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The influence of the macrostructures of LSCF hollow fiber membranes on oxygen
permeation flux was investigated experimentally and theoretically. According to the
results, asymmetric membranes perform differently toward oxygen permeation depend-
ing on their sintering outcome. If both, outer and inner surfaces of the asymmetric
membrane are fully densified, finger-like pores become dead volume, which has
adverse effects, and the oxygen permeation flux is similar to that of the symmetric
membrane. This implies that the improved bulk diffusion due to the reduced membrane
thickness is compromised by the additional exchange reaction resistance from the
enclosed macrovoids in the asymmetric membranes. However, when one surface of the
membrane is fully open, then oxygen permeation is greatly enhanced mainly due to the
remarkable increase in the effective surface area for surface exchange reactions. In
order to evaluate the actual surface exchange area due to the presence of the porous
structure within the asymmetric membranes, a correction factor o, has been introduced
in the theoretical analysis presented. © 2010 American Institute of Chemical Engineers
AIChE J, 56: 3084-3090, 2010
Keywords: mixed conducting membranes, oxygen permeation flux, LSCF hollow fibers,
symmetric structure, asymmetric structure, sandwich-like structure
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Introduction

Dense mixed conducting membranes prepared from perov-
skite-type oxides have been studied extensively due to their
high-oxygen permeation rates without the need of electrodes.
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The driving force for oxygen-ion transport is facilitated by
the oxygen partial pressure difference across the membrane
at elevated temperatures. Since no species other than oxygen
can be transferred through the membrane, the oxygen perm-
selectivity is theoretically infinite." This unique characteristic
makes the mixed conducting membranes a promising and
simple method for oxygen separation from air.

Mixed conducting hollow fiber membranes are usually
prepared via well known phase inversion and sintering
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Figure 1. LSCF hollow fiber membranes with different macrostructures.

(a) Symmetric membrane, (b) asymmetric membrane with fingers formed on the inner side of the membrane surface, and (c) asymmetric
membrane with fingers formed on both sides of the membrane surface.

technique.'® By changing the preparation conditions, differ-
ent macrostructures of the membranes can be obtained as
shown in Figure 1.Until now, two structures of the LSCF
hollow fiber membranes have been prepared (1) symmetric
structure that is comprised of a fully dense layer (Figure 1a),
and (2) asymmetric structure with fingers (macrovoids)
formed on either (Figure 1b) or both sides of the membrane
surface (Figure 1c). For example, when water was used as
both the internal and external coagulants, a sandwich-like
structure, i.e., a central dense layer integrated with fingers
on both sides was formed (Figure 1c). However, if the sus-
pension viscosity is increased to a critical value,” a symmet-
ric structure without presence of any macrovoids can be
obtained as shown in Figure la. By properly selecting an in-
ternal coagulant media with water being used as the external
coagulant, an ultra thin or highly asymmetric structure,
which comprised of a dense outside layer supported by fin-
gers fully open toward the inner surface, could be formed as
shown in Figure 2.7 Detailed studies on the formation mech-
anisms of the aforementioned macrostructures can be found
elsewhere.”®

It was found experimentally that the oxygen permeation
fluxes through the hollow fibers with different macrostruc-
tures varied which indicates that the presence of macrovoids
influences greatly the oxygen permeation flux of the fibers.
For instance, the macrovoids in the asymmetric hollow fibers
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are sometimes enclosed in the fiber by the dense surface
walls. Consequently, the oxygen permeation through such
asymmetric membranes must undergo two additional surface
exchange steps while the effective diffusion paths are short-
ened.

The aim of this study is to evaluate the macrostructure
related oxygen permeation. The oxygen permeation through
the aforementioned membrane structures were studied both
experimentally and theoretically, and the effect of the macro-
structure on the oxygen permeation flux was analyzed in
detail.

Experimental
Materials

Commercially available LagSrg4Co,Fers05.5 (LSCF)
powder with the surface area of 6.08 m2/g and dso = 0.32
um (purchased from Fuel Cell Materials, Lewis Center, OH)
was used as the hollow fiber membrane material. Poly(ether
sulfone) (PESf, Radel A-300, Solvay Advanced Polymers
GmbH, Dusseldorf, Germany) was used as a polymer binder.
N-methyl-2-pyrrolidinone (NMP, Synthesis Grade, Merck),
and Dimethyl Sulfoxide (DMSO, Sigma Aldrich) were used
as solvents in the starting suspensions. Arlacel P135
(Uniquema, Wilton, U.K.) was used as a dispersant. Epoxy

DOI 10.1002/aic 3085



Figure 2. LSCF hollow fiber membranes with an ultrathin structure.

