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Abstract

Hollow fibre membranes of mixed conducting perovskite Lag Srg 4Cog oFe sO3 (LSCF) were prepared via the combined phase inversion and
sintering technique. The fibres were tested for air separation with a home-made reactor under the oxygen partial pressure gradient generated by the
air/He streams. Some fibres were in situ activated by introducing methane in the He sweeping gas at high temperatures. The activated membranes
with new morphology were created by transforming the inner densified surface layer to a porous structure. Compared to the original membranes,
the activated gave appreciable higher oxygen fluxes. At 800 °C, the oxygen fluxes were increased by a factor of 10 after activation was carried out at

1000 °C for 1 h.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Oxygen ranks in the top five among the world commercial
chemicals. Current tonnage O, production by cryogenic
process is expensive and energy intensive. New technologies
to separate O, from air with reduced cost are urgently needed,
since most large-scale clean energy technologies require O, as
feed. For example, if pure oxygen instead of air is used in power
plants, the waste gas produced during the combustion process
would be pure CO, which can be readily and economically
captured. Ceramic membranes made from mixed ionic and
electronic conducting (MIEC) oxides have received increasing
attention because of the possibility to cut O, production cost
around 35%, thus providing potential to advance these clean
energy technologies [1-7]. Among the mixed conducting
membranes, perovskite oxides exhibit much higher oxygen
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permeation fluxes and therefore are actively studied [8-11].
These perovskite membranes can selectively separate oxygen
from air at elevated temperatures typically higher than 700 °C,
which are promising for use in many industrial processes that
require a continuous supply of pure oxygen [12,13]. Over the
past several years, extensive efforts have focused on using the
MIEC membranes to improve the performance of methane
conversion processes, i.e., combining air separation and high-
temperature catalytic partial oxidation into a single step.
However, these membrane reactor performances are not ideal
because of the following two disadvantages: (i) perovskite
materials are apt to deteriorate due to the unstable phase
structure under reducing, CO, containing or low oxygen partial
pressure atmospheres and (ii) the disk-shaped membranes with
symmetric structure usually suffer high ion transport resistance.

We have recently carried out a project of using catalytic
asymmetric ceramic hollow fibre membrane modules for met-
hane conversion [14]. During the permeation process under
oxygen gradient provided by air/He, we observed that, the
oxygen fluxes through the prepared perovskite hollow fibre
membranes have been greatly improved by introducing methane
inside the sweep gas for a short activation. This finding seems
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contrary to the results of previous work [15-18]. In this brief
paper, we described this in situ activation process, the permeation
properties of such activated perovskite hollow fibres, and the
theoretical explanation. A typical perovskite composition of
Lag 519 4Cog 2Fe( 303 (LSCF) exhibits good oxygen fluxes [8],
high mechanical strength and thermal stability, and therefore
was chosen as the fibre material for investigation in the present
study.

2. Experimental
2.1. Fabrication of ceramic hollow fiber membranes

LSCEF hollow fibre membranes were prepared by the phase-
inversion/sintering technique. The detailed procedures were
described elsewhere [19]. The starting spinning mixture was
prepared mixing LSCF powders (surface area of 9.53 m?/g and
dso = 0.6 wm, purity > 99.9%) purchased from Praxair Surface
Technologies Corporation inside the polymer solution which
was composed of polyethersulfone (PESf) [(Radel A-300),
Ameco Performance, USA], 1-methyl-2-pyrrolidinone (NMP)
[Synthesis Grade, Merck] and polyvinyl pyrrolidone (PVP,
K30) [from Fluka, M, = 40,000]. A spinneret with the orifice
diameter/inner diameter of 3.0/1.2 mm was applied to form the
hollow fibre precursors. Deionized water and tap water were
used as the internal and external coagulants, respectively.
Membrane sintering was carried out at 1300 °C for 5 h to attain
the necessary gas-tightness. Microstructure and crystal phases
of the hollow fibres were characterized by a scanning electron
microscope (FEI Sirion 200, the Netherlands) and X-ray
diffractometer (Bruker, D8 Advance), respectively.

