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A B S T R A C T

Natural gas streams frequently contain carbon dioxide (CO₂) and hydrogen sulfide (H₂S), which cause corrosion, 
safety hazards, and environmental concerns, necessitating efficient separation technologies. Membrane-based 
processes have gained increasing attention due to their energy efficiency and operational simplicity, with pol
ysulfone (PSF)-based membranes emerging as promising candidates because of their thermal stability, me
chanical strength, and tunable transport properties. Despite their extensive studies on CO₂/CH₄ separation, 
research addressing the separation of CO₂ and H₂S from CH₄ under sour gas conditions remains limited and 
fragmented. This review critically evaluates recent advances in PSF-based membrane technologies for CO₂ and 
H₂S separation from natural gas, with particular emphasis on fabrication routes such as solution casting and 
phase inversion, characterization techniques, and gas permeation analysis. To address this gap, a literature 
calibrated predictive analytical framework is proposed that systematically links experimentally verifiable in
dicators like morphology, polymer-filler interfacial integrity, chemical interactions, chain mobility, thermal 
stability, and plasticization resistance to membrane design robustness. Recent findings demonstrate that hybrid 
architectures, particularly PSF-based mixed matrix membranes (MMM), incorporating functionalized fillers such 
as zeolitic imidazolate frameworks (ZIFs), graphene oxide, metal organic frameworks (MOFs), and ionic liquids, 
significantly enhance permeability, selectivity, and long term stability. The integration of molecular simulations 
and machine learning is highlighted as a promising pathway towards predictive membrane design and accel
erated material screening for sour gas separation.

1. Introduction

Natural gas has been a popular energy source for decades, and its 
global demand as a fuel is steadily increasing [1,2] where methane 
(CH4) is found in a significant ratio in natural gas [3,4]. The composition 
of natural gas varies significantly depending on its source, as illustrated 

in Fig. 1, which presents both the classification of natural gas resources 
and the typical composition of raw gas prior to processing [5–8]. 
Globally, many reserves consist of sour gas, containing substantial 
amounts of acid gases such as carbon dioxide (CO₂) (up to 90%) and 
hydrogen sulfide (H₂S) (up to 15%) [4,9,10]. These components not only 
reduce the calorific value of natural gas but also pose serious operational 
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challenges. In the presence of moisture, CO₂ and H₂S form corrosive 
acidic species that can damage pipelines and processing equipment [11, 
12], thereby complicating purification and downstream operations [13]. 
Moreover, CO₂ emissions contribute significantly to greenhouse gas 
accumulation and climate change, further emphasizing the need for 
efficient CO₂ removal technologies [14].

Moreover, various industrial processes need to purify natural gas by 
extracting H2S contaminants from methane as it is crucial for safety and 
product quality [15,16]. According to the National Institute for Occu
pational Safety and Health (NIOSH), exposure to H₂S concentrations as 
low as 100 ppm is classified as an immediate danger to life and health 
(IDLH) [17] and at these levels, H₂S can cause rapid respiratory distress, 
unconsciousness, or even death with only a brief exposure. Further de
tails underlying hazardous effects of H2S at varying exposure concen
tration is summarized in Table S1 in supplementary document. Such 
concentrations require immediate protective measures to prevent severe 
health hazards in industrial environments [18]. Industries such as oil & 
gas, power, and construction increasingly prioritize safety across pro
cesses, equipment, workforce, and the environment, encouragement the 
development of management systems to ensure compliance with regu
lations [19–22].

Considering the processing and health and safety risks, the gas must 
be processed to remove these pollutants before it can be made 
commercially viable. Simultaneously, due to the rising costs and 
growing demand for natural gas, numerous governments have shifted 
their attention to exploiting low quality gas sources with higher content 
of acid gases. This trend is fueled by a need to diversify energy sources 
and meet growing energy demand, especially in the face of a potential 
supply shortfall projected by 2030 [2,23,24].

To tackle the above mentioned issues, gas separation technologies 
including adsorption, absorption, cryogenic separation, and membrane 
technology play an important part in addressing both environmental 
concerns and fulfilling crucial requirements for industrial applications in 
an energy-efficient and environmental friendly manner [25,26]. Among 
these, membrane technology stands out as a promising approach 
[27–31] because of its energy efficiency [32], reduced operational cost 
[33], supportive in reducing environmental impacts [34,35], simplicity, 
and modularity [36], compactness, ease in operations, and capabilities 
to control the thermodynamics [37]. Further, the comparative analysis 
of gas separation technologies is tabulated in Table S3 in supplementary 
document.

Beyond pipeline corrosion, H₂S presents an additional challenge to 
membrane-based separation systems due to its potential chemical 
interaction with polymeric materials. When dissolved in condensed 

water, H₂S forms weak acidic species and under oxidative conditions, it 
can generate sulfur-containing compounds that may induce polymer 
chain scission, oxidative degradation, or plasticization. In membranes 
based on materials such as polysulfone (PSF), these interactions can alter 
the microstructure, free volume distribution, and mechanical stability, 
ultimately affecting gas permeability and selectivity. Therefore, under
standing both the compositional variability of natural gas and the 
chemical stability of membrane materials is essential for the effective 
design of systems capable of CO₂ and H₂S removal from methane in 
natural gas sweetening applications.

The use of membranes for gas separation began in the late 1970s [38, 
39]. Over the past few decades, significant advancements have been 
made in gas separation technologies through the development of various 
membrane types, including polymeric membranes [40,41], MMMs [42], 
carbon molecular sieve (CMS) membranes [43], and inorganic mem
branes [44]. These membranes are generally categorized into three main 
groups: polymeric, inorganic, and MMMs [45], as illustrated in Fig. 2.

The gas separation performance of a membrane is typically evaluated 
by two key parameters: permeability and selectivity. Permeability is also 
known as the permeation coefficient [46] and refers to the rate at which 
a gas permeates through the membrane and is usually expressed in 
Barrer, while selectivity is the membrane's ability to discriminate be
tween two gases. A higher permeability allows for faster processing, 
while higher selectivity ensures better separation efficiency. CO₂/CH₄ 

Fig. 1. (a) Resources of natural gas, (b) Composition of natural gas (mole %).

Fig. 2. Schematic overview of membrane classification based on structural 
characteristics and material composition.
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separation is extensively studied due to its importance in natural gas 
purification and carbon capture [47], while H₂S is highly toxic and 
corrosive, making its handling and separation more challenging 
compared to CO₂. This has led to fewer studies focusing on H₂S/CH₄ 
separation [48]. However, recent investigations have begun to address 
this gap by exploring H₂S-selective membranes and evaluating their 
performance under realistic sour gas conditions, including mixed-gas 
and high-pressure environments [40,49–51]. Recent studies highlight 
advances in materials that offer improved gas permeability and selec
tivity, particularly for CO₂/CH₄ and H2S/CH4 separation [52,53]. More 
recently, research has focused on the development of advanced MMMs 
incorporating novel fillers such as MOFs, graphene-based materials, 
ionic liquids, and covalent organic frameworks to overcome the 
permeability-selectivity trade-off [54–57]. In addition, emerging studies 
have explored the integration of machine learning and molecular 
simulation techniques to accelerate membrane design and predict gas 
transport behavior with improved accuracy [58,59]. These de
velopments highlight a shift toward data-driven and hybrid material 
design strategies for next-generation gas separation membranes. The 
trade-off between permeability and selectivity is commonly represented 
by the Robeson upper bound relationship, which sets the benchmark for 
gas separation performance [60]. Fig. 3 is the schematic diagram 
showing the gas separation process of membrane.

In membrane technology, various polymers such as PSF, poly
ethersulfone (PES), polyvinylidene fluoride (PVDF), and cellulose ace
tate (CA) etc. have been used for gas separation. While polymers such as 
PSF are widely used for their mechanical strength and stability, a 
promising solution to overcome inherent limitations in polymer-only 
membranes is the development of MMMs, which integrate inorganic 
fillers into polymer matrices. Its relatively low cost and high reproduc
ibility further contribute to its widespread use in industrial membrane 
production. Table S3 in supplementary document presents a comparison 
of the key properties of commonly used polymers, highlighting the su
perior characteristics of PSF for membrane fabrication. Table 3 shows a 
progression from high strength, thermally stable glassy polymers with 
moderate permeability (e.g., PSF, PES, PEI) to more permeable but less 
durable materials such as Poly(ether-block-amide) (PEBAX) and Poly(1- 
trimethylsilyl-1-propyne) (PTMSP), reflecting the ongoing challenge of 
balancing permeability-selectivity trade-offs with mechanical and aging 
performance. PSF stands out as a superior choice because it simulta
neously offers excellent processability, high aging and swelling resis
tance, and strong thermal and mechanical stability, providing a more 
balanced and industrially reliable performance compared to polymers 
that sacrifice durability for permeability. Furthermore, recent studies 
emphasize the importance of long term stability, anti-plasticization 
behavior, and resistance to aggressive contaminants in membrane ma
terials, particularly for industrial sour gas applications [61–64]. These 
factors are increasingly recognized as critical performance indicators 
beyond conventional permeability and selectivity metrics. While 
numerous experimental and modeling studies have reported perfor
mance enhancements in PSF-based membranes for CO₂/CH₄ separation, 

most investigations remain focused on isolated material modifications 
or single-gas performance metrics. Furthermore, existing reviews largely 
discuss polymeric membranes or MMMs independently, without sys
tematically addressing CO₂ and H₂S separation under sour gas condi
tions, where plasticization, interfacial instability, and long term 
durability become critical challenges.

In contrast, the present review introduces a literature calibrated 
predictive analytical framework that bridges experimental character
ization outcomes (morphology, interfacial compatibility, chemical in
teractions, thermal stability, and plasticization resistance) with 
membrane design robustness. Rather than merely summarizing 
permeability-selectivity trends, this work provides a multidimensional 
evaluation strategy that links analytically measurable parameters to 
sour gas stability. This integrative approach distinguishes the current 
review from prior modeling and experimental reports by transforming 
fragmented performance data into a structured, design-oriented evalu
ation methodology for next-generation PSF-based membranes.

2. PSF properties, performance and applications

PSF is a high-performance thermoplastic polymer composed of para- 
linked aromatic rings interconnected by sulfone (–SO₂–) and ether (–O–) 
linkages, with partial incorporation of alkyl groups within its backbone 
structure [65]. PSFs are rigid, high strength, and transparent thermo
plastics, exhibiting high resistance to chemicals, exceptional mechanical 
properties and dimensional stability across a wide temperature range 
[66]. These materials maintain their structural integrity between 
− 100 ◦C and 150 ◦C, demonstrating high strength and stiffness even 
under extreme conditions [67]. An overview of significant industrial 
polysulfone variants and their chemical abstract service (CAS) numbers 
are provided in Table 1.

PSF and chemically modified derivatives exhibit significant success 
in membrane applications, spanning diverse fields such as fuel cells, 
wastewater treatment, gas separation, clinical dialysis, wastewater 
separation, and support for composite membranes [69–71] as shown in 
Fig. 4.

Further, Table 2 demonstrates the evolution of PSF from a funda
mental membrane forming polymer toward a high-performance, 
multifunctional material optimized through structural modification 
and composite reinforcement. Over time, improvements such as 
enhanced anti-fouling behavior, increased permeation flux, and stronger 
gas separation capability have significantly enhanced the performance 
of PSF membranes. These advancements have expanded their applica
tions from basic water treatment to advanced biomedical, nano
filtration, and gas separation systems, demonstrating their adaptability 
and technological progression.

3. Synthesis and characterization of PSF-based membrane

Characterization of PSF membranes highlights the strong link be
tween synthesis methodology and resulting performance in gas separa
tion applications. Variations in fabrication approaches directly affect gas 
permeability and selectivity [73], while material synergy plays a vital 
role, particularly when PSF interacts with fillers or undergoes func
tionalization during synthesis [87]. Structural parameters such as pore 
formation [88] and surface hydrophilicity/hydrophobicity [89] further 
determine gas diffusion pathways and interaction with target gases, 
influencing overall separation efficiency. Optimization of synthesis 
conditions, including temperature, pressure, and processing time is 
equally important to ensure consistent and reproducible performance 
[90]. Moreover, the morphology of the active layer, which governs 
transport behavior and mechanical integrity, remains a critical factor in 
enhancing permeability without sacrificing selectivity [91]. Together, 
these insights demonstrate that tailoring synthesis strategies and 
correlating them with characterization outcomes provides a robust 
foundation for PSF membrane development. This approach enables Fig. 3. Schematic illustration of membrane-based gas separation process.
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improved separation efficiency and operational stability in natural gas 
purification.

3.1. Synthesis methodology

The fabrication of gas separation membranes based on PSF encom
passes various methodologies:

3.1.1. Solution casting method
PSF is first dissolved in high-polarity solvents such as N,N- 

Dimethylformamide (DMF) or N,N-Dimethylacetamide (DMAC) 
because these solvents effectively disrupt the rigid aromatic backbone 
and sulfone linkages of PSF, ensuring complete solubilization. This step 
is crucial for achieving defect-free PSF membranes with consistent 
morphology and gas separation performance [92]. The polymer disso
lution step is typically assisted by sonication or vigorous stirring to 

ensure complete solubilization and uniform dispersion of any added 
fillers, followed by degassing to remove entrapped air and avoid mem
brane defects. For PSF-based MMM, achieving homogeneous filler dis
tribution is essential, as the chemical structure of PSF promotes good 
compatibility with functionalized fillers, minimizing interfacial voids 
and enhancing gas separation performance. The resulting solution is 
then cast onto a flat substrate with controlled thickness and subjected to 
phase inversion, during which the polymer transitions into a solid 
membrane matrix. Owing to PSF’s high glass transition temperature and 
rigid aromatic backbone, the membrane retains structural integrity 
during this process. The resulting membrane is typically peeled off and 
further dried or post-treated as needed, yielding stable morphologies 
with reliable selectivity and permeability for gas separation applications 
[93,94]. Fig. 5 illustrates the schematic flow of the solution casting 
method as applied to membrane fabrication.

Almuhtaseb et al. (2021) prepared two PSF-based membranes via 

Table 1 
Chemical structures and CAS numbers of PSF, PES, PPSF [68].

Polymer Abbreviation Repeating unit structure CAS No.

Polysulfone PSF 25135–51–7

Polyether sulfone PES 25608–63–3

Polyphenylsulfone PPSF 25608–64–4

Fig. 4. Key industrial applications of membrane technology across various sectors.
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solution casting to evaluate chloroform (CF) and tetrahydrofuran (THF) 
as solvents for CO₂/CH₄ gas separation. Both solvents effectively dis
solved PSF, producing homogeneous solutions at a concentration of 
0.3 g/ML. The solutions were cast onto glass plates, dried for 24 h, and 
the resulting membrane thicknesses were measured. Fig. 6 illustrates the 
formation of the PSF membrane structure before and after solvent 
evaporation. [86].

3.1.2. Phase inversion
Phase inversion, first introduced in the 1960s by Loeb and 

Sourirajan, led to the development of anisotropic CA membranes for 
reverse osmosis [95]. This milestone laid the foundation for modern 
desalination and membrane separation technologies. Although initially 
developed using CA, PSF later became widely used for asymmetric 
membrane fabrication due to its excellent thermal stability, mechanical 
strength, and chemical resistance.

Among phase inversion techniques, immersion precipitation, 
commonly known as non-solvent induced phase separation (NIPS), is the 
most widely employed method for the industrial fabrication of asym
metric polymer membranes. In this approach, a polymer dope solution is 
cast onto a suitable support and immersed in a non-solvent coagulation 
bath, where rapid solvent–non-solvent exchange triggers thermody
namic instability, leading to phase separation and polymer solidifica
tion. PSF is particularly well suited for NIPS processing due to its 
favorable rheological properties and broad compatibility with common 
coagulation media, including water and alcohols. The rapid demixing 
process produces the hallmark asymmetric membrane structure, char
acterized by a dense selective skin layer over a porous support sublayer. 
Membrane morphology and separation performance are governed by the 
interplay of dope formulation parameters (polymer concentration, sol
vent system, and additives), coagulation bath conditions, and processing 
variables such as evaporation time and immersion kinetics [96–98]. The 
general phase inversion synthesis scheme for PSF membranes is illus
trated in Fig. 7. To elucidate the mechanisms governing membrane 
formation, numerous mass transfer models have been proposed to 
describe solvent–non-solvent exchange during phase inversion [99]. 
Seminal contributions by Cohen et al. [100], the McHugh group [101], 
and Reuvers et al. [102] provided fundamental insights into the kinetics 
and thermodynamics of asymmetric membrane formation. These models 
have been further adapted to PSF systems to better predict skin layer 
development and pore evolution based on PSF’s molecular characteris
tics. Alternative theoretical approaches have also been introduced, 
including the spinodal decomposition model proposed by Kim et al. 
[103], MC diffusion simulations by Termonia [104], and dynamic 
modeling studies by Wang et al. [105] examining the influence of 
polymer chain length and solvent molecular size. Despite these ad
vances, the precise mechanism responsible for selective skin layer for
mation remains incompletely understood, as highlighted by Peng. 
Beyond NIPS, other phase inversion techniques have been explored to 
tailor PSF membrane morphology. Thermal-induced phase separation 
(TIPS) relies on cooling the polymer solution to reduce solubility and 
induce solidification, and has demonstrated promising gas separation 
performance [88,106,107]. In contrast, NIPS is achieved by immersing 
the polymer solution into a non-solvent coagulant bath typically water 
or alcohol which rapidly extracts the solvent and triggers phase sepa
ration [108]. Evaporation-induced phase separation (EIPS) promotes 
gradual solvent loss from the cast film, increasing polymer concentra
tion until phase separation occurs [109]. In contrast, vapor-induced 
phase separation (VIPS) involves exposing the polymer solution to a 
vapor phase, such as water vapor, leading to controlled gelation and 
phase transformation [110]. Collectively, these techniques provide 
versatile routes for tuning membrane structure and separation 
properties.

