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Abstract Measurements of oxygen permeation through
dense Sr1�x Fe,Alð ÞO3�δ � SrAl2O4 composite mem-
branes showed a considerable influence of processing
conditions on the surface exchange kinetics, while the bulk
ambipolar conductivity is almost unaffected by micro-
structural factors. Compared to the materials prepared via
the glycine–nitrate process (GNP), the surface limitations
to oxygen transport are significantly higher for dual-phase
SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ made of a commercial powder
synthesized by spray pyrolysis. This difference in behavior
may be related to compositional inhomogeneities in the
grains of A-site deficient perovskite phase and an enhanced
surface concentration of grain boundaries in the case of
GNP-synthesized composite, which has also smaller grain
size, slightly higher thermal expansion and lower total
conductivity. No essential effects on Vickers hardness,
varying in the range 6.3–6.5 GPa, were found. The
deposition of porous catalyst layers onto the composite
surface exposed to reducing environment leads to mem-

brane decomposition. For the fabrication of tubular
membranes, the cold isostatic pressing technique was,
hence, combined with mechanical treatment to increase the
specific surface area without incorporation of catalytically
active components.

Keywords Oxide composite . Mixed-conducting
membrane . Ferrite . Ceramic microstructure .
Oxygen permeability

Introduction

Mixed-conducting ceramic membranes attract a significant
attention due to their potential application for the separa-
tion of high-purity oxygen from air and partial oxidation of
light hydrocarbons [1–5]. The key advantage of these
membrane systems is the possibility to integrate oxygen
separation and catalytic oxidation into a single step, thus
providing considerable savings in energy and capital
compared to the conventional syngas production method
by steam reforming of methane. However, in terms of
commercial feasibility, the requirements to mixed-con-
ducting materials include often incompatible targets of
high-oxygen permeability and chemical and mechanical
stability under severe operating conditions. One promising
group of mixed conductors comprises perovskite-related
materials derived from SrFeO3�δ with relatively high
oxygen permeability and thermodynamic stability [4–7].
At the same time, the ferrite-based materials exhibiting
maximum ionic transport possess serious disadvantages,
including insufficient mechanical strength and large thermal
and chemically induced expansion. A suitable approach to
enhance the dimensional stability is the incorporation of
cations having a stable oxidation state, such as Al3+ [6, 7].
While the solid solution formation range in SrFe1�yAlyO3�δ

system corresponds to y=0–0.35, overstoichiometric addi-
tions of alumina lead to the segregation of SrAl2O4 phase,
simultaneously improving sintering and increasing oxygen
permeation [6]. Similar tendencies were identified for
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SrFeð Þ1�x SrAl2ð ÞxO3þx�δ composites, where moderate
amounts of SrAl2O4 increase thermal shock stability and
hardness without detrimental influence on the transport
properties [8]. The solubility of iron in the monoclinic
SrAl2O4 lattice is lower than 5% [8]. As illustrated by
Fig. 1, an optimum combination of mechanical and oxygen
permeability is characteristic of composites with moderate
strontium aluminate content, such as SrFeð Þ0:7 SrAl2ð Þ0:3
O3:3�δ [8].

The present work was focused on the assessment of
relationships between the synthesis method, microstructure
and oxygen transport in these composite materials. As the
preparation procedure may significantly affect both ambi-
polar conductivity and oxygen surface exchange [9–14],
the development of ceramic membranes requires knowl-
edge, mainly empirical, on the role of processing route.
Theoretical prediction and even unambiguous interpreta-
tion of observed phenomena are often difficult due to the
complex nature of transport processes at the grain
boundaries and on the surface of ceramics. The oxygen
ionic conductivity of single-phase materials, prepared by a
similar method with monotonous variation of the proces-
sing conditions, typically increases with increasing grain
size when the total interfacial resistance decreases [9, 10].

