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Abstract In this study, graphene nanosheets (GNs) were incorporated into polyethersulfone (PES)

by phase inversion approach for preparing PES-GNs mixed matrix membranes (MMMs). To inves-

tigate the impact of filler content on membrane surface morphology, thermal stability, chemical

composition, porosity and mechanical properties, MMMs were constructed with various GNs load-

ings (0.01, 0.02, 0.03, and 0.04 wt%). The performance of prepared MMMs was tested for separa-

tion and selectivity of CO2, N2, H2 and CH4 gases at various pressures from 1 to 6 bar and

temperature varying from 20 to 60 �C. It was observed that, compared to the pristine PES mem-

brane, the prepared MMMs significantly improved the gas separation and selectivity performance

with adequate mechanical stability. The permeability of CO2, N2, H2 and CH4 for the

PES + 0.04 wt% GNs increases from 9 to 2246, 11 to 2235, 9 to 7151, and 3 to 4176 Barrer respec-

tively, as compared with pure PES membrane at 1 bar and 20 �C due to improving the membrane

absorption and porosity. In addition, by increasing the pressure, the permeability and selectivity of

CO2, N2, H2 and CH4 are increased due to the increased driving force for the transport of gas via

membranes. Furthermore, the permeability of CO2, N2, H2 and CH4 increased by increasing the

temperature from 20 to 60 �C due to the plasticization in the membranes and the improvement
rsity of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2021.103565&domain=pdf
mailto:alakha@kth.se
mailto:ahmed.saed@ktu.lt
mailto:ahmed.saed@ktu.lt
https://doi.org/10.1016/j.arabjc.2021.103565
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2021.103565
http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 (a) Schematic of the
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in polymer chain movement. This result proved that the prepared membranes can be used for gas

separation applications.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Worldwide energy demand is predicted to rise because of con-

tinued economic progress and a growing global population. As
a result, greenhouse gas emissions such as carbon dioxide,
methane, and nitrous oxide will be increased (Martin-Gil
et al., 2019; Juber et al., 2021). According to the World Mete-

orological Organization (WMO), carbon dioxide levels in the
atmosphere reached 393 ppm in 2012, an average increase of
2 ppm per year over the previous ten years (Wong et al.,

2021; Yousef et al., 2021). In addition, CO2, which is a pollu-
tant in natural gas wells, lowers the energy content of the gas
and becomes acidic and caustic in the presence of water, car-

bon dioxide/methane separation is critical for natural gas pro-
cessing. Traditional CO2 capture methods (such as cryogenic
distillation and amine-based absorption) consume a lot of
energy (Castro-Muñoz et al., 2020; Asif et al., 2021). There-

fore, a cost-effective, efficient, and environmentally friendly
capture process is required.

Among numerous technologies, membrane technology has

attracted great attention in water and gas separation due to
its highly competitive energy prices and environmental issues
(Khalil and Schäfer, 2021; Mohamed et al., 2020). Currently,

the removal of CO2 and acidic gases from natural gas is carried
out on a large-scale using the membrane separation process.
Polyethersulfone (PES) is the most widely used material for

the preparation of ultrafiltration (UF) and nanofiltration
(NF) membranes for the gas separation process due to its
strong mechanical, thermal, and chemical stability, as well as
the fact that the inclusion of an ether unit in the polymer pro-

vides an alternative binding mechanism for CO2 molecules
(Abdel-Karim et al., 2018; Alenazi et al., 2017). The phase
inversion process developed for the manufacture of polymeric

membranes that are commercially viable and reproducible
(Castro-Muñoz et al., 2018). These membranes possess have
a skin layer on the top, followed by a porous sublayer, which
gas permeation set-up.
achieved high permeability and selectivity (Sazali et al., 2019;
Yousef et al., 2022). The pore size of the polymeric membranes
is greatly affected by external forces due to the deformation of

the polymer material under high pressure and elevated temper-
ature (Tan and Rodrigue, 2019; Mohamed et al., 2016).
Mechanical properties of the membrane depend on the poly-

mer properties and the pore topology (Karim et al., 2018;
Salama et al., 2018). Hence, to increase the mechanical
strength and enhance membrane performance, polymeric

membranes have been incorporated into a variety of nanoma-
terials with sufficient properties (physical, morphological and
permeation characteristics) to improve their efficiency for gas
applications, such as TiO2 (Tran et al., 2020; Yu et al.,

