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The exploitation of membranes within the chemical
industry is an area of growing interest. Inorganic
membranes promise high stabilities even under high
temperature conditions (>200 °C). In addition, very high
selectivities can be attained when dense ion-conducting
membranes are employed. Here the characterisation of
such dense inorganic membranes, through permeation
studies, and the application of these membranes in
chemical production are reviewed. Additional back-
ground information on membrane fabrication and
techniques for characterisation is also provided.

1. Introduction

If membrane technologies are to be exploited, such membranes
must be compatible with the desired temperature of operation
of the membrane system. As many catalytic processes of
industrial interest, such as hydrocarbon oxidation, hydrogena-
tion and dehydrogenation reactions, proceed at temperatures
above 200 to 300 °C, any membranes employed must be
inorganic. Inorganic membranes can be broadly classified as
being either dense or porous. All porous membranes suffer
from problems relating to membrane selectivity, while dense
membranes functioning as ion conductors can be tailored to
exhibit a very high degree of selectivity yet still maintain
reasonable conductivities at temperatures of interest.

All solids, to a greater or lesser extent, exhibit both ionic
and electronic defects. Depending upon the concentration and
mobility of these defects the material will exhibit ionic and
electronic conduction. The conductivity of a species i, g;, can be
related to the charge on the species z;, the mobility, u;, and the
concentration of the species, C;,

g, = FZ,'M,'C[ (1)

where F is Faraday’s constant. The total conductivity, g, of the
material depends upon the sum of all individual conductivies,

O':FZZ,‘M[C,‘ (2)

Hence individual conductivities can be expressed as a fraction
of the total conductivity by using a transport number, ¢,

o; = ;0 (3)

Here we will focus on materials that simultaneously exhibit
both appreciable ionic conductivity and electronic conduc-
tivity, that is, mixed ionic and electronic conductors (MIECs).
MIECs cannot be used for the direct external electrical control
of the flux of a species to a catalyst surface nor can they be
effectively employed in fuel cells. This limits their application to
simultaneous reaction and separation problems. MIECs also
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tend to be much better catalysts' than the catalytically inert
solid electrolytes (ion transport number greater than 0.99)
meaning that it may be possible in some applications to avoid
the need for catalytic modification of the membrane surface.
Indeed MIECs can be used as electrode materials®“ because of
their ability to conduct electrons coupled with their inherent
catalytic activity. However, this catalytic activity and electronic
conductivity also means that chemical stability can become an
issue for these materials when exposed to a difference in oxygen
chemical potential.

When used as a membrane, the MIEC essentially acts as a
barrier between two chambers and only the ionically-conducted
species can pass through the membrane under a chemical
potential gradient. Such membranes promise advantages when
used for oxidation processes as air can be used as an oxidant
with no mixing of nitrogen with the product stream. This
elimination of what is often a difficult separation can lead to
process cost savings. Additionally, reaction selectivity may be
improved in such systems as gas phase oxygen is no longer
present on the reaction-side of the membrane. Fig. 1 shows a
schematic representation of an oxygen-ion conducting MIEC
membrane employed for the oxidation of a hydrocarbon.

It is the purpose of this paper to review the use of such MIEC
membranes in chemical production. The vast majority of work
in this area has been devoted to syngas (carbon monoxide and
hydrogen) production from methane and natural gas and to a
lesser extent the oxidative coupling of methane. Work on the
former reaction system will be reviewed in detail (there has
been very limited work with other reaction systems and such
work will not be reviewed). Perhaps the most important con-
sideration for an MIEC membrane used in chemical produc-
tion is the transmembrane flux that it can deliver. For practical
commercial use of oxygen-ion conductors an oxygen flux of 1
to 10 ml (STP) cm ™2 min ! has been suggested as necessary.>
This flux is intimately related to membrane performance and as
a result this review article will also focus on the use of permea-
tion studies in MIEC membrane characterisation and the
relationship between such studies and membrane performance.
For completeness we will also describe other techniques for
membrane characterisation and indeed membrane fabrica-
tion including the selection of appropriate mixed-conducting
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Fig. 1 Schematic of the function of a dense MIEC membrane supply-
ing oxygen for hydrocarbon combustion.
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materials where we will focus on the perovskite family.
However, membrane characterisation and fabrication are not
the focus of this review.

2. Mixed ionic—electronic conducting materials

Ion-conducting solid materials synthesised and studied thus far
include, Agl, fluorite oxides, pyrochlore oxides, brownmillerite
oxides, aurivillius oxides and ceramics based on the perovskite
structure.” The naturally occurring perovskite mineral is found
enriched in cerium, niobium, thorium, lanthanum, neodymium
and other rare earth metals. The mineral, CaTiOs, has a cubic
close-packed structure formed by the large 0>~ and Ca>" jons.
Distortion of the cubic symmetry is possible and other
symmetries such as rhombohedral may be encountered. The
smaller Ti** cation occupies the centre of the cube and is
octahedrally co-ordinated to the O®  anions on the faces of
the cube. The general formula is ABO; with the total charge of
A and B equal to +6. The cubic structure is presented in Fig. 2.
A perovskite without defects does not exhibit ionic con-
ductivity. It is only when there are intrinsic defects present, or,
defects are introduced, that it becomes a useful conductor that
can be employed for applications of interest. The defects may
take the form of vacancies at lattice sites, ions displaced into
interstitial sites, impurities or lattice ions in a valence state such
that A and B do not sum up to +6. In order for the lattice to
remain electronically neutral, each charge defect must be
compensated by another of equal magnitude and opposite sign.
Doping with heterovalent cations is possible at both the A and
B sites and can provide a number of complex perovskite
families derived from the simple ABO; formula, for example,
AA’ BB ,03 ;s and A3B';,B", Oy (a triple perovs-
kite) with the A site in general occupied by large alkali earth
metals and the B site by lanthanides and smaller first row
transition elements (particularly important for an electronic
contribution to the total conductivity). The creation of lattice
oxygen vacancies is indicated by the 3—J oxygen non-
stoichiometry. The aim of the synthesis chemist is to dope
heterovalent cations of similar size into the ABOj structure to
create ionic and electronic conductivity and produce chemically
and mechanically stable MIECs. The O*~ anion conductivity is
achieved by doping-in acceptor cations of a lower charge than
the cation they are replacing. The lower charge is compensated
by O?~ vacancies, which at sufficiently high temperatures in an
oxygen-containing atmosphere provide a vehicle for oxygen-
ion conductivity through the lattice. While an increase in lattice
oxide anion vacancies naturally leads to an increase in con-
ductivity, too many vacancies will adversely affect the structure
as the lattice becomes unstable resulting in more facile phase
changes. The doping and resultant defect chemistry of the
perovskite-based oxide-ion conductor is complex and the
reader is directed to other sources that deal with this subject in
detail.* "2

The aim of this review paper is to consider the application of
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Fig. 2 The ideal cubic close packed ABO; perovskite structure.
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these materials as membranes. In order for permeation of
oxygen to take place through a ceramic membrane, adsorption
and dissociation of oxygen molecules must occur on the surface
at active adsorption sites. The adsorbed oxygen must be
reduced and incorporated into the crystal lattice as oxide
anions. Such surface processes can be grouped together and
described by an oxygen surface exchange coefficient. Similar
processes will also occur on the oxygen-evolving side of the
membrane. The flux of oxygen, jo, through the membrane
surface can be expressed in terms of a partial pressure, chemical
potential or concentration (gas phase or solid phase) driving
force. Most commonly a solid-phase concentration driving
force is used to obtain what is often termed a chemical surface
exchange coefficient, k,

Jo = kK(Co,y — Co) 4)

where Co is the solid state oxygen concentration at the surface
and the subscript g is used to denote a virtual solid state oxygen
concentration that would be in equilibrium with the oxygen in
the gas phase.

