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a b s t r a c t

In an effort to further improvement of LSCF hollow fiber membrane properties in oxygen purification
applications, this work studied the use of polyethylene glycol (PEG) with a different molecular weights
of 2000, 3400 and 6000 Da as a pore former. A well-prepared hollow fiber membrane was successfully
fabricated via extrusion followed by a sintering method. The results showed that the addition of PEG
increased the viscosity of the dope suspension and formed a constant asymmetric pore configuration
of the membrane after sintering at 1250 �C. The increasing molecular weight of PEG also leads to a
decrease in the mechanical strength of the membranes, indicating that finger-like pores were sacrificed
by forming irregular pores. The gas tightness was also examined under room temperature which showed
that membrane with PEG 3400 achieved the best tightness with the nitrogen permeability of 3.55 � 10�5

mol�m�2�s�1�Pa�1. The oxygen permeation of the membranes was also influenced by the addition of PEG,
where the highest oxygen permeation flux of 6.07 � 10�8 mol�cm�2�s�1 was obtained using a hollow fiber
membrane with PEG 3400 due to the existence of the lowest dense layer thickness.
� 2021 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Perovskite oxide-based mixed ionic-electronic conductor
(MIEC) such as LSCF in a membrane form has been extensively
studied in recent decades (Sajidah et al., 2018). The membranes
show their ability to deliver oxygen ions from the air through the
perovskite crystal lattice (Wang et al., 2017). Based on this capabil-
ity, it shows higher potential to be used in oxygen controlled cat-
alytic processes such as partial oxidation of methane reaction
and solid oxide fuel cell application (Ettouney et al., 1995).

The unique mechanism of oxygen transfer in MIEC membrane
also offer alternative ways for oxygen separation and purification
from the air. Proven and mature oxygen separation technology,
namely cryogenic distillation and pressure swing adsorption. The
cryogenic distillation needs very low temperature while pressure
swing adsorption has a problem on abrasion of adsorbent (mostly
zeolite) due to pressure swing process (Akulinin et al., 2020). In the
last decade, researchers develop membrane for oxygen separation
by utilizing zeolitic materials and carbon molecular sieves. How-
ever, they exhibit an insufficient performance to separate oxygen
from the air because the separation depends on the pore size
(Murali et al., 2013; Rossetti et al., 2016) while the size of gasses
are similar.

In addition to its constituent materials, the pore configuration
of the membrane also plays an important role in determining the
MIEC membrane performance. Flat membranes, in the form of pel-
lets (disc), are widely used in various studies. However, the surface
area of flat membrane is small that make them less suitable for
large scale application. The thickness directly proportional to the
oxygen permeation flux value, which leads to the development of
an asymmetrical hollow fiber membrane design. As reported by
Chi et al. (2017), the asymmetric pore configuration resulted in
high surface area, good stability of the oxygen permeance, and
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Table 1
Spinning condition for fabrication of LSCF 7328 hollow fiber membranes.

LSCF 7328
57 wt%

Flow rate of bore
liquid

10 mL�min�1

Dope composition PESf 6 wt% Extrusion rate 8 mL�min�1

NMP 34 wt%t Air gap 10 cm
PEG 3 wt% Sintering

temperature
1250 �C

External coagulant Water Sintering time 5 h
Bore liquid (internal

coagulant)
Tap water
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mechanical strength. An asymmetric pore configuration means a
thin and dense separation layer directly interconnected with a
thick and porous layer (Chi et al., 2017; Iqbal et al., 2018a, 2018b).

