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Abstract

The prospects of using mixed ionic/electronic conducting ceramics for syngas production in a catalytic membrane reactor
are analysed. Problems relating to limited thermodynamic stability and poor dimensional stability of candidate materials are
addressed. The consequences for these problems, of flux improving measures like minimization of membrane thickness and
minimization of the losses due to oxygen exchange over the membrane surfaces, are discussed. The analysis is conducted on
two candidate materials: baSro4Cap2FeysOs_s and SrFeCgsO, . Finally, experimental investigations of the dimensional
stability of the latter material under reducing conditions are reported. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction CHz +1/20, <+ CO+ 2Hy,

AHgopc = —23kJmol (2)
Synthesis gas (syngas) is a mixture of CO and H
It is an important intermediate in the production of Whereas the steam reforming process is strong|y en-
hydrogen and in conversion of methane to a range of dothermic the latter process is slightly exothermic.
value added products including paraffins, olefins and Combining the two processes one may achieve a ther-

alcohols [1]. Important examples are hydrogen pro-
duction for ammonia synthesis [2] and methanol syn-
thesis [3]. The annual world production of ammonia
and methanol is in the order of 4@nd 10 tons, re-
spectively [2,3].

Traditionally synthesis gas is produced by steam
reforming of methane [4]

CH4 + HoO < CO+ 3Hy,
A Hgoprc = 225kJmol 0}

An alternative route is the partial oxidation of methane
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mally self-sustained process, the so-called autother-
mal reforming. Due to down stream requirements in
many of the technologically important processes, for
example, in hydrogen and methanol production, it is
necessary to use pure oxygen, rather than air, in the
autothermal reforming process. The scheme is consid-
ered very attractive if the cost of the oxygen supply
can be reduced [5]. The investment cost in a cryogenic
oxygen plant may constitute up to 45% of the total
investment cost [5]. There is thus a great incentive to
search for other ways of supplying the oxygen. An al-
ternative route that seems very promising, is to use an
oxygen permeable membrane for the separation, and
to combine the catalytic conversion (reaction 2) and
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PO, 4 oxygen to nitrogen, the focus in the membrane ma-
terial development has been on oxide ion conductors,
pO; | ? - where the oxygen transport is mediated by oxide ions.
00, T ‘ For continuous operation a charge balancing electronic
2 flux is needed. The principle is illustrated in Fig. 1.
Syngas Air Depending on the mepli_ator (_)f the elegtronic flux the
membranes may be divided in three different classes:
i ¢ Asingle material membrane, based on a material ex-
PO;s | 6(p0,) hibiting both oxide ion conductivity and electronic
00, T — conductivity (MIEC).
: — e A dual phase composite consisting of percolating
o phases of an ion conductor and an electron conduc-
1 . R tor.
' ' — i e An oxide ion electrolyte, with suitable electrodes
0 L Position (x) connected to an external circuit for the electronic
Fig. 1. lllustration of the principle in an MIEC syngas membrane. current. . .
The solid curve illustrates a possibje,, profile over the mem- The scope of this paper Is to analyse prospects and
brane during operation. The profile is determined by fag de- problems for the first of the above classes of mem-
pendence of the anion conductivitg;] and the kinetics of the branes. Especially, two sets of problems will be dis-
electrochemical processes at the surfaggs A single prime in- cussed:

dicates air side, double prime syngas side, and subscript “s” that

it is the equivalenpo, just inside the material. 1. Problems relating to limited thermodynamic sta-

bility of the membrane materials.

the separation in aatalytic membrane reactofThis 2. Problems of mechanical integrity, arising due to
concept is currently being pursued by at least two in-  the dimensional instability of the membrane mate-
ternational industrial consortia [6]. rial, when exposed to an oxygen activity gradient.

The membrane material to be used in such a reac-
tor must meet a number of requirements. First of all 1.1. Oxygen permeation in solid MIEC membranes
it should be able to sustain a certain oxygen flux, the
magnitude of which depends on the price of the mem-  The performance of a number of potential mate-
brane material, as well as the economics of the compet-rials as oxygen permeation membranes for a syngas
ing technology. Secondly, it must be sufficiently stable catalytic membrane reactor is summarised in Table 1.
to allow long term operation at the relevant operating A recent comprehensive review of the field of dense
conditions, characterized by an operating temperature oxygen permeable membranes can be found in Ref.
between 600 and 100G (the lower limit set by the  [7]. The three first materials in Table 1 belong to the
temperature needed for the catalytic conversion and same class of materials. They are acceptor doped per-
the upper by limitations of other plant components), ovskites. In a general form, this class of materials may
and by exposure to both highly reducing environment be written
(syngas side) and highly oxidizing environment (air
side). Due to the requirement of high selectivity of LNi-xA€Tm1,Tm2;_,0z3 5 3)
Table 1

