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yphenylene sulfide as an organic
additive to enhance gas separation performance in
polysulfone membranes
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Nurul Widiastuti, *a Norazlianie Sazali †b and Wan Norharyati Wan Sallehcd

Many studies have shown that sulfur-containing compounds significantly affect the solubility of carbon

dioxide (CO2) in adsorption processes. However, limited attention has been devoted to incorporating

organic fillers containing sulfur atoms into gas separation membrane matrices. This study addressed the

gap by developing a new membrane using a polysulfone (PSf) polymer matrix and polyphenylene sulfide

(PPs) filler material. This membrane could be used to separate mixtures of H2/CH4 and CO2/CH4 gases.

Our study investigated the impact of various PPs loadings (1%, 5%, and 10% w/w) relative to PSf on

membrane properties and gas separation efficiency. Comprehensive characterization techniques,

including Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron

microscopy (SEM), were employed to understand how adding PPs and coating with polydimethylsiloxane

(PDMS) changed the structure of our membranes. XRD and FTIR analysis revealed distinct morphological

disparities and functional groups between pure PSf and PSf/PPs composite membranes. SEM results

show an even distribution of PPs on the membrane surface. The impact of adding PPs on gas separation

was significant. CO2 permeability increased by 376.19%, and H2 permeability improved by 191.25%. The

membrane's gas selection ability significantly improved after coating the surface with PDMS. CO2/CH4

separation increased by 255.06% and H2/CH4 separation by 179.44%. We also considered the Findex to

assess the overall performance of the membrane. The 5% and 10% PPs membranes were exceptional.

Adding PPs to membrane technology may greatly enhance gas separation processes.
1 Introduction

The probability of greenhouse gas production will rise as
a result of increasing human activities, such as increased
productivity and varieties of industry, transportation, which
promotes the rapid use of fossil fuels, and some industrial
waste disposal.1,2 The biggest contributions, based on concen-
tration and impact, are carbon dioxide (CO2) and methane
(CH4) gas, with the gas content continuing to rise and
increasing the global surface temperature by 0.6 °C in 2022.
This is due to the fact that the CO2 concentration is 417 ppm,
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while CH4 gas concentration is 1900 ppb.3 Despite having a far
lower concentration than carbon dioxide, methane gas is 84
times more harmful than carbon dioxide gas in terms of its
effects.4 Natural gas, syngas, and biogas are the sources of CO2

and CH4 mixtures.5–7 Reducing CO2 gas is important for
decreasing acidity, improving gas quality, and increasing energy
density.8,9 CO2 has no heat value, which is 0 kJ m−3,10 while CH4

has a higher energy content with a lower heating value (LHV) up
to 32 500 kJ m−3.11

In addition to CH4 gas, hydrogen (H2) is being used as a zero-
emission energy source. As an example, Indonesia plans to
decrease emissions by 29% by 2030 and achieve net-zero
emissions by 2060. Green hydrogen is a component of the
nation's goal.12 Green hydrogen is important for Indonesia's
shi to clean energy and a sustainable economy.13 Separating
H2 gas from CH4 is essential for producing hydrogen from
natural gas using steam-methane reforming. This process is
well-established and widely used for hydrogen production.14

Due to this phenomenon, research has been conducted into the
separation of CO2/CH4 and H2/CH4 gases to enhance the sepa-
ration and utilization of high-purity gases.15,16

The gas separation method aims to achieve high-purity gas
separation with cost-effective operations and efficient energy
RSC Adv., 2024, 14, 2311–2319 | 2311
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Fig. 1 The preparation scheme for PSf/PPs membrane.
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utilization. Cryogenic distillation can separate gas contents up
to 95%, while the adsorption method has an efficiency of
85%.17,18 Cryogenic distillation requires cooling, heating, and
a large distillation system, resulting in high operational costs
and energy consumption of 4 to 6 gigajoules per ton of CO2.
High energy consumption for gas separation is inefficient and
contributes to global warming. Therefore, membrane separa-
tion is the preferred research method.19 Gas separation
membranes are more energy-efficient than previous techniques,
using 25–60% less energy. They are also easy to set up and can
be used on a large scale without requiring large systems.20