The common technique to produce the inorganic or ceramic
based-hollow fiber membranes is the extrusion-sintering method.
In this technique, a mixture of raw materials consisting of ceramic
powders, polymeric binders and additives (such as dispersants,
plasticizers, and pore formers) is extruded using a spinneret to
form hollow fiber membrane precursors by phase inversion pro-
cess, followed by a high-temperature sintering process (Hussain
et al., 2006). The membrane performance is strongly affected by
its morphology and microstructure such as grain size and shape,
porosity, pore size, and pore size distribution. Nevertheless, the
membrane morphology can be modified by applying various com-
positions of the dope solution or the spinning parameters (Tan and
Li, 2011). Some additives, such as polyvinyl pyrrolidone (PVP)
(Song et al., 2017; Tan et al., 2011) and polyethylene glycol (PEG)
or Arlacel P135 (Chi et al., 2017; Mohamed et al., 2016) have been
used to modify the membrane morphology. Chakrabarty et al.
(2008) also reported the molecular weight (MW) of PEG affected
the morphology of the resulting flat polysulfone (PSf) membrane
where the membrane porosity increased with the increase of PEG
molecular weight due to increasing hydrophilicity of PEG. The
higher the molecular weight of PEG, the more sponge-like pores
were formed.

Studies related to the fabrication of membranes with PEG as an
additive showed that PEG produces porous structures (Iqbal et al.,
2018a, 2018b). However, the effect of PEG molecular weight on
membrane morphology or pores towards the oxygen permeability
has not been widely studied. This study investigate a series of LSCF
7328 (La0.7Sr0.3Co0.2Fe0.8O3�d) hollow fiber membranes for oxygen
separation which were prepared by various molecular weight
PEG additive as pore forming agent.
2. Experimental

2.1. Materials

Powders of La2O3 (99,9%; Aldrich), SrCO3 (99,9%; Aldrich), Co3O4

(Aldrich) and Fe2O3 (97%; Merck) were used as rawmaterial to syn-
thesize La0.7Sr0.3Co0.2Fe0.8O3�d (LSCF 7328) powder through a solid-
state method as described in Fansuri et al. (2017). Polyethersulfone
(PESf) (Radel A300, Ameco Performance, USA) and N-methyl-2-
pyrollidone (NMP) (Merck) were used as polymer binder and sol-
vent, respectively. Polyethylene glycol (PEG) (Merck)
(MW = 2000, 3400 and 6000 Da) were used as an additive due to
its ability to control the membrane morphology. The hollow fiber
membranes were fabricated by phase-inversion method using
tap water for both external coagulant and bore liquid. N2 (UHP)
was used to test the gas tightness property of the membranes
while He (UHP) and compressed air were used as sweep gas and
feed gas during the measurement of oxygen permeability.
2.2. Fabrication and characterization of the hollow fiber membranes

A highly asymmetrical structure of a single-layer hollow fiber
membrane was fabricated by extrusion followed by sintering
method. The method was adapted from Nurherdiana et al. (2019)
where the spinning condition and dope composition were detailed
in Table 1. The NMP solvent was poured into a ball mill jar, fol-
lowed by the gradual addition of the synthesized LSCF 7328 pow-
der and PEG with different molecular weight i.e. 2000, 3400 and
6000 Da. The mixture was then milled using a planetary ball mill
(NQM-4, Yangzhou Nouya Machinery) at room temperature and
183 rpm for 24 h. PESf was then added to the milled suspension
201
before being milled again for 48 h to obtain a stable and homoge-
neous dope suspension (Chi et al., 2017; Mohamed et al., 2016).
The viscosity of dope suspension was measured by a viscometer
(DV-I Prime Viscometer, Brookfield Engineering, Middleboro)
before being extruded into a hollow fiber.

The extrusion of the dope suspension was processed using the
orifice-spinneret equipped with a syringe pump (Harvard Appara-
tus, Holliston, MA). The nascent membrane was immersed over-
night in a coagulant bath, dried and straightened at ambient
temperature. The sintering process was executed in a tubular fur-
nace, started at room temperature and gradually increased to
400 �C at a heating rate of 5 �C�min�1 and maintained for 2 h. Next,
the temperature was increased again to 1250 �C at a heating rate of
10 �C�min�1 and maintained for 5 h to sinter the membrane by
allowing a fusion process and interconnection bonding among
LSCF particles (Tan et al., 2001).