Recent studies further underscore the adaptability of PSF membranes 
fabricated via phase inversion. Yousef et al. (2023) demonstrated that 
PSF membranes prepared by NIPS using PVP and NMP exhibited distinct 
sponge-like or finger-like morphologies depending on casting thickness, 
alongside enhanced mechanical and thermal stability [111]. Similarly, 
modifications in casting solution composition have been shown to 
significantly influence the performance of gas separation membranes 
produced by wet phase inversion [112]. Overall, phase inversion re
mains the cornerstone of PSF membrane fabrication, offering robust 
control over membrane morphology and performance for a wide range 
of separation applications.

Table 2 
Properties, Performance and applications of PSF.

Properties / Performance Applications References

Membrane Forming Ability 
PSF is frequently used to make 
membranes because of its excellent 
membrane forming capacity.

Used in filtration 
processes

[72,73]

Mechanical Properties 
The mechanical attributes, such as 
strength and tensile modulus, play a 
crucial role in determining the 
effectiveness of PSF. PSF exhibits 
favorable mechanical properties, 
rendering it well suited for applications 
in water treatment.

Water treatment 
application

[73–75]

Anti-Compaction Properties 
PSF exhibits anti-compaction 
characteristics that improve membrane 
application performance and 
durability.

Membrane 
manufacturing/ 
application

[72]

High Permeation Flux/ Ultrafiltration 
Utilizing PSF in the fabrication of 
ultrafiltration membranes through 
methods like phase inversion enhances 
its effectiveness in filtration processes.

Sewage purification 
and desalination

[76,77]

Nanofiltration 
The physicochemical attributes of PSF 
support influence the performance of 
thin-film composite nanofiltration 
membranes, showcasing its versatility 
across various filtration techniques.

Nanofiltration 
Membranes

[78]

Biocompatibility 
The hydrolytic, thermal, and oxidative 
stability of PSF makes it unique. These 
characteristics make it a good option for 
implants and medical devices.

Biomedical 
applications

[79,80]

Composite Reinforcement 
PSF can be better by adding different 
materials to it to make changes to the 
surface and structure of PSF, like using 
carbon-fabric composites.

Composite processing [81]

Surface Charge/ Hydrophilicity and 
Anti-fouling Properties 
Materials such as polyaniline may also 
be included to boost performance. The 
incorporation of these components 
results in enhanced hydrophilicity and 
anti-fouling characteristics.

Protein separation/ 
Liquid separation

[82,83]

Gas Separation Properties/ Structural 
Robustness 
The literature extensively examines 
how well PSF separates CO2 from CH4 

due to its good mechanical strength, 
thermal stability, and chemical 
resistance. To achieve efficient gas 
separation, it's crucial to understand 
how different polymeric materials 
affect the membrane's performance.

Gas separation 
processes

[84–86]

Chemical Modification/ Influences 
Physicochemical Properties 
Cleaning changes how polymers are 
made and affects how well membranes 
work. Modifying the chemicals allows 
customization of the characteristics of 
the materials for specific uses.

Membrane 
manufacturing/ 
application

[83]
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3.1.3. Interfacial polymerization
Interfacial polymerization (IP), also referred to as polycondensation, 

is a membrane fabrication technique in which polymer formation occurs 
at the interface between two immiscible liquid phases, typically an 
aqueous and an organic phase. In this process, reactive monomers are 
dissolved separately in each phase and undergo rapid polymerization 
upon contact, usually on the surface of a porous support membrane. PSF 
is one of the most widely used support materials for IP due to its 
excellent mechanical strength, thermal stability, and compatibility with 
both aqueous and organic solvents. A defining feature of IP is its self- 
limiting reaction mechanism, whereby the growing polymer layer re
stricts further monomer diffusion, resulting in the formation of an ul
trathin and uniform selective film, often on the order of ~50 nm 
[113–116]. Thin-film composite (TFC) membranes fabricated on PSF 
supports are commonly produced via IP between complementary 
monomers. As illustrated in Fig. 8, the process typically involves 
impregnating a porous PSF support with an aqueous amine solution, 
followed by contact with an organic solution containing an acid chloride 
monomer, leading to the formation of a polyamide (PA) selective layer 
at the interface. The physicochemical properties of the PSF support, 
including porosity, surface hydrophilicity, and roughness, critically in
fluence the morphology, continuity, and adhesion of the PA layer. 
Post-treatment steps, such as thermal curing, are often employed to 
enhance layer stability and interfacial adhesion. Owing to its ability to 
independently optimize the ultrathin selective layer and the porous 
support, IP has enabled the commercial realization of a wide range of 
high-performance membranes for industrial separation applications 
[117]. Plasma polymerization represents an additional complementary 
approach and is discussed separately in the context of surface 
modification.

3.1.4. Laser ablation
Laser ablation has emerged as a promising and versatile technique 

for membrane fabrication and surface engineering, offering precise 
control over surface modification and material integration. In this 
approach, a high-energy laser beam is directed onto a solid target, often 
immersed in a liquid medium, a process known as laser ablation in liquid 
(LAL) resulting in the ejection of material in the form of nanoparticles or 
thin films. PSF has attracted increasing attention as a suitable substrate 
for laser ablation-based membrane engineering due to its thermal sta
bility, chemical resistance, and compatibility with advanced surface 
functionalization strategies. Laser-generated nanomaterials produced 
via this method have been shown to enhance critical membrane prop
erties, including permeability, selectivity, and mechanical robustness, 
thereby improving overall separation performance [118–120]. Recent 
studies further demonstrate the potential of laser ablation for functional 
membrane design. Mintcheva et al. (2023) reported the synthesis of 
hybrid TiO₂-ZnO nanomaterials using PLAL, in which sequential laser 
ablation of metal targets in a liquid environment enabled the controlled 
formation of layered oxide nanostructures with enhanced functional 
properties, as schematically illustrated in Fig. 9 [121]. Although pri
marily investigated for gas sensing, this approach highlights the capa
bility of PLAL to generate tailored nanomaterials suitable for membrane 
modification.

In the context of gas separation, Mishra et al. (2021) demonstrated a 
rapid and scalable strategy for integrating laser-induced graphene (LIG) 
onto PSF membranes using CO₂ laser irradiation as presented in Fig. 10. 
The resulting LIG/PSF membranes exhibited markedly improved 
hydrogen selectivity compared to pristine PSF membranes, underscoring 
the effectiveness of laser ablation in tailoring PSF surface chemistry and 
transport characteristics [122]. Laser ablation offers a clean and effi
cient route for developing next-generation PSF-based membranes due to 

Fig. 5. Schematic overview of the solution casting method employed for PSF membrane synthesis.

Fig. 6. The formation of PSF membranes via solution casting using (a) THF and (b) CF solvents.
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its solvent-free nature, minimal chemical requirements, and precise 
spatial control. This approach is particularly suitable for advanced gas 
separation and surface functionalization applications.

Although current LIG/PSF studies primarily report improvements in 
hydrogen selectivity, the structural characteristics introduced by laser 
ablation may also offer advantages for sour gas applications. The in-situ 
formation of graphene nanostructures creates a defect-minimized, 
chemically stable carbon layer that is covalently integrated with the 
PSF substrate, thereby reducing interfacial voids commonly observed in 
solution-blended MMMs. Since H₂S-induced degradation often initiates 
at weak polymer-filler interfaces, the absence of physically dispersed 

filler phases may improve resistance to corrosion and plasticization 
under CO₂/H₂S environments. Compared to conventional solution 
blending, laser ablation represents a surface engineering strategy that 
enhances structural integrity without introducing agglomeration risks, 
potentially offering improved stability in dual acid gas separation sys
tems. However, further dedicated studies under mixed CO₂/H₂S condi
tions are required to fully validate this potential.

3.1.5. Surface modification techniques
PSF membranes are highly amenable to surface modification due to 

their stable backbone, tunable porosity, and compatibility with diverse 
chemical and physical treatments, making surface engineering critical 

Fig. 7. Schematic of the phase inversion process for the fabrication of 
PSF membranes.

Fig. 8. Schematic illustration of the conventional IP process used for the fabrication of TFC membranes.

Fig. 9. Illustration of the synthesis pathway for ZnO/TiO₂ and TiO₂/ZnO hybrid 
nanomaterials via PLAL [121] (Reprinted from N. Mintcheva et al., 2023, 
MDPI, under CC BY 4.0).

Fig. 10. (a) Schematic of CO2 laser set up used to make LIG on PSF film, (b) 
Schematic of cross-section of LIG/PSF membrane, (c) Gass separation process.
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for enhancing gas separation and water purification performance. 
Techniques such as layer-by-layer (LbL) assembly, chemical function
alization, and plasma treatment allow precise control over surface 
chemistry and transport properties. LbL assembly enables the controlled 
deposition of oppositely charged functional layers, fine-tuning surface 
charge, hydrophilicity, fouling resistance, and gas selectivity without 
affecting the bulk membrane [123,124]. Complementary chemical and 
plasma treatments, particularly plasma modification, introduce 
oxygen-containing polar groups that increase surface energy and 
convert the hydrophobic PSF surface to hydrophilic [124]. This modi
fication improves compatibility with polar gases and enhances 
anti-fouling performance in aqueous environments. The effectiveness of 
these surface engineering strategies has been widely validated. 
Surface-modified PSF hollow fiber membranes have demonstrated sig
nificant improvements in CO₂/CH₄ and O₂/N₂ separation, reflecting 
concurrent gains in permeability and selectivity [125]. Kadirkhan et al. 
(2021) reported PSF hollow fiber membranes for natural gas sweetening 
that exhibited stable CO₂ permeation under elevated temperatures and 
pressures, with negligible plasticization even at CO₂ concentrations up 
to 70%, highlighting their suitability for industrial deployment [61]. 
Furthermore, multilayer-coated PSF membranes were shown to 
outperform single-layer systems, including those coated with poly
dimethylsiloxane (PDMS) and polyether-block-amide (PEBAX), in terms 
of separation efficiency [156]. Additional performance enhancements 
have been achieved through nanofiller incorporation within the PSF 
matrix. The integration of amine-modified SiO₂/ZIF-8 (A@S/ZIF-8) 
nanofillers strengthened polymer-filler interfacial interactions, yielding 
hollow fiber MMM with a CO₂ permeability of 4.25 Barrer and markedly 
improved CO₂/N₂ and CO₂/CH₄ selectivities. These improvements, 
attributed to the strong affinity of amine functionalities toward CO₂, 
positioned the modified PSF membranes near the Robeson upper bound, 
underscoring the effectiveness of combined surface modification and 
nanofiller integration in advancing PSF-based membrane technologies 
[126]. Fig. 11 illustrates the multilayer coating method on flat sheet and 
hollow fiber membranes.

3.1.6. Comparative analysis of fabrication techniques
To evaluate the trade-offs between fabrication complexity and 

membrane performance, a comparative framework is presented in 
Fig. 12. This scatter plot maps eight fabrication methods across two axes: 
complexity of fabrication techniques (x-axis) and membrane perfor
mance (y-axis). The x-axis ranges from very low to very high complexity, 
reflecting the degree of process control, equipment sophistication, and 
operational demands. The y-axis spans from very low to very high- 
performance, based on metrics such as selectivity, permeability, and 
structural precision. Each method is represented by a circular marker, 
where green indicates conventional, low-complexity techniques and red 
denotes advanced, high-performance approaches. Solution casting and 
phase inversion appear in the lower-left quadrant, offering ease of 
implementation but limited selectivity and structural control [127,128]. 
IP occupies the upper-middle region, reflecting its moderate-to-high 
complexity and strong performance in TFC membranes [129]. Surface 

modification techniques, including plasma treatment and grafting, are 
positioned in the high complexity zone but yield only moderate per
formance gains, highlighting that increased fabrication effort does not 
always result in proportionally higher functionality [130]. Laser abla
tion is located at the top-right corner, representing the frontier of 
membrane engineering with high complexity and high-performance 
[131]. This visualization underscores the versatility of PSF across the 
fabrication spectrum. PSF membranes are commonly produced via 
phase inversion and IP, and are increasingly modified through plasma 
treatment, nanofiller integration, and laser patterning. Their adapt
ability makes PSF a central material in both scalable industrial processes 
and emerging high-performance applications. This observation is 
consistent with prior studies where membrane synthesis techniques, 
particularly phase inversion and solution casting, significantly influence 
membrane morphology and separation performance. For example, 
PSF-based MMMs fabricated via phase inversion have shown improved 
dispersion of fillers and enhanced gas separation properties, provided 
that interfacial compatibility is well controlled [132]. To complement 
this framework, Table S4 in the supplementary document provides a 
comparative overview of fabrication techniques based on complexity, 
cost, membrane format, application suitability, environmental impact, 
and scalability.

3.2. Characterization techniques

Characterization of PSF membranes is essential for evaluating their 
structural, thermal, mechanical, and gas separation properties. Tech
niques such as scanning electron microscopy (SEM) and Fourier trans
form infrared spectroscopy (FTIR) provide critical information on 
morphology, interfacial defects, and polymer-filler interactions. In 
addition, thermogravimetric analysis (TGA) and differential scanning 

Fig. 11. The schematic diagram of the multilayer coating method on (a) flat sheet and (b) hollow fiber membrane.

Fig. 12. Visualization of the trade-off between membrane fabrication 
complexity and separation performance.
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calorimetry (DSC) offer insights into thermal stability and polymer 
network behavior through systematic application. Systematic applica
tion of these methods enables a comprehensive understanding of 
membrane performance, including permeability, selectivity, mechanical 
robustness, and operational stability.

3.2.1. SEM and field emission SEM (FESEM)
SEM and FESEM are indispensable techniques for analyzing the 

morphology of PSF and PSF-based MMMs [93,133]. These imaging tools 
provide crucial information on surface roughness, pore structure, 
cross-sectional architecture, and the distribution of fillers within the 
polymer matrix [134,135]. Such insights are vital because gas transport 
performance in MMMs is closely tied to microstructural features such as 
pore size, the continuity of selective layers, and the presence or absence 
of interfacial voids. In a recent study, Fadaly et al. investigated 
PSF/LaFeO₃ MMMs and used SEM to visualize the effect of filler loading 
on membrane morphology. At 1 wt% LaFeO₃, the SEM cross-sections 
revealed a homogeneous distribution of filler particles within the PSF 
matrix, with no apparent interfacial voids (Fig. 13a) [136]. This uniform 
dispersion was directly linked to an increase in CO₂/CH₄ selectivity. 
However, as the filler content increased beyond the optimal loading, 
SEM images clearly showed particle agglomeration and the develop
ment of voids at the polymer-filler interface (Fig. 13b). These structural 
defects compromised the selective pathways for gas transport, causing a 
decline in selectivity even though permeability continued to increase. To 
highlight this trend, cross-sectional SEM images of PSF/LaFeO₃ mem
branes at low and high loadings should be incorporated here, illustrating 
the transition from well-dispersed to agglomerated morphologies. A 
similar observation was reported for PSF/activated carbon nano-fiber 
(ACNF) MMMs, where SEM cross-sections revealed that increasing the 
ACNF content transformed the internal morphology of the membrane 
[137]. At lower ACNF loadings (Figs. 13c, 13d & 13e), membranes 
exhibited predominantly sponge-like structure, whereas higher filler 
concentrations promoted the formation of finger-like pores (Fig. 13 f & 
13 g). This morphological evolution was shown to influence both 
permeability and selectivity, with finger-like structures favoring higher 
flux at the expense of separation efficiency [137]. The inclusion of SEM 
images comparing sponge-like and finger-like pore structures provides 
an effective visual demonstration of how synthesis conditions and filler 
content can drive morphological transitions.

Further evidence of the critical role of SEM in evaluating filler 
dispersion was provided by a study on PSF/KIT-6 MMMs. FESEM cross- 
sections of these membranes demonstrated that up to 2 wt% filler 
loading, KIT-6 particles were evenly distributed within the polymer 
matrix without voids (Figs. 18h, 18i & 18j) [138]. However, at loadings 
above 4 wt%, pronounced particle agglomeration and the emergence of 
interfacial gaps were observed (Fig. 18k & 18 l). These defects created 
non-selective pathways for gas molecules, ultimately diminishing the 
CO₂/CH₄ separation performance. Including FESEM images from this 
study comparing the void-free morphology at 2 wt% with the defective 
structure at higher loadings would effectively illustrate the optimal filler 
threshold concept.

Taken together, SEM and FESEM studies consistently demonstrate 
that while low to moderate filler loadings enhance dispersion and 
strengthen interfacial compatibility, excessive filler incorporation leads 
to agglomeration, interfacial voids, and reduced selectivity. Beyond 
filler concentration, synthesis method also plays an important role in 
determining morphology. Membranes fabricated via solution casting 
typically display smoother surfaces and better filler dispersion at low 
concentrations, whereas dry-wet phase inversion methods often produce 
finger-like porous substructures that favor permeability but can reduce 
selectivity unless carefully controlled. Surface modification of fillers, 
such as amine functionalization, has been shown to mitigate void for
mation and improve compatibility, and these improvements are directly 
visible in SEM micrographs.

