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Performance Evaluation of PDMS or PEBAX- Coated Polyetherimide Membrane for
Oxygen/Nitrogen Separation

(Penilaian Prestasi PDMS atau PEBAX- Bersalut Membran Polieterimida untuk Pemisahan Oksigen/Nitrogen)

KOK CHUNG CHONG*, SOON ONN LAI HUl SAN THIAM, SHEE KEAT MAH, WOEI JYE LAU & AHMAD FAUZI
ISMAIL

ABSTRACT

Since the industrial revolution era, the Earth was suffering from serious air pollution. Millions of people are now
suffering from indoor air pollution related diseases, especially in the industrialized countries such as China. One
method to improve the indoor air quality is by oxygen enhancement. Membrane technology has been a key research
over the past decades due to its low energy usage, minimum chemical consumption as well as small setting up layout.
In this study, polyetherimide (PEI) membranes coated with polydimethylsiloxane (PDMS) or poly(ether block amide)
(PEBAX) at different concentration (1, 3 or 5 wt%) were used to evaluate the oxygen/nitrogen gas separation. Prior to
the gas permeation study, the membranes were characterized using scanning electron microscope (SEM) for morphology
observation and surface elemental analysis by energy dispersive X-ray spectroscope (EDX). The morphology of the self-
fabricated PEI membranes is composed of a thin and dense structure supported by the finger-like structure. The results
obtained from oxygen/nitrogen separation studies shows membrane coated with 3 wt% PDMS yield a good separation
results, exhibiting an improvement of oxygen and nitrogen permeance by 28.2% and 24.9%, selectivity by 10.4% (up to
5.08) relative to the base PEI membrane. Meanwhile, the 3 wt% PEBAX-coated PEI membrane only achieved selectivity
0f 3.56. The PDMS-coated PEI membrane yield a better separation performance attributed to the fact that PDMS coating
on the hollow fiber membrane improve the surface morphology by reducing the defects.
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ABSTRAK

Sejak era revolusi perindustrian, Bumi mengalami pencemaran udara yang serius. Berjuta-juta orang kini menderita
penyakit berkaitan pencemaran udara dalaman, terutamanya mereka yang tinggal di negara perindustrian seperti China.
Salah satu kaedah untuk meningkatkan kualiti udara dalaman adalah dengan peningkatan oksigen. Teknologi membran
telah menjadi penyelidikan utama selama beberapa dekad yang lalu kerana penggunaan tenaga yang rendah, kadar
penggunaan bahan kimia yang minimum dan menggunakan ruang yang kecil. Dalam kajian ini, membran polieterimida
(PEI) yang disalut dengan polidimetilsiloksan (PDMS) atau poli(eter blok amida) (PEBAX) pada kepekatan yang berbeza
(1, 3 atau 5 wt%) digunakan untuk menilai pemisahan gas oksigen/nitrogen. Sebelum kajian penelapan gas, membran
dicirikan menggunakan mikroskop elektron imbasan (SEM) untuk pemerhatian morfologi dan analisis unsur
permukaan dengan spektroskopi sinar-X penyebaran tenaga (EDX). Morfologi membran PEI buatan sendiri terdiri
daripada struktur nipis dan padat yang disokong oleh struktur seperti jari. Hasil penyerapan gas menunjukkan bahawa
membran yang dilapisi dengan 3% PDMS adalah membran yang terbaik dengan kadar peningkatan oksigen dan
nitrogen sebanyak 28.2% dan 24.9% serta peningkatan kepilihan sebanyak 10.4% (hingga 5.08) berbanding dengan
membran PEI yang tidak bersalut. Sementara itu, membran PEI bersalut PEBAX 3% hanya mencapai kepilihan sebanyak
3.56. Membran PEI yang disalut PDMS menghasilkan prestasi pemisahan yang lebih baik disebabkan oleh fakta bahawa
lapisan PDMS dapat memperbaiki morfologi permukaan membran dengan mengurangkan kecacatan.