The hollow fiber membrane was then characterized by scanning
electron microscopy (SEM, Hitachi TM-3000, Tokyo, Japan) to
investigate the morphology of both cross-section and outer sur-
face. Mercury porosimeter (Micromeritics V 9600) was applied to
characterize the membrane porosity, whereas the mechanical
strength was examined using a three point bending-test method
(Instron Model 3342 Norwood). The hollow fiber membrane (6–
9 cm in length) was placed on the centre of jigs then the crosshead
was lowered at speed 0.1 N�min�1 against the membrane. The
maximum load of the membrane was recorded and calculated
using Eq. 1 to find out the bending strength value. Furthermore,
the surface tightness of the membrane was also investigated by
gas tightness test method as described by Nurherdiana et al.
(2019). The membrane sample (2–3 cm in length) was glued in a
stainless steel adaptor using epoxy resin and assembled in a vessel.
During the tightness test, N2 was flown in a certain pressure while
the changing pressure of N2 gas was recorded and calculated using
Eqs. (2) and (3) to determine the permeation value. The equations
are based on (Mohamed et al., 2016).

B ¼ 8NLD0

p D4
o � D4

i

� � ð1Þ
P ¼ V
RT � Att

ln
p0 � pa

pt � pa

� �
ð2Þ
At ¼ pL Do � Dið Þ½ �
ln Do

Di

ð3Þ

where At is defined as effective membrane area which determined
by Eq. (3); B = bending strength of the hollow fiber membrane
(MPa); N = maximum load of the sample (N); L = sample length
(m); Do = outer diameter of the sample (m); Di = inner diameter
of the sample (m); P = N2 permeation of the membrane (mol�m�2-
�s�1�Pa�1); V = permeation cell volume (m3); R = gas constant
(8.314 J�mol�1�K�1); T = temperature during the test (K); p0 = initial
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pressure (Pa); pt = final pressure (Pa) and pa = atmospheric pressure
(Pa).

2.3. Oxygen permeation measurements

Oxygen permeation flux was measured using a gas chromatog-
raphy (Buck Scientific GC Model 910) at atmospheric pressure
(1 atm). The sintered hollow fiber membrane was glued in a quartz
tube using ceramic glue. Another quartz tube was placed in an alu-
mina tube which contributed to He sweep gas pipeline. The sweep
gas flow rate was adjusted at 150 mL�min�1 by a mass flow con-
troller (MFC, Omega FMA5400/5500) then compressed air was
flown on the top of the membrane as a feed gas at 30 mL�min�1.
All the reactor tubes were placed in the centre of the tubular fur-
nace to maximize the heating process.

The measurement was executed at 750 �C with 30 min holding
time and the permeation flux was calculated by Eq. (4) where JO2

is
oxygen permeation flux (mol�s�1�cm�2), F is sweep gas (He) flow
rate (mL�min�1), CO2 is oxygen concentration in the permeate
which was successfully separated from the air (mol�mL�1) and At

is effective surface area of the membrane (cm2) which calculated
from Eq. (3).

JO2
¼ F� CO2

At
ð4Þ
3. Result and discussion

3.1. Fabrication and characterization of LSCF hollow fiber membrane

3.1.1. Viscosity of dope suspension using different molecular weight of
PEG

The preparation of dope suspension was started by LSCF 7328
sieving (400 mesh) to obtain uniform and small size powder to
produce a high membrane tightness. Smaller powder size pro-
duced tighter membrane surface (Chi et al., 2017). During dope
preparation, LSCF 7328 powder was added into NMP solvent grad-
ually to avoid agglomeration then stirred overnight and then 3 wt%
of PEG was added gradually into the mixture. In order to compare
the viscosity and other characteristics, a hollow fiber membrane
without PEG addition was also fabricated as control. It was found
that the larger molecular weight of PEG additive increase dope vis-
cosity as shown in Table 2.

The result is similar to the report by Idris et al. (2007) who used
PEG 200, 400 and 600 Da to fabricate polyethersulfone hollow fiber
membrane. The authors reported that the dope viscosity increased
as increase of PEG molecular weight. The larger molecular weight
of PEG revealed higher dope viscosity which related to its long
polymeric chain and bulk molecular size (Nurherdiana et al., 2019).