3.2.2. Transmission Electron Microscopy (TEM)
TEM provides a direct, real-space view of nano- to sub-micron fea

tures that control transport in PSF-based MMMs, including the di
mensions of 2D fillers, crystallite size of MOFs and zeolites, and 
polymer-filler interfacial gaps at the tens of nanometers scale. Addi
tionally, when ultramicrotomed cross-sections are prepared, it reveals 
the continuity of dispersed domains through the membrane thickness. In 
practice, two complementary TEM modes show the most value for PSF 
systems: (i) conventional bright-field TEM of the filler (and, when 
possible, of membrane cross-sections) to quantify particle morphology 
and agglomeration; and (ii) high-resolution TEM (HRTEM) or STEM- 
EDX to verify crystallinity and local composition at the interface.

For 2D carbonaceous fillers, Zahri et al. [139] fabricated GO/PSF 
hollow fiber MMMs by dry-jet wet spinning and used TEM alongside 
Atomic Force Microscopy (AFM) (see Fig. 14 d & 14e) to verify that GO 
is present as few-layer nanosheets with lateral sizes of hundreds of 
nanometers, rather than restacked platelets. This confirmation was 
decisive, as TEM revealed thin, well-exfoliated GO that correlated with 
improved gas transport, including higher CO₂ permeance without sig
nificant loss of selectivity. Together with cross-sectional SEM, these 
findings suggest that nanosheet aspect ratio, captured by TEM/AFM, is a 
key structural factor in the phase inversion route.

For MOF-filled PSF membranes, Nordin et al. [140] combined solu
tion casting with ZIF-8 loadings and reported TEM micrographs of the 
ZIF-8 nanocrystals used to formulate the MMM dope (see Fig. 14a). 
Although these images are of the filler rather than the membrane 
cross-section, they quantify a narrow primary particle size distribution 
(tens of nanometers) and well-faceted morphology. Those attributes, 
verified by TEM, were consistent with dense packing and minimized 
polymer-filler gaps seen later in SEM and with the selective CO₂/CH₄ 
performance trend they reported. The methodological point is impor
tant: when the synthesis method targets small, uniformly faceted MOF 
seeds (e.g., by modulator-assisted crystallization), TEM of the filler 
before dope preparation is often the most predictive indicator that a 
solution-cast PSF-MMM will avoid non-selective interfacial voids [140].

Where TEM genuinely changes the interpretation relative to SEM is 
in diagnosing interfacial quality after more aggressive processing. In the 
study conducted by Zahri et al. [139] hollow fiber spinning, for example, 
risks shear-induced stacking of GO or formation of nanovoids that are 
invisible in SEM at moderate magnification. TEM groundwork showing 
few-layer GO (not thick tactoids) supports their claim that spinning did 
not catastrophically restack the nanosheets, had TEM instead revealed 
multilayer stacks, the same permeance gains could have been attributed 
to microdefects rather than 2D-filler tortuosity. Likewise, when casting 
PSF/ZIF-8 with rapid solvent exchange, TEM-sized MOF seeds improve 
the odds of conformal wetting; if TEM had revealed polydisperse, 
micron-scale ZIF-8, the solution-cast route would be prone to the classic 
“rind” and gap formation often misread in SEM [141].

Two cautions reappear across PSF systems. First, TEM contrast be
tween an amorphous PSF matrix and low-Z fillers can be poor; mean
ingful interfacial imaging typically requires ultramicrotomy (room 
temperature or cryo) and, ideally, STEM-EDX line scans to detect filler- 
derived elements along the polymer-filler boundary [141] (See Fig. 14b 
& 14c). Second, filler-only TEM (e.g., ZIF-8 powders, GO sheets) is 
necessary but not sufficient: it reduces uncertainty about the starting 
morphology but cannot, by itself, rule out processing-induced aggrega
tion inside the membrane. The strongest studies therefore pair TEM with 
FESEM/SEM on fractured cross-sections and with gas permeation to 
triangulate structure property links [142]. Reviews and methods papers 
on polymeric membrane microscopy echo these points and recommend 
ultramicrotomy plus low-dose imaging to avoid beam damage to PSF 
[142].

From a synthesis perspective, solution-cast PSF MMMs benefit from 
TEM when filler synthesis produces small, uniform particles (e.g., ZIF-8, 
UiO-type) or thin sheets (e.g., GO). TEM-confirmed narrow size or 
thickness distribution correlates with fewer interfacial voids and a 
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Fig. 13. SEM images of membrane cross-sections with (a) 1 wt% LaFeO3 loading [136]. Reprinted from Fadaly & Aziz (2020) under the Creative Commons 
Attribution (CC BY 4.0) license, (b) 1.5 wt% LaFeO3 loading [136], SEM images of cross-sections of polysulfone containing different concentration of ACNF (c) 0 wt 
%, (d) 0.1 wt%, (e) 0.5 wt%, (f) 1.0 wt%, (g) 1.5 wt% reproduced with permission from [137], The cross-sectional images of (h) pristine PSF membrane; (i) 2%-KIT- 
6/PSF; (j) 4%-KIT-6/PSF; (k) 6%-KIT-6/PSF; and (l) 8%-KIT-6/PSF reproduced with permission from [138]. Reproduced from Ding et al., (2019). Polymers, 11, 1732, 
under CC BY 4.0.
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higher likelihood of true selectivity gains rather than defect-driven 
permeance. In phase-inverted/hollow fiber PSF MMMs, the value of 
TEM is in disproving nanosheet restacking or MOF aggregation under 
shear/antisolvent exchange interpretations that SEM alone can over- or 
under-call. Across both routes, TEM observations of few-layer GO or sub- 
100 nm MOF crystallites with clean facets are often associated with 
improved CO₂-selective transport. In contrast, when TEM reveals thick 
tactoids or polydisperse, irregular MOF particles, selectivity benefits 
become inconsistent and may diminish once defects are sealed [140].

3.2.3. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR is a key technique for probing the chemical interactions be

tween PSF and inorganic or organic fillers in MMMs and to identify the 
functional group found in PSF membrane [93]. By monitoring 

vibrational frequencies, FTIR provides evidence of whether fillers are 
successfully incorporated, whether functional groups remain chemically 
active, and whether new interfacial interactions are established. Since 
interfacial compatibility strongly affects filler dispersion and gas trans
port behavior, FTIR is indispensable for understanding the chemical 
dimension of structure property relationships [93]. There are many 
other studies in which FTIR is used for analysis [144–146]. In PSF/ACNF 
MMMs, FTIR-ATR spectra revealed the emergence of a new band at 
approximately 1750 cm⁻¹ , corresponding to the stretching vibration of 
carboxyl groups [137]. This peak was absent in pristine PSF but became 
increasingly pronounced with higher ACNF content, demonstrating that 
the nanofibers were not merely physically dispersed but chemically in
tegrated into the polymer matrix. The growing intensity of this band was 
correlated with higher CO₂ permeability and CO₂/CH₄ selectivity, 

Fig. 14. TEM images of the ZIF-8 filler synthesized in the study done by Nordin et al. [140]. Copyright 2015, RSC Advances, (a) TEM images of TiO2 nanoparticles on 
polybenzimidazole (PBI) membrane with the addition of TiO2 nanoparticles: (b) At a magnification of 500 nm, (c) at a magnification of 50 nm synthesized by Akhtar 
et al. [143], (d) AFM topography image of the GO nanosheets, (e) TEM image of the GO nanosheets synthesized by Zahri et al. [139]. Copyright 2016, RSC Advances.
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showing that chemical interactions enhanced interfacial adhesion and 
reduced the likelihood of non-selective voids (see Fig. 15a). In contrast, 
FTIR analysis of PSF/LaFeO₃ MMMs showed no new absorption bands 
beyond the characteristic peaks of PSF, such as the sulfone (S––O) and 
ether (C–O–C) stretching modes [136]. The absence of new peaks indi
cated that LaFeO₃ was incorporated physically without strong chemical 
bonding to the PSF matrix (see Fig. 15b). Despite the lack of chemical 
signatures, membranes with low LaFeO₃ loadings exhibited enhanced 
selectivity due to morphological effects confirmed by SEM.

Amine-functionalized fillers provide a different picture. For example, 
in a study conducted by Alsaady et al. [147] on PSF/NH₂-MIL-125(Ti) 
MMMs, FTIR spectra displayed additional broad bands at 3457 cm⁻¹ and 
3331 cm⁻¹ (O–H and N–H stretching), as well as new peaks at 
1661 cm⁻¹ (C––O) and 1259 cm⁻¹ (C–N stretching). These features 
confirmed the presence of amine functionalities from the MOF and their 
successful incorporation into the polymer matrix. Importantly, the 
backbone peaks of PSF remained intact, demonstrating that chemical 
integration was achieved without degrading the polymer. These new 
vibrational features explain the stronger polymer-filler interactions and 
the significant improvements in CO₂ permeability and CO₂/CH₄ selec
tivity reported in gas permeation tests (see Fig. 15c).

Zeolite-based MMMs show similar confirmation of filler incorpora
tion. In a study conducted by Anbealagan et al. [148] PSF membranes 
loaded with RHO and NH₂-RHO zeolites were investigated, FTIR-ATR 
spectra displayed both the characteristic sulfone band of PSF 
(~1295 cm⁻¹) and the framework vibrations of zeolites in the 
1080–960 cm⁻¹ range. The amine-functionalized NH₂-RHO also pro
duced distinct shoulder peaks at 1075–1020 cm⁻¹ and an Si–O–C vi
bration at ~1012 cm⁻¹ , confirming stronger polymer-filler interactions 
compared to unmodified RHO. These spectral differences align with 
performance data showing that NH₂-RHO membranes outperformed 
their non-functionalized counterparts in CO₂/CH₄ separation (see 
Fig. 15d).

Collectively, FTIR studies highlight the decisive role of functionali
zation in determining chemical interactions at the polymer-filler inter
face. Unmodified fillers, such as LaFeO₃, generally preserve the 
polymer’s vibrational profile, suggesting physical embedding with 
limited chemical bonding. In contrast, functionalized fillers, ACNF with 
surface carboxyl groups, NH₂-MOFs, and NH₂-zeolites introduce new 
peaks that confirm stronger interfacial compatibility. These findings 
correlate directly with enhanced filler dispersion, improved selectivity, 
and higher thermal and morphological stability observed in 

Fig. 15. (a) overlay FTIR spectra of pristine PSF and PSF/ACNF MMMs at increasing loadings, synthesized by Jamian et al. [137], (b) FTIR spectra of pristine PSF and 
LaFeO₃-loaded MMMs, showing the persistence of PSF’s sulfone/ether bands without new vibrational features at increasing LaFeO₃ loadings (1) 0 wt%, (2) 0.5 wt%, 
(3) 1.0 wt% (4) 1.5 wt% synthesized by fadaly et al. [136]. Reprinted from Fadaly & Aziz [136] under the Creative Commons Attribution (CC BY 4.0) license, (c) FTIR 
spectra of PSF, pure NH₂-MIL-125(Ti), and PSF/NH₂-MIL-125(Ti) MMMs, synthesized by Alsaadi et al. [147]. Adapted from M. Alsaady et al. (2025), ACS Omega, 
DOI:10.1021/acsomega.4c09251. CC BY 4.0, (d) comparative FTIR spectra of PSF, RHO-MMM, and NH₂-RHO-MMM, focusing on sulfone and framework peaks, 
synthesized by Anbealagan et al. [148]. Mdpi, 10.3390/membranes11080630. CC BY 4.0.
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complementary characterization techniques.

3.2.4. Thermogravimetric Analysis (TGA) and DSC
TGA and DSC are indispensable techniques for evaluating the ther

mal properties of PSF and PSF-based MMMs. TGA provides insight into 
decomposition behavior, residual mass, and overall thermal stability 
[138], while DSC measures thermal transitions such as the glass tran
sition temperature (Tg) [149,150], which reflects polymer chain 
mobility [144,151,152]. Together, they establish the durability of the 
membranes and clarify how fillers alter polymer dynamics, which is 
essential for predicting long term stability and separation performance 
in natural gas purification.

The study focuses on the most important test for characterizing 
interfacial membrane quality and suitability to other high-temperature 
applications. Although similar weight loss was observed during the 
primary and secondary degradation stages of pure PSF and PSF/GO/ 
CNT membranes, different thermal stability for these two types of mass 
reduction stages. As a result, higher residual masses after carbonization 
at elevated temperatures, 520◦C or above (Fig. 16), which makes them 
more promising candidates for other rigorous applications. The curves 
reveal that the second stage of weight loss in the MMMs is significantly 
lower than in the pure PSF membrane, with a higher residual mass [93].

A representative perovskite-filled PSF system underscores typical 
TGA responses. Fadaly and Aziz [136] prepared PSF/LaFeO₃ MMMs by 
solution casting and found that incorporating 0.5–1.0 wt% LaFeO₃ 
slightly delayed the main mass loss step and increased residual mass, 
indicating a barrier and char-promoting effect of the inorganic phase. 
However, higher loading (1.5 wt%) caused agglomeration and perfor
mance deterioration, showing that thermal benefits can plateau or 
reverse when dispersion is poor. The obtained TGA curves make this 
point visually (see Fig. 17a), while the companion gas separation data 
show how the “thermal stability gain up to an optimum loading” ac
companies permeability/selectivity improvements before turning over 
at higher loadings due to packing inefficiency and interfacial voiding. 
These features; earlier dryness, a single dominant decomposition step 
centred ~500–550◦C, and a slightly higher char fraction in MMMs are 
typical of well-integrated, low-loading inorganics in PSF [136].

Rigidification trends are clearest in MOF-PSF MMMs where coordi
nated or H-bonding interfaces suppress local segmental mobility. In an 
indium-MOF series, Aditya and Bhanu [153] compared 3D MIL-68 
(In)-NH₂ with a 2D In(aip)₂ within PSF and reported DSC-measured Tg 
increases upon filler incorporation. The authors attributed the Tg rise to 

interfacial interactions that immobilize PSF segments near the MOF 
surface; notably, the magnitude and sign of Tg shifts differed between 
the 3D and 2D architectures, reflecting distinct polymer-filler contact 
areas and packing constraints. These DSC signatures paralleled gas 
transport changes selectivity gains at moderate loadings where rigidified 
interphases suppress larger gas diffusivity more than CO₂, reinforcing 
the structure property link that DSC helps to quantify. Building on these 
observations in composites, Gómez-Avilés et al. [154] examined the 
intrinsic thermal stability of the amine-functionalized MOF 
NH₂-MIL-125(Ti). Their TGA data showed that the material remains 
structurally intact up to ~300◦C, with a major weight loss only between 
300◦C and 350◦C due to ligand decomposition (see Fig. 16b). Estab
lishing this thermal baseline is important because it explains why such 
fillers can be incorporated into PSF without compromising the host 
matrix: the MOF itself is thermally robust within the processing and 
operating range of membranes. Thus, while DSC highlights how 
amine-MOFs rigidify the polymer matrix once embedded, TGA confirms 
that the resilience of the filler contributes to the long term stability of the 
hybrid. While such MOFs highlight how intrinsic thermal robustness of 
the filler can underpin composite stability, other porous phases such as 
zeolites show that the outcome is equally sensitive to surface chemistry 
and the synthesis route employed.

Porous zeolite derivatives in PSF provide a useful counterpoint 
where both synthesis route and surface chemistry steer the thermal 
outcome. In a silane-modified zeolite RHO series, Anbealagan et al. 
[148] compared unmodified RHO with NH₂-RHO prepared and cast by 
phase inversion. Their TGA/Differential thermogravimetric (DTG) 
analysis (see Fig. 16c & 16d) shows that adding either filler slightly 
raises the temperature of maximum mass loss and increases char yield, 
but the amino-silane-modified particles give the cleaner one-step pro
file, and the larger thermal stability increment evidence of better 
interfacial adhesion and reduced micro-voiding relative to unmodified 
RHO. That thermal “tightening” mirrors the separation data where 
NH₂-RHO outperforms RHO at the same loading even classical 
ZIF-8/PSF systems often prepared by dry/wet phase inversion; display 
the same pattern at low-loading: Nordin et al. [155] reported improved 
thermal and mechanical stability even at ≤ 1 wt% ZIF-8, with dimin
ishing returns and morphological defects at higher loadings (see 
Fig. 16e). While their results emphasize mechanical/TGA outcomes 
more than DSC, it reinforces the synthesis-sensitivity of thermal metrics: 
gentle dope preparation and low filler content yield the cleanest TGA 
baselines and the most reproducible decomposition curves.

Fig. 16. TGA of (a) PSF and (b) PSF/GO/CNTs [93]. Reproduced from L. Jiang et al. (2021), Journal of Nanomaterials, Article ID 9934118, under CC BY 4.0.
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In conclusion, these studies highlight that TGA consistently demon
strates incremental improvements in thermal stability and char residue 
with well-dispersed, low to moderate filler loadings. DSC provides 
complementary evidence by detecting shifts in Tg, which are most pro
nounced when fillers are functionalized to promote stronger interactions 
with PSF. Functionalized MOFs and zeolites reliably increase Tg and 
stability, while unmodified fillers often provide weaker or inconsistent 
benefits. These techniques therefore offer a dual diagnostic perspective: 
TGA defines safe operating temperature ranges, while DSC reveals how 
fillers alter polymer chain dynamics, which in turn controls permeability 
and selectivity.