Kata kunci: Nitrogen, oksigen; pemisahan gas, polieterimida; polidimetilsiloksan; poli(eter blok amida)

INTRODUCTION

) o o million people suffer from the indoor air pollution related
Air pollution is a global phenomenon and it is more severe  {iseases especially those living in cities such as Beijing

particularly in the developing countries. Lancet Respiratory 4 Mumbai (Gordon etal. 2017; Zuo et al. 2018). Research

Medicine (2012) reported that there are approximately 15 .4 shown that indoor air pollution could negatively
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affect human health as people spend most of the time
(~80%) indoor (Al-Horr et al. 2016; Chong et al. 2017).
Poor indoor air quality tends to cause modern diseases
such as sick building syndrome and respiratory related
diseases. One of the effective ways to combat against these
problems is to improve the indoor air quality by oxygen
enrichment. Besides this purpose, the process of oxygen
enrichment can improve the efficiency of the hypoxemic
medical application as well as combustion process in the
machines (Baskar & Senthilkumar 2016; Karar & Hamdi
2016).

Conventionally, cryogenic distillation and pressure
swing adsorption (PSA) are the techniques to produce
pure gas. Cryogenic distillation is normally used for
large amount of oxygen or nitrogen production which up
to 100 tonnes per day (Rackley 2010; Smith & Klosek
2001). The purity of oxygen and nitrogen gas obtained
from this method is in the range of 90-97% and this
method is mainly used in steel making facility and gas
supply industry. PSA meanwhile is a medium scale gas
production method with an approximate daily production
rate of 10-25 tonnes with the purity of 90-93% (Sircar
& Kratz 1989). It is commonly used as the integration to
production systems such as fossil fuel power plant and
hospital (Santos et al. 2007). Although both methods are
widely used in industry, they are associated with common
drawbacks, i.e. high energy intensive and large footprint
requirement.

Membrane separation technique is currently an
alternative method in oxygen and nitrogen gas production.
This technique requires small built-up area and low
energy requirement as the membrane itself acts as the
barrier for the gas separation (Belaissaoui et al. 2014).
Ambient air is pressurized to pass through the membrane
and gas molecules are separated according to the
membrane permeability and selectivity. The mass transfer
in membrane gas separation is depicted by the difference
in the pressure between the feed and permeate. As gas
separation performance is mainly dependent on the type
of membrane material used, it is important to ensure the
characteristics of membrane are well designed to cater for
the specific gas separation. In gas separation application,
the trade-off between permeability and selectivity is
crucial for the optimum performance (Sanders et al.
2013). This trade-off is commonly referred as Robeson
upper bound where Robeson plotted the upper bound
relationship of various binary gas pair separation based
on the literature findings (Robeson 2008; Robeson et al.
2015).

The main challenge in gas membrane separation is to
yield high selectivity and permeability while maintaining
long-term performance stability. Kim et al. (2013)

and Wahab et al. (2012) reported that the membrane
treated with surface coating commonly possesses better
separation efficiency attributed to the coating materials
such as zeolite, polydimethylsiloxane (PDMS), graphene
oxide or poly(ether block amide) (PEBAX) able to improve
the surface defects. Previous studies showed that the
PDMS-coated polysulfone (PSF) and polyvinylidene
fluoride (PVDF) membrane demonstrated the ability of
PDMS coating material to reduce surface defects. Kim et
al. (2013) and Liu et al. (2005) on the other hand reported
the coating of PEBAX on the PSF and polyacrylonitrile
(PAN) flat sheet membrane improve the separation
performance of the binary gas pair. Nevertheless, our
previous work showed that the PEBAX coating led to an
adverse effect on the oxygen/nitrogen gas separation.
This is because PEBAX coating tended to stick and
bundle the hollow fibers during the membrane dip coating
process and reduced its separation efficiency (Chong et
al. 2018). Further study on the effect of PEBAX coating
on other polymeric membranes is essential to evaluate
the effectiveness of the PEBAX coated membrane on
the application in gas separation. In this study, the
polyetherimide (PEI) hollow fiber membrane was self-
fabricated by dry-jet wet phase inversion technique. The
shell side of the hollow fiber membrane was coated with
either PDMS or PEBAX materials to evaluate the effects
of the coating materials on the oxygen/nitrogen binary
gas pair separation. The properties of the membrane were
carefully examined by instrumental characterization
before undergoing the gas permeation study.