3.1.2. Morphology of hollow fiber membrane
The morphology of membrane precursors before being sintered

are shown in Fig. 1. The images show asymmetric structure that
contains a dense layer on top of the finger-like porous layer. The
size of the outer and inner diameter of each membrane was 1.97
and 1.45 mm for HF; 2.30 and 1.65 mm for HF-P1; 2.09 and
1.50 mm for HF-P2; and 2.12 and 1.16 mm for HF-P3, respectively.
Table 2
Viscosity of dope suspension in various molecular weight of PEG.

Hollow fiber membrane Viscosity (cP)

HF LSCF (with no PEG) 2990.0
HF-P1 LSCF-PEG 2000 3821.7
HF-P2 LSCF-PEG 3400 4430.0
HF-P3 LSCF-PEG 6000 7710.0
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The asymmetric structure of the pore configuration had been
obtained from the impact of solidification process where solvent
(NMP) molecule was replaced by water as a coagulant via a diffu-
sion mechanism. The NMP solvent was diffused out of the mem-
brane, while the water molecule was diffused in that makes the
membrane harden and denser. The exchange mechanism of sol-
vent and non-solvent molecule resulted in increasing polymer con-
centration and was followed by the solidification process of the
membrane (Ilham et al., 2018). This phenomenon is well-known
as a phase-inversion mechanism. The nascent membrane was then
dried and straightened at ambient temperature to produce mem-
brane precursor

In addition, PEG, as an additive, control the exchange rate
between solvent and non solvent to form pores and macro-voids.
Fig. 1 showed that the addition of PEG with a molecular weight
of 2000, 3400 and 6000 Da produced membrane precursors with
a finger-like pore structure. It is also confirmed that the PEG addi-
tion into the dope suspension reduces the diffusion rate of solvents
(NMP) and non-solvents (water) exchange. PEG has a high solubil-
ity in water which easily diffuses from the membranes into the
water and leaves traces to form finger-like pore which is consistent
with the report by Saljoughi et al. (2010).

After sintering at 1250 �C, all membranes were shrank as evi-
denced by the reduced size of both the outer and inner diameters.
After sintering, the size of outer and inner diameter, respectively,
of HF membrane were 1.92 and 1.38 mm; HF-P1 were 1.60 and
1.14 mm; HF-P2 were 1.43 and 0.963 mm; while HF-P3 were
1.78 and 1.15 mm. The difference of membrane diameter before
and after sintering and the shrinkage value for each membrane
are detailed in Table 3. The shrinkage ratio is defined as ratio of
the outer diameter (o.d) of the sintered hollow fiber to the outer
diameter (o.d) of the hollow fiber precursor before sintering (Tan
et al., 2001). The shrinkage was caused by the loss of polymeric
molecules (binder) and additives which was burnt off in air at tem-
perature above 300 �C (Athayde et al., 2015), followed by sintering
of LSCF particles to form denser membranes at 1250 �C. However,
in general, there were no significant changes in membrane mor-
phology before and after sintering. The main structure of the mem-
brane was still be maintained but the pore structure of the sintered
membrane becomes clearer than that of the membrane precursor
which indicates that sintering did not change the overall structure
(Tan et al., 2011) although according to Tan et al. (2005a) the num-
ber and size of the membranes’ pores tend to decrease.

The formation of dense morphology was also observed on the
surface of the hollow fiber membranes. The SEM images of the
outer surface of the membranes before and after sintering are pre-
sented in Fig. 2 where the morphology differences of outer surface
of precursor and sintered membrane are observed. The outer sur-
face of membrane precursor show that the LSCF particles are
evenly spread or well-dispersed. Despite its tenuous distribution,
the particles are connected to each other by polymer binders. On
the other hand, the outer surface of the sintered membrane shows
that the polymer binder has disappeared and the LSCF particles are
connected to each other to form larger particles with visible grain
boundaries. The results are similar to the report by Tan et al.
(2005a), Tan et al. (2005b) who produced a compact hollow fiber
membrane after sintering at 1280 �C. The SEM images also show
that the use of the higher molecular weight of PEG produced more
cavities. The cavities might be the enlargement of finger-like pores
(Nurherdiana et al., 2019).

