobility are essentially unaffected by the changes in the per-
vskite phase composition, whereas the amount of segregated
rAl2O4 is lower than the percolation threshold. In the case
f Al2O3-doped La0.5Sr0.5FeO3−δ, the conductivity decreases
.5–3.2 times with respect to pure ferrite due to the dominant
issolution of Al3+ cations in the lattice, decreasing the total
oncentration of B sites participating in the electronic transport.
aking into account the data on Ga- and Al-substituted ferrites
ith perovskite structure,23,24 one may also expect a decrease

n the absolute concentration of electron holes localized on iron
ations.

As for the total conductivity, the effects of Al2O3 additions on
hermal expansion of La0.5Sr0.5FeO3−δ and SrFe0.7Al0.3O3−δ

eramics are drastically different (Fig. 6). For the latter com-
osition, the average thermal expansion coefficient (TEC)
ecreased from 15.4 × 10−6 K−1 down to 12.9 × 10−6 K−1 at
emperatures below 920 K, and from 23.0 × 10−6 K−1 down

−6 −1
o 19.8 × 10 K at 920–1270 K (Table 1). In the case of
lumina-enriched La0.5Sr0.5FeO3−δ where most alumina is dis-
olved in the ferrite phase, a moderate increase in TECs is even
bserved. This trend is similar to other Fe-containing perovskites
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Fig. 5. Temperature dependence of the total conductivity of La0.5Sr0.5FeO3-
and SrFe0.7Al0.3O3-based ceramics.

Fig. 6. Dilatometric curves of sintered La0.5Sr0.5FeO3- and SrFe0.7Al0.3O3-
based ceramics in air.
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ith a significant A-site deficiency, such as Sr1−x(Fe,Ti)O3−δ
25;

acancies in a crystal lattice increase unharmonicity of atomic
ibrations and may weaken metal-oxygen bonding,21,26,27 in
arallel with a possible change in the oxygen thermodynamic
unctions. Notice that for all these materials, the non-linearity
f dilatometric curves at 750–950 K and the apparent increase
n thermal expansion on heating are mainly due to the so-called
hemical contribution, caused by extensive oxygen losses and
he corresponding changes in the oxidation state and radius of
ron cations when temperature increases.21 It seems quite likely,
herefore, that the creation of A-site vacancies and Al3+ incorpo-
ation into the iron sublattice of La0.5Sr0.5FeO3−δ may influence
xygen thermodynamics, increasing the oxygen content varia-
ions at 900–1300 K.

.3. Oxygen permeability

Fig. 7 shows the p(O2)-dependencies of oxygen permeation
uxes, j, and specific oxygen permeabilities, J(O2), through
ense ceramic membranes of Al2O3-doped La0.5Sr0.5FeO3−δ

ith various thicknesses. The oxygen permeability values are
alculated by10,22:

= J(O2)

d

[
ln

p2

p1

]
(1)

here d is membrane thickness, and p2 and p1 are feed-side and
ermeate-side oxygen partial pressures, respectively. Since this
erm is proportional to j × d, its value is thickness-independent
hen surface-exchange limitations are negligible but increases
ith thickness when they become significant10,22.
The specific permeability of Al2O3-containing

a0.5Sr0.5FeO3−δ ceramics is almost thickness-independent
t 1223 K (Fig. 7), indicating that oxygen transport at this
emperature is limited mainly by bulk ionic conductivity.
he role of surface limitations, however, increases with
ecreasing temperature and on reducing oxygen pressure. This
uggests, in particular, that the activation energy (EA) for ionic
onduction is lower than that for the surface exchange rate.

similar behavior was also found for most other materials
tudied in the present work, including La0.5Sr0.5FeO3−δ and
rFe0.7Al0.3O3−δ (Fig. 8). One important consequence is that

he oxygen permeation data at temperatures below 1200 K
annot be used for precise calculations of the bulk ionic
onductivity and its activation energy. The effective EA values
or oxygen permeation (Table 1) comprise also the contribution
f exchange rate activation energy, the role of which increases
n decreasing temperature. Nevertheless, taking into account
he well-known correlation between bulk oxygen diffusion
nd surface exchange,28 one can expect that the relationships
etween membrane composition and oxygen permeability,
bserved in this work, reflect the variations of ionic conductivity
f the perovskite phases, at least in the high-temperature range.
Oxygen permeation fluxes through selected ceramic materi-
ls at fixed p(O2) gradient are presented in Fig. 9 as a function
f temperature. Alumina addition to SrFe0.7Al0.3O3−δ increases
ermeation by approximately 10%. This effect is similar to
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Fig. 8. Dependencies of the specific oxygen permeability of La0.5Sr0.5FeO3−δ,
SrFe0.7Al0.3O3−δ and La0.2Sr0.8Fe0.8Ga0.2O3−δ ceramics on the oxygen partial
pressure gradient at 1173 K.
ig. 7. Dependencies of the oxygen permeation fluxes (A) and specific perme-
bility (B) of La0.5Sr0.5FeO3−δ–Al2O3 ceramics on the oxygen partial pressure
radient.

