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Abstract

The first oxygen permeation data of a dense hollow fiber perovskite membrane based on BaCo,Fe,Zr,O5 _ ;s are reported. The hollow fiber
was prepared by a phase inversion process. Dense fibers were obtained with the following typical geometries: outer diameter, 800-900 pm;
inner diameter, 500-600 wm; length, 30 cm. The O,-permeation through the hollow fiber perovskite membrane was studied in a high-
temperature gas permeation cell under different operation conditions. The increase of the helium gas flow rate reduces the oxygen partial
pressure ( po,) on the core side and a higher oxygen permeation flux is observed. High oxygen flux of 0.73 m> (0,)/(m? (membrane) h) was
achieved at 850 °C under the operation parameters Fy;, (shell side) = 150 ml/min and Fy. (core side) = 30 ml/min. The oxygen partial
pressure dependence of the O, permeation flux indicated an interplay of both surface reaction and bulk diffusion as rate limiting steps. During
5 days of permeation a high and stable oxygen flux was observed. X-ray diffraction patterns of fresh and spent membranes after the permeation

measurements revealed that no degradation after oxygen permeation appears.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Mixed-conducting oxides with high electron and oxygen
ion conductivities (MIEC) are applied as ceramic mem-
branes to separate oxygen from other gases by selective
permeation [1-3]. The very high O, separation factor is
achieved by oxygen ion transport through the dense
membrane at temperatures generally higher than 700 °C.
The driving force is the oxygen partial pressure gradient over
the membrane. At the high oxygen partial pressure side, the
oxygen molecules adsorb on the membrane surface,
dissociate into atoms which become ionized and migrate
through the membrane to the low oxygen partial pressure
side of the membrane. Finally, they release electrons
forming oxygen atoms and molecules by recombination. In
the opposite direction, the electrons move through the
membrane thus ensuring local electrical neutrality.
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Perovskite-type oxides are well known and well
examined candidates for MIEC-membranes. These materi-
als have not only been studied for simple oxygen separation,
but also for delivering oxygen for partial oxidation of
methane to synthesis gas (POM) in membrane reactors [4—
6]. Therefore, in addition to high oxygen ion and electron
mobility a sufficient chemical and mechanical stability at
elevated operating temperatures is needed for industrial
applications. It is also very important that these materials
need a high structural stability towards the reducing
atmosphere on the reaction side because of the very low
oxygen partial pressures (< 10~'> mbar) on the synthesis gas
side of the membrane.

Generally, disk-shaped membranes were used to con-
struct membrane reactors for the POM reaction since they
can be easily prepared using conventional synthesis routes
[7-9]. However, this membrane geometry does not meet the
requirements for an industrial application because of the low
effective area of the disks and the difficult assembling to a
reactor module [10]. Tubular shaped membranes have
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already been reported in the literature [11,12]. From
modeling studies of different tubular shaped membranes,
it was found that the hollow fiber geometry can provide the
highest oxygen permeation flux (Jo,) as well as the largest
membrane area per unit packing volume when assembled to
a membrane reactor [10].

In this paper, the first oxygen permeation data of a hollow
fiber perovskite membrane are reported. This work is
focused on the effect of different temperatures (650—
850 °C), of various air (Fy =20-150 ml/min) and sweep
gas (Fyge = 10-100 ml/min; Fye = 0.46 ml/min) flows as
well as the influence of different partial pressures on the
oxygen permeation flux. Furthermore, we attempted to
understand the limiting step of oxygen permeation through
hollow fiber perovskite membranes.

2. Experimental

Dense hollow fiber perovskite membranes were manu-
factured at the Fraunhofer Institute for Interfacial Engineer-
ing and Biotechnology (IGB) by a phase inversion process.
The perovskite powder BaCo,Fe,Zr,O3 _ 5 was dispersed in
a polymer solution and the slurry was spun through a
spinneret. After sintering, the geometry of the fibers was as
follows: outer diameter = 800900 wm; inner dia-
meter = 500-600 pwm; length = 30 cm.

