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a b s t r a c t
This paper presents the results of research aimed at design of multilayer asymmetric oxygen separation
membranes comprised of functionally graded by composition and porosity nanocomposite layers with
mixed ionic–electronic conductivity (MIEC) and a high oxygen mobility supported on the compressed
Ni–Al alloy foam substrate. Complex oxides with ﬂuorite-like structure (Ce0.9 Gd0.1 O2−ı ), perovskite-like
structure La0.8 Sr0.2 Fe1−x Nix O3−ı (x = 0.3–0.4) and spinel structure MnFe2 O4 synthesized via polymerized precursors (Pechini) route were used for the preparation of these nanocomposites by ultrasonic
dispersion of their mixtures in isopropanol with addition of polyvinyl butyral. Parameters characterizing their oxygen mobility and reactivity were estimated by oxygen isotope heteroexchange, weight
loss transients, temperature-programmed reduction by CH4 and reoxidation by CO2 . Membranes were
prepared by successively supporting on one side of substrate macroporous–mesoporous–microporousdense layers of MIEC nanocomposites ﬁnally covered by a porous layer of La–Ni–Pt/Pr0.3 Ce0.35 Zr0.35 O2−x
catalyst. Preliminary tests of this membrane in the lab-scale reactor in the process of methane selective oxidation/oxi-dry reforming into syngas demonstrated their oxygen permeability and performance
promising for the practical application.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Mixed ionic–electronic conducting (MIEC) oxide composites
comprised of electronic conductors and ionic conductors are
the most promising membrane materials due to combination of
mechanical and chemical stability with a high oxygen permeability provided by interfaces as paths for fast oxygen diffusion [1–6].
Dense oxygen permselective MIEC ceramic membranes have a
great potential for catalytic high-temperature processes including
methane reforming into syngas [7–12]. However, for thick membranes, the bulk diffusion limits the oxygen permeability [4–6]. For
thin membranes, kinetics of the surface processes on both membranes sides becomes the rate-limiting. In this case, supporting a
porous oxide layer with a high rate of O2 activation on a dense
non-porous MIEC layer membrane or using a microporous MIEC
substrate is known to increase the oxygen ﬂux [4–6,13–16]. A number of studies clearly showed the promising features of asymmetric
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supported membranes for high-performance oxygen separation
[2,4–7,15,16]. However, the fabrication of such membranes is still
a challenge because of difﬁculty in obtaining porous supports with
desirable properties in terms of pore size, gas permeability, thermal/mechanical stability and compatibility with MIEC materials by
thermal expansion coefﬁcients (TEC).
One of the promising approaches is based upon consecutive
deposition of MIEC nanocomposite layers with graded porosity
and chemical composition on a robust macroporous substrate
[15]. Ni–Al alloy compressed foam of a high thermal stability and
mechanical strength due to segregated corundum surface layer [17]
earlier used successfully as support for nanocomposite catalysts of
internal CH4 steam reforming in solid oxide fuel cells (SOFC) [17,18]
seems to be promising for design of supported asymmetric membranes as well. MIEC nanocomposites comprised of Ce0.9 Gd0.1 O2−ı
(GDC) ﬂuorite and La0.8 Sr0.2 Fe1−x Nix O3−ı (x = 0.3–0.4) (LSFNx ) perovskite earlier shown to be promising for design of functionally
graded SOFC cathodes [20–22] due to their high lattice oxygen
mobility and activity in dissociation of oxygen molecules appear
to be attractive for design of supported membranes as well. Moreover, these nanocomposites are compatible both with Ni–Al alloy
substrate and such certiﬁed protective layers from the fuel side as

Author's personal copy
174

V. Sadykov et al. / Catalysis Today 156 (2010) 173–180

Fig. 1. A scheme of asymmetric supported membrane. 1 – Ni–Al compressed foam substrate, 2 – macroporous nanocomposite layer, 3 – mesoporous/microporous nanocomposite layer, 4 – dense nanocomposite layer, 5 – porous catalytic layer. * – segregated corundum needles.