Reported oxygen fluxes through candidate materials for a syngas membrane reactor under conditions —first line is the membrane thickness,
second line the temperature and third line the gases used in the experiment

Material @ flux (mlcm=2min~1) Conditions Ref.
SrCw.gFep.203—s 3 1mm 875C Hef/air [8]

Lap 2Bag sFen.gC0p. 2035 4 0.55mm 850C, 1000 h syngas/air [34]
Lag 2Sro.gCop gFen 2035 0.8 2-3mm 900C, 350 h syngas/air [32]

SrFeC@ 50, 3 0.25-1.2mm 900 syngas/air [39]
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The A-site ion is a lanthanide, Ll-aLa (Pr, Nd, Sm,
Gd) or an alkaline earth, AeCa, Sr, Ba, and the
B-site is occupied by one or two different transition mance.

metals, Tm2=Cr, Mn, Fe, Co and Tm2Co, Ni, Cu. The driving force for the transport of oxygen
Since the early studies by Teraoka et al. [8], a wide through the membrane is the difference in oxygen
range of materials belonging to this class of materials activity between the syngas side and the air side. The
has been investigated as oxygen separation membranesdriving force is lost, partially over the membrane,

however, there seems to be a number of straightfor-
ward possibilities for improving membrane perfor-

(see Ref. [7] for a review). Their use stems from the
fact that they may exhibit high degrees of oxygen defi-
ciency and that the mobility of the oxide ion vacancies
may be relatively high, ~ 10-°-106cn?s! at
1000°C). The high electronic conductivity is due to
the capability of the transition metals to exist in dif-
ferent valence states in the structure.

The last material in Table 1, SrFeg40O,, was
suggested for this use by Balachandran et al. [9].
The material belongs to the more general class
SryFes_C0o,01345. For x < 1.5, these materials
are single phase [10]. They are isostructural with
SryFe;013, which has an orthorhombic intergrowth
structure, where perovskite layers alter withyGgs
layers [7,10-12]. Forx > 1.5, the material is a
multi-phase material consisting of the intergrowth
phase, a perovskite phase,(l5& C0)O3, and CoO
impurities [10-12]. From the observation that the ox-
ide ion conductivity increases with increasing,,

due to limited anion conductivity, and partially at the
two surfaces due to non-ideality of the electrochem-
ical processes. This is illustrated schematically in
Fig. 1. If the losses over the membrane are dominat-
ing, one may improve performance by reducing the
membrane thickness. From SOFC research it is well
known that gas-tight electrolytes with thickness down
to ca. 4Qum can be prepared on thick supports [18].
If the kinetics of the electrochemical processes (the
exchange of oxygen over the surfaces of the mem-
brane) is limiting, it is likely that performance may
be improved by optimisation of the surfaces, e.g. by
enhancing the surface area and/or addition of suitable
catalytic materials. Considering that the results quoted
in Table 1 were for self-standing unoptimized mem-
branes the prospects for the technology look good,
as judged from considering only requirements of
membrane cost and transport properties. However, a
number of problems may be encountered when intro-

it has been suggested that the oxygen permeation inducing the above presented flux-improving changes.

these materials occurs via interstitial oxygen [13].
In addition to the pure perovskites and the inter-

Improving the electrode performance may, as shall be
shown, have a negative effect on the stability of the

growth structures described above, a third-class of per- membrane. Reducing the membrane thickness to the
ovskite related materials, namely brownmillerites, has level where a support is needed raises a number of
been investigated as oxygen permeation membranesmechanical issues. In the following sections we shall
[14-16]. Performances under syngas relevant testdiscuss the effects on thermodynamic and mechanical
conditions comparable to the performances given in stability of introduction of the suggested changes.
Table 1 have been reported [17] for brownmillerite
type materials.