The MIEC membrane itself exhibits both ionic conductivity,
Gion» and electronic conductivity, o,. The total membrane con-
ductivity, g, is given by the sum of the individual conductivities,

0 = Ojon t+ 0, (5)

It can easily be shown that the current density of species i
depends upon the charge on the species, its conductivity and
the gradient in its electrochemical potential (where ; is the
electrochemical potential of the ith species),

. o; diy;
_ 6
f Zl‘F dx ( )
Therefore the ionic current can be described by,
. Oion d/jian
Lo _Zlon Tivion 7
lmn Zl-un F dx ( )

and the electronic current, if carried by electrons (n-type
conductor),

In the absence of an external electrical circuit,
lion tie =0 &)
and therefore,
Gion_ Aftion _ e dfie (10)

zion F dx ~ F dx

In oxygen deficient perovskites (general formula of ABO;_;)
the ion flux is carried by oxygen-ion vacancies and we may
write the above in terms of oxygen vacancy conductivity, oy,
and electrochemical potential, p,

Uvdﬂy _ Gedﬂe

2F dx  F dx (1
and the flux of vacancies can be evaluated from,
. iV ay dﬂy
== 12
TV=oF T T 4R dx (12)
where,
Dy, ., . DyCydpy
O-V_ﬁ“F CV, or, Jjy = RT dx (13)

and Dy is the diffusion coefficient of oxygen-ion vacancies and
Cy is the concentration of these vacancies.
Alternatively the flux may be expressed in terms of an oxygen



diffusion coefficient, Do, in which case it can be shown that,

DyCy = DoCo (14)
where Cop is the lattice oxygen concentration. The concentra-
tion of vacancies and occupied oxygen lattice sites can be
related to the total site concentration, C, using the degree of
non-stoichiometry, J,

Cyngand co=(¥)c (15)

0
DV(m) —DO

The degree of non-stoichiometry is often small (between 0 and
0.1) and therefore oxygen diffusion coefficients tend to be much
smaller than vacancy diffusion coefficients.

Defect concentrations are determined by reaction between
gas-phase oxygen, oxygen vacancies and electrons on both
sides of the membrane through the reaction,

and hence,

(16)

O, + 2Vy + 4e’ = 200 (17)
The oxygen chemical potential difference across the membrane
results in an electrochemical potential difference in oxygen-ion
vacancies and electrons such that, in the absence of surface
limitations,

ANOZ =2Apo= —2Apy —4Ag,, or,

- - (18)
d/"Oz =2duo=—2dpy —4d.
Combining with Equation (11), we obtain,
lo,
djiy = — 3% dpo, (19)
o
and therefore, using Equation (12),
1 e 2
jy= o v oedio, (20)

T8F2 o dx

To proceed, we assume that the electron transfer number
approaches unity and therefore there is no gradient in electrical
potential in the membrane. Substituting for electrochemical
oxygen potential in terms of oxygen partial pressure in the
absence of a gradient in electrical potential gives,

RT dlnPy 1

= —— =-DyC 21
=R 4y 7 DvCr— - (21)
or
. RT oy dCV dCV
=— Ty = 22
v 4F? CV/ dx g @2)
where 7 is known as the thermodynamic factor and is given by,
ldlIlPO2
/=T 2dmey @3)

(The thermodynamic factor is used to convert between
thermodynamic diffusion coefficients (electrochemical poten-
tial driving force) and diffusion coefficients based on a con-
centration driving force.)

Permeation experiments performed on the membrane in the
absence of surface limitations determine a chemical diffusion
coefficient,D,

- dCy
Di

dx
Such experiments require the integration of Equation (24).
Most commonly, under the conditions of operation, the

Jv=— 24

chemical diffusion coefficient is assumed to be independent
of membrane depth and the limits of vacancy concentration
are determined from data on the degree of non-stoichiometry
of the material versus oxygen partial pressure or chemical
potential. Comparing Equations (22) and (24), the chemical
diffusion coefficient can easily be related to the vacancy
diffusion coefficient,

D=yDy (25)

and the thermodynamic factor and can be evaluated from
the degree of oxide non-stoichiometry versus oxygen partial
pressure or chemical potential.

Ilgleally, for an n-type oxygen-deficient perovskite, y is given
by

l(flll’lpoz

T 2dInCy

and the chemical diffusion coefficient obtained in such experi-
ments is easily related to the vacancy diffusion coefficient and
the oxygen diffusion coefficient,

D=3DV=3(¥)D0

(26)

@7

This means that to practically determine diffusion coefficients,
the conditions under which the membrane is operated must be
known along with information on membrane thickness, oxygen
flux and degree of non-stoichiometry as a function of oxygen
partial pressure or chemical potential.

3. Membrane fabrication and characterisation
3.1. Ceramic powder synthesis

The perovskite oxides can be synthesised by a number of
different routes that can be categorised according to whether
they involve solid-state reaction, gel formation or solution or
vapour phase processes.

Solid-state reaction is perhaps the most common and most
direct method used because of its simplicity. High purity oxides
or carbonates (>99%) of the component elements in cationic
form are thoroughly mixed together by ball milling for around
24 hours in order to obtain a homogeneous powder. The
powder is then heated to in excess of 1000 °C to facilitate the
solid-state reaction of the oxides. The process may be repeated
several times. Often, the resultant powder is sieved to the
required particle size.

The sol-gel method was developed in the 1950’s for the
production of radioactive powders of UO, and ThO, for
nuclear fuels without generation of large quantities of dust. The
method involves the production of gels from liquids followed
by calcining to form the product. Sols are dispersions of solid
particles with at least one dimension between 1 nm and 1 pm in
a continuous liquid. Gels consist of a continuous solid skeleton
enclosing a continuous liquid so that producing a gel from a
sol requires linking the solid phase in the system. This is a
more involved and expensive synthesis route than the solid-
state reaction. Metal nitrates or alkoxides of the constituent
elements of the ceramic are dissolved in water and a chelating
agent is added. The mixture is heated and stirred causing
polymerisation, followed by condensation. Evaporation of the
water causes the gel to form, which is then heated to remove the
organics, leaving the ceramic powder product.

Co-precipitation is one of the oldest methods of preparing
mixed oxides. An aqueous solution of the metal cations is
mixed with another solution that contains a precipitating
agent. The precipitated product is filtered, dried and thermally
decomposed to isolate the ceramic powder. Care must be taken
to ensure that parameters such as pH, temperature, con-
centration and mixing rates are optimised. Different rates of
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precipitation of each component may lead to inhomogeneity.
Precipitation of the metal hydroxides with metal nitrates,
chlorides and oxalates, dissolved in an acidic aqueous solution,
can yield high purity powders of small particle size.

Spray drying involves the rapid vaporisation of a solution
of the metal cations. Freeze drying involves spraying of fine
droplets into liquid nitrogen followed by slow sublimation of
the solvent. These methods enable one to control impurities
and produce fine homogeneous particles, in some cases as small
as 10 nm.

In solid state combustion (SSC) there are two modes; self-
propagating high temperature synthesis (SHS) and volume
combustion synthesis (VCS). The reactants are mixed, pelle-
tised and ignited by an external source. The combustion wave
passes through the heterogeneous mixture yielding the con-
densed ceramic phase. The method can be used in conjunction
with applied electromagnetic fields (field activated combustion
synthesis, FACS). Another development is solution combus-
tion (SC) that has been used to prepare a wide range of metal
oxides and found to be particularly efficient at doping metals
into oxides. Spray pyrolysis employs a solution of the appro-
priate metal nitrates, at the required stoichiometry, which is fed
into a nebuliser. The nebuliser producers a fine spray of the
metal nitrates that passes into a reaction chamber maintained
at around 800 °C. The reaction produces a particularly fine
ceramic powder.

Other methods applied to solid oxide synthesis include hydro-
thermal methods, plasma spraying, electron beam evaporation
and arc vaporisation. The interested reader is directed to reviews
on metal oxide synthesis such as those by Cousin and Ross'*
and Patel er al.'®

3.2. Powder characterisation

The quality and performance of the ceramic powder must be
quantified. There are many techniques now available to aid the
material scientist in doing this. Below we describe briefly some
of the more common methods that are routinely employed.

X-Ray diffraction is essential in determining crystallinity and
phase purity of the ceramic powder. It is also often used in
post-operation studies where the material has for example been
used in demanding environments that could have had adverse
effects on the crystal structure. The method has also been used
for in situ studies of crystal growth in oxide systems. Scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) are used to determine particle size (among a
range of other techniques) and morphology of the ceramic
powder. During thermogravimetric analysis (TGA) the sample
temperature is increased with time and the weight of the
ceramic powder is monitored. The weight loss at a specific
temperature and oxygen partial pressure corresponds to the
creation of lattice oxygen vacancies and reduction of metal
cations. This technique can be used to determine the degree of
non-stoichiometry of the oxide versus oxygen partial pressure
or chemical potential.

