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ARTICLE INFO ABSTRACT

The emissions of carbon dioxide (CO,) largely contribute to the issue of global warming. Recently, the
polymer blend membrane has received attention as an attractive approach to gas separation due to its
enhanced gas separation properties by combining the advantages of the different polymers. In this study,
the formation of a blend polyethersulfone (PES) and polyethylene glycol (PEG) membrane for CO,/
Nitrogen (N,) separation was investigated by first studying the effect of casting thickness from 150 um
to 800 pm. Based on the results, the blend membrane casted at 300 pm (M4) showed the best gas
separation performance. The CO, and N, permeances for M4 were 11225.35 + 5.24 GPU and 9582.99
* 6.62 GPU, respectively and the CO,/N, selectivity was 1.17. This research was further extended to
study the effect of polymer concentration from 10 wt % to 30 wt % casted at 300 pm. The best gas
separation performance of the blend membrane was reported at a PES:PEG ratio of 1:1 (MS8), where the
CO,/N, selectivity was enhanced to 1.45. With the enhanced CO, separation performance of the blend
membrane, the application of the membrane is a break through in the industrial world as it is capable of
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mitigating the effects of global warming.
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1. Introduction

Carbon dioxide (CO,) is one of the greenhouse gases (GHGs) produced
largely due to human activities. The amount of CO, in the atmosphere
has increased from 341 ppm to 410 ppm for the last 40 years [Lindsey
2018]. The emission of CO, increased by 1.7 % in the year 2018, which
was up to 33.1 Gt of CO, [IEA 2019]. Carbon capture and storage (CCS)
is gaining the attention of researchers due to its potential to control the
emission of GHGs [Benson and Orr 2011]. A full cycle of CCS includes
the capture of CO,, transportation and proper storage of CO, [Songolzadeh
et al. 2014]. One of the CCS is the post-combustion separation, which is
a process where the CO, is removed from the flue gas after the process of
combustion of fossil fuels [Wang et al. 2017]. Membrane gas separation
is one of the post combustion separations that is gaining the attention of
researchers for industrial application [Sani et al. 2015].

Polymer blending is one of the membrane modification techniques
where the polymeric membrane is being improved to enhance the gas
separation performance. It is a technique where two or more polymers
are blended together to form a new membrane. This could combine the
advantages of the polymers such as mechanical strength and affinity towards
CO, molecules, resulting in a better gas separation performance [Mannan
et al. 2013]. One of the examples of polymer used for CO,/N, separation
is polyethylene glycol (PEG) due to its intrinsic gas permeability, as well
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as its solubility and diffusivity [Liu et al. 2016]. The ether functional
group in PEG tends to separate the CO, better in a gas mixture [Chen et
al. 2011]. Polyethersulfone (PES) is another polymer that has been used
as a commercial polymer for gas separation due to its outstanding chemical
and mechanical properties. Besides, the ether-oxygen bond in the PES
monomer provides an additional binding mode for CO, [Kilic et al. 2007].
Membranes whose CO, permeance was at least 1000 GPU had shown
the ability to achieve a high CO, removal efficiency [Zhai 2019].
Typically, an amine absorption-based process was used to benchmark the
membrane-based process to produce a membrane that is highly permeable
and selective of CO, [Roussanaly et al. 2018]. For example, a cement
plant with amine absorption-based that captured 0.62 million ton CO,
per year was used as the benchmarking reference for the development of
a membrane system [Lindqvist et al. 2014].

Up to date, the effect of casting thickness on CO,/N, separation of
blend membrane comprising of PEG and PES has not been studied.
Besides, the study on the different ratios of PES and PEG to obtain the
best performance of CO,/N, separation has not been reviewed. The
sorption behavior of CO, was affected by the presence of the functional
groups as the interactions amongst CO, and the functional groups can
alter the results of the gas permeance [Carreon et al. 2017]. The increment
of casting thickness for the membrane had led to a lower blending
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effectiveness of PEG and PES, which caused a reduction in the CO,
permeance [Prince et al. 2016]. Furthermore, as the PEG concentration
increased, the alkanes (-CH,) group and the hydroxyl (-OH) group
increased. Increment in both alkanes (-CH,) group and hydroxyl (-OH)
group could lead to an increase in CO, captured [Mushtaq et al. 2013].
Therefore, the main target of this present work is to fabricate a highly
compatible blend membrane with a high CO,/N, separation performance
by blending PES and PEG. Thus, in order to achieve the target, it is
necessary to study the effect of casting thickness and the effect of polymer
concentration in the PES/PEG blend membrane towards CO,/N,
separation.

