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Abstract
Recently, carbon capture utilizing membrane technology has received much attention to limit the adverse effect caused by 
rising carbon dioxide  (CO2) concentration in the atmosphere as they are less energy intensive and more environmentally 
friendly. Among the type of membranes, mixed matrix membranes (MMMs) has shown promising gas separation results. In 
this study, polymer blend MMMs were fabricated using polyethylene glycol (PEG), polyethersulfone (PES), multi-walled 
carbon nanotubes (MWCNTs) and solvent N,N-dimethylformamide (DMF) using wet phase-inversion technique. Results 
shown that functionalized MWCNTs (MWCNTs-F) were able to enhance gas separation performance of MMM. Further-
more, the effect of MWCNTs-F loading (0.005 wt% to 0.03 wt%) and polymer composition (PEG-PES weight ratio of 20:20, 
30:10 and 32:8) were also studied. Results shown both parameters affect the gas separation performance of MMMs. The best 
performance in term of  CO2/Nitrogen  (N2) selectivity is found to be 1.235 ± 0.002 for MMM fabricated with 30 wt% PEG, 
10 wt% PES and 0.02 wt% MWCNTs-F. In addition, MMM synthesized with PEG-PES weight ratio of 20:20 can withstand 
a pressure of 1.2 bar, indicating high mechanical strength. Hence, it is applicable in the post combustion carbon capture 
industry as typical flue gas has a pressure of 1.01 bar.

Keywords Polyethylene glycol (PEG) · Polyethersulfone (PES) · Functionalized carbon nanotubes (MWCNTs-f) · Mixed 
matrix membranes (MMMs) · Carbon capture

Nomenclature
ATR-FTIR  Attenuated total reflectance fourier trans-

form infrared
CNTs  Carbon nanotubes
CO2  Carbon dioxide
DMF  N,N-dimethylformamide
MMM  Mixed matrix membrane
MMMs  Mixed matrix membranes
MWCNTs  Multi-walled carbon nanotubes
MWCNTs-F  Functionalized multi-walled carbon 

nanotubes
N2  Nitrogen

PEG  Polyethylene glycol
PES  Polyethersulfone
SEM  Scanning Electron Microscopy
TEM  Transmission Electron Microscopy
β-CD  Beta-cyclodextrin

Introduction

Atmospheric carbon dioxide  (CO2) concentration has been 
on the rise since the industrial revolution. This has led to 
global warming [1]. Several techniques have been utilized 
to reduce the industrial  CO2 emission. Amine absorption 
as post combustion carbon capture method is a mature and 
well-commercialized technology but there are drawbacks as 
it is corrosive and energy intensive [2]. Hence, other tech-
niques are studied for their potentiality in the industry as 
carbon capture [2].

One of these technologies is membrane gas separation 
which has been commercialized for selected gas separation 
processes such as acid gas removal and air separation since 
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the last two to three decades [3]. Nevertheless, there are chal-
lenges in developing an effective carbon capture membrane 
which are the inverse relationship between permeability and 
selectivity [3]. Recently, mixed matrix membranes (MMMs) 
has gained much attention as they incorporate the advantages 
from both organic and inorganic materials. However, MMMs 
faces challenges such as poor interaction between polymer 
phase and inorganic phase, interfacial defects and disper-
sion issues [4]. These causes the performance of MMMs in 
gas separation to decrease [4]. Therefore, it is necessary to 
investigate alternative polymer and filler pairs to improve 
 CO2/Nitrogen  (N2) separation of MMMs.

Polyethylene glycol (PEG) and polyethersulfone (PES) 
are frequently used in the gas separation industry to fabricate 
membranes [5]. PEG is known for its  CO2 affinity which 
attributes to high  CO2 permeability in PEG-based membrane 
[6]. However, high crystallinity of PEG affects the perme-
ability as the crystalline phase hinders diffusion of molecule 
through the membrane [7]. On the other hand, PES is well-
known for its chemical and mechanical stability and provid-
ing an additional binding mode for  CO2 molecules through 
the presence of ether unit in the polymer [8, 9].

Carbon nanotubes (CNTs) have attracted much attention 
and are widely studied in the field of chemistry, physics, and 
material science due to their unique mechanical, electrical, 
and thermal properties that offers a wide range of appli-
cation [10, 11]. However, CNTs has difficulties in dispers-
ing in organic solvent and form agglomerate clusters [12, 
13]. Hence, many efforts have been taken to functionalize 
or modify CNTs to improve their dispersibility in organic 
solvent [12–14].

In another study, Ismail et al. (2011) incorporated multi-
walled carbon nanotubes (MWCNTs) into PES membrane 
[15]. The effect of MWCNTs content in MMMs was inves-
tigated. They have found that MMM embedded with 0.5% 
MWCNTs has the highest  CO2/N2 gas selectivity of 23.41. 
The gas selectivity reduced when MWCNTs loading was 
increased possibly due to formation of interfacial voids 
at higher loadings [15]. Furthermore, in a different study, 
Akbarian et al. (2018) have investigated the effect of poly-
mer concentration on gas separation of blend membrane [5]. 
They have found that blend membrane with 30 wt% PEG 
10,000 and 10 wt% PES has  CO2/N2 selectivity enhanced 
64% compared to pure PES membrane [5].

