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Dense ceramic membranes for methane conversion
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Abstract

Dense ceramic membranes made from mixed oxygen-ionic and electronic conducting perovskite-related oxides allow
separation of oxygen from an air supply at elevated temperatures (>700◦C). By combining air separation and catalytic
partial oxidation of methane to syngas into a ceramic membrane reactor, this technology is expected to significantly reduce
the capital costs of conversion of natural gas to liquid added-value products. The present survey is mainly concerned with
the material properties that govern the performance of the mixed-conducting membranes in real operating conditions and
highlights significant developments in the field.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ceramic membranes made from mixed oxygen-ionic
and electronic conducting (MIEC) perovskite oxides
can selectively separate oxygen from air at elevated
temperatures, typically higher than 700◦C [1]. These
membranes are promising for use in many industrial
processes that require a continuous supply of pure
oxygen. Over the past several years, extensive ef-
forts have focused on using the MIEC membranes
to improve the performance of methane conver-
sion processes, i.e. combining air separation and
high-temperature catalytic partial oxidation (CPO)
into a single step. Of particular significance is the
partial oxidation of methane to syngas(CO + H2).
Excellent methane conversion levels have been re-
ported and CO selectivities are found to approach
100% in the presence of a reliable catalyst, e.g. sup-
ported Ni or Rh. The H2:CO ratio of 2:1 of the syngas
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produced by CPO makes it an ideal feedstock for the
gas-to-liquid production of natural gas to liquid fuels
via existing processes, such as Fisher–Tropsch and
methanol synthesis[2–6]. Successful development of
the MIEC membrane reactor technology eliminates
the need for expensive oxygen produced by cryogenic
means. The technology is compact and modular,
and thus allows access to remote sources of natural
gas. An external energy supply is not needed due to
the exothermicity of the CPO reaction. The ceramic
membrane further aids in safety management, since it
avoids the premixing of oxygen and natural gas and
reduces the formation of hot spots as encountered
in a co-feed reactor. In addition, the technology can
be used for the production of hydrogen, particularly
for the set up of distributed hydrogen production
capacities. Recognising the potential advantages and
economic benefits offered by this technology relative
to conventional steam reforming or partial oxidation,
world-wide alliances co-ordinated by Air Products
and Praxair, respectively, have been founded to solve
the scale-up problems. For syngas production, the
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ceramic membrane must be able to tolerate long-term
exposure to severe chemical potential gradients, with
air on one side and natural gas on the other side of
the membrane. Successful implementation demands
that membrane materials must be identified with a re-
quired performance in terms of oxygen flux, chemical
stability and mechanical reliability[6].

This paper first briefly discusses some of the
fundamentals of MIEC perovskite membranes and
issues related to membrane stability. It then high-
lights some recent developments of their use in cat-
alytic membrane reactors for methane conversion
processes.

2. Principle of operation

The operating principle of an MIEC membrane is
illustrated inFig. 1. By imposing an oxygen partial
pressure differential across the membrane oxygen is
driven from the high partial pressure side to the low
partial pressure side. In a typical membrane reactor,
the pressure differential is provided by air on one side
and a reducing gas, i.e. depleting the oxygen partial
pressure by a chemical reaction, on the other side of
the membrane. The ceramic membrane facilitates sep-
aration of oxygen from the air supply with infinite se-
lectivity, provided that it is fabricated dense, i.e. free
of cracks and connected-through porosity. Owing to
the ability to conduct both oxygen ions and electronic
charge carriers, it operates without the need of elec-
trodes and external circuitry, in contrast with solid
oxide fuel cells and oxygen pumps. The presence of

Fig. 1. Operating principle of a ceramic membrane reactor for the
partial oxidation of methane to syngas.

electronic conductivity in the MIEC thereby acts as an
internal short-circuit for electrons (or holes) to coun-
teract the flux of oxygen anions.