(a) Finger-like pores open toward inner surface, and (b) outer dense surface.

resin sealant (purchased from Fortafix, Ltd., Peterborough,
Cambridgeshire, U.K.) was used to assemble the single hol-
low-fiber membrane.

Oxygen permeation measurement

Different structures of gas-tight LSCF hollow fiber mem-
branes were fabricated using phase inversion/sintering
method described elsewhere.'”” Before, the oxygen permea-
tion experiments, the LSCF fibers prepared were individually
checked for their gas-tightness using an experimental setup
described by Tan et al.' All the oxygen permeation tests
were conducted using a single LSCF hollow fiber membrane.
The LSCF hollow fiber membrane was placed on the Al,O3
ceramic holder and then placed in a carbolite horizontal tube
furnace with the heating zone of 5 cm. The schematic dia-
gram of an apparatus for oxygen permeation measurements
is shown elsewhere.” Temperature in the furnace was con-
trolled by a microprocessor temperature controller. Glass
wool was placed on both ends of the ceramic holder in order
to prevent an excessive increase in temperature. Argon was
used as a sweep gas fed into the fiber lumen to create the
driving force across the hollow fiber membrane. Mass-flow
controller was used to control the flow rate of the sweep
gas. The oxygen concentration in the effluent was detected
by a gas chromatography.

Measurements for the ultrathin membrane were carried
out in the temperature range between 1073 K and 1223 K at
different sweep gas-flow rates, which were 8.8, 16.8, 24.8,
32.8, 40.8 mL(STP)-min ', respectively. The maximum oxy-
gen flux of the ultrathin membrane was measured at 1223 K
by increasing the sweep gas-flow rate up to 144.9
mL(STP)-min~'. Oxygen permeation measurements for the
symmetric and asymmetric membranes (sandwiched and
with one porous layer formed close to the inner wall) were
conducted in the same temperature range as the ultrathin
membrane and at the sweep gas flow rate of 16.8
mL(STP))-min~" Generally there is a tiny amount of nitro-
gen present in the effluent because of the leakage of the per-
meation cell. Assuming nitrogen entered in to the effluent in
the form of air, the average oxygen permeation flux over the
effective permeation length may be calculated by
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where V,, is the volumetric flow rate of Ar gas
(mL(STP)-min~'); xo, and xy, are the oxygen and nitrogen
concentrations in the effluent determined by GC (V %); A, is
the effective membrane area of the hollow fiber membrane for
oxygen permeation A, = 2n (R, — R;,)L/In (R,/R;,), in which
R,, R;,, L are the outer radius, the inner radius and the effective
heated length of the hollow fiber membrane, respectively.

Theory
Membrane macrostructure related oxygen permeation

It is well known that the oxygen permeation process
through a symmetric mixed conducting membrane from the
high oxygen partial pressure side to the low-oxygen partial
pressure side includes the following steps in series: (1)
mass transfer of gaseous oxygen from the gas stream to the
membrane surface (high-pressure side); (2) reaction between
the molecular oxygen and oxygen vacancies at the mem-
brane surface (high-pressure side); (3) oxygen vacancy bulk
diffusion across the membrane; (4) reaction between lattice
oxygen and electron-hole at the membrane surface (low-
pressure side), and (5) mass transfer of oxygen from the
membrane surface to the gas stream (low-pressure side).
The mass-transfer resistances between the gas phase and the
membrane surface are generally small compared with the
others, and, thus, can be negligible. In addition, the substeps
such as oxygen adsorption, dissociation, recombination, and
charge transfer can be integrated into the surface exchange
kinetics. Consequently, the oxygen permeation flux through
the symmetric membrane shown in Figure 3a can be
derived as’
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where p,,, p,, are the oxygen partial pressures on the
upstream and the downstream side, respectively. Dy is the
diffusion coefficient of oxygen vacancy; and k; and &, are,
respectively, the forward and the reverse reaction rate
constants for the surface exchange reaction
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Figure 3. Oxygen permeation process through (a) sym-
metric structure, (b) asymmetric structure,
and (c) highly asymmetric structure.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

where the charged defects are defined using the Kroger-Vink
notation. That is, O}, stands for lattice oxygen, V¢ for oxygen
vacancy, and /¢ for electron hole.