Solid state nuclear magnetic resonance (NMR) is not
commonly used with ceramic powders due to cost of the
technique and the difficulty in studying many nuclei of interest.
The technique is more easily applied to systems with spin Y2
nuclei such as 'H and 2°Si. However the quadrupolar nature of
many of the elements in metal oxides, including 170 itself, adds
complications but useful data can be obtained even with these
difficult nuclei. The NMR parameters; 7; (longitudinal) and
T, (transverse) relaxation measurements of '’O have been used
to determine the chemical diffusion coefficient, D.'° High
temperature 'O NMR has been used, in conjunction with high
temperature XRD, to investigate structural changes in metal
oxides and to observe oxygen vacancies. Most studies have
used 70O but other nuclei studied include '*La.

A comprehensive survey of analytical techniques employed
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for ceramic powder characterisation dealing with issues such as
phase state and structure, size, shape, strain and microstructure
is provided elsewhere.'’

3.3. From ceramic powder to dense membrane

The ceramic powder once synthesised and characterised needs
to be processed into a form appropriate for the application
under consideration. Traditional ceramic membrane forming
processes have included, die pressing, cold isostatic pressing,
slip casting and extrusion. More recently methods such as
injection moulding and tape casting have been developed.
Some traditional methods have been developed further to meet
particular property requirements resulting in new methods
such as hot pressing, hot isostatic pressing and pressure casting.
As the synthesis chemist must endeavour to produce high
quality well-characterised ion-conducting ceramics, so the pro-
cess technologist must ensure that membranes fabricated from
these ceramic powders are of a high standard to minimise flaws
and defects. The three basic shaping processes for ceramics
powders are pressing, casting and plastic forming.

Die pressing is the most widely used shaping technique for
laboratory scale studies such as oxygen permeation and con-
ductivity tests and consists of the uniaxial compaction of a
ceramic powder while confined in a compression die. Applied
pressure is of the order of 200-500 MPa with disk size typically
10 to 20 mm in diameter and 1 to 2 mm in thickness depending
on die size and the quantity of ceramic powder used. During
isostatic pressing the powder, or preformed die-pressed com-
pact, is loaded into a flexible air-tight container, typically
polyurethane, placed in a closed pressure vessel filled with
liquid and compacted by increasing the pressure within the
vessel. The pressure change takes place throughout the liquid,
thus exerting a uniform applied pressure over the entire surface
area of the airtight container. In this way, the material is
uniformly compacted and will retain the general shape of the
flexible container. In hot isostatic pressing a compact is sintered
at high temperature in a pressurised gas atmosphere. The
compact must either be impermeable to the pressurising gas or
be encapsulated in a gas-tight container. In the former case,
powder compacts are first sintered to remove surface connected
porosity. The use of hot isostatic pressing leads to additional
densification and increased strength.

In slip casting, a “‘slip”, consisting of a low viscosity suspen-
sion of micrometer size ceramic particles in a liquid (usually
water), is poured into a porous mould. The mould absorbs
some of the liquid from the outer layers of the suspension,
which is then inverted and the remaining suspension is poured
out to make hollow objects as in slush casting of metals. For
solid ceramic objects, the slip is supplied continuously into the
mould to replenish the absorbed water. The suspension is not
drained from the mould but is left as a soft solid referred to as
the “green”, as in powder metallurgy. Tape casting (also
known as “doctor blading” and “knife coating’) facilitates the
production of sheets of ceramic from 5 pm to 1 mm in thick-
ness. A slip is used which is poured onto a rolling film. The
process utilises a scraping blade, known as the “doctor” for the
removal of excess slip material from a moving surface (similar
to a conveyer belt) that is being coated. Alternatively the
surface can be stationary and the doctor blade traversed along
the length of the surface that supports the slip.

The extrusion processes consist of forcing a plastic mix of
a ceramic powder through a constricting die to produce
elongated shapes that have a constant cross-section. The slip
consists of a fine ceramic powder with the appropriate addition
of binder(s) and plasticiser(s) to give the desired flow properties
either cold, or when heated, prior to being forced through the
die. Low pressure injection moulding (LPIM) has several
major benefits over more traditional manufacturing techniques
such as die pressing. It is a good technique for high volume



components and provides an option for producing ceramic
components using low cost tools in comparison to high pres-
sure moulding techniques. The LPIM process enables fabrica-
tion of very complex shapes as well as simpler components.

After the shape-forming process the membrane undergoes a
sintering process. Sintering the membrane to temperatures in
the range 500 to 1500 °C (depending on the specific ceramic and
method of fabrication) causes densification to take place as
surface reactions between the crystallites (or “grains”) that
comprise the membrane structure take place. The crystals bond
to their neighbours and in so doing eliminate the void spaces
between. This process also gives rise to the phenomenon of
“grain boundaries”.'® Such grain boundaries can have a posi-
tive or negative effect on the ionic and electronic conductivity
of the membrane but are an unavoidable complication once
sintering has occurred. The study of grain boundaries is outside
of the scope of this review and will not be considered further.

For applications of the membrane, a number of reactor
configurations exist; the membrane can take the form of a disk/
pellet or a tube that can be either open-ended or sealed at one
end. The most used membrane design in MIEC studies has
tended to be the simple disk. However, a recent paper by
Trunec has shown that good quality dense thin walled tubes of
around 10 mm in diameter with a wall thickness of around
300 pm can be made.'® The idea of the tubular reactor has
recently been taken a step further by Liu ef a/>°*? and Luyten
et al.®* In their work they were able to make dense fine hollow
fibres of a number of ceramic materials by spinning a dope
comprising the ceramic powder in a polymer binder. Presented
in Fig. 3 is an SEM of the cross section of a typical hollow fibre,
inner diameter values are of the order of 1 mm and length ca.
200 mm. When used in bundles such designs can address the
problem, at laboratory scale, of low reactor surface area and
provide a high throughput of pure oxygen for high product
yields. The reader is directed to a number of review articles
dealing with the use of dense oxide-ion conducting membranes
focusing on aspects such as membrane material selection,
reactor design and chemical process applications.>*2¢

3.4. Membrane characterisation

Characterisation of the membranes falls into three general
classifications. Firstly, techniques may be used to investigate
the physical nature of the membrane. Imaging can readily give
the grain size distribution and show the grain boundaries.
Imaging of the membrane surface can also indicate imperfec-
tions such as cavities and porosity and estimate relevant surface
areas.

Secondly, specific methods can be used to measure individual
diffusion coefficients and surface exchange coefficients by rely-
ing upon the differing length-scales involved in, or the differing
inherent time constants of, the relevant processes (the
implementation of such techniques can be quite complex and

1SkU

Fig.3 SEM cross-section of a dense ceramic hollow fibre filament.

will not be covered here). Surface exchange coefficients and
tracer diffusion coefficients (related to thermodynamic diffu-
sion coefficients) can be separated using oxygen diffusion
measurements methods. In the '°0-'80 isotope tracer method
coupled with secondary ion mass spectroscopy (SIMS), the
membrane sample is heated in natural abundance oxygen and
then cooled. Following evacuation, 180, is introduced and the
sample heated to the same temperature as was used for natural
abundance O,. The sample is then sectioned and the 'O
diffusion profile measured by SIMS line-scanning.?’ The tracer
diffusion coefficient and surface exchange coefficient can be
determined by fitting the isotopic fraction of oxygen to the
solution for the one dimensional diffusion equation for semi-
infinite media. The oxygen tracer diffusion coefficient is equal
to the oxygen diffusion coefficient divided by the Haven ratio.
The Haven ratio accounts for correlation effects in tracer
diffusion.'® The surface exchange coefficient is sensitive to the
condition of the surface of the membrane sample and encom-
passes a number of surface processes such as adsorption,
disassociation etc. These factors make agreement of values for
surface exchange coefficients for a given sample difficult and
there is often disagreement in the literature. AC impedance
spectroscopy (IS), or, electrical impedance spectroscopy (EIS)
can be used to separate the resistances associated with a
membrane as a result of their different time constants. A small
AC electrical field is applied to the membrane over a frequency
range of, e.g., 10° to 0.1 Hz. Each process occurring within the
membrane has a characteristic response and grain boundary
resistances can even be separated from bulk resistances. Con-
ductivities are then easily calculated from individual resis-
tances. Application of IS to MIECs requires the use of so-called
blocking electrodes, i.e., a material sandwiched between the
MIEC membrane and current collector that excludes one of the
current contributions. An example of this is the use of the pure
oxide anion conductor YSZ deposited on an MIEC membrane
with a Pt electrode in turn deposited on the YSZ layer. In this
configuration the YSZ only allows the ionic contribution from
the total current passing through the MIEC to be collected at
the Pt electrode. To block the ionic contribution in MIECs,
plates of inert metal or graphite can be used. Conductivity
relaxation experiments involve changing the oxygen partial
pressure surrounding a sample and monitoring the change in
electrical conductivity versus time. Provided that the ionic
conductivity of the sample is much less than its electronic
conductivity, the relaxation is controlled by the movement of
ionic species. Solution of the governing equations results in a
model that can be compared to the transient conductivity data
to yield a chemical diffusion coefficient and surface exchange
coefficient.

