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In this work, two types of lanthanum-based MIEC perovskite oxides, namely
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and La0.6Sr0.4Co0.2Ni0.8O3-δ (LSCNi), were deposited onto
porous alumina hollow fibre (AHF) substrates and used for oxygen enrichment. Such
structure was developed to shorten oxygen ion diffusion distances in dense membranes and
simultaneously leading to higher oxygen flux. The perovskite oxides were prepared using
Pechini sol-gel method and deposited via a vacuum-assisted technique. The deposition of

ACCEPTED MANUSCRIPT
lanthanum-based membranes onto the outer and inner sides of the porous AHF has been
facilitated through numerous microchannels in the AHF substrates. The effects of operating
temperature and argon sweep gas flowrate on oxygen permeation flux of lanthanum-based
AHF membrane were investigated. The results revealed that the oxygen permeation flux of
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LSCF-AHF and LSCNi-AHF increased with operating temperatures due to the improvement
of bulk diffusion and surface exchange properties after the lanthanum-based perovskite
deposition. Higher oxygen flux was observed for LSCNi-AHF as LSCNi possessed balanced
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oxygen ionic and electronic conductivities as compared to LSCF membranes. Benefitting
from improved oxygen activation and vacancy generation properties after Ni substitution into
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the B-site ion of LSC perovskite, a dramatic increased oxygen fluxes up to 4.5 mL/min·cm2
was observed at 950 °C. The present work demonstrated a feasible method for fabricating
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oxygen transport membrane (OTM) using porous AHF substrates.

Keywords- Alumina hollow fibre; MIEC perovskites; oxygen permeation; LSCF; oxygen

Introduction
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1.

EP

enrichment

The market of oxygen production is rapidly expanding owing to their use in various
industries such as metal production, petroleum refining, chemicals production, coal
gasification and large-scale clean energy technologies[1]. There are two main technologies
available for the separation of air, i.e cryogenic distillation and molecular sieve adsorbents
via a process known as pressure swing adsorption (PSA). The selection of suitable
technology is highly dependent on the scale of oxygen production, final purity and most
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importantly, the cost. Currently, a low-temperature cryogenic distillation is preferred for
applications that require tonnage quantities of oxygen, although it possess higher energy cost.
In recent years, development in mixed ionic electron conducting (MIEC) perovskite
oxides and ceramic ionic transported membrane known as oxygen transport membrane
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(OTM) have attracted much attention and it is expected to replace the use of expensive
cryogenic air separation.

OTM derived from MIEC perovskite oxide shows enormous

potential as it has infinite selectivity and good permeability towards oxygen

SC

separation/enrichment. The work was first initiated by Teraoka and co-workers [2–4] where
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they discovered MIEC material with perovskite structure namely La1-xSrxCo1-yFeyO3-δ (LSCF)
that has great potential for separating oxygen from air. Since then, MIEC perovskite
compounds have been extensively studied and among them, LSCF is still considered as one
of the most popular MIEC perovskites for various application such as cathodes in solid oxide
fuel cell (SOFC) [5–7], membrane for partial oxidation of methane [8,9] and oxygen
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permeable membrane [10–12] owing to its good conductivity both, ionic and electronic [13].
In addition, LSCF also displays good chemical stability even under hydrogen atmosphere.

EP

However, it has relatively low oxygen permeability as compared to Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)[14]. In general, a number of factors can affects the oxygen permeation rate through a
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membrane such as operating temperature, sweep gas flowrate and compositions and most
importantly, the membrane properties itself such as membrane materials, form, morphology
and thickness [1,11,12,15–18]. Recently, LSCNi was investigated as a cathode materials for
SOFC development [19] and oxygen sorbent [20]. It was found that better oxygen permeation
can be achieved by substitution of Fe with Ni due to low polarization resistance. This leads to
the increase of oxygen vacancies (δ) that is necessary for ionic conduction through the
perovskite oxide materials.
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The oxygen transport in OTM membrane is based on conventional molecular
diffusion where oxygen molecules are first dissociated or deionized into its ion form in the
crystal lattice [21]. The oxide ions are then transported through the dense MIEC perovskite
membrane wall under gradient of oxygen partial pressure from high to low side. But, this
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mechanism requires high thermal energy for the oxygen ions to overcome the energy barrier
to allow them to hop in the lattice and thus, associates back to form oxygen molecules at the
permeate side of the membrane. As a result, the OTM always operated at elevated
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temperature (700-1200 °C).
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Other factors that likely to limit the performance of the OTM are bulk diffusion of
oxygen through membrane and surface exchange reaction. The bulk diffusion can be resolved
by reducing the membrane thickness as the diffusion rate is the slowest step due to the thick
membrane wall. However, the decrease of membrane thickness can also affected the
mechanical strength and causing membrane failure during operation. Many works have been
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carried out in developing asymmetric supported OTM membranes where a thin dense
transport layer is usually supported on a thick substrate. The used of thick substrate can helps