Polymer membranes are favored due to their ease of
production, cost-effectiveness, and efficient separation capa-
bilities, as stated in the material.21 In polymer membranes,
separation performance depends on permeability and selec-
tivity.22 Gas permeation refers to the process of penetration of
molecules through a membrane involving sorption and diffu-
sion processes,23 while selectivity refers to its ability to separate
gas mixtures into purer forms. Polysulfone (PSf) is a commonly
used polymer material due to its affordable cost and effective
separation capabilities. Multiple studies have examined the
separation of CO2/CH4 and H2/CH4 gases, but this membrane
still suffers from the separation trade off, which lies below the
Robeson curve.24

Many studies report the use of inorganic materials as PSf
llers to improve the separation performance.25–27 However,
employing inorganic ller is challenging due to the incompat-
ibility issue which lead into surface defect and affecting the
separation performance.28 Porous organic materials have
potential to be used as membrane ller and can solve the
compatibility issues. One of the potential candidates is sulde
base organic llers. The sulfur functional groups could promote
H2 and CO2 solubility in the membrane through polar interac-
tion.29,30 Moreover, sulfur in an aromatic structure can signi-
cantly increase CO2 affinity via acid–base interaction.31 One of
the sulde based organic ller is polyphenylene sulde (PPs). It
has great mechanical properties, outstanding resistance to high
temperatures, amazing stability in a variety of environmental
conditions, and resilience to environments that are both
strongly alkaline and acidic due to their structural
arrangement.32–34

Bai et al. (2023) reported the use of PPs as carbon precursors
for CO2 capture. The result showed that adding sulfur species to
carbon-based materials enhanced the CO2 uptake from 0.69 to
5.13 mmol g−1,35 and Sun et al. (2018) found that S-doped
carbon spheres have CO2 uptake up to 4.27 mmol g−1 (ref. 36)
and Jin et al. (2018) found that N- and S-doped porous carbon
have CO2 uptake up to 4.55 mmol g−1.37 On the other hand, Xia
et al. (2012) found that S-doped microporous carbons have H2

uptake of 2.02 wt%30 and Brewster et al. also foundmicroporous
carbon/sulfur nanocomposite have H2 uptake of up to
2.05 wt%.38 Those studies collectively affirm the superior CO2

adsorption performance of sulfur-containing materials. The
phenomenon is caused by the interaction between sulfur atoms
with CO2 through physical and chemical, resulting in a strong
adsorption effect.39 High CO2 attraction toward PPs could be
benecial to the separation process as it will drive high gas
2312 | RSC Adv., 2024, 14, 2311–2319
solubility resulting into high permeability of membrane.
However, to the best of our knowledge, there is limited litera-
ture reporting the use of PPs as ller in PSf matrix for gas
separation. Therefore, this research aims to study the incorpo-
ration of PPs ller into PSf matrix for CO2 and H2 separation. In
this study focused on creating a PSf/PPs membrane with
different PPs concentrations (1, 5, and 10% w/w) to improve the
separation of CO2/CH4 and H2/CH4 gases while investigating
the membrane's structural and morphological changes.

2 Experimental and materials
2.1 Materials

The materials used in the research were polysulfone (Udel®
PSf), n-methyl-2-pyrrolidone (NMP, Merck), technical ethanol
(purity 96%), poly(1,4-phenylene sulde) (PPs, Sigma-Aldrich),
polydimethylsiloxane (PDMS), and ultrahigh purity H2, CH4,
and CO2 gases with a purity of 99.999% (PT. Samator Gas
Industri).

2.2 Fabrication of PSf/PPs membranes and surface
modication

Polysulfone membranes were prepared using PSf polymer
material and NMP solvent. PPs ller material is added with
variations of 1%, 5%, and 10% by weight per total PSf polymer
used. Fig. 1 depicts the preparation of the PSf/PPs membrane
and Table 1 shows the composition of all the membrane vari-
ations. The preparation of the PSf membrane dope solution
begins with drying the PSf pellets in an oven for 24 hours. The
PSf pellets were then added little by little into the NMP solvent
and stirred using a digital overhead stirrer with a stirring speed
of 420 rpm for 24 hours. The solution was then sonicated for 4
hours and allowed to stand for 24 hours. Meanwhile, the
preparation of the PSf/PPs membrane dope solution begins by
dispersing the PPs in the NMP solvent with a sonication process
for 4 hours. Then the PSf pellets were added with the same
treatment as the pure PSf membrane dope solution preparation.

