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Abstract 

Polymeric membrane technology has emerged as a promising approach for industrial 

gas separation and carbon dioxide capture, offering energy efficiency, operational 

simplicity, and environmental benefits compared to conventional separation methods. 

This review examines recent advances in polymeric membrane materials, structures, 

and processes for gas separation applications with a particular focus on air separation 

and CO2 capture. We discuss fundamental challenges including the permeability-

selectivity trade-off, physical aging, and plasticization, alongside innovative strategies 

to overcome these limitations through material design, mixed-matrix formulations, 

and membrane fabrication techniques. Special attention is given to emerging 

applications in air separation (oxygen/nitrogen), which represents a significant 

industrial market. The review concludes by identifying promising research directions 

and discussing the practical considerations for industrial implementation of these 

technologies, highlighting the continued importance of polymeric membranes in 

addressing global energy and environmental challenges. 
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1. Introduction 

Gas separation represents one of the most energy-intensive processes in the chemical and petrochemical industries, accounting 

for approximately 10-15% of global energy consumption (Bernardo, Drioli and Golemme, 2009). Conventional separation 

technologies such as cryogenic distillation, pressure swing adsorption, and amine absorption processes are not only energy-

intensive but also capital-intensive and often environmentally problematic (Gin and Noble, 2011). In this context, membrane-

based separation has emerged as an attractive alternative due to its lower energy requirements, operational simplicity, and 

reduced environmental impact (Baker, 2002). 

Among various membrane materials, polymeric membranes have garnered significant attention due to their processability, 

mechanical stability, and relatively low production costs (Park et al., 2017). These membranes are particularly promising for 

applications in natural gas sweetening, hydrogen recovery, air separation, and carbon dioxide capture from flue gases and other 

industrial sources (Galizia et al., 2017). The global drive toward reducing greenhouse gas emissions has further accelerated 

research into membrane technologies for CO2 separation, with polymeric membranes at the forefront of these developments 

(Brunetti et al., 2010). 

This review examines the challenges and innovations in polymeric membrane technology for gas separation, with a particular 

focus on air separation and CO2 capture. We discuss the fundamental principles of gas transport in polymeric membranes, the 

persistent trade-off between permeability and selectivity, and the various strategies employed to overcome this limitation.  
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Special attention is given to recent advances in material 

design, membrane fabrication, and process optimization that 

have enabled enhanced performance in targeted applications. 

 

2. Fundamentals of gas transport in polymeric 

membranes 

2.1 Membrane transport mechanisms 

Gas transport through dense polymeric membranes primarily 

occurs via the solution-diffusion mechanism, which involves 

three key steps: (1) gas sorption at the upstream membrane 

surface, (2) diffusion through the polymer matrix, and (3) 

desorption from the downstream surface (Wijmans and 

Baker, 1995). Figure 1 demonstrates these steps.  

 

 
 

Fig 1: Membrane transport mechanism (Gitis and Rothenberg, 2016) 
 

The overall performance of a membrane is typically 

characterized by two parameters: permeability, which 

describes the productivity of the membrane, and selectivity, 

which indicates its separation efficiency (Freeman, 1999). 

The permeability coefficient (P) is defined as: 

 

P = D × S  (1) 

 

Where D is the diffusion coefficient reflecting the mobility of 

gas molecules through the polymer matrix, and S is the 

solubility coefficient representing the amount of gas that can 

be accommodated in the polymer (Matteucci et al., 2006). 

Both factors are influenced by the physicochemical 

properties of the polymer and the penetrant gas. 

Selectivity (α) is typically expressed as the ratio of the 

permeabilities of two gases (A and B): 

 

𝛼𝐴/𝐵  =
𝑃𝐴

𝑃𝐵
 =  [

𝐷𝐴

𝐷𝐵
] [

𝑆𝐴

𝑆𝐵
]  (2) 

 

Equation (2) illustrates that selectivity has both diffusivity 

and solubility components, offering multiple pathways for 

membrane performance enhancement (Koros and Zhang, 

2017). 