The phase structure of the hollow fiber perovskite
membrane after sintering and after O,-permeation experi-
ment was characterized by X-ray diffraction (PHILIPS-
PW1710, Cu Ka radiation) from 20° to 90° with a step width
of 0.05°. Micrographs of the hollow fiber perovskite
membrane were obtained with a scanning electron micro-
scope (Jeol-JSM-6700F).

The O,-permeation of the hollow fiber perovskite
membrane was tested in a high-temperature gas permeation

cell at (i) different temperatures between 650 and 850 °C,
(ii) different flow rates of air and sweep gas as well as (iii)
different O,-partial pressures. At the shell side air or
synthetic air of different ratios of nitrogen and oxygen were
used as the feed with flow rates from 20 to 150 ml/min. Pure
He (99.995%) and Ne (>99.995%) as an internal standard
(constant F = 0.46 ml/min) flowed on the core side of the
membrane at a flow rate varying from 10 to 100 ml/min. The
inlet gas flow rates were controlled by mass flow controllers
(Bronkhorst). The hollow fiber perovskite membrane was
cold-sealed with high-temperature silicon seals at the ends,
which were outside the hot zone of the oven. The gases were
pre-heated to 180 °C before they were fed to the permeator
and all gas lines to the gas chromatograph were heated to
180 °C. The gases at the exit of the permeator were analyzed
by a gas chromatograph (GC-Agilent 6890) equipped with
the Carboxen 1000 column (Supelco). The oxygen
permeation flux Jo, (ml/cm® min) was calculated from
the total flow rate F' (ml/min), the oxygen concentration of
the exit gas Co, (%), and the effective area of the membrane
tube S (cm?) based on the following equation:

_FXC02

Jo, 3

The concentration of the permeated O, was determined by
calibration. The total flow rate of the components in the
effluent gas was calculated from the change of the Ne
concentration before and after the permeator. If air leaked
through the seals, the corresponding amount of O, was
subtracted based on the N, signal when the O, permeation
flux was calculated. Leakage of O, due to the imperfect
sealing at high temperature was less than 0.3% for all
samples. The experimental setup for the oxygen permeation
measurements of dense hollow fiber perovskite membranes
is shown in Fig. 1.
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Fig. 1. Schematic diagram of the high temperature oxygen permeation cell for testing a dense hollow fiber perovskite membrane.
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3. Results and discussion

Fig. 2 shows the micrograph of a fresh hollow fiber
perovskite membrane sintered at 1300 °C for 6 h. From this
picture, we can see that the membrane is dense and no open
holes can be found in the bulk of the membrane although a
large amount of organic additives (about 45 wt.%) is used
during the spinning process. When the hollow fiber was
arranged in the permeation cell as shown in Fig. 1, at room
temperature no nitrogen was found by analysis of the gases
from the core side when nitrogen was fed to the shell side
and helium was fed to the core side. This also proves that the
hollow fiber perovskite membrane is gas tight.

Fig. 3 shows the variation of the air flow rate between 20
and 150 ml/min at 850 °C, while the helium flow rate as the
sweep on the core side was kept at 30 ml/min. It was found
that the oxygen permeation flux increased with increasing
air flow rate until the air flow rate was higher than 80 ml/
min. Further increase of the air flow rate did not lead to a
further increase of the oxygen flux. These results indicate
that air should be sufficiently delivered to use the separation
capacity of the hollow fiber perovskite membrane properly.
It can be concluded that for air flow rates higher than 80 ml/
min a further increase of the air flow would not change the
shell side concentration profile, being already flat at the level
of the inlet concentration. In order to eliminate the effect of
the air flow rate on the oxygen permeation flux, we chose a
constant air flow rate of 150 ml/min in the subsequent
studies.