Bredesen and Sogge [5] have performed an eco-
nomic analysis, where they compare the catalytic
membrane reactor route for syngas production with

2. Theory

traditional autothermal reforming. They report, that if
a membrane material cost of 16000% can be met,
the membrane should support an oxygen flux of ca.
10 mlcnm2 min~?! (corresponding to a current density
of 2.7 A/cm?) to compete with the traditional route.
Given the constituents of the materials in Table 1, the

material cost target does not seem out of reach. The

reported experimental fluxes, summarized in Table
1, fall short of the requirement by a factor of 2-10,

2.1. Calculation of permeation flux angh, profile

The oxygen flux through a mixed conducting mem-
brane of thicknesd., subjected to different oxygen
activities at the two sides, can be calculated from the

Wagner equation [19,20]

’
n Poy . oeoi

RT /
In pgzx Oe + Oj

Jo: = Ter2r

din po, 4)
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whereF is Faraday’s constang the gas constant, be noted that SOFC electrodes are often found to ex-
the temperature angk ando; signifies electronic and  hibit linear kinetics even under strong polarization
ionic conductivity, respectivelyy/oh and pgh are the [22]. The rate of the cathode process may be estimated
equivalent oxygen partial pressures in the outermost from O'¢/O*8isotope exchange experiments [23], and
layers of the membrane on the air side and the syngasthe rate of the anode process may be estimated from
side of the membrane, respectively (cf. Fig. 1). Eq. conductivity relaxation experiments [24]. The surface
(4) may be evaluated numerically from experimental exchange rate constarit, obtained from an isotope
data on thepo,-dependences of the ionic and elec- exchange experiment is related to the area specific
tronic conductivities. In some cases the behaviour of polarization resistance by
the materials is well described by simple point defect RT 1
models and it may be possible to integrate Eq. (4) an- rcat = ToF2Ce &
alytically. van Hassel et al. [21] have presented an an- o
alytical solution to Eq. (4) applicable for a number of whereCo is the oxide ion concentration in the per-
acceptor doped perovskite materials. ovskite. In steady state, the flux across the surfaces
In addition to the loss over the bulk of the membrane must equal the flux in the bulk, i.e.
(prS —p62 ) thereis aloss of driving force associated
with non-ideality of the electrochemical reactions. At

the air sjde_of thg membrane (the c_athode) mole_cular By solving Egs. (4),(7),(8) and (10), one may calculate
oxygen is dissociated, reduced and incorporated in the the permeation flux through the membrane, taking into
membrane as oxide ions account both losses in the bulk and at the electrodes.
%02 126 — 0> (5) Numerical solutiqn of the prgblem is straightforward.
We adopted a simple iterative method. From a start
At the syngas side of the membrane (the anode), oxide guess ofpp, andpd , an estimate of the flux was
ions are released from the lattice. The overall anode ¢g|cylated fzfz)m Eq. (Z) This flux was used to estimate
process may be written the electrode losses by Egs. (7) and (8). From the
CHg 4+ 0% — CO+ 2H, + 2& (6) initi_al guess and the calculated electrode losses a better
estimate Ofl’bz, and pOj; - was constructed and so
Here, we shall not try to analyse the reaction path- t5th uniil con\/érgence. ’
ways and possible elementary steps of the electrode Tpe po, profile through the bulk of the membrane
reactions, but simply assume that the overall electrode may also be constructed from Eq. (4). In steady state

processes follow linear electrode kinetics, i.e., that the he flux through any slab of the material must be the
electrode overpotentials are simply proportional to the same, i.e. one may find theo, at positionx by re-

9)

Jo, = lo,/AF (10)

current density/o,: quiring that the integral evaluated between 0 and
RT Pl with integration |imitSp62J andpo, ,, equals the inte-
Nan = Io,ran = ~aF { P 2 } (7) gral evaluated between 0 afdwith integration limits
Oz pgzvy andpg, .
RT | Pro, _ .
Neat = 10, 7cat = == In {K} (8) 2.2. Calculation of mechanical stresses
2,5

Here subscripts “an” and “cat” indicate anode and  For the acceptor doped perovskite materials it is
cathode, respectively, andis the effective area spe- well known that the unit cell volume changes with
cific polarization resistance. Only little experimental changes of stoichiometry [25,26] and thereby with
material is available on the performance of the elec- changes opo,. In general the membrane is not free to
trodes on MIEC syngas membranes. Linear kinetics deform according to anyo,-profile, and therefore the
were chosen because of simplicity and lack of spe- volume expansion will lead to a build-up of mechani-
cific knowledge about the kinetics for the relevant ma- cal stresses. This problem was analyzed for the case of
terials under relevant conditions. However, it should thin plates (used as interconnects in SOFC stacks) in
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Refs. [27-29]. Here we shall consider a tubular mem- calculated value) with a critical valu&;c, which is
brane, self-standing or supported on a porous sup-a characteristic of the material, that expresses the
port. The membrane thickness is assumed to be muchenergy needed per unit area to create a new surface.