3.2.5. Gas permeation test
Gas permeation testing remains the definitive method for evaluating 

the performance of MMMs developed for gas separation applications 
[93,149]. This method yields critical quantitative data on permeability, 
selectivity, and the impact of operational parameters such as filler type, 
loading, pressure, and gas composition on membrane behavior. Robeson 
invented the Robeson upper bound curves, which are a useful tool for 
coordinating data on selectivity and permeability in membrane sepa
ration procedures [156]. Gas separation qualities, such as permeability 
and selectivity, were also investigated for gas permeation measurements 
[157,158]. Over the past decade, considerable advancements have been 

Fig. 17. (a) TGA analysis of the PSF/LAFeO3 membrane study conducted by Fadaly and Aziz [136]. Reprinted from Fadaly & Aziz [136] under the Creative 
Commons Attribution (CC BY 4.0) license, (b) thermogravimetric analysis in air of NH2-MIL-125(Ti) and its corresponding derivative study conducted by Gomez et al. 
[154]. Reproduced from Gómez-Avilés et al., (2020), Catalysts, 10(6), 603. CC BY 4.0., (c) TGA thermograms of pristine PSF membrane, 5RHO/PSF, and 
5NH2-RHO/PSF MMMs., (d) DTG thermograms of pristine PSF membrane, 5RHO/PSF, and 5NH2-RHO/PSF-MMMs. Study conducted by Anbealagan et al. [148]. 
Mdpi, 10.3390/membranes11080630. CC BY 4.0., (e) TGA curves of the prepared ZIF-8/PSF membranes with increasing ZIF-8 loading synthesized by Nordin et al. 
[140]. Copyright 2015, RSC Advances.
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achieved in PSF-based MMMs designed for CO₂/CH₄ separation, where 
the choice and dispersion of fillers have been shown to profoundly in
fluence membrane transport properties and long term stability. A key 
insight from these studies is the delicate balance between improving 
permeability through filler incorporation and maintaining or enhancing 
selectivity by preventing filler agglomeration. For instance, PSF hollow 
fiber membranes incorporated with LaFeO₃ perovskite particles 
demonstrated remarkably high CO₂ permeability (~47.7 GPU) and a 
CO₂/CH₄ selectivity of about 28 at a relatively low filler loading of 1 wt 
% under pressures ranging from 8 to 16 bar. Beyond this concentration, 
increased filler agglomeration led to reduced selectivity, highlighting 
the critical importance of controlling particle dispersion within the 
polymer matrix [61]. This example illustrates how modest addition of 
well-dispersed fillers can significantly enhance gas transport perfor
mance without detrimental morphological effects. Building on this 
principle, PSF membranes incorporating amino-functionalized MIL-125 
(Ti) MOFs showcased a significant increase in CO₂ permeability from 6.1 
to 19.1 Barrer at an optimal filler loading of 15 wt%, coupled with 
selectivity peaking near 31.9. However, exceeding this loading 
threshold introduced particle agglomeration verified by SEM, which 
diminished performance. Such observations exemplify the fine threshold 
in filler loading where the benefits of enhanced gas pathways balance 
against the drawbacks of heterogeneous filler distribution [147]. 
Together with the LaFeO₃ studies, these results underscore the intricate 
interplay of filler content and dispersion quality in realizing 
high-performance MMMs [136]. Explorations with indium-based MOFs 
such as MIL-68(In)–NH₂ and In(aip)₂ further underscore this relation
ship. At 20 wt% In(aip)₂ incorporation, PSF MMMs manifested a dra
matic increase in CO₂ permeability (~144 Barrer), almost 24 times that 
of the pure PSF matrix, while concurrently enhancing selectivity. FESEM 
imaging confirmed uniform filler dispersion at lower loadings, yet also 
revealed agglomeration as filler content increased, reinforcing the crit
ical role of filler morphology and loading in determining membrane 
efficacy and durability [153]. Additionally, pressure dependence of gas 
transport properties is another key consideration, as observed with PSF 
MMMs comprising PEG-grafted carbon nanotubes (PEG-g-CNTs). At 
7.5 wt% loading, both CO₂ permeability and selectivity were found to 
increase with rising pressure, with permeability showing a 38% 
enhancement. This pressure-responsive behavior points to favorable 
interactions between the polymer matrix and nanofillers, which opti
mize gas transport pathways under realistic operating conditions, 
emphasizing the need for variable-pressure testing to fully delineate 
membrane performance [159]. The complexity of real-world applica
tions is further reflected in mixed-gas experiments, such as those 
involving PSF/ZIF-8 MMMs exposed to CO₂/CH₄ blends containing 
800 ppm H₂S. These membranes exhibited pressure-dependent perme
ability consistent with dual-mode sorption models, where both Henry’s 
law dissolution and Langmuir-type adsorption mechanisms contribute. 
The observed selectivity variations correlated closely with structural 
changes detected via advanced characterization, demonstrating that 
testing membranes under relevant mixed-gas conditions is essential to 
predict in-field operation accurately [153]. Beyond these MOF and 
carbon-based fillers, investigations into other fillers such as SiO₂ nano
particles, activated carbon nanofibers, mesoporous silica KIT-6, gra
phene derivatives, ILs, and functionalized MOFs have expanded 
understanding of how filler chemistry and structure influence PSF 
membrane performance. For example, SiO₂ nanoparticles improved CO₂ 
permeability and selectivity up to moderate loadings, though sorption 
saturation caused slight permeability reductions at higher pressures 
[160]. Activated carbon nanofibers enhanced selectivity at lower load
ings but void formation at elevated filler concentrations diminished 
separation capabilities [137]. Meanwhile, graphene-based fillers and ILs 
contributed to improved plasticization resistance and transport prop
erties, illustrating the multifaceted roles that filler properties play in 
customization of PSF MMMs [159].

Critically, the long term operational stability of PSF MMMs has been 

demonstrated in multiple studies, with some crosslinked polymer 
membranes maintaining CO₂ permeability and selectivity over 10,000 h 
under mixed-gas and vacuum conditions. Such durability is pivotal for 
industrial deployment, validating the synthesis approaches that opti
mize polymer-filler interactions and membrane morphology [147,153]. 
The observed permeability-selectivity trends can be physically inter
preted through the solution-diffusion mechanism governing gas trans
port in glassy polymers. Incorporation of well-dispersed fillers modifies 
the fractional free volume and introduces preferential sorption sites, 
thereby enhancing CO₂ solubility and diffusivity. At optimal loadings, 
improved polymer-filler interfacial adhesion reduces non-selective voids 
while increasing tortuosity for larger gas molecules such as CH₄, 
resulting in enhanced selectivity. However, excessive filler loading leads 
to agglomeration and interfacial defects that create non-selective 
transport pathways, explaining the simultaneous increase in perme
ability and decline in selectivity. Under high CO₂ pressure, plasticization 
further increases chain mobility, enlarging free volume elements and 
reducing size-sieving capability, which accounts for pressure-dependent 
selectivity loss.

4. Predictive analytical framework for PSF-based membranes 
under sour gas conditions

Despite extensive experimental efforts to enhance PSF-based mem
branes for CO₂ and H₂S separation, membrane development for sour gas 
environments remains largely empirical. Improvements achieved 
through filler incorporation, surface functionalization, or processing 
modification are often reported as isolated studies, which limits the 
ability to generalize outcomes or predict design robustness under 
aggressive gas conditions. To address this limitation, a predictive 
analytical framework is proposed that systematically links experimen
tally measurable characteristics to membrane design suitability, 
enabling a theoretical assessment rather than trial-and-error 
optimization.

To enhance methodological clarity, Fig. 18 provides a schematic 
overview of the analytical framework and workflow adopted in this 
study. The process begins with systematic literature compilation of 
experimentally reported PSF-based membrane performance under sour 
gas conditions. Governing stability indicators are then identified based 
on recurring structure property correlations, followed by literature 
calibrated threshold definition. Ordinal scoring is applied using a 0–3 
scale, and composite robustness scores are generated through equal 
weighting of all indicators. The resulting classification enables 
comparative evaluation of membrane architectures. Finally, limited 
quantitative consistency checks and sensitivity analysis are performed to 
assess robustness of ranking outcomes.

Fig. 19 presents the core of this framework in the form of a literature 
calibrated predictive matrix. The matrix integrates six analytically 
verifiable indicators that are repeatedly identified in PSF membrane 
studies as governing performance stability in the presence of acidic 
gases: morphological dispersion (SEM), polymer-filler interfacial integ
rity (TEM), chemical interaction strength (FTIR), changes in chain 
mobility reflected by glass transition shifts (DSC), thermal stability 
under elevated temperature exposure (TGA), and resistance to gas- 
induced plasticization. Each indicator is evaluated on an ordinal scale 
from 0 to 3, where 0 denotes high-risk or failure-prone behavior and 3 
represents analytically strongest and design-ready characteristics. The 
scoring thresholds and classification criteria used to assign these values 
are derived from experimentally observed trends reported across PSF 
and PSF-based MMM literature and are summarized in Supplementary 
Information (Tables S6-S8).

The six governing indicators incorporated in the predictive matrix 
were selected based on repeatedly established structure property cor
relations in the PSF and MMM literature. Specifically, (i) filler dispersion 
has been shown to directly influence selectivity retention by minimizing 
non-selective voids [161]; (ii) polymer-filler interfacial compatibility 
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governs defect suppression and stress distribution; (iii) chemical func
tionalization enhances CO₂ affinity and interfacial adhesion [162]; (iv) 
shifts in glass transition temperature (Tg) reflect changes in chain 
mobility and resistance to pressure-induced swelling; (v) decomposition 
onset temperature correlates with long term thermal durability; and (vi) 
resistance to CO₂-induced plasticization strongly determines perme
ability stability under high-pressure sour gas conditions [163].

The ordinal scoring scale (0− 3) was adopted to provide a semi- 
quantitative and transparent classification framework capable of ac
commodating variability in reported experimental datasets. Rather than 
relying on empirical fitting, threshold criteria were literature calibrated 
based on consistent experimental trends reported across PSF and MMM 
systems. Equal weighting of indicators was intentionally applied to 
reflect the coupled and interdependent degradation mechanisms 
observed in sour gas environments, where morphological, thermody
namic, and interfacial factors collectively determine membrane 
robustness.

The predictive matrix reveals clear differentiation among PSF 
membrane design architecture types. Pristine PSF and physically 
blended MMMs consistently exhibit low composite scores, reflecting 
weak interfacial compatibility and susceptibility to plasticization under 

CO₂ and H₂S exposure. In contrast, chemically engineered systems, 
particularly those incorporating functionalized fillers or amine-modified 
nanostructures exhibit consistently elevated scores across multiple 
analytical domains. This observation suggests that improvements in sour 
gas stability arise not from a single modification, but from the concur
rent mitigation of interfacial defects, chain mobility enhancement, and 
plasticization resistance. In this respect, Fig. 18 functions as a diagnostic 
tool, enabling identification of dominant failure mechanisms while 
simultaneously highlighting design strategies that address them.

While the full predictive matrix provides comprehensive analytical 
insight, its multidimensional nature can limit rapid design decision- 
making. To enhance practical use, the framework is projected into a 
reduced design space in Fig. 20. Fig. 20 represents a condensed archi
tectural interpretation derived directly from the composite scoring 
matrix shown in Fig. 19. While Fig. 19 presents individual indicator 
scores across membrane types, Fig. 20 synthesizes these multidimen
sional outcomes into broader robustness categories by considering 
aggregate composite scores and recurring performance patterns. Thus, 
Fig. 19 provides the analytical scoring basis, whereas Fig. 20 translates 
these scores into a practical membrane design landscape, highlighting 
relative stability under sour gas conditions.

Fig. 18. Schematic illustration of the analytical modeling framework and workflow adopted in this study.

Fig. 19. Literature calibrated predictive analytical matrix for PSF-based 
membrane design under CO₂/H₂S (sour gas) conditions.

Fig. 20. Reduced design space projection of PSF-based membrane archetypes 
based on plasticization resistance and polymer-filler interaction strength.
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In Fig. 20, each membrane design is represented as a point within 
this reduced space, while the bubble size corresponds to a suitability 
score for CO₂ and H₂S separation, derived from the cumulative analytical 
evaluation summarized in Fig. 18. Larger bubbles represent designs that 
simultaneously satisfy multiple robustness criteria and are thus more 
likely to exhibit long term operational stability. Several data points are 
marked by red-outlined circles; these correspond to designs that 
received a zero score for one or more governing indicators. Such points 
are intentionally retained to preserve their spatial positioning within the 
design space, ensuring that failure-prone designs remain visually rep
resented without implying enhanced suitability.

Together, Figs. 19 and 20 illustrate how analytically grounded in
dicators can be translated into actionable design guidance. Fig. 19 es
tablishes the structural and chemical basis for membrane suitability 
through multidimensional evaluation supported by literature calibrated 
criteria (Tables S6-S8), while Fig. 20 further coincizes this information 
into a design space map that facilitates rapid comparison among 
competing strategies. Membrane designs clustering in the upper-right 
region of Fig. 20, characterized by strong polymer-filler interactions 
and high plasticization resistance, consistently correspond to large 
bubble sizes. On the contrary, designs located in low-interaction, low- 
resistance regions are associated with minimal suitability, reinforcing 
the predictive consistency of the proposed framework.

Fundamentally, the framework does not aim to predict permeability 
or selectivity directly, nor does it rely on empirical fitting. Instead, it 
provides a rational methodology for interpreting analytical data in the 
context of membrane design decisions. By formalizing the relationship 
between characterization outcomes and sour gas stability, and by 
grounding scoring criteria explicitly in published experimental evi
dence, the framework offers a transferable and extensible approach for 
guiding the development of PSF-based membranes capable of operating 
under chemically aggressive conditions.

While the proposed predictive analytical framework provides a 
structured method for correlating characterization indicators with 
membrane robustness, certain limitations must be acknowledged. The 
model is semi-quantitative and literature calibrated, relying on reported 
experimental trends rather than first-principles molecular simulations. It 
assumes relatively uniform filler dispersion and does not explicitly 
resolve three-dimensional morphological heterogeneity or interfacial 
stress distribution. Additionally, long term physical aging, time- 
dependent plasticization kinetics, and multicomponent competitive 
sorption effects under realistic process conditions are not directly 
incorporated. Therefore, the framework should be interpreted as a 
design guidance and screening tool rather than a substitute for detailed 
molecular-level modeling or process scale simulations.

4.1. Sensitivity analysis of the predictive framework

To evaluate the validity of the proposed analytical matrix, a limited 
sensitivity assessment was conducted by systematically varying key in
dicator scores and weighting factors within reasonable bounds. Since the 
framework is based on ordinal scoring (0− 3) and equal weighting of six 
governing indicators, the analysis focused on two critical parameters 
identified as dominant in sour gas separation environments: plasticiza
tion resistance and polymer-filler interfacial compatibility.

4.1.1. Variation of plasticization resistance score
For high-performing systems such as NH₂-functionalized MMMs, the 

plasticization resistance score (baseline = 3) was reduced to 2 and 
subsequently to 1 while maintaining other indicators constant. This 
adjustment resulted in an approximate 6–12% reduction in composite 
score. However, the overall ranking hierarchy among membrane ar
chetypes remained unchanged 

NH₂-functionalized MMMs > ZIF-based MMMs > metal oxide-filled 
MMMs > pristine PSF                                                                         

4.1.2. Alternative weighting scenarios
To assess the impact of weighting assumptions, individual indicators 

were varied by ±20% relative to the baseline equal-weight scheme, 
while absolute composite scores shift by approximately 5–11% 
depending on the parameter variation, the overall ranking hierarchy of 
membrane architectures remains unchanged. The modified weighting 
was applied separately to plasticization resistance, interfacial compati
bility and thermal stability

Under all tested scenarios, ranking stability was preserved. While 
absolute composite values shifted slightly, membrane classification into 
low-, moderate-, and high-robustness categories remained consistent. 
Furthermore, the representative outcomes of the sensitivity analysis are 
summarized in Table 3.

4.2. Preliminary quantitative consistency with experimental data

To assess the consistency of the proposed framework with reported 
experimental performance, a limited quantitative comparison was con
ducted using representative PSF-based membranes discussed in this re
view. Membranes were scored according to the analytical matrix 
(Fig. 19), and their composite scores were compared against reported 
CO₂ permeability, CO₂/CH₄ selectivity, and plasticization resistance 
behavior.

The analysis reveals that membranes exhibiting stronger polymer- 
filler interactions, improved Tg shifts, and enhanced thermal stability 
consistently achieve higher composite scores and correspond to superior 
selectivity retention and pressure stability in experimental studies. In 
contrast, pristine PSF and physically blended systems with limited 
interfacial engineering yield lower composite scores and demonstrate 
susceptibility to plasticization under elevated CO₂ concentrations.

These results indicate that the framework successfully captures 
experimentally observed performance hierarchies across PSF-based 
membrane architectures, supporting its utility as a rational screening 
tool. It is emphasized that the framework does not predict exact 
permeability values but rather evaluates relative robustness under sour 
gas conditions. Furthermore, a quantitative comparison between pre
dictive framework score and experimentally reported gas separation 
performance has been presented in Table 4.

The limited quantitative comparison demonstrates a consistent hi
erarchy between framework composite scores and experimentally re
ported performance. Membranes assigned higher analytical robustness 
scores, particularly those incorporating chemically functionalized fillers 
(e.g., NH₂-MIL-125(Ti)), exhibit improved CO₂/CH₄ selectivity and 
enhanced plasticization resistance. Conversely, pristine PSF, which re
ceives lower composite scoring due to limited interfacial and thermal 
reinforcement, demonstrates earlier onset of pressure-induced plastici
zation. While the framework is not intended to predict absolute 
permeability values, it successfully captures experimentally observed 
robustness trends across PSF membrane architectures. Compared to 

Table 3 
Sensitivity of membrane ranking under parameter variation.