On the other hand, the opposite trends are also well-
known, particularly due to high content of mobile defects
near the grain boundaries, local ordering processes, and/or
dopant segregation [11–13]. The same factors should
influence the surface exchange kinetics, which exhibits an
even more complicated dependence on the concentration of
catalytically active centers and extended defects, ion
diffusivity in the oxide surface layers, and local inhomo-
geneities, such as impurity separation on the surface [9–16].
For example, the partial ionic and electronic conductivities
of LaGa0:65Ni0:20Mg0:15O3�δ membranes prepared by the
standard ceramic route and glycine–nitrate process (GNP),

were found essentially independent of the synthesis method
due to a moderate difference in the ceramic microstructures;
however, the surface exchange limitations to oxygen
permeation are considerably higher in the former case
[14]. An inverse situation was reported for La0:5Sr0:5
FeO3�δ ceramics [13], where changing grain size has no
effect on the exchange rate, but influences ionic conduc-
tion. To assess microstructural factors determining oxygen
transport through Sr1�x Fe,Alð ÞO3�δ � SrAl2O4 compo-
sites, relative contributions of the surface exchange and
bulk ambi-polar conductivity were evaluated, studying the
membrane thickness dependencies of oxygen permeability
for the composite ceramics prepared by two different
methods.

Experimental

Submicron powders of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ and
Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð ÞO3:02�δ were initially prepared
by the glycine–nitrate process (GNP), a self-combustion
method using glycine as fuel and nitrates of the metal
components as oxidant [17]. In the course of synthesis,
glycine was added in an aqueous nitrate solution containing
metal cations in the stoichiometric proportion; the glycine/
nitrate molar ratio was 1.5–2.0 of the stoichiometric one.
The solutions were then heated on a hot plate until self-
combustion. The resultant powders having a foamed
structure were annealed at 1173 K for 2 h to remove
residual organic substances, and then ball-milled. Gas-tight
ceramic disks were pressed at 250–350 MPa and sintered at
1623 K in air for 5 h. This processing route is hereafter
referred to as method 1. As an alternative, commercial
SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ powder (Praxair Surface Tech-
nologies, Seattle, WA, USA) synthesized by the combus-
tion spray pyrolysis technique was annealed at 1250–
1270 K, milled, compacted at 180–300 MPa and sintered
under similar conditions, namely at 1623 K during 5 h in
atmospheric air. This procedure is identified as method 2.

After sintering and polishing with diamond pastes, all
materials were annealed in air at 1170–1270 K for 2–3 h
and slowly furnace-cooled to achieve equilibrium with
atmospheric oxygen at low temperatures. Table 1 lists the
values of ceramics density (ρexp). The overall cation
composition of as-prepared composites was verified by
inductively coupled plasma (ICP) spectroscopic analysis.
The materials were characterized by X-ray diffraction
(XRD) analysis, scanning electron microscopy combined
with energy dispersive spectroscopy (SEM/EDS), dilatom-
etry, and measurements of the total conductivity (4-probe
DC) and steady-state oxygen permeability. Vickers hard-
ness tests were performed using one Eseway tester under
the load of 10 kg (98.07 N) applied for 15 s. Thermal
expansion of ceramic samples was measured using an
alumina Linseis L75V/1250 dilatometer with a constant
heating rate of 3 K/min in air. The experimental procedures
and equipment used for the characterization were reported
elsewhere ([6–15] and references cited). All data on the
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Fig. 1 Relationship between Vickers hardness (a) and oxygen
permeation fluxes (b) through Sr1�x Fe;Alð ÞO3�� � SrAl2O4 com-
posite membranes synthesized by GNP
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oxygen permeability presented in this paper correspond to
the membrane feed-side oxygen partial pressure (p2) equal
to 0.21 atm (atmospheric air); the thickness of the ceramic
membranes (d) varied from 0.60 to 1.50 mm.

Results and discussion

Phase composition and microstructure

For both preparation routes, XRD analysis of SrFeð Þ0:7
SrAl2ð Þ0:3O3:3�δ ceramics confirmed the formation of
dual-phase composites comprising a cubic perovskite-type
solid solution and monoclinic SrAl2O4, as expected. No
traces of phase impurities were detected. Figure 2
compares the room-temperature XRD patterns of the
composites and parent phases. SEM inspections showed
homogeneous composite microstructures, ensuring the
percolation of major perovskite phase. Typical SEM
micrographs are given in Fig. 3a,c; the perovskite grains
are visible as light grey. The dissolution of iron in SrAl2O4

lattice evaluated by EDS was found negligible, in
agreement with previous data [8]. At the same time, EDS
results revealed that a significant part of SrAl2O4 is
dissolved in the perovskite phase (Fig. 4). Similar
conclusion was also drawn comparing the perovskite unit
cell parameters in the composite materials with those in
Sr1�xFe1�yAlyO3�δ system [6]. The maximum concentra-
tion of aluminum cations in A-site stoichiometric SrFe1�y