smaller than the diameter of the tube, and thkg is If, for a given crack propagation modé&; < G¢, an
assumed to vary only in the radiaf)(direction. The initial crack will not grow. Considering a thin dense
biaxial stress fieldg (x) = 0?(x) = o%(x), develop- membrane on a porous support of the same material.
ing in a tubular membrane due to the lattice expansion (Choosing the support material to be the same as the
induced strainge, is given by Hooke’s law membrane material one circumvents problems of un-
£, desired reactions between membrane and support and
oj(x) = 1 / -(€ — €jle(x)) (11) problems arising from TEC-mismatches.) When used
e as a syngas membrane reactor the whole support is
where subjected to the samgo, (neglecting mass-transfer
) limitations inside the support), whereas the membrane
€irelx) = { €le(x), J = 1, membrane (12) is subjected to @0, gradient. Hence, the membrane
0, J =2, support layer and the support will in general expand (or con-

where is a layer indexE the Young's modulus and tract) to different degrees resulting in a build up of
v is the Poisson’s rati is the overall biaxial strain, ~Mechanical stresses and a storage of elastic energy in
i.e. the actual expansion of a volume-element, when it the reactor. If the two layers delaminate this energy
is not allowed to expand freely to adjust to the local will be released. We shall consider a design criterion
po,, but is constrained as a part of an elastic body. (Gss < Gc) based on the steady state energy release
It is assumed here that there is no lattice expansion ate of delamination. The advantage of this approach
in the support. For a tubular membrane the overall iS that one does not have to consider the complex
strain, e, will because of the rotational symmetry be stress/strain fields around the crack tip [30,31]. Under
independent ofc. The lattice expansion due to the steady state crack propagation the situation around
po,-profile thus results in a mere expansion in axial the tip of the crack does not change, the net result of
and circumferential directions, given by a certain propagation of the crack is conversion of a
slab of the tube from intact (far ahead of the crack) to
Em/(1—vm) L d delaminated (in the wake of the crack) [30]. Hence,
€= EsLs/(1—vs) + EmL/(1— Vm)/o €le(x) dx the energy released per unit area as the crack propa-
(13) gates is simply the difference in stored energy per unit
area between an intact tube and a delaminated one

wherem indicates membrane, asdndicates support.
Eq. (13) follows directly from the requirement of over-  Gos= Uintact — Udelaminated
all force—equilibrium. Liot

In the following section, we shall use Egs. (11)—(13) = / o (x)(e — €le(x)) dx (14)
to calculate the maximum tensile stresses in free, as 0
well as supported membranes under various changes inwhereo (x) is given by Eq. (11) andje is given by
membrane design, and under various assumptions ongq. (12) (i.e. a system where the support does not
electrode kinetics. Evidently (cf. Eq. (11)), one must expand is considered). In the second equation it was
know the lattice expansion induced strain pl’Of”G in the assumed that after a Comp|ete delamination between
material. This is derived combining experimental data support and membrane, the system is free of elastic
on expansion as a function pb, with the calculated  energy. The design criterion above is relevant for the

po,-profiles (see previous section). case where initial flaws are very large (as judged on
the length scale of the supported membrane). If ini-
2.3. Fracture mechanical considerations tial flaws are small on this length scale the criterion is

very conservative. A local delamination around an ini-
In fracture mechanics one compares the energy tial small flaw is much less effective for releasing the
release rate(G, under a certain mode of failure (a stored elastic energy than the steady state delamina-
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tion considered. One may also be sceptic as to whethervan Hassel et al. [21] for acceptor doped perovskites,
steady state crack propagation will ever be reached in where the oxide ion conductivity can be taken to be
the present system. Before steady state is reached thgroportional to the oxide ion vacancy concentration
membrane will break because it has lost its support (o; oc V3*Dy). The vacancy concentration is deter-

leading to a “catastrophic” series of events due to di- mined considering three defect reactions (for simplic-
rect mixing of gasses, however, we believe that the ity written for the pure ferrite)

analysis, despite the above discussed weaknesses, may

show important trends relevant for membrane reactor SFFGQLaFgQSr’La

design. +Fet,+ 305 (aliovalentdoping 15)
3. Results and discussion 2Fg,+ Oy < 2Fg,
+V& + 30(g) (redox process (16)