Sm-doped ceria (SDC) [23] or its composite with MnFe2 O4 (MF)
[12], the latter required to prevent reductive decomposition of
perovskites leading to catastrophic mechanical failure of membranes [24]. Both GDC–MF and GDC–LSFN0.3 composites have the
TEC value ∼12 × 10−6 which is close to that of Ni–Al foam substrate with segregated corundum layer. So these composites are
indeed promising materials for supporting as MIEC layers on Ni–Al
compressed foam.
For porous catalytic layer supported on the fuel side of membrane required to ensure a high performance in CH4 transformation
into syngas by the lattice oxygen, nanocomposite active component comprised of LaNi0.9 Pt0.1 O3 /Pr0.3 Ce0.35 Zr0.35 O2−x shown to be
highly active and stable to coking in CH4 steam reforming in feeds
with a small excess of steam [18,19] was selected.
This paper presents the results of research aimed at design of
asymmetric multilayer membrane on Ni–Al foam substrate and its
lab-scale testing in the process of methane selective oxidation/oxidry reforming into syngas. The main purpose of this work was
to elaborate procedures for successive layers supporting, to check
compatibility of selected MIEC materials, to estimate the oxygen
permeability and performance characteristics and to verify their
stability in realistic operation conditions.
2. Experimental
2.1. Composite synthesis and characterization
Starting complex oxides were prepared by modiﬁed Pechini
route as described in details elsewhere [18–22]. Nanocomposites
were synthesized via ultrasonic dispersion of the mixture of LSFNx
(or MF) and GDC powders in isopropanol in 1:1 weight ratio using
a T25 ULTRA-TURRAX (IKA, Germany) homogenizer with addition
of polyvinyl butyral (PVB) followed by drying, pressing pellets and
their sintering in air (for LSFN + GDC composite) or in the Ar ﬂow
(for MF + GDC composite) up to 1370 ◦ C [20–22]. For characterization of the structural features and oxygen mobility and reactivity,
pellets were crushed and ball milled into powders.
XRD patterns were obtained with an ARLX’TRA diffractometer (Thermo, Switzerland) using Cu K␣ monochromatic radiation
( = 1.5418 Å) in 2 range 5–90◦ .
The rate of the surface reaction of oxygen molecules activation
and oxygen mobility of LSFN + GDC composite was characterized
by the oxygen isotope heteroexchange. These experiments were
carried out both in static [20–22] and in ﬂow installation (SSITKA
mode [25]) with MS control of the gas phase isotope composition.
For dense LSFN perovskite and LSFN + GDC nanocomposite pellets, the oxygen chemical diffusion coefﬁcients were estimated by
analysis of their weight relaxation after step-wise change of O2 content in the N2 stream from 14% to 1.4% using a STA 409 PC “LUXX”
NETZSCH machine.

The oxygen mobility and reactivity of MF + GDC nanocomposites designed for operation in reducing conditions at the fuel side
of membrane were estimated by temperature-programmed reduction with 1% CH4 in He and subsequent temperature-programmed
reoxidation with 1% H2 O in He in the ﬂow kinetic installation
equipped with on-line PEM-2 M IR absorbance gas analyzer and
electrochemical H2 sensor following earlier described procedures
[20–22]

