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Asymmetric membranes of mixed ionic-electronic conducting perovskite-type oxides SrTi;.xFexOs.s (STF, x = 0.3,
0.5 and 0.7) were prepared by inverse sequential tape-casting. Both porous support (~600 pm) and functional
membrane layer (~20 pm) for a given membrane assembly were made from the same composition to ensure
thermochemical compatibility between the layers. Oxygen fluxes were assessed in the range 650 -1020 °C, using
either (non-pressurized) ambient air or pure oxygen as feed gas at the support side of the asymmetric membrane
and argon as sweep gas. Notably, similar oxygen fluxes (~1.2 x 10~® mol cm~2 s71) are measured through the
membranes of different compositions above 950 °C when using ambient air as feed gas. This observation is
interpreted to reflect the major role of the support layer resistance in rate-limiting the oxygen fluxes through the
STF asymmetric membranes, which conclusion is supported by comparison of the oxygen fluxes with those
measured previously through asymmetric membranes of Bags5Srg5Cog.sFep 2035 (BSCF) and Lag Sro 4Cop.2.
Fe(.g03.5 (LSCF). A simple diffusion-convection model is used to account for the observed gas phase polarization
in the porous support layers limiting the oxygen fluxes.

1. Introduction

With the prospects of obtaining low-cost oxygen, ceramic mixed
ionic-electronic conducting (MIEC) oxygen-permeable membranes have
attracted considerable attention during the past decades. The envisioned
applications range from pure oxygen production [1-2], integration in
membrane reactors [3], e.g., for syngas production [4-5] to their
implementation in oxy-fuel power plants for CO; capture [6-8].
Numerous materials and types of structures, such as perovskites,
KoNiF4-type and higher order Ruddlesden-Popper phases, have been
investigated [9]. One obvious challenge in the field lies in identifying
membrane materials, which combine a high oxygen flux and reliability
of operation under actual operating conditions, such as CO2-containing
and reducing environments.

High oxygen fluxes are generally realized at high temperatures (e.g.
800-1000 °C), which are ultimately limited by oxygen bulk diffusion.
The so-called ambipolar diffusion of the oxygen ions and electrons,
being driven by the gradient in oxygen chemical potential across the
membrane, may be described by Wagner’s equation [10], which pre-
dicts that the oxygen flux is inversely proportional to membrane

thickness. Therefore, reducing the membrane thickness is an effective
way to improve the oxygen fluxes. Below a minimum thickness of about
100-120 pm, however, a porous support is needed to provide mechan-
ical rigidity to the membrane, in particular for planar membranes.
Surface exchange rate limitations at the gas/solid interfaces may occur
upon reducing membrane thickness. The oxygen surface exchange re-
action involves a series of elementary steps such as adsorption and
dissociation of oxygen molecules, diffusion of intermediates surface
species (e.8., Oy 45 O,qs), incorporation of oxygen ions into the lattice
and reverse steps, each of which may be rate limiting [10]. A thin porous
catalytic layer can be deposited on either side of the membrane to
overcome the rate limitations associated with oxygen surface exchange
[11-12]. Moreover, gas phase transport in the porous support layer, if
present, may limit the oxygen fluxes [13-15]. A schematic illustration of
the drop in oxygen chemical potential across an asymmetric MIEC
membrane is given in Fig. 1.

Support and membrane layers of asymmetric MIEC membranes are
commonly made from the same material to ensure chemical and thermal
expansion compatibility between the layers. To date a wide variety of
techniques has been exploited to fabricate asymmetric membranes such
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as slip casting, tape casting, phase inversion, dip coating, spin coating
and screen printing to mention the most commonly used as reviewed by
Lemes-Rachadel et al. [16]. Recently, we have identified the
perovskite-type oxide SrTij.xFexOs.; (STF) as a promising candidate
membrane material [17]. Functional properties, such as ionic and
electronic conductivities, thermo-mechanical [18-19] and reducibility
[20], affecting the operational reliability of the STF membranes, can be
tailored by varying the compositional parameter x in the series. The
compositions with high iron contents are reported to exhibit high ionic
and electronic conductivities [17,21-22] and fast oxygen surface ex-
change kinetics [17,21-24], albeit that chemical stability is found to
decrease with increasing iron content [17]. In this work, we describe the
fabrication of asymmetric planar STF membranes, using the inverse
sequential tape-casting technique developed previously in our labora-
tory [13-15,[13-15], and present a detailed analysis of the data of oxy-
gen permeation.