2020), MOF (Daglar et al., 2021; Yang et al., 2020), SiO2

(Kang, 2020; Arjunan et al., 2020), GO (Shukla et al., 2017;
Ouyang et al., 2015), and CNTs (Cao et al., 2020; Mohamed

et al., 2017).
Graphene nanosheets (GNs) have attractive great proper-

ties such as high surface area and high hydrophilic behavior

in gas separation and water treatment in the fabrication of
mixed matrix membranes (MMMs) (Fatemi et al., 2020;
Gontarek-Castro et al., 2021). The main important feature of
the GNs membrane is the interlayer spacing between the

GNs sheets that can be tailored for efficient transport of the
desired molecules through the membrane (Abdel-Mottaleb
et al., 2019; Castro-Muñoz et al., 2019). In addition, GNs

based membrane materials have high mechanical strength
and flexibility, as well as high stability in aqueous suspension
owing to the presence of the functional groups such as car-

boxyl, carbonyl, hydroxyl, and epoxy groups (Luque-Alled
et al., 2020; Abdel-Mottaleb et al., 2019). These behaviours
are very important in the preparation of homogeneous mem-

branes for gas separation (Nair et al., 2012; Li et al., 2013).
For instance, Gotthold et al. (Shin et al., 2019) incorporated
GO into PES membrane for the selectivity of water–ethanol
separation. The results showed excellent H2O/EtOH selectivity

and the membrane can effectively separate water-
contaminated biofuels and the same for Geim (Nair et al.,
2012) used for water-helium separation. Roberto et al.

(Castro-Muñoz et al., 2019) combining graphene oxide into
cross-linked PVA membranes to achieve better performance
for ethanol dehydration. Moreover, the effect of filler disper-

sion in the polymer matrix to reach a synergistic effect has
been addressed by Roberto et al. (Castro-Muñoz and Fı́la,
2019). The preparation of Matrimid�-PEG200 and ZIF-8

nanoparticles have been demonstrated. The result shows that
the incorporation of 30 wt% ZIF-8 nanoparticles allowed to
increase the CO2 permeability in MMMs. Srabani et al.
showed that the incorporation of Mg-MOF-74 into PVAc

enhanced the CO2 separation (Majumdar et al., 2020). Fur-
thermore, the addition of PEG and ZIF-8 enhanced the CO2

permeability (Castro-Muñoz et al., 2019).

Nanostructured fillers help to reduce the shortcomings of
polymer-based membranes such as aging, plasticization, and
stability (e.g., physical, chemical, and thermal). However,

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 Surface morphology and cross-sectional of a, b) PES, c, d) PES-GNs1, e, f) PES-GNs2, g, h) PES-GNs3 and I, j) PES-GNs4. K)

pore size and porosity of membranes.
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improper merging, such as poor interface compatibility and
membrane preparation process, causes particular flaws in the
filler–polymer membranes, such as new non-selective gas trans-

port channels, which enhance permeability but impair selectiv-
ity (Castro-Muñoz et al., 2017; Ahmad et al., 2020). Ultrathin
inorganic membranes prepared from the nanosheets have been
identified as good candidates for producing higher perfor-

mance membranes while using less inorganic nanomaterials,
which is one of the key advantages of this type of membrane
(Mohamed et al., 2021). There are a few other advantages to

using ultrathin membranes: selective-layer materials in tiny
quantities, resulting in significant material cost reductions; an
optimized membrane material and morphology in each layer;

minimal constraints on membrane materials’ mechanical qual-
ities and processability as long as they can be produced or
deposited as a thin layer on top. Membrane cost and perme-
ance are both favored when membrane thickness decreases