In general, there were no significant changes in membrane mor-
phology before and after sintering. After sintering, the HF-P1 mem-
brane formed a grain size that was larger than the other
membranes. When the sintering process was carried out, the
removal of polymer components in the membrane precursors
causes the LSCF particles to be interconnected and formed larger



Fig. 1. SEM images of membrane before and after sintering at 1250 �C.

Table 3
Outer diameter (o.d), inner diameter (i.d) and shrinkage value of hollow fiber membrane with different molecular weight of PEG.

Membrane Before sintering After sintering Shrinkage (%)

o.d (mm) i.d (mm) o.d (mm) i.d (mm)

HF 1.97 1.45 1.92 1.38 2.54
HF-P1 2.30 1.65 1.60 1.14 30.43
HF-P2 2.09 1.50 1.43 0.96 31.58
HF-P3 2.12 1.16 1.78 1.15 16.04

Fig. 2. Close-up SEM images of surface membrane morphology before and after sintering.

Fig. 3. N2 permeability of hollow fiber membranes with various molecular weight
of PEG.
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grains. Thus, in the HF-P1 membrane large particle granules and
large sponge-like pores were formed. Meanwhile, in the HF-P2
and HF-P3 the size of granules and pores is smaller than HF-P1.
However, the number of pores in HF-P2 and HF-P3 is greater and
evenly distributed.

Additionally, the porous structures formed on the membrane
surface indicated that the sintering temperature was not sufficient
to form a dense membrane. According to Tan et al. (2005a), Tan
et al. (2005b), the formation of dense structure on LSCF based hol-
low fiber membrane requires a sintering temperature of 1280 �C
and a holding time of 4 h. At 1280 �C the LSCF particles in the mem-
brane melt and connected to form a perfectly compact structure.
Sintering of hollow fiber at high temperatures leads to an increase
in the membrane density, which can be confirmed by the gas tight-
ness test result. Tan et al. (2001) explained that sintering temper-
ature is a very influential factor in membrane density and
mechanical strength.

3.1.3. Gas tightness of hollow fiber membrane
In this study, the separation of oxygen from air is based on the

ability of the lattice structure in perovskite with reactions
described in detailed (Nurherdiana et al., 2019; Wang et al.,
2002). Therefore, it requires dense outer layer to prevent any leak-
age which may causes undesirable mixing of uncontrollable supply
of oxygen and methane into the reaction system.
203
Gas tightness test was mostly used to measure the density of
the particles of the membrane, especially on the outer layer mem-
branes. Fig. 3 shows the N2 tightness test result of the present
work. The molecular weight of PEG does affect the density of hol-



Fig. 4. Porosity and average pore diameter of hollow fiber membranes.
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low fiber membranes. Although it seems that the effect is fluctuat-
ing, in overall, the density of membranes decreases as the increase
of the molecular weight of PEG additive.

The tightest hollow fiber membrane is achieved by HF-P2 with
N2 permeability of 3.55 � 10�5 mol�m�2�s�1�Pa�1, which is lower
than the previous work of Sajidah et al., (2018) and Mohamed
et al. (2016) which shows that the hollow fiber membrane in this
study have a better density. In addition, HF-P2 also has a dense
layer in the middle of hollow fiber membrane that makes the gas
diffusion pathway was smaller which lead to lower N2

permeability.
Table 4 presents the comparison of N2 permeability in this work

with several previous studies.
It can be seen that the HF-P2 membrane showed a very low

density among the others. The difference can be explained from
the sintering temperature which was 1250 �C (with holding time
of 5 h). A hollow fiber membrane can be assumed as a gas-tight
membrane if the measured N2 permeability is lower than 10�10

mol�m�2�s�1�Pa�1 or around 10�11 mol�m�2�s�1�Pa�1 (Liu et al.,
2001; Tan et al., 2005b). For this reason, it can be concluded that
the sintering temperature of 1250 �C is inadequate to form a high
density perovskite-based hollow fiber membrane.
Fig. 5. Pore size distribution of hollow fiber membranes with various molecular
weight of PEG.
3.1.4. Porosity and pore size distribution of hollow fiber membrane
As a porous ceramic membrane, the hollow fiber must provide