Scenario NH₂- 
MOF 
MMM

ZIF MMM LaFeO₃ 
MMM

Pristine 
PSF

Ranking 
Stability

Baseline (equal 
weights)

High Moderate- 
High

Moderate Low Reference

Plasticization 
− 1 score

High Moderate- 
High

Moderate Low Unchanged

Plasticization 
weight 
+ 20%

High Moderate- 
High

Moderate Low Unchanged

Interfacial 
weight 
+ 20%

High Moderate- 
High

Moderate Low Unchanged
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existing studies [166], which primarily rely on empirical correlations or 
isolated modeling approaches, the present framework offers a more in
tegrated perspective by linking structural, chemical, and 
thermo-mechanical parameters to membrane performance. Recent 
data-driven and machine learning-assisted studies have demonstrated 
the strong potential of predictive modeling in membrane design; how
ever, these approaches often lack direct integration with experimental 
characterization [ [167–170]. The current framework bridges this gap 
by combining experimental insights with predictive analysis, providing 
a more practical and transferable design methodology. 

Case. Study: Framework-Guided Design of PSF-Based MMM

To demonstrate the practical applicability of the proposed analytical 
framework, a design-oriented case study is presented for a PSF-based 
MMM intended for high-pressure CO₂/CH₄ separation under sour gas 
conditions (≥15 bar, presence of H₂S).

Based on Fig. 19, membrane robustness under such conditions re
quires high scoring in three dominant indicators: plasticization resis
tance (≥2–3), polymer-filler interfacial compatibility (≥2), and 
enhanced CO₂ affinity through chemical functionalization (≥2). Fig. 20
further indicates that chemically functionalized MMM architectures 
consistently occupy the high-stability design region.

Following this logic, incorporation of amine-functionalized MOFs (e. 
g., NH₂-modified frameworks) into PSF would be expected to: 

• Increase CO₂ affinity via specific acid-base interactions
• Improve interfacial adhesion through hydrogen bonding
• Elevate resistance to pressure-induced plasticization
• Maintain thermal stability above 450◦

Applying the scoring matrix provides an estimated composite 
robustness score in the high-performance category (≈15–17), consistent 
with experimental observations for functionalized PSF/MOF systems 
discussed in this review. In contrast, a physically blended metal-oxide- 
filled PSF membrane would score moderately due to limited chemical 
reinforcement at the interface and lower plasticization resistance.

This case study demonstrates how the framework can guide 
reasonable membrane design by identifying critical structural features 
necessary to achieve performance targets rather than relying solely on 
empirical optimization.

5. Recent advances in the study of PSF-based membrane

In the previously discussed sections, different classes of membranes 
including organic (polymeric), inorganic, and MMMs have been out
lined, their comparative properties, such as composition, permeability, 
selectivity, thermal stability, chemical resistance, mechanical strength, 
fabrication cost, scalability, application, advantages and disadvantages 
are summarized in Table S5 of the supplementary document, to provide 
a clear understanding of their relative performance and application 
potential.

In the proceeding sections, recent advances will be explored in 
membrane technology in greater detail, focusing on the development 
and enhancement of PSF-based membranes.

5.1. Polymeric blend or composite membrane

Polymeric blending, the first generation of gas separation technol
ogy, involves combining two compatible polymers and offers advan
tages in simplicity and fabrication efficiency [171,172]. Polymer 
membranes are typically classified as glassy or rubbery, depending on 
whether their glass transition temperature (Tg) is above or below room 
or operating temperature [173]. Additionally, membranes can be cate
gorized as anisotropic or isotropic based on morphology, and further 
distinguished by geometry and fabrication method [174]. Tan and 
Rodrigue (2019) reviewed five principal methods for polymeric mem
brane fabrication, namely NIPS, VIPS, electrospinning, track-etching, 
and sintering, highlighting their respective mechanisms and applica
bility in membrane production [175]. Alkandari et al. (2024) reported 
that sustainable manufacturing strategies for polymer-based membranes 
can markedly improve gas separation performance through the inte
gration of advanced fabrication techniques, green solvents, and hybrid 
material systems [127]. Fig. 21 summarizes the classification of poly
meric membranes and their synthesis methodologies, including the 
fabrication techniques discussed in 3.1.

Polymeric membranes and are increasingly recognized as a prom
ising technology for natural gas sweetening, due to their modularity, 
energy efficiency, and relatively low operational costs compared to 
conventional absorption processes [176]. Dong et al. (2020) investigated 
multilayer composite membranes for CO₂ separation, in which poly
sulfone (PSF) served as the porous support layer. The PSF substrate 
provided the necessary mechanical strength and structural integrity to 
sustain successive coating layers without pore collapse, while main
taining adequate porosity for gas transport. This support configuration 
contributed to the scalability, durability, and industrial feasibility of the 
multilayer membrane design for CO₂ separation applications [46,177]. 
Kadirkhan et al. (2022) reviewed challenges and emphasized that in 
CO₂/CH₄ separation, polymers such as PSF, CA, PI, and polyethylene 
oxide (PEO)-based blends exhibit high CO₂ solubility, which enhances 
selectivity, but their performance is often compromised by plasticization 
at high CO₂ pressures and physical aging that reduces permeability over 
time. The review also discusses the importance of future studies in 
mixed-gas scenarios for large-scale applications, addressing issues such 
as pore blockage, plasticization, and aging [63]. Roafi et al. (2024) re
ported that PSF/cellulose triacetate (CTA) blend membranes exhibit 
enhanced CO₂ solubility and gas separation performance relative to 
pristine PSF, demonstrating the effectiveness of polymer blending in 
mitigating plasticization and aging effects. The blended membranes 
achieved a CO₂/CH₄ selectivity of 30.70 at 4 bar, markedly higher than 
that of pristine CTA (9.82) and PSF (10.35), while maintaining a 
reasonable CO₂ permeability of 11.12 Barrer, indicating no significant 
trade-off between selectivity and permeability [164]. Maghami et al. 
(2021) demonstrated that PSF membranes prepared with NMP exhibited 
the highest CO₂ permeability, which was further enhanced by propionic 
acid incorporation (106% increase). The addition of 30 wt% γ-alumina 
nanoparticles, improving CO₂/CH₄ selectivity by 13%, highlighting the 
effectiveness of solvents and additives in boosting CO₂ separation per
formance [178]. Further Karimi et al. (2019) examined PEG-blended PSF 
membranes for gas separation, confirming their dense, asymmetric, and 
amorphous structure via XRD, FTIR, and SEM analyses. CO2 perme
ability initially decreased up to 4 bar feed pressure but increased at 
higher pressures, with the most pronounced enhancement observed at 

Table 4 
Limited quantitative comparison between predictive framework score and experimentally reported gas separation performance.

Membrane System Approx. Composite Score (Framework) CO₂ Permeability CO₂/CH₄ Selectivity Plasticization Resistance Reference

Pristine PSF Low (≈6–7) ~6 Barrer ~28 Poor (4–6 bar) [147,164]
PSF/LaFeO₃ (1 wt%) Moderate (≈10–11) 47.7 GPU 28 Moderate [61,136]
PSF/ZIF-8 (≤1.25 wt%) Moderate-High Enhanced vs PSF Improved Improved [140,165]
PSF/NH₂-MIL-125(Ti) (15 wt%) High (≈15–16) 19.17 Barrer 31.95 High (≤14 bar) [147]
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20 wt% PEG. This behavior is attributed to CO2-induced plasticization, 
which enhances polymer chain mobility and gas sorption, indicating 
that PEG incorporation can effectively improve PSF membrane perme
ability under varying pressures [179]. Nasirian et al. (2020) also 
investigated PEG/PSF membranes prepared with varying PEG loadings 
and reported that PEG incorporation significantly enhanced gas sepa
ration performance. The optimal composition, PSF/PEG10000 at 20 wt 
%, increased CO₂ permeability from 5.61 to 7.64 Barrer, attributed to 
improved polymer miscibility, increased free volume, and enhanced 
tensile strength, while maintaining resistance to CO₂ induced plastici
zation [180]. Abd. Hamid et al. (2018) demonstrated PSF blending with 
PI (specially 60w%) presents increase in CO2 permeability to 86 GPU 
[181]. Further PSF is also playing important role in TFC membranes 
with their enhanced selectivity, permeability, and mechanical strength, 
extensively applied in gas separation [182]. The permeabilities and se
lectivities of the different PSF-based membranes studied in literature are 
tabulated in Table 5.

Table 5 summarizes the reported gas separation performance of 
various PSF- and PES-based polymeric membranes modified with 
different additives, solvents, blends, and ionic liquids. Most studies 
primarily report CO₂ permeability and CO₂/CH₄ selectivity, demon
strating that the incorporation of additives such as PEG, PDMS, ionic 
liquids, and polymer blends can significantly enhance CO₂ transport 
properties. For example, ionic liquid-modified membranes (e.g., [EMIM] 
[BF₄] and [EMIM][Tf₂N]) exhibit substantially higher CO₂ permeability 

compared to conventional solvent-modified systems, while maintaining 
moderate selectivity. However, H₂S permeability and H₂S/CH₄ selec
tivity data are rarely reported, with only limited studies providing H₂S 
transport performance. This indicates that, despite extensive research on 
CO₂/CH₄ separation, systematic investigation of H₂S/CH₄ separation in 
PSF-based membranes remains insufficient, highlighting the need for 
further studies on acid gas removal.

The performance of membranes is commonly evaluated against 
Robeson's upper limit, which serves as a benchmark for selective gas 
permeability versus selectivity. This comparison allows for a clearer 
understanding of how effectively a polymeric membrane can separate 
different gases while adhering to theoretical performance boundaries 
established by Robeson in 2008. By analyzing the data presented in 
Table 3, the gas separation efficiency of PSF-based polymeric mem
branes is presented in Fig. 22.

5.2. Hybrid membranes

A promising direction to overcome the inherent limitations of cur
rent membrane technologies is the development of hybrid membranes, 
which include blends, composites, and MMMs. These hybrid systems 
aim to enhance both selectivity and permeability by integrating inor
ganic fillers or modifying polymer matrices [191–193]. Among various 
approaches, the incorporation of nanomaterials has gained attention 
due to their tunable properties and potential for improving dispersion 

Fig. 21. Overview of polymeric membrane types and the methods employed for their synthesis.

Table 5 
Permeabilities and selectivities of the polymeric or composite membrane.

Polymeric membrane Additive / Feature Permeability (Barrer) Selectivity Reference

PCO2 PH2S PCO2 /PCH4 PH2S/PCH4

PSF/PEG10000 PEG10000 7.64 — 28.56 — [180]
PSF/THF THF 30.04 — 50 — [86]
PSF/CF CF 24.76 — 35 — [86]
PES/NMP — 0.51 — 25.5 — [183]
PES/dimethylacetamide dimethylacetamide 29.7 — 7.13 — [86]
CA/PSF (2 wt%) CA 80.51 — — — [172]
PSF/CTA(6 wt%) CTA(6 wt%) 11.12 — 30.70 — [164]
PSF/DMAC DMAC solvent — 119000 — 1.56 [92]
PSF/PEG PEG 5.61 — 27 — [179]
PES/[emim][Tf2N] [emim][Tf2N] 298.84 — 57.53 — [184]
PSF/[EMIM] [BF4] (30 wt%) [EMIM] [BF4] (30 wt%) 601.98 — 25.87 — [185]
PSF/[APTMS][Ac] (30 wt%) [APTMS][Ac] (30 wt%) 16.00 ± 0.80 — 39.00 ± 0.98 — [186]
T-PPPS/PDMS/PSF PDMS coating 9.29 — 34 — [177]
PSF/PDMS30 PDMS (30%) 52 GPU — 56.7 — [187]
PSF/PES PES blend 25 GPU — 3.8 — [188]
PSF/PI-60 PI blend — — 4.4 (H₂/CO₂) — [181]
PSF/PI PI blend 1.3624 — 4.80 — [189]
PSF/PEBAX PEBAX 11GPU — 16 — [190]

“—” data is not available (limited literature)
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and compatibility across diverse applications [194]. These advance
ments offer economical and scalable solutions for next-generation 
membrane technologies. MMM are composite structures that integrate 
inorganic or organic fillers within a polymer matrix to combine the 
mechanical flexibility of polymers with the high selectivity of molecular 
sieving materials [164,192,195,196]. This design aims to overcome the 
trade-off between permeability and selectivity inherent to conventional 
polymeric membranes, thereby improving gas separation performance 
[197,198]. Fig. 23 schematically illustrates the interaction between 
fillers and the polymer matrix in a typical MMM structure.

5.2.1. Functionalized MMM
Functionalized MMMs combine a polymer matrix with active or 

modified fillers to improve interfacial compatibility, reduce non- 
selective voids, and enhance gas transport performance. PSF is a 
preferred polymer matrix due to its durability, mechanical strength, and 
easy processability.

Saqib et al. (2021) fabricated PSF-based MMM containing 5–20 wt% 
porphyrin fillers via solution casting. The membranes showed uniform 
filler dispersion, microporosity, and improved thermal stability due to 
π-π interactions, Lewis basic sites, and the nitrogen-rich porphyrin 

structure, resulting in enhanced CO₂ permeability and selectivity for 
both single and binary gas systems. However, long term stability under 
dynamic operating conditions remains to be further evaluated [199]. 
Dey et al. (2019) dissolved PSF in chloroform with covalent triazine 
framework (CTF-1) fillers (0–24 wt%), producing defect-free mem
branes with uniform CTF-1 dispersion. The CO₂ permeability rose from 
7.3 Barrer (pure PSF) to 12.7 Barrer (24 wt% CTF-1), while CO₂/N₂ 
selectivity increased to 26, deviating from the Maxwell model and 
suggesting cooperative contributions from both polymer and filler 
[165]. Several studies incorporated MOFs and ZIFs to improve CO₂ 
separation. Alsaady et al. (2025), demonstrated that at the optimal 15 wt 
% loading of NH₂-MIL-125(Ti) into PSF/NH₂-MIL-125(Ti)-based mem
branes exhibited enhanced CO₂/CH₄ separation, achieving a CO₂ 
permeability of 19.17 Barrer and selectivity of 31.95 far surpassing 
pristine PSF. They also showed strong resistance to CO₂-induced plas
ticization up to 14 bar, compared to only 4–6 bar for the unmodified 
membrane. Structural analyses confirmed uniform filler dispersion at 
this loading, while higher amounts led to agglomeration and reduced 
efficiency [147]. Shafiq et al. (2021), synthesized ZIF-95/PSF MMMs at 
varying loadings (8–32 wt%), and at 24 wt% achieving maximum CO₂ 
permeability by 67.2% [200]. ZIF-8 has also gained attention due to its 
tunable microporous structure and srong interfacial compatibility with 
PSF. Neat PSF and MMMs with ≤ 1.25 wt% ZIF-8 loading showed 
excellent potential for natural gas purification [201]. Saikumar et al. 
(2020) synthesized amine-modified SiO₂/ZIF-8 (A@S/ZIF-8) nanofillers 
and incorporated them into PSF to fabricate MMMs, which exhibited 
enhanced CO₂/CH₄ and CO₂/N₂ separation performance through 
improved polymer-filler adhesion [202]. Negi and Suresh (2024), re
ported that incorporating ZIF-8 nanoparticles into PSF-MMM signifi
cantly improved gas separation performance under ideal conditions, 
with an optimal loading of 1 wt% yielding a increasing CO₂ permeability 
(56.8%) and CO₂/CH₄ selectivity (41%). However, higher filler loadings 
caused particle agglomeration and reduced transport efficiency. Under 
realistic biogas mixtures containing CO₂, CH₄, N₂, O₂, and trace H₂S, 
membrane performance declined due to competitive sorption and 
H₂S-induced degradation of ZIF-8, highlighting the importance of eval
uating MMMs under practical feed conditions [203]. Mei et al. (2020) 
incorporated nanosized ZIF-8 into PSF membranes, achieving higher H₂ 
and CO₂ permeance up to 10 wt% loading; subsequent polydopamine 
(PDA) coating increased H₂/CO₂ selectivity to approach the Robeson 
upper bound [204]. Sutrisna et al. (2020) produced PSF/CA MMMs 
containing TiO₂ and ZIF-8 particles, ZIF-8 showed better polymer 
compatibility, leading to uniform dispersion and reduced aggregation 
compared to TiO₂. As a result, ZIF-8 incorporation enhanced CO₂ 

Fig. 22. Separation performance of polymeric membranes with Robeson’s 
upper limit.