In the asymmetric membranes prepared by the phase
inversion technique, there are some enclosed macrovoids in
the fiber walls. To our knowledge, the exchange reactions
take place on the interfaces between the gas oxygen phase
and the membrane surface. Accordingly, the oxygen permea-
tion through the asymmetric membrane from the high-oxy-
gen partial pressure side to the low-oxygen partial pressure
side undergoes four exchange reaction steps and two bulk
diffusion steps in series as shown in Figure 3b. When the
exchange reactions on the side surface of the macrovoid are
neglected, the overall permeation can be taken as two se-
quential processes through the two symmetric membranes
with the thickness of §; and J3, respectively. Consequently,
the oxygen flux going across an enclosed macrovoid can be
given by the following implicit Eq. 4
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where o is the correction coefficient to modify the actual
surface exchange area due to the presence of the porous
structure, and p; is the pressure in the enclosed macrovoid.

AIChE Journal December 2010 Vol. 56, No. 12

Published on behalf of the AIChE

Obviously, the total oxygen permeation flux through the
asymmetric membranes can be given as

Jo, = (1 — &), + &I, )

where ¢ is the porosity of the hollow fiber membrane.

For the ultrathin or highly asymmetric membrane, the fin-
ger-like pores are open directly to the hollow fiber mem-
brane surfaces. Figure 3c depicts the oxygen permeation pro-
cess through the ultrathin membranes. As can be seen, the
actual membrane thickness for oxygen permeation across the
finger-like pore has been reduced to J;. Furthermore, since
the surface exchange reactions take place on the side interfa-
ces of the finger-like pores, the real membrane area for sur-
face exchange reactions has also been increased remarkably.
Considering the change of the membrane surface area for
exchange reactions, the oxygen permeation flux through the
highly asymmetric membrane can be written as

0.5 0.5
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where o is the effective membrane thickness for oxygen
permeation.

ho
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Governing equations of the permeation cell

Oxygen permeation through the hollow fiber membrane
was conducted by introducing argon as sweep gas in the
lumen side, while the membrane outer surface was exposed
to the atmosphere. At an elevated temperature, oxygen per-
meates from the air-side to the sweep gas-side under the ox-
ygen concentration gradient across the membrane. The fol-
lowing assumptions are adopted for the derivation of govern-
ing equations of the permeation cell: (1) isothermal
operation; (2) plug flow for the lumen stream; (3) independ-
ence of the surface exchange rate constants and vacancy dif-
fusion coefficient on oxygen partial pressure, and (4) oxygen
partial pressure on the outside of the hollow fiber is constant
(21 kPa); 5) ideal gas behavior. The mass conservation equa-
tions for the lumen phase can be written as

d 7 V
T (png ) =2nR,, - Jo,, for oxygen @)
1
— Vv
% = Fy,, for argon (8)

with the boundary condition
=0, pgz =0 ©)

where V is the volumetric flow rate of the lumen gas stream, p,
is the pressure in the lumen, p, = pa = 1.013 x 10° Pa, R,,, is
the logarithmic radius, R,, = (R, — R;,)/In(R,/R;,), Fa, is the
molar feed flow rate of sweep gas, R is ideal gas constant, and
T is the operating temperature, respectively.

Integration of the governing Eqgs. 7-9 gives the oxygen
concentration in the outlet of the fiber, with which the aver-
age oxygen permeation flux over the effective membrane
length can be subsequently obtained.
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Figure 4. Oxygen permeation flux as a function of tem-
perature under the oxygen partial pressure gra-
dient of 21kPa/2kPa through (a) symmetric
membrane (§ = 270 um), (b) asymmetric mem-
brane (61= 10 pm, 35 = 250 um, é3 = 10 um, ¢ =
0.5); (c) sandwiched membrane (61 = 10 um, J,
=120 um, 63 = 10 um, 65 = 120 um, 65 = 10 um,
¢1 = 0.3 and 2 = 0.3), and (d) highly asymmetric
membrane (54 = 10 um, §, = 260 um, ¢ = 0.5).