2.2. Oxygen permeation through the original and activated
fibres

Oxygen permeation properties of the original or activated
LSCEF hollow fibres were investigated using a high temperature
oxygen permeation cell as schematically shown in Fig. 1. Both
sides of LSCF hollow fibres were connected in sequence to
glass tubes, silicone tubes, and glass tubes by organic bond. A
quartz tube (18 mm in diameter and 400 mm in length) was
used to house the hollow fibres. The space between the ends of
the quartz tube and the glass tube was also sealed by organic
bond. Air was fed in the shell side and helium was passed
through the fibre lumen to collect the permeate gas. Gas flow
rate was controlled by the mass flow controller. The effluent
flow rates and compositions were measured respectively by
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Fig. 1. Configuration of the oxygen permeation cell.

soap bubble flow meter and on-line gas chromatograph (Agilent
6890N) with a 5A column and TCD detector.

For membrane surface activation, the gas mixture with flow
rate of 30 mL/min (50% methane + 50% He) was fed inside the
fibre lumen with air flow rate of 200 mL/min in the shell side.
Methane activation was carried out at high temperatures (900—
1000 °C) for a prescribed time ranged from 1 to 2 h. After
activation, methane flow was terminated, leaving He flow
continued in the lumen for 20 min to blow away the possible
un-reacted methane gas. After that, oxygen permeation fluxes
through the activated fibres at different temperatures were
measured and analysed similarly as that of the original fibres.

3. Results and discussion

It is well known that polymeric hollow fibre membranes can
be formed by spinning a polymer solution inside coagulants
like water. Because of the excellent binding capability of
some polymers (i.e., polysulfone or polyethersulfone), a large
amount of water-insoluble inorganic powders can be mixed
inside the polymer solution to form a spinning dope from which
the green inorganic hollow fibres can be produced. In this work,
LSCF Hollow fibres were made from the mixture of LSCF
powder (70.49 wt%) and a polymer solution (PESF: 5.81% +
NMP: 23.26% + PVP: 0.44%). Heat treatment was carried out
at 1300 °C for 5h to ensure the formation of the gas-tight
membranes. SEM micrographs of a typical LSCF hollow fibre
membrane are shown in Fig. 2. The fibre o.d. and i.d. measured
from Fig. 1 are 1.7 and 1.1 mm, respectively. The micrograph of
Fig. 2b illustrates the asymmetric structure of the prepared
LSCF membranes. Near the outer and inner walls of the fibre,
short finger-like structures are present; and at the centre of
the hollow fibre, sponge-like structures are possessed. Such
asymmetric structure was evolved from the green fibre
stemmed from the polymer phase inversion process. Fig. 2c
and d shows the microstructures of outside and inside surfaces
where LSCF particles are closely connected to each other by
grain size increasing during sintering process. Gas permeation
measurement confirmed the gas-tightness of the prepared
membranes. It should be noted that the entire cross-section of
the fibre is not fully densified, but no connected porosity is
through the membrane. At this stage, we are sure that the gas
tightness is resulted from three densified layers with locations
on the two surfaces and the centre (marked with white shape)
[20]. Fig. 2e shows the surface morphological change after the
activation treatment, which will be discussed below.

The experimental results for oxygen permeation through the
original and three methane activated hollow fibres at different
conditions are shown in Fig. 3. As can be seen from Fig. 3, the
oxygen fluxes through all the four fibre samples increase
steadily with temperature as a result of the enhancement of
oxygen diffusion and surface reaction rates. For example, at
helium sweep rate of 25 mL/min, the oxygen fluxes through the
original (Fibre-I) and the modified Fibre-II rose from 0.0117 to
0.466 and 0.0637 to 0.725 mL/(min cmz), respectively, as the
temperature was increased from 800 to 1000 °C. Moreover,
Fig. 3 also shows that, at the same operating temperature, the
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Fig. 2. Typical SEM pictures of the original or activated LSCF hollow fibre membranes (original: lower magnification of cross-section (a); cross-section (b); outer
side surface (c); inner side surface (d); after activation at 1000 °C for 2 h: inner side surface (e)). (For interpretation of the references to color in the text, the reader is

referred to the web version of the article.)