The main aim of this present work is to fabricate a high 
performance MMM from PEG 2000 and PES polymers with 
functionalized MWCNTs (MWCNTs-F) for  CO2/  N2 separa-
tion. To date, polymer blend MMMs fabricated from PEG 
2000 and PES polymers and MWCNTs for gas separation 
has not been studied. Additionally, no literature has reviewed 
the effect of different concentration of the polymers in PEG-
PES-based MMMs. Both PEG and PES are common poly-
meric materials used in the membrane industries. PEG has 

a strong affinity towards  CO2 molecules due to the presence 
of polar ether group in the molecule. Furthermore, PES is 
known for its thermal stability, chemical resistance, process-
ability and gas separation properties. In addition, the pres-
ence of ether-oxygen unit in the molecule provides a binding 
mode for  CO2.

Experimental work

Materials

PES and PEG (PEG 2000) polymers was purchased from 
Sigma-Aldrich, Malaysia. MWCNTs (95% purity) with 
average inner and outer diameter of 8.85 nm and 26.62 nm, 
respectively were acquired from Shenzhen Nanotech Port 
Co. Ltd, China. Beta-cyclodextrin (β-CD), ethanol and sol-
vent N,N-dimethylformamide (DMF), ACS reagent ≥ 99,7%, 
were purchased from Merck, Malaysia.

Functionalization of MWCNTs (MWCNTs‑F)

Chen’s soft cutting method was utilized to functional-
ize MWCNTs with the use of β-CD as the functionalizing 
agent [16]. MWCNTs were first dried overnight in a 120 °C 
oven to remove moisture [17]. 1 g of MWCNTs and 30 g 
of β-CD was grounded with an agate mortar and pestle for 
10 min coupled with gradual addition of ethanol until a 
viscous greyish mixture was formed [16]. The mixture was 
then further grounded for another 2.5 h without addition 
of ethanol to obtain a homogeneous fine grey powder. The 
powder was then heated in an 80 °C oven for 24 h to obtain 
MWCNTs-F [17].

Preparation of membranes

Blend membrane of PEG-PES were prepared via wet-phase 
inversion method. PEG and PES were dissolved in DMF 
and continued stirred for 4 h at 750 rpm [5]. The casting 
solution was then sonicated using an ultrasonic degasser at 
room temperature for 10 min to removes gas bubbles [12]. 
A membrane film with 250 μm thickness is casted onto a 
glass plate using a membrane casting machine. The film was 
immediately immersed in distilled water at room tempera-
ture for 24 h to demix the casting solution and precipitate 
the membrane. The membrane was then dried in an oven 
for 24 h. The dried membrane was then stored in an airtight 
container until used.

To prepare PEG-PES/MWCNTs MMMs, a suspension of 
DMF and MWCNTs was prepared by sonication for 20 min 
and then stirred using a mechanical stirrer with a speed 
of 750 rpm for 4 h to distribute the MWCNTs evenly [12, 
17]. PEG and PES was then added and continued stirred 

 Journal of Polymer Research  (  2  0   2  1 ) 28:      6  6 Page 2 of 19



1 3

for another 4 h at 750 rpm. The casting and drying steps 
were performed as described previously. The composition 
of MMMs synthesized for this study were summarized in 
Table 1.

Single gas permeation test

Single permeation tests using pure  N2 and  CO2 at room 
temperature were carried out on the experimental setup 
illustrated schematically in Fig. 1 [17]. Each of the gas 
was supplied by a compressed gas cylinder in which the 

flowrate was controlled at 100 mL/min by a mass flow 
controller (Aalborg AFC26, USA). The feed flowrate was 
displayed and controlled by connecting the mass flow con-
troller to a two-channel digital set point/readout unit (Aal-
borg 0 – 200 mL, USA). The feed gas pressure was varied 
between 0.25 – 3 bars for the testing. Pure  N2 was first 
used to purge the system for 15 min to ensure no contami-
nants. The prepared membrane sample was then cut into 
round disc shape with an effective area of 7.07  cm2 and 
placed in the membrane permeation cell which was locked 
tightly before connecting it back to the experimental rig. 