2. Experimental

Powders of SrTii.,Fe,O3 s with x = 0.3, 0.5 and 0.7 (abbreviated as
STF30, STF50, and STF70) were prepared by solid-state reaction. To this
end high-purity SrCOs, Fe3O3 and TiO, powders (Sigma-Aldrich) were
mixed in stoichiometric proportions, dispersed in ethanol, and ball-
milled using yttria-stabilized zirconia (YSZ) balls (» = 5 mm) on a rol-
ler bench for 72 h at 100 rpm. The ethanol was evaporated, and the dry
powder sieved (300 pm mesh size) and calcined at 1075 °C for 25 h,
using heating and cooling rates of 5 °C min_. The calcined powder was
additionally ball milled for 48 h at 100 rpm to obtain a monomodal
particle size distribution with dy¢ ~0.5 pm, dso ~1 pm, and dgo ~3 pm as
determined by dynamic light scattering (Horiba LA 950V2). The ob-
tained STF powder was subsequently dispersed in an azeotropic mixture
of ethanol and methyl ethyl ketone, using Nuosperse® FX9086 (Ele-
mentis Specialties, Inc.) as a dispersing agent. To this mixture 8 wt% of
polyvinyl butyral (Butvar® PVB B-98, Solutia Inc.) was added as a
binder, and 4 wt% of Solusolve® 2075 (Solutia Inc.) and 4 wt% of
PEG400® (Merck) as plasticizers. The obtained slurry was used for tape
casting of the membrane layer. To a part of this slurry 30 wt% of Remy®
FG rice starch (Remy Industries NV, Belgium) with a particle size in the
range 2-8 ym was added as pore former to prepare the slurry for tape
casting of the porous support layer. Prior to use, both slurries were
degassed for 10 min at 0.4 bar. Detailed descriptions on the preparation
of similar slurries are given elsewhere [13-15].

The inverse sequential tape casting technique was used for prepa-
ration of the membrane assembly [13-15]. First, the membrane layer
was cast with a blade gap of 50 um at a casting velocity of 60 mm min "
The cast membrane layer was left to dry in stationary air at room
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temperature for 24 h. The support layer was cast on the membrane layer
at the same casting velocity with a blade gap of 1.9 mm. After drying
overnight in stationary air at room temperature, discs with a diameter of
20 mm were punched from the green tape. The obtained discs were
thermally treated at 300 °C, 400 °C and 800 °C for 1 h at each tem-
perature, and finally at 900 °C for 5 h. During this treatment, a static
load of 70 g was applied onto each of the discs. The load was removed,
and the discs were subsequently annealed in air for 5 h at either 1330 °C,
1300 °C, or 1240 °C for STF30, STF50, and STF70, respectively. Helium
leakage tests showed a gas tightness of the membranes of less than 10>
mbar1s~! em™2

The structure and phase purity of STF powders and membranes were
checked by X-ray diffraction (XRD). XRD patterns were collected on a
Bruker D2 PHASER diffractometer, using Cu Ka radiation (1.54184 A),
at room temperature in the 20 range 20-90° with a step size of 0.0202°
and a counting time of 1 s per step. Elemental analysis of the powders
was carried out using inductively coupled plasma - optical emission
spectrometry (ICP-OES). The microstructure of the membrane and
support layers was investigated by scanning electron microscopy (SEM,
FEI Phenom, Zeiss Ultra 55). The porosity of support and membrane
layers was estimated from SEM micrographs of polished cross sections of
fractured asymmetric membranes. Average porosities were obtained
from image analysis of at least 10 SEM micrographs of different areas for
a given sample. Image analysis was carried out using the analySIS©
software package (Olympus Soft Imaging Solutions GmbH, Germany).
The mean pore diameter of each porous support layer was determined
by mercury intrusion porosimetry (Fisions Instruments, Pascal 440).