 

2.2 Permeability-selectivity trade-off 

 

 
 

Fig 2: Robeson upper bound for O2/N2 pair (Robeson, 2008).
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One of the most significant challenges in polymeric 

membrane development is the inherent trade-off between 

permeability and selectivity, first empirically demonstrated 

by Robeson in 1991 and updated in 2008 (Robeson, 2008) as 

shown in figure 2. This relationship, known as the Robeson 

upper bound, shows that as permeability increases, selectivity 

typically decreases, and vice versa. This trade-off 

fundamentally limits membrane performance and has been 

the focus of extensive research aimed at developing materials 

that can exceed this upper bound (Sanders et al., 2013). 

The physical basis for this trade-off lies in the free volume 

distribution within the polymer matrix. Polymers with high 

free volume generally exhibit high permeability but low 

selectivity due to less discriminative molecular sieving, while 

tightly packed polymers with low free volume show the 

opposite behavior (Freeman and Pinnau, 1997). 

 

3. Material challenges and innovations in polymeric 

membranes 

3.1 Physical Aging 

Physical aging, characterized by the gradual densification of 

polymer chains over time, represents a significant challenge 

for polymeric membranes, particularly those based on high 

free volume glassy polymers (Huang and Paul, 2004). This 

phenomenon results in decreased permeability and 

sometimes altered selectivity, potentially compromising the 

long-term performance stability of the membrane (Tiwari et 

al., 2017). 

Several strategies have been developed to mitigate physical 

aging. Cross-linking the polymer chains can restrict their 

mobility and reduce aging rates, as demonstrated by Park et 

al. using thermal and chemical cross-linking methods (Park 

et al., 2014). Incorporation of nanofillers into the polymer 

matrix has also been shown to effectively inhibit chain 

rearrangement, with Fu et al. reporting significantly reduced 

aging rates in ZIF-8/polymer composites (Fu et al., 2015). 

 

3.2 Plasticization 

Plasticization occurs when highly soluble gases, particularly 

CO2, dissolve into the polymer matrix, increasing chain 

mobility and free volume (Ismail and Lorna, 2002). This 

phenomenon typically leads to increased permeability of all 

gases and decreased selectivity, and can lead to unpredictable 

membrane performance under varying feed compositions 

(Horn and Paul, 2011). 

Cross-linking has proven effective in suppressing 

plasticization, as shown by Wind et al. in polyimide 

membranes (Wind et al., 2002). Thermal treatment to induce 

chain rearrangement and densification has also been 

employed, though this approach often comes at the cost of 

reduced permeability (Tin et al., 2004). Recently, blending 

with rigid, plasticization-resistant polymers has emerged as a 

promising strategy, as demonstrated by Kraftschik et al. 

using polyimide blends (Kraftschik et al., 2013). 

 

3.3 Fouling and Scalability 

Fouling is a significant challenge in membrane technology, 

primarily arising from the accumulation of various 

contaminants on the surface of the membrane. This 

phenomenon not only hinders the flow of permeate but also 

drastically reduces the membrane's separation efficiency, 

leading to increased operational costs and reduced lifespan of 

the membrane (Gkotsis et al., 2014). The contaminants can 

include organic matter, biological organisms, and inorganic 

salts, each contributing to the fouling process in distinct ways 

(Speight, 2015). Effective management strategies, such as 

pre-treatment of feed streams, regular cleaning protocols, and 

the development of antifouling membrane materials, are 

essential to mitigate these adverse effects and enhance the 

overall performance of membrane systems (Bucs et al., 

2018). In addition to the issues posed by fouling, scalability 

presents another formidable challenge in the field of 

membrane production. As industries seek to expand their 

operations and utilize polymeric membranes for large-scale 

applications, ensuring consistent quality and performance 

becomes increasingly complex. The scalability of membrane 

production involves not only the replication of laboratory-

scale processes to industrial scales but also the maintenance 

of the physical and chemical properties that define the 

membrane's functionality (Kadirkhan et al., 2019). Factors 

such as material selection, fabrication techniques, and quality 

control measures must be meticulously optimized to achieve 

reliable and high-performance membranes in larger 

quantities. Addressing the dual challenges of fouling and 

scalability is crucial for the commercial viability of 

polymeric membranes (Mondal, Griffiths and Ramon, 2019).  