Fabrication of at-sheet PSf/PPs membranes was carried out
using the non-solvent-induced phase separation (NIPS) phase
inversion method. The prepared membrane dope solution is
poured onto a glass plate that has been cleaned with ethanol.
The membrane was placed in a coagulation bath containing
distilled water and soaked for 24 hours. Post-fabrication treat-
ment of the polymer membrane begins with further soaking of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The membrane composition

Membrane PSf (%) PPs (%) PDMS coating (Y/N)

M 22 0 N
M1 22 1 N
M2 22 5 N
M3 22 10 N
Ms 22 0 Y
M1s 22 1 Y
M2s 22 5 Y
M3s 22 10 Y

Fig. 2 Schematic of a single gas permeation test.
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the membrane in ethanol for 6 hours to remove residual
solvent. Immersion is done immediately aer the membrane
fabrication process has been completed. The membranes were
then dried in the open air for 24 hours. Membrane surface
modication was coated with PDMS at a concentration of 3% w/
w by spray coating evenly. The PDMS layer was then irradiated
under a 365 nm UV lamp for 20–30 seconds.
2.3 Membrane characterizations

FTIR spectroscopy, specically the Thermo Scientic Nicolet
iS10 instrument, was used to nd out what kinds of functional
groups were in the membranes that were made. The process of
sample preparation entails dividing the membrane into smaller
sections measuring 1 cm in both length and width. Subse-
quently, the prepared sample is positioned on the holder and
subjected to analysis using infrared light within the wave-
number range of 400–4000 cm−1.

A scanning electron microscope (SEM) with an energy
dispersion X-ray (Zeiss Evo MA 10) was used to look at the shape
of the membrane's cross-sectional area and its surface. To
obtain a smooth cross-section of the surface for cross-section
imaging, the membranes were cut in a liquid nitrogen envi-
ronment. Subsequently, a deposition of gold was applied to the
membranes, resulting in the formation of a thin layer. These
gold-coated membranes were then introduced into the spec-
imen chamber to facilitate the examination and evaluation of
their morphological characteristics.

X-ray diffraction (XRD) analysis was done with the X'Pert
PRO PANalytical to look at the crystalline structure of the
membrane and PPs. The sample preparation for X-ray diffrac-
tion (XRD) involved placing the membrane and PPs powder in
a sample holder and exposing them to X-ray radiation. XRD
analysis made it easier to look at the crystallographic properties
of the membrane and material, such as the composition of the
crystal phase, the size of the crystals, and their preferred
orientation. This technique yielded insights into the material's
structural properties and veried the existence of any crystalline
phases in the membrane. The results of the XRD analysis were
used to gure out how crystalline the sample's PSf and PPs were,
which is important for understanding its mechanical and
thermal properties. This characterization technique facilitated
a comprehensive comprehension of the structural attributes of
the material, eliminating the necessity for microscopy or
sample deposition procedures.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4 Gas permeation test

The gas permeation test on the membrane is carried out using
a pure gas permeation test reactor. The test is carried out using
constant gas pressure. The volumetric ow rate of permeate gas
is measured using a bubble owmeter mounted on amembrane
permeation test. Fig. 2 displays a selection of gas permeation
testing instruments.

The at sheet membrane of PSf/PPs is cut in a circle with
a diameter of ±5.2 cm and mounted on a gas permeation test
reactor. The test was carried out by passing CO2, H2, and CH4

gases through a gas permeation test reactor that had been
connected to a bubble owmeter. Gas pressure is set at 1 bar at
room temperature. The time taken by a gas to pass through
a certain volume on a bubble owmeter is measured and
recorded. The time data obtained can be used to calculate the
permeation rate and selectivity of gases on the membrane using
the following equation:

Pi ¼ Q� l

A� DP
(1)

ai=j ¼ Pi

Pj

(2)

where Pi is the membrane permeance for gas i (1 barrer = 10−10

cm3 (STP) cm/cm2 s cmHg), Q is the gas volumetric ow rate at
standard temperature and pressure (cm3 (STP)/s), l is the
thickness of the selective layer of the membrane (cm), DP is the
difference in pressure between the feed and the permeation side
of the membrane (cmHg), A is the area of the membrane surface
(cm2), and ai/j is the selectivity of the membrane for gas i over
gas j.
3 Result and discussion
3.1 Fabrication membrane PSf/PPs