Much of the research efforts in this field are focused
on acceptor-doped perovskite oxides La1−xAxCo1−y

ByO3−δ (A = Sr, Ba; B = Fe, Cr, Mn, Ga). Com-
positions like these were first explored by Teraoka
et al.[7,8]. The partial substitution of metal cations in
the ABO3 perovskite structure by cations with lower
valencies leads to the formation of oxygen vacan-
cies. Vacancies also arise due to equilibration of the
perovskite oxide at reduced oxygen partial pressure.
Disordering of the oxygen vacancies at elevated tem-
peratures leads to the onset of ionic conductivity. For
example, in the series La1−xSrxCo1−yFeyO3−δ, the
ionic conductivity, in air, at temperatures 700–1000◦C
can be one to two orders of magnitude larger than
that of known zirconia-based solid electrolytes[9].
The presence of multivalent cations in the perovskite
compositions ensures a high, often predominating
electronic conductivity.

Electronic conduction in oxygen-ion conducting
fluorite-type ceramics can be enhanced by dissolu-
tion of oxides having multivalent cations. A notable
example is yttria-stabilised zirconia (YSZ) doped
with multivalent cations, such as Ce, Pr, Ti, and Tb.
The extent of mixed conductivity in fluorite-oxide
ceramics is often orders of magnitude less than those
found for selected acceptor-doped perovskite-type
oxides. Alternatively, the internal short-circuit func-
tion is obtained by dispersion of an electronic con-
ducting phase, usually a noble metal, in the oxygen
ion conducting ceramics, for example, YSZ–Pt. The
concentrations of constituent phases must be high
enough to provide percolative pathways for both ionic
and electronic charge carriers across the membrane.
Neither membranes made from doped fluorite-type
ceramics nor dual-phase composite membranes are
considered any further in this review. For a survey
on ceramic oxygen ion conducting membranes, see
Ref. [1].

3. Theory of oxygen transport through perovskite
membranes

Classical Wagner theory is usually adopted to ex-
press the flux of oxygen through MIEC membranes
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exposed to an oxygen chemical potential gradient
[10]:

jO2 = − 1

42F2

σionσel

σion + σel
∇µO2 (1)

where σ ion and σel are the partial conductivities
provided by oxygen ionic and electronic defects, re-
spectively; ∇µO2 the gradient in oxygen chemical
potential and other parameters have their usual sig-
nificance.Eq. (1) is valid provided that the surface
reactions at both sides of the membrane are fast
enough and do not exert any influence on overall
oxygen transport. Assuming predominant electronic
conductivity,Eq. (1)can be simplified to

jO2 = − σion

42F2
∇µO2 (2)

This equation may be recast through the use of the
Nernst–Einstein equation in a form that includes the
individual diffusion coefficient for oxygen vacancies:

jO2 = −cVDV

4RT
∇µO2 (3)

whereDV is the vacancy diffusion coefficient andcV
the concentration of mobile oxygen vacancies. Assum-
ing that all oxygen vacancies are free and contribute
to ionic transport, and that the value ofDV is ap-
proximately constant over the experimental range in
oxygen nonstoichiometry, integration ofEq. (3) over
membrane thicknessL yields:

Fig. 2. Oxygen nonstoichiometry data for La0.9Sr0.1FeO3−δ at 1000◦C. The solid line is from a random point defect model (reproduced
from Mizusaki et al.[11]). If all oxygen vacancies contribute to ionic transport, the oxygen flux is proportional to the shaded area.p′

O2
andp′′

O2
are the oxygen partial pressures at opposite sides of the membrane.

jO2 ≈ −DV

4L

∫ ln p′′
O2

ln p′′
O2

cV ln pO2 (4)