EP

in improving the mechanical strength of the membrane. By modifying the thick substrates to
having porous structure, higher oxygen permeation can be expected due.
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Kingsbury and Li [22] and Lee et. al [23–25] have successfully fabricated porous

alumina hollow fibre substrates consisting of finger-like pores by varying the bore fluid and
air gap distance used during the spinning process. The finger-like pores on the lumen side of
the alumina hollow fibre substrate not only offers great surface area for surface exchange
reaction to occur but can also reduce diffusion resistance during the oxygen permeation
process [26,27]. The synthesis of MIEC perovskite oxides in bulk is quite tedious and
therefore, it will be very costly to be used as substrate material. By thinly depositing the
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perovskite oxides onto alumina hollow fibre (AHF) substrates, the fabrication cost of OTM
can be minimized as well as enhancing the oxygen permeation fluxes.
Perovskite oxides can be synthesized using a number of methods such as sol-gel,
combustion, co-precipitation and spray-pyrolysis. However, sol-gel method is more
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preferable due to its simplicity and low cost. The sol-gel method is divided into 2 types i.e.
colloidal-sol and polymeric-sol [28]. Many studies preferred the use of Pechini-type
polymeric precursor for thin film coating as compared to sol-gel alkoxide [29]. This is

SC

because sol–gel alkoxide precursors are quite sensitive in moisture and the film tends to crack
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during the drying process. As Pechini process use a polymeric precursor that consists of
randomly macromolecular chains where the metal cations are uniformly distributed on an
atomic level. Therefore, a uniform and homogeneous cation distribution can be achieved
during the membrane deposition process. Dip-coating technique has been widely used for
perovskite oxide deposition on the hollow fibre membrane surface [30–32]. In this technique,
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the membrane substrate was immersed into the coating sol to procure a uniform coating layer
on both surface sides of the membrane. Recently, a new coating method where vacuum
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condition in introduced into the coating system was proposed [33,34]. The use of vacuum
allows uniform coating inside the membrane microchannels by removing the air inside the
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hollow fibre prior to the introduction of coating solution. In this way, more perovskite oxide
can be deposited while avoiding non-homogeneous and crack issues faced by the dip-coating
method. In this work, we proposed a new method on the formation of thin lanthanum-based
perovskite membranes (LSCF and LSCNi) onto porous AHF substrates for oxygen
enrichment.

2. Experimental
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2.1. Preparation of lanthanum-based perovskite sol-gel
The perovskite oxides were prepared using sol-gel method where metal nitrates were used as
precursors. For the preparation of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), stoichiometric amount of
metal nitrates such as La(NO3)3· 6H2O, Sr(NO3)2, Co(NO3)2.6H2O and Fe(NO3)3.9H2O were
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first dissolved in distilled water. Anhydrous citric acid (C6H8O7) and ethylene glycol
(C2H6O2) were then added to the metal nitrates solution with a molar ratio of ethylene glycol
to citric acid to metal nitrates of 9:3:1. As the chelating effect is favored by the pH, adequate