(Castro-Muñoz et al., 2020; Ahmad et al., 2021).
Biogas applications are typically composed of numerous

gases mixed with flammable gases such as CO2, N2, and

CH4. Which negatively affects the performance and economic
value of the energy product and the separation process. The
primary contamination sources in biogas are agglomerates,

which tend to cluster together because of the force of attrac-
tion between particles gases, resulting in the formation of
numerous agglomerate particles and significant pipe issues,

such as corrosion. In this regard, the MMMs were developed
to overcome these issues. In the literature, different studies
show that the percentage of loading of NPs into the polymer
are in the range of 0.5–15 wt% (Ismail et al., 2011; Yousef

et al., 2021). At higher loading, NPs started to agglomerate
and block the membrane pores as well as inhibit gas
transportation across the produced membranes, resulting in
decreased membrane lifespan and high operating costs
(Parsamanesh et al., 2021). But in our work, we used only

0.04 wt% with a high gas permeability. The main objective
of this paper is to prepare a pristine PES membrane as well
as mixed matrix membranes incorporated with different load-
ing of GNs by a phase inversion approach. The performance

of the prepared membranes is tested for separation and selec-
tivity performance of CO2/CH4, CO2/N2 and CO2/H2 under
high pressure and elevated temperature. The physical and

chemical properties of the developed membranes are charac-
terized. The influence of the membrane deformation was also
studied.
2. Experimental

2.1. Materials

Polyethersulfone (PES, Ultrason E 6020P) was purchased

from BASF Company (Germany). Polyvinylpyrrolidone
(PVP, Mw = 40,000 g mol�1) and N,N-Dimethylformamide
(DMF, 99.8% purity) was supplied from Sigma Aldrich.
GNs (95% purity, average thickness 15 nm, and average length

2 mm) were fabricated as described elsewhere (Yousef et al.,
2018). CO2, N2, H2, and CH4 gases with purity � 99.99% were
supplied by the Lithuanian Energy Institute, Lithuania.

2.2. Membrane preparation

The pristine PES membrane and four mixed matrix

membranes incorporated with different loadings of GNs



Fig. 1 (continued)
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(0.01, 0.02, 0.03, and 0.04 wt%) were fabricated using the
phase inversion technique. The homogeneous solutions were
prepared by dissolving 14 wt% PES and 1 wt% PVP in

DMF at 50 �C for 6 h. After degassing, the solutions were cast
on a glass substrate using a casting blade (ZAA 2300, Ger-
many) with a 100 mm gap height and 20 mm/s shear rate
(Yousef et al., 2021; Gouveia et al., 2021). The membranes
were immediately immersed into a coagulant bath containing
deionized water at 70 �C for 10 min and subsequently, the

membranes were detached from the glass surface and trans-
ferred to a fresh deionized water for 24 h at room temperature
to remove the excess solvent (Mohamed et al., 2021). After



Fig. 2 a) FTIR and b) XRD spectra of the prepared MMMs.
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that, the membranes were dried at room temperature. For the
MMM, the GNs was added to the homogeneous solutions and

then followed the same procedure.

2.3. Gas permeation test

In order to determine the separation and selectivity of CO2/
CH4, CO2/N2 and CO2/H2, the permeability test was applied
under various pressure and temperature. The experiments were

performed in a gas permeation system using a circular mem-
brane with an effective diameter of 60 mm (see Scheme 1).
The membrane was supported into the cell and gently tightly

and evacuated using a vacuum pump to remove all remaining
gases from the cell. Before each gas experiment, the same pro-
cedures were done. The feed flow of each gas was passing
through the membrane by adjusting the pressure from 1 bar

to 8 bar at different temperatures in the range of 20–60 �C.
All measurements have been made triple and the average val-
ues are recorded. The gas permeability (Pi,j) and membrane

selectivity (a) were calculated according to Eqs. (1) and (2)