The limits of integration are the oxygen partial pres-
sures maintained at opposite sides of the membrane.
Data of oxygen nonstoichiometry for a simple per-
ovskite like La0.9Sr0.1FeO3−δ obtained from thermo-
gravimetry data by Mizusaki et al.[11] are shown
in Fig. 2. Eq. (4) predicts that the magnitude of the
oxygen flux is proportional to the dashed area in
Fig. 2. The ability of Eq. (4) to quantitatively fit ex-
perimental data of oxygen permeation is illustrated
for La1−xSrxFeO3−δ (x = 0.1–0.4) in Fig. 3a [12].
The value ofDV thus obtained for La0.9Sr0.1FeO3−δ

shows reasonable agreement with the corresponding
value obtained from oxygen isotopic exchange as
shown inFig. 3b. Higher oxygen fluxes would thus
be facilitated if the ABO3−δ perovskite composition
exhibits larger concentrations of oxygen vacancies,
i.e. with increased A-site substitution and a higher
reducibility of the transition metal ions occupying
the B-site. Note fromFig. 2 that the oxygen partial
pressure maintained at the oxygen-lean side of the
membrane has a most significant influence on the
oxygen flux.

Using the above equations it is possible to con-
struct the oxygen chemical potential profile across
the MIEC membrane at steady state. Evaluation
can be carried out by integration ofEq. (3) up to
depthx into the membrane, which integral equals the
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Fig. 3. (a) Theoretical modelling of feed-sidepO2-dependence
of oxygen permeation through La1−xSrxFeO3−δ (x = 0.1–0.4)
at 1000◦C. (b) The best fit for La0.9Sr0.1FeO3−δ is obtained
when DV equals 6× 10−6 cm2 s−1, which deviates slightly from
the corresponding value obtained from data of isotopic exchange
(reproduced from ten Elshof et al.[12]).

result ofEq. (4). (Provided thatDV can be treated as
a constant, it is required fromEq. (3) that the prod-
uct cV · ∇µO2 is constant throughout the membrane.)
Fig. 4 schematically depicts the oxygen chemical po-
tential profile across the MIEC membrane, taking into
account possible losses in the driving force for oxy-
gen transport associated with a limited rate of the
surface reactions. Enhancing the membrane surface
area and/or coating an appropriate catalyst directly
on the membrane surface can minimise the interfacial
losses.

Fig. 4. Schematic illustration of the profile in oxygen chemical po-
tentialµO2 across the MIEC membrane at steady-state conditions.

4. Vacancy ordering

For complex oxide systems, the onset of defect in-
teractions and propensity to form ordered structures
progressively grow with increasing defect concentra-
tions. Defect association and ordering of oxygen va-
cancies can induce significant changes in the ionic
conductivity, as is known for oxides that crystallise
in the fluorite structure, such as CeO2, ThO2 and
ZrO2. These oxides can accommodate a large fraction
of lower-valent cations, such as calcium and yttrium,
which is charge compensated by the formation of oxy-
gen vacancies. In many cases, a maximum is observed
in the conductivity at doping levels which correspond
to 5–8% oxygen vacancies[13]. In the acceptor-doped
perovskite oxides, it is not uncommon to have an oxy-
gen deficiency of 10–15% or more. Superlattice or-
dering rather than defect association is more favoured,
which results from the very effective screening of de-
fect charges in the perovskite-related oxides that are
highly polarisible[14].