Two membrane materials are analysed: ad%x.4
Cop 2Fep 8035 perovskite and the “Balachandran ma-
terial”: SrFeC@ 50, . These materials were chosen be- 2Fef, <> Fe.+ Fet, (charge disproportionation
cause they are relatively well investigated, and most 17)
of the parameters needed for the analysis can be found
in literature. For the first material we shall analyse  The equilibrium constants of the two last reactions
both problems relating to thermodynamic and mechan- must be known to use van Hassel's treatment. They
ical stability, whereas only mechanical issues are ad- were estimated by fitting the predictions of the simple

dressed for SrFe@@O,. point defect model outlined above to experimental data
[36] on the po, dependence of the ionic conductiv-
3.1. Thermodynamic stability ity of the material. Anderson [36] found that the ionic

conductivity increased with decreasipg, from ca.

To calculate the oxygen permeation flux and the 0.01ScnT? in air to a plateau value of ca. 0.3S/cm
po, distribution over the syngas membrane, the betweenpo, = 10~°atm andpo, = 10~'2atm at
polarization resistances characterising the electro- 800°C. Whereas the considered point defect model
chemical reactions must be known. Two different represents very well the behaviour @fa, SrFeG; it
estimates were considered. From the surface ex-is clear from the experimental investigations of this
change rate constant determined by Lane et al. [23] material by Tai et al. [37,38], that it does not give a
for Lag 6Cap.4Cop2Fen g03_5, a value Ofrcat = ran = fully adequate description of the changes occurring in
0.8 c? was derived (cf. Eq. (9)). This value is taken Lag Sr4C0poFengOs_s with changes ofo,, how-
to be a proven value for the electrode kinetics for the ever, for the present purpose the model is adequate, as
considered type of materials (in the following referred the parameters may be chosen so the model fits well
to as “slow” kinetics). It should be noted, however, the experimentally observegdo, dependence of the
that the surface exchange rate is not a pure material conductivity, which is the relevant property for evalu-
property. It depends on the surface morphology and ation of the permeation flux.
therefore on sample preparation. Furthermore, the The thickness dependence of the oxygen flux
properties of these perovskites do in general dependthrough the perovskite membrane is illustrated in
on which alkaline earth element is chosen as a dopantFig. 2 for oxygen partial pressures of 0.2atm and
[32,34]. A value 10 times smaller,. @B cm?, was 1 x 10~ %atm at the air and syngas side of the mem-
taken to be illustrative of what may be achievable brane, respectively. Assuming a polarisation resis-
after optimization of the electrodes (fast kinetics). At tance of 08<2cm? (slow kinetics), the flux through
cathodes in solid oxide fuel cells such rates for the the membrane is limited by the surface exchange pro-
oxygen reduction process have been proven [35]. cesses. There is hardly any improvement on reducing

The losses in the bulk of the membrane were eval- the thickness of the membrane by a factor of 10.
uated using the analytic solution to Eq. (4) derived by The equivalent oxygen partial pressures just inside
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Membrane Thickness (um)

Fig. 2. Calculated oxygen fluxes as a function of membrane thick-
ness for a LaeSro.4Cop2FepsO3-_s membrane under the assump-
tion of “slow” (full curve) and “fast” (dashed curve) electrode
kinetics. Thepo, at the syngas side was 1% and 0.2atm on
the air side, and the temperature was ®D(base case). The thin
horizontal line indicates an estimate of the flux needed for the
membrane route to be economically interesting.

289

achieve a performance like known from solid oxide
fuel cells, the flux through a syngas membrane of this
type will exceed the flux requirement derived from
the economic analysis (horizontal line in Fig. 2).

The gas at the syngas side of the membrane de-
fines apo, much lower ¢ 10-1%tm) than the stabil-
ity limit of the present material (illustrated by the thin
horizontal line in Fig. 3), however, due to flux of oxy-
gen through the membrane, thpe, is higher in the
outermost layer of the membrane than in the gas phase
(syngas side). Depending on membrane thickness and
electrode kinetics all the membrane may experience
a po, above the stability limit. For slow kinetics this
is the case as long as the membrane is thinner than
1.5mm, and for fast kinetics as long as the membrane
is thinner than ca. 100m (cf. Fig. 3). Evidently, the
faster the cathode process is in comparison to the an-
ode process the easier it will be to stay above the sta-
bility limit. It may be easily shown that membrane
operation entirely inside the stability window of the

the membrane at either side are plotted as a function material po, > po,,,) iS not possible unless the

of membrane thickness in Fig. 3. For slow kinetics
most of the driving force is seen to be lost at the

surfaces. If a polarization resistance 10 times smaller

is assumed, the flux is seen to vary inversely propor-

tional to the thickness of the membrane, as expected

when the process is limited by diffusion in the bulk.
If one can modify the surface on this material, as to