Finally, the most common approach to membrane charac-
terisation involves studying oxygen permeation. Such an
approach yields information about overall transport rates
and it can, therefore, be difficult to assign a rate-determining
step or determine exchange and diffusion coefficients. In the
permeation experiment the membrane separates two compart-
ments within a sealed cell. On one side of the membrane an
inert, often helium, is introduced at a given flow rate while on
the other side oxygen is introduced at a known flow rate and
partial pressure. (It should be noted that the oxygen flux
through the membrane will result in an oxygen chemical
potential on the helium side. It could be argued that such
experiments would be better conducted by introducing a fixed
oxygen chemical potential, albeit a low oxygen chemical
potential, on this side of the membrane. However, not all
experiments reviewed were conducted with a fixed oxygen
chemical potential on the anodic side.) At elevated tempera-
tures oxygen permeates through the membrane under the
oxygen chemical potential gradient and enters the inert gas
stream. The inert and oxygen permeate leave the cell and are
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Table 1 MIECs investigated for oxygen permeation and syngas production

Perovskite type

CMR configuration(s)

Investigation(s) and
references

Catalysts used in conjunction
with membrane

Lay 6510.4C00.2Fe9.803-5

disk:tubular

0228—31:CO + H256.57,67

Ni/ALO;%7 Ni¥’

Lag ¢Srg 4Cog sFep 035 disk 0,°%:CO + H,* none’
Lao,GSr0.4C00,6FeO.4O3,(; disk 0234 none

Lag ,St9.8Co0 sFe 2035 disk:tubular 0,:Co + H,” Rh-based*’
Lag,A(3Cog-Feqs03-_5 (A = Sr, Ba, Ca) disk 0,% none
LaO‘ISr0_9C00A9FeO_IO3,o~ disk 0233 none
Lag.4Cag¢CoxFei_O5_5 (x = 0, 0.25, 0.5) disk 537 none
Lag»SrggCrg,Feqs03_5 disk and tubular 0,506 none

Lag ;St9.3Gag ¢Feo403_5 disk 0,%:CO + H,% Ni, Pd, Ru, Rh, Co, Fe%
Lag Sto.Gag7M303_s (M = Fe, Co, Ni) disk 0,°%:CO + H," Ni¢’
LaO,SSrO.ZGaO‘gMgO,z,v\,Cov\,O3,(; (X = 0to 02) disk 0238 none

Lag 9Sro.1Ga9.6sMgo.15Nig 2035 disk 0239 none

Lag 5Pro.sGag.6sMgo.15Nip 2035 disk 0239 none

La; Sr,FeO; 4 (x = 0.1to 0.4) disk 0,¢ P3¢
SrCogsFep,05-5 disk and tubular : tubular 0,3%:.cO + H,* Rh-based®
SmFe, sC0p 5035 tubular 0% none
Sl‘o(z§Bi0_5F€O375 disk 0241 none
YSZ-SrCoq 4Feq 603-5 tubular CO + H,* Ni/ALO5*
SrCog 4Feq ¢+ Zr 055 (0 < x < 0.2) disk 0,% none
SrCog.0s—yFe Zrg0s03-5 (0.1 < x < 0.8) disk 0,% none
BaBi, Cog»Fep s 055 (0.1 < x < 0.5) disk 43 none

Bay 5Srg.5Coo.gFe0 2035
tubular
{Lay.15510.85Gag 3Fep 703 - 5Bag sS1o 5C0g gFe9 203 - 5}

disk and tubular : disk and

disk (dual phase)

-
0,*%:.CO + Hy>**7  LiLaNiO/ALO;*®

0,* none

“0,: oxygen flux/stability/conductivity study. > CO+H,: syngas production study.

analysed by, e.g., gas chromatography and/or mass spectro-
scopy. Here we include recent oxygen permeation studies
on perovskite materials in this review, see Table 1. (When
volumetric oxygen permeation fluxes have been reported in the
literature at standard temperature and pressure (STP) we have
quoted these values. However, in a number of articles, there is
no mention of the conditions under which the volumetric flux
was calculated. For these articles we report the volumetric
flux as quoted but we omit referring to STP.) When we quote
only one flux we have attempted to use the maximum flux
obtained in the study or the most stable one obtained. Under
conditions of maximum flux we also quote membrane thick-
ness, temperature and oxygen partial pressures used for the
permeation driving force. All studies reported were performed
at atmospheric pressure. It is common practise to abbreviate
the chemical formula of complex perovskites by using the first
letter of the chemical symbol of each of the constituent elements,
e.g., “L” for La, “S” for Sr, but often oxygen is omitted from the
list of symbols. This string of letters is then followed by a string of
digits each of which corresponds to the stoichiometry of the
corresponding letter (we use the full chemical formula and the
abbreviated formula interchangeably).

The doped lanthanum cobaltite families have attracted
great attention with particular interest in the chemically and
mechanically robust Lag¢Srg4Cog,FeqsOs—5 (LSCF6428)
because of its good ionic and electronic conductivity. Studies
such as that by Lane et al.?® have focused on important aspects
such as ionic conductivity, oxygen diffusion and oxygen surface
exchange as a function of temperature and oxygen partial
pressure. They used a disk membrane configuration, of thick-
ness 0.96 mm, and techniques such as electrical conductivity
relaxation, TGA and '®0 tracer coupled with SIMS. An oxygen
flux of around 0.04 ml cm ™2 min~! was obtained at 800 °C
using helium (containing 0.001 atm of oxygen) and air on either
side of the disk. An oxygen partial pressure range of 0.03 to
1 atm was used for the determination of diffusion coefficients
and surface exchange coefficients employing the 'O tracer
method and conductivity relaxation. Using the '8O tracer
method values for the tracer diffusion coefficient were deter-
mined to be in the range of ca. 1077 to ca. 1078 cm? s L.
Chemical diffusion coefficients were determined by conduc-

tivity relaxation to be between ca. 3 x 10™®and ca. 107> cm?s™ L.
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Using the Haven ratio and appropriate thermodynamic factor
the two diffusion coefficients were found to be in good agreement.
Surface exchange coefficients determined by the two techniques,
however, did not show good agreement and the authors
recommended further work. Permeation studies® on a tubular
membrane design of thickness 1.5 mm fabricated by plastic
extrusion gave oxygen fluxes up to 0.13 ml (STP) cm™ 2 min~
0.1 pmol ecm™2 s~') at 900 °C using helium (containing
0.001 atm of oxygen) and air on either side of the tube. An
overall oxygen permeation activation energy of 168 kJ mol !
was calculated. During the study evidence of deterioration of
the material due to contamination with traces of SO, in the air
leading to SrOy4, CoSOy, SrO, CoO and La,0; was found. The
study did not include experiments to separate surface exchange
or bulk diffusion kinetics. The same group have more recently
looked into the possibility of using a LSCF6428 disk as a
support for a thick porous coating of the same perovskite to
make an asymmetric membrane.*® A slurry of LSCF6428 was
first prepared and then deposited onto the support of thickness
1 to 2 mm by slip casting with subsequent sintering. This
configuration provided oxygen fluxes from 600 to 800 °C
of 0.1 ml (STP) cm™2 min~! to 0.2 ml (STP) cm™? min~"
(0.07 pmol cm ™2 s~ ' to 0.14 pmol cm ™2 s~ ') using helium and
atmospheric air on either side of the disk. These fluxes were
three times that obtained for the dense support disk alone. The
higher flux in the asymmetric membrane was attributed to a
lowering of the overall oxygen permeation activation energy
but no reason for this lower activation energy was given. An
overall activation energy for oxygen permeation was calculated
as 18 kJ mol ™! compared to ca. 160 kJ mol™! as is commonly
reported for this material. Using AC IS Diethelm and Van
herle®' determined the chemical diffusion coefficient of 1.7 x
107° cm? s ! and a surface exchange coefficient (based on a
solid-state concentration driving force) of 3.6 x 10 *cms™!in
air at 900 °C for disks of LSCF6428. With a disk membrane of
thickness 1.53 mm a permeation flux of 0.08 pmol cm ™2 s~ ! was
measured using argon and air on either side of the disk. They
found that permeation was under control of both bulk diffu-
sion and surface exchange.