SC

volumes of 10 % NH3 were added into the solution in order to increase the pH value to 7. The
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solution was stirred and heated at 80 °C for 5 h until a brownish sol was formed. The
calcination of sol was carried out at 850 °C for 4 h to form pure perovskite structure using
heating rate of 2 °C/min. Similar method was used to prepare La0.6Sr0.4Co0.2Ni0.8O3-δ (LSCNi)
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sol-gel using their metal nitrates. The flow of perovskite sol-gel synthesis is shown in Fig. 1.
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Fig. 1. Process flow diagram of preparation of MIEC perovskite
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2.2. Fabrication of alumina hollow fibres
Alumina hollow fibre substrates were prepared using phase inversion/sintering technique
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with suspension composition of 55 wt% alumina powder (< 1.0 µm aluminium oxide, Alfa
Aesar, UK), 0.38 wt% arlacel (Uniqema, USA), 39.12 wt% dimethyl sulfoxide (DMSO;
VWR) and 5.5 wt% polyethersulfone (PESf Radal A300; Ameco Performance). Hexane and
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tap water were used as internal and external coagulants, respectively. The suspension mixture
was extruded using a tube-in-orifice spinneret with the orifice diameter/inner diameter of
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3.0/2.8 mm into the coagulation bath. The extrusion rate and internal coagulant flowrate were
both controlled at 15 mL/min with zero air gap. Two step sintering process was carried out
where the furnace temperature was first increased from room temperature to 600 °C at a rate
of 2 °C/min and held for 2 h followed by an increment to 1450 °C at a rate of 5 °C/min and

2.3.
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held for another 4 h before being cooled to room temperature.

Deposition of lanthanum-based perovskites on alumina hollow fibre substrates using

EP

vacuum-assisted technique
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The prepared LSCF perovskite sol-gel was then deposited onto AHF by using vacuumassisted technique to enhance the deposition of perovskite oxides into the pores [35,36]. The
AHF was first vacuumed to remove the air inside the hollow fibre and the tube containing the
bare fibres was then filled with perovskite sol-gel solution. The coating process was carried
out under vacuum condition for one hour. The surface-modified AHF were dried in air for 24
h prior to the calcination process. The calcination was carried out at 850 °C for 4 h to remove
organic binder and to form pure perovskite structures, followed by 1050 °C for another 2 h.
A heating and cooling rate of 5 °C/min was used during this study. Similar steps were
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adopted for LSCNi perovskite sol-gel and the amount of perovskite oxide deposited onto the
fibre surface was then calculated using the equation below;
× 100

(1)
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−

Percentage of weight gain, % =

where, W1 is the initial weight of bare alumina fibre(g) and W2 is the weight of surface-
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modified alumina fibres after calcination process (g).
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2.4. Gas tightness and oxygen permeation study

Gas tightness and oxygen permeability of the LSCF-AHF and LSCNi-AHF membranes were
evaluated using gas permeation setup shown in Fig. 2. The gas tightness test were conducted
using nitrogen and low gas permeance (>1 x10-10 mol.m-2.s-1.Pa-1)

indicates that the
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membrane is gas-tight and can be used as OTM. The test gas was pressurised into the
membrane sample by creating a sealed system. The pressure change with time was monitored
and recorded. The gas permeance, P (mol.m-2.s-1.Pa-1) was then calculated based on the
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change of pressure with time using the equation below:
=

=

!

"
#

−

$
$

&' ()" − )* +
)"
)*

%

(2)

(3)

where V is the volume of the test compartment (m3); R is the gas constant (8.314 J.mol-1.K-1);
t is the measurement time (s) and T is the measured temperature (K). P0 and Pt are the initial
and final measured pressures in the test cylinder (Pa); Pa is the atmospheric pressure (Pa). A is
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the effective membrane area deposited with perovskites, Do, Di and L are the outer diameter,
inner diameter and the effective length for oxygen permeation of the deposited hollow fibre
membrane, respectively.
For oxygen permeation study, the AHF was attached to a dense mullite tube (od/id =
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9/6 mm) and both ends of the fibre was sealed using high temperature sealant. The seal was
verified as a gas-tight if nitrogen was not detected during the study. Permeation testing was
conducted by passing argon as a sweep gas through the hollow fibre lumen side to collect the
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permeated oxygen. The flowrates of argon were controlled by mass flow controller, which
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were calibrated using bubble flowmeter. Oxygen permeation experiment was carried out by
varying the sweep gas flowrates from 50 to 150 mL/min and operating temperature between
700 to 950 °C. The total flowrate of the permeate was measured using bubble flowmeter and
the oxygen permeation flux is calculated using equation (4);
21
/ %×
79 3.
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,-. = !/-. −
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where /-. and /3. are the oxygen and nitrogen concentration in the effluent.