2.2. Preparation of membrane
Macroporous open-cell nickel foam substrate was manufactured by the nickel electroplating of the polyurethane foam samples
(cell density 60 ppi) followed by sintering in the dissociated ammonia atmosphere at 1100 ◦ C for 1 h. The foam samples were then
deformed by a uniaxial compression to 1 mm thickness modifying
the cell morphology and decreasing porosity from 95.5% to 60–80%.
Deformed foams were subjected to the pack aluminizing and then
annealed at 1000 ◦ C for 1 h under air to form a thin ␣-alumina layer
over the foam cell walls/ribs for a better adhesion of composite
layers.
Fabrication of a supported multilayer membrane followed the
next steps. First, a disc cut from membrane was pressed and sparkwelded into the stainless steel ring to prevent its bending under
subsequent manipulation procedures. Then the cells of a foam
support from one side of a membrane (Fig. 1) were ﬁlled with
macroporous layer of a coarse (fraction up to 10 m) particles of
LSFN + GDC composite presintered at 1200 ◦ C and ball milled. A
thick viscous slurry of these particles in isopropanol with addition of PVB was supported on the substrate via slip casting. This
procedure was repeated several times with intermediate drying
and calcination at 900–1000 ◦ C after each supporting until required
uniform ﬁlling of foam cells for depth ∼0.1 mm (Fig. 1, layer 2)
was achieved. This layer provides nearly free air access and also
serves as more or less plain and robust support for subsequent
MIEC layers. For ﬁlling macropores between the coarse particles of
composite and forming a mesoporous/microporous layer 3 (Fig. 1)
with thickness 10–20 m, a highly dispersed LSFN + GDC composite precalcined at 700 ◦ C was next supported several times
from suspension in isopropanol with addition of PVB. The function of this layer with developed gas–solid interface is activation
of O2 molecules and transfer of oxygen atoms to the dense MIEC
layer, while providing pores for diffusion exchange of N2 and
O2 molecules with the air stream. The gas-tight layer 4 (Fig. 1)
(thickness ∼10 m) comprised of GDC + MF nanocomposite interpenetrating in part into the porous LSNF + GDC nanocomposite was
supported on the layer 3 via slip casting of a slurry in isopropanol
with addition of PVB. A special smoothing procedure was applied
to restrict the thickness of this layer, thus keeping its upper sur-
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Table 1
Some characteristics of samples sintered at 1200 ◦ C.
SSAa (m2 /g)

Sample

Fluorite
Crystallite size (nm)

Perovskite
Lattice parameter (Å)

Crystallite size (nm)

a
LSFNi0.3 + GDC
a

2.4

40

5.445

50

Lattice parameters (Å)
a

b

c

5.491

5.535

7.802

Speciﬁc surface area for powders.

face at the level only slightly (<0.1 m) higher than that of the
foam cell ribs. To attain complete densiﬁcation of this layer by sintering at 1200 ◦ C under Ar ﬂow, such additives as Cu, Bi and Ag
nitrates were used. The function of this layer is to block nitrogen
transfer through the membrane thus providing required selectivity of oxygen permeation. The gas-tight layer was washcoated by
a porous catalytic layer 5 (Fig. 1) with thickness ∼0.1 mm comprised of Pr0.3 Ce0.35 Zr0.35 O2−x complex oxide with La–Ni–Pt active
component (∼10 wt.% of LaNi0.9 Pt0.1 O3 ) supported by the incipient wetness impregnation with the mixed solution of H2 PtCl6 and
La and Ni nitrates followed by calcination at 1000 ◦ C. The function
of this layer possessing reasonably high lattice oxygen mobility in
Pr0.3 Ce0.35 Zr0.35 O2−x complex oxide [26] is to provide developed
three-phase boundary from the fuel side of membrane required for
the efﬁcient transfer of oxygen atoms from the dense MIEC layer
and their interaction with activated CH4 molecules on the surface
of catalyst particles. Finally, the main bulk of foam substrate and
the surface of macropores in the coarse nanocomposite layer were
covered with a thin (∼50 nm) porous layer of LSFN0.4 perovskite
by membrane impregnation from the air side by a diluted suspension of nanosized particles in isopropanol with addition of PVB
followed by drying and calcination at 1000 ◦ C. This procedure aimed
at increasing the oxygen ﬂux through the membrane by facilitating
spillover of surface oxygen species through substrate in reaction
conditions.