The well-known brownmillerite structure with
ideal stoichiometry A2B2O5 can be derived from
the cubic ABO3 perovskite lattice by regularly re-
moving one-sixth of the oxygen atoms. The oxygen
deficiency is thus 16.7%. As is shown inFig. 4, the
ordering of oxygen vacancies in the [1 0 1] direc-
tion creates layers of corner-shared BO6 octahedra,
alternating with corner-shared BO4 tetrahedra. As
a matter of fact, vacancy ordering in defective per-
ovskite structures is a highly common phenomenon
and a family of so-called intergrowth structures can
be defined which can be regarded as being composed
of structural units of end-member’s perovskite and
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brownmillerite [15]. Sometimes the structural order
and disorder of oxygen vacancies are linked for the
same composition by a first-order transition, driven by
the gain in the configurational entropy of oxygen va-
cancies in the disordered structure. Often disordering
occurs to a limited degree. Evidence for co-existing
populations of ordered and disordered oxygen va-
cancies in perovskites La0.5Ba0.5Co0.7Cu0.3O3−δ and
La0.6Sr0.4Co0.8Cu0.2O3−δ and in a number of related
compositions was provided by Adler et al.[16] using
high temperature17O NMR. The signal intensity was
found to increase steadily with temperature up to the
maximum temperature of 950◦C in their experiments,
suggesting a concomitant increase in the number of
mobile oxygen vacancies. Recent measurements of
oxygen permeability and conductivity relaxation on
perovskites La1−xSrxCoO3−δ (x = 0.2, 0.4 and 0.6)
and La0.6Sr0.4Co1−yFeyO3−δ (x = 0.2, 0.5 and 0.8)
as a function of oxygen partial pressure (10−4–1 bar)
and temperature (700–900◦C) made apparent that in
these phases the number of mobile oxygen vacancies
effectively decreases with loweringpO2 at all tem-
peratures[17,18]. The degree of order is a critical
parameter in controlling and optimising the perfor-
mance of MIEC membranes. Aside from the drop in
ionic conductivity at lowpO2 values, which limits the
oxygen fluxes, the phenomena will induce significant
alterations in the chemical potential profile across
the ceramic membrane. Opposite from the profile
sketched inFig. 4, steep gradients inµO2 may appear
at the oxygen-lean side of the ceramic membrane.
These can produce sufficient local strains in the oxide
membrane to cause structural failure.

5. Membrane stability

For syngas production, the MIEC membrane has
to operate under severe operating conditions. Perfor-
mance degradation could occur due to a number of
reasons. Besides degradation caused by reaction of the
membrane with catalyst or support, or with contami-
nants, which may be present in both feed gases (e.g.
H2S), decomposition by reduction might occur at the
side of the membrane in contact with the syngas. The
reduction process progresses into the membrane up to
a certain depth, corresponding to the lowest value for
the oxygen activity where the oxide is thermodynam-

Fig. 5. Cross-sectional SEM image of a La0.6Sr0.4Fe0.8Fe0.2O3−δ

membrane treated for 3 days in 100% CH4 under permeation
conditions at 830◦C. At the immediate surface a porous crust of
SrCO3 has formed. Below this layer, basic oxides and possibly
elemental Co and Fe are found. At a depth of about 10�m the
perovskite structure is retained.

ically stable (Fig. 5). The membrane will eventually
crack due to the volume change accompanying the de-
composition.

The stability of undoped perovskites LaBO3−δ, at
1000◦C, is known to decrease in the order LaCrO3−δ

(10−20 bar), LaFeO3−δ (10−17 bar), LaMnO3−δ

(10−15 bar), LaCoO3−δ (10−7 bar), where the quan-
tity between brackets indicates the oxygen partial
pressure below which decomposition of the defective
perovskite structure occurs[19] The onset of decom-
position shifts to higher oxygen partial pressure upon
increased acceptor–dopant concentration (e.g. SrO)
[20,21].

Structural failure may occur due to differential
stress accompanying the oxygen chemical potential
gradient across the MIEC membrane. This is an
inevitable concomitant of the expansion of the per-
ovskite unit cell volume with reduction of the transi-
tion metal ions to their larger lower-valent forms as the
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oxygen partial pressure is lowered. A fracture mechan-
ical analysis of perovskites La0.6Sr0.4Co0.2Fe0.8O3−δ

and the intergrowth phase SrCo0.5FeOx was recently
presented by Hendriksen et al.[22].

Finally, the gradient in the oxygen chemi-
cal potential, µO, inside a multicomponent oxide
A1−xA ′

xBO3−δ induces a corresponding, but inverse
gradient of the elemental chemical potentials, as de-
scribed by the Gibbs–Duhem equation, which reads
in differential form:

(1 − x)∇µA + x∇µA ′ + ∇µB + (3 − δ)∇µO = 0

(5)

If the mobilities of the cations are nonnegligible and
different at high temperatures, concentration gradients
are developed in such a way that the membrane sur-
face exposed to the higher oxygen partial pressure be-
comes enriched with the faster moving cation species.
Eventually, the multicomponent oxide may decom-
pose even if it is judged to be thermodynamically sta-
ble, which is why these processes have been termed
kinetic demixing and kinetic decomposition[23,24].