2. Experimental
2.1 Materials

The polyethersulfone (PES) and polyethylene glycol (PEG) with
molecular weight of 700 g/gmol and 2000 g/gmol, respectively were
purchased from Sigma-Aldrich, Malaysia. The dimethylformamide
(DMF) (ACS reagent 2 97% purity) as a solvent was obtained from
Sigma-Aldrich, Malaysia. The acetone (ACS reagent = 99.99% purity)
was acquired from Merck, Malaysia whilst the purified CO, and N,
cylinders were supplied by Eastern Oxygen Industries Sdn, Bhd.,
Malaysia.

2.2 Membrane Preparation

A PES/PEG blend membrane with different casting thickness and
polymer concentration was prepared by the wet-phase inversion method.
The casting solution was prepared by mixing PES/PEG at a ratio of 1:3
(10 wt% PES and 30wt % PEG) with 60 wt% of DMF in a duran bottle.
The mixing was done by stirring the casting solution continuously for 4
hours at 60°C. The casting solution was placed in an ultrasonic degasser
and sonicated for 25 minutes at 25°C in order to remove the gas bubbles
[Akbarian et al. 2018]. The membrane was casted using an automatic film
applicator situated in a fume chamber at room temperatures. The membrane
film formed was then immediately immersed into the distilled water bath
for 24 hours. Lastly, the membrane was placed in an oven at 60°C for the
drying process for 24 hours. The dried membrane was kept in a zip lock
bag before use [Amirilargani and Mohammadi 2009b].

2.3 Effect of Casting Thickness

In order to study the effect of casting thickness on the membrane gas
separation performance, the membrane was prepared at different casting
thickness ranging from 150 pm to 800 pm, as tabulated in Table 1.

Table 1: Blend PES/PEG Membrane at Different Casting Thickness

Sample PES PEG DMF Thickness
Description | (Weight %) | (Weight %) | (Weight %) (Mm)
M1 10 30 60 150
M2 10 30 60 200
M3 10 30 60 250
M4 10 30 60 300
M5 10 30 60 500
M6 10 30 60 700
M7 10 30 60 800

2.4 Effect of Polymer Concentration

The blend membrane was then fabricated with the optimized casting
thickness of 300 pm and polymer concentration was manipulated, as
tabulated in Table 2.

Table 2: Blend PES/PEG Membrane at Different Polymer Concentration

Sample PES PEG DMF Thickness
Description | (Weight %) | (Weight %) | (Weight %) (Mm)
M8 20 20 60 300
M9 25 15 60 300
M10 30 10 60 300

2.5 Membrane Performance

The membrane was tested with single gas permeation test with both
purified CO, and N, based on the previously published work [Jawad et
al. 2015]. The permeation test was conducted under room temperature.
Both purified CO, and N, gases with a kinetic diameter of 3.3 A and 3.64
A, respectively were used. Before conducting the test, the system was
purged with N, gas for 15 minutes to remove the excess air and impurities.
The synthesized blended membrane was cut into a disc-shape and placed
on the porous stainless-steel disc, which was covered and tightened with
rubber O-rings. The disc was locked securely with bolts and nuts to
prevent leakage. A flow rate of 100 mL/min of N, was allowed to flow
through the membrane. The flow rate of the retentate and permeate was
obtained by using the bubble flow meter filled with soap water. A leakage
test was done by using soapy water. The bolts and nuts were opened and
locked again until there was no leakage.

In this study, single gas permeation test was conducted rather than
binary gas permeation test. This is due to the behavior of the gases
permeances in both single gas permeation test and binary gas permeation
test were similar at low temperatures [Simplicio et al. 2014]. Besides,
both permeation tests showed similar gases permeances trends when the
permeate pressure was altered, whereas the feed pressure and temperature
were kept constant [Mushardt et al. 2016].

2.6 Membrane Characterization
2.6.1 Scanning Microscope Electron (SEM)

The scanning electron microscope (SEM) is an instrument that has
been used for the inspection of the microstructure morphology of the
membrane surface and its cross-section [Zhou et al. 2007]. The Scanning
Electron Microscope (Hitachi TM3000, Tokyo, Japan) was used to
characterize the morphology and cross-section of the synthesized blended
membrane. The membrane was first kept in the cryogenic freezer for 24
hours and cut into small pieces before the test was conducted. To examine
the cross-sections of the blended membrane, the cracked samples were
first layered with platinum sputtering.

2.6.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

The Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR) is one of the sampling methods that most
often used. The Thermo Scientific Fourier Transform Infrared
Spectrometer (NICOLET iS10, USA) is used to characterize the existence
of the functional groups in the synthesized blended membrane. The test
was done from a wavelength range from 400 to 4000 cm.