hat in strontium-deficient Sr1−x(Fe, Ti)O3−δ perovskites, where
reation of the A-site vacancies promotes disorder in the oxy-
en sublattice and thus increases ionic conduction;25 analo-
ous tendencies were also reported for other perovskite-type
ompounds.29

In contrast, adding 5 mol% alumina to La0.5Sr0.5FeO3−δ

nd the formation of Al-containing perovskite phase with
-site deficiency result in a substantially lower ionic trans-
ort. In order to assess compositional factors relevant for
uch decay, a series of single-phase perovskites includ-
ng cation-deficient (La0.5Sr0.5)0.97FeO3−δ and aluminum-
ubstituted La0.5Sr0.5Fe0.9Al0.1O3−δ were studied (Fig. 9). Both
hanges in the cation composition lead to decreasing oxygen

ermeability, suggesting a decrease in the ionic conductivity.
hilst the deteriorating influence of Al3+ incorporation on the

onic conduction in ferrites is well known,9,10 the negative role
f A-site vacancies in the case of La0.5Sr0.5FeO3−δ may be asso-

Fig. 9. Temperature dependencies of the oxygen permeation fluxes through
ferrite-based membranes under fixed oxygen pressure gradient.
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iated with a relatively high disorder in the oxygen sublattice of
his phase when compared to the SrFeO3-based materials, such
s Sr(Fe,Al)O3−δ and Sr(Fe, Ti)O3−δ. For the latter group of
ixed conductors, the phenomena related to formation of oxy-

en vacancy-ordered microdomains are even observed under
xidizing conditions at temperatures as high as 1100–1200 K
e.g. 9,22,25,30); the disordering processes induced by the A-
ite deficiency occur due to local distortion of the lattice near
he cation vacancies, statistically distributed in the lattice. As the
xygen sublattice of La0.5Sr0.5FeO3−δ is essentially disordered
8], the local structural distortions decrease ion mobility.

The oxygen permeability of La0.5Sr0.5FeO3−δ ceramics sin-
ered with addition of SrAl2O4, is also lower than that of undoped
errite. In complement to the factors discussed above, partial dis-
olution of SrAl2O4 in the perovskite lattice should moderately
hift the La:Sr concentration ratio towards lower values. Again,
uch a shift decreases ionic transport, as illustrated in Fig. 9 by
he example of La0.3Sr0.7FeO3−δ.

.4. Effect of Al2O3 addition on microstructure and oxygen
ermeability of La0.2Sr0.8Fe0.8Ga0.2O3−δ ceramics

The results on La0.5Sr0.5FeO3−δ and SrFe0.7Al0.3O3−δ

eramics make it possible to conclude that, despite the enhance-
ent in sinterability, the use of Al2O3 as a sintering aid may

nly be reasonable for the ferrite mixed conductors where
he composition of perovskite-related phase prevents substan-
ial dissolution of alumina. Also, a positive influence of this
oping on the bulk ionic transport is only expected when the
oncentration of mobile oxygen vacancies may be increased
ue to the A-site cation deficiency resultant from the interac-
ion between perovskite ferrites and Al2O3. For (La, Sr)FeO3-
ased solid solutions, the latter situation takes place for highly
xygen-deficient materials derived from SrFeO3−δ, where most
acancies are trapped in ordered microdomains. Obviously, the
bove conclusions are related to SiO2-uncontaminated ceramics,
here the silica-scavenging effects of Al2O3 additions15,16 have
o key importance. On the other hand, microstructural mod-
fication of the ceramic surface, particularly increasing grain-
nd phase-boundary concentration at the surface due to Al2O3
dditions, may be of interest for possible enhancement of the
urface exchange kinetics.31 For instance, the apparent activa-
ion energy for oxygen permeation through the alumina-doped

embranes is systematically lower with respect to single-phase
aterials (Table 1); this may suggest a lower limiting effect of

he exchange processes.
In order to verify these statements, pure and Al2O3-doped

eramics of La0.2Sr0.8Fe0.8Ga0.2O3−δ were prepared and
haracterized. In this material, the content of Ga3+ is close
o the solid solution formation limit7 and further dissolu-
ion of Al3+ in the lattice should, hence, be insignificant.
he XRD inspection revealed that alumina addition leads

o segregation of two phases, SrAl2O4 and SrLaGa3O7;

ormation of the latter compound results probably from
ecreasing stability of Sr(La)Fe(Ga)O3−δ solid solution,
ssociated with the appearance of A-site cation deficiency.
his is accompanied with noticeable microstructural changes,