A home-made quartz membrane reactor was used for oxygen
permeation experiments [25]. The membrane was sealed into the
reactor by means of two gold rings. Sealing was achieved by holding the
assembly, under a spring load, at a temperature of 1020 °C for 4 h.
Oxygen permeation experiments were carried out in the temperature
range 650-1020 °C, exposing the support side of the membrane to the
feed side gas stream. Ambient air (250 ml min') or pure oxygen (200 ml
min’l) was used as feed gas, while argon (50-280 ml min~ 1) was used as
sweep gas. The oxygen flux was corrected for air ingress into the effluent
by continuously measuring the nitrogen concentration in the permeate
stream. The oxygen leakage did not exceed 1% of the total measured
oxygen flux. Post mortem SEM micrographs of fractured cross sections of
the membranes were taken in order to assess whether microstructural
changes had occurred during the permeation measurements.

Gas diffusion
Surface exchange at feed side
Ambipolar diffusion of oxygen ions and electrons

Surface exchange at permeate side

Fig. 1. Schematic illustration of the drop in oxygen chemical potential y,, across an asymmetric MIEC membrane during steady-state oxygen permeation.



F. Schulze-Kiippers et al.

3. Results and discussion
3.1. Microstructure

SEM micrographs of the cross-sections of fractured asymmetric STF
membranes recorded before and after the permeation measurements are
shown in Fig. 2. Visual inspection shows no apparent changes in the
microstructure of the membranes during the permeation measurements.
The results obtained oxygen permeation measurements are discussed in
the next section. Relevant parameters related to the microstructure of
the membrane layer and porous support determined from the SEM mi-
crographs and from the results of mercury intrusion experiments are
compiled in Table 1. As seen from this table, the thickness of the func-
tional membrane layers is in the range 14-24 pm. The porosity in the
support layers appears homogeneously distributed and emerges to be
the highest for STF30. The latter is attributed to the poor sinter activity
of this composition compared to STF50 and STF70. The pore sizes of the
support layers are in the range 1.5-2.1 pm. The poorer sinter activity of
STF30 is also reflected in a somewhat lower density of the membrane
layer for this composition relative to those found for STF50 and STF70.
Helium leakage tests, however, confirmed gas tightness in all three
cases. No evidence for impurities or second phase formation was found
in the XRD patterns of the membranes recorded before and after the
oxygen permeation experiments.

3.2. Oxygen permeation

Fig. 3 shows Arrhenius plots of the oxygen fluxes of the asymmetric
STF membranes. During measurements either ambient air or pure oxy-
gen was used as feed gas. Also shown in this figure are data from mea-
surements on 1.5-mm-thick disc membranes of different STF
compositions, using air as feed gas, from our previous study [17]. It is
further important to note that in both studies, the same reactor was
employed and the same flow rates of the argon sweep gas (50 ml min ')
were maintained. The curvature of the lines in Fig. 3, i.e., the apparent
non-linear Arrhenius behavior, may indicate a change in rate limiting
step, but is, at least partly, due to the loss in driving force with increase
of temperature. As the sweep gas flow rate was fixed in the experiments,
an increase in oxygen flux with increasing temperature reduces the
available driving force for oxygen permeation.

The oxygen flux for the disc membranes increases with x in SrTi;.
«FexOs3.5, which is accounted for by the concomitant increase in the

Fig. 2. Cross sectional SEM micrographs of fractured asymmetric STF mem-
branes recorded (a) before (polished) and (b) after oxygen permeation
measurements.
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Table 1
Microstructural parameters of asymmetric SrTi; ,Fe,O3.s (STF) membranes.

X Acronym Membrane layer Porous support
thickness porosity thickness porosity pore
(pm) (%) (pm) (%) diameter
(pm)
0.3 STF30 14+1 45+1.8 645+20 34.0 £ 1.6
0.5
0.5  STF50 24 +1 <1 595 + 20 26 +2 2.1
0.7  STF70 19+ 2 <1 505 + 20 23.3 + 1.5
0.9