 

3.4 Polymer design strategies 

Recent years have seen significant advances in the design of 

new polymers with enhanced gas separation properties. High 

free volume polymers of intrinsic microporosity (PIMs) have 

attracted considerable attention due to their rigid, contorted 

molecular structures that prevent efficient chain packing 

(Budd et al., 2004). These materials, pioneered by Budd and 

McKeown, have demonstrated permeabilities that approach 

those of inorganic membranes while maintaining reasonable 

selectivities (McKeown and Budd, 2006). 

Thermally rearranged (TR) polymers represent another 

important development, involving the thermal conversion of 

functionalized polyimides to polybenzoxazoles or 

polybenzothiazoles (Park et al., 2007). Park et al. 

demonstrated that this rearrangement creates microporosity 

and enhances both permeability and selectivity, positioning 

many TR polymers above the Robeson upper bound (Park et 

al., 2010). 

The incorporation of bulky substituents and rigid functional 

groups into conventional polymers has also proven effective 

in enhancing gas separation performance. For instance, Wang 

et al. reported that the introduction of triptycene units into 

polyimides significantly increased both permeability and 

selectivity for various gas pairs (Wang et al., 2014). 

 

4. Mixed-matrix membranes: Combining polymers with 

inorganic materials 

Mixed-matrix membranes (MMMs), which incorporate 

inorganic fillers into a polymer matrix, have emerged as a 

promising approach to overcome the limitations of pure 

polymeric membranes (Aroon et al., 2010). These hybrid 

materials aim to combine the processability and mechanical 

properties of polymers with the superior separation 

performance of inorganic materials (Dong, Li and Chen, 

2013). 
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Fig 3: Mixed matrix membrane representation (Aroon et al., 2010). 
 

4.1 Types of fillers and their impact 

Various types of fillers have been investigated for MMMs, 

including: 

 

Traditional inorganic materials: Zeolites and silica have 

been widely studied as fillers in MMMs. Mahajan and Koros 

demonstrated that incorporation of zeolite 4A into 

polysulfone improved O2/N2 selectivity (Mahajan and Koros, 

2000), while Kim et al. reported enhanced CO2/CH4 

separation performance using mesoporous silica in polyimide 

membranes (Kim et al., 2006). 

 

Metal-organic frameworks (MOFs): The highly porous 

nature and tunable pore size of MOFs make them attractive 

fillers for gas separation membranes. Basu et al. showed that 

ZIF-8 incorporation into Matrimid® enhanced both CO2 

permeability and CO2/N2 selectivity (Basu, Cano-Odena and 

Vankelecom, 2011), while Rodenas et al. demonstrated that 

2D MOF nanosheets could significantly improve the 

performance of polyimide membranes for CO2/CH4 

separation (Rodenas et al., 2015). 

 

Carbon-based materials: Graphene oxide (GO) and carbon 

nanotubes (CNTs) have garnered attention due to their unique 

transport properties. Shen et al. reported that GO 

incorporation into polyethersulfone membranes enhanced 

gas permeability while maintaining selectivity (J. Shen et al., 

2015), and Cong et al. demonstrated improved O2/N2 

separation performance in CNT-polyimide composites (Cong 

et al., 2007). 

 

4.2 Interface challenges and solutions 

The polymer-filler interface represents a critical factor in 

MMM performance, with poor compatibility often leading to 

non-selective voids or rigidified polymer regions (Moore and 

Koros, 2005). Several strategies have been developed to 

enhance this compatibility: 

 

Surface modification of fillers: Chemical functionalization 

of filler surfaces can improve their interaction with the 

polymer matrix. Nik et al. demonstrated that amine-

functionalized MOFs showed better compatibility with 

polyimides, leading to enhanced gas separation performance 

(Nik, Chen and Kaliaguine, 2012). 

 

Polymer chain engineering: Designing polymers with 

functional groups that can interact favorably with fillers 

represents another approach. Zhang et al. reported improved 

interfacial adhesion and gas separation performance in 

MMMs based on carboxyl-functionalized polyimides and 

amino-functionalized MOFs (Zhang et al., 2016). 

 

Priming techniques: Introducing a thin layer of compatible 

material at the interface can mitigate interfacial defects. 

Moore et al. developed a "priming" technique using low 

molecular weight additives that significantly improved the 

performance of zeolite-polymer MMMs (Moore et al., 2004). 