Pi;j ¼ Q � t
A�DP

�
ð1Þ

ai=j ¼ Pi
Pi
�

ð2Þ

where i refers to CO2 and j represents N2 or H2 or CH4. Q

is the gas flow rate (cm3/s), A is the membrane area (cm2), t
is the membrane thickness (cm), and DP is the transmembrane
pressure difference (bar).
Fig. 3 a) Mechanical properties and b) T
2.4. Characterization of the fabricated membranes

A field emission scanning electron microscope (FESEM, FEI
Philips XL 30) was used to analyze the membrane’s surface

and the cross-section morphology. A thin coating of gold film
(3–5 nm) was applied to all samples. The tests were made using
a 20 keV acceleration voltage in a high vacuum (1.5 Torr). The
thermal stability of the fabricated membranes was done using

thermogravimetric analysis (TGA, Mettler Toledo TGA2 Star
system) from 30 to 900 �C at a rate of 10 �C min�1 under a
nitrogen environment. The chemical structures and composi-

tion of membranes were examined using the Fourier-
Transform Infrared spectroscopy from 4000 to 400 cm�1, 64
scans, and resolution 4 cm�1 (FTIR, Vertex70 spectrometer)

and X-ray crystallography of 2h from 3� to 60� with a
0.018–0.025� 2h step width and 384 s per step for all samples
(XRD, D8-Advance, Bruker, USA). Membrane porosity and

pore size were measured by using mercury intrusion porosime-
try (MIP, Pascal 440 Evo, Thermo Scientific). Tensile tests of
the membranes were determined using Lloyd Universal Test-
ing Machine (model LR10K) under ambient conditions and

5 mm/min loading rate. Three specimens 100 mm � 10 mm
from each membrane were cut off before the test.

3. Results and discussion

Fig. 1 demonstrates the surface morphology, porous structure
and the cross section of the synthesized MMMs. Fig. 1a-e

shows that the synthesized MMMs were uniform, smooth
and homogeneous without obvious defects such as pores or
GA analysis of the prepared MMMs.



Fig. 4 Effect of feed pressure on CO2, N2, H2 and CH4 permeability values of the prepared membranes at 20 �C.
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cracks. All the cross section membranes were prepared by
being broken into liquid nitrogen. The cross-sectional images
showed an asymmetrical structure consisting of a thin dense

top layer and a porous sublayer with a macropores finger
and mesoporous sponge structure underneath. The thin dense
layer shows an infinite number of pores created during the
preparation process, responsible for the permeation and reten-

tion of the solution. While the porous bulk acts as mechanical
support. For the pristine PES membrane, there are smaller
porous fingers and a decrease in the number of voids in com-

parison with the PES-GNs matrix membrane with a thickness
of about 100 mm. This behaviour is attributed to the hydrophi-
lic of GNs which improve the replacement of the water in the
Fig. 5 Effect of different temperatures on CO2, N2, H2 and CH4 perm

c) PES-GNs2, d) PES-GNs3 and e) PES-GNs4.
phase inversion process. In addition, the pore size distribution
of the prepared MMMs (Fig. 1k) decreased from 100 to 65 nm
with increasing the GNs content. While the porosity increased

with the incorporation of GNs from 82.4% for the PES mem-
brane to 86.5% for PES + 4 wt% GNs which is in line with
the analysis of the membrane morphology.

Fig. 2a shows the FTIR spectra of pristine PES membrane

and PES with different loading of GNs. The result demon-
strated that the FTIR of MMMs is largely indistinguishable
from pristine PES, due to the limited amount of GNs. The

result shows several broad absorbance peaks at 557, 1149
and 1296 cm�1 corresponding to the sulfone groups and at
1579 and 1485 cm�1 attributed to C = C skeleton in the
eability values of the prepared membranes a) PES, b) PES-GNs1,
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aromatic rings (Shin et al., 2019; Abdel-Karim et al., 2017).
The peaks at 1725 and 1668 cm�1 were assigned to the car-
bonyl group (C = O) and the two peaks at 1105 and

1238 cm�1 were attributed to C-O stretching vibration
(Yousef et al., 2021; Angione et al., 2015). In addition,
Fig. 2b shows the XRD spectra of pristine PES membrane

and PES with different loading of GNs. The two peaks of
the PES membrane are obvious at 2h of 13.6 and 30�, indicat-
ing the amorphous nature of PES (Guan et al., 2005; Laghaei

et al., 2016). In addition, for the MMMs another sharp peak is
seen around 26.3� which is corresponding to GNs into the
membranes (Mohamed et al., 2020).