AlyO3�δ is close to 35% [6], whereas, A-site deficiency of
perovskite-type compounds may decrease their thermody-
namic stability and, hence, solubility of dopants [18].
Furthermore, the ability of transition metal-containing
perovskites to tolerate A-site vacancies is usually limited at
10–15% (e.g., [18] and references cited). Thus, the overall
composition of the perovskite phase formed in SrFeð Þ0:7
SrAl2ð Þ0:3O3:3�δ composites should correspond to Sr1�x

Fe1�2xAl2xO3�δ with x=0.08–0.15. Notice that, as trans-
port properties of SrFeO3-based solid solutions are superior
compared to strontium aluminate [6, 8], the behavior of
composite ceramics should be determined, in general, by
the composition of perovskite grains and SrAl2O4 content.

One important observation made from the SEM/EDS
data relates to significant microstructural differences
between the materials prepared by methods 1 and 2, in
spite of identical sintering conditions. The composite
prepared by method 2 exhibits a larger size of the

perovskite grains with essentially uniform distribution of
Al3+ cations and a slightly lower content of separated
SrAl2O4 (Figs. 3c and 4b); the composition of the
perovskite phase was close to Sr0:9Fe0:8Al0:2O3�δ . In the
case of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ ceramics prepared by
method 1, the perovskite grains are relatively small, and a
substantial compositional gradient is observed; the Fe/Al
cation ratio along grains of the perovskite phase varies in a
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Fig. 2 XRD patterns of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�� and
Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15O3:02�� composite ceramics. The
patterns of single-phase SrFe0:7Al0:3O3�� perovskite and SrAl2O4
[6, 8] are shown for comparison

Table 1 Properties of composite ceramics

Composition Preparation technique ρexp, g/cm
3
Average TEC �� 106; K�1 Vickers hardness, GPa

SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�� Method 1 4.50 12.73±0.03 (350–920 K) 25.22±0.08
(950–1230 K)

6.5±0.3

SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�� Method 2 4.23 13.21±0.01 (350–920 K) 24.68±0.06
(950–1230 K)

6.4±0.2

Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15O3:02�� Method 1 4.69 13.39±0.02 (350–920 K) 26.28±0.06
(920–1220 K)

6.3±0.2
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Fig. 3 SEM micrographs of polished and then thermally etched
composite ceramics (a, c, e), and typical indents on the ceramics surface
after Vickers hardness test (b, d, f): a and b— SrFeð Þ0:7 SrAl2ð Þ0:3O3:3��

(method 1); c and d— SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�� (method 2), e and

f— Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15O3:02�� (method 1). The light and
dark grains correspond to SrFeO3��- and SrAl2O4-based phases,
respectively
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Fig. 4 Example of the local Fe:
Al cation ratio in the perovskite
grains of SrFeð Þ0:7 SrAl2ð Þ0:3
O3:3�� composites prepared by
method 1 (a) and method 2
(b), estimated by EDS
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wide range, from approximately 0.92:0.08 down to
0.70:0.30. Such inhomogeneities may be accompanied
with a greater concentration of extended defects and
catalytically active centers.

Thermomechanical properties and total conductivity

Despite the miscrostructural differences, Vickers hardness
tests demonstrated essentially similar hardness of all
composite ceramics studied in this work, within the limits
of experimental error (Table 1). For all materials, the
hardness is noticeably higher when compared to single-
phase SrFe0:7Al0:3O3�δ (Fig. 1). Also, the composites
show relatively small cracks due to indentation (Fig. 3b,d),
indicating a good fracture toughness.