(4)
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2.5. Characterizations
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Fig. 2. Schematic diagram of experiment setup; (a) gas tightness and (b) oxygen permeation
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The crystallite structure of perovskite oxides was analysed using X-ray diffractometer (XRD;
D/Max 2200/PC, Rigaku, Japan) using Cu-Kα radiation source with scanning ranging from
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10° to 80° at a rate of 5°/min. The voltage and current used for the scanning were 40 kV and
40 mA, respectively. The morphological study of the surface-modified hollow fibre
membranes were observed using scanning electron microscopic (SEM; S-3400N, Hitachi,
Japan) with energy dispersive spectroscopy (EDS) analysis (XFlash 610, Bruker, USA). The
pore size distribution and porosity percentage of the bare and surface-modified membranes
were analyzed using mercury porosimetry (IV 9510, Micromeritics Autopore, USA).

ACCEPTED MANUSCRIPT
3. Results and Discussion
3.1. Perovskite characterizations
Fig. 3 depicts the XRD patterns of LSCF and LSCNi perovskite oxide. All the samples were
prepared using sol-gel method and calcined at 850 °C for 4 hours. Both calcined powders
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show good formation of single-phase perovskite structure. Strong characteristic peaks of
La0.6Sr0.4Co0.2Fe0.8O3-δ were found at 2θ110 = 32.58°, 2θ202 = 40.0°, 2θ024 = 46.8°, 2θ214 =
58.22°, 2θ208=68.38° and 2θ218=77.6° [30]. Meanwhile, the characteristic peaks for

SC

La0.6Sr0.4Co0.2Ni0.8O3-δ, were observed at 2θ110 = 32.94°, 2θ202 = 40.64°, 2θ024 = 47.34°, 2θ214
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= 58.7°, 2θ208 = 69.2° and 2θ218 = 78.84°. The peaks observed in LSCNi oxide were found to
be consistent with the work reported by Hjalmarsson et. al [19]. This finding confirms that
the Ni dopant ion has been successfully incorporated into the lattice host. The substitution of
Ni into the B-site ion of perovskite also has caused the characteristic peaks to slightly shift to
the right indicating a decreased in volume unit cell. This was because ionic radius of the
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doping ions, Ni2+, is smaller than its substituting element (Co) of lattice La0.6Sr0.4CoO3 oxide,
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which leads to the decreased of lattice parameter [4].
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Fig. 3. X-ray diffraction patterns for the perovskite MIEC oxide catalysts calcined at 850 °C
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for 4 h

3.2 Morphology of the lanthanum-based surface-modified hollow fibre membranes

EP

The morphology of bare AHF substrates sintered at 1450 °C is shown in Fig. 4. Sintering
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temperature has been known to significantly affect the properties of ceramic membranes
particularly morphology, porosity and mechanical strength [36]. Higher sintering temperature
could improve the membrane strength but at the same time the pores of membrane decreases,
which could affect the deposition efficiency. From Fig. 4(a), the outer and inner diameter of
the AHF was measured to be 2.16 and 1.67 mm giving a membrane thickness of 0.49 mm.
The substrate was oin asymmetric structure contains a finger-like structure that was formed
from the inner surface and sponge-like structure toward the outer surface. Small open pores at
the inner surface of the hollow fibre substrate was observed and such structure was formed

ACCEPTED MANUSCRIPT
due to the use of a mixture of n-hexane solvent in water. Besides, the use of air gap has led to
the suppression of finger-like structure near to the outer surface and the viscous fingering
may not occurs due to solidification of the outer surface of hollow fibre before the immersion
into the external coagulation bath [37]. It is believed that the existence of the finger-like

sol on the AHF substrates.