Table 1  The composition of 
membranes

a  Total filler = amount of MWCNTs incorporated into polymer blend
b  MWCNTs =

(

TotalFiller
100

)

(TotalPolymer)
[

1−
TotalFiller

100
(1+30)

]

c  β-CD = 30 × MWCNTs

Membranes Polymer (wt%) Total  Fillera 
(wt%)

MWCNTs-F (wt%) Solvent (wt%)

PEG PES Total MWCNTsb β-CDc DMF

PEG-PES Blend 30 10 40 0.000 0.0000 0.0000 60.0000
MMM-0.005F 30 10 40 0.005 0.0020 0.0601 59.9379
MMM-0.01F 30 10 40 0.010 0.0040 0.1204 59.8756
MMM-0.02P 30 10 40 0.020 0.0080 0.0000 59.9920
MMM-0.02F 30 10 40 0.020 0.0080 0.2415 59.7505
MMM-0.03F 30 10 40 0.030 0.0121 0.3634 59.6245
MMM-PEG1 20 20 40 0.020 0.0080 0.2415 59.7505
MMM-PEG2 32 8 40 0.020 0.0080 0.2415 59.7505

Fig. 1  Schematic Diagram of Experimental Rig Setup [17]
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A gas leak detection test was performed on the testing rig 
to ensure no feed gas escape from the connecting pipes 
of the rig before the permeation test was carried out. The 
bubble gas flow meter was used to obtain the gas perme-
ance volume displacement while a stopwatch was used to 
measure the displacement time.

The permeance of the membrane (P/l) expressed in GPU 
can be calculated using Eq. 1 below [17].

where,
l is the membrane thickness (cm)
Q is the measured volumetric flowrate  (cm3/s)
A is the effective membrane area  (cm2)
Δp is the pressure difference across the membrane 

(cmHg)
Meanwhile, the selectivity of the membrane for  CO2 

over  N2 can be calculated using the ideal separation factor 
in Eq. 2 below [17].

where,
PCO2 is the permeability of  CO2 gasses through the 

membrane
PN2 is the permeability of  N2 gasses through the 

membrane

Characterization of MMMs

Transmission electron microscopy (TEM)

The morphology of MWCNTs and MWCNTs-F were char-
acterized using TEM (Philips CM12) equipped with DOCU 
version 3.2 image analysis systems.

Scanning electron microscopy (SEM)

The morphology and cross-sectional structure of the PEG-
PES/MWCNTs MMMs synthesized were characterized 
using a SEM (Hitachi TM3000, Tokyo, Japan). All the 
membranes sample were frozen overnight in a cryogenic 
freezer at -80 °C. The membrane samples were then frac-
tured. To avoid samples having charges that causes con-
trasting images, the cracked membranes were coated with 
platinum sputtering before being observed with the SEM. 
At least 5 samples were characterized in order to check its 
reproducibility.

(1)
P

l
=

Q

AΔp

(2)�CO
2
∕N

2
=

PCO
2

PN
2

=
(P∕l)CO

2

(P∕l)N
2

Attenuated total reflectance fourier transform infrared 
spectroscopy (ATR‑FTIR)

The presence of functional groups in the fabricated PEG-
PES/MWCNTs MMMs were characterized using Thermo 
Scientific Fourier Transform Infrared Spectrometer (Nicolet 
IS10, USA) with wavelength of 400 to 4000 cm−1. Data was 
obtained with 32 scans of 4 cm−1 resolution for each spec-
trum using a diamond crystal. The background information 
of the room condition was first obtained and repeated three 
times before collecting data for each sample.

Results and discussion

Development of MWCNTs‑F

Pristine MWCNTs and MWCNTs-F were observed using 
TEM as shown in Fig. 2. Pristine MWCNTs has an average 
inner and outer diameter of 8.85 nm and 26.62 nm were 
observed to be agglomerated in Fig. 2a. Furthermore, sur-
face defects and impurities (black dots) were present on the 
outer surface and inside of the carbon nanotubes. Besides 
the defective structure, the pristine MWCNTs were found to 
be close ended, which impacts the gas separation property 
of MWCNTs [12, 18].

After functionalization with β-CD, the MWCNTs-F are 
less agglomerated and shorter (Fig. 2b) compared to pristine 
MWCNTs (Fig. 2a). This is due to the repelling effect among 
MWCNTs-F which is caused by hydrogen bonding and Wan 
der Waal interactions between adjacent β-CD that are coated 
on the outer walls of the MWCNTs [12]. The outer diam-
eter of MWCNTs has also been increased to 39.17 ± 0.18 nm 
(Fig. 2c). This increase in the diameter of CNTs is due to 
the uniform coating of β-CD. Furthermore, an open-ended 
structure can be observed in Fig. 2c due to the soft-cutting 
method procedure that leaves MWCNTs open-ended when 
they are cut [12, 19].