Other stoichiometries of perovskites based on LSCF have
been investigated. The Lag A gCogFeps03-5 (A = Sr, Ba, Ca)
series was investigated using a disk membrane configuration



with helium and atmospheric air on either side of the disk.** It
was found that the oxygen flux was highest with the strontium-
substituted perovskite because of its low average bond
strength, high free volume and large critical volume. However,
at high temperature and in low oxygen partial pressures
the material decomposed to La,03, SrO, cobalt and iron. In
comparison the barium-substituted material was found to
be more stable under these conditions. The overall oxygen
permeation activation energies for A = Sr, Ba and Ca were
calculated as 106, 123 and 144 kJ mol ™" respectively at 900 °C.
The chemical diffusion coefficients were calculated to be
17.1, 8.54, 2.85 x 107 cm? s~! for the Sr-, Ba- and Ca-
substituted oxide. The steady state values for the oxygen
permeation fluxes in the Sr-, Ba- and Ca-substituted
oxides were 0.81 ml (STP) cm > min~! (0.63 pmol cm™ 2 s 1),
0.40 ml (STP) cm 2 min~' (0.29 pmol cm 2 s ') and
0.12 ml (STP) cm ™2 min~' (0.09 pmol cm™2 s~ ') respectively
at 950 °C using membranes of thickness 2 mm for the Sr- and
Ba- substituted oxides and 1 mm for the Ca-substituted oxide.
In the case of the Ca-substituted oxide a very similar flux
(0.09 pmol cm ™2 s™Y) is seen for a similar temperature and
membrane thickness to those used in the work of Diethelm and
Van herle®! on LSCF6428 (0.08 pmol cm ™2 s™!). However
the chemical diffusion coefficients are significantly different
(2.85 x 1075 cm?s™ ! versus 1.7 x 107> cm?s™ ). This does not
necessarily mean that vacancy diffusion coefficients were very
different in the two cases as a difference in vacancy con-
centration could explain the difference in the chemical diffusion
coefficients. However given the different nature of the data
presented regarding the degree of non-stochiometry in the two
cases (TGA versus thermodynamic factors) a direct comparison
is difficult to make.

Studies on LSCF powder coatings on LSCF membrane
disks were undertaken by Teraoka er al*® using LSCF1991,
LSCF2882 and LSCF6482 and also SrCoggFej,05_;5 disks
coated with porous coatings of LaCoO;, LaggSr,CoO3_;
and SrCoqgFey,05_s perovskites of approximately 150 um
thickness. The difference in the oxygen sorption—desorption
capacity of the coating and the disk influenced oxygen permea-
tion when the coating was used as a cathode material. As
anodic coatings, for oxygen evolution, the effect of the coating
was simply to increase the surface area of the disk. Oxygen per-
meation values ranging from 0.2 to 2.0 ml (STP) cm ™2 min™!
(0.14 to 1.48 pmol cm ™25~ ) were observed at 900 °C on disks of
thickness 1 mm using helium and synthetic air on either side
of the disk. A thorough study of the transport parameters of
LSCF6464 has been carried out by ten Elshof er al** using
electrical conductivity relaxation and high temperature coulo-
metric titration techniques in the temperature range 650 to
980 °C under 0.03 to 1 atm of oxygen with nitrogen as diluent.
The chemical diffusion coefficient was in the range of 10° to
5 x 107° ecm® s~ ! with an activation energy in the range of 90
to 120 kJ mol~". The authors noted that the surface exchange
coefficients (from 107° to 1072 cm s~ ! based on a solid-state
concentration driving force) were dependent on oxygen partial
pressure and concluded that the rate-determining step in the
surface exchange process involved molecular oxygen. However,
it should be noted that mass transfer control could explain the
dependence: mass transfer could possibly have been ruled out
as the controlling process in error. Fixed-bed reactors packed
with powders of LSCF1955 and LSCF1991 that adsorb
particularly large quantities of oxygen due to their high Sr
content, have shown promise as systems for a new oxygen
sorption process for oxygen/nitrogen separation and may
prove to be good candidates for membrane reactor processes.”>

Studies on other La-containing perovskites have included
disks of La;_,Sr,FeO3_; (x = 0.1 to 0.4) in the temperature
range 850 to 1050 °C.>® It was discovered that treatment of the
lower oxygen partial pressure side with a CO-containing

atmosphere (carbon monoxide partial pressures ranging from 0
to 0.3 atm) at high temperature led to improved oxygen fluxes
of up to 2.5 pmol cm™ 2 s~ ! possibly as a result of enlargement
of the membrane surface area arising from segregation of the
perovskite into SrCO; and SrO at the surface. Surface
modification of the x = 0.2 perovskite, sputter coated with a
50 nm layer of platinum, increased the permeation rate by a
factor of ca. 1.8 indicating surface exchange control of the
permeation. Experiments in which membranes of thicknesses
between 0.5 to 2 mm were used with helium containing between
0.001 and 0.02 atm of oxygen, and air, at either side of the
membrane revealed the presence of bulk diffusional limita-
tions. Oxygen vacancy diffusion coefficients in the range 5.3 to
9.3 x 10~ ° cm? 5! were calculated from a modified form of
Equation (20).

Recently the Lag4Cag¢Co.Fe;—,Os_5 (x = 0, 0.25, 0.5)
series was fabricated and tested in disk form for oxygen
permeation and stability studies.’” The study highlighted the
difficulties in obtaining a material with good oxygen flux while
at the same time possessing long term chemical stability and
mechanical strength; the properties that give one benefit can
have a deleterious effect on the other resulting in the search for
a compromise material. A model assuming bulk diffusion to be
rate-determining proved inadequate and was used as indirect
evidence for surface exchange limitations for a membrane
thickness in the 0.72 to 1.73 mm range. The perovskite with
highest cobalt content was mechanically the weakest during
long term testing. Reported fluxes were in the range 0.04 to
0.09 pmol cm ™2 s~ ! at 900 °C using argon and air at either side
of the disk. Further experiments in which hydrogen was
added to the argon side gave an initial flux of 0.83 pmolcm %5~
that later stabilised to 0.6 pmol cm 2 s~ !. Overall permea-
tion activation energies from 84 to 120 kJ mol ! were
calculated.