oxygen flux increased with the increase of the helium sweep
rate because of lowering the oxygen pressure in the permeate
side. For instance, at 1000 °C, increasing the helium flow rate
from 10 to 30 mL/min though the Fibre-I and Fibre-II lowered
the lumen oxygen partial pressure (average) from 0.11 to 0.054,
and 0.142 to 0.083, therefore raised the oxygen fluxes of these
two fibres from 0.303 to 0.491, and 0.417 to 0.780 mL/min/
cm?, respectively. Comparing the performance of these
samples, it is clear that all the three activated fibres gave
better oxygen fluxes than the original fibre, particularly at lower
operating temperatures. For example, at 800 °C, the oxygen
permeation values have been improved more than 5 times by
CHy,4 activation at 900 °C for 2 h. Membranes possessing higher
fluxes at relatively lower temperatures are more desirable for
future commercial oxygen production. Further inspection of the
performance of the activated Fibre-II (Fig. 3II) and Fibre-III

(Fig. 3III) reveals that the oxygen permeation fluxes have been
further improved up to 2 times when the activation temperature
was increased from 900 to 1000 °C. A close examination of the
permeation results from Fibres-III and IV in Fig. 3 shows that
the extension of activation time more than 1 h at 1000 °C is no
longer effective to increase the permeation fluxes, indicating
that the optimum activation condition should be controlled at
1000 °C for 1 h.

During the activation process, methane in the fibre lumen
was oxidized to CO, or C, products (ethane and ethylene) by
the permeated O,. Therefore, perovskite membrane surface
would inevitably contact and react with CO or CO, to form
carbonate or carbonates, some metal oxides and/or metals when
the membrane is exposed to air/CO, air/CO,, air/CH,4 during the
permeation experiments. For example, ten Elshof et al. [15]
reported that a SrCOj; layer with thickness of 60—80 nm was
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Fig. 3. Effects of operating temperature and helium sweep rates on the oxygen fluxes through the original or methane activated LSCF hollow fibre membranes
[original without activation (Fibre-I); methane activation at 900 °C for 2 h (Fibre-II); 1000 °C for 1 h (Fibre-III); and 1000 °C for 2 h (Fibre-IV)].

formed on the membrane surface after the membranes were
exposed to the CH,4 containing stream at 1100 K for 3 days. The
membrane surface stoichiometry change, the lanthanum and
strontium segregation and the formation of small debris crystals
when LSCF membranes were applied to methane combustion
were also observed by Tan et al. [21]. The formation of new
crystal phases has negative effects on the integrity of the
membrane due to the mismatch of thermal expansion between
these different materials, which caused membrane failure by
the problem of peeling off or cracking. Formation of carbonates
during the reaction with CO, has negative impacts not only on
the structural stability, but also on the O, permeation flux. Shao
et al. reported 30% decrease in oxygen permeation flux for a
Bag 551y 5Cog gFeq 2035 membrane after about 400 h permea-
tion experiment with ambient air/nitrogen at 825 °C [17]. In
this work, the finding of better O, flux seems contrary to these
previous results. However, this phenomenon can be understood
by the analysis of the morphological change before and after
activation.

As can be seen from Fig. 2e, activation turned the original
densified and smooth inner surface into a coarse and porous
structure because of the membrane surface deterioration. These
pores can be observed with a size of 0.5 wm marked with red
rings in Fig. 2e. During subsequent oxygen permeation, the
inner surface layer was no longer exerting ionic transport
resistance, but providing extra surface area to facilitate the
oxygen exchange. Oxygen permeation through a MIEC
membrane is jointly affected by the bulk oxygen diffusion
and surface exchange kinetics. Compared to the original fibre,
the activated fibre has one less densified layer lowering the
electrochemical transport resistance, has larger surface area to

increase the oxygen exchange rate and therefore has a higher O,
flux. However, characterizations via EDX and XRD did not find
the formation of new phases. One possible reason is that the
activation or reaction time is too short and the amount of new
phase formation is too small to be detected by the XRD and
EDX measurements.

4. Conclusion

Perovskite LSCF hollow fibres were synthesised via a
modified phase inversion and sintering technique. The prepared
membrane is of the structure of multi-densified layers. Oxygen
permeation through the fibres was measured under oxygen
concentration gradient of air/He with He as sweep gas in the
fibre lumen. Some fibres were in situ activated by introducing
methane inside the He for 1 or 2 h at high temperatures ranged
from 900 to 1000 °C. The activation changed the inner surface
densified layer to a porous structure, decreasing the oxygen
ionic transport resistance. The activated fibres gave better
oxygen permeation fluxes. Depending on the operating
conditions, the activated membranes improved the oxygen
fluxes up to 10 times. How to better use the reaction by gas or
liquid to optimise the hollow fibre membrane structure for a
maximum O, flux is still under way.
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