MATERIALS

The polymeric material used in this study is
polyetherimide (PEI) with the purity more than 98%
obtained from Merck Darmstadt, Germany. The main
solvent, N,N- dimethyl-acetamide (DMAc, > 99.5%) and
co-solvent ethanol, (EtOH, >99%) obtained from Sigma-
Aldrich, Missouri, United States were used to prepare
the PEI dope solution. Another co-solvent used in the
membrane dope solution, tetrahydrofuran (THF, >99.5%)
was purchased from QReC, Selangor, Malaysia. In
this study, polydimethylsiloxane (PDMS, > 98%) and
polyether block amide (PEBAX, >95%) obtained from
Sigma-Aldrich, Missouri, United States and Arkema,
Pennsylvania, United States, respectively, were used as the
coating materials for the fabricated membrane.

PREPARATION OF POLYMERIC HOLLOW FIBER
MEMBRANE

The PEI pellet was dry in oven at 70 °C for a day to prior
to use in order to remove any moisture residue. The dope



solution that composed of 30 wt% PEIL, 30 wt% DMAc,
30 wt% THF and 10 wt% EtOH was slowly mixed and
stirred by an overhead stirrer to obtain a homogenous
dope solution. The dope solution was then place in an
ultrasonic sonication for 8 h to remove any bubble residues
before the spinning process. The hollow fiber membrane
in this study were produced by the phase inversion
method which schematically illustrated in Figure 1. The
membrane dope solution was firstly fed to the reservoir
and the solution was later transferred to the spinneret via
gear pump. The bore fluid consisted of distilled water flew
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through the inner bore of the spinneret with the assist of
syringe pump. The solvent/non-solvent exchange process
occurred in the spinneret where the bore fluid removes
the solvent from the dope solution, forming the lumen
of the hollow fiber membrane. Nascent membrane was
formed when the fiber was immersed into the coagulation
bath whereby the solvent was removed by the water
in the bath. The solvent in the nascent membrane was
further eliminated in the washing bath. Lastly, the hollow
fiber membrane was collected by the windup drum. The
detailed spinning parameters for hollow fiber fabrication
are tabulated in Table 1.

Syringe pump
Dope reservoir
Gear pump
Spinneret
@ Wind up drum
/ \ /
Chiller Coagulation bath Washing bath
Gas cylinder Wind up bath

FIGURE 1. Schematic diagram for PEI hollow fiber membrane fabrication method

TABLE 1. PEI hollow fiber membrane fabrication parameter

Spinning parameter Value
Spinneret OD/ID (mm/mm) 0.6/0.3
Bore liquid Distilled water

Bore liquid temperature (°C)

Bore liquid flow rate (mL/min)
External coagulant

External coagulant temperature (°C)
Air gap (cm)

Room relative humidity (%)

25

0.3
Tap water

25

30

55+5
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COATING OF MEMBRANE SURFACE

The outer surface PEI membranes were dip coated
with either PDMS or PEBAX solution. The coating
concentration of 1 wt%, 3 wt%, and 5 wt% was studied
to evaluate the effect of coating on the oxygen/nitrogen
separation. The PDMS coating solution was prepared
by blending the n-hexane solution into the PDMS base
under the pre-defined volume to acquire the desired
concentration. The mixed solution was stirred by
magnetic stirrer for 2 h under the room temperature
to obtain homogenous solution. The solution was then
sonicated in an ultrasonic bath for 4 h to remove
unwanted microbubbles formed during the stirring
process. The coating method employed in this study was
the dip coating method. PEI hollow fiber membranes were
dipped and fully immersed into the coating solution. After
5 min, the hollow fiber membranes were taken out from
the coating solution and the extra coating solution on the
membrane was drained off before heating. The hollow
fiber membranes were dried in the vacuum oven at 70 °C
for 4 h. The dip coating process were repeated for five
times to ensure perfect coating layer was formed on the
membrane surface.