Effect of integration of MWCNTs within PEG‑PES 
blend membrane

Attenuated total reflectance fourier transform infrared 
(ATR‑FTIR) spectroscopy analysis

Functional groups presence in the PEG-PES blend mem-
brane and MMMs incorporated with MWCNTs and 
MWCNTs-F were analysed using ATR-FTIR. Figure 3 
depicts organic functional groups in the blend membrane 
and MMMs. Presence of PES in the MMMs was verified 
through the presence of benzene ring, ether (C-O) and 
sulfone (S = O) functional group shown in Fig. 3. Three 
peaks ranging from 1600 cm−1 to 1400 cm−1 (1577 cm−1, 
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1485 cm−1 and 1406 cm−1) and = C–H vibration indicated 
at 3068 cm−1 confirm the presence of benzene ring [5, 20]. 
In addition, stretching peaks at 1322 cm−1, 1298 cm−1, 
and 1238 cm−1 corresponds to C–O group while stretch-
ing peaks at 1149 cm−1 and 1104 cm−1 have proven the 
presence of S = O group. Furthermore, hydroxyl (–OH) 
and alkanes (–CH2) groups presence in PEG polymer can 
be seen through the peak at 3542 cm−1 and 2871 cm−1, 
respectively [5, 21]. Furthermore, presence of C–O–C 
group in the blend membrane and MMMs contributed 
to the stretching peak at 1011 cm−1 [22]. The height-
ened intensity of both C–C and O–H stretching peaks for 
MMM-0.02F compared to PEG-PES blend membrane and 
MMM-0.02P is due to the -OH group presence in β-CD 
used as functionalization agent for MWCNTs and the pres-
ence of benzene ring in MWCNTs-F [17, 23].

Scanning electron microscopy (SEM)

Figure 4 presents the surface and cross-section morpholo-
gies of PEG-PES blend membrane and MMMs integrated 
with MWCNTs and MWCNTs-F. Figure 4b, d and f show 
the asymmetric structure of a dense top layer followed by 
propagation of finger-like structure and sponge-like struc-
tures near the bottom can be observed across all the mem-
branes. The formation of finger-like structures is a result 
of instantaneous demixing causing precipitation of polymer 
and rapid formation of solid film [24]. Sponge-like struc-
ture can be observed between the finger-like macrovoids 
and towards the bottom of the membranes are attributed 
to the precipitated nuclei formed by impeded nonsolvent 
influx [25, 26]. Compared to PEG-PES blend membrane 
(Fig. 4b), MMM incorporated with MWCNTs has defective 

Fig. 2  TEM images of (a) Pristine MWCNTs and (b-c) MWCNTs-F
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agglomerated cross-sectional morphology as seen in Fig. 4d. 
MWCNTs agglomerate because of the poor interaction with 
polymer matrix and having stronger π–π interaction with 
each other [27]. Besides, the high ratio of length to diam-
eter of MWCNTs contributes to agglomeration as they are 
susceptible to entanglement [28]. Contrary, Fig. 4f shows no 
sign of agglomeration when MMM was incorporated with 
MWCNTs-F. According to Ahmad et al. (2014), the dispers-
ibility of MWCNTs is enhanced through the repelling behav-
iour of MWCNTs-F caused by hydrogen bonding and Van 
der Waals interactions between adjacent coating of β-CD 
on MWCNTs-F [12]. Furthermore, a 3.33 ± 0.05 μm dense 
top layer can be seen in Fig. 4f. The formation of dense top 
layer is due to β-CD presence in MWCNTs-F coalescing 
polymer chain [19].

CO2 and  N2 separation performance

The effect of integrating MWCNTs within PEG-PES blend 
membranes were studied by performing single permea-
tion test of  CO2 and  N2. Figure 5 presents the  CO2 per-
meance of the synthesized membranes. Incorporation of 
0.02 wt% of MWCNTs in MMMs had decreased the  CO2 
permeance from 12,469.71 ± 11.22 GPU of PEG-PES 
blend membrane to 9333.40 ± 3.62 GPU. This may due 
to the agglomeration of MWCNTs [29]. Agglomerated 
MWCNTs seen in Fig. 4d have reduced pore accessibil-
ity for  CO2 that allow rapid gas transport [28]. Compared 

to PEG-PES blend membrane and MMM-0.02P, MMM 
incorporated with 0.02 wt% MWCNTs-F has higher  CO2 
permeance of 12,594.28 ± 22.77 GPU. This shows that 
MWCNTs-F are better at enhancing gas separation than 
MWCNTs as MWCNTs functionalized through Chen’s soft 
cutting method using β-CD shortened the MWCNTs and 
improved dispersibility of MWCNTs in the polymer matrix 
[12]. With MWCNTs-F dispersed without agglomerating 
in the polymer phase, as confirmed in Fig. 4f,  CO2 mol-
ecules were able to access to the nanochannels of CNTs 
for rapid gas transport, improving  CO2 permeance [28]. 
Furthermore, Ge et al. (2011) suggested that interaction 
between polymer-chain segment and carbon nanotubes 
(CNTs) plays a major role in enhancing gas permeation 
by disrupting polymer-chain packing that increases total 
free volume [30].