3. Result and Discussion
3.1 Effect of Casting Thickness
3.1.1 Scanning Electron Microscope (SEM)

From Figure 1 (a, ¢, e, g, 1, k, m), it was observed that the membranes
had a porous surface with a pore size ranging from 1.5 pm to 3.2 pm. The
size of the pores increased as the membrane casting thickness increased,
which led to a lower gas permeance. This was because the deposition
speed of the polymer becomes slower at a higher casting thickness, resulting
in the higher involvement of membrane layers in the formation of the
membrane. The amount of vapor, which diffused from the atmosphere
into the polymer matrix was high and caused the increment in pore size.
In contrast, a thinner membrane having a smaller pore size had a more
compact aggregation of the polymer matrix [Ahmad et al. 2007]. Kuo
and Hong [2005] observed that there was a relationship between
corresponding membrane casting thickness and the characterization of
the membrane such as the average size of the pore [Kuo and Hong 2005].

Besides, from Figure 1 (b, d, f, h, j, 1, n), the membranes were having
a finger-like structure and sponge-like structure at the bottommost surface.
Furthermore, the final membrane thickness decreased as compared to the
initial casting thickness. The change in the final membrane thickness was
due to the solvent (DMF) used in preparing the blend membrane. The
DMF underwent ion exchange process with distilled water and it was
removed in the process, thus, causing the final membrane thickness to
decrease from its initial casting thickness [Silva et al. 2017]. Moreover,
the SEM showed that the final thickness of the membrane increased from
69.51 £ 1.79 pm to 384.03 + 1.76 um when the initial casting thickness
increased from 150 pm to 800 pum. Once the membrane film was placed
in the distilled water bath, ion exchange process took place immediately,
resulting in an increase in the final thickness. This was due to the formation
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Figure 1: SEM surface and cross-section of blend membrane at PES/PEG ratio of 1:3 at different casting thickness which are
(a, b) 150 pm (M1), (c, d) 200 pm (M2), (e, f) 250 pm (M3), (g, h) 300 pm (M4)
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Figure 1: (i, j) 500 pm (M5), (k, ) 700 pm (M6), and (m, n) 800 pm (M7).

of the polymer precipitated solid film, which led to the decrement in the
final thickness and resulted in a higher polymer concentration in the
membrane film [Amirilargani and Mohammadi 2009a]. Simultaneously,
miscibility between the DMF and the distilled water caused the ion
exchange process to take place on the top and bottom layers of the
membrane film and hence, caused the formation of nuclei of the polymer-
poor phase [Guillen et al. 2013]. These nuclei continued to grow until
solidification of the membrane occurred. According to Kim and Lee
[1998], if the system was an instantaneous demixing system, the membrane
solidified quickly once the membrane film was immersed into the distilled
water bath and this could prevent the precipitation process [Kim and Lee
1998]. Further, this resulted in the increment of the surface porosity and
the final membrane thickness because when the membrane thickness

increases and the polymer content is constant, the increment of the total
volume of the polymer content increases [Amirilargani and Mohammadi
2009a].

3.1.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) Analysis

The structural characteristic of the blend membrane with different
thickness was studied by ATR-FTIR analysis. The ATR-FTIR spectra of
all blend membranes are shown in Figure 2. Based on Figure 2, the O-H
stretching bond was observed at 3632.90 cm. Besides, the aromatic
benzene ring of =C-H and -C-H stretching bond was represented by the
strong absorption peaks observed at 3093.39 cmand 2866.30 cm’,
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Figure 2: ATR-FTIR analysis of blend membrane at PES/PEG ratio of 1:3 at different casting thickness which are (M1) 150 pm, (M2) 200 pm,
(M3) 250 pm, (M4) 300 pm, (M5) 500 pm, (M6) 700 um, and (M7) 800 pm.

respectively [Alenazi et al. 2018]. The peaks at 1484.98 cm'! represented
the presence of C=C stretching bond whereas the peaks at 1238.13 cm
represented the ether C-O stretching bond [Prince et al. 2016]. The
presence of PES was confirmed with the O=S=0 stretching bond observed
at the peak 1149.42 cm'! [Glagovish 2019]. The purity of the blend
membrane was proven due to the presence of the elementary and significant
peaks in the spectrum [Kim and Park 2011]. By introducing PEG to PES,
the absorption band of the C-H stretching bond indicated the good
compatibility between PEG and PES. The presence of ether C-O stretching
bond, which linked both polymers had resulted in the effective blend of
PEG and PES. The presence of the functional groups had an influence on
the sorption behavior of CO,. The interactions between CO, and the
functional groups increased the solubility of the polymers and hence,
resulted in the increase of the gas permeance [Carreon et al. 2017].