Figure 5 presents the dilatometric curves of the title
materials in air. At temperatures below 920 K, the average
thermal expansion coefficients (TECs) decrease with
increasing amount of SrAl2O4 phase (Table 1). Indeed,
SrAl2O4 has moderate TEC values, (9.5–9.8)×10−6 K−1 at
350–1520 K, with a discontinuity due to phase transition
into the hexagonal modification [8]; the thermal expansion
of SrFe0:7Al0:3O3�δ is considerably higher (Fig. 5). In the
high-temperature range, the SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ

composite prepared by method 1 exhibits a slightly higher
TEC compared to method 2. This may result, in particular,
from a higher A-site deficiency of the perovskite phase
near grain boundaries in the former case. Vacancies in a
crystal lattice increase anharmonicity of atomic vibrations
and may weaken metal–oxygen bonding [19, 20], thus
leading to a greater expansion and, possibly, higher oxygen
losses on heating. Similar effects are well-known for other
ferrite-based mixed conductors, such as perovskite-type
Sr1�x Fe,Tið ÞO3�δ [21] and La0:5Sr0:5ð Þ1�x Fe,Alð ÞO3�δ

[22].

The total conductivity of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ

composites is predominantly p-type electronic in air,
showing a pseudometallic behavior at temperatures above
950 K (Fig. 6). The latter trend, which is also typical for
perovskite-like ferrites, originates from oxygen loss on
heating accompanied with decreasing concentration of p-
type charge carriers [4, 7, 21, 22]. As the properties of
SrAl2O4 are rather insulating (inset in Fig. 6), the larger
content of strontium aluminate phase leads to a moderately
lower conductivity of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ prepared
by method 1. In the case of method 1, the decrease in hole
transport is also due to the aluminum enrichment of near-
boundary layers of perovskite grains (Fig. 4a). For
instance, the p-type electronic conductivity of Sr Fe,Alð Þ
O3�δ and La0:5Sr0:5ð Þ1�x Fe,Alð ÞO3�δ perovskites de-
creases on aluminum doping [6, 22].

Relationships between composite microstructure
and ionic transport in SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ

Selected results on the oxygen permeation through dense
SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ membranes prepared by meth-
ods 1 and 2 are presented in Figs. 7 and 8, respectively. The
values of specific oxygen permeability, J(O2), were
calculated from the permeation flux density j as [6, 7, 15]:

J O2ð Þ ¼ jd � ln
p2
p1

� ��1

(1)

where p1 is the oxygen partial pressure at the membrane
permeate side, and d is the membrane thickness. The fluxes
through SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ composite ceramics
made by method 1 decrease with increasing d, while the
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J(O2) values are almost thickness-independent within the
limits of experimental uncertainty (Fig. 7). This behavior
suggests that the overall oxygen transport is mainly
governed by the bulk ambi-polar conduction [7]. Opposite
trends are observed for the material obtained by method 2,
where surface-exchange kinetics dominates at temperatures
below 1123 K, vanishing when temperature increases.

The relative roles of the bulk ambipolar transport and
surface exchange may be estimated decomposing the
overall driving force, expressed as ln(p2/p1), into three
contributions associated with membrane bulk and surfaces.
The contributions to overcome limitations of surface
exchange kinetics can be written as ln p2

�
p
0
2

� �
for the

feed side, with an oxygen partial pressure drop from p2 to
p
0
2 , and ln p

0
2

�
p1

� �
for the permeate side, with a drop from

p
0
1 to p1. The driving force to overcome the bulk resistance
is, respectively, ln p

0
2

�
p
0
1

� �
; the corresponding transport

coefficient relates to the ambipolar conductivity
σamb ¼ σo � σe

�
σo þ σeð Þ, where σo and σe are the partial

oxygen-ionic and electronic conductivities, correspond-
ingly. The steady-state permeation flux may be expressed
as j ¼ kfex ln p2