2.3. Membrane reactor testing
To ensure the gas-tight sealing of supported disc membrane in
titanium lab-scale reactor, it was ﬁrst placed in specially designed
copper washers, pre-sealed using Ag paste, pressed and preheated
under Ar ﬂow at 900 ◦ C to provide a hermetic junction between the
membrane steel ring and a copper washer/ring. Such a disc was
inserted between two halves of specially designed Ti reactor, and
the copper ring was compressed by using bolts and nuts ensuring
required sealing.
The testing results were obtained for membrane with the working surface area of 1.1 cm2 . At the fuel stream outlet, a layer
(about 1 cm3 ) of the catalyst with the same active component
LaNi0.9 Pt0.1 O3 /Pr0.3 Ce0.35 Zr0.35 O2−x supported on the microspherical ␥-alumina was ﬁxed between two Fechraloy gauzes protected
by corundum layer supported by dust blasting technique [27].
The membrane reactor was tested in the ﬂow kinetic installations using the feed of 4.5–20 vol.% CH4 in He or 20 vol.% + 20 vol.%
CO2 in Ar (feed rate 1–15 L/h) and puriﬁed air (feed rate 0.7–45 L/h)
supplied into the fuel and air parts of the reactor, respectively. Concentrations of reagents and products were determined by using gas
chromatographic analysis and on-line IR absorbance gas analyzer
PEM-2 M equipped with an electrochemical H2 sensor [19].
Conversion of CH4 (XCH4 , %) and selectivities of products (SCO
and SH2 , %) were calculated using concentrations of components in
the exit stream (denoted by square brackets []) as follows:
XCH4 = 100

[CO] + [CO2 ]
[CO] + [CO2 ] + [CH4 ]

SCO = 100

[CO]
[CO] + [CO2 ]

SH2 = 100

[H2 ]
[H2 ] + [H2 O]

No carbon imbalance was observed within the limits of concentration analysis uncertainty (±5%).
The oxygen ﬂux through the membrane under reaction conditions was estimated using results of analysis of the efﬂuent
composition and the ﬂow rate value. Concentration of the oxygencontaining products in the efﬂuent was either determined directly
(CO and CO2 ) or estimated using values of CH4 conversion and H2
selectivity (in the case of H2 O). The oxygen ﬂux through the membrane is equal to the total ﬂux of oxygen atoms at the reactor exit
divided by 2 and related to the membrane surface area.
3. Results and discussion
3.1. Nanocomposites characterization
3.1.1. Structural features of composites
According to XRD data, LSFNx –GDC composites are mainly comprised of perovskite and ﬂuorite phases [20–22]. The sizes of
perovskite and ﬂuorite domains remain in the nanorange even in
dense sample sintered at 1200 ◦ C (Table 1).
For MF–GDC composite, along with reﬂections corresponding to
ﬂuorite and spinel phase, a new peak at 2 ∼ 41◦ appears (Fig. 2).
Its position corresponds to the perovskite-like phases such as
complex ferrites-cobaltites [28], manganites [29] and nickelates
[20–22]. Hence, some admixture of gadolinium ferrite-manganite
perovskite-like phase could be formed in this system due to interac-

Fig. 2. XRD patterns of GDC (1), MnFe2 O4 (2) and composite MnFe2 O4 + GDC prepared by Pechini method (3).
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Table 2
The rate of surface oxygen heteroexchange R2 and coefﬁcients of oxygen selfdiffusion in the ﬂuorite phase DF , perovskite phase DP and along interfaces Dinterface .
T (◦ C)
◦

600 C
700 ◦ C

Fig. 3. Variation of 18 O and 16 O18 O fractions in the gas phase after switching the
stream of 1% 16 O2 in He for the stream of 1% 18 O2 + 1% Ar in He at 700 ◦ C. Points –
experiment, gray line – ﬁtting by the uniform diffusion model, black line – ﬁtting by
the heterogeneous diffusion model (Fig. 4).