3.1.3 Gas Permeation Test
3.1.3.1 Separation performance towards CO,

As observed in Figure 3, the CO, permeance increased from 13010.83
+ 7.04 GPU to 13442.19 * 12.98 GPU when the membrane casting
thickness changed from 150 pm (M1) to 200 pm (M2). This was because
more pores were formed in M1 as compared to M2. According to Akbarian
et al. [2018], the presence of pores on the surface of the membrane were
undesirable as they had poor gas separation performance. Thus, this
explained the higher gas permeance in M2 compared to M1 [Akbarian et
al. 2018].

Besides, the CO, permeance was highest for M2 as it had smaller pore
sizes (1.65 £ 0.33 pm). This is shown in Figure 1. The gas permeance
decreased when the membrane casting thickness was further increased.
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The CO, permeance for M3, M4, M5, M6 and M7 were 13026.04 +
9.98 GPU, 11225.35 + 5.24 GPU, 8539.82 + 4.29 GPU, 7612.89 +
3.99 GPU and 7028.98 *+ 3.41 GPU, respectively. Based on the ATR-
FTIR analysis, the lower absorption peak of the ether C-O stretching
bond had led to the reduction in CO, permeance due to the lower blending
effectiveness of PEG and PES [Prince et al. 2016].

3.1.3.2 Separation performance towards N,

The N, permeance of the blend membrane with different casting
thickness is shown in Figure 3. As observed, the N, permeance increased
from 12085.08 + 6.07 GPU to 12774.39 * 6.78 GPU when the
membrane casting thickness changed from 150 pm (M1) to 200 pm
(M2). The increment of N, permeance was due to the higher porosity of
M1, as shown in Figure 3, which provided more free volume, resulting in
higher N, permeance.

Moreover, the N, permeance showed a decreasing behavior when the
casting thickness was further increased from 200 pum to 800 pm. TheN,
permeance of M3, M4, M5, M6, and M7 were 11919.12 *+ 10.21 GPU,
9582.99 * 6.62 GPU, 7451.44 £ 3.83 GPU, 6922.11 * 2.82 GPU and
6490.19 *+ 2.90 GPU, respectively. This was due to the increment in the
final thickness of the membrane. It caused increment in the pore diffusion
resistance, resulting in decrement in the gas permeance [Shen and Lua
2010]. In addition, Alsari et al. [2007], reported that the overall membrane
density decreases when the thickness increases, which leads to the
decrement of the gas permeance [Alsari et al. 2007].

3.1.3.3 Separation performance towards CO,/ N, selectivity

Figure 3 presents the relationship between CO, and N, permeance
and CO,/N, selectivity with different casting thickness. It was observed
that the CO, showed a higher permeance compared to N,. This was due to
the smaller kinetic diameter (3.3 A) of CO, whereas N, had a larger
kinetic diameter (3.64 A), which allowed more CO, to diffuse through
the membrane [Duke et al. 2006].

According to Figure 3, M4 had the highest CO,/N, selectivity of 1.17
as compared to the others because it had the lowest membrane porosity,
as observed in Figure 1. The increase of casting thickness from M1 to M2
led to a decrease in the CO,/N, selectivity from 1.07 to 1.05 due to the
larger amount of N, passing through the membrane. This was explained
by the SEM surface morphology, where M2 had a slightly larger pore
size compared to M1, thus, allowing more N, to diffuse through the
membrane [Shen and Lua 2010]. The increase in casting thickness from
M2 to M4 resulted in an increase in CO,/N, selectivity. This was because
CO, had a higher permeance as compared to N,. The larger kinetic diameter
of N, leads to a slower diffusivity and caused lower N, permeance [Ahmad
et al. 2007].

The CO,/N, selectivity decreased when the casting thickness was further
increased from M4 to M7. This was explained by the SEM analysis. As
observed in Figure 1, the size of the finger-like structure increased as the
initial casting thickness increased. As a result, this improved the pore

M4 D50 x20k  30um
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interconnectivity and allowed more N, to diffuse through the membrane.
The CO, permeance was not affected due to the lower kinetic diameter,
resulting in a smaller difference between the CO, and N, permeance and
hence, resulting in lower selectivity [Amirilargani and Mohammadi
2009a].

However, based on Figure 3, the CO,/N, selectivity changed slightly
when the casting thickness was changed. This result was in line with the
findings by Firpo et al. [2015], where the increment of membrane thickness
resulted in the decrement of the permeance of the gases, which resulted in
an insignificant change in the selectivity [Firpo et al. 2015].

3.2 Effect of Polymer Concentration

3.2.1 Scanning Electron Microscope (SEM) Analysis

It was observed from Figure 4 that M8 and M9 had a defect-free
surface. The formation of a defect-free surface membrane was due to the
compatible blend between the two polymers [Firpo et al. 2015]. This
prevented the formation of molecular size defects on the membrane
surface [Akbarian et al. 2018]. However, M10 had a higher porosity with
a smaller pore size compared to M4 due to the decrement in the PEG
concentration. The smaller pore size was due to the effectiveness of the
solvent for dispersing PEG in PES [Abd-Allah et al. 2013].