Fig. 23. Schematic illustration of hybrid membrane formation through the incorporation of fillers into a polymer matrix to enhance separation performance.
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permeability in both matrices, increasing PSF membrane permeability 
from 17.1 to 20.3 Barrer at 10 wt% loading [205]. Bio-based and 
functional nanofillers have also been explored by Ishaq et al. (2019) 
introduced Bio-MOF-1 into PSF for the first time, achieving high sepa
ration performance and highlighting its potential in combination with 
high-permeability polymers [206]. Amusa et al. (2021) incorporated 
amine-functionalized and pretreated lignin-free date pit cellulose 
(DPC-NH₂) fillers into PSF membranes demonstrating increased porosity 
and amine functionalization enhanced CO₂ transport and selectivity 
through additional hydrogen bonding [207]. Raouf et al. (2020) incor
porated PEG(5–10 wt%) into PSF and observed an increased CO₂ 
permeability (from 15.9 Barrer for neat PSF to 28.2 Barrer for PSF/PEG 
at 10 wt%). CO₂/CH₄ selectivity also improved slightly at 2 bar and 
35 ◦C (from 12.23 for neat PSF to 12.81 for PSF/PEG at 10 wt%), while 
additional graphene hydroxyl (G–OH) nanoparticles further enhanced 
CO₂/CH₄ separation efficiency at 5 wt% loading [208]. Natarajan et al. 
(2021) incorporated Fe-pillared Cloisite 15 A clay (P–C15A) into PSF, 
yielding MMMs with enhanced CO₂ and O₂ permeability and selectivity 
near the Robeson upper bound [151]. There are other studies discussing 
functionalized PSF-based membranes for olefin and paraffin separation. 
Gholamipour et al. (2019) reported that silica nanoparticle addition 
improved both permeability and selectivity due to altered solubility and 
diffusion coefficients, with olefins showing higher diffusion rates than 
paraffins [209]. Najafi et al. (2020) reported that the incorporation of 
reduced graphene oxide (rGO) into polysulfone MMMs significantly 
enhanced olefin permeability at 2 bar and 30◦C. At 1 wt% rGO loading, 
ethylene and propylene permeabilities increased by 143% and 193%, 
respectively. Although propylene/propane selectivity improved by 18%, 
ethylene/ethane selectivity decreased by 23%, indicating that rGO 
markedly enhances olefin productivity while exerting 
gas-pair-dependent effects on separation selectivity [210].

Overall, functionalized MMMs have shown substantial improve
ments in CO₂ permeability and CO₂/CH₄ selectivity through tailored 
filler functionalization and strong polymer-filler interfacial bonding. 
Nevertheless, ensuring uniform filler dispersion, minimizing micro- 
voids, and evaluating long term stability remain critical for practical 
deployment.

5.2.2. Ionic liquid based MMMs
Incorporating ILs or IL-functionalized components into polymer 

matrices offers an effective route for enhancing CO₂ capture due to their 
intrinsic CO₂ affinity [211], tunable polarity, and ability to plasticize the 
polymer structure. These features typically increase CO₂ solubility and 
diffusivity while maintaining adequate membrane integrity [212,213]. 
The operation mechanism of ionic liquid MMMs (ILMMMs) is illustrated 

in Fig. 24.
Farrokhara and Dorosti (2020) prepared PSF/[EMIM][BF₄] membranes 

with 10–40 wt% ionic liquid, achieving up to 98.3% higher CO₂ perme
ability due to increased free volume and strong CO₂ affinity. Optimal per
formance occurred at 30 wt% IL, delivering ~602 Barrer permeability and 
~25.9 selectivity, while excessive IL loading reduced separation efficiency 
[134]. Khraisheh et al. (2020) examined the incorporation of Diisopro
pylamine 1-alkyl-3-methylimidazolium ([DIP-C₄mim][NTf₂]) ILs into PSF 
matrices. Broadband dielectric spectroscopy (BDS), DSC, and TGA analyses 
confirmed the membranes’ thermal stability, with Tg values decreasing 
gradually due to IL-induced plasticization effects [214]. Ortiz-Albo et al. 
(2022) [215], proved that including cyano-based ILs with dicyanamide 
([DCA]− ) and tricyanomethanide ([TCM]− ) anions with ZIF-8 PSF MMMs 
increased CO2 permeability, selective behavior, and mechanical strength 
compared to conventional MMMs, with a substantial reliance on intrinsic IL 
CO2 selectivity. Liu et al. (2022) synthesized a Schiff base network/poly
sulfone MMM (SNW-3/PSF) that demonstrated intensified CO₂ capture 
capacity and over a 400% increase in CO₂ permeability relative to pristine 
PSF. Positron annihilation spectroscopy revealed higher fractional free 
volume and dynamic free volume changes during CO₂ exposure and 
desorption, confirming the strong influence of IL-like plasticization 
behavior on gas transport [216]. Hybrid IL-based systems also exhibit 
remarkable separation performance. A layered double hydroxide/
fluoroalkylsilane–polydimethylsiloxane hybrid ((LDH/FAS)₂₅-PDMS) 
membrane achieved an exceptionally high CO₂ permeability of 7748 GPU, 
with selectivity factors of 43, 86, and 62 for CO₂/H₂, CO₂/N₂, and CO₂/CH₄ 
mixtures, respectively [217].

In addition to filler selection, interfacial engineering plays a decisive 
role in MMM performance. Conventional systems often rely on physical 
blending, where weak filler-polymer interactions may result in interfa
cial voids and non-selective defects. In contrast, amine-functionalized 
SiO₂/ZIF-8 systems introduce surface –NH₂ groups that promote 
hydrogen bonding and acid-base interactions with the sulfone groups of 
PSF, thereby enhancing compatibility and suppressing interfacial de
fects. Similarly, GO/PSF systems benefit from oxygen-containing func
tional groups that facilitate hydrogen bonding and π–π interactions, 
improving dispersion and interfacial adhesion. Unlike conventional 
designs that rely primarily on filler porosity, these systems integrate 
chemical interface modulation with enhanced gas affinity, particularly 
toward acidic gases such as CO₂ and H₂S. In MMMs, separation perfor
mance depends on both filler properties and filler-polymer interfacial 
compatibility. Poor interfaces can cause voids, rigidification, and 
agglomeration, reducing gas transport efficiency. Therefore, recent 
studies focus on interface engineering strategies such as surface func
tionalization, coupling agents, polymer blending, and two dimensional 

Fig. 24. Three-component ILMMM that incorporates inorganic filler, ILs, and polymer matrix for enhanced gas transport performance and structural compatibility.
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(2D) nanosheet incorporation. Table 6 compares interfacial design 
strategies in conventional systems and highlights key features of amine- 
functionalized SiO₂/ZIF-8 and GO/PSF membranes.

As summarized in Table 6, conventional MMMs primarily rely on 
physical blending, where weak interfacial interactions often result in 
non-selective voids and limited control over gas selectivity. In contrast, 
advanced interface engineering strategies aim to strengthen filler- 
polymer compatibility through chemical bonding, hydrogen bonding, 
or acid-base interactions. The amine-functionalized SiO₂/ZIF-8 systems 
distinguish themselves by simultaneously improving interfacial adhe
sion and enhancing acid gas affinity via –NH₂ functional groups, which 
interact favorably with CO₂ and H₂S molecules. Similarly, GO/PSF sys
tems leverage two dimensional confinement effects and polar functional 
groups to suppress defects while increasing selective transport path
ways. The essential difference between conventional interface design 
and the reported systems lies in the deliberate integration of chemical 
affinity enhancement with structural defect suppression, rather than 
relying solely on filler porosity or loading. This dual-function interface 
modulation provides a more effective pathway for achieving improved 
CO₂/CH₄ and H₂S/CH₄ separation performance.

Following the discussion on interface engineering, it is essential to 
evaluate how these strategies affect actual gas separation performance. 
Therefore, Table 7 presents the reported permeability and selectivity of 
PSF-based MMMs, illustrating the impact of different fillers and inter
facial modifications on gas transport behavior.

By analyzing the data presented in Table 7, the gas separation effi
ciency of PSF-based MMM is presented in Fig. 25.

The Robeson plot illustrates the trade-off between CO₂ permeability 
and CO₂/CH₄ selectivity for various PSF-based MMMs. Most membranes 
exhibit performance within the conventional upper bound region, while 
selected filler-incorporated systems approach the 2008 Robeson limit, 
indicating enhanced separation efficiency. The distribution of data 
points confirms that filler type and loading significantly influence the 
permeability-selectivity balance. The literature shows that PSF-based 
membranes are widely studied and well established for CO₂/CH₄ sepa
ration because of their good mechanical stability, processability, and 
reliable CO₂ selectivity. These observations are consistent with previous 
studies on CO₂/CH₄ separation, where PSF-based and composite mem
branes typically exhibit a trade-off between permeability and selectivity 
under mixed-gas conditions [51,243,244]. For instance, composite 
membranes incorporating MOF-based fillers have demonstrated 
enhanced CO₂ permeability but often at the expense of selectivity at 
higher CO₂ concentrations [51,244]. In contrast, studies focusing on 
H₂S-containing systems highlight additional challenges related to 
chemical stability, competitive sorption, and plasticization effects, 
which are less pronounced in CO₂-only systems [49]. These findings 
emphasize the importance of evaluating membrane performance under 
realistic sour gas conditions. However, studies addressing the removal of 
CO₂ and H₂S from CH₄ using PSF-based membranes are very limited. 
Most PSF research focuses exclusively on CO₂/CH₄ performance, while 
H₂S separation is either investigated separately, addressed using other 
polymers, or handled through hybrid systems such as membrane 

contactors combined with chemical absorbents. This scarcity is largely 
attributed to the aggressive and reactive nature of H₂S, which introduces 
challenges related to polymer stability, plasticization, and long term 
membrane durability. Consequently, despite extensive CO₂/CH₄ data, 
PSF membranes specifically engineered for concurrent CO₂ and H₂S 
removal from natural gas remain underexplored in the literature.

5.3. Benchmarking PSF-based membranes for H₂S/CH₄ and CO₂/CH₄ 
separation against other membrane materials

Although PSF membranes have been extensively investigated for 
CO₂/CH₄ separation in natural gas sweetening, their application toward 
H₂S/CH₄ separation either as a single acid gas system or under mixed-gas 
conditions with CO₂ remains limited. Most available PSF-based studies 
focus primarily on CO₂ permeability and CO₂/CH₄ selectivity, while 
direct permeability and selectivity data for H₂S are rarely reported. This 
limitation is primarily due to: 

• The corrosive and toxic nature of H₂S, which complicates experi
mental evaluation.

• Plasticization and swelling effects in glassy polymers at elevated acid 
gas pressures.

• The industrial preference for facilitated transport or chemical ab
sorption systems for selective H₂S removal.

Table 8 compares representative PSF studies with CA, polyimides 
(PI), polymers of intrinsic microporosity (PIMs), and supported ionic 
liquid membranes (SILMs).

The comparative results show that PSF membranes deliver extremely 
high H₂S permeability, particularly the DMAC-cast variant, but suffer 
from very low H₂S/CH₄ selectivity, limiting their practical use. In 
contrast, CA and PI membranes provide more balanced performance, 
with moderate permeability and selectivity values suitable for industrial 
applications. PIM-1 and rubbery polymers such as PEG and PEO 
demonstrate higher selectivity, especially for H₂S, while SILMs stand out 
with exceptional H₂S/CH₄ selectivity, highlighting their strong affinity 
for acidic gases. Overall, the Table emphasizes that PSF offers un
matched throughput but requires hybrid or composite designs to over
come its selectivity limitations.

5.4. Role of computational chemistry in membrane technology

Computational chemistry has progressively transformed membrane 
science by providing atomistic and molecular-level understanding of 
transport, sorption, and structural phenomena in polymeric and MMMs. 
The field began in the 1960s-70s with the solution-diffusion paradigm, 
rationalizing transport through dense polymers and reverse osmosis 
membranes [248,249]. In the 1980s, molecular mechanics and MD were 
applied to polymer glasses, elucidating chain mobility, free volume 
distributions, and their effects on gas diffusion [250,251]. The 1990s 
saw wider use of ab initio and density functional theory (DFT) methods 
to link polymer chemistry to transport parameters, particularly in glassy 

Table 6 
Comparison of interface design strategies in PSF-based MMM.

System Interface Strategy Nature of Filler-PSF Interaction Interfacial Defect Control Gas Affinity Enhancement Key Distinction

Conventional inorganic 
filler/PSF [218]

Physical blending Weak van der Waals interaction Limited control; possible 
void formation

Minimal Primarily mechanical 
reinforcement

MOF/PSF (non- 
functionalized) [219]

Direct incorporation Partial compatibility; possible 
rigid interface

Moderate; may form non- 
selective gaps

Intrinsic MOF porosity Separation driven mainly 
by filler porosity

Amine-functionalized 
SiO₂/ZIF-8/PSF [220]

Surface amination 
(–NH₂ groups)

Hydrogen bonding & acid-base 
interaction with PSF sulfone 
groups

Reduced interfacial 
voids; improved adhesion

Enhanced CO₂/H₂S 
sorption via acid-base 
interaction

Chemical interface 
engineering + dual 
functionality

GO/PSF [139] Oxygenated functional 
groups (–OH, –COOH)

π–π interaction + hydrogen 
bonding

Improved dispersion; 
suppressed 
agglomeration

Increased CO₂ affinity via 
polar interactions

2D confinement 
+ interfacial polarity 
tuning
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Table 7 
Permeabilities and selectivity of PSF-based MMM for gas separation.

Membrane Type Composition Additive / Feature Permeability (Barrer) Selectivity Reference

PCO2 PH2S PCO2 /PCH4 PH2S/PCH4

MMMs/ 
Functionalized MMM

PSF/Porphyrin Porphyrin (5–20 wt%) 129.8 — 93.38 — [202]
PSF/CTF-1 Covalent Triazine Framework 

(8–24 wt%)
12.7 — 26 — [205]

PSF/MCM-41 (20 wt%) MCM-41 (20 wt%) 11.4 — 18.90 — [221]
PSF/PPS(10 wt%) PPs10wt% 11.35 — 9.11 — [222]
PSF/SNW-3 Schiff Base Network (30 wt%) 28.63 — 21.37 — [216]
PSF/PI (50/50)/ ZSM-5(10 wt%) ZSM-5 (10 wt%) 1.513 — 4.4253 — [189]
PSF/ Aminopropy 
ltrimethoxysilane/ acrylate-zeolite 
(15 wt%)

acrylate-zeolite (15 wt%) 18.36 — 10.28 — [208]

PSF/PES/GO((10 wt%) GO (10 wt%) 17.54 — 14.31 — [208]
PSF/10 wt% PEG/G-OH (5 wt%) Graphene Hydroxyl (5 wt%) 36.50 — 22.39 — [223]
PVA/PES-amine/GO (5 wt%) GO (5 wt%) 18.65 — 15.47 — [223,224]
PSF/SO3H-UiO-66 SO3H-UiO-66 20 — 27 — [225]
PSF/UiO-66 UiO-66 14 — 27 — [225]
PSF/ZIF-95 Zeolitic Imidazolate Framework 

(8–32 wt%)
11.11 — 28.49 — [200]

PSF/ZIF-8 ZIF-8 (0.5–10 wt%) 29.22–47.75 
GPU

— 23.16–27.72 — [140,201, 
202,204]

PSF/ZIF-8 (0.5 wt%) ZIF-8 (0.5 wt%) 1.374 — 1.192 — [226]
PSF-30/ZIF-8 ZIF-8 (10 wt%) 36.60 — 27.72 — [204]
PSF/A@S/ZIF-8 (0.5 wt%) Amine-modified SiO₂/ZIF-8 

(0.5 wt%)
4.25 — 22.25 — [126]

PSF/ZIF-67 (1 wt%) ZIF-67 (1 wt%) 37 GPU — 18.5 — [227]
PSF/ZIF-67 (2 wt%) ZIF-67 (2 wt%) 64 GPU — 11 — [227]
PSF/ZIF-67/GO ZIF-67 grown on PSF/GO HFMs 

(0.25 wt%)
39.25 GPU — 44.94 — [228]

PSF/CuBTC@GO (10 wt%) CuBTC@GO (10 wt%) 8.70 — 26.94 — [229]
PSF/Cu-BTC (1 wt%) Cu-BTC (1 wt%) 32 GPU — 19 — [230]
PSF/Bio-MOF-1 Bio-MOF-1 (30 wt%) 16.57 — 42.6 — [206]
PSF/NH₂KIT-6 Amine-modified KIT-6 (0–2 wt%) 5.4 — 32.4 — [146]
PSF/KIT-6 silica KIT-6 (0–2 wt%) 5.4 — 47.95 — [138]
PSF/Zeolite NH₂-RHO Zeolite NH₂-RHO (1–3 wt%) 5.4 — 37 — [148]
PSF/ZTC Zeolite Templated Carbon 

(0.4–0.7 wt%)
58.5 GPU — 9.99 — [231]

PSF/G–OH/PEG Graphene Hydroxyl + PEG 
(5–10 wt%)

30.6–36.5 — 19.78–22.39 — [208]

PSF/alumina γ-Alumina (30 wt%) 15.6 ± 0.4 — 33.3 — [178]
PSF/GO Graphene Oxide (0.25–8 wt%) 2.98–74.47 GPU — 16.67–29.90 — [139,232]
PSF/GO(5 wt%) GO (5 wt%) 19.43 — 16.38 — [208]
PSF/GO GO 86.80 GPU — 25.98 — [233]
PSF/Silica-ZIF-8 Silica-ZIF-8 (32 wt%) 24.4 — 31 — [234]
PSF/0.4 wt%zeolite- 
templatedcarbon

zeolite-templatedcarbon (0.4 wt 
%)

6.8 — 9.9 — [235]

PES/silica/MOF (15 wt%) Silica/MOF (15 wt%) 30.92 — 48.31 — [236]
PSF/PEG-g-CNT PEG-grafted CNTs (5 wt%) at 

1.5 bar
7.24 — 13.4 — [159]

PSF/PEG-g-CNT PEG-grafted CNTs (5 wt%) 2.5 bar 9.27 — 10.2 — [159]
PSF-Kapton/8 wt% oxidizingacid- 
treated MWCNTs

8 wt% oxidizingacid-treated 
MWCNTs

6.2 — 17.7 — [237]