(b)
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(a)
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structure and open pores at the inner face could facilitate the deposition of MIEC perovskite
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(c)

Fig. 4. SEM images of bare AHF; (a) cross-section, (b) fibre wall section and (c) inner
surface

Fig. 5 shows the dispersion of MIEC perovskite oxides (LSCF and LSCNi) deposited
onto alumina hollow fibre substrates through digital microscope and SEM-EDS images. From
the digital microscope images shown, it can be seen that the AHF substrates were
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successfully coated with the MIEC perovskite oxide as can be evidenced by a thin black layer
coating on the outside of the membrane. A gradient of black colour can be seen started from
the inner surface of the membrane. This indicates that the MIEC perovskite oxide sol
migrates from the inner surface to the outer surface of AHF substrates due to the porous
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structure of AHF substrates and further concentrated on the outer wall forming a thin layer of
MIEC perovskite membrane. This thin dense layer of MIEC perovskite oxide ensures that the
oxygen permeation could undergo separation across the membrane wall. SEM with EDX

SC

mapping was then carried out to observe the morphology of MIEC OTM with their particular
elements. All the elements were found to be homogenously deposited throughout the
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membrane wall similar to our previous study [38], which allow oxygen molecules undergo
surface exchange reaction at the outer surface of the surface-modified membrane as well as at
throughout of the membrane wall during bulk diffusion process. The amount of MIEC
perovskite oxide deposited onto the bare AHF was determined from Eq. (1) and it was found
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that the amount of perovskite oxide deposited for LSCF-AHF and LSCNi-AHF were 0.27%
and 1.03%, respectively. To further investigate the effects of MIEC perovskite oxide

EP

depositions on the AHF properties, mercury intrusion test was carried out.
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Fig. 5. SEM images and EDX mapping of bare and surface-modified AHF membranes
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The porosity and pore size distribution of bare and surface-modified AHF membranes
are shown in Table 1 and Fig. 6. The distribution curve shows that initially, the bare fibres
possessed bigger open pores structures at around 10 to 100 µm with porosity percentage of
28.8%, thus, allowing the deposition of perovskite oxides. After the deposition, it was found
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that the MIEC perovskite oxides sol filled the entrance of the big pores and reduced the
porosity of the AHF. Smaller pore diameter range (0.08-0.5 µm) was also observed, which
might be due to the packing of MIEC inside the fingers. The LSCF-AHF and LSCNi-AHF

SC

were found to have low porosity percentage as compared to bare AHF and their distribution
of pores diameter were found to be around 0.06-0.5 µm and 0.08-0.5 µm, respectively. These
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finding support the SEM-EDS analysis and indicates that the MIEC perovskite oxide was
successfully deposited onto the AHF substrate forming a dense and gas-tight membrane that
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is suitable for oxygen enrichment.

Table 1. Porosity percentage of bare and surface-modified AHF membrane
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Surface-modified membrane
Bare AHF
LSCF- AHF
LSCNi- AHF

Porosity (%)
28.80
24.69
24.39

ACCEPTED MANUSCRIPT
0.6
Bare AHF
0.01

LSCF-AHF
LSCNi-AHF

0.4

0.005

0
10

0.2
0.1

0.01

0.1
1
Pore Diameter (µm)

100

10

100

M
AN
U

0
0.001

RI
PT

0.3

SC

dV/dD Pore Volume (mL/g/µm)

0.5

Fig. 6. Pore size distribution of bare and surface-modified AHF membrane
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3.2. Oxygen permeation performance of the surface-modified AHF membranes
Fig. 7 depicts the oxygen permeation fluxes as a function of operating temperatures (700 to
950 °C) and sweep gas flowrate for fabricated LSCF-AHF and LSCNi-AHF membranes. The

EP

membranes were first subjected to gas tightness test prior to the oxygen permeation study and
only gas-tight membranes were used for the study.

It was observed that operating
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temperature plays a significant role in affecting the oxygen permeation fluxes where the O2
flux increased with temperature for all membranes. This finding is consistent with other
reported work where Tan et al. [39] demonstrate that their bare LSCF hollow fibre membrane
shows an increment in O2 permeation flux along the increasing of operating temperature (850
-1000 °C). Similar trend was also observed by Pan et al. [16] for their LSCF perovskite
oxides (SrCo0.9Sc0.1O3-δ, Ba0.5Sr0.5Co0.2Fe0.8O3-δ, SrCo0.9Nb0.1O3-δ and SrCo0.8Fe0.2O3-δ )
coated hollow fibre within temperature range from 650-1000 °C. This indicates that higher
temperature helps to enhance O2 permeation through improvement of ionic transport and
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surface exchange kinetics. According to Han et al. [32], the O2 permeation rate is generally
determined by the rate of surface exchange reaction at lower operating temperature and as the
operating temperature increased, the oxygen permeation rate will be dominated by the rate of
bulk diffusion rather than surface exchange reaction. This is because of the activation energy
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of surface exchange reaction is much smaller than that of bulk diffusion [29,32,40].