Furthermore, the size of the canals increased as PES concentration
increased and that the structure of the canals changed from channel-like
to finger-like, as observed in Figure 4 (b, d, f)[Khorsand-Ghayeni et al.
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Figure 3: CO, and N, permeance (GPU) and CO,/N, Selectivity of
blend membrane with different casting thickness of 150 um (M1),
200 pm (M2), 250 pm (M3), 300 um (M4), 500 pm (MY5),
700 pm (M6), and 800 pum (M7).
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Figure 4: SEM surface and cross-section of blend membrane at different PES:PEG ratio where (a, b) 1:3 (M4)
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2016]. This was due to the decrement in PEG concentration, which
reduced the hydrophilicity of the casting solution. The PEG, which has a
rapid outflow rate, allowed the formation of the porous interconnecting
channels that were free of macrovoids [Abd-Allah et al. 2013].

3.2.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR) Analysis

Figure 5 shows the ATR-FTIR spectra of blend membrane with different

polymer concentrations. The ATR-FTIR analysis showed the strong
absorption peaks at 3629.53 ¢m™,3094.84 cm™ and 2867.27 cm’!, which
were assigned to the O-H stretching bond and the aromatic ring of the
=C-H and -C-H stretching bond, respectively [Alenazi et al. 2018]. Besides,
the C=C stretching bond and C-O stretching bond were also detected at
peaks 1484.98 cmand 1238.61 cm, respectively. The O=S=0 stretching
bond was also observed at the peak 1149.42 cm™ [Glagovish 2019].
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3.2.3 Gas Permeation Test
3.2.3.1 Separation performance towards CO,

As observed in Figure 6, the permeance of CO, decreased by increasing
the concentration of PES. When the concentration of PES increased
from 10 wt% (M4) to 20 wt% (M8), the CO, permeance reduced from
11225.35 + 5.24 GPU to 1376.87.35 £ 0.47 GPU. The increase in the
PES concentration produced a defect-free dense surface (Figure 4 c),
which caused a reduction in the CO, permeance. Furthermore, when the
concentration of PES was increased to 30 wt%, the CO, permeance
decreased insignificantly.

The absorption behavior of CO, was affected by the presence of the
functional groups as the interactions amongst CO, and the functional
groups can alter the results of the gas permeance [Carreon et al. 2017]. It
was observed that the absorption peaks of -C-H bond for M8, M9, and
M10 were slightly lower than M4. The decrement was due to the decrease
in the alkanes (-CH,) group in PEG when the PEG concentration
decreased. Moreover, the O-H bond had the highest absorption peaks for
M4 when compared to the others. The higher PEG concentration in M4
led to an increase in the hydroxyl (-OH) group, which formed the linkage
between PES and PEG. The reduction of the hydroxyl (-OH) group
minimized the capture of CO, [Mushtaq et al. 2013]. This proved that the
hydroxyl (-OH) group in PEG interacted with the PES matrix [Akbarian
et al. 2018].

3.2.3.2 Separation performance towards N,

The effect of polymer concentration on the performance of N,
permeance is shown in Figure 6. The permeance of N, decreased when
the PES concentration increased. The significant drop of the N, permeance
from 9582.99 + 6.62 GPU to 945.41 + 0.31 GPU was due to the
increase in the PES concentration from 10 wt% (M4) to 20 wt% (MS).
This was explained through the SEM analysis. As seen from Figure 4 c,
M8 had a dense surface whereas M4 had a porous surface (Figure 4 a).
This was because the porous surface on M4 allowed more gases to pass
through freely. On the other hand, M8, which had a dense surface prohibits
the movement of gas at lower pressure [Hadi et al. 2016]. As the PES
concentration was further increased from 20 wt% (M8) to 30 wt% (M10),
the N, permeance increased. The formation of pores in M10 provided
sites for N, permeation, which led to higher N, permeance in M10 as
compared to M8 [Ghadimi et al. 2014].
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Figure 6: CO, and N, permeance (GPU) and CO,/N, Selectivity of
blend membrane at different PES:PEG ratio of 1:3 (M4),
1:1 (M8), 5:3 (M9), and 3:1 (M10) with casting thickness of 300 pm.