The dependence of the oxygen permeation flux of the
hollow fiber perovskite membrane on the He flow rates on
the core side at 850 °C is shown in Fig. 4. During this
experiment, the He flow rate was varied from 10 to 100 ml/
min and the air flow rate was kept constant at 150 ml/min. As
observed for the variation of the air flow rate, the oxygen
permeation flux was found to increase with increasing
helium flow rate. However, no saturation of the oxygen

100pm WD EOmm

UNI-H-PCI LFEI 2.0kV X100

Fig. 2. Cross-section of the fresh perovskite hollow fiber membrane after
sintering at 1300 °C for 6 h in air.
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Fig. 3. Oxygen permeation flux through the dense hollow fiber perovskite
membrane as a function of the air flow rate. Permeation conditions: Fy;;
(shell side) = 20-150 ml/min; Fy. (core side) =30 ml/min; T =850 °C;
p{olal = pl”o[al = 1.2 bar.

permeation flux was observed when the helium flow rate
increased from 10 to 100 ml/min because the increase of the
helium flow rate reduces the oxygen partial pressure ( p'(')z)
on the core side, and thus a higher oxygen permeation flux is
obtained.

The temperature dependence of the oxygen permeation
flux was studied between 650 and 850 °C. The flow rates of
air and He were 150 and 30 ml/min, respectively. Fig. 5
shows the increase of the oxygen permeation flux with
increasing temperature attributed to the promotion of the
oxygen diffusion and the oxygen surface reaction rates. In
the corresponding Arrhenius plot (Fig. 6) a straight line is
found which gives an apparent activation energy of 133 kJ/
mol for the hollow fiber perovskite membrane. Further
research indicated that the rate limiting step of the disk-type
membrane with 1 mm thickness is bulk diffusion. It was
necessary, therefore, to study the limiting step of the oxygen
permeation through the hollow fiber perovskite membrane
as it will be shown in the next part of this paper.

The dependence of the oxygen permeation flux on the
oxygen partial pressure gradient and the membrane wall
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Fig. 4. Oxygen permeation flux through the dense hollow fiber perovskite
membrane as a function of the helium flow rate. Permeation conditions: Fy;;
(shell side) = 150 ml/min; Fy. (core side) = 10-100 ml/min; 7 = 850 °C;
p;olal = p;’olal = 1.2 bar.



C. Tablet et al./Catalysis Today 104 (2005) 126—130 129

1.4
1.2

1.0

2

J,, (ml/cm’/min)

0.84

0.6+

2

0.44
0.24
0.0

T T
600 700 800 900
T/°C

Fig. 5. Oxygen permeation flux through the dense hollow fiber perovskite
membrane as a function of temperature. Permeation conditions: Fj, (shell
side) = 150 ml/min; Fy, (core side) = 30 ml/min; 7 = 650-850 °C.

thickness is an effective way to estimate the rate determining
step. This dependence is well described by the Wagner
Theory [13]:
Dy i oy
— 1
oz (6" = (o)) (1)

where 8° is the number of oxygen defects at Po, = 1 bar
(6=28"x P(0,y")> Dy the vacancy diffusion coefficient

(D, = D2 efo/RT) " Ep, the activation energy of diffusion,
Vin the molar volume of perovskite, L the wall thickness
of the membrane and n is the fit parameter. From the value of
n the rate limiting process can be identified. Generally, for
values of n > 0.5 the oxygen permeation is predominantly
governed by the reaction of oxygen with the membrane
surface. For negative values of n the oxygen permeation is
dominated by the oxygen ion diffusion through the mem-
brane [14].