6. Syngas generation

Most active and selective catalysts for the partial ox-
idation of methane to syngas include Ni-based and no-
ble metal-based catalysts, particularly Rh, supported
on ceramic oxides. Since syngas is the thermodynam-
ically favoured product at usual membrane operating
temperatures of∼900◦C, yields approach 100% for
balanced conditions (i.e. for a 1/2 ratio of O2/CH4),
and in the presence of a reliable catalyst. The key to
success of MIEC membrane-based syngas production
rather is to develop a ceramic membrane that combines
a high oxygen flux with a long-term mechanical sta-
bility in the hostile syngas environment.Table 1sum-

Table 1
Oxygen flux values observed during syngas generation experiments and reported time on duty

Membrane materials O2 flux (ml cm−2 min−1) Temperature (◦C) Time on duty (h) Reference

SrFeCo0.5Ox 2–4 850 1000 [25,26]
Ba0.5Sr0.5Co0.8Fe0.2O3−δ 11.5 875 500 [27,44]
La0.8Sr0.2Co0.1Fe0.8Cr0.1O3−δ 14.5 900 340 [28]
BaCo0.4Fe0.4Zr0.2O3−δ 5.6 850 2200 [29]
La0.3Sr1.7Ga0.6Fe1.4O5+δ 6–7 900 1000 [30]

marises performance values of a number of membrane
materials, including the oxygen flux and the reported
time on duty.

Though SrCo0.8Fe0.2O3−δ exhibits a high oxygen
flux under air/He conditions[7], Pei et al.[31] found
two types of structural failure to occur when mem-
branes were used in syngas generation experiments.
Shortly after the reaction started, a failure caused by
the lattice expansion mismatch of opposite sides of
the membrane occurred. The second type of fracture
occurred after days and was the result of chemical
decomposition to SrCO3, and elemental Co and Fe.
Others have observed membrane failure after a few
minutes or hours of operation for membranes fab-
ricated from La0.2Sr0.8Co0.4Fe0.6O3−δ [25,26] and
La0.6Sr0.4Co0.2Fe0.8O3−δ [32]. In the author’s lab-
oratory, membranes made of La0.2Sr0.8Co0.1Cr0.1
Fe0.8O3−δ were used in the conversion of methane
to syngas. The membranes cracked after 350 h of
operation at 900◦C [28].

Tsai et al. [33] reported that La0.2Ba0.8Co0.2
Fe0.8O3−δ shows higher oxygen fluxes and would
be much more stable than La0.2Sr0.8Co0.2Fe0.8O3−δ.
The authors successfully used membranes of the lat-
ter composition in syngas generation experiments
for 850 h at 850◦C, albeit that XRD, EDS and SEM
analyses after the experiments revealed morpholog-
ical and compositional changes of the membrane
surfaces. Also noteworthy is that a fivefold increase
in the oxygen flux up to a value of 4.3 ml cm−2 min
was observed by packing the 5% Ni/Al2O3 catalyst
directly on the membrane reaction-side surface. This
observation demonstrates that intimate contact of the
catalyst and membrane surface is critical to deplete
oxygen at the immediate membrane surface in order
to establish a high oxygen potential gradient for oxy-
gen transport. XRD, EDS and SEM analyses however
revealed structure and composition changes on the
surface.
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Fig. 6. Idealised structures of (a) cubic perovskite (CaTiO3) and (b) orthorhombic brownmillerite (Ca2Fe2O5) lattice with ordered oxygen
vacancies along the cubic [1 1 0] direction.