Results and Discussion

In the beginning, theoretical analysis was performed using
the kinetic parameters obtained in the literature.” Figure 4
shows oxygen permeation fluxes of the LSCF hollow fiber
membranes having the same wall thickness (270 um in total),
but with different macrostructures under the oxygen partial
pressure gradient of 21kPa/2kPa. As can be seen, the asym-
metric hollow fiber membranes exhibit lower fluxes than the
symmetric membrane, but the highly asymmetric membrane
possesses the highest fluxes in the whole temperature range.
This suggests that the enclosed macrovoids within the mem-
brane wall have yielded negative effects on oxygen permea-
tion especially at lower-temperatures. As mentioned previ-
ously, the oxygen permeation through a mixed conducting
membrane undergoes three sequential steps, i.e., upstream sur-
face exchange reaction, bulk diffusion and downstream sur-
face exchange reaction. When the oxygen is permeated across
a macrovoid structure, the bulk-diffusion resistance is reduced
due to the decrease of the effective diffusion route, but two
additional surface exchange resistances are produced at the
same time. Therefore, whether the overall resistance to oxygen
permeation is increased or decreased depends on the relative
changes of these two types of resistances. For example, at a
lower-temperature, the decrease of the diffusion resistance in
asymmetric membranes is much lower than the increase of the
exchange reaction resistance, leading to reduced oxygen
fluxes. When the temperature is increased to above 1153 K,
the decrease of the diffusion resistance will be larger than the
increase of the exchange reaction resistance. As a result, the
oxygen flux of the asymmetric membrane with single porous
structure will be higher than that of the symmetric membrane
at the temperatures higher than 1153 K. However, for the
highly asymmetric membrane with open finger-like pores, the
effective membrane thickness for oxygen transport is notice-
ably decreased resulting in the improvement of oxygen flux.
Such an increase in oxygen flux becomes noticeable at higher-
temperatures, because the permeation is controlled by the sur-

3088 DOI 10.1002/aic

Published on behalf of the AIChE

face exchange kinetics at lower-temperatures, but the resist-
ance from bulk diffusion plays a more and more important
role in oxygen permeation as the temperature is increased.

Figure 5 shows the experimental oxygen fluxes of the sym-
metric and the sandwiched asymmetric LSCF hollow fiber
membranes at temperatures 1073—-1223 K, and sweep gas-
flow rate of 12.49 umol s71 (16.8 mL(STP) min~ ). It can be
seen that the asymmetric membrane exhibited similar oxygen
fluxes to the symmetric membranes. This implies that the
additional exchange reaction resistance from the enclosed
macrovoids in the asymmetric membranes may be equivalent
to the decrease of the diffusion resistance due to the reduced
membrane thickness. In addition, the theoretical permeation
fluxes calculated using the structural parameters of the fibers
were also plotted with the lines in Figure 5. As can be seen,
the modeling results match the experimental data very well
for the symmetric hollow fiber membrane. However, the ex-
perimental permeation fluxes of the asymmetric membrane
were higher than the theoretical results (¢« = 1). This is
because the exchange reactions also took place on the side
interfaces of the enclosed macrovoids, hence, the actual
membrane area for exchange reactions might be larger than
the hollow fiber’s apparent surface area, just as considered in
the derivation of Eq. 4. By regressing the experimental fluxes
with the mathematical model, the correction coefficient to
modify the actual surface exchange area was obtained to be
about o« = 1.5, with which the modeling results agree very
well with the experimental data as shown in Figure 5.

The experimental and the modeling oxygen permeation
fluxes of the highly asymmetric or the ultrathin hollow fiber
membrane were plotted against temperature in Figure 6.
Again, it can be seen that the experimental permeation fluxes
are much higher than the theoretical data obtained using the
hollow fiber’s apparent surface area (« = 1). One reason is
that the effective membrane thickness for oxygen transport
is noticeably decreased (from 150 pum to around 12 um) in
the highly asymmetric hollow fibers. However, only such
decrease in membrane thickness is not enough to yield so
large an increase in the permeation flux. For example, the
theoretical fluxes with respect to negligible bulk diffusion
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Figure 5. Oxygen permeation rates of the symmetric
and the sandwiched hollow fiber membranes
as a function of temperature (sweep gas-flow
rate = 16.8 mL(STP) min™").