L& 5

1000 1500 2000 2500

Membrane Thickness (um)

Fig. 3. Calculated oxygen partial pressures in the outermost lay-
ers at both sideSpgzﬂy ~ syngas) and 1(/02,5 ~ air side) of a
Lag 6Sr0.4Cop 2Fen 8035 membrane plotted as a function of mem-
brane thickness for the same conditions as in Fig. 2. The dashe
curve corresponds to fast kinetics and the full curve to slow ki-
netics. The full horizontal line indicates the stability limit of the
material, and the dashed horizontal Iin,&’g2 and pgz.

cathode kinetics fulfill the requirement

log{po,/ POy stan}

- (18)
109{Po, s/ PO, }

cat = ’an

Inserting values for the considered perovskite the re-
guirement to the cathode is that the polarisation resis-
tance must be less than 1.6 times the anode polarisa-
tion resistance. Note, that this is a necessary but not
sufficient requirement, i.e. equality in Eq. (18) corre-
sponds to letting the membrane thickness approach O.
It is interesting to note, that though the above
requirement is not initially fulfilled it may become
fulfilled as the material decomposes. A decomposed
zone starting from the syngas side of the membrane
will only extend inwards in the membrane to the
PO, qariSobar. If the decomposed material has poorer
ionic conductivity than the starting material, if the de-
composition of the surfaces reduces the reaction rates
of the electrochemical processes, and if the decom-
posed layer is not porous, then it is likely that only a
thin decomposed layer will form on the syngas side of
the membrane, i.e. the material is self-protecting. The

d possibility of such a behaviour was also pointed out

y Bouwmeester and Burggraaf [7], and in a study
of Lag2BaggFeygCap 203, Tsai et al. [34] reports
observations that could indicate such a mechanism.
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expansion on reduction for

LageSro.4Cop2FengO3_s at 800C. The symbols are the exper- . . .
imental data obtained by Stevenson et al. [32] and the dashed tiONS are available in much largeio, ranges, such

curve is the assumed extrapolated behaviour (see text).

3.2. Mechanical problems

3.2.1. Perovskite material
The dimensional stability of LggSro4Cop2Fens

O3_s was investigated by Stevenson et al. [32] by

isothermal dilatometry in thpo, range from 1 atm to
1 x 107° atm. To asses the mechanical consequencesstrain (combining the calculatego, profile and the

behaviour is plotted together with the experimental
results of Stevenson et al. [32]. The extrapolated curve
was constructed by curve-fitting to the experimental
data under the requirement that the expansion should
level off with reducingpo,. The reason for the latter
requirement, (which cannot be justified looking at
the experimental data only) is that this is expected
considering the underlying reason for the expansion.
The expansion is caused by the gradual reduction of
tetravalent cations to larger trivalent (and even diva-
lent) transition metal ions as thgo, decreases. If
one plots the average cation size, as calculated from
the simple point defect model discussed previously,
one finds a curve similar to the fitting curve in Fig. 4.
For the chromites, where experimental investiga-

shapes of thepo, dependence of the expansion are
found.

The calculatego, profile inside the membrane un-
der base case conditions f@, of 10~1%tm at the
syngas side and 0.2 atm on the air side and a tempera-
ture of 800C) is illustrated in Fig. 5. The values used
for the other important parameters are given in the fig-
ure caption. (Note, that for the depicted casg is
half that ofran.) The local lattice expansion induced

of the dimensional instability in a syngas reactor it assumed expansion curve) as well as the overall strain
is necessary to estimate the material behaviour in (¢) are also shown. The lattice expansion due to the
a wider po,-range. In Fig. 4 the assumed material po,-gradient is seen to result in an overall expansion

0.0040 T I Be+7 -4
-5
- 6Ge+7
00035 E P -
2 I de+? Lz ~
s £
o} @
£ 0.0030 | - 2e+7 L |8
© Q
= @ e
o [ L9 @
L o & 2
0.0025 - — - -10
~ - -2e+7
-1
0.0020 T v T r v T T T T -de+7 L -12
00 01 02-03 04 05 06 07 08 09 1.0
Air Position  (1-x/L) Syngas