By comparison, LSCNi-AHF show higher O2 flux than LSCF-AHF over the entire
operating temperature range reaching up to 4.5 mL/cm2.min at 950 °C and 150 mL/min of
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sweep gas rate. The highest O2 flux obtained for LSCF-AHF membrane in this study was
0.55 mL/cm2.min. All the O2 flux observed in this work were found to be significantly higher
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than the range of flux value reported by Teraoka et. al [4] due to the hollow fibre
configuration. In their study, the value of oxygen permeation flux for La0.6Sr0.4Co0.8B’0.2O3
(B’ = Cr, Mn, Fe, Co, Ni and Cu) disc membranes of 20 mm diameter and 2 mm thickness
were investigated under operating temperature between 500 to 870 °C and 30 mL/min of He
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sweep gas flowrate. It was found that the Ni-doped perovskite oxide (LSCNi) shows
significant increases in oxygen flux as compared to Fe-doped perovskite oxide (LSCF). The
reported oxygen flux of LSCNi is from ~ 0.037–1.475 mL/cm2.min while LSCF is from ~

EP

0.037–0.635 mL/cm2.min between the operating temperature [4]. It can be observed that the
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permeation flux of LSCNi for both studies was higher as compared to LSCF due to the
substitution of Ni for Co in the lattice caused the formation of vacancies of oxide ion and
therefore enhance the oxygen permeability.
Besides operating temperature, O2 permeation flux is also strongly related to oxygen

partial pressure difference. Principally, the use of higher or faster argon sweep gas flowrate
creates larger oxygen gradient since the oxygen partial pressure is low at permeate side of
membrane [17]. The O2 permeation flux for all the membranes was observed to consistently
increase when higher sweep gas flowrates were used due to the increase of driving force for
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O2 permeation to occur associated with the O2 partial pressure difference between feed and
permeate stream. The O2 permeation flux of LSCNi-AHF was found to increase more than
300% up to 4.47 mL/cm2.min when the gas flowrate was increased from to 100 to 150
mL/min. Interestingly, when the LSCNi-AHF operated at 50 mL/min of sweep gas rate, the
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O2 flux remained almost constant, suggesting that bulk ionic diffusion and surface exchange
reaction limit the O2 transport instead. LSCF-AHF also experienced sudden increases in O2
flux after 850 °C when 100 mL/min of sweep gas rate was used, surpassing the O2
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permeation flux value using 150 mL/min of sweep gas rate. This might be due to the
enhancement of surface reaction and the rate of oxygen ions recombining into O2 molecules
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at the inner surface of hollow fibre is similar to the transport rate of O2 in convective gas
flowrate [40]. However, the effects of sweep gas flowrate will not be significant once the
transport of O2 molecules in the sweep gas flow exceeded the rate of ionic recombination or

0.6
50 mL/min
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the rate of oxygen ion supply prior to ionic recombination [41].

5.0
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Fig. 7. Effect of sweep gas flowrates and operating temperatures on the oxygen permeation
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fluxes of (a) LSCF-AHF and (b) LSCNi-AHF

4. Conclusion
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This work demonstrates the possibilty of developing lanthanum-based perovskites
membranes supported onto porous alumina hollow fibre (AHF) substrate for oxygen
enrichment. From digital microscope and SEM-EDX analysis, a thin, dense and

SC

homogeneous layer of perovskite was deposited at the outer surface of AHF through vacuum
coating. The coating of lanthanum-based perovskites onto the surface of AHF helps to
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improve the surface exchange reaction kinetics. A significant increase of O2 flux at
temperature above 800 °C indicates that the oxygen surface exchange reaction becomes the
main factor that dominate the O2 flux. Higher sweep gas flowrate was also found to improve
the O2 flux and LSCNi-AHF flux was observed to be significantly better than LSCF-AHF.
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The maximum O2 flux value reach up to 4.47 mL/cm2.min at 950 °C and 100 mL/min of
sweep gas rate. The present work indicates a feasible method for fabricating OTM membrane

EP

using porous AHF substrates.
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