�
p

0
2

� � ¼ kpex ln p
0
1

�
p1

� � ¼ RT
�
16F2d

� �
σamb � ln p

0
2

�
p

0
1

� �
, where kex is the exchange coefficient,

and the superscripts f and p denote the feed- and permeate
sides, respectively. This yields

ln
p2
P1

� ��
j ¼ 16F2

RTσamb

� �
d þ kfex

	 
�1 þ kpex
	 
�1

¼ 16F2

RTσamb

� �
� d þ dcð Þ; (2)

where the critical thickness dc corresponds to the transition
from exchange control, for thin samples, to bulk transport
control, for thicker samples. Eq. 2 was used to extract the
estimates of ambipolar conductivity (Fig. 9a) and surface
exchange coefficients (Fig. 9b) from the data shown in
Figs. 7 and 8. The ambipolar conductivity of SrFeð Þ0:7
SrAl2ð Þ0:3O3:3�δ composites is essentially independent of
the preparation technique. In fact, although the values of
σamb are slightly lower for the material prepared by method
2 at oxygen chemical potentials close to atmospheric, this
effect is comparable to the experimental error and
decreases on reduction. One possible reason is the lower
concentration of Al3+ in the near-boundary layers of
perovskite grains, which may lead to lower oxygen-
vacancy concentration and, therefore, ionic conduction.

On the contrary, the microstructural differences have a
dramatic influence on the surface exchange kinetics. At
1223 K, the composite prepared by method 1 shows
approximately eight times faster oxygen exchange com-
pared to method 2 (Fig. 9b). As evidenced by data on
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oxygen permeation (Figs. 7 and 8), decreasing temperature
leads even to a greater difference. Most likely, this behavior
is caused by significant compositional inhomogeneities in
the perovskite grains and higher concentration of grain
boundaries and/or extended defects in the material obtained
by method 1. Such defects may increase the concentration
of weakly bonded oxygen states and form catalytically
active centers participating in oxygen exchange at the
membrane surface [23, 24]. Analogous tendencies were
observed earlier for the GNP-synthesized LaGa0:65Ni0:20
Mg0:15O3�δ [14] and La2Ni0:9Co0:1O4þδ [24], where
locally inhomogeneous microstructure facilitates the sur-
face processes.

To verify this conclusion, one SrFeð Þ0:7 SrAl2ð Þ0:3
O3:3�δ membrane prepared by method 2 was activated
applying porous layers of the same composition onto
both surfaces. The layers with sheet density (ds) of
approximately 7 mg/cm2 were sintered at 1373 K for 2 h,
impregnated with a Pr-containing solution, dried and
finally annealed at 1440 K. The loading density of
praseodymium oxide was approximately 4 mg/cm2.
Typical SEM micrographs of surface-modified membrane
are given in Fig. 10a,b. Figures 11 and 12 compare
oxygen fluxes through the composite membranes with
and without surface modification. The activation leads to
a significant increase in the specific oxygen permeability
and decreases the corresponding activation energy. For
the surface-modified membrane obtained by method 2,
the values of J(O2) became similar to those of the
composite prepared by method 1.

Properties of Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15O3:02�δ
composite

The variations in properties of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ

materials prepared by the different routes are associated
with changes in the constituents phase ratio, compensated
by changing the overall Al3+ concentration and A-site
deficiency of the perovskite component. The latter factor
seems to limit SrAl2O4 dissolution in Sr1�x Fe,Alð ÞO3�δ
lattice. To assess the effects of phase ratio, dense
Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15O3:02�δ ceramics were
prepared by method 1 using the same sintering conditions.
In this case, composition of the perovskite grains may vary
in a relatively narrow range between Sr0:95Fe0:8Al0:2O3�δ
and Sr0:90Fe0:7Al0:3O3�δ , while the amount of SrAl2O4

phase is significantly smaller if compared to SrFeð Þ0:7
SrAl2ð Þ0:3O3:3�δ obtained by method 1 (Fig. 3e). As
expected, this results in higher thermal expansion and total
conductivity (Figs. 5 and 6). The microhardness and
fracture toughness of Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15
O3:02�δ are close to the properties of other composites
studied (Table 1).