concentration of oxygen vacancies and, hence, values for the ambipolar
conductivity [17]. Due to the reduction in thickness of the functional
membrane layer, the asymmetric membranes exhibit higher oxygen
permeation fluxes compared to the (unsupported) disc membranes. The
increase in oxygen flux is, however, is considerably less than expected
on the basis of the inverse relationship between the oxygen flux and
membrane thickness predicted by the Wagner equation [10]. Further-
more, the oxygen fluxes of the asymmetric membranes are found to level
offat ~1.2 x 10~ mol cm 2 s~ at high temperature if air is used as feed
gas. The latter observation is attributed to mass transport losses in the
porous support layers, becoming the major factor limiting the oxygen
flux at high temperature. The respective support layers impact the ox-
ygen fluxes almost similarly, despite variations found in their porosity
and pore diameter (see Table 1). Increasing the sweep gas flow rate from
50 ml min~! to 280 ml min~, at 900 °C, just below leveling off at the
maximum flux, was found to increase the oxygen flux minorly (less than
a factor ~1.4). Only after changing the feed gas from air to pure oxygen,
thereby eliminating rate limitations by binary gas phase diffusion in the
porous support layer, the oxygen fluxes are found to increase substan-
tially, as shown in Fig. 3.

3.3. Transport resistance of the porous support layer

The above results make clear that significant mass transport limita-
tions may occur in the porous support layers of the asymmetric STF
membranes if air is used as feed gas. Different mechanisms may domi-
nate gas transport in the porous support layer: viscous flow, molecular
diffusion and Knudsen diffusion. The relative contribution of ordinary
molecular diffusion to Knudsen diffusion to total diffusion can be eval-
uated via calculation of the Knudsen number K;,, which represents the
ratio of the molecular mean free path A to the pore diameter d, [26],

A ks T

Kn=2 =—"8°
dy d, V2r62P (€8]

where o is the collision diameter, kg is the Boltzmann constant, T is the
temperature and P is the pressure. For support pore diameters (see
Table 1) and at the temperatures of interest (650-1020 °C), Kj is
calculated to be in the range 0.1-0.2, which indicates that gas transport
is in the transition flow regime and, hence, all three mechanisms are
present. In the calculation, it was assumed that the effective collision
diameter can be represented by the mean value of the molecular colli-
sion diameters: oo,_n, = (60, + 0n,)/2. The molecular collision di-
ameters for oxygen and nitrogen are 3.467 and 3.798 A, respectively
[27].

There is an extensive literature on modelling gas diffusion in porous
media using Fick’s law, Maxwell-Stefan diffusion equations (MS) or the
dusty gas model (DGM). Of these, Fick’s law is the simplest and most
commonly used for dilute or binary systems. To describe mass transport
through the porous support layer, we have adopted the convection-
diffusion equation. In this approximation, the total oxygen flux is
taken as the sum of the diffusive flux driven by the oxygen concentration
difference plus the convective flux of oxygen that is carried along with
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Fig. 3. Temperature dependence of the oxygen permeation fluxes through asymmetric STF membranes. Also shown are oxygen flux data through (unsupported) 1.5

mm-thick disc membranes from our previous work measured under similar conditions [17]. Either ambient air or pure oxygen was used as feed gas (250 ml min™";

1

see opposite table), while a constant flow (50 ml min~') of argon was used as sweep gas.

the nitrogen being driven by the absolute pressure difference. The
equation for the net oxygen flux through the porous support is derived in
the Appendix and can be stated in the form,

02, in 0, ex
IR
JO2 =

RT Lo

(2

where pO, ;, and pO; ., are the oxygen partial pressures at the pore entry
(facing the feed gas) and exit (facing the membrane), respectively, Ly is
the support layer thickness, P is the absolute pressure, R is the gas
constant, T is the temperature, and Dgfzf is the effective gas diffusivity,
accounting for the effects of the porous medium and gas-solid friction
(Knudsen diffusion). Eq. (2) enables calculation of the associated oxygen
pressure difference across the porous support layer to sustain a given
oxygen flux. Corresponding calculations were performed, assuming that
Dgfzf can be represented by [28-29],

€
Dgf:f = sz.]_)o

3

where Dy is the gas diffusivity, ¢ is the porosity, and 7 is the tortuosity
(actual path length divided by the support layer thickness). Dy was
approximated by using the Bosanquet equation [30],

~(ooom)
Do,- N, Do, xn

where Do, n, (cm? s™H and Do, kn (cm? s71) are the binary gas phase
and Knudsen diffusion coefficients, respectively. Do, n, was calculated
from Fuller’s correlation [31].