The goal of the study is to nd out how different PPs ller
materials affect the structure, shape, and ability of the PSf
membrane to separate gas. To add PPs to PSf, disperse the PPs
in NMP solvent using sonication for 4 hours. The goal is to
optimize the mixing of PSf polymer and PPs ller material. The
RSC Adv., 2024, 14, 2311–2319 | 2313
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Fig. 4 FTIR results of PPs and membrane samples.

Fig. 3 Dope solution PSf and PSf/PPs 1, 5, and 10 wt%.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 6

:5
4:

25
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PSf polymer solution was gradually added to the PPs solution
and stirred at 420 rpm for 24 hours using a digital overhead
stirrer. The solution is sonicated to remove microbubbles in the
dope solution. Increasing the concentration of PPs loaded
results in a whiter dope solution (Fig. 3).

The PSf/PPs membranes were fabricated using the non-
solvent-induced phase inversion (NIPS) technique. The proce-
dure involves preparing a polymer solution and subsequently
submerging it in a non-solvent bath. When the solution-soaked
substrate is put in the bath, the non-solvent in the bath takes
the place of the solvent in our polymer solution. The solvent
exchange results in the membrane separating into two layers:
a compact upper layer and a permeable lower layer.40 The phase
inversion process yields a three-dimensional structure
comprising a mixture of two phases. It is assumed that the
diffusion rates of the solvent and non-solvent are equal,
simplifying the ow within the lm as a one-dimensional
diffusion process.41

Membranes produced via non-solvent-induced phase inver-
sion typically have a sublayer thickness of 20–50 m on a 200 nm-
thick thin lm.22 Subsequently, the membrane is submerged in
a coagulation bath composed of water and allowed to soak for
24 hours. This step improves the phase inversion process. The
membrane is immersed in ethanol for 6 hours aer fabrication
to eliminate residual solvent and facilitate the relaxation of
polymer chains. Relaxation enhances membrane perme-
ability.42 The membrane is subsequently dried for 24 hours to
remove any residual ethanol.

To optimize the membrane's characteristics, we apply
a PDMS solution to it through the spray coating technique.
Aerward, it is exposed to UV light for a duration of 20–30
seconds and allowed to dry outdoors. The PDMS coating is
applied to ll any remaining open pores in the membrane,
resulting in a defect-free and uniformly smooth top surface
without small holes or abrasions.43,44 Incorporating PDMS has
been shown to enhance the efficacy of polysulfone
membranes.45

3.2 FTIR analysis

An FTIR instrument was used to look at the PSf and PSf/PPs
membranes as well as pure PPs to nd out what functional
groups were in the membranes that were made. The absorption
2314 | RSC Adv., 2024, 14, 2311–2319
peaks observed at 807.5, 1007.98, 1091.08, 1383.94, 1470.27,
and 1569.62 cm−1 in Fig. 4 are characteristic of pure PPs, as
reported by ref. 33. The PSf membrane in this study exhibits
a peak at 2967.18 cm−1, indicating the presence of both asym-
metric and symmetric C–H stretching vibrations. The presence
of C]C bonds in the repeating chains of polymers is indicated
by absorption peaks at 1503.87 and 1584.29 cm−1. The peak
observed at 1363.73 cm−1 signies the existence of both asym-
metric and symmetric C–H bending deformations within the
methyl group. The peak observed at a wavelength of
1406.85 cm−1 corresponds to the aromatic stretching vibrations
of polysulfone. The peak observed at 1238.90−1 indicates the
presence of asymmetric C–O–C stretching in the aryl ether
group. The presence of strain in the asymmetric sulfonate group
O]S]O is indicated by peaks observed at 1168.69 and
1149.13 cm−1. The presence of an amine strain is indicated by
the peak observed at 1004.65 cm−1. The subsequent peaks
observed at 852.96, 832.71, 715.14, and 690.80 cm−1 suggest the
existence of a substitution band on the phenyl ring. The PSf
membrane fabricated in this study is consistent with the nd-
ings of Farrokhara and Dorosti,46 who observed C]C bond
strain at 11 475 and 1600 cm−1. The C–H aromatic strain is
observed at a wavelength of 3000 cm−1. The S]O band in the
sulfone functional group exhibits symmetrical and asymmetric
vibrations at wavenumbers of 1236 and 1150 cm−1, respectively.
Simultaneously, the presence of asymmetric C–O vibrations is
observed at wavelengths of 1000 and 1315 cm−1.