The membrane thickness dependencies of the oxygen
permeability of Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15O3:02�δ

(Fig. 13) indicate that the overall oxygen transport is
determined by both bulk ambi-polar diffusion and surface
exchange kinetics, making it possible to evaluate these
factors by Eq. 2. The higher Al3+ content in the perovskite
grains of Sr0:95Fe0:8Al0:3ð Þ0:85 SrAl2ð Þ0:15O3:02�δ , at least
with respect to SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ ceramics pre-
pared by method 2, results in a lower ambi-polar conduc-
tivity (Fig. 9). At the same time, the exchange reaction of
the former material is faster. Comparing the corresponding
microstructures, one may select two factors affecting the
kinetics of interfacial oxygen exchange in Sr1�x Fe,Alð Þ
O3�δ � SrAl2O4 composites, namely, the surface concen-
tration of grain boundaries and the Al:Fe cation ratio in the
perovskite grains. The content of SrAl2O4 also seems to
play a positive role, mainly suppressing perovskite grain
growth and, thus, enlarging the grain boundary area.

Behavior under air/(H2–H2O) gradients

The permeation-limiting effects of exchange-related pro-
cesses are expected to increase dramatically under high p
(O2) gradients, when one side of the membrane is exposed
to a reducing atmosphere [6, 24, 25]. In these conditions,
however, the surface exchange limitations may enhance the
membrane stability, preventing bulk reduction of mixed
conducting ceramics [25–27]. Namely, when the perme-
ation is controlled by surface-related processes, such as
recombination of lattice O2− anions, stagnated gas diffu-
sion or oxidation reactions at the gas/solid interface, the
oxygen chemical potential on the outermost layer of the
mixed conducting material should always be higher than
that in the gas environment. Selected results of testing
Sr1�x Fe,Alð ÞO3�δ � SrAl2O4 composite membranes
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under air/(H2–H2O)–N2 gradients, used to model the
behavior in strongly reducing gas mixtures formed due to
methane oxidation, are presented in Figs. 14 and 15.

In contrast to other membrane systems [24, 25], no direct
correlation between the hydrogen partial pressure and
oxygen flux across the membrane was observed, whereas,
the permeation rate increases with increasing hydrogen
flux supplied onto the membrane. This shows that the H2

oxidation kinetics is not the only permeation-determining
factor. Such behavior may be due to mass transfer-limiting
effects in the near-surface gas layer, associated with a
significant difference of the oxygen chemical potentials at
the ceramic surface and in the gas phase, and/or to the
surface decomposition and microstructural reconstruction
of the membranes. In the case of mass-transfer limitations,
increasing hydrogen flux should accelerate the displace-
ment of oxidized species (H2O) with unreacted H2, thus
decreasing p(O2) at the membrane surface. A higher
oxygen chemical potential gradient across the membrane
increases the permeation flux and hydrogen conversion
until a critical value of the inlet H2 flux is reached; then the
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Fig. 11 Specific oxygen permeability SrFeð Þ0:7 SrAl2ð Þ0:3O3:3��
membranes with and without surface modification (see text)

Fig. 10 SEM micrographs of
the surface-activated SrFeð Þ0:7
SrAl2ð Þ0:3O3:3�� membrane pre-
pared by method 2 (a and b);
fractured cross-section of
Sr0:95Fe0:8Al0:2ð Þ0:85 SrAl2ð Þ0:15
O3:02�� membrane near the feed-
(c) and permeate side (d) after
the oxygen permeation mea-
surement under air/(H2–H2O–
N2) gradients at 1023–1073 K
for 1,600 h; as-prepared
SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�� mem-
brane (method 1) with porous
CGO/Pt layer (e); fractured
cross-section of SrFeð Þ0:7
SrAl2ð Þ0:3O3:3�� membrane
(method 1) with CGO/Pt layer
after testing under air/10%H2–
90%N2 gradient at 1073 K for
270 h (f)

670



permeation should be limited exclusively by the hydrogen
oxidation rate, with j(H2)-independent oxygen fluxes and a
decrease in the hydrogen conversion rate when the inlet H2