Fig. 5. Calculatedpo, , strain- and stress-profiles across apb8ro4Cap2FepgOs_s membrane exposed to @o, of 10719 atm
at the syngas side and po, of 0.2atm on the air side7( = 800°C). The following values of the parameters were assumed:
ran = 0.8 cN?, reat = 0.4Q cn?, E = 100 GPa and) = 0.30.
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Fig. 7. Calculated elastic strain energy release rate as a func-
Fig. 6. Calculated maximum tensile stress in a syngas membrane tion of membrane thickness for the case of a supported
of LageSro4Cop2FengOs_s under “base case” conditions (see LageSry.4Cop2FensOs—_s membrane under “base case” conditions.
caption of Fig. 2) as a function of membrane thickness under two The membrane thickness was;58. The thickness of the support
different assumptions of the electrode kinetics. was 2mm and arfE-modulus of 50 GPa was assumed.

of the membrane of ca. 0.35%. Tensile stresses build sional instability depicted in Fig. 4 is tolerable or not
up at the air side and compressive stresses at the synpecomes a question of both mechanical properties and
gas side. electrode performances. Mechanical failures caused
In Fig. 6, the maximum tensile stress occurring in by insufficient dimensional stability of ceramics ex-
the membrane under base case conditions is plottedposed to apo,-gradient have been reported both for
as a function of membrane thickness. The stress levelpotential syngas membrane materials [33] and for
increases with increasing membrane thickness, SOFC interconnect materials [29].
reflecting that the thicker the membrane is, the larger  |f the membrane is thinner than a few hundyeah
is the po, difference over it, and consequently, the it must be supported on a porous substrate. If the sub-
larger will be the difference in local lattice expansion strate is on the air side of the membrane it will expe-
and mechanical stresses. Calculations were performedrience no expansion. When operating as a reactor the
also for different electrode polarization resistances at membrane will therefore be in compression and the
the two sides. If the cathode kinetics are faster than substrate in mild tension. For this case the relevant
the anode kinetics the maximum tensile stresses arefailure mode is not breakage of the membrane due to
much higher than for the case of equal polarization the levels of tensile stresses but rather a delamination
resistances (cf. Fig. 6). The maximum tensile stress between membrane and support. Calculated energy re-
is located close to the air side surface. It is propor- |ease rates for a delamination are plotted in Fig. 7 as a
tional to the difference between overall expansion and function of the thickness of the membrane. The con-
local lattice expansion. When improving the cath- ditions were the base case conditions and a support
ode performance relative to the base case,fhe thickness of 2mm was assumed. In Fig. 8 the calcu-
increases, and the local lattice expansion decreasedated energy release rate is plotted as a function of
correspondingly, resulting in a larger tensile stress. overall expansion of the membrane for a fixed mem-
Even faster kinetics will lead to a further increase brane thickness (again considering base case condi-
of the stress levels. For membrane thickness from tions). The elastic constants assumed are given in the
0.5 to 1 mm the tensile stress levels reached with figure captions. Here the term overall expansion means
the assumed values of the electrode kinetics and an-the expansione| that a free membrane would expe-
ion conductivity are not likely to be detrimental (for rience when exposed to the sampg, gradient.G is
an optimized ceramic). Hence, whether the dimen- seen to scale with the overall expansion squared and
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tion in a LaysSrp.4Cop2FepsO3-s membrane reactor with a sup-
ported membrane as a function of the overall expansion of the

membrane. The term “overall expansion” refers to the expansion 2.5 i
that a free membrane would experience when exposed to the con- 1000°C

sidered po,-gradient. The membrane thickness wasus0. The A !

thickness of the support was 2mm and Esmodulus of 50 GPa 30— I' —
was assumed. Critical energy release rates derived from measured 0 50 100 150 200 250 300 350

fracture toughnesses of two relevant ceramics are indicated by

. . . Time (hours)
horizontal lines for comparison.