sufficient pores for mass transport and have a small pore size dis-
tribution for high selectivity. The porosity of the membranes and
average pore diameter are shown in Fig. 4. The porosity tends to
decrease with an increase molecular weight of PEG additive. HF-
P1 showed the highest porosity among the others at 5.74%. HF-
P2 produced a porosity of 5.46%, while the lowest porosity was
shown by HF-P3 which is 5.34%. The average pore diameter of
the membranes in Fig. 4 also shows the same tendency with the
membrane porosity. The average pore diameters of HF-P1, HF-P2,
and HF-P3 (�103 nm) are 85.29; 4.89; and 1.88, respectively. A sig-
nificant difference can be observed in the figure where the highest
molecular weight of PEG produced the lowest average pore
diameter.

The percentage of porosity and average pore diameter in Fig. 4
are overall measurement results for each pore contained in the hol-
low fiber membranes. Therefore, a comparison of mercury intru-
sion data of each hollow fiber is needed to determine the
distribution of its pore size. Fig. 5 presents the pore size distribu-
tion for all PEG variations, where the smallest to the largest pores
exist in the membranes.

Fig. 5 shows that each variation of hollow fiber membranes con-
sisted of two main types of pores, i.e., regions with sponge-like
structure and the entrance of the finger-like structure. HF-P1 and
Table 4
N2 permeability of ceramic-based hollow fiber membranes with various sintering
temperature (taken at room temperature and 1 atm).

Membrane N2 permeability
(mol�m�2�s�1�Pa�1)

Sintering
temperature (�C)

Reference

HF 4.40 � 10�5 1250 This work
HF-P1 5.15 � 10�5 1250
HF-P2 3.55 � 10�5 1250
HF-P3 7.15 � 10�5 1250
LSCF-YSZ/

NiO-YSZ
1.364 � 10�5 1300 Sajidah et al.

(2018)
LSCF 2.82 � 10�10 1280 Tan et al.

(2005b)
Non-porous

YSZ
10.6 � 10�7 1400 Wei and Li

(2008)2.0 � 10�10 1500
SCYb/PESf <3.0 � 10�10 1500 Liu et al.

(2001)6.45 � 10�10 1550
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HF-P2 hollow fibers showed a sponge-like pore size distribution
at a peak of about 1.27 � 105 nm. The distribution shifted to peak
1.91 � 105 nm, approximately, indicated an increasing pore size
diameter. The finger-like pore region of the three membrane types
is shown at a peak of about 1.91 � 105 nm. The decrease in peak
intensity implied increasing dope viscosity (Othman et al., 2010)
due to the increasing molecular weight of PEG, as previously
explained.
3.1.5. Mechanical properties of hollow fiber membrane
The mechanical strength of the membrane was tested by a

three-point-bending method and the results are shown in Fig. 6.
Tan et al. (2011) reported that membranes with a finger-like

pore structure have better mechanical strength than membranes
with a sponge-like pore structure. In addition, Mohamed et al.
(2016) reported that the use of pure water as a bore liquid can
affect the mechanical strength of hollow fiber membranes.

Fig. 6 shows that the HF-P1 hollow fiber membrane has the
highest mechanical strength (11.51 MPa) as compared to the
remaining membranes. Comparatively, hollow fiber membrane
without PEG addition has the lowest mechanical strength
(3.48 MPa). The trends in mechanical strength is consistent with
membrane morphology as shown in Fig. 2. Membranes with PEG
additive, were sintered better than membrane with no PEG. The
PEG improves the density of green membrane (un-sintered mem-
brane) which led to more intensive sintering of LSCF particles
(Zare et al., 2019), resulting stronger membranes than membrane
with no PEG additive. In addition, the decrease in the mechanical
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Fig. 6. The mechanical strength of membrane with various molecular weight of
PEG.