flux increases.
The limiting role of gas-phase mass transport should

become more pronounced in the case of gas diffusion in the
pores or microcracks of a partly decomposed layer of the
membrane surface. In the case of Sr1�x Fe,Alð ÞO3�δ �
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SrAl2O4 composites, partial reduction of the membrane
surface exposed to H2-containing atmospheres is very
likely as the oxygen partial pressure in the outlet gas
mixture stands below the low-p(O2) stability boundary of
the SrFe Alð ÞO3�δ perovskites under equilibrium condi-
tions [6]. No traces of surface reduction were, however,
revealed by the SEM/EDS analysis, in spite of minor
microstructural reconstruction caused by the kinetic
demixing phenomena [2, 6, 25]. As an illustration,
Fig. 10 shows the cross-sections of one Sr0:95Fe0:8Al0:2ð Þ0:85
SrAl2ð Þ0:15O3:02�δ membrane near the feed (C) and
permeate (D) side surfaces. This membrane was tested
under air/(H2–H2O)–N2 gradients at 1023–1073 K for
1,600 h without failure. Note that the oxygen permeation
fluxes through composite ceramics are essentially time-
independent (Fig. 15). The stable operation of SrFe Alð Þ
O3�δ � SrAl2O4 composite membranes under high-oxy-
gen chemical potential gradients is only possible due to
kinetic factors resulting from surface-limited oxygen
transport, as for single-phase SrFe0:7Al0:3O3�δ [6].

These statements were validated applying a porous
catalytically active layer onto the permeate-side surface of
SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ membrane prepared by method
1. The layer (Fig. 10e), consisting of Ce0:8Gd0:2O2�δ
CGOð Þ and metallic Pt (50:50 wt%), with the sheet density
of 8.1 mg/cm2, was sintered at 1373 K for 1 h. Although
the rate of 10%H2–90%N2 mixture supplied onto activated
membrane was lower than in other cases (Fig. 15), this
membrane showed a substantial degradation with time and
deep microstructural changes (Fig. 10f). Thus, as expected
from the kinetic stabilization models [26, 27], surface
activation may promote the exchange and oxidation
reactions, but simultaneously leads to decreasing oxygen
chemical potential difference between the membrane

surface and gas phase. The latter effect promotes a deep
membrane decomposition with subsequent pore propaga-
tion to the bulk, accelerating further reduction.

Tubular membranes

The results show that SrFe Alð ÞO3�δ � SrAl2O4 composite
membranes prepared via different processing routes have
similar mechanical properties and substantially high oxy-
gen permeability, but the surface exchange processes are
strongly dependent on the microstructural factors. Also,
excessive enhancement of the exchange kinetics due to
deposition of catalytically active layers may have a global
negative impact. As SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ synthesized
by combustion spray pyrolysis (method 2) exhibits
relatively high ionic conductivity and moderately slow
exchange, this composite was considered as a candidate
material for the electrochemical membrane reactors. The
tubular membranes were surface-modified by mechanical
treatment without incorporation of catalytically active
components, which may shift oxygen chemical potential
at the membrane surface below the thermodynamic stabil-
ity limit.

The dense tubes of SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�δ composite
were fabricated by the cold isostatic pressing (CIP) using a
Burton Corblin instrument (France), with pressure vessel of
100 mm in diameter and 500 mm in length. In the course of
processing, the ball-milled powder was filled around a steel
mandrel with 6.35 mm diameter positioned in the center of
a flexible latex hose. Special care was taken to distribute
the powder symmetrically around the mandrel, aiming at
minimizing the variations of circular wall thickness and the
eccentricity of tube opening with respect to outer diameter
of the tube; sticking of the latex hose to the green compact
was avoided to obtain crack-free tube walls. After isostatic
compaction at 175 MPa, the green tubes were pre-sintered
in air at 1273 K for 1 h. Then the outer surface area of the
tubular membranes was enlarged by mechanical scratching
with a hardened steel saw blade in longitudinal direction.
After such treatment, tubular membranes with 30–40 cm
length, 5 mm inner diameter and 1 mm average wall
thickness (Fig. 16) were sintered at 1623 K for 5 h. Testing
of the tubes under the total pressure gradient of 2–3 atm at
room temperature confirmed gas-tightness; analogous
results were obtained at 973–1173 K when the leakage of
atmospheric air in a helium flow, passed inside the
membranes, was lower than the detection limit of gas-
chromatographic analysis.
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Fig. 16 Dense SrFeð Þ0:7 SrAl2ð Þ0:3O3:3�� membranes fabricated
from the powder synthesized by method 2. Insets illustrate surface
morphology of the membranes
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