3.2.3.3 Separation performance towards CO,/ N, selectivity

Figure 6 presents the difference between the CO, and N, permeance
and the CO,/N, selectivity with different polymer concentrations. It was
observed that M4, M8, and M9 had higher CO, permeance as compared
to N,. However, M8 provided the best separation performance with CO,/
N, selectivity of 1.45, whereas the CO,/N, selectivity of M4 and M9
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were only 1.17 and 1.22, respectively. Based on SEM, these membranes
have different surface morphology, whereby M4 had a porous surface
and M8 and M9 had a dense surface. Hadi et al. [2016] stated that the
membrane with a dense surface produced a better separation performance
compared to a porous surface [Hadi et al. 2016]. The dense membrane
showed better selectivity as there was lesser free volume in the membrane
compared to a porous membrane [Sridhar et al. 2014]. Besides, M8 had
better selectivity compared to M9 due to its smaller canal size, which
prohibited the movement of N, to diffuse through the membrane due to
the larger kinetic diameter [Amirilargani and Mohammadi 2009a].

Nevertheless, M10 had a higher N, permeance (1141.40 * 0.36 GPU)
as compared to the CO, permeance (1027.58 = 0.39 GPU) and CO,/N,
selectivity (0.90). In other words, M10 was more selective to N, than
CO,. This was because the reduction in the PEG concentration minimized
the ability of the membrane to capture CO, due to the reduction of the
alkanes (-CH,) group and hydroxyl (-OH) group, as shown in Figure 5.
Besides, the higher porosity and larger size of the finger-like structure of
M10 gave a larger free volume that allowed a higher N, permeation,
which affected the CO,/N, selectivity.

4. Conclusion

In this research project, it was proven that the casting thickness and
the polymer concentration of the blend membrane affected the physical
structure, CO, and N, permeance and CO,/N, selectivity of the membrane.
The optimum casting thickness for PES/PEG blend membrane was 300
um (M4), which exhibited the highest CO,/N, selectivity of 1.17 and the
permeances for CO, and N, were 11225.35 + 5.24 GPU and 9582.99 +
6.62 GPU, respectively. This research was further extended to study the
effect of polymer concentration of the blend membrane at 300 pm. As a
result, the blend membrane with a PES:PEG ratio of 1:1 (M8) gave the
best separation performance with CO,/N, selectivity of 1.45 and the
permeances for CO, and N, were 1376.87.35 + 0.47 GPU and 945.41 £
0.31 GPU, respectively.

Acknowledgements

The authors would like to offer their appreciation to the Ministry of
Higher Education Malaysia (MOHE) for approving Fundamental
Research Grant Scheme (FRGS) (MOHE Ref No: FRGS/1/2015/
TKO02/CURTIN/03/01) and Cost Centre: 001048. We would also like
to thank LRGS USM (Account No: 304/PJKIMIA/6050296/U124)
and Curtin Cost Centre: 001047.

References

Abd-Allah, H., S. A. Fatma, M. A. Enas, O. El-Ardy, and E. El-Zanati. 2013. “Development
and Preparation of Microfiltration Polyethersulphone Membrane for Catalytic
Membrane Application.” Journal of Applied Science Research 9 (3):1623-1634.

Ahmad, A. L., S. C. Low, and S. R. Abd Shukor. 2007. “Effects of membrane cast thickness
on controlling the macrovoid structure in lateral flow nitrocellulose membrane
and determination of its characteristics.” Scripta Materialia 57 (8):743-746. doi:
10.1016/j.scriptamat.2007.06.037.

Akbarian, 1., A. Fakhar, E. Ameri, and M. Sadeghi. 2018. “Gas-separation behavior of
poly(ether sulfone)-poly(ethylene glycol) blend membranes.” Journal of Applied
Polymer Science 135 (44):46845. doi: 10.1002/app.46845.

Alenazi, N., M. Hussein, K. Alamry, and A. Asiri. 2018. “Nanocomposite-Based Aminated
Polyethersulfone and Carboxylate Activated Carbon for Environmental
Application. A Real Sample Analysis.” C 4 (2):30. doi: 10.3390/c4020030.

Alsari, A., B. Kruczek, and T. Matsuura. 2007. “Effect of Pressure and Membrane Thickness
on the Permeability of Gases in Dense Polyphenylene Oxide (PPO) Membranes:
Thermodynamic Interpretation.” Separation Science and Technology 42
(10):2143-2155. doi: 10.1080/01496390701446266.

Amirilargani, M., and T. Mohammadi. 2009a. “Effects of PEG on Morphology and
Permeation Properties of Polyethersulfone Membranes.” Separation Science and
Technology 44 (16):3854-3875. doi: 10.1080/01496390903182347.

Anmirilargani, M., and T. Mohammadi. 2009b. “Preparation and characterization of
asymmetric polyethersulfone (PES) membranes.” Polymers for Advanced
Technologies 20 (12):993-998. doi: 10.1002/pat.1353.

Benson, S. M., and F. M. Orr. 2011. “Carbon Dioxide Capture and Storage.” MRS Bulletin
33 (04):303-305. doi: 10.1557/mrs2008.63.