Fig. 9. Measured dimensional change of a bar of SrlggOo
. ] ) ] when exposed to various oxygen partial pressures at°T00
with the membrane thickness in a linear way. Clear

suggestions for minimizing the risk of failure follow
directly from the two plots. room temperature should be considered. If the thermal
The high temperature fracture toughness of the expansion coefficient of the membrane material differs
considered perovskite is not known to W&-values from that of the support, stresses will build up during
for two other membrane relevant ceramics are plotted cooling. Finally, effects of possible (and likely) pres-
in Fig. 8 for comparison. Assuming that the tough- sure differences across the membrane must be taken
ness of the investigated material is similar to these into account in the mechanical analysis.
materials fulfilment of the suggested design crite-
rion is seen to require an overall expansion under 3.2.2. SrFeCaq 50,
the specified experimental conditions of less than To our knowledge, no investigations of the di-
0.2%. mensional stability of SrFe@gO, over the full po,
Only loads introduced by thpo,-gradient across interval relevant for a syngas membrane have been
the membrane were considered in the present analysisreported in the literature, and therefore an experimen-
This was chosen for simplicity, and from an a priori tal investigation by dilatometry was undertaken in the
expectation that this load case is the most critical one. present study. Samples were prepared by the mixed
There is a number of other load cases, that should beoxide route and bars for the dilatometer were pressed
taken into account when optimizing the membrane de- and sintered at 120C. The dimensions of the inves-
sign according to mechanical considerations. The gastigated bars were 18 3 x 6.5 mn®. The experimental
composition will change down-stream as methane is data are depicted in Fig. 9. A strong contraction is
consumed, and so will the temperature under opera- observed when exposing this material even to mildly
tion. Hence, both thermal strains and lattice expansion reducing conditions. When switching back to air
induced strains will vary along the axis of the tube, after the reduction sequence the sample is seen to
resulting in build up of stresses. Also the situation at have suffered a net expansion.
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Fig. 10. Calculatedbo,-profile and stress-profile over a SrFeg®, membrane exposed to air andpa, of 106 atm at either side at

1000°C. Reversible electrode kinetics were assuméd= 124 GPa and = 0.30.

Several investigators [10-12] have reported that po, profile as well as the stresses introduced by the
at room temperature the materials with nominal dimensional instability are depicted in Fig 10. The
composition SgFe;_,Co,013+5 consist of multiple syngas side of the membrane is in tension and the air
phases forx > 1.5. For the composition inves- side in compression. The maximum tensile stress was
tigated here withx 2 the material consists of found to be 300 MPa!, which is far higher than the
three phases: a phase isostructural withF&O;3, a fracture strength of the material. Yet, this material has
SrFe_,Co,03_;s perovskite/orownmillerite and CoO  been demonstrated capable of functioning as a syngas

[10-12]. A powder sample was investigated by high
temperature X-ray diffraction at the same oxygen ac-
tivities that were used in the dilatometry experiment.
The X-ray investigations confirmed the multi-phase

reactor for hundreds of hours [39], so some of the
assumptions made leading to the predictions of such
high stresses must be erroneous. We believe that it is
probably the assumption of reversible kinetics at the

character of the sample and showed that reducing thesyngas side (resulting ipéZY = pgz) that is wrong,
po, lead to an increase in the amount of (Co, Fe)O and that the material is effectively “protected” by
and perovskite at the expense of the layered phase.slow kinetics or possibly a decomposed layer (with
At the lowestpo,, metallic Co was detected. These poorer transport properties) at the syngas side.
species all have higher density than the layered struc-
ture, and the contraction observed upon reduction in
the dilatometer, thus seems to be caused bypihe
driven phase changes.

Like for the perovskites the mechanical conse- The prospects of developing materials (MIECs)
guences of the dimensional instability depicted in for membrane reactors for syngas production with
Fig. 9 were analysed. Theo, profile across a mem-  sufficiently good transport properties as to render
brane was calculated by numerical integration of Eq. the technology economically competitive seem good.
(4) using the conductivity data reported by Ma et However, performance has to be improved relative
al. [13]. Reversible kinetics were assumed at both to present day state-of-the-art. Improvement of the
surfaces, and ao, of 10-16atm on the syngas side electrode performance by catalyst addition or en-
and 0.2 atm at the air side was assumed. The follow- hancement of the surface area has to be introduced
ing values were used for the mechanical constants considering its effects for the stability of the mem-
E 124 GPa andv 0.3 [39]. The calculated brane. Slow kinetics at the anode may protect the

4. Conclusion
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material from the syngas environment, and improve-
ment of the anode performance has to be matched by

improvement of cathode performance (cf. Eq. (18))

(and possibly a reduction of membrane thickness) to

assure membrane operation within the stability limits

of the material. Reduction of membrane thickness to
the level where a support is needed may be difficult
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