The preparation protocol of PDMS or PEBAX
coating solution is similar and it was prepared in two
steps. The mass coating materials in pellet form were
measured by an electronic weight balance follow by
mixing with ethanol and water at the ratio of 30 to 70. The
solution was stirred at room temperature for 4 h follow by
degassing for 4 h by ultrasonic sonicator. This protocol
was then repeated for the preparation of different PDMS
or PEBAX coating concentration. The hollow fiber
membranes were dip coated into the coating solution for
five times to ensure a good coating layer. Nevertheless, it

is noteworthy to mention that extra attention is needed on
the curing of the PEBAX coated membrane by separating
each of the fibers in vacuum oven. This is because fibers
tend to stick and bundled together due to the adhesive
nature of PEBAX.

MEMBRANE CHARACTERIZATIONS

Scanning electron microscope (SEM) from Hitachi,
Japan (Model: S-3400N) was utilized to observe the
surface morphology and cross section of the hollow
fiber membrane. The hollow fiber was undergoing pre-
treatment where it was fractured cryogenically with
liquid nitrogen to obtain a clear cross section image for
a better illustration of membrane morphology. Then,
the hollow fiber membranes were coated with a layer
of platinum by sputter coating machine (Emitech, SC-
7620) to improve the surface conductivity. At different
magnifications, the micrographs of surfaces at both the
shell side and cross section were obtained. The elementary
analysis on the membrane surface was performed using
energy dispersive X-ray (EDX) spectrometer. The EDX
characterization was repeated for at least five times at
different locations on the surface to obtain average results
on the atomic percentage.

GAS PERMEATION STUDY

The setup of the permeation system is exhibit in Figure
2. Five hollow fiber membranes are inserted into stainless
steel membrane module and epoxy resin was applied to seal
the hollow fiber membrane at the dead end. Additionally,
the arrangement of flow is shell side feed pattern where
the feed gas from cylinder diffuses across the hollow fiber
membrane outer surface and permeate gas will flow over

Soap bubble
flow meter
Gas pressure
regulator
N ' J\
AN
Membrane module
Soap container D
Oxygen Nitrogen
Cylinder Cylinder

FIGURE 2. Setting up of permeation study (Chong et al. 2018)



the lumen of fiber. The experiment was carried out at the
room temperature and the pressure was fixed at 5 bars.
The experiment was repeated five times in order to ensure
reproducibility.

RESULTS AND DISCUSSION

MORPHOLOGY OF HOLLOW FIBER MEMBRANE

The cross-sectional morphology of the pristine PEI
membrane is shown in Figure 3. As can be seen, the

UTAR-SEM 15.0kV 9.2mm x600 SE

(b)

3399

membrane inner layer is made up of thin and dense structure
supported by finger-like structure. This morphology is the
typical structure of asymmetric membrane obtained from
the phase inversion process (Chong et al. 2014; Khayet
et al. 2009). The thin skin layer can offer gas separation
while the porous structure allows the gas molecules to
permeate easily. During phase separation, two phases are
developed: polymer-rich and polymer-lean. The finger-
like structure is initiated by polymer-lean phase nuclei and
created under the top layer. The growth of these nuclei is
maintained if the solvent supplied are sufficient and ends

P Ve AG
Oum.

(©)

FIGURE 3. Morphology uncoated PEI membrane, (a) cross section, (b)
membrane thickness and (c) skin layer
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when initiation of new nuclei occurs. The termination of
growth can also occur at glass transition temperature for
polymer-lean phase (Zhou et al. 2018). With the application
of water which is a relatively strong non-solvent for both
bore fluid and coagulation bath, the solvent/non-solvent
exchange occurs aggressively forming the finger like
structure (Moaddeb & Koros 1997).