The oxygen permeation properties of the hollow fiber
perovskite membranes were studied with different oxygen
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Fig. 6. Arrhenius plot of the oxygen permeation flux of the dense hollow
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Fig. 7. Linearised plot of the Wagner equation: J(O,) as a function of the
oxygen partial pressure gradient for dense hollow fiber perovskite mem-
brane. Permeation conditions: F o, n,) (shell side) = 150 ml/min; Fy. (core
side) = 30 ml/min; pg, =0.12-1.2 bar; =850 °C; pioy = Plog = 1.2 bar.

partial pressures on the shell side ( sz) and on the core side
(PS ,) at 850 °C. The total flow rate of the O,/N, mixture on
the shell side was 150 ml/min and different oxygen partial
pressure ( p'Oz) on the shell side were obtained by adjusting
the ratio of N, and O,. The helium flow rate on the core side
was kept constant at 30 ml/min. The oxygen permeation flux
increased with increasing oxygen partial pressure on the
shell side due to the increase of the oxygen gradient across
the membrane. This result indicates that a high oxygen
permeation flux for industrial applications can be achieved
by increasing the air pressure on the shell side. In order to
understand the limiting step of the oxygen permeation
through the hollow fiber perovskite membrane, we fitted our
data with Eq. (1). Fig. 7 gives the best linear fit for Jo, as a
function of the oxygen partial pressure gradient for n = 0.22,
which suggests that the permeation process is partly
controlled by the oxygen surface exchange kinetics.
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Fig. 8. XRD patterns of the fresh and spent perovskite hollow fiber
membranes. (a) Fresh membrane and (b) membrane after oxygen permea-
tion for 5 days between 650 and 850 °C.
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Table 1
Comparison of the oxygen permeation data for different geometries of
perovskite membranes: hollow fiber and disk membranes

Hollow fiber Disk
Fir (ml/min) 150 (shell side) 150
Fye (ml/min) 30 (core side) 30
T (°C) 850 850
Membrane surface (cm?) 4.08 1.00
Membrane thickness (mm) 0.16 1
Jo, (ml/(min cm?)) 1.05 0.30
j(Nz)defecl /Jo2 0.003 -

Phase stability is very important for an industrial
perovskite application. XRD was used to characterize the
perovskite structure of the membrane before and after
operation. The XRD patterns of the perovskite membrane
after sintering for 6 h at 1300 °C in air and after oxygen
permeation for 5 days at temperatures between 650 and
850 °C are shown in Fig. 8. In the fresh membrane, in
addition to the cubic perovskite structure an unidentified by-
phase was found. The concentration of this by-phase was
unchanged after 5 days of operation. In contrast, the starting
perovskite powder for spinning showed a pure perovskite
structure. It is supposed, therefore, that this by-phase is
formed during sintering. However, no difference between
the fresh and spent membrane was observed. Thus, X-ray
analysis of the material before and after the experiment
confirmed that the material is phase stable.

For comparison, a disk-type membrane of the same
perovskite composition was prepared and the oxygen
permeation was tested under the same conditions. Table 1
shows the O,-permeation data for hollow fiber and disk
geometries. In comparison to the disk-shaped membrane a
lower F ;. saturation flow rate was obtained for the hollow
fiber perovskite membrane. Higher oxygen fluxes for the
hollow fiber geometry were detected in comparison with the
disk membrane.

4. Conclusions

Dense hollow fiber perovskite membranes of the
composition BaCo,Fe,Zr,O; _ 5 were prepared by a phase
inversion process. After sintering, fibers with an outer
diameter of 800900 wm, an inner diameter of 500-600 pwm
and a length of 30 cm were obtained. From an XRD phase
study it was found that the dense hollow fiber membrane
after sintering at 1300 °C was not a pure perovskite. The

O,-permeation rate was stable at 850 °C during 5 days,
which confirms the stable phase structure of the hollow fiber
membranes. No signs of degradation of the perovskite
material after O,-permeation measurements were observed
by X-ray diffraction. A high oxygen flux of 0.63 m® (O,)/
(m2 (membrane) h) was achieved at 850 °C when F;; (shell
side) = 150 ml/min and Fy. (core side) = 30 ml/min. From
the temperature as well as the oxygen gradient dependence
of Jo, it follows that both surface reaction and bulk-diffusion
are the rate-determining steps for the oxygen flux. The high
oxygen flux renders the hollow fiber geometry for MIEC
membranes as a possible candidate for industrial POM
reactors.
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