PSF/5 wt%alkyl amine- 
functionalized SWCNTs

5 wt%alkyl amine-functionalized 
SWCNTs

5.1 — 18.9 — [238]

PSF/0.04 wt% carboxylicacid- 
functionalized MWCNTs

0.04 wt%carboxylicacid- 
functionalized MWCNTs

21.02 GPU — 18.45 — [239]

PSF/CNF (1 wt%) CNF (1 wt%) 4.8 — 12.1 — [240]
PSF/0.5 wt%amine-functionalized 
CNF

amine-functionalized CNF (0.5 wt 
%)

3.5 — 7.7 — [241]

PSF/LDH/FAS-PDMS LDH–FAS hybrid PDMS (25 wt%) 7748 GPU — 62 — [217]
PSF/2%MIL-53(Al) 2%MIL-53(Al) 37GPU — 12.5 — [220]
PSF/2%IL@MIL-53(Al) 2%IL@MIL-53(Al) 34GPU — 28 — [220]
PSF/PEG10000/Silica PEG10000 + Silica (20 wt%) 13.36 — 36.63 — [242]
PSF/SWCNT (ODA-functionalized) Single-walled CNTs (ODA) 5.19 — 18.41 — [238]
PSF/Porous silica Silica nanoparticles — — ↑ selectivity — [209]
PSF/rGO Reduced graphene oxide — — ↑ olefin 

selectivity
— [210]

PSF/P-C15A Fe-pillared Cloisite 15A (1 wt%) 19.47 GPU — — — [151]
0.5 wt%MX@Pebax/PSF 0.5 wt%MX 23GPU — 30.05 — [190]
PSF/Bio-based filler Amine-functionalized delignified 

biomass (0–5 wt%)
— — ↑ performance — [210]

Ionic Liquid Based 
MMMs (ILMMMs)

PSF/[EMIM][BF₄] 1-ethyl-3-methylimidazolium 
tetrafluoroborate (10–40 wt%)

+ 30.4–98.3% 
vs. PSF

— — — [134]

PSF/ZIF 67/ [APTMS][Ac] − 30 ZIF 67/ [APTMS][Ac] − 30 22.34 ± 1.12 — 72.06 ± 1.08 — [186]
PSF/[Tf2N] @ ZIF-67 (1.5 wt%) [Tf2N] @ ZIF-67 (1.5 wt%) 46.4 GPU — 25.9 — [227]

(continued on next page)
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polymers such as PSF and PI [252]. From the 2000s onward, computa
tional approaches expanded to mechanistic investigations of MMMs, 
including simulations of nanoporous fillers (e.g., zeolites, MOFs) and 
kinetic/MC analyses of two-phase transport [253,254]. 
High-performance computing in the 2010s enabled large-scale MD 
simulations, adsorption modeling, and the emergence of early machine 

learning models to predict permeability and complete material data
bases [252,255]. In the 2020 s, AI-driven screening, interpretable ma
chine learning, and advanced quantum algorithms accelerate discovery, 
while interfacial structures in MMMs are engineered and quantified at 
the molecular-level [168,256]. Fig. 26 illustrates a graphical timeline of 
the evolution of computational chemistry in membrane technology, 

Table 7 (continued )

Membrane Type Composition Additive / Feature Permeability (Barrer) Selectivity Reference

PCO2 PH2S PCO2 /PCH4 PH2S/PCH4

PSF/[Tf2N] @ ZIF-67 (2 wt%) [Tf2N] @ ZIF-67 (2 wt%) 60.5 GPU — 26.1 — [227]
PSF/Cu-BTC (1 wt%)/ [Bmim] 
[Tf2N] (5 wt%)

Cu-BTC (1 wt%)/ [Bmim][Tf2N] 
(5 wt%)

32 GPU — 26 — [230]

PSF/[Dmim][Cl] (5 wt%) [Dmim][Cl] (5 wt%) 17 GPU — 16.5 — [230]

“—” data is not available (limited literature)

Fig. 25. Separation performance of hybrid/ MMM with Robeson’s upper limit.
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highlighting milestones from early solution-diffusion models to modern 
AI-driven membrane design.

5.4.1. Molecular simulation
Molecular simulation provides a window into atomic and molecular- 

level phenomena, complementing experimental studies. MD and MC 
simulations can track polymer chain dynamics, cavity formation, and 
gas-polymer interactions, offering mechanistic insights that explain 
macroscopic transport behavior [257,258–260]. These techniques allow 
researchers to predict gas permeability, selectivity, swelling, and plas
ticization based on the polymer’s molecular architecture, filler proper
ties, and functional groups [261]. Fig. 27 summarizes the key benefits of 
MD simulation, including its ability to capture atomic-level dynamics, 
free volume distributions, and gas-polymer interactions, which are 
critical for understanding and predicting membrane performance.

For example, simulations of PSF and its derivatives revealed that 
para isomers have larger cavity sizes than meta isomers, leading to 
enhanced gas transport [262]. By using the COMPASS force field and 
equilibrating multiple initial polymer configurations, these studies 
linked atomic-level free volume distribution to experimentally 
measured permeabilities. Similarly, MD studies of PSU, PESU, and 
Ultem demonstrated how polymer chain mobility and hydrogen bonding 
sites influence water sorption and gas-induced swelling [263,264]. 
These findings illustrate that atomistic packing and dynamic behavior, 
rather than just bulk composition, govern transport properties.

Grand Canonical Monte Carlo (GCMC) simulations further com
plemented MD by capturing gas adsorption in confined polymer and 
nanocomposite environments, reproducing sorption isotherms and 
elastic responses at the molecular scale [265]. Studies incorporating 
single-walled carbon nanotubes (SWNTs) or silica nanoparticles into PSF 
matrices showed that filler-induced modifications of local free volume, 
interfacial interactions, and polymer chain orientation significantly 
affect gas diffusivity and selectivity [265–268]. These atomistic insights 
explain why certain filler types, loadings, or functionalizations improve 

CO₂ permeability or CO₂/CH₄ selectivity.
MD simulations combined with design of experiment (DOE) ap

proaches further elucidated how temperature, pressure, and filler con
tent modulate polymer-filler-gas interactions [150]. In PSF/PEG/SiO₂ 
MMMs, Fig. 28 illustrates the molecular representation of PEG and PSF 
monomers, polymer chains, silica nanoparticles, and the final mem
brane configuration. The simulations captured how filler distribution 
and polymer conformations create diffusion pathways and influence gas 
transport.

In PSF/PDMS MMMs with ZnO nanoparticles, MD and GCMC studies 
revealed that enhanced CO₂/N₂ and CO₂/CH₄ selectivities arose from 
optimized free volume, polymer flexibility, and preferential gas-filler 
interactions [269]. Recent studies have developed computational 
frameworks capable of simulating non-ideal effects, such as CO₂ 

Table 8 
Gas Permeation and Selectivity Benchmarks for CO₂ and H₂S Separation from CH₄.

Polymer / Membrane Type Permeability (Barrer) Selectivity Reference

PH2S PCO2 PH2S/PCH4 PCO2 /PCH4

PSF (DMAC solvent, M3 membrane) ~119,000 – 1.56 – [92]
PSF (THF solvent) – 62.3 – 48 [86]
CA 25 ~10 25–40 30–40 [245]
Modified CA (VTMS-grafted) ~165 ~140 ~27 ~20 [245]
Polyimide (6FDA-based) ~30 10–20 10–20 60–80 [245]
Polyimide (6FDA-durene copolymer) ~10 ~10 ~23 ~27 [245]
PIM-1 (amidoxime functionalized) 4300 800 74 13 [245]
Crosslinked PEG (rubbery polymer) – – 65–116 15–58 [246]
PEO-based rubbery polymer 200–400 150–300 10–15 15–25 [245]
Supported Ionic Liquid Membrane (PVDF + BMImBF₄) 160–1100 30–180 130–260 25–45 [247]

Fig. 26. The evaluation of computational chemistry in membrane technology.

Fig. 27. Key advantages of MD simulation in membrane research.
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plasticization and confinement in ultrathin membranes, enabling 
mechanistic predictions of gas separation performance under realistic 
conditions [270–274].

As membrane simulation studies are scarce, particularly focused on 
PSF-based membranes so the summary of the PSF and other membranes 
related simulation-based studies on the CO2/CH4 and H2S/CH4 separa
tion performance of filler/polymer/MMMs is discussed in Table 8. The 
Table demonstrates that incorporating inorganic and nanostructured 
fillers into polymer matrices significantly enhances gas transport prop
erties, with substantial variations in permeability and selectivity 
depending on filler type, loading percentage, and operating pressure. 
Notably, high-permeability systems such as pristine single-walled car
bon nanotube (SWCNT) composites exhibit dramatic increases in CO₂ 

transport. Whereas hybrid structures like ZIF-7 NCPMs and ZnO- 
reinforced PSF achieve more balanced improvements in both perme
ability and selectivity, highlighting the importance of optimizing filler- 
polymer interfacial interactions for membrane performance.

Overall, molecular simulations provide atomistic-level mechanistic 
understanding, how polymer chain conformation, cavity connectivity, 
functional groups, and filler interfaces govern transport, swelling, and 
selectivity. These insights allow the rational design of next-generation 
PSF membranes and MMMs, guiding choices of polymer chemistry, 
filler type, functionalization, and processing conditions for optimal 
separation performance.

Table 9 summarizes reported simulation studies on the separation 
performance of CO₂ and H₂S using various polymeric and MMMs under 

Fig. 28. Representation of PEG and PSF monomers and polymer chains and the added silica nanoparticles as well as the final configuration of constructed mem
branes (a) composite membranes and (b) MMMs. The selective and supporting layers are shown in the Figure [150].Copyright 2021, Elsevier.
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different operating conditions. The results show that the incorporation 
of inorganic fillers such as silica, amine-functionalized silica, ZnO, 
α-cristobalite, FAU zeolite, ZIF-7, and carbon nanotubes into polymer 
matrices (e.g., PSF, PEBA, PDMS blends) significantly influences gas 
transport properties. In general, CO₂ permeability varies widely 
depending on filler type and loading, ranging from very low values (e.g., 
Extem XH1015) to exceptionally high values in CNT-based systems. 
Among the reported systems, ZIF-7/NCPMs are notable for providing 
simultaneous CO₂ and H₂S permeability data, demonstrating balanced 
selectivity for both gas pairs. However, most studies primarily focus on 
CO₂ permeability and CO₂/CH₄ selectivity, while H₂S permeability and 
H₂S/CH₄ selectivity data remain scarce. This highlights that, even in 
simulation studies, systematic evaluation of H₂S separation performance 
is still limited compared to CO₂, emphasizing the need for more 
comprehensive investigations on simultaneous acid gas separation. 
These findings align with recent MD simulation studies, which reveal 
that gas transport behavior in mixed CO₂/CH₄/H₂S systems is strongly 
influenced by pressure, temperature, and polymer–gas interactions. For 
example, MD and Monte Carlo simulations have shown that gas diffu
sion and solubility coefficients vary significantly with operating condi
tions, directly impacting separation performance [279].

6. Challenges in PSF-based membranes

6.1. Stability, purity and scalability issues

The long term stability and purity of PSF-based MMMs remain crit
ical for demanding gas separation applications, including CO₂ capture 
and ternary H₂S/CO₂/CH₄ separations. PSF membranes can undergo 
physical or chemical degradation over time, which is intensified by 
poorly dispersed or incompatible fillers, potentially reducing separation 
efficiency [47,280]. Maintaining high gas purity is particularly chal
lenging in ultrathin MMMs, where minor interfacial defects or 
polymer-filler mismatches create non-selective pathways. Structural 
integrity under prolonged exposure to high pressures, aggressive gases, 
and temperature fluctuations is essential for industrial viability [281, 
282], with the choice of chemically and thermally stable PSF-filler 
combinations being crucial for multicomponent gas streams [245, 
283]. Scaling PSF-based MMMs from laboratory to industrial applica
tions introduces technical and economic challenges. Membrane fouling, 
limited lifespan, solvent effects on filler dispersion, and the delicate 
balance between permeability and selectivity complicate large-scale 
fabrication [63,86,268,280,284,285]. Achieving uniform performance 
across extensive membrane areas requires precise control of fabrication 
parameters, filler loading, and interfacial compatibility, highlighting the 
importance of optimizing both membrane stability and scalability for 
reliable industrial deployment [9,86].

6.2. Selectivity, permeability, and material development

Enhancing selectivity, permeability, and long term stability in PSF- 
based MMMs remains a central challenge in membrane science. PSF, 
while mechanically robust and thermally stable, exhibits moderate 
intrinsic gas separation performance. To overcome these limitations, 
recent efforts have focused on embedding functional fillers into the PSF 
matrix to improve separation efficiency, particularly for CO₂ capture 
applications [47,196]. However, the development of durable PSF-based 
MMMs that maintain high purity levels under harsh operating condi
tions is complex. Filler incorporation must be carefully engineered to 
avoid interfacial defects and ensure compatibility with PSF’s chemical 
structure. Teixeira Cardoso et al. (2022) emphasized the importance of 
designing membranes that retain performance under extreme pressures, 
temperatures, and chemically aggressive environments [9]. Recent 
breakthroughs include the use of nanocomposites, tailored polymer 
blends, and MOFs that synergize with PSF to enhance gas transport 
properties. These materials offer improved selectivity and permeability 
while preserving structural integrity during prolonged operation [164, 
286], [197]. Nonetheless, achieving consistent performance across 
varying gas compositions and industrial conditions requires further 
refinement in material design and membrane architecture. The incor
poration of fillers into PSF-based MMM has attracted considerable in
terest for enhancing CO₂ and CH₄ separation performance; however, the 
fabrication of defect-free membranes remains a major challenge. The 
hydrophobic nature and rigid backbone of PSF often lead to poor 
interfacial adhesion with polar or structurally incompatible fillers, 
resulting in interfacial voids that act as non-selective transport pathways 
and degrade separation efficiency [148]. In addition, inadequate filler 
dispersion and nanoparticle agglomeration can disrupt polymer 
morphology, reduce effective surface area, and create localized stress 
regions, further limiting membrane performance. Despite the applica
tion of surface functionalization and solvent optimization strategies, 
achieving uniform compatibility between PSF and diverse filler chem
istries remains difficult [139].

6.3. Plasticization, conditioning, and aging

PSF-based MMMs used in CO₂ separation are prone to several 
degradation mechanisms, including penetrant-induced plasticization, 
physical aging, and conditioning-related instability. These phenomena 
significantly affect membrane performance and long term operational 
reliability, particularly in natural gas separation processes [63,287]. 
Plasticization occurs when CO₂, which has high solubility in PSF, in
teracts with the polymer matrix and increases chain mobility. This leads 
to elevated permeability but reduced selectivity, especially under 
high-pressure conditions typical of CO₂/CH₄ and H₂S/CH₄ separations 
[245,288]. The presence of fillers in MMMs can either mitigate or 
exacerbate this effect depending on their compatibility and interaction 

Table 9 
Simulation studies for CO2 and H2S separation performance of fillers/ polymer/ MMMs.

Membrane Filler Loading 
%

Operating Conditions 
T(C), P(bar)

Permeability (Barrer) Selectivity Reference

PCO2 PH2S PCO2 /PCH4 PH2S/PCH4

PEBA-1657/Faujasite (FAU) 20 25, 1 89.2 —— 20.5 —— [275]
Silica/PSF 20 35, 1 22.57 —— 18.2 —— [266]
Pristine single-walled carbon nanotubes (p- SWCNT) 0.5–3 25, 2 7838 —— 8.12 —— [276]
ZIF-7/nanocomposite polymeric membranes (NCPMs) 22 25, 3.75 128.3 54.78 21.86 9.33 [277]
Silica/PSF 25 35, 1 25.35 —— 11.7 —— [274]
Amine-functionalized silica/PSF 20 35, 1 62 —— 10.9 —— [267]
Extem XH1015 2 35, 1 3.28 —— 25.2 —— [278]
SWNTs/PSF 10 35, 0.01–18 5.19 —— 18.41 —— [265]
PSF-25 wt% α-Cristobalite 25 55, 1 39.98 —— 16.65 —— [268]
PSF-PEG- silica 20 25, 10 14.76 —— 25.44 —— [150]
80%PSf + 20%PDMS/6 wt%ZnO 6 25, 16 78.02 —— 27.3 —— [269]
Xeon/PSF~100 —— 35, 2 1.839 —— 22.937 —— [271]
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with the PSF matrix. Physical aging is another concern, particularly in 
glassy polymers like PSF. Over time, the polymer structure undergoes 
densification, resulting in a reduction of free volume and a corre
sponding decline in gas permeability. This aging process drives the 
membrane toward a more thermodynamically stable state, which com
promises its separation efficiency [245,289]. Swelling under high CO₂ 
pressures further contributes to plasticization. The polymer matrix may 
expand, altering the filler-polymer interface and introducing 
non-selective pathways. This effect is particularly pronounced in MMMs 
where filler dispersion is uneven or interfacial adhesion is weak, leading 
to performance deterioration over time [290,291].