UTAR-SEM 15,0K

& 2mm x4.00k SE

EFFECTS OF PDMS AND PEBAX COATING ON MEMBRANE
SURFACE

Figure 4 compares the top surface of PDMS and PEBAX-
coated PEI hollow fiber membranes. The images showed
the extra layer of PDMS or PEBAX was formed on the shell
side of the hollow fiber membranes in which the coating

(©)

FIGURE 4. Morphology of PEI membrane outer layer, (a) 1 wt% PDMS
coating, (b) 3 wt% PDMS coating and (c¢) 3 wt% PEBAX coating



thickness increased with increasing coating solution
concentration. The coating layer was increased from
1.08 to 3.54 um and from 1.29 to 3.86 pm, respectively,
for PDMS and PEBAX coating, respectively, as tabulated
in Table 2. The trends observed in this work is similar
to our previous study in which the coating thickness
increases with the concentration of the coating materials
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used. However, it is noteworthy to mention that the
coating thickness of PEBAX are generally higher than
that of PDMS coating. This phenomenon was reported
by Esposito et al. (2015) and Wang et al. (2014) where
the PEBAX solution has a lower viscosity compared to
PDMS solution leading to rapid gelation on the membrane
surface.

TABLE 2. Coating thickness for the as spun hollow fiber membranes

Membrane Thickness (um)
PEI-1PDMS 1.08 £0.12
PEI-3PDMS 2.13£0.19
PEI-5PDMS 3.54+0.22
PEI-1PEBAX 1.29+0.17
PEI-3PEBAX 2.51+0.28
PEI-SPEBAX 3.86 +0.33

ELEMENTAL ANALYSIS OF MEMBRANE SURFACE
CHEMISTRY

The results of elementary analysis conducted by EDX on
membrane surface are tabulated in Table 3. The chemical
formula for the PEI polymeric materials is (C,;H, N,O/)n
which consists of carbon, hydrogen, nitrogen, and oxygen
(Wang et al. 1998). The detection of these elements in the
uncoated membrane reflected the successful fabrication
of the PEI hollow fiber membrane in this study with
the composition of materials used (Rezaei et al. 2015).
With the use of the coating materials, the presence of
new elements or the increase in elemental composition

were observed. Silicon was found on the membrane
surface coated with PDMS, indicating the PDMS was
successfully coated on the surface. The percentage of
silicon element increased with the increase of the PDMS
coating concentration and these findings are similar to our
previous work (Chong et al. 2018). Comparable to the
PDMS coated membrane, the nitrogen concentration for
PEBAX coated materials increased with the increment of
the coating concentration. The increase in the percentage
of nitrogen elements in the PEBAX coated membrane was
attributed to the content of the nitrogen in the PEBAX
molecular chain.

TABLE 3. Elementary analysis on membrane surface

Trace element (At.%)

Membrane

Carbon (C) Oxygen (O) Silicon (Si) Nitrogen (N)
PEI 83.58 £4.78 16.42 +0.94 Not detected Not detected
PEI-1PDMS 82.31 +4.59 1526 +£0.74 2.43+0.13 Not detected
PEI-3PDMS 80.94 +4.92 1534+ 0.69 3.72+0.19 Not detected
PEI-SPDMS 79.65 £4.07 15.42+0.71 4.93+£0.22 Not detected
PEI-IPEBAX 81.42 +4.52 15.46 £ 0.65 Not detected 3.12+0.16
PEI-3PEBAX 80.17 +4.13 14.92 +0.57 Not detected 491+£0.24
PEI-SPEBAX 78.84 +3.41 14.80 £ 0.61 Not detected 6.36 +0.52
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GAS PERMEATION PERFORMANCE OF PRISTINE AND
COATED PEI MEMBRANE

The binary gas separation performance in terms of the
gas permeance and selectivity is presented in Figure 5(a)
and 5(b), respectively. The gas permeance performance
recorded in this study is in the range of 24-49 GPU and
7-10 GPU for oxygen and nitrogen gas, respectively.
The uncoated PEI membrane recorded 35.52 and
7.79 GPU for the permeance of oxygen and nitrogen
gas, respectively. Based on the gas permeation results

obtained, it was found that the PDMS coating generally
recorded a better permeance results whereas permeance
for PEBAX coating showed a downward pattern.