The  N2 permeance for the synthesized membranes are 
illustrated in Fig.  6. According to Fig.  6, both MMM-
0.02P and MMM-0.02F have a lower  N2 permeance of 
9839.64 ± 10.49 GPU and 10,197.53 ± 22.77 GPU compared 
to PEG-PES blend membrane (12,469.71 ± 11.22 GPU), 
respectively. Lowered  N2 permeance for MMM-0.02P can 
be explained by the rough aggregated structure of agglomer-
ated MWCNTs that increases resistance to gas permeation, 
reducing  N2 permeance [28]. Meanwhile, for MMM-0.02F, 
the reduced  N2 permeance is mainly due MWCNTs-F that 
favour  N2 gas molecules less [17]. This is due to MWCNTs 
functionalized through Chen’s soft cutting method have 

Fig. 3  ATR-FTIR of PEG-PES blend membrane and MMMs incorporated with pristine and functionalized MWCNTs at casting thickness of 
250 μm
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Fig. 4  SEM surface and cross-sectional morphologies of (a-b) PEG-PES blend membrane and MMMs incorporated with (c-d) pristine and (e–f) 
functionalized MWCNTs, respectively at casting thickness of 250 μm
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decreased the surface area and cumulative volume of pores 
of MWCNTs that contributes to  N2 adsorption [12].

Figure 7 illustrates the  CO2/N2 selectivity for PEG-PES 
blend membrane, MMM-0.02P and MMM-0.02F. Incorpora-
tion of MWCNTs in PEG-PES blend membrane has reduced 
the  CO2/N2 selectivity from 1.050 ± 0.001 to 0.949 ± 0.001. 
This may due to the aggregated pores of MWCNTs has high 
adsorption capacity of  N2 molecules [27]. Meanwhile, for 
MMM incorporated with 0.02 wt% MWCNTs-F, the  CO2/
N2 selectivity was higher at 1.235 ± 0.002. This increase in 
selectivity is associated with good compatibility between 
MWCNTs, β-CD and polymer matrix [17]. This contrib-
ute to the well dispersed MWCNTs-F, where smooth-
walled MWCNTs provide rapid gas transport while β-CD 

selectively encapsulate  CO2 molecules increasing  CO2/N2 
selectivity [12, 31].

Effect of different loading of MWCNTs‑F in MMM

Attenuated total reflectance fourier transform infrared 
(ATR‑FTIR) spectroscopy analysis

ATR-FTIR Spectroscopy was used to analyse the func-
tional groups presence in the PEG-PES blend membrane 
and MMMs fabricated with 0.005 wt%, 0.01 wt%, 0.02 wt% 
and 0.03 wt% MWCNTs-F loading. The analysed organic 
functional groups in the blend membrane and MMMs are 
shown in Fig. 8.

Fig. 5  CO2 permeance of 
PEG-PES blend membrane, 
MMM-0.02P and MMM-0.02F 
prepared at casting thickness of 
250 μm at operating pressure of 
0.25 bar

Fig. 6  N2 permeance of 
PEG-PES blend membrane, 
MMM-0.02P and MMM-0.02F 
prepared at casting thickness of 
250 μm at operating pressure of 
0.25 bar
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Scanning electron microscopy (SEM)

Apart from the ATR-FTIR analysis, the surface and cross-
sectional morphologies of the PEG-PES blend membrane, 
MMM 0.005F, MMM 0.01F, MMM-0.02F and MMM 0.03F 
were examined using SEM analysis, as illustrated in Fig. 9 
to have a better understanding on the gas transport behav-
iour of the membranes. Figure 9b, d, f, h and j show the 

cross-sectional asymmetric structure of the membranes. The 
thickness of the dense top layer of the membrane increased 
from 2.89 ± 0.06 μm to 3.33 ± 0.05 μm when the filler load-
ing increased from 0.01 wt% to 0.02 wt%. This is due to 
the presence of β-CD that coalesce the polymer chains in 
the skin layer, forming a thicker and denser skin layer [19]. 
The coalescing effect of β-CD attribute to its hydrophobic 
hollow cavity allowing polymer chains to be threaded into 

Fig. 7  CO2/N2 selectivity of 
PEG-PES blend membrane, 
MMM-0.02P and MMM-0.02F 
prepared at casting thickness of 
250 μm at operating pressure of 
0.25 bar

Fig. 8  ATR-FTIR of PEG-PES blend membrane and MMMs prepared with different filler loading of 0.005 wt%, 0.010 wt%, 0.020 wt% and 
0.030 wt% at casting thickness of 250 μm
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Fig. 9  SEM surface and cross-sectional morphologies of (a-b) PEG-PES blend membrane and MMMs prepared with different filler loading of 
(c-d) 0.005 wt%, (e–f) 0.010 wt%, (g-h) 0.020 wt% and (i-j) 0.030 wt% at casting thickness of 250 μm
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the cavity, resulting in a more intimate blend of polymers 
[32]. Interestingly, further addition of MWCNTs-F at 0.03 
wt% has caused the thickness of dense top layer to reduce 
significantly, as seen in Fig. 9j. This may be explained by the 
uncontrolled loading of MWCNTs-F that causes agglomera-
tion, reducing the available filler surface area to bond with 
the polymer chains [12]. Hence, the decreased bonding of 
β-CD with polymer chains may have reduced the coales-
cence effect of β-CD on polymer chain that aid formation of 
thicker skin layer.