The main criteria for membranes used in gas separation

processes are strong mechanical properties to withstand high
pressures in the gas permeation system (Aboamera et al.,
2019). Therefore, to determine their mechanical properties,

tensile strength experiments were conducted on the
membranes. Experiments were performed by stretching the
Fig. 5 (con
specimen and measuring the instantaneous tension before the
tearing at various strain rates. Fig. 3a shows the tensile stress
and strain for the prepared MMMs samples. The result shows

that incorporating of GNs improved the tensile strength of the
MMMs in comparison to the pristine PES membrane. Fur-
thermore, the tensile strength of MMMs is shown to be highly

dependent on the loading of GNs. The pristine PES membrane
showed 2.8 MPa tensile strength and by increasing the loading
of GNs from 0 to 0.04 wt%, the tensile strength increased from

2.8 to 3.7 MPa with an increase of 32.14%. At the same time,
the strain declined with increasing the amount of GNs, reach-
ing a decrease of 17.46%. In addition, Young’s modulus
increased from 44.44 to 71.15 MPa with an increase of

60.1%. This behaviour may be attributed to the high strength
properties of the GNs, good dispersion of GNs in the PES, and
the improved interfacial interaction between the two phases

(Abdel-Mottaleb et al., 2020; Li et al., 2019). Furthermore,
the thermal stability of the prepared membranes was
tinued)



Fig. 5 (continued)
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conducted by TGA analysis as shown in Fig. 3b. It can be
observed that the thermal decomposition curve of all samples
begins from 375 to 580 �C with a weight loss of 65 wt% due to
the composition of the polymer (Yousef et al., 2021). Three is

no weight loss up to 100� C for all the preparations mem-
branes; confirm the evaporation of the remaining solvent in
the membranes. According to the results, adding GNs to the

PES matrix did not show significant improvement in the mem-
brane thermal stability. The beginning degradation tempera-
tures of pristine PES and MMMs were similar and the

degradation temperature of MMMs was not considerably
changed when GNs was added (2 wt%) (Farnam et al., 2016).

3.1. Evaluation of gas permeability

Pure gas permeation experiments were carried out using pure
CO2, N2, H2 and CH4 gases at various pressures of 1, 2, 3,

4, 5 and 6 bar to investigate the efficiency of membrane gas
separation. From the preliminary results, it appears that the
maximum membrane capacity to withstand the transmem-
brane pressure and temperature are 8 bar and 70 �C without
deteriorating membrane properties. Based on that, the main

experiments were performed up to 6 bar and 60 �C. Fig. 4
shows the CO2, N2, H2 and CH4 permeability of all the pre-
pared mixed matrix membranes at 20 �C. It was observed that

by increasing the pressure from 1 to 6 bar, the permeability of
CO2, N2, H2 and CH4 are increased. The permeability of CO2,
N2, H2 and CH4 for the PES-GNs4 increases from 2246 to

21739, 2235 to 21535, 7151 to 53589, and 4176 to 37,159 Bar-
rer, respectively with increasing the pressure. In addition, the
CO2, N2, H2 and CH4 permeability of the PES increases from
9 to 13, 11–14, 9–12, and 3–5 Barrer by increasing the pressure.

This behaviour attributed to the increased driving force for the
transport of gas via membranes. As the pressure increases, the
macromolecular segments are displaced close to each other.

Therefore, the inter-segmental void space decreases, the



Fig. 6 H2/CO2, H2/N2 and H2/CH4 Selectivity behavior with

different pressure at 20 �C.
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selective layer area increases and the density of the polymer
increases, which leads to the increase of permeability
(Farnam et al., 2016; Azizi et al., 2019; Alsari et al., 2007).