LaGaO3;, when doped with strontium and magnesium, pro-
duces a family that also possesses good oxide anion conduc-
tivity. Ishihara et al®® investigated doping cobalt at the
gallium-sites in the Lag gSrg ,Gag gsMgg »—C0,05_ s system and
found an increase in oxide-ion and electronic conductivity.
Their work focused on the most promising composition,
Lag gSrg2GapsMgo 115C00.08503—5, using electrical conductiv-
ity methods, AC IS and 'O exchange on disk samples. This
composition gave good oxide-ion conductivity at low tem-
peratures. Values for the oxygen self diffusion coefficient
(42 x 1077 cm? s~ ') obtained from SIMS agreed well with
values obtained from conductivity results at 755 °C (such
experiments would give a tracer diffusion coefficient; the
authors did not state the value of the Haven ratio that was used
to convert between the tracer and the self diffusion coeffi-
cients). The surface exchange coefficient at this temperature
was determined to be 7.9 x 107 cm s~ ! but it was not clear on
which driving force this was based. If a solid-state concentra-
tion driving force has been used, these values of surface
exchange coefficient would be significantly lower than other
values in the literature.’"** This may at least in part be due to
the lower temperature but the specific surface condition of the
sample would also greatly influence the measured value.
Oxygen permeation fluxes of ca. 0.16 pmol cm ™2 s~ to ca.
0.6 pmol cm ™2 s~ ! were observed over the temperature range
600 °C to 1000 °C using dry nitrogen and air at either side of
disks of thickness 1.5 mm. Higher cobalt content (x greater
than or equal to 0.1) was found to impart good electrical con-
ductivity to this family of solid oxides. A minor increase in
phase stability was obtained when nickel was used as the
dopant instead of cobalt in the LaggoSrg.10Gag.esMgo.15-
Ni0_203_(s and Lao_5Pr0_5Ga0_65Mg0_15Ni0_203_(; Systems at
low oxygen partial pressures but praseodymium had a larger
positive influence on the stability.*

The Sr—Co-Fe perovskite systems have attracted attention
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because they demonstrate the highest oxygen permeabilities of
all MIECs but can suffer from degradation in oxygen permea-
tion performance. This is a result of an order—disorder phase
transition in the oxygen sublattice from the formation of a
brownmillerite phase. Experimental and modelling work
concerning the transport mechanism of oxygen in SrCogg-
Fe(,03_5, and for comparison SmCoq sFeq 5055, was under-
taken from data collected using tubular membranes.*’ The
oxygen was supplied to the shell side of the membrane tube and
varied from 0.01 to 1 atm while helium was supplied to the tube
side and contained from 0.002 to 0.07 atm of oxygen. Between
797 and 890 °C the oxygen diffusion coefficient varied from
2.1t03.0 x 107 °cm?s™ ! and the surface exchange coefficient
(based on a chemical potential driving force and so not directly
comparable with previously cited surface exchange coefficients
without the use of an appropriate thermodynamic factor)
varied from 3.6 t0 9.2 x 107° cm s~ ! for the SrCoy gFeq,03_5
tube of thickness 2.5 mm (inner diameter 3 mm and outer
5.5 mm) and length 9.3 mm. For the larger tube of thickness
2 mm (inner diameter 4.1 mm and outer 6.1 mm) and length
19.2 mm, over the same temperature range, the values for the
oxygen diffusion coefficient were found to be larger, varying
from 4.0 t0 9.3 x 107 cm? s~ ! and, for the surface exchange
coefficient, from 0.9 to 2.1 x 10™* cm s~ !. The differences in
the values of the oxygen diffusion coefficient and the surface
exchange coefficient obtained with these two tubes were not
discussed. The SmCog sFeysO5_5 tube of thickness 2.8 mm
(inner diameter 3.6 mm and outer 6.4 mm) and length 14.8 mm,
over the temperature range 800 to 937 °C, gave values for the
oxygen diffusion coefficient from 0.21 to 1.25 x 107 cm? s~
and values for the surface exchange coefficient from 2.5 to
7.5 x 107° cm s~ 1. Although the oxygen diffusion coefficients
in these materials were very high relative to other studies, the
vacancy diffusion coefficients were similar as a result of the
high degree of non-stoichiometry.

The ionic and electronic conductivities of Srg»sBig sFeO;_;
were studied by Lu and Liu using AC impedance spectro-
scopy.*! Oxygen permeation studies on disk samples of thick-
nesses 0.4 to 1 mm in the temperature range 700 to 800 °C were
also performed using argon and oxygen atmospheres of 0.01,
0.05 and 0.21 atm in nitrogen at either side of the membrane.
They found that interfacial resistances limited the oxygen
permeation rates under low oxygen partial pressures.

Yang et al** have recently produced two promising new
series of SrCoq 4Feg ¢—Zr,03-5 (0 < x < 0.2) and SrCog 95— -
Fe, Zr9s03-5 (0.1 < x < 0.8) zirconia-containing perovskite
materials in an attempt to solve the instability problems in the
Sr—Co-Fe perovskite membranes under large oxygen chemical
potential differences. Disk membranes of thickness 1.78 mm
were used in their permeation study with helium (containing
from 0.004 to 0.01 atm of oxygen) and air at either side of the
membrane. For the SrCog 4Fe 6,21, O3_5 series it was found
that 5 mol% of zirconia was sufficient to impart structural
stability by reducing oxygen loss from the lattice but without
adversely affecting the oxygen flux, high cobalt content in the
second family gave rise to oxygen fluxes of 1.37 pmol cm ™ 25!
at 950 °C with 5 mol% of zirconia.

The oxygen permeation properties of a novel B-site bismuth-
doped perovskite family, BaBi,Cog,Fegg—,O;3-5 (0.1 < x <
0.5), was recently investigated by Shao et al.** The oxygen flux
was measured using helium and air at either side of a disk
membrane. The flux increased with increasing bismuth content
at high temperatures (at 950 °C a value of I ml cm ™ > min~ ' was
obtained) apart from when x = 0.3 which gave the lowest flux.
Increasing the membrane thickness (from 0.66 mm to 1.5 mm)
had no effect on oxygen permeation rates at low temperature
(600 to 700 °C) whereas, at higher temperatures (700 to 950 °C),
the permeation rate was reduced. This was used to suggest that,
at low temperature, permeation was controlled by surface
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exchange whereas at elevated temperature bulk diffusion
became more important.

It has been reported that using barium instead of lanthanum
at the A site can improve phase stability of the perovskite by
preventing oxidation of the B site cation without adversely
affecting oxygen permeability. Shao e al.** and Wang et al.®®
prepared Bag sSrgsCoggFey,03-s (BSCF5582) in disk and
tubular membrane form respectively for oxygen permeation
studies. The disk membrane, of thickness 1.8 mm, was operated
with helium on one side and an oxygen partial pressure
varying between 0.01 and 1 atm on the other side with
nitrogen as the balance. The membrane was very stable at
temperatures in excess of 850 °C and gave an impressive oxygen
flux of 1.4 ml cm ™2 min~! at 950 °C with an oxygen partial
pressure of 0.21 atm on one side and 0.037 atm on the He side
(it was not clear if this He-side oxygen was solely a result of
oxygen permeation or was controlled in some way). An
increase in flux was observed with increasing oxygen partial
pressure on the oxygen side and increasing temperature. An
overall activation energy for oxygen transport of 40.9 kJ mol !
was calculated. At low oxygen partial pressures and lower
temperatures there was evidence of decomposition to different
phases; BaCoO, was detected by XRD. However, the phase
change was found to be reversible with an increase in tem-
perature. In tubular form (outer diameter ca. 8 mm, inner
diameter ca. 5 mm and length up to 300 mm), with wall thick-
ness ca. 3 mm, the observed long term oxygen flux at 8§75 °C
was 1.12 ml cm ™2 min "~ using helium and air at the tube and
shell side respectively. This steady flow was maintained over a
working period of 150 h. The highest flux (3 ml cm ™2 min ™)
was obtained at 900 °C with an oxygen partial pressure of 1 atm
on the shell side though the duration of this experiment was not
provided. Encouragingly, the material also gave an oxygen
vacancy diffusion coefficient of 2.8 x107> cm? s~ ! at 900 °C,
similar to that of SrCoygFep»0s—s (5.1 x 107° cm? s~ ! at
890 °C?’) with the advantage of chemical stability in lower
partial pressures of oxygen. Data on the degree of non-
stoichiometry revealed that 6 had a value between 0.258 and
0.316 over this temperature range (700 to 900 °C). These parti-
cularly large oxygen deficiencies might be expected to result in
instability, but no such instability was reported by the authors.

A dual phase disk membrane containing both Lag 15Srq gs-
GaQA3F60.7O375 and Bao'5sr0A5C00AgFCOA2037‘s (LSGF-BSCF
with a volume ratio of 1:12.8 prepared by physical mixing
and sintering) was recently prepared by Wang er al.*® This
interesting membrane material is composed of dense particles
of LSGF separated by a film of the BSCF perovskite. The two
mixed phases were initially sintered to a temperature between
the melting points of the LSGF and BSCF causing the LSGF
to form large grains with grain boundaries. The BSCF became
molten and slowly covered the LSGF grains forming a film
running through the grain boundaries of the LSGF phase. This
system gave an oxygen permeation flux of 0.45 ml cm ™ min~!
at 915 °C using helium and dry air on either side of a membrane
disk of thickness 2 mm. This flux was much higher than
that which was obtained with a LSGF membrane alone
(0.05 ml cm™2 min~ ") while the LSGF-BSCF membrane was
more stable than BSCF alone in reducing hydrogen atmo-
spheres. Oxygen permeation on membranes of thickness
1.5 mm to 2 mm over the temperature range 800 to 900 °C
indicated bulk diffusion was the limiting step. The reported
duty time of the system was 120 h at 850 °C and 180 h at 900 °C
during which time the oxygen permeation flux was stable.