The FTIR spectra conrm the successful coating of a PDMS
selective layer on a polysulfone substrate, as evidenced by the
detection of characteristic PDMS peaks. Peaks observed at 1013.13
and 1080.44 cm−1 suggest the existence of Si–O–Si stretching. The
Si–CH3 molecule exhibits an asymmetric methyl strain, which is
characterized by sharp bending peaks at 2964.15 and
1239.37 cm−1. The Si–C stretching peak is observed at
737.17 cm−1. No peak at 1673 cm−1 was observed in the entire
membrane, indicating the absence of a stretching of H-bound C]
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM surface results on membranes PSf without PDMS coating
(left) and PSf with PDMS coating (right).
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O. Hu, et al. conrmed the absence of NMP solvent in the
membrane.45 In PSf/PPs membranes, the presence of PPs cannot
be detected using FTIR due to the structural similarity between PPs
and polysulfone. The characteristic peak of PPs at 1363.62,
1486.99, and 1584.45 cm−1 was observed in all membranes due to
the structural similarity between PPs and PSf. Consequently, the
functional group of PPs present in the PSf/PPs membrane is also
found in the PSf functional group. Further characterization is
necessary to establish the presence of PPs.

3.3 XRD analysis

X-ray diffraction analysis can tell how pure crystalline
compounds are in polymers by nding the most prominent
diffraction peaks.47 The analysis mentioned above can verify the
presence of ller in the matrix membrane, as shown in Fig. 5.
The X-ray diffraction pattern of the PSf membrane shows a peak
position at an angle of 17.71 degrees, while the PPs peak posi-
tion is observed at 20.56 degrees. The observed peak positions
in both samples are consistent with the ndings reported in the
literature.27,48 Upon examination of the M3 membrane, which
contains PPs 10% (w/w) relative to the PSf membrane, two
distinct peaks are observed. These peaks correspond to the pure
PSf and PPs, with peak values of 17.71 and 20.75, respectively.
The observed peak of the PPs sample exhibits a minor deviation
from the expected pure PPs peak, which can be attributed to
a discernible disparity in grain or particle size,49 crystallinity,
and defects are just a few variables that can affect the X-ray
diffraction (XRD) patterns of PPs. These factors primarily
manifest in the form of a broadening of diffraction peaks.

3.4 Membrane morphology

Scanning electron microscopy (SEM) instruments were
employed to examine the effects of incorporating PPs particles
on the surface morphology and cross-section of PSf neat and
PSf/PPs membranes. Fig. 6 illustrates that the PDMS-coated PSf
material displays enhanced surface smoothness, decreased
Fig. 5 XRD pattern of PSf, PPs, and M3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
occurrence of defects, and a lack of voids. On the other hand,
the surface of uncoated pure PSf displays irregularities and
spots. Voids and defects on themembrane surface can arise due
to poor polymer-particle surface compatibility or because of
stress and force during membrane fabrication. Polymers with
a glossy surface, like polysulfone, oen undergo increased
stress during solvent exchange, leading to shrinkage on the top
layer of the membrane surface.50

The results of the fabrication membrane PSf/PPs surface and
cross-section are depicted in Fig. 7. This illustrates the surface
SEM characterization results, indicating that the PPs loaded
into the polysulfone membrane exhibit uniform distribution
and possess a smooth top surface without any defects. The
occurrence of this phenomenon is attributed to the compati-
bility between PPs and PSf, resulting in the optimization of gas
transport properties.51 The rise in PPs concentration is directly
proportional to the surface's particle count.

The cross-sectional scanning electron microscopy (SEM)
image the PSf membrane used in this study is consistent with
Fig. 7 The surface and cross section of membrane (a) M1, (b) M2, and
(c) M3.