Moreover, H2 and CH4 have the maximum permeability
more than CO2 and N2. This is due to the affinity and the lar-
ger diffusivity of H2 and CH4 molecules to the MMMs are

greater than that of CO2 and N2 (Alkhouzaam et al., 2016;
Wang et al., 2015). In addition, it was noticed that by increas-
ing the loading of GNs from 0.01 and 0.04 wt%, the gas per-

meability was further enhanced. The permeability of CO2, N2,
H2 and CH4 for the PES-GNs4 increases from 9 to 2246, 11 to
2235, 9 to 7151, and 3 to 4176 Barrer, respectively as compared
with pure PES membrane at 1 bar. This is due to the presence

of GNs assisting the absorption of gasses in the polymer and
the increases of the porosity that offers more channels for
the gas, resulting in higher permeation through the membrane

(Luque-Alled et al., 2020; Kamble et al., 2020). Therefore, the
combination of PES and GNs into the polymer matrix
enhanced the membrane permeability and separation perfor-

mance. PES-GNs4 showed the highest permeability for all
the gasses among the synthesized MMMs at all the feed
pressure.

The effects of different temperatures on the permeability of
CO2, N2, H2 and CH4 gases for the prepared membranes at
various pressures have been shown in Fig. 5a, b, c, d and e.
The result shows that by increasing the temperature from 20

to 60 �C, the permeability of CO2, N2, H2 and CH4 gases
through prepared membranes improves due to the enhance-
ment of polymer chain movements and the presence of plasti-

cization in the membranes (Zia-ul-Mustafa et al., 2019;
Lasseuguette et al., 2018). For pristine PES membrane, the
permeability of CO2, N2, H2 and CH4 increases from 12.5 to

14.2, 14.2 to 16.1, 11.8 to 12.1, and 5 to 5.4 Barrer respectively
at 6 bar. Whereas, at PES-GNs4, the permeability of CO2, N2,
H2 and CH4 increases from 21,740 to 24171.5, 21534.7 to

26425.3, 53589.1 to 103951.6, 37159.6 to 54678.2 Barrer
respectively at 6 bar. This means that the permeability of
CO2, N2, H2 and CH4 for PES and PES-GNs4 increased about
13.6, 13.4, 2.6, 8 % and 11.2, 22.7, 94, 47.1% respectively when

the temperature raised from 20 to 60 �C.

3.2. Evaluation of gas selectivity

Selectivity illustrates how well a polymeric membrane can
separate the two gases from each other and is known as
the permeability ratio of pure gas components (PA/PB)

(Alkhouzaam et al., 2016). Fig. 6 shows the CO2/N2, CO2/
H2 and CO2/CH4 selectivity at different pressure (1–6 bar)
and 20 �C. The result shows that by increasing the pressure,
the selectivity decreased slightly. For PES membrane, the

H2/CO2, H2/N2 and H2/CH4 selectivity decreased from 0.97
to 0.94, 0.81 to 0.83 and 2.5 to 2.4, respectively, with the
decreasing rates of 3, 2 and 4 %. In addition, the H2/

CO2, H2/N2 and H2/CH4 selectivity for the PES-GNs4 mem-
brane is decreased by increasing the pressure from 1 to 6 bar
about 22, 22 and 18 % respectively at 20 �C. Meanwhile,

the selectivity of H2/N2 for the PES-GNs2 membrane is
decreased by increasing the pressure by about 23 %. It
can be observed that for all the prepared membranes,

H2/N2 exhibited the highest gas selectivity and H2/CH4 has
the lowest selectivity due to the gas diffusion and solubility
mechanism (Lasseuguette et al., 2018). The maximum selec-
tivity of the H2/N2 gas obtained via the PES-GNs2 mem-
brane is 7.5 without a decrease in the permeability. This

behaviour is due to the properties of PES, which is consid-
ered a strong H2 adsorbent that facilitated the H2 permeabil-
ity over N2 gas through the membrane (Yousef et al., 2021;
Akhmetshina et al., 2019).