4. Applications of MIEC membranes to chemical
production

Appreciable oxygen fluxes are only obtained at relatively high
temperatures in MIEC membrane systems. This means that



any application of these membranes is only suited to the
activation of highly stable reactant molecules and, in practice,
has meant most work has been performed on the reactions of
methane. The methane molecule has a high C-H bond strength
and in general is the least reactive alkane; it has a very high
ionisation energy and decomposes into free C and H at a tem-
perature of 785 °C. (A review of the properties and chemistry of
methane has been provided by Crabtree.*’) Membrane reactors
show promise for improved yields for methane partial
oxidation processes as the methane feed is not mixed with
gas-phase oxygen which may reduce the possibility of the total
oxidation of the methane and any partial oxidation reaction
products. When employing MIECs in membrane reactors it
must of course be remembered that in addition to high oxygen
fluxes it is also beneficial if the surface of the membrane
possesses catalytic activity for the desired reaction or, alter-
natively, the membrane tube should be packed with a con-
ventional catalyst. In summarising recent work we indicate for
each reference whether the reactor was packed with catalyst,
the membrane surface was catalytically modified or the
membrane surface was left unmodified.

This section is focussed on recent studies concerned with the
production of syngas (carbon monoxide and hydrogen), from
methane and air. However it is perhaps worthwhile briefly
mentioning the oxidative coupling of methane (OCM), though
the application of MIEC membranes to this process has only
attracted a fraction of the interest that has been given to syngas
production. The OCM process promises the direct conversion
of methane into higher hydrocarbons in a single step and as
such is a highly desirable process. Selectivity to C, products,
i.e., ethane and ethene, for OCM are most favourable at
low oxygen partial pressures. This can be achieved by the
distribution of oxygen injection ports along the length of a
reactor. This system can be greatly simplified by use of a
membrane reactor in which the entire surface can provide, in
effect, an infinite number of injection ports to give significant
yields with high selectivity by minimising undesirable complete
oxidation. MIEC membranes recently applied to OCM have
mainly been of the LSCF family namely, LSCF6482,4%%
8264, 642852 and 4628.>> However other perovskite mem-
branes tested have included Lag gBag 2Coo sFeo 2055, Lag -
Ba 5C0g 2Fep 035> BSCF5582,> and BaCey 3Gd05-5.>*
Performance has been hampered by stability of the membrane
as a result of the large oxygen chemical potential difference
when exposed to reducing conditions leading to failure of the
membrane. Selectivity to Cys as high as 70%, with conversions
of the order of 1 to 3%, at 800 °C have been reported by ten
Elshof et al. ** while Zeng et al.>® have reported C, selectivity
in the range 70 to 90% with conversions of 10 to 18% at
temperatures higher than 850 °C. However, with increasing
methane content in the feed, selectivity to Cs,s reduced to less
than 40%. In general, progress in improving the OCM process
using MIEC membranes has not been rapid and results indicate
that more investigations need to be performed to improve
yields and membrane stability. Reviews dealing with the use of
membrane technology for other reactions and current problems
with such technology have been reviewed elsewhere.?* %%

In spite of fundamental difficulties in activating the methane
molecule, dwindling oil reserves has caused attention to turn to
natural gas (composed primarily of methane) as a source of
starting material for the manufacture of industrially important
chemicals. Most commonly the first step in this process is
the conversion of the raw methane into syngas (hydrogen
and carbon monoxide) via the endothermic steam reforming
process,

CH4 + H,O — 3H, + CO AHY = 206 kJ mol !

The conventional energy intensive steam reforming method is

operated at pressures of the order of 15 to 30 atm at 850 to
900 °C. An alternative is to use an MIEC membrane for the
modestly exothermic partial oxidation of methane,

2CH; + 0, » 4H, + 2CO AH% = —36 kJ mol ™'
The syngas can then be upgraded in a second step to value-
added higher hydrocarbons by the Fischer—Tropsch process or
converted to methanol. An MIEC membrane is particularly
attractive in this application as air can be used as the oxidant
with no mixing of nitrogen with the product stream. An addi-
tional benefit concerns safety, with the methane and oxygen
sources effectively isolated, the chances of explosive mixtures
occurring is greatly diminished. In Table 1 we list the complex
perovskites that have recently been investigated for the
application of syngas production using small laboratory-scale
test reactors.

The LSCF perovskite membranes have been investigated in
recent studies for syngas production. Jin et al.***” have studied
the performance of a tubular LSCF6428 membrane (outer
diameter 8 mm, wall thickness 1.5 mm and length 150 mm)
packed with a Ni/y-Al,O5 catalyst in the temperature range
825 to 885 °C. Dilute methane and air were used on either
side of the tubes. At low methane mole fractions in the feed,
in the temperature range 825 °C to 885 °C, excellent conversion
(>96%) and selectivity to CO (>97%) was reported. At
methane mole fractions greater than 6% the conversion
decreased and coke was formed. However after only a few
hours of operation (3 to 7 h) using 6% methane in helium,
mechanical failure of the membrane occurred because of the
reduction of metal cations that then segregated to the mem-
brane surface. Such mechanical failure, caused by exposure
to reducing atmospheres, is a recurring problem in studies of
this type and is a result of a volumetric lattice mismatch
between the inner and outer membrane walls arising from
the difference in oxygen chemical potential across the mem-
brane. Wachsman and Clites® addressed the problem of
mechanical failure by using a bi-layered membrane composed
of a thin film of (Sm»03)g 1(Ce0,)q 9 (SDC), of thickness 0.1 to
0.3 um, deposited on the reducing side of a 2 mm thick
LSCF6482 disk membrane. Dilute methane and synthetic
air were used on either side of the disk. An oxygen flux of
0.44 ml (STP) cm ™2 min~' (0.33 pmol cm ™2 s~ ') was main-
tained for 50 h of operation, the condition of the membrane
was not commented upon after this period of operation. The
SDC layer acts as a protective layer for the LSCF membrane by
shielding it from the critical partial pressure of oxygen at which
the ceramic becomes unstable. An interesting observation
reported in the paper was the oscillatory behaviour in the
production of carbon monoxide, and the corresponding con-
version of methane, as a result of a reduction/oxidation cycle
of ceria in the SDC layer with a period of ca. 2 h. Tubular
membranes of LSCF2882 (outer diameter 6.5 mm, wall thick-
ness 0.5 to 1.2 mm and length ca. 300 mm) have been fabricated
by the plastic extrusion method and tested at 850 °C using 80%
methane with 20% argon on the shell side and air on the tube
side with a rhodium-based reforming catalyst, the exact nature
of which was not specified.”® The material was found to be
brittle under operating conditions, breaking in a matter of
minutes. In situ XRD studies at a low partial pressure of
oxygen of 0.05 atm revealed transformation of the perovskite
to an oxygen-vacancy-ordered phase with the oxide expanding
significantly following this phase change. The understanding of
mechanical failure in Lag ,Srg gCrg ,Feg O35 has been the goal
of recent work by Majkic er al.®*°! Both oxygen partial pres-
sures and the grain size were found to play a role in the
creep behaviour. Detailed fracture characterisation of tubular
Lag »Srg gCrg,Fey 303 s membranes carried out by Nagendra
et al.®*% showed significant loss of strength in even mildly
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reducing conditions with transgranular cleavage and secondary
phases forming. A brownmillerite secondary phase was res-
ponsible for a lattice expansion causing additional stress.