RSC Adv., 2024, 14, 2311–2319 | 2315
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previous reports in the literature. The image illustrates that the
dense layer consists of vertical channels that are densely packed
and have a higher proportion of free volume. The skin layer is
thin and dense, and it is supported by a porous sublayer
structure. The sublayer structure contains large nger-like
cavities and traces of sponge-like structures.52 The formation
of this surface layer is attributed to the introduction of volatile
solvents into the polymer solution. Diffusion occurs during the
phase inversion process, facilitating the exchange of solvents
and nonsolvent. During this process, the NMP solvent
undergoes separation from the membrane, resulting in the
formation of a sublayer. The micropore area's spongy appear-
ance is linked to the membrane being immersed in ethanol
during the post-printing treatment process.53 The loading of
many PPs into a membrane leads to the formation of a nger-
like structure known as a “microcavity”. This leads to struc-
tural defects in the membrane, altering its gas selectivity.
3.5 Gas separation performance

Gas separation performances were evaluated using the bubble ow
method to determine the permeability of each gas. This analysis
yielded selectivity values for CO2/CH4 and H2/CH4. The overall
results are shown in Fig. 8 and 9. The addition of PPs to CH4 gas
did not result in a signicant increase in permeability when
compared to CO2 and H2 gases. The permeability of CO2 gas rea-
ches its maximum increase at M2, with a permeability of 22.63
barrer, representing a 376.2% rise compared to membrane M.

The observed outcome is attributed to the signicant inter-
action between the sulfur atom and CO2 gas, facilitated by
Fig. 8 Separation performance for CO2/CH4.

Fig. 9 Separation performance for H2/CH4.

2316 | RSC Adv., 2024, 14, 2311–2319
chemical interaction.30,39 Furthermore, the results suggest that
the presence of the S group plays a signicant role in the initial
process of CO2 adsorption. In pursuit of demonstrating
enhanced CO2 adsorption capabilities, it is noteworthy that
sulfur-functionalized groups, including sulde, exhibit
a pronounced affinity for CO2 through polar interaction. The
polar interactions between the CO2 molecule's quadrupole
moment and the polar sites related to the S function.29,54

Furthermore, the sulfur atom in aromatic rings, as observed in
PPs structures, contributes to an increased CO2 adsorption
capacity through acid–base interactions within micropores.31

At M3, the concentration of H2 gas exhibited a maximum
value of 191.25%. The study noted that the inclusion of sulfur in
the form of a carbon–sulfur bond additionally augments the
absorption of hydrogen gas, owing to the heightened polarity
and subsequent interaction between hydrogen molecules and
the polarized surface.30,55 This observation is supported by
previous theoretical research indicating that the inclusion of
heteroatoms into the carbon network can greatly enhance the
capacity for hydrogen storage.56

Membrane selectivity increases and permeability decreases
when PDMS is used tomodify the surface. When PDMS is added
to PSf and PSf/PPs membranes, it signicantly reduces the ow
of H2 and CO2, with CH4 being the most affected. To ensure
membrane longevity and dependability in gas separation
applications, PDMS coating lls pores, improves surface integ-
rity, and guards against aws.45,57

The performance of the PSf/PPs membrane and the PSf
membrane with inorganic ller in terms of gas separation was
compared in Table 2. The PSf/PPs membrane appears more
effective because it is straightforward and simple to utilize.
While it may not achieve its absolute peak performance levels, it
remains competitively effective. In contrast, incorporating
inorganic materials involves multi-stage processes including
synthesis (ZIF-8, ZTC), functionalization (zeolite RHO), and
carbonization (ZTC, CF, and CNTs). To reveal the potential
and standing of the PSf/PPs membrane, it's necessary to
conduct additional investigation. This can be accomplished
using Findex.
3.6 Findex

Different studies have used permeability and selectivity enhance-
ment diagrams to show how well mixed matrix membranes
(MMMs) separate things compared to an empty matrix, shown as
a ratio or percentage. This method offers a simple means to
modulate the polymer matrix effect, thereby demonstrating the
benecial impact of llers on separation quality. The separation
performances' absolute values are still uncertain.63 A new bench-
mark, known as the ller enhancement index (Findex), is suggested
to integrate the Robeson upper limit and permeability/selectivity
improvement diagrams. This criterion evaluates the impact of
llers on membrane separation performance, independent of the
properties of the host polymer. The method does not consider
factors such as polymer ller compatibility, adverse morphology in
the membrane, plasticization, or physical ageing.45 The equation
for the Findex can be expressed as:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of gas separation performance to the other work