MMMs are a viable alternative to regular polymeric mem-
branes because they can eliminate the ‘‘trade-off” impact that
plagues commercial membranes. Several aspects influence the

effectiveness of MMMs in CO2 separation procedures,
including filler type and physicochemical qualities, nature of
a polymer matrix, filler-matrix interaction, processing tech-

niques, and so on. One of the most important aspects of
developing effective MMMs is the choice of filler material.
The selection of an adequate filler is difficult because filler
materials may have poor adherence in the polymer matrix,

resulting in poor CO2 separation performance (Rodenas
et al., 2015). Table 1 displays recent developments in the fab-
rication of MMMs using different filler exhibiting unique tex-

tural and surface properties such as MWCNTs, GO, GNs,
and MIL-53.



Table 1 Comparison of PES gas permeation properties.

Materials Parameter Permeability (Barrer) Selectivity Ref

Pressure

(Bar)

Temperature

(�C)
CO2 N2 H2 CH4

PES 2 25 3 0.24 12.83 (Zia-ul-Mustafa et al., 2019)

PES 22 3675.4 GPU 3118.1 GPU 1.2 (Wang et al., 2015)

PDMS/seed/PES 22 810.1 GPU 52.4 GPU 15.5 (Wang et al., 2015)

PES 2 25 55 GPU 11 GPU 5 (Farnam et al., 2016)

PES + 20wt.%PVA 2 25 119 GPU 7 17 (Farnam et al., 2016)

PES/MWCNTs 4 2.99 GPU 1.5 GPU 0.75 GPU 2, 4 (Ismail et al., 2011)

GO/PES 1 30 662 GPU 18 GPU 36, (Wang et al., 2016)

GO/PES 1 25 8500 425 20 (Kim et al., 2013)

PES/A-MIL-53 (Al) 5 4.5 GPU 0.08 GPU 54 (Ahmadijokani et al., 2019)

PES 2 20 10 12 10 4 1, 0.8, 2.5 Present study

PES-GNs1 2 20 1780 1432 7780 3143 4.4, 5.4, 2.5 Present study

PES-GNs2 2 20 1828 792 6367 3339 3.5, 8, 1.9 Present study

PES-GNs3 2 20 1775 1775 8667 3782 4.9, 4.9, 2.3 Present study

PES-GNs4 2 20 3067 2934 8275 5462 2.7, 2.8, 1.5 Present study
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4. Conclusions

In this work, GNs with different loading were successfully

embedded into PES for preparing mixed matrix membranes
by a phase inversion process that has excellent separation
and selectivity for gases. The prepared MMMs exhibited high

mechanical stability, hydrophilicity and permeability. SEM
results showed that the MMMs are smooth and homogeneous
surfaces with a uniform structure consisting of a thin dense
and porous layer. The TGA results showed that the thermal

stability of the MMMs didn’t change significantly in compar-
ison to the PES membrane. The prepared MMMs have the
capacity to operate without thermal degeneration and plasti-

cization under high pressure of up to 6 bar and high tempera-
ture of up to 60 �C. The gas separation and selectivity have
been increased with increasing the GNs loading, resulting in

the formation of nanofiltration membrane. By increasing the
GNs loading from 0 to 0.04 wt%, the permeability of CO2,
N2, H2, and CH4 increased about 24856, 20218, 79,356 and
139,100 % respectively at 1 bar and 20 �C due to improving

the membrane absorption and porosity. The result demon-
strated that by increasing the pressure, the permeability of
CO2, N2, H2, and CH4 have also increased. In addition, the

selectivity of CO2/N2, CO2/H2, and CO2/CH4 increased by
increasing the pressure and the GNs loading. CO2/N2 exhib-
ited the highest gas selectivity and CO2/H2 has the lowest selec-

tivity for all the MMMs. Consequently, the prepared
membranes exhibited higher gas separation and selectivity as
well as better mechanical properties compared to the pure

PES membrane. Finally, the synthesized membrane achieved
improved gas separation performance, which significantly con-
tribute to post-combustion carbon capture and storage in the
industry, lowering CO2 emissions and reducing climate change

risk.
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Muñoz, R., Hrabanek, P., Kocirik, M., Fila, V., 2021. Novel

MMM using CO2 selective SSZ-16 and high-performance 6FDA-

polyimide for CO2/CH4 separation. Separation and Purification

Technology 254, 117582.