Shao et al.[27,44] successfully operated a reac-
tor for conversion of methane to syngas for more
than 500 h using Ba0.5Sr0.5Co0.8Fe0.2O3−δ as the
membrane. At 875◦C, a stable oxygen flux of
11.5 ml cm−2 min was observed, the performance be-
ing optimised by decreasing the distance between
membrane surface and the reforming catalyst. Opti-
mum performance was found in the case when some
catalyst particles were deposited on the membrane
surface, as revealed by SEM–EDS analysis. Though
H2-TPR experiments demonstrated that the material
is not stable under the reducing syngas atmosphere
(with a pO2 of about 10−17 bar), the limited kinetics
at the reaction-side of the membrane were said to
have stabilised the membrane.

An alternative material based on cobalt-doped
Sr4Fe6O13 was developed by Balachandran et al.
[2,25,26]. This material adopts an orthorhombic in-
tergrowth structure, consisting of perovskite layers
alternating with Fe2O2.5 sesqui-oxide blocks perpen-
dicular to theb-axis. Tubular membranes made from
SrCo0.5FeOx (SrCo2Fe4O13+δ) could be operated
in excess of 1000 h, with oxygen flux values simi-
lar to those observed through the cobalt-containing

perovskite structures, but yet did not fracture in the
process for preparing syngas (Fig. 6). A decline in
the oxygen flux (from 4 to 2 ml cm−2 min−1) was ob-
served. More recently, it was found that SrCo0.5FeOx

and related compositions Sr4(CoxFe1−x)6O13+δ show
multiphase behaviour; the majority phase undergoes
decomposition at 900◦C into rock salt and perovskite
phases SrCoxFe1−xO3−δ at reduced oxygen partial
pressures, though the observed phase changes are re-
versible when the surrounding atmosphere is changed
again to air[34]. It is therefore unlikely that com-
positions based on SrCo0.5FeOx exhibit long-term
stability in syngas generation experiments. Further
information about the complex phase behaviour of
SrCo0.5FeOx can be found in a number of papers
[35–37]. Xia et al. [38] reported that the oxygen
flux for the composition SrCo0.5FeOx is mainly
due to the perovskite phase and not the intergrowth
phase.

It is apparent that the cobalt-containing perovskite-
related oxides suffer from stability problems in a
syngas environment, which might cause membrane
failure during long-term operation. This forms a
major incentive in several recent studies for either
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Fig. 7. Long-term stability in CH4 conversion, CO selectivity, H2/CO ration and oxygen flux observed in partial oxidation of methane at
850◦C using a BaCo0.4Fe0.4Zr0.2O3−δ membrane reactor and catalyst LiLaNiO/�-Al2O3 (reprinted from Tong et al.[29]).

lessening the relative amount of cobalt in the per-
ovskite phase, to co-dope the material with less re-
ducible ions, e.g. Zr4+, Ga3+ and Al3+, or to add a
toughening material such as zirconia or alumina. Tong
et al. [29] employed disc membranes fabricated from
BaCo0.4Fe0.4Zr0.2O3−δ in syngas production experi-
ments at 850◦C for more than 2200 h (Fig. 7). XRD,
XPS and EDS analyses revealed that slight chemi-
cal decomposition had occurred at both membrane
surfaces.

Seeking for empirical relationships for predicting
oxygen-ionic conductivity in perovskite solid solu-
tions, such as the average metal–oxygen bonding
energy, the lattice free volume, and the overall po-
larisibility, investigators from Eltron Research team
have identified mixed-conducting brownmillerite-
derived compositions, represented by La2−xSrxGa2−y

FeyO5+δ, reported to be stable over longer periods of
time [30]. As mentioned before, the brownmillerite
structure must undergo some thermally induced dis-
ordering of the oxygen vacancies characteristic for
the defective perovskite structure to obtain apprecia-
ble levels for the ionic conductivity. The optimised,
but classified composition demonstrated continuous
performance for over 1 year at a syngas production
rate of 60 ml cm−2 min−1 (equivalent oxygen flux
10–12 ml cm−2 min−1) for the conversion of natural
gas into syngas[39]. Eltron Research has teamed with
Air Products towards commercialising the membrane
technology for CPO of methane to syngas over the
next several years.