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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resistance (6 = 0) are still much lower than the experimental
data, as shown in Figure 6 with the dashed line. This indi-
cates that the improvement of the oxygen flux in the highly
asymmetric membrane is primarily resulted from the
increase of the effective surface exchange areas, which pro-
motes the exchange kinetics. However, due to the fact that
the macrovoids are fairly irregular in configuration, it is dif-
ficult to estimate the real exchange area for reactions. By fit-
ting the experimental data with modeling results, the correc-
tion coefficient to modify the actual surface exchange area
was estimated to be around 4.93 for the highly asymmetric
hollow fiber membranes in this work. Therefore, the ultrathin
hollow fiber membranes could provide much larger surface
exchange areas than the asymmetric membranes with
enclosed macrovoids.

Figure 7 shows the oxygen permeation flux as a function of
sweep gas-flow rate at different temperatures for the highly
asymmetric hollow fiber membrane. As is expected, the oxy-
gen flux increased with sweep gas rate at a given temperature
since a higher sweep rate could increase the driving force for
oxygen permeation by lowering the oxygen partial pressure
on the permeate side. Using the correction coefficient of sur-
face exchange area obtained before oo = 4.93, the theoretical
permeation fluxes at various experimental conditions were
obtained and were also plotted with the lines in Figure 7. As
can be seen, the experimental data generally are in good
agreement with the theoretical results. However, at lower-
temperatures (i.e., 1073 K) or low sweep gas-flow rates (i.e.,
6.54 umol s~ ' or 8.79 mL(STP) min™ "), the deviation of the
experimental data from the prediction results is relatively
large because the systematic error could be larger under these
conditions.

Conclusions

Lag St 4CogoFen305.5 (LSCF) hollow fiber membranes
with different macrostructures can be fabricated by changing
the composition of the spinning suspension and using differ-
ent preparation conditions. The macrostructure greatly influ-
ences the permeation flux of the hollow fiber membranes by
either reducing the effective membrane thickness or increas-
ing the effective exchange reaction areas. At lower-tempera-
tures the enclosed macrovoids within the fiber wall yield
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Figure 6. Oxygen permeation flux of the highly asym-
metric hollow fiber membranes as a function
of temperature (sweep gas-flow rate = 16.8
mL(STP) min~").

AIChE Journal December 2010 Vol. 56, No. 12

Published on behalf of the AIChE

S

E i6f L]
3 i

g L 1223 K

= j2F

iy i

= L

£ 08 A 1173K

E [

L

E r 1123 K

g 04 /'___.__I_J

a i rd Y [J

g i 1073 K
? DO 1’ 1 1 1 i 1 i 1 i
3 0 10 20 30 40 50

Sweep gas flow rate, pmol-s™

Figure 7. Oxygen permeation rates of the highly asym-
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

large exchange reaction resistance, and, thus, suppress oxy-
gen permeation. However, at higher-temperatures, the addi-
tional exchange reaction resistance can be offset by decrease
of the bulk diffusion resistance from the reduced membrane
thickness. The highly asymmetric membrane exhibited much
higher fluxes mainly because of the remarkable increase in
the effective area for surface exchange reactions.
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Notation
A, = effective membrane area for oxygen permeation, cm?

Dy, = effective diffusivity of oxygen vacancy, cm®/s
F = gas-feed flow rate, mol/s

Jo, = oxygen permeation flux, mol/(cm? s)
k, = reverse surface exchange reaction rate constant, mol/(cm? s)
kp = forward surface exchange reaction rate constant, cm/(PaO'5 S)
L = effective length of hollow fiber for oxygen permeation, cm
p1 = pressure in the enclosed macrovoid, Pa
pa = atmospheric pressure, 1.013 x 10° Pa
17/02’ p;Q = oxygen partial pressure in the air- and the sweep-side, Pa
p, = pressure in the lumen side, Pa
R = ideal gas constant
R,, = algorithmic radius of fiber
R, = (Ro — Riy)/In(R,/R;)
R;,, R, = inner and outer radius of hollow fiber, cm
T = operating temperature, K
Xo2, Xy2 = OXygen and nitrogen concentrations in sweep side, %

volumetric flow rate of the shell and the lumen gas stream,

cm’/s

o = correction coefficient to modify the actual surface exchange
area

0 = effective membrane thickness for oxygen permeation

& = porosity of the hollow fiber membrane
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