Carreon, M., G. Dahe, J. Feng, and S. R. Venna. 2017. “Mixed Matrix Membranes for Gas
Separation Applications.” In Membranes for Gas Separations, 1-57.

Chen , H. Z., Y. C. Xiao, and T. S. Chung. 2011. “Multi-layer Composite Hollow Fiber
Membranes Derived From Poly(ethyleneglycol) (PEG) Containing Hybrid
Materials for CO2/N2 Separation.” Journal of Membrane Science 381:211-210.

David, Oana Cristina, Daniel Gorri, Ana Urtiaga, and Inmaculada Ortiz. 2011. “Mixed
gas separation study for the hydrogen recovery from H2/CO/N2/CO2 post
combustion mixtures using a Matrimid membrane.” Journal of Membrane Science
378 (1-2):359-368. doi: 10.1016/j.memsci.2011.05.029.

Duke, M. C., J. C. D. Costa, D. D. Do, P. G. Gray, and G. Q. Lu. 2006. “Hydrothermally
Robust Molecular Sieve Silica for Wet Gas Separation.” Advanced Functional



52 Yietal. / Journal of Energy and Environmental Sustainability, 9 (2020) 43-52

Materials 16 (9):1215-1220. doi: 10.1002/adfm.200500456.

Firpo, G., E. Angeli, L. Repetto, and U. Valbusa. 2015. “Permeability thickness
dependence of polydimethylsiloxane (PDMS) membranes.” Journal of Membrane
Science 481:1-8. doi: 10.1016/j.memsci.2014.12.043.

Ghadimi, A., M. Amirilargani, T. Mohammadi, N. Kasiri, and B. Sadatnia. 2014.
“Preparation of alloyed poly(ether block amide)/poly(ethylene glycol diacrylate)
membranes for separation of CO2/H2 (syngas application).” Journal of Membrane
Science 458:14-26. doi: 10.1016/j.memsci.2014.01.048.

Glagovish, N. 2019. “IR Absorptions for Representative Functional Groups.” accessed
28 May. http://www.instruction.greenriver.edu/kmarr/chem%20162/
Chem162%20Labs/Interpreting%20IR%20Spectral/
IR %20Absorptions%20for%20Functional %20Groups.htm.

Guillen, G. R., G. Z. Ramon, H. P. Kavehpour, R. B. Kaner, and E. M. V. Hoek. 2013.
“Direct microscopic observation of membrane formation by nonsolvent induced
phase separation.” Journal of Membrane Science 431:212-220. doi: 10.1016/
j-memsci.2012.12.031.

Hadi, S. H. A. A., H. A. Mannan, H. Mukhtar, M. S. Shaharun, and T. Murugesan. 2016.
“Morphological analysis of Polyethersulfone/polyvinyl Acetate blend membrane
synthesized at various polymer concentrations.” IOP Conference Series: Earth
and Environmental Science 36:012015. doi: 10.1088/1755-1315/36/1/012015.

IEA. 2019. Global Energy and CO2 Status Report 2018.

Jawad, Z. A.,A. L. Ahmad, S. C. Low, T. L. Chew, and S. H. S. Zein. 2015. “Influence of
solvent exchange time on mixed matrix membrane separation performance for CO2/
N2 and a kinetic sorption study.” Journal of Membrane Science 476:590-601.
doi: 10.1016/j.memsci.2014.11.008.

Khorsand-Ghayeni, M., J. Barzin, M. Zandi, and M. Kowsari. 2016. “Fabrication of
asymmetric and symmetric membranes based on PES/PEG/DMAc.” Polymer
Bulletin 74 (6):2081-2097. doi: 10.1007/s00289-016-1823-z.

Kilic, S., S. Michalik, Y. Wang, J. K. Johnson, R. M. Enick, and E. J. Beckman. 2007.
“Phase Behaviour of Oxygen-Containing Polymers in CO2.” Macromolecules
40 (4):1332-1341. doi: 10.1021/ma061422h

Kim, H. W., and H. B. Park. 2011. “Gas diffusivity, solubility and permeability in

polysulfone—poly(ethylene oxide) random copolymer membranes.” Journal of

Membrane Science 372 (1-2):116-124. doi: 10.1016/j.memsci.2011.01.053.

Kim, J. H., and K.H Lee. 1998. “Effect of PEG Additive on Membrane Formation by Phase
Inversion.” Journal of Membrane Science 138 (2):153-163. doi: 10.1016/s0376-
7388(97)00224-x.

Kuo, Y. N., and J. Hong. 2005. “A new method for cellulose membrane fabrication and the
determination of its characteristics.” Journal of Colloid And Interface Science
285 (1):232-238. doi: 10.1016/j.jcis.2004.10.043.