Table 5
Dense layer thickness of membranes in various molecular weight of PEG.

Membrane JO2
flux (�10�8

mol�cm�2�s�1)
Dense layer
thickness (mm)

Standard
deviation of JO2

HF 4.72 0.11 0.011
HF-P1 4.71 0.11 0.010
HF-P2 6.07 0.06 0.009
HF-P3 5.06 0.10 0.005
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strength of membranes with increasing PEG molecular weight
might be caused by the formation of larger and finger-like pores
in the membrane. Similar results were also reported by
Aminudin et al., (2013).
3.2. Oxygen permeability

The oxygen permeation test was performed using compressed
air as feed gas as referred to Sajidah et al. (2018). The results for
all membranes are shown in Fig. 7. It can be seen that HF-P2
achieved the highest oxygen permeation flux of 6.07 � 10�8

mol�cm�2�s�1 as compared to the remaining membranes. The oxy-
gen permeation of HF-P3 membrane is 5.06 � 10�8 mol�cm�2�s�1,
while HF-P1 and HF is only slightly different (4.71 � 10�8

mol�cm�2�s�1 and 4.72 � 10�8 mol�cm�2�s�1, respectively). It indi-
cates that the different thickness of the sponge-like pore con-
tributes to different oxygen permeation values as detailed in
Table 5.

The addition of PEG into the dope suspension can improve the
membrane performance to deliver oxygen, as a consequence of
the additive diffusion which enlarges the membrane pore and
reduces the dense layer. From Table 5, it was found that that the
thickness of the dense layer affects the oxygen permeation of the
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Fig. 7. Oxygen permeation flux of the hollow fiber membranes with various
molecular weight of PEG.
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membrane. HF-P2 has the lowest thickness so that the oxygen flux
produced is the highest among the others. The oxygen permeation
of HF-P3 is lower than HF-P2 because it has a thicker dense layer.
Meanwhile, the oxygen permeation of HF-P1 is closely the same as
HF, due to the similar dense layer thickness.

Oxygen is transported from one side of membrane to the other
through oxygen vacancies in the membrane lattice. Pores in the
membranes break the continuity of membrane lattice that makes
the energy requirement for oxygen transport increase. The oxygen
must jump over the empty space formed by the pore so that the
oxygen can occupy oxygen vacancies on the other side of the pore
wall. Therefore, as the membrane porosity decrease due to increas-
ing PEG molecular weight, the oxygen flux of the membrane
increases.

The obtained oxygen flux result in this study is higher than the
value as reported by Sajidah et al. (2018). It could be caused by dif-
ferent membrane thicknesses and designs. The single-layer hollow
fiber in this study was only fabricated from LSCF 7328 without any
additional material, thus the oxygen transport could be maximized
through the oxygen vacancy mechanism on the perovskite lattice.
Other factors that might also affect the oxygen flux are not studied
in this article.

4. Conclusion

In this study, the LSCF hollow fiber membrane with the addition
of the various molecular weight of PEG was investigated to opti-
mize the type of PEG on the membrane properties for oxygen per-
meation applications. The PEG addition exhibited asymmetrical
pore configuration which sponge-like integrated the finger-like
pore. Hollow fiber membrane density was also tested by measur-
ing N2 permeability which showed that hollow fiber with additive
PEG 3400 Da revealed the densest membrane with the lowest N2

permeability of 3.55 � 10�5 mol�m�2�s�1�Pa�1. Overall porosity of
hollow fiber membranes decreases with the increase of molecular
weight of PEG. The highest mechanical strength of the membrane
was produced by hollow fibers with the PEG 2000 Da additive.
The increase in the molecular weight of PEG decreases the
mechanical strength of the LSCF membrane, which affected by
the irregular pore configuration. The addition of PEG additives with
various molecular weights results in different dense layer thick-
nesses so that it affected the oxygen permeation flux. The highest
oxygen permeation flux was achieved using a hollow fiber mem-
brane with PEG 3400 Da, with a flux value of 6.07 � 10 8 mol�cm�2-
�s�1 which supported by the thinnest dense layer of 0.06 mm.
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