CO2 and  N2 separation performance

The effect of MWCNTs-F loading on the gas separation 
performance of membrane was studied by carrying out 
single permeation test of  CO2 and  N2. Figure 10 shows 
the effect of different MWCNTs-F loading on  CO2 per-
meance. Based on Fig. 10, the  CO2 permeance decreased 

from 12,469.71 ± 11.22 GPU to 10,941.08 ± 4.31 GPU and 
9142.94 ± 20.86 GPU when the filler loading is increased 
to 0.005 wt% and 0.010 wt%, respectively. This reduction 
in gas permeance can be explained by the presence of poly-
mer chain rigidification [15]. Polymer chain rigidification 
is caused by the polymer-filler interaction, where mobility 
of the polymer chain segment is limited due to the adsorp-
tion of the polymer chain onto filler surface [15]. At 0.010 
wt% filler loading, the  CO2 permeance was about 27% 
lower than the base polymer (0 wt% loading), which is in 
line with the reduction of 25%—33% permeance reported 
by other researchers when polymer rigidification occur [33]. 
However, further increase in filler loading shows a general 
increase in gas permeance up to 12,594.28 ± 22.77 GPU 
and 12,318.81 ± 10.91 GPU for 0.020 wt% and 0.030 wt%, 
respectively. The increase in  CO2 permeance is caused by the 
positive effect of MWCNTs-F on gas permeation outweigh-
ing the effect of rigidified polymers chain when MWCNTs-F 

Fig. 9  (continued)
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loading is high [15]. Compared to PEG-PES blend mem-
brane, MMM-0.02F has higher  CO2 permeance attributes 
to the well incorporation of smooth surfaced MWCNTs-F 
in the MMM that act as nanochannels for rapid gas transport 
[12, 17].

The effect of different filler loading incorporated 
in MMMs on  N2 permeance are illustrated in Fig.  11. 
According to Fig. 11, the  N2 permeance decreased from 
11,877.42 ± 5.08 GPU to 9924.07 ± 10.67 GPU and 
7584.10 ± 14.36 GPU, when filler loading are increased to 
0.005 wt% and 0.010 wt%, respectively. This is due to the 
limited chain mobility of rigidified polymer that reduces dif-
fusivity of gas molecules [15]. However, at 0.010 wt% filler 
loading, the reduction of permeance compared to the base 
polymer (0.000 wt% filler loading) was 36%, higher than the 

expected 25%—33% caused by polymer rigidification [33]. 
This may due to additional  N2 permeance limiting effect 
of non-covalent functionalized MWCNTs that selectively 
adsorb less  N2 molecules [17]. However, at 0.020 wt% and 
0.030 wt% filler loading, the  N2 permeance is increased to 
10,197.53 ± 14.36 GPU and 10,779.62 ± 4.19 GPU, respec-
tively. This can be caused by the rapid gas transport effect of 
additional MWCNTs-F offsets the effect of lowered  N2 per-
meance caused by reduced polymer chain mobility [12, 15].

The effect of different MWCNT-Fs loading on  CO2/
N2 selectivity was observed in Fig. 12. The incorpora-
tion of MWCNTs-F into PEG-PES blend membrane has 
increased the  CO2/N2 selectivity from 1.050 ± 0.001 
to 1.102 ± 0.001, 1.206 ± 0.003 and 1.235 ± 0.002 at 
0.005 wt%, 0.010 wt% and 0.020 wt%, respectively. The 

Fig. 10  CO2 permeance of 
PEG-PES blend membrane and 
MMMs prepared with different 
filler loading of 0.005 wt%, 
0.010 wt%, 0.020 wt% and 
0.030 wt% at casting thickness 
of 250 μm at operating pressure 
of 0.25 bar

Fig. 11  N2 permeance of 
PEG-PES blend membrane and 
MMMs prepared with different 
filler loading of 0.005 wt%, 
0.010 wt%, 0.020 wt% and 
0.030 wt% at casting thickness 
of 250 μm at operating pressure 
of 0.25 bar
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increase in  CO2/N2 selectivity from 0.000 wt% to 0.020 
wt% filler loading attribute to the increase in the thickness 
of the selective dense top layer, as confirmed in Fig. 9b, 
d, f and h. Furthermore, the increase in MWCNTs-F 
loading provided higher number of smooth nano-channel 

for gas transportation, while β-CD used to functional-
ize MWCNTs selectively encapsulate  CO2 molecules and 
reduce the solubility of  N2 molecules, increasing  CO2/
N2 selectivity [12, 31]. Meanwhile, when filler load-
ing is increased to 0.030 wt%, the  CO2/N2 selectivity is 

Fig. 12  CO2/N2 selectivity of 
PEG-PES blend membrane and 
MMMs prepared with different 
filler loading of 0.005 wt%, 
0.010 wt%, 0.020 wt% and 
0.030 wt% at casting thickness 
of 250 μm at operating pressure 
of 0.25 bar

Fig. 13  ATR-FTIR of MMM-PEG1, MMM-0.02F and MMM-PEG2 prepared with PEG:PES weight ratio of 20:20, 30:10 and 32:8, respectively 
at casting thickness of 250 μm
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decreased to 1.142 ± 0.001 due to the reduction in thick-
ness of the dense top layer, as seen in Fig. 9j. Hence, the 
optimum filler loading found in this study is 0.020 wt% 
with selectivity of 1.235 ± 0.002.