tion between spinel and ﬂuorite phases. This implies possibility of
interaction between phases of MF–GDC and LSFNx –GDC nanocomposites in the dense MIEC layer 4 (Fig. 1) affecting its oxygen
permeation which requires further studies.
3.1.2. Mobility and reactivity of oxygen in nanocomposites
Oxygen isotope exchange. For powdered samples of LSFN–GDC
nanocomposite sintered at high (1200 ◦ C) temperatures, in the
temperature-programmed mode of exchange in the static installation, a large amount of the lattice oxygen (up to 300–400
monolayers) was exchanged at temperatures ∼700 ◦ C, thus revealing a high bulk oxygen mobility in this temperature range [20–22].
More detailed information was obtained from results of SSITKA
experiments (Fig. 3). Their detailed analysis with a due regard for
the mechanism of oxygen isotope exchange, surface reaction and
bulk diffusion was carried out by the inverse problem solution
for the system of hyperbolic differential equations describing the
isotope exchange in the ﬂow reactor following earlier published
approaches [25]. In the intermediate temperature range, all 16 O in
the sample was exchanged for 18 O at typical times <1 h (Fig. 3), thus
demonstrating a high bulk oxygen mobility. In contrary to earlier
studied systems based upon doped ceria–zirconia solid solutions
[25,26], for GDC–LSFN0.3 nanocomposite experimental data were
not ﬁtted by a simple model of a uniform oxygen diffusion in the
bulk. Satisfactory description was obtained only in frames of a more
complex model suggesting very fast oxygen exchange between the
surface and perovskite–ﬂuorite interfaces in the bulk of composite
particles (Fig. 4). This mobile oxygen is exchanged with crystalline
domains having a comparable oxygen capacity but different oxygen
mobility. Since oxygen self-diffusion coefﬁcients in GDC are known

Fig. 4. The heterogeneous model of oxygen isotope exchange on nanocomposite
LSNF–GDC. R2 – the rate of surface exchange, Dmobile , Dfast and Dslow – coefﬁcients of
oxygen self-diffusion along interfaces, in the ﬂuorite phase and perovskite phase.

R2 (molecules/m2 s)
0.5 × 10
1.3 × 1019
19

DF (cm2 /s)
−14

≥6 × 10
≥30 × 10−14

DP (cm2 /s)
−14

2 × 10
9 × 10−14

Dinterface (cm2 /s)
≥1 × 10−8
≥5 × 10−8

to be higher than those in LSCF perovskites possessing the highest
oxygen mobility between perovskite-like oxides [1], a faster route
of bulk oxygen diffusion was assigned to GDC domains, while a
slower one to LSFN domains. Detailed analysis (which is beyond
the scope of this paper and will be given elsewhere) revealed that
bulk diffusion is the rate-limiting stage only for perovskite domains,
while for GDC domains the rate of exchange is controlled by the surface reaction. Hence, for GDC domains only the lowest limits of the
oxygen self-diffusion coefﬁcients can be estimated.
Parameters of the surface reaction and bulk diffusion estimated
with a due regard for the typical sizes of perovskite and ﬂuorite
domains (Table 1) and amount of mobile oxygen atoms located at
the perovskite–ﬂuorite interfaces (less than ∼2% of the overall oxygen amount in the sample, vide infra) are given in Table 2. Though
more detailed analysis is required, the role of perovskite–ﬂuorite
interfaces as paths for fast oxygen diffusion in nanocomposites
appears to be reliably demonstrated. A fast rate of the surface
reaction on nanocomposite is also important for ensuring the
efﬁcient activation of oxygen molecules on the air side of membrane. Apparent activation energy of oxygen self-diffusion along
perovskite–ﬂuorite interfaces is ∼110 kJ/mol, which is close to that
in GDC [1].
Oxygen mobility for dense samples. The oxygen chemical diffusion coefﬁcient estimated for dense nanocomposite samples from
the weight loss dynamics data following known approaches [30]
(Fig. 5) exceeds the values estimated for perovskite. This result also
clearly demonstrates a positive role of perovskite–ﬂuorite interfaces as paths for the fast oxygen transfer. The maximum value
of the weight loss in these experiments corresponds to removal
of less than 2% of the overall amount of oxygen atoms in composite. Apparent activation energy of oxygen chemical diffusion
(∼110 kJ/mol) coincides with that of the oxygen self-diffusion along
perovskite–ﬂuorite interfaces (vide supra). Hence, thus estimated
oxygen chemical diffusion coefﬁcient can indeed characterize the
oxygen migration along perovskite–ﬂuorite boundary in nanocomposite. The value of the oxygen chemical diffusion coefﬁcient for
GDC–LSFN0.3 nanocomposite (∼10−5 cm2 /s at 1080 K) is close to
that for the best single-phase MIEC La0.6 Sr0.4 Co0.8 Fe0.2 O3−ı oxide
[30].