—371.75 1 1
R

P[(Vo,)" + (Va,)")?

4

(5)

Do, n, =

where Mo, and My, are the molar mass (g mol ™) of 0y and N,
respectively, and Vo, and Vy, are the corresponding (dimensionless)

diffusion volumes. Diffusion volumes for Oy (16.3) and N5 (18.5) were
taken from a recent compilation of Todd and Young [27]. Do, kn (cm?
s~ 1) was calculated from Ref. [32].

8RT
Mo,

dy
& (6)

DO;,Kn =
As Berson et al. [33] reported that the Bruggeman equation is inac-
curate for porosities below 40%, we used in this work an expression
derived by Kong et al. [34] based on a 3D cube packing,
(1+¢)

T:€(l+8)2+482(1 —€) @

Thus, the calculations show that if non-pressurized ambient air
POz = 0.21 atm, P = 1 atm) is used as feed gas a large portion of the
total available driving force is actually required to sustain the oxygen
flux through the porous support layers. Fig. 4 shows the calculated
maximum oxygen fluxes that can be sustained though the porous sup-
port layers under the given experimental conditions. These fluxes were
calculated (using Eq. (1)), assuming that no rate limitations occur due to
bulk diffusion and surface exchange and, hence, the total driving force
for oxygen transport across the asymmetric membrane is consumed by
gas transport through the porous support layer. Under this assumption,
the oxygen partial pressure at the pore exit, pO; ., equals the pOs in the
sweep gas facing the membrane. Assuming ideal mixing of gases at the
permeate side of the membrane, pO, ., equals the measured pO, at the
outlet of the reactor. As can be seen from Fig. 4, at the highest tem-
peratures the experimental oxygen fluxes approach the calculated
maximum sustainable fluxes through the support layers. Recognizing
the limitations of our modelling and the uncertainties in the determi-
nation of the parametric input-parameters, such as the diameter of
tortuous pores and the effective gas diffusivity [33], we believe that our
analysis lends further support to the conclusion that at these high tem-
peratures the support layer resistance exerts a major influence on the
oxygen flux through the asymmetric STF membranes.

Fig. 5 shows a comparison of the oxygen fluxes through the
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Fig. 4. Comparison of the experimental oxygen fluxes through asymmetric STF
membranes measured using ambient air as feed gas (data from Fig. 3) with
those calculated using Eq. (1), assuming limiting gas transport across the porous
support layers.
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Fig. 5. Comparison of the oxygen fluxes through asymmetric STF membranes
(data from Fig. 3) with those measured through asymmetric BSCF [14] and

LSCF [15] membranes. In all cases ambient air was used as feed gas (250 ml
min '), while a constant flow (50 ml min~') of argon was used as sweep gas.

asymmetric STF membranes with those measured through asymmetric

Appendix A. Derivation of Eq. (1)
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membranes of LagSrg4Cog2Fepg0ss (LSCF) and BagsSrgs5Cogg.
Fep.203.5 (BSCF) from our previous studies [14,15]. In all cases ambient
air was used as the feed gas (250 ml min’l), while a constant flow (50
ml min~!) of argon was used as sweep gas. Despite the different com-
positions, all membranes are found to exhibit similar oxygen fluxes
above ~ 950 °C. This observation is in support of our conclusion that at
these high temperatures, gas transport in the porous support layers is the
main source of concentration polarization in the asymmetric mem-
branes. The notable agreement between the oxygen fluxes above ~ 950
°C suggests that the porous supports of the asymmetric membranes have
very similar microstructures. As for the asymmetric STF membranes in
this study, the porous supports of the LSCF and BSCF membranes in our
previous study were prepared using rice starch as the pore-forming
agent, thereby ensuring similar microstructures. Experiments are un-
derway to verify the conclusions in this study by measuring the oxygen
fluxes through asymmetric membranes of the same composition having
porous support layers with different porosities and pore sizes prepared
by the use of different pore-formers.