Effect of polymer composition

Attenuated total reflectance fourier transform infrared 
(ATR‑FTIR) spectroscopy analysis

ATR-FTIR spectroscopy was used to analyze the organic 
functional group presence in MMM-PEG1, MMM-0.02F 
and MMM-PEG2 fabricated with PEG-PES weight 
ratio of 20:20, 30,10 and 32,8, respectively. Figure 13 
presents the result of the analysis. The intensity of 

C–C (1577 cm−1, 1485 cm−1 and 1406 cm−1) and S = O 
(1149 cm−1 and 1104 cm−1) stretching peaks reduced 
from MMM-PEG1 to MMM-0.02F and MMM-PEG2. 
This is due to the lowered weight ratio of PES in the 
MMMs from 20 wt% to 10 wt% and 8 wt%, decreasing the 
presence of aromatic benzene ring and sulfone functional 
group of PES in the MMMs.

Scanning electron microscopy (SEM)

Figure 14 illustrates the surface and cross-section morpholo-
gies of MMM-PEG1, MMM-0.02F and MMM-PEG2 exam-
ined using SEM analysis. The cross-section morphologies 
of the asymmetric membranes are illustrated in Fig. 14b, 
d and f. The thickness of dense top layer decreased from 
5.71 ± 0.10 μm to 3.33 ± 0.05 μm when PES is decreased 

Fig. 14  SEM surface and cross-
sectional morphologies of (a-b) 
MMM-PEG1, (c-d) MMM-
0.02F and (e-f) MMM-PEG2 
prepared with PEG:PES weight 
ratio of 20:20, 30:10 and 32:8, 
respectively at casting thickness 
of 250 μm
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from 20 wt% to 10 wt%, as observed in Fig. 14b and d. 
Furthermore, the thickness of dense top layer can be seen 
reduced significantly when PES is decreased to 8 wt%, as 
seen in Fig. 14f. This is because the dope solution with 
higher PES content has higher viscosity [34]. Casting solu-
tion with higher viscosity reduces the transport rate of 
nonsolvent, causing a thicker dense top layer to form [35]. 
Hence, the thickness of dense top layer decreases from 
MMM-PEG1 to MMM-0.02F and MMM-PEG2.

CO2 and  N2 separation performance

Based on previous parameter study, MMM incorporated 
with 0.020 wt% filler loading (MMM-0.02F) has the opti-
mum gas separation performance. Hence, the study on the 
effect of polymer composition was carried out via single gas 
permeation test on MMM-PEG1, MMM-0.02F and MMM-
PEG2 that has different PEG:PES weight ratio of 20:20, 
30:10 and 32:8, respectively with a MWCNTs-F loading 
of 0.020 wt%. Based on Fig. 15,  CO2 permeance increased 
dramatically from 166.41 ± 1.16 GPU to 12,594.28 ± 22.77 
GPU when PEG is increased to 30 wt%. The increased PEG 
content in MMM-0.02F has enhanced permeance because of 
increased polar ether group that have affinity for  CO2 mole-
cules [5]. With regard to MMM-PEG2, data are not shown as 
the membrane was not able to build up a minimum pressure 
of 0.25 bar. This is due to the increased ratio of PEG to PES 
that weakens the mechanical strength of the membrane [36].

The  N2 permeance for MMM-PEG1 and MMM-0.02F are 
presented in Fig. 16. According to Fig. 16, the  N2 permeance 
is 320.39 ± 0.06 and 10,197.53 ± 14.36 for MMM-PEG1 and 
MMM-0.02F, respectively. The dramatic increase in perme-
ance attributes to the reduced thickness of dense top layer of 
MMM-0.02F, as seen in Fig. 14d.

Figure  17 presents the selectivity for MMM-PEG1 
and MMM-0.02F. Based on Fig. 17, the  CO2/N2 selectiv-
ity is increased from 0.519 ± 0.007 to 1.235 ± 0.002 when 
PEG:PES weight ratio is increased from 20:20 (MMM-
PEG1) to 30:10 (MMM-0.02F). The increase in  CO2/N2 is 
caused by the higher PEG content in MMM-0.02F that has 
increased sorption sites for  CO2 molecules [5].

Effect of operating pressure

All the synthesized membranes in this research study and 
their maximum operating pressure are summarized in 
Table 2. Flue gas generated in the industries are normally at 
atmospheric pressure (1.01 bar) [1]. Among the membranes 
summarized in Table 2, MMM-PEG1 are suitable for post-
combustion carbon capture in industrial application as it has 
the mechanical strength to withstand 1.2 bar of pressure, 
higher than a typical flue gas stream. In contrast, other mem-
branes summarized in Table 2 were not able to withstand 
a pressure more than 0.25 bar indicating low mechanical 
strength.