7. Enhanced selectivity

Obtaining enhanced product selectivity in partial
oxidation reactions of hydrocarbons has been another
goal of researchers using MIEC membranes. Besides
the controlled, distributed supply of oxygen to the side
where the catalyst and reactants are located, the oxy-
gen flux may alter the relative presence of different
types of active oxygen species (e.g. O2−, O−, O2

−) at
the membrane surface[40]. These occur as possible
intermediates during the recombination of two oxy-
gen anions towards molecular oxygen, which involves
a sequence of reaction steps. In a number of studies,
the product selectivities in the oxidative coupling of
methane are found significantly higher than those ob-
tained in conventional co-feed reactors[41–48]. How-
ever, the reported yields are low, generally below 20%,
which is mainly attributed to the low intrinsic catalytic
activity of the employed MIEC materials in the oxida-
tive coupling reaction, which involves the intermediate
formation of methyl radicals CH3•, and to competing
reactions in the gas phase. The relatively low oxygen
fluxes through current generation of MIEC membranes
at intermediate temperatures (∼500◦C) largely limit
their use in other partial oxidation reactions.

8. Conclusions and perspectives

The subject of syngas production using MIEC mem-
branes has attracted much interest the past decade
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since the economics and environmental benefits are
very favourable compared to existing methods. Eval-
uation indicates that oxygen fluxes are required in the
range 5–10 ml cm−2 min−1 (STP), preferably higher,
to achieve the potential benefits[49]. The performance
values for selected membrane materials discussed in
this review are in this range, while stable continu-
ous operation in a single case has been monitored for
over 1 year. Research in coming years will continue
in identifying new membrane materials that combine
a high oxygen flux with sufficient reliability and dura-
bility, and towards developing more efficient routes
for membrane fabrication to scale up reactors.

A definite requirement to allow a membrane to func-
tion under the severe conditions of syngas production
is that it exhibits a high degree of chemical and me-
chanical stability. Doubts have been expressed of the
use of cobalt-containing perovskite membranes, due
to their limited stability against reduction. Partial de-
composition of the membrane surface up to certain
depth as a result of exposure to the reducing syngas
environment must certainly be avoided, if it were to be
tolerated at all, to avert the risk of mechanical failure.
A challenge facing researchers in this area is therefore
to understand the critical roles reactor design, reaction
kinetics and addition of possible substituents to the
methane feed stream (e.g. H2O) play in determining
the oxygen activity at the immediate membrane sur-
face so as to avoid reduction of the membrane material.

A major barrier to technological application is the
high operating temperature to obtain acceptable oxy-
gen fluxes. Many technical hurdles need to be over-
come. Besides issues related to membrane stability
and integrity with respect to other reactor compo-
nents, one of the key problems is the development of
seals for the ceramic elements that are able to oper-
ate at these high temperatures. In addition to syngas
production, many other market opportunities exist
if the temperature of membrane operation could be
lowered without sacrificing the oxygen fluxes. The
development of such membranes operating at mod-
erate temperatures poses a key challenge to material
scientists in this area. The use of supported thin-film
membranes will definitely allow a substantial reduc-
tion in operating temperature as was demonstrated in
recent studies[50,51]. Additionally, we need an im-
proved understanding of the role of extended defect
interactions, and onset of locally ordered arrange-

ments of oxygen vacancies, in determining the oxy-
gen fluxes, and how these can be manipulated when
optimised performance is to be achieved. Most of
the present research is focused on syngas production.
Existing literature data clearly demonstrates the prin-
cipal feasibility of the concept. The ability for using
MIEC membranes in reactors for the oxidative de-
hydrogenation of ethane or propane, or for the direct
conversion of methane to methanol or formaldehyde
is tantalising, and yet represents another challenge.
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