Lindqvist, Karl, Simon Roussanaly, and Rahul Anantharaman. 2014. “Multi-stage
Membrane Processes for CO2 Capture from Cement Industry.” Energy Procedia
63:6476-6483. doi: 10.1016/j.egypro.2014.11.683.

Lindsey, R. 2018. Climate Change: Atmospheric Carbon Dioxide. In Climate.gov.

Liu, J. Y., X. D. Hou, H. B. Park, and H. Q. Lin. 2016. “High-Performance Polymers for
Membrane CO2/N2 Separation.” Chemistry 22 (45):15980-15990. doi: 10.1002/
chem.201603002.

Mannan, H. A., H. Mukhtar, T. Murugesan, R. Nasir, D. F. Mohshim, and A. Mushtaq.
2013. “Recent Applications of Polymer Blends in Gas Separation Membranes.”

Chemical Engineering & Technology 36 (11):1838-1846. doi: 10.1002/
ceat.201300342.

Mushardt, H., M. Muller, S. Shishatskiy, J. Wind, and T. Brinkmann. 2016. “Detailed
Investigation of Separation Performance of a MMM for Removal of Higher
Hydrocarbons under Varying Operating Conditions.” Membranes (Basel) 6 (1).
doi: 10.3390/membranes6010016.

Mushtaq, A., H. Mukhtar, A. M. Shariff, and H. A. Mannan. 2013. “A Review: Development
of Polymeric Blend Membrane for Removal of CO2 from Natural Gas.” International
Journal of Engineering & Technology 13 (2):53-60.

Prince, J. A., S. Bhuvana, V. Anbharasi, N. Ayyanar, K. V. K. Boodhoo, and G. Singh. 2016.
“Ultra-wetting graphene-based PES ultrafiltration membrane - A novel approach
for successful oil-water separation.” Water Res 103:311-318. doi: 10.1016/
j-watres.2016.07.042.

Roussanaly, Simon, Rahul Anantharaman, Karl Lindqvist, and Brede Hagen. 2018. “A
new approach to the identification of high-potential materials for cost-efficient
membrane-based post-combustion CO2capture.” Sustainable Energy & Fuels 2
(6):1225-1243. doi: 10.1039/c8se00039¢.

Sani, N. A. A., W. J. Lau, and A. F. Ismail. 2015. “Morphologies and separation
characteristics of polyphenylsulfone-based solvent resistant nanofiltration
membranes: Effect of polymer concentration in casting solution and membrane
pretreatment condition.” Korean Journal of Chemical Engineering 32 (4):743-
752. doi: 10.1007/s11814-014-0281-2.

Shen, Y., and A. C. Lua. 2010. “Effects of membrane thickness and heat treatment on the
gas transport properties of membranes based on P84 polyimide.” Journal of Applied
Polymer Science:NA-NA. doi: 10.1002/app.31810.

Silva, E. A., D. Windmdéller, G. G. Silva, and K. C. S. Figueiredo. 2017.
“Polydimethylsiloxane Membranes Containing Multi-walled Carbon Nanotubes
for Gas Separation.” Materials Research 20 (6):1454-1460. doi: 10.1590/1980-
5373-mr-2016-0825.

Simplicio, Manuel, Maria Dind Afonso, Olga Borisevich, Xavier Lefebvre, and David
Demange. 2014. “Permeation of single gases and binary mixtures of hydrogen and
helium through a MFI zeolite hollow fibres membrane for application in nuclear
fusion.” Separation and Purification Technology 122:199-205. doi: 10.1016/
j.seppur.2013.10.034.

Songolzadeh, M., M. Soleimani, M. T. Ravanchi, and R. Songolzadeh. 2014. “Carbon
Dioxide Separation from Flue Gases: A Technological Review Emphasizing
Reduction in Greenhouse Gas Emissions.” The Scientific World Journal 2014:1-
34.

Sridhar, S., B. Sharifah, and K. B. Suresh. 2014. “Membrane-based Gas Separation:
Principle, Applications and Future Potential.”

Wang, Y., L. Zhao, A. Otto, M. Robinius, and D. Stolten. 2017. “A Review of Post-
combustion CO2 Capture Technologies from Coal-fired Power Plants.” Energy
Procedia 114:650-665.

Zhai, H. 2019. “Advanced Membranes and Learning Scale Required for Cost-Effective
Post-combustion Carbon Capture.” iScience 13:440-451. doi: 10.1016/
j.18¢1.2019.03.006.

Zhou, W. L., R. P. Apkarian, Z. L. Wang, and D. Joy. 2007. Fundamentals of Scanning
Electron Microscope, Scanning Microscopy for Nanotechnology. New York:
Springer.



	9__43__52.pdf