Fig. 15  CO2 permeance of 
MMM-PEG1 and MMM-0.02F 
prepared with different polymer 
composition at casting thickness 
of 250 μm at operating pressure 
of 0.25 bar

Table 2  Maximum operating pressure of synthesized membrane

Membrane Maximum operat-
ing pressure (bar)

PEG-PES blend 0.25
MMM-0.005F 0.25
MMM-0.01F 0.25
MMM-0.02F 0.25
MMM-0.02P 0.25
MMM-0.03F 0.25
MMM-PEG1 1.20
MMM-PEG2 -
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CO2 and  N2 separation performance

Single permeation test for  CO2 and  N2 were carried out at 
different pressure to study the effect of operating pressure 
on the gas separation properties of MMM-PEG1. Figure 18 
presents the  CO2 permeance of MMM-PEG1. Based on 
Fig. 18, the  CO2 permeance decreased from 166.41 ± 1.16 
GPU to 120.17 ± 0.19 GPU when pressure increased from 
0.25 bar to 0.50 bar. This is caused by saturation of Lang-
muir adsorption site [37, 38]. However, when the pressure 
is increased further to 0.75 bar, 1.00 bar and 1.20 bar,  CO2 
permeance increased to 131.19 ± 0.10 GPU, 146.52 ± 0.07 
GPU and 185.95 ± 0.55 GPU, respectively. The increase in 
 CO2 permeance when pressure was further increased may 

be due to the increase in  CO2 solubility in rubbery polymer 
as pressure increases, in this case PEG in MMM-PEG1 [39].

Figure 19 represents the effect of pressure on  N2 per-
meance of MMM-PEG1. As shown in Fig. 19, the  N2 per-
meance decreased from 320.39 ± 0.06 GPU (0.25 bar) to 
236.09 ± 0.52 GPU, 184.57 ± 0.07 GPU and 169.19 ± 0.70 
GPU at 0.50  bar, 0.75  bar and 1.00  bar, respectively. 
Saturation of Langmuir sorption sites caused the initial 
decrease of  N2 permeance when pressure was increased 
[37, 38]. When pressure was further increased to 1.20 bar, 
the permeance stayed constant at 170.39 ± 0.11 GPU indi-
cating that Henry’s law based solution transport becomes 
dominant in contributing to the gas permeance [38].

The  CO2/N2 selectivity for MMM-PEG1 at different 
operating pressure is presented in Fig.  20. According 

Fig. 17  CO2/N2 selectivity of 
MMM-PEG1 and MMM-0.02F 
prepared at casting thickness of 
250 μm at operating pressure of 
0.25 bar

Fig. 16  N2 permeance of 
MMM-PEG1 and MMM-0.02F 
prepared at casting thickness of 
250 μm at operating pressure of 
0.25 bar
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Fig. 18  CO2 permeance MMM-
PEG1 at casting thickness of 
250 μm at different operating 
pressure

Fig. 19  N2 permeance of 
MMM-PEG1 at casting thick-
ness of 250 μm at different 
operating pressure

Fig. 20  CO2/N2 selectivity of 
MMM-PEG1 at casting thick-
ness of 250 μm at different 
operating pressure
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to Fig.  20, MMM-PEG1 has a  CO2/N2 selectivity of 
0.519 ± 0.007, 0.509 ± 0.003, 0.711 ± 0.001, 0.866 ± 0.004 
and 1.091 ± 0.03 at an operating pressure of 0.25 bar, 
0.50 bar, 0.75 bar, 1.00 bar and 1.20 bar, respectively. 
The increase in  CO2/N2 selectivity may be explained by 
the high affinity of polar ether bond presence in PEG that 
preferentially adsorb  CO2 molecules compared to  N2 mol-
ecules [5].

Conclusion

In conclusions, integration of MWCNTs in PEG-PES 
blend membrane, MWCNTs content in PEG-PES and 
polymer concentration are all important factor that plays 
a role in determining the morphology and gas separa-
tion performance of a membrane. Based on experiment, 
it was found that MWCNTs-F have better gas separation 
enhancement properties due to its shorter and less agglom-
erated nature. Furthermore, the optimum MWCNTs-F 
loading was found to be 0.020 wt% (MMM-0.02F). At 
0.020 wt% MWCNTs-F loading, the highest selectivity of 
1.235 ± 0.002 was achieved with a  CO2 and  N2 permeance 
of 12,594.28 ± 22.77 GPU and 10,197.53 ± 14.36 GPU, 
respectively. Furthermore, it was found that at PEG:PES 
weight ratio of 20:20 (MMM-PEG1), membrane mechani-
cal strength was increased as the membrane can withstand 
a pressure up to 1.2 bar which is higher than typical flue 
gas pressure. Thus, it is suitable for post-combustion 
application in the industry.
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