Fig. 5. Temperature dependence of oxygen chemical diffusion coefﬁcient. 1 –
LSFN0.3 , 2 – composite GDC + LSFN0.4 , 3 – composite GDC + LSFN0.3 .
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Fig. 7. Dependence of methane conversion, CO and H2 concentration on the ﬂow
rate of 4.5% CH4 in He at 900 ◦ C. The air ﬂow rate 1.33 L/h.

Fig. 6. Typical curves of temperature-programmed reduction by 1% CH4 in He (a)
and subsequent temperature-programmed reoxidation by 1% H2 O in He (b) for
MF + GDC nanocomposite calcined at 900 ◦ C under Ar and pretreated under ﬂow
of 1% CO2 in He at 700 ◦ C. Sample weight 0.1 g, ﬂow rate 10 L/h, temperature ramp
5 ◦ /min.

CH4 TPR/H2 O TPO. For MF + GDC nanocomposite preoxidized in
a ﬂow of 1% CO2 in He after sintering under Ar ﬂow, a high rate
of reduction by CH4 is achieved at high (∼900 ◦ C) temperatures
(Fig. 6a). However, its reoxidation by H2 O proceeds much faster
even at moderate (∼700 ◦ C) temperatures. Hence, in reduced state
typical for operation of the fuel side of a membrane, this composite
could indeed provide a high oxygen ﬂux.
3.2. Testing of a membrane reformer prototype
In all experiments, periodical checking of the exit feed by gas
chromatographic analysis on the N2 admixture revealed its absence
within the limit of analysis sensitivity (∼0.1%). Hence, membrane
retained its integrity and oxygen permselectivity in studied conditions.
As follows from Fig. 7, for feeds with a low CH4 content, at a
low feed rate mainly CH4 deep oxidation is observed. The increase
of the ﬂow of the fuel mixture results in the increase of selectivity
of methane conversion into syngas, which is associated with the
change of balance between the oxygen ﬂux through the membrane
and methane supply. H2 /CO ratio ∼2 observed at high ﬂow rates
agrees with the stoichiometry of methane partial oxidation into
syngas.
Similarly, at a ﬁxed ratio of methane and air ﬂows, the increase
of methane concentration in the fuel mixture from 1 to 5 vol.%
insigniﬁcantly affects the degree of CH4 conversion, while increasing syngas selectivity (Fig. 8a). However, at a higher concentration
of CH4 in the feed (in the range from 5% to 20%), CH4 conversion
declines strongly at a rather weak variation of SCO and SH2 (Fig. 8b).