4. Summary and conclusions

In summary, it is found that the porous supports, showing apparent
porosities and pore diameters in the ranges 23-34% and 1.5-2.1 pm,
respectively, exert a major influence on the rate of oxygen permeation
through asymmetric all-STF membranes when (non-pressurized)
ambient air is used as feed gas. Notably, similar oxygen fluxes (~1.2 x
107° mol em 2 s~ 1) are measured through all three membranes of
different compositions investigated in this work above 950 °C. This
conclusion is further supported by the results from convection-diffusion
model simulations and by comparison of the oxygen fluxes with those
measured previously through asymmetric membranes of BagsSros.
COQ.8F60.203_5 (BSCF) and Lao,68r0.4Coo,2Fe04803_§ (LSCF) having similar
microstructures of the porous support layers. The obtained results urge
for optimization of gas transport through the porous supports (e.g., by
reducing tortuosity) and/or adaptation of the operational parameters (e.
g., by using a pressurized air feed side) to enhance the oxygen perme-
ation fluxes.
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The mass balance equation for the molar oxygen flux through the porous support layer at steady state reads

" B
joz = 7Dcoli VC()2 - CO;' (IOVP)

(A1)
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where Deofzf is the effective diffusion coefficient, co, the gas phase oxygen concentration, By the (effective) permeability or viscous flow parameter, p the
viscosity coefficient and P the total pressure. The diffusion coefficient is written as an effective diffusion coefficient to account for the effects of the
porous medium and gas-solid friction (Knudsen diffusion). Eq. (A.1) is also often referred to as the advection-diffusion, drift-diffusion or extended
diffusion equation.

Oxygen permeating through the supported membrane layer drives both convective and diffusive oxygen fluxes across the support. The total oxygen
flux equals the sum of the diffusive flux driven by the oxygen concentration difference plus the convective flux of oxygen that is carried along with the
nitrogen driven by the pressure difference, as expressed by Eq. (A.1). Darcy’s law

v=— @VP (A.2)
H

relates the pressure gradient to the molar average velocity of the gas v, which for the O2-N; binary mixture reads

- €o,V0, + CN,UN, :jOz +in, (A.3)

Ctot Ctot

where ¢t = Co, + Cn, is the total gas concentration, and vo, and vy, are the molar velocities of oxygen and nitrogen, respectively, and jy, is the
nitrogen flux. At steady state, jx, = 0, since the convective flux of nitrogen is balanced by an equal, but opposite diffusive flux. Substitution of the

obtained result in Eq. (A.1) gives
. off Co, .
Jo, = — D! Veo, +-2j (A.4)

2 02

tot
Noting that only a very small pressure drop is needed to balance the outgoing diffusive nitrogen flux, the total pressure P in the porous support
remains virtually constant. By assuming an ideal gas mixture, so that Dalton’s law can be used, Eq. (A.4) can be re-shuffled to yield the simple
relationship

. Dgf P PO,
Jo, = RT V1n< 77) (A.5)

where R is the gas constant. Integrating Eq. (A.5) over the support thickness L yields Eq. (1)

Dg:VP (ln(l *pOET’"'> 71n<1 7’%>>
o (@)

0 T RT L

where pO; i, and pO,, ., are the pOy’s at the entry and exit of the pore, respectively. In derivation of Eq. (1) there is no need to assume that the effective
diffusion coefficients for Oy and N2 components in the binary gas mixture are similar. In fact, these may be dissimilar on account of differences in gas-
solid interactions and molar fluxes due to differences in the molecular weights of both molecules.

Eq. (1) can be used to demonstrate that the diffusive flux is enhanced by convection. The term In(1 —pO3, ¢ /P) in Eq. (1) vanishes if pO3 ex— 0. In
this case, the error made by neglecting convection, i.e. assuming a simple diffusive approximation, is 12.2% if air (pO2 i, /P = 0.21) is used as feed gas.
This result confirms that gas phase diffusion is the main source of concentration polarization in porous supports [35], which includes porous electrodes
[36]. Eq. (1) predicts that the error increases to 100% if (pO2in/P = 0.8), where the oxygen flux is equally driven by diffusion and convection. Note
further from Eq. (1), that the oxygen flux scales linearly with the absolute pressure maintained at the feed side of the porous support layer. A
pressurized rather than a non-pressurized ambient air feed may therefore be employed to mitigate the problem of polarization losses in porous support
layers.
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