The membranes coated with PDMS generally
recorded a better result in permeance in relative to
the uncoated membrane. The membrane coated with 3
wt% PDMS exhibited the gas permeance of 49.51 and
9.73 GPU, for oxygen and nitrogen gas, respectively,
which corresponded to an enhancement of 28.2% and
24.9%, respectively. The results obtained from the

60
m PEI
= PEL-1PDMS
50 +
PEL-3PDMS
5 w PEL5PDMS
& 40 1 N PEL1PEBAX
g m PEI-3PEBAX
% 30 - m PEL5PEBAX
(3]
=%
20 -
10 -
0 |
Oxygen Nitrogen
(a)
7
m PEI
6 4 = PEL-1PDMS
PEI-3PDMS
w PEL-5PDMS
5 I m PEI-1PEBAX
m PEI-3PEBAX
a m PEI-SPEBAX
§ 4
o)
B
E 3
& 2
1 -
0 -
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FIGURE 5. Oxigen/nitrogen separation performance, (a) permeance (x 10-6 cm,
STP/cm, s cm Hg (GPU)), and (b) selectivity



PDMS coating agree with the literature report where
the addition of PDMS coating on the membrane surface
is able to enhance the gas separation performance. This
phenomenon is due to the fact that PDMS coating is
able to improve the membrane surface morphology by
reducing the defects. In addition, the high affinity of
PDMS materials towards oxygen molecules tended to
enhance the permeance. Nevertheless, with the increase
in the concentration of the PDMS solution, the gas
permeance tended to decrease as a result of the increased
resistivity of the hollow fiber membrane following
increase in coating thickness (Khalilinejad et al. 2015;
Moradi et al. 2017). On the other hand, the application
of the PEBAX coating on the PEI hollow fiber membrane
generally shows a reducing pattern on both the oxygen
and nitrogen permeance. The nature of PEBAX coating
has a lower affinity towards non-polar molecule such as
oxygen gas, lead to a lower gas permeance (Pokhrel et
al. 2018). This finding is similar to the report by Wang
(2000) as the PEBAX coating experienced a rapid
gelation when it was applied on the membrane surface.
Analogous results were reported by Jamil et al. (2020)
where the rapid gelation of the PEBAX coating on the
membrane surface lead to a poor homogenous and
superior integrity, leading to lower gas permeance and
selectivity. Consequently, the hollow fiber tends to get
together attributed to the rapid gelation of the PEBAX
solution or the fiber stuck into bundle during curing
process. In order to overcome this drawback, the coating
of the hollow fiber was done individually instead of
bundle to obtain the best coating result.

CONCLUSION

In this work, the hollow fiber membrane was
successfully fabricated by dry-jet wet phase inversion
method using dope solution composed of PEI, DMAc,
THC, and ethanol. The hollow fiber membrane
was coated by PDMS or PEBAX at different coating
concentration. The gas permeation results suggested that
PDMS-coated PEI membrane yielded better separation
performance of oxygen/nitrogen in terms of permeance
and selectivity compared to the PEBAX-coated and
uncoated PEI membrane. The PEI membrane coated
with 3 wt% PDMS exhibited the best performance,
recording permeance of 49.51 and 9.73 GPU for oxygen
and nitrogen, respectively. This resulted in gas pair
selectivity of 5.08. The results of PEBAX-coated PEI
membranes generally possessed lower gas permeance
and selectivity than those of the pristine and PDMS-
coated membranes. The lower performance of the
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PEBAX-coated membrane was attributed to high degree
of adhesion during the membrane dip coating process
that led to the reduction of effective surface area.
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