Membrane

Parameter Permeability (barrer) Ideal selectivity

Ref.P (bar) T (°C) H2 CO2 CH4 CO2/CH4 H2/CH4

Neat PSf 1 25 15.81 4.75 1.85 2.57 8.54 This work
PSf/PPs 5.0 wt% 1 25 21.09 20.71 2.34 8.85 9.01 This work
PSf/PPs 10 wt% 1 25 29.74 11.35 1.24 9.11 23.85 This work
PSf 100/CF 1 20 2.0 × 107 5.9 × 106 9.4 × 106 0.63 2.13 Mohamed et al.58

PSf 200/CF 1 20 1.35 × 107 4.8 × 106 8.0 × 106 0.60 1.69
PSf/PEG–g CNTs 2.5 wt% 1.5 25 — 8.05 0.97 8.3 — Singh et al.59

PSf/PEG–g CNTs 7 wt% 1.5 25 — 6.5 0.73 8.9 —
PSf/zeolite RHO 1.0 wt% 4 25 — 3.23 0.13 25.37 — Anbealagan et al.60

PSf/zeolite RHO 5.0 wt% 4 25 — 5.07 0.27 18.56 —
PSf/ZIF-8 10 wt% 4 30 87.00 36.60 1.38 27.72 63.04 Mei et al.61

PSf/ZIF-8 15 wt% 4 30 45.32 19.88 1.12 17.75 40.46
PSf/ZTC 0.4 wt% 5 25 169.2 58.53 5.86 9.99 28.88 Wijiyanti et al.62

PSf/ZTC 0.4 wt% (coated) 5 25 116.49 51.51 1.66 30.98 70.07

Fig. 10 Findex for CO2/CH4.

Fig. 11 Findex for H2/CH4.
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F index ¼ ln
PM

PN

� h ln
aM

aN

(3)

where P represent the permeabilities and a represent the
selectivity, M is the membrane, and N is the neat polymer. h is
the coefficient of increase for CO2/CH4 in the present upper
limit of the Robeson curve, which is 2.636, while for H2/CH4 it is
1.107. According to Pazani et al., Findex can be used to evaluate
the effectiveness of gas separation in membranes that contain
© 2024 The Author(s). Published by the Royal Society of Chemistry
ller material. There are four ranges: 0–1.5, 1.5–4, 4–8, and
above 8. The following ranges denote various levels of quality:
moderate, competent, exceptional, and ideal, respectively.

Fig. 10 generally demonstrates that the Findex value of CO2/
CH4 for the PSf/PPs 5 wt% membrane can signicantly affect
the effectiveness of material separation compared to other
membranes. On the other hand, PSf/PPs coated with PDMS can
further improve separation ability. Meanwhile, Fig. 11 shows
the Findex H2/CH4 for the PSf/PPs 10 wt% membrane can only
reach the level of competence. As well as the PSf membranes
using the inorganic ller ZTC. Overall, membranes with PPs
organic llers can compete with membranes with other inor-
ganic llers and prove that the addition of PPs provides
compatibility for the separation of CO2/CH4 and H2/CH4.

4 Conclusions

In summary, this research investigated the utilization of PPs as an
additive in PSf membranes with the aim of enhancing the effec-
tiveness of CO2/CH4 and H2/CH4 separation processes. As the PPs
concentration increased, CO2 and H2 permeability increased. This
nding demonstrates that the presence of the sulde functional
group can enhance the permeability of CO2 gas by means of acid–
base interactions. In addition to this, it has the potential to
enhance the permeability of H2. Specically, the concentration of
5 wt% PPs led to a notable increase in CO2 permeability of
376.19%, while 10 wt% PPs elevated H2 permeability by 191.25%.
Furthermore, the CH4 gas's permeability remained stable. These
ndings have signicant effects on the enhancement of ideal
selectivity, enhancing CO2/CH4 to 9.11 andH2/CH4 to 23.85. Future
research could unlock the full potential of sulde-based organic
materials in gas separation applications, making them a potential
new ller material for membranes.
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