In a study by Balachandran er al,** membrane tubes of
SrCoy gFep,03_5 (outer diameter 6.5 mm, wall thickness 0.5 to
1.2 mm and length ca. 300 mm) were tested using, on the shell
side, 80% methane with 20% argon and air on the tube side with
a rhodium-based reforming catalyst (the exact chemical nature
and physical form of this catalyst were not specified by the
authors). The membrane proved to be disappointing in opera-
tion, lasting only a few minutes due to severe lattice expansion
leading to cracking. This structural instability was observed
prior to reaction conditions by high-temperature XRD in the
presence of 0.01 atm of O, at 850 °C. Structural oxygen was lost
and new phases developed. In comparison, a non-perovskite
material SrCoq sFeO;_s proved to be much superior, with-
standing 1000 h of duty time. A tubular membrane reactor of
YSZ-promoted SrCog 4Feq 03_s.(outer diameter 7.7 mm, wall
thickness 3.6 mm and length ca. 300 mm) has been investi-
gated.®®> Oxygen permeation studies at 850 °C using helium
and air gave a steady flux of 0.19 ml (STP) cm 2 min '
(0.14 pmol cm 2 s~ ") over a period of 110 h. The tube was then
loaded with a Ni/y-Al,O; catalyst and operated under reaction
conditions at 850 °C with methane diluted in helium at the tube
side and air at the shell side. The membrane failed after 4 h of
operation but with a small amount of oxygen added to the
methane feed (around 5% of that permeating through the
membrane tube) performance was maintained for over 70 h as
membrane decomposition was retarded. The oxygen flux under
these reaction conditions stabilised at 4.6 ml (STP) cm ™2 min ™!
(3.4 pmol cm 2 s 1) towards the end of the period of operation.
This was believed to be as a result of replenishment of lattice
oxygen consumed at the inlet of the membrane tube. Con-
version of methane was 100% over this period with an initial
CO selectivity of 62% rising to 82% over the first 35 h and
then declining again to ca. 55% towards the end of the 70 h
operating time. No mention was made of the fate of the missing
carbon.

Doped LaGaO; perovskites, Lag 7St 3Gag ¢Feg 4055 and
Lag §SroGag /Mo 305_s"’ (M = Fe, Co, Ni) have been
investigated by Ishihara er al. A Lay -Sto 3Gag ¢Fep 40552
disk of thickness 0.5 mm was coated with a 40 um layer of
LagSro4Co0O3 on the oxygen reduction side of the disk.
Oxygen permeation rates from 0.5 to 0.8 ml (STP) cm > min
(0.37 to 1.3 pmol cm ™2 s~') was obtained between 600 and
1000 °C using air and helium on either side of the membrane.
Varying the membrane thickness (0.3 mm to 1 mm) indicated
bulk diffusion was rate determining. For syngas production,
various catalysts, nickel, palladium, ruthenium, rhodium,
cobalt and iron were applied on the methane side of the disk
membrane. This was performed by screen-printing ca. 30 mg of
either the oxide or chloride onto the membrane to give a
coating of ca. 40 pm thickness and then reducing in hydrogen at
1000 °C to obtain the active metal. Methane was supplied to
one side of the disk diluted in nitrogen (in a 2:1 ratio) and dry
air was supplied to the other. Modification of the membrane
surface with nickel and ruthenium gave the best performance.
An oxygen permeation rate of 8 ml (STP) cm 2 min
(5.4 pmol cm ™% s~ ') at 1000 °C with a membrane thickness of
0.5 mm was recorded with the nickel catalyst under reaction
conditions. Nickel gave the best yield of syngas (37%) at 37%
conversion, implying the absence of any competing reaction
and, indeed, no coke formation was observed. In the case of a
nickel catalyst, the authors did not observe, by XRD or SEM,
any degradation of the membrane. Cobalt gave the poorest
yield of syngas (7%), still with high selectivity. It was found that
nickel-doping of the Lag sSro »Gag 1M 3055 system gave the
highest oxygen flux in experiments using nitrogen and air on
either side of a membrane disk of thickness 0.5 mm in the
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temperature range 750 to 1000 °C. The flux varied from
0.25 pmol ecm ™2 s ! at ca. 750 °C to ca. 1 pmol ecm 2 s~ ! at
1000 °C. Of all the dopants tested, iron gave the best stability
when exposed to the reducing methane atmosphere and further
tests indicated that oxygen permeation increased with increas-
ing iron content. In this work, nickel was used as a reforming
catalyst®’ though the quantity and method of application were
not stated. In a comparison study with the widely investigated
LSCF6428 the Lag;Srg3GaggFep40;5-5 system gave con-
sistently higher methane conversions from ca. 5% to ca. 40%
(compared to ca. 5% to ca. 25% for LSCF6428) over the
temperature range 750 to 1000 °C. The authors observed a 2:1
ratio of hydrogen to carbon monoxide, with only trace
amounts of carbon dioxide, while no coke was observed
implying virtually 100% selectivity although the selectivity was
not explicitly stated.

Tubular® (outer diameter ca. 8 mm, wall thickness ca.
3 mm and length ca. 300 mm) and disk®*%>’° membranes of
BSCF558 have been investigated with some impressive results.
High stability of the tubular membranes over long operating
periods, of the order of 500 h, with selectivities to hydrogen
and carbon monoxide of ca. 95% and conversion of 94% at
875 °C were reported with LiLaNiO,/y-Al,O5 catalyst particles
of mesh size 40-60 (0.24-0.42 mm) used as a reforming catalyst.
Under reaction conditions, using 80% methane in helium and
air in the shell and tube side respectively, the tubular membrane
gave an oxygen flux of ca. 6 to 12 ml cm 2 min~! over the
temperature range 825 to 925 °C. The oxygen permeation flux
was found to depend on the flow rate of the air to the shell side,
indicating mass transfer limitations. This was overcome by
increasing the airflow rate. The trends in the oxygen permea-
tion, product selectivity and methane conversion indicated that
the reaction followed a combustion and reforming mechanism.
This involves a two-step process by which methane is converted
firstly by complete combustion to carbon dioxide and water
followed by reforming of any excess methane by the steam and
carbon dioxide created in the first step.

5. Summary and future direction

Mixed ionic and electronic conductors (MIECs) exhibit both
appreciable ionic conductivity and electronic conductivity.
This means that MIECs cannot be used for the direct external
electrical control of the flux of a species to a catalyst surface nor
can they be effectively employed in fuel cells as electrolyte
materials. This limits their application to simultaneous reaction
and separation problems. When used as a membrane, the
MIEC essentially acts as a barrier between two chambers and
only the ionically-conducted species can pass through the
membrane under a chemical potential gradient. Here we have
focussed on the applications of oxygen-ion conducting MIEC
membranes in chemical production. Such membranes promise
advantages when used for oxidation processes as air can be
used as an oxidant with no mixing of nitrogen with the product
stream.

Application has been limited to high temperature processes
because of the need for good membrane conductivities. The
vast majority of work in this area has been devoted to applica-
tion for syngas production and to a lesser extent for the
oxidative coupling of methane. Central to their use is the long-
term stable oxygen flux that can be delivered without adversely
effecting membrane stability. The La—Sr—Co-Fe system has
received the most attention but promise has also been shown by
the Sr—Co-Fe and Ba-Sr—Co-Fe systems, the latter in parti-
cular has demonstrated particular robustness in long-term
operation under laboratory scale testing. However only a few
studies have provided fluxes approaching the desirable range of
1to 10 ml cm ™2 min~! and this only at elevated temperatures
of ca. 900 °C. Any greater fluxes, up to 12 ml cm > min~!



(for BSCF5582), reported have been under reaction conditions
in which very large oxygen chemical potential gradients are
established; such gradients simultaneously causing membrane
failure.

The challenge in all membrane systems is to improve both
membrane fluxes and stability; MIEC membranes are no
exception. Future work will undoubtedly involve improving
the conductivity of MIECs through better understanding of
material properties and better consequent material selection.
Such improvements in conductivity will allow the temperature
of operation of the membrane systems to be reduced, in turn
allowing the application of the membranes to other reaction
systems. In addition better techniques for membrane fabrica-
tion, providing strong, durable membranes with only thin
dense layers incorporated, will also improve overall membrane
fluxes. Work in the area of catalytic modification of the
membrane surface itself (an area that has to date received little
attention) also promises to yield higher membrane fluxes under
reaction conditions. The improvement of membrane stability,
and the balance between decreased stability and increased
flux, deserves further attention and will be critical to successful
commercial exploitation. Further work must also include
obtaining a better understanding of processes at the membrane
surface, the effect of grain-boundaries on conductivity, and
order—disorder events of the crystal structure.
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