T
t
t
g

ig. 10. Comparison of the oxygen permeation fluxes through
a0.2Sr0.8Fe0.8Ga0.2O3−δ, La0.2Sr0.8Fe0.8Ga0.2O3−δ–Al2O3, La0.5Sr0.5FeO3−δ

nd SrFe0.7Al0.3O3−δ ceramics under fixed oxygen pressure gradient.

n particular decreasing grain size (Fig. 2F and G). The
ubic perovskite unit cell volume, the average TECs, and
he effective activation energy for oxygen permeation all
ecrease on doping, as for Al2O3-enriched SrFe0.7Al0.3O3−δ

Table 1). The minor alumina addition substantially increases
xygen permeation fluxes; at 973-1073 K the permeability
f Al2O3-doped La0.2Sr0.8Fe0.8Ga0.2O3−δ is higher than
hat of single-phase La0.5Sr0.5FeO3−δ (Fig. 10). Thus, the
imilar behavior observed for SrFe0.7Al0.3O3−δ–Al2O3
nd La0.2Sr0.8Fe0.8Ga0.2O3−δ–Al2O3 ceramics supports the
elevance of the mechanisms discussed above.

Although the La0.2Sr0.8Fe0.8Ga0.2O3−δ–Al2O3 mate-
ial exhibits faster oxygen transport with respect to its
rFe0.7Al0.3O3-based analogue, the latter composition is
trongly preferable, however, in terms of the costs of raw mate-
ials. Also, the presence of Ga3+ cations in mixed-conducting
eramic membranes may decrease chemical stability in reduc-
ng atmospheres due to possible volatilization of gallium oxide
nd interaction with catalysts, such as Pt or Ni.32 Therefore,
or the fabrication of tubular membranes used in a model
eactor for natural gas conversion, the composition comprising
rFe0.7Al0.3O3−δ and 5 mol% (3 wt.%) Al2O3 was selected.
ig. 11 shows the high-quality ceramic tubes, compacted
y CIP at 175 MPa and sintered at 1623 K for 3–4 h. In the
ourse of processing, the ball-milled powder was filled around

steel mandrel (diameter of 6.35 mm) in a flexible latex
ubber hose; special care was taken to distribute the powder
ymmetrically around the mandrel in order to avoid as much as
ossible eccentricity, i.e. variation of circular wall thickness.

he gas-tight tubes have the inner diameter of 5 mm and wall

hickness of 0.7–1.2 mm (Figs. 2E and 11). Long-term stability
ests of SrFe0.7Al0.3O3–Al2O3 membranes under air/CH4
radient are now in progress.
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ig. 11. Dense tubular membranes of SrFe0.7Al0.3O3−δ with Al2O3 addition.

. Conclusions

Minor additions of Al2O3 to mixed-conducting materials
ased on perovskite-related ferrites make it possible to improve
he sinterability of ceramics and, often, to decrease grain size.
he effects of alumina doping on the oxygen permeation and

hermal expansion are, however, strongly dependent on the sol-
bility of Al3+ in the lattice and on the relationships between
-site cation deficiency and ionic transport. For (Sr, La)FeO3-
ased systems, these factors are determined by the La:Sr concen-
ration ratio and by the presence of dopant cations in the B sub-
attice. In the case of mixed conductors derived from strontium
errite, such as SrFe0.7Al0.3O3−δ and La0.2Sr0.8Fe0.8Ga0.2O3−δ

here the composition is close to the solid solution formation
imits and local oxygen-vacancy ordering plays important role,
l2O3 additions result in the segregation of SrAl2O4, increasing
xygen ionic conduction due to the creation of A-site vacancies
tatistically distributed in the structure, and in decreasing ther-
al expansion. In the case of La0.5Sr0.5FeO3−δ, the substitution

f iron with aluminum cations, deficiency of the A sublattice, and
hanging the La:Sr concentration ratio all decrease ionic con-
uctivity. As a result, additions of either Al2O3 or SrAl2O4 have
negative influence on the oxygen permeation fluxes through
a0.5Sr0.5FeO3-based membranes.
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