Ahmadijokani, F., Ahmadipouya, S., Molavi, H., Arjmand, M., 2019.

Amino-silane-grafted NH2-MIL-53(Al)/polyethersulfone mixed

matrix membranes for CO2/CH4 separation. Dalton Transactions

48, 13555–13566.

http://refhub.elsevier.com/S1878-5352(21)00580-3/h0005
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0005
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0005
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0005
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0005
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0010
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0010
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0010
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0010
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0010
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0015
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0015
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0015
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0015
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0020
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0020
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0020
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0020
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0020
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0025
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0025
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0025
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0025
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0025
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0030
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0030
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0030
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0030
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0030
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0035
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0035
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0035
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0035
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0040
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0040
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0040
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0040
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0040
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0045
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0045
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0045
http://refhub.elsevier.com/S1878-5352(21)00580-3/h0045


High performance of PES-GNs MMMs for gas separation and selectivity 11
Akhmetshina, A.I., Yanbikov, N.R., Atlaskin, A.A., Trubyanov, M.

M., Mechergui, A., Otvagina, K.V., Razov, E.N., Mochalova, A.

E., Vorotyntsev, I.V., 2019. Acidic Gases Separation from Gas

Mixtures on the Supported Ionic Liquid Membranes Providing the

Facilitated and Solution-Diffusion Transport Mechanisms. Mem-

branes (Basel) 9.

Alenazi, N.A., Hussein, M.A., Alamry, K.A., Asiri, A.M., 2017.

Modified polyether-sulfone membrane: a mini review. Designed

Monomers and Polymers 20, 532–546.

Alkhouzaam, A., Khraisheh, M., Atilhan, M., Al-Muhtaseb, S.A., Qi,

L., Rooney, D., 2016. High-pressure CO2/N2 and CO2/CH4

separation using dense polysulfone-supported ionic liquid mem-

branes. Journal of Natural Gas Science and Engineering 36, 472–

485.

Alsari, A., Kruczek, B., Matsuura, T., 2007. Effect of Pressure and

Membrane Thickness on the Permeability of Gases in Dense

Polyphenylene Oxide (PPO) Membranes: Thermodynamic Inter-

pretation. Separation Science and Technology 42, 2143–2155.

Angione, M.D., Duff, T., Bell, A.P., Stamatin, S.N., Fay, C.,

Diamond, D., Scanlan, E.M., Colavita, P.E., 2015. Enhanced

Antifouling Properties of Carbohydrate Coated Poly(ether

sulfone) Membranes. ACS Applied Materials & Interfaces 7,

17238–17246.

Arjunan, P., Kouthaman, M., Subadevi, R., Diwakar, K., Liu, W.-R.,

Huang, C.-H., Sivakumar, M., 2020. Superior Ionic Transferring

Polymer with Silicon Dioxide Composite Membrane via Phase

Inversion Method Designed for High Performance Sodium-Ion

Battery. Polymers (Basel) 12.

Asif, K., Lock, S.S., Taqvi, S.A., Jusoh, N., Yiin, C.L., Chin, B.L.,

Loy, A.C., 2021. A Molecular Simulation Study of Silica/Polysul-

fone Mixed Matrix Membrane for Mixed Gas Separation. Poly-

mers (Basel) 13.

Azizi, S., Azizi, N., Homayoon, R., 2019. Experimental Study of CO2

and CH4 Permeability Values Through Pebax�-1074/Silica Mixed

Matrix Membranes. Silicon 11, 2045–2057.

Cao, M., Zhang, Y., Zhang, B., Liu, Z., Ma, X., Chen, C., 2020. The

preparation of a modified PVDF hollow fiber membrane by coating

with multiwalled carbon nanotubes for high antifouling perfor-

mance. RSC Advances 10, 1848–1857.
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