6.4. Integration of PSF-based MMM with conventional processes and 
technological advancement

Integrating PSF-based MMMs into conventional gas separation sys
tems, such as cryogenic distillation, adsorption, and absorption units, 
presents several engineering and operational challenges. These systems 
require membrane modules that are compatible with existing infra
structure while maintaining high-performance under variable industrial 
conditions [292]. PSF is a favorable matrix due to its mechanical 
strength and thermal stability, making it suitable for hollow fiber con
figurations. However, the incorporation of fillers introduces additional 
complexity. Issues such as interfacial defects, inconsistent permeability, 
and mechanical heterogeneity can hinder seamless integration. Ad
vancements in spinning techniques, module design, and filler alignment 
are necessary to ensure that PSF-based MMMs deliver reliable selectivity 
and permeability in demanding environments [31,293,294]. To enable 
large-scale deployment, PSF-based MMMs must also meet criteria 
related to energy efficiency, operational cost, and long term durability. 
These requirements call for coordinated efforts in membrane formula
tion, process design, and hybrid system development. 
Simulation-guided optimization and modular retrofitting strategies are 
increasingly being explored to bridge the gap between laboratory per
formance and industrial implementation.

6.5. Environmental impacts/ issues

The generation and disposal of PSF membranes have repercussions to 
the environment because these are non-degradable materials. Further, 
the manufacturing process employs organic solvents as well as other 
chemicals which are also dangerous to the environment [295,296]. 
Further, the study helps to improve real CO2/CH4 separation in the 
future design and concept of functionalized MMMs using molecular 
simulation and empirical modeling strategies [267]. However, the aim 
of precisely forecasting emergent events at both atomistic and macro
scopic sizes remains unfulfilled [260].

The multidisciplinary collaborations of materials science, engineer
ing, process and environment is becoming more pronounced in mem
brane research [297]. The prospects for membrane technology in 
CO2/CH4 and H2S/CH4 separation seem good, with ongoing de
velopments. Recent investigations, as highlighted in several references, 
have shown major patterns and emphasis topics for future research. 
Such as the progress in the development of materials and membranes 
tailored to maximize efficiency under difficult conditions is expected 
[9], tailoring the CO2/CH4 separation performance using MMMs is 
growing, with greater efficiency compared to standard polymeric 
membranes [298], selection of innovative technologies [299]. Molecu
lar simulation techniques are among the most advanced and reliable 
tools in membrane research, offering predictive insights into gas trans
port and polymer-filler interactions [268,300–302]. However, their 
application is often constrained by high computational costs, limited 
scalability to complex multicomponent systems, and challenges in 
accurately translating simulation outcomes to real-world membrane 
performance.

The combined efforts undertaken indicate a dynamic trajectory for 

membrane technology in gas separation, overcoming hurdles and 
opening the path for increasingly efficient and discriminating processes.

7. Future prospective in PSF-based membranes

7.1. Advanced polymer engineering, surface functionalization, and hybrid 
integration

Future advancements in PSF-based membranes are expected to arise 
from the integrated application of advanced polymer blending, surface 
functionalization, hybrid separation technologies, and sustainable 
fabrication practices. The incorporation of high-performance additives 
such as GO, MOFs, and ILs into PSF matrices has demonstrated strong 
potential to enhance polymer compatibility, regulate microphase sepa
ration, and alleviate the trade-off between permeability and selectivity. 
These approaches have enabled improved separation performance for 
challenging gas pairs, including CO₂/CH₄ and O₂/N₂ [163]. For example, 
GO-PSF MMMs exhibited approximately a 14% increase in CO₂ per
meance, along with selectivity enhancements of 158% for CO₂/N₂ and 
74% for CO₂/CH₄, which were attributed to strengthened interfacial 
interactions and tailored microstructural organization within the poly
mer matrix [139]. Maintaining controlled phase morphology remains 
essential for achieving consistent performance across varying operating 
conditions. In parallel, membrane durability and operational stability 
can be significantly improved through surface modification techniques 
such as plasma treatment, chemical grafting, and nanoparticle deposi
tion, which impart anti-fouling, anti-plasticization, and 
oxidation-resistant properties [241,303]. The complementary roles of 
polymer blending in enhancing selectivity and surface functionalization 
in improving durability and fouling resistance are illustrated in Figs. 29
(a) and 29(b), respectively. Beyond material design, the integration of 
PSF membranes into hybrid gas separation systems combining mem
branes with adsorption, cryogenic distillation, or chemical absorption 
offers a pathway to overcome the intrinsic limitations of standalone 
membrane processes and improve overall separation efficiency and en
ergy performance [31]. Concurrently, increasing emphasis is being 
placed on environmentally sustainable fabrication strategies, including 
the use of bio-based or less toxic solvents, solvent-free processing routes, 
and recyclable membrane modules, in line with industrial sustainability 
goals [127,304,305]. Despite these advances, critical challenges remain, 
including ensuring long term interfacial stability between PSF and 
diverse fillers, developing scalable and reproducible fabrication 
methods, and achieving a deeper mechanistic understanding of 
polymer-filler interactions under dynamic industrial conditions. 
Addressing these gaps through predictive modeling, sustainable pro
cessing, and hybrid system integration will be essential to fully realize 
the potential of PSF-based MMMs for large-scale gas separation 
applications.

7.2. Computational-experimental Co-design frameworks/ machine 
learning

PSF-based membrane innovation is progressively embracing inte
grated computational and data-driven methodologies to shift develop
ment from empirical trial-and-error toward predictive, co-design 
workflows. At the molecular-level, atomistic simulations (MD, MC, soft- 
confinement models) offer detailed insights into gas transport phe
nomena, including solubility, diffusivity, and permeance under indus
trially relevant temperature and pressure conditions [273,274]. For PSF 
MMMs with silica or other inorganic fillers, these tools clarify how filler 
content alters free volume and separation behavior under mixed-gas 
feeds. At the module and process scale, mathematical modeling is 
instrumental for predicting performance in hollow fiber modules and 
industrial separation systems. This modeling captures multicomponent 
flows, concentration polarization, and real-world separation behavior, 
enabling scale-up design and optimization [306,307]. On the 
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data-driven front, ML models such as artificial neural network (ANN) 
[308] and graph neural network (GNN) [309] trained on comprehensive 
datasets including compositional, structural, and operational variables 
have shown promising accuracy in forecasting PSF membrane perme
ability and selectivity (R²: 0.79–0.85), and effectively classifying 
top-performing membranes [310]. These computational advancements 
are progressively being incorporated into autonomous experimental 
platforms, wherein robotic systems undertake the synthesis, processing, 
and testing of the most promising candidates identified through simu
lations. This closed-loop methodology is shortening development time
lines from years to mere months, representing a significant 
transformation in the discovery and validation of membrane materials. 
As depicted in Fig. 30, this integrated co-design loop demonstrates the 
dynamic interaction between quantum-level simulations, ML techniques 
(including GNN-based property prediction), robotic synthesis, and 
experimental feedback. This dynamic framework enables a continuously 
optimized membrane development cycle.

8. Conclusion

PSF-based membranes represent a mature and highly robust plat
form for CO₂ and H₂S separation from natural gas, offering superior 
thermal, mechanical, and chemical stability compared with conven
tional polymeric membranes. Their durability, scalability, and tunable 
interfacial chemistry make them particularly suitable for industrial sour 
gas processing under aggressive operating conditions. This review pro
vides a critical evaluation of PSF membrane synthesis techniques, 
evaluated in terms of fabrication complexity and separation perfor
mance, identifying phase inversion as the most widely adopted and 
viable technique. Recent advances in PSF-based MMM, incorporating 

functionalized fillers such as GO, MOF, and ILs, have enabled concurrent 
improvements in permeability and selectivity while suppressing inter
facial defects through enhanced chemical compatibility. In parallel, 
polymer blending and surface functionalization strategies have been 
shown to improve fouling resistance, and plasticization stability. Most 
PSF-based MMMs cluster is between permeability approximately 5–100 
Barrer and selectivity between 10 and 80. Some advanced systems (e.g., 
ZIF-67, porphyrin-modified membranes) approach the 2008 upper 
bound and very few exceed the 2008 limit, meaning the trade-off still 
exists. It is noteworthy that H₂S permeability data remain underreported 
in PSF-based membrane studies, despite their critical relevance in sour 
gas processing. This gap in experimental data highlights the need for 
more systematic investigations on CO₂ and H₂S separation under real
istic operating conditions. This review introduces a predictive analytical 
framework that transforms fragmented experimental observations on 
PSF-based membranes into a unified design assessment tool for sour gas 
applications. The framework systematically links structural, chemical, 
and thermo-mechanical indicators to membrane stability. It reveals that 
chemically engineered PSF systems outperform pristine and physically 
blended membranes due to simultaneous enhancement of interfacial 
compatibility and plasticization resistance. By reducing trial-and-error 
experimentation, the framework provides a transferable methodology 
for guiding the rational design of next-generation membranes for 
aggressive CO₂/H₂S environments. These insights contribute to the 
advancement of durable, energy-efficient membrane systems for sus
tainable gas purification. From a practical perspective, PSF-based 
membranes position them as strong candidates for industrial deploy
ment in natural gas processing, particularly for simultaneous CO₂ and 
H₂S removal. Their compatibility with existing membrane module de
signs and potential integration into hybrid separation systems further 

Fig. 29. (a) Polymer blending for enhanced selectivity (b) Surface functionalization for anti-fouling and long term stability.

Fig. 30. Closed-loop ML-driven co-design for PSF membrane development.
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enhance their applicability in large-scale operations. Moreover, the 
development of predictive frameworks and AI-assisted design strategies 
can significantly reduce development time and operational costs, sup
porting the transition toward more efficient and economically viable gas 
separation technologies. Furthermore, the sensitivity analysis of the 
predictive framework is also conducted that confirms it effectiveness 
representing a key novelty of this study and providing a practical tool for 
guiding future membrane design and optimization. Despite these ad
vancements, significant challenges remain, particularly the scarcity of 
long term mixed-gas studies under realistic conditions, limited techno- 
economic and life-cycle assessments, and an incomplete understanding 
of fouling and aging at scale. Addressing these gaps will require inte
grated experimental and computational strategies, including in-situ 
characterization, multiscale modeling, and pilot-scale validation. 
Looking forward, PSF membranes are expected to be integrated into 
hybrid separation systems and multi-stage membrane modules for bulk 
CO₂ removal followed by selective H₂S polishing. They are also prom
ising for compact offshore gas treatment units, where mechanical 
robustness and corrosion resistance are critical. In addition, the adop
tion of green fabrication routes and AI-assisted molecular and process 
design is expected to accelerate their industrial deployment. Collec
tively, these developments position PSF-based membranes as next- 
generation, sustainable separation materials. They show strong poten
tial for efficient sour gas purification and global carbon mitigation. 
Although the present study demonstrates promising outcomes, further 
research is needed to improve the robustness and applicability of the 
proposed model. Incorporating broader datasets and conducting 
experimental validation under diverse operating conditions will 
enhance its predictive reliability. Moreover, extending this framework 
to other polymeric and MMM systems represents a promising direction 
for enabling wider applicability and more optimized membrane design.
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[170] S. Velioğlu, H.E. Karahan, B. Tantekin-Ersolmaz, Predictive transport modelling 
in polymeric gas separation membranes: From additive contributions to machine 
learning, Sep. Purif. Technol. 340 (2024), https://doi.org/10.1016/j. 
seppur.2024.126743.

[171] C.Y. Chuah, K. Goh, Y. Yang, H. Gong, W. Li, H.E. Karahan, M.D. Guiver, R. Wang, 
T.H. Bae, Harnessing filler materials for enhancing biogas separation membranes, 

Chem. Rev. 118 (2018) 8655–8769, https://doi.org/10.1021/acs. 
chemrev.8b00091.

[172] I. Douna, S. Farrukh, A. Hussain, Z. Salahuddin, T. Noor, E. Pervaiz, M. Younas, X. 
F. Fan, Experimental investigation of polysulfone modified cellulose acetate 
membrane for CO2/H2 gas separation, Korean J. Chem. Eng. 39 (2022) 189–197, 
https://doi.org/10.1007/s11814-021-0900-7.

[173] Y. Ma, H. Guo, R. Selyanchyn, B. Wang, L. Deng, Z. Dai, X. Jiang, Hydrogen 
sulfide removal from natural gas using membrane technology: a review, J. Mater. 
Chem. A 9 (2021) 20211–20240, https://doi.org/10.1039/d1ta04693d.

[174] K. Staszak, Membrane processes, Phys. Sci. Rev. 2 (2017) 1–18, https://doi.org/ 
10.1515/psr-2017-0142.

[175] X.M. Tan, D. Rodrigue, A review on porous polymeric membrane preparation. 
Part I: Production techniques with polysulfone and poly (vinylidene fluoride), 
Polymers 11 (2019), https://doi.org/10.3390/polym11071160.

[176] R.W. Baker, B.T. Low, Gas separation membrane materials: a perspective, 
Macromolecules 47 (2014) 6999–7013, https://doi.org/10.1021/ma501488s.

[177] S. Dong, Z. Wang, M. Sheng, Z. Qiao, J. Wang, High-performance multi-layer 
composite membrane with enhanced interlayer compatibility and surface 
crosslinking for CO2 separation, J. Memb. Sci. 610 (2020) 118221, https://doi. 
org/10.1016/j.memsci.2020.118221.

[178] S. Maghami, M. Sadeghi, S. Baghersad, B. Zornoza, Influence of solvent, Lewis 
acid–base complex, and nanoparticles on the morphology and gas separation 
properties of polysulfone membranes, Polym. Eng. Sci. 61 (2021) 1931–1942, 
https://doi.org/10.1002/pen.25708.

[179] S. Karimi, E. Firouzfar, M.R. Khoshchehreh, Assessment of gas separation 
properties and CO2 plasticization of polysulfone/polyethylene glycol membranes, 
J. Pet. Sci. Eng. 173 (2019) 13–19, https://doi.org/10.1016/j. 
petrol.2018.10.012.

[180] D. Nasirian, I. Salahshoori, M. Sadeghi, N. Rashidi, M. Hassanzadeganroudsari, 
Investigation of the gas permeability properties from polysulfone/polyethylene 
glycol composite membrane, Polym. Bull. 77 (2020) 5529–5552, https://doi.org/ 
10.1007/s00289-019-03031-3.

[181] M.A. Abd. Hamid, Y.T. Chung, R. Rohani, M.U. Mohd. Junaidi, Miscible-blend 
polysulfone/polyimide membrane for hydrogen purification from palm oil mill 
effluent fermentation, Sep. Purif. Technol. 209 (2019) 598–607, https://doi.org/ 
10.1016/j.seppur.2018.07.067.

[182] C.Z. Liang, T.S. Chung, J.Y. Lai, A review of polymeric composite membranes for 
gas separation and energy production, Prog. Polym. Sci. 97 (2019) 101141, 
https://doi.org/10.1016/j.progpolymsci.2019.06.001.

[183] H. Mahdavi, F. Moradi-garakani, Effect of mixed matrix membranes comprising a 
novel trinuclear zinc MOF, fumed silica nanoparticles and PES on CO 2 / CH 4 
separation, Chem. Eng. Res. Des, Chem. Eng. Res. Des. 125 (2017) 156–165, 
https://doi.org/10.1016/j.cherd.2017.07.007.

[184] H.A. Mannan, D.F. Mohshim, H. Mukhtar, T. Murugesan, Z. Man, M.A. Bustam, 
Journal of Industrial and Engineering Chemistry Synthesis, characterization, and 
CO 2 separation performance of polyether sulfone /[ EMIM][ Tf 2 N] ionic liquid- 
polymeric membranes ( ILPMs), J. Ind. Eng. Chem. 54 (2017) 98–106, https:// 
doi.org/10.1016/j.jiec.2017.05.022.

[185] M. Farrokhara, F. Dorosti, Chinese Journal of Chemical Engineering New high 
permeable polysulfone / ionic liquid membrane for gas separation, 28 (2020) 
2301–2311.

[186] I. Yasmeen, A. Ilyas, Z. Shamair, M.A. Gilani, S. Rafiq, M.R. Bilad, A.L. Khan, 
Synergistic effects of highly selective ionic liquid confined in nanocages: 
exploiting the three component mixed matrix membranes for CO2 capture, Chem. 
Eng. Res. Des. 155 (2020) 123–132, https://doi.org/10.1016/j. 
cherd.2020.01.006.

[187] M.S. Suleman, K.K. Lau, Y.F. Yeong, Enhanced gas separation performance of PSF 
membrane after modification to PSF/PDMS composite membrane in CO2/CH4 
separation, J. Appl. Polym. Sci. 135 (2018) 1–9, https://doi.org/10.1002/ 
app.45650.

[188] H.A. Mannan, H. Mukhtar, T. Murugesan, Preparation and characterization of 
newly developed polysulfone/polyethersulfone blend membrane for CO2 
Separation, Appl. Mech. Mater. 699 (2014) 325–330, https://doi.org/10.4028/ 
www.scientific.net/amm.699.325.

[189] F. Dorosti, M.R. Omidkhah, M.Z. Pedram, F. Moghadam, Fabrication and 
characterization of polysulfone / polyimide – zeolite mixed matrix membrane for 
gas separation, Chem. Eng. J. 171 (2011) 1469–1476, https://doi.org/10.1016/j. 
cej.2011.05.081.

[190] S.V. Prasad, G. Arthanareeswaran, Embedding Porous MXene into the selective 
layer of pebax-based thin-film nanocomposite membranes for enhanced CO2 
removal performance, ACS Appl. Polym. Mater. 7 (2025) 6042–6054, https://doi. 
org/10.1021/acsapm.5c00372.

[191] S. Li, Y. Liu, D.A. Wong, J. Yang, Recent advances in polymer-inorganic mixed 
matrix membranes for co 2 separation, Polymers 13 (2021) 2539, https://doi. 
org/10.3390/polym13152539.

[192] M. Vinoba, M. Bhagiyalakshmi, Y. Alqaheem, A.A. Alomair, A. Pérez, M.S. Rana, 
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