This means that the oxygen ﬂux is not sufﬁcient to provide a high
CH4 conversion.
In the process of membrane reactor start-up via its heating
up to 900 ◦ C in the ﬂow of 4.5% CH4 in He with the ﬂow rate of
1 L/h followed by its increase up to 5 L/h, both CH4 conversion
and syngas yield were 1.5–2 times higher than stationary values.
This suggests that at a low air ﬂow rate nitrogen accumulation
in meso–micropores of the membrane occurs, which hampers the
oxygen transfer. Indeed, for this rather diluted feed (4.5% CH4 in
He), the increase of the air feed rate has resulted in the increase of
the fraction of deep oxidation products due to a higher oxygen ﬂux
through the membrane (Fig. 9). However, the situation is reversed
for feed with a higher CH4 content (Fig. 10): CH4 conversion and
syngas concentration in the exit stream increase with the air ﬂow
rate.
As expected, at ﬁxed feed and air ﬂow rates, the increase of
operation temperature increases CH4 conversion and syngas yield
(Fig. 11). In these experiments, SCO up to 80% and SH2 up to 60%
were obtained. Though higher CH4 conversions (up to 75%) and
CO/H2 selectivities (up to 80–100%) were observed in diluted feed
(Fig. 8), further tuning of operational parameters and membrane
porous structure is expected to provide similarly high conversions and syngas yield in concentrated feeds as well. First of all,
it concerns the rate of air supply, since the temperature dependence was obtained at air ﬂow rate 3.2 L/h, while increasing the air
ﬂow rate up to 20 L/h clearly increased CH4 conversion (Fig. 10).
Estimation of apparent activation energy of the oxygen transfer
through the membrane using data of Fig. 11 gives value ∼20 kJ/mol,
which is much lower than the activation energy of oxygen chemical diffusion in nanocomposite (∼110 kJ/mol, vide supra). Hence, at
rather low air ﬂow rate, the temperature dependence of the oxygen
ﬂux through the membrane and, hence, CH4 conversion (Fig. 11)
appears to be mainly controlled neither by the oxygen transport in
the dense layer nor by the surface reactions at the air or fuel side,
but by diffusion of oxygen and nitrogen molecules in mesopores
and micropores of supported layers known to be characterized by
a low activation energy.
For the reaction of CH4 oxi-dry reforming, the increase of the
air ﬂow rate was also accompanied by the increase of CH4 conversion and syngas content in the converted feed (Fig. 12), apparently
caused by the increase of oxygen ﬂux through the membrane. What
is even more important is that a higher oxygen ﬂux suppresses
formation of C2 H4 by-product responsible for coking of catalysts.
Hence, these results demonstrate that mass transfer limitations
in pores of MIEC layers signiﬁcantly affect membrane performance.
This requires further studies aimed at optimization of the pore
structure of substrate and mesoporous/microporous MIEC layers.
For a given membrane design, the operation temperature, feed

Author's personal copy
178

V. Sadykov et al. / Catalysis Today 156 (2010) 173–180

Fig. 8. Dependence of CH4 conversion, CO and H2 selectivity on methane concentration in the feed at 900 ◦ C. The fuel ﬂow rate 5 L/h, the air ﬂow rate 1.2 L/h (a) and 2 L/h (b).

Fig. 9. Effect of the air ﬂow rate on CH4 conversion, CO and H2 selectivity at 900 ◦ C.
4.5% CH4 in He, feed rate 5 L/h.

composition and its ﬂow rate as well as the air ﬂow rate are to
be tuned to provide the optimum membrane performance.
Balance estimation revealed that under given conditions the
maximum oxygen ﬂux through the membrane is within the limits
of 1–2 mLO2 /cm2 min for 4.5% CH4 in He and ∼5–7 mLO2 /cm2 min
for 20% CH4 in He, i.e. increases with methane concentration. That is
associated with the increase of gradient of oxygen chemical potential across the membrane with the increase of reducing potential
of the fuel mixture, which is a driving force for its transfer through
the membrane. Therefore, at methane concentration in the input
mixture about 50–100% provided a proper tuning of the air ﬂow

Fig. 10. Effect of the air ﬂow rate on concentration of components in the exit stream
at 980 ◦ C. 20% CH4 in He, feed rate 5 L/h.

Fig. 11. Effect of temperature on the concentration of components in converted
feed. 20% CH4 in He, feed rate 5 L/h; air ﬂow rate 3.2 L/h.

rate and the porous structure of support and nanocomposite layers, the oxygen ﬂux through membrane is expected to increase at
least up to 10–15 mL/cm2 min, which corresponds to the criterion
of membrane suitability for the practical application [2,4].
Testing for at least 100 h at 950–980 ◦ C with feeds containing up
to 20% CH4 demonstrated a stable performance without degradation or coking.
Comparison of achieved level of performance with published
data is rather difﬁcult since no data are available in the open literature for performance of metal-supported asymmetric membranes
in the reaction of CH4 partial oxidation into syngas. As far as the

Fig. 12. Effect of air ﬂow rate on the exit stream composition in oxi-dry CH4 reforming at 930 ◦ C. Feed 20% CO2 + 20% CH4 in Ar, feed rate 0.25 L/min.
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bulk perovskite membranes are concerned, the highest values of
the maximum oxygen ﬂux (up 10 mLO2 /cm2 min) were reported
for Ba–Sr–Co–Fe–O [31–34] or doped LaGaO3 [35,36] perovskites
for feeds with CH4 content up to 80% with loaded layers of different
Ni-containing granulated catalysts of CH4 reforming These values
are comparable with results obtained in our work (vide supra).
Lower values of oxygen ﬂux (0.5–4 mLO2 /cm2 min) were obtained
for membranes comprised of SDC-covered LaSrCoFeO 6482 disc
[23] or layered La2 Ni0.9 Co0.1 O4+ı perovskites [37]. Hence, designed
membrane even though not optimized is comparable with the best
samples by oxygen permeability.
Comparison of CH4 conversion and syngas yields is also quite
demanding task due to variety of ﬂow rates, conﬁguration of
reactors and catalytic layers etc, which makes difﬁcult reliable
estimation of contact times required for meaningful comparison
of performance. A lot depends also on the heat balance within
reactors especially when they operate in the mode of complete
methane combustion on the membrane surface followed by subsequent steam and dry reforming [37]. However, the maximum
levels of CH4 conversion and syngas selectivity (up to 70–80%)
obtained in this work (vide supra) are at least comparable with
the best reported results for Ba–Sr–Co–Fe–O perovskites [31–34].
At the same time, for other membrane systems, lower values of CH4
conversion (5–40%) [14,35–37] and syngas selectivity (5–17%) [37]
were reported.
To increase methane conversion and syngas yield at its high inlet
concentration, ﬁrst of all, the process parameters are to be tuned,
namely, the air ﬂow rate and contact time are to be increased. If
acceptable from the point of view of syngas composition for the
ﬁnal application, CO2 or H2 O can be added into the feed, which
indeed helps to increase conversion (Fig. 12). Second, as clear follows from the results of this research, the porous structure of
Ni–Al substrate and mesoporous/microporous MIEC layers is to
be optimized to overcome diffusion limitations from the air side.
Thus, functionally graded design of Ni–Al foam substrate is to be
applied consisting of highly porous (∼80% porosity) main part with
a thickness ∼1–2 mm (provides required mechanical strength of
membrane) covered by a thin (<0.1 mm) compressed Ni–Al foam
layer with porosity ∼40–50% (serves as support for nanocomposite
oxygen-permeable layers). Similarly, the thickness of mesoporous
and microporous mixed ionic–electronic conducting layers is to be
further decreased while their pore size is to be increased, eliminating, if possible, the microporous layer at all. Next, preparation
procedures are to be modiﬁed providing covering of the walls of
mesopores by perovskite LSFN nanoparticles highly efﬁcient in activation of oxygen molecules, thus enhancing the surface oxygen
diffusion ﬂux within mesopores towards the dense permselective
layer. At last, the pore structure and composition of the catalytic
layer covering the dense membrane layer can be further optimized
with a due regard for improving its transport properties (to avoid
any diffusion limitations for CH4 molecules) while providing high
concentration of surface sites for CH4 activation and a good contact
with the surface of dense permselective layer to ensure fast transfer
of oxygen atoms from the membrane onto the surface of catalyst
particles.”

4. Conclusion
LSFN–GDC nanocomposites prepared via ultrasonic dispersion of powders in organic solvents with addition of surfactants
demonstrate a high oxygen mobility due to a positive role of
perovskite–ﬂuorite interfaces as paths for fast oxygen migration.
Procedures for design of asymmetric oxygen-conducting membranes comprised of MIEC layers with graded porosity and
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composition (LSNF–GDC and MF–GDC) supported on compressed
foam Ni–Al planar substrate were elaborated.
Testing of methane reformer prototype equipped with these
membranes demonstrated a good and stable performance promising for the up-scaling and practical application.
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