 

5. Advanced membrane fabrication techniques 

5.1 Thin film composite membranes 

Thin film composite (TFC) membranes, consisting of an 

ultrathin selective layer on a porous support, have emerged 

as a promising configuration for high-performance gas 

separation (Karan, Jiang and Livingston, 2015). The thin 

selective layer (typically <1 μm) minimizes transport 

resistance, while the porous support provides mechanical 

strength (Xie et al., 2012). 

Interfacial polymerization has been widely used to fabricate 

TFC membranes for gas separation. Li et al. developed high-

performance TFC membranes via interfacial polymerization 

of polyamines and trimesoyl chloride, achieving excellent 

CO2/N2 separation properties (Li et al., 2014). Rawtani and 

Agrawal’s work highlights layer-by-layer (LbL) assembly's 

ability to create precisely controlled thin films by 

sequentially depositing oppositely charged materials, 

enabling fine-tuning of membrane properties for applications 

like gas separation. Their research emphasizes the technique's 

versatility in tailoring film thickness and composition 

through careful selection of deposition parameters and 

materials (Rawtani and Agrawal, 2014). 

 

5.2 Hollow fiber membranes 

Hollow fiber configurations provide high surface area-to-

volume ratios, making them attractive for industrial 

applications (Peng et al., 2012). Recent advances in hollow 

fiber spinning have focused on optimizing spinneret design, 

dope formulation, and spinning conditions to enhance 

membrane performance and reproducibility (Feng et al., 

2013). 

Dual-layer spinning, which allows for the simultaneous 

extrusion of different polymer solutions, has enabled the 

development of composite hollow fibers with tailored 

properties. Chung et al. demonstrated high-performance 

dual-layer hollow fibers with a thin selective layer of a high-
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performance polymer supported by a more economical 

material (Chung et al., 2007). Post-spinning modifications, 

such as chemical cross-linking or thermal treatment, have 

also been employed to enhance the performance of hollow 

fiber membranes, as shown by Shao et al. in their work on 

cross-linked polyimide hollow fibers for CO2/CH4 

separation (Shao et al., 2009). 

 

5.3 3D printing and other emerging fabrication methods 

Additive manufacturing (3D printing) technologies have 

recently been explored for membrane fabrication, offering 

unprecedented control over membrane architecture 

(Guessasma, Belhabib and Nouri, 2015). Wessling's group 

demonstrated the feasibility of 3D printing complex 

membrane structures with controlled porosity and channel 

geometry, opening new possibilities for membrane module 

design (Femmer, Kuehne and Wessling, 2014). 

Electrospinning has gained attention for producing 

nanofibrous membranes with interconnected pore structures, 

adjustable thickness and pore size distribution ranging from 

several nanometers to numerous microns, and extensive 

surface area with enhanced gas permeation properties (Liao 

et al., 2017). 

 

6. Air Separation: Challenges and recent advances 

Air separation for the production of nitrogen and oxygen 

represents one of the largest industrial gas separation 

markets, traditionally dominated by cryogenic distillation 

and pressure swing adsorption (Castle, 2002). Membrane-

based air separation offers potential advantages in terms of 

energy efficiency, operational simplicity, and scalability, 

particularly for small to medium-scale applications (Caro et 

al., 2000). 

 

6.1 Current status and limitations 

The key challenge in membrane-based air separation is the 

similar molecular sizes of oxygen (3.46 Å) and nitrogen (3.64 

Å), resulting in inherently low O2/N2 selectivity in most 

polymeric membranes (Baker, 2012). Commercial 

membranes typically exhibit O2/N2 selectivity in the range 

of 3-6, which is insufficient for many high-purity applications 

(Baker and Low, 2014). 

Additionally, membrane-based air separation faces economic 

challenges when competing with established technologies, 

particularly for large-scale, high-purity applications (Smith 

and Klosek, 2001). Current membrane systems are most 

competitive for moderate-purity nitrogen production (<99%) 

and small to medium-scale applications (Belaissaoui, 

Willson and Favre, 2012). 

 

6.2 Material innovations for enhanced O2/N2 separation 

Recent research has focused on developing polymeric 

materials with enhanced O2/N2 separation performance: 

 

Size-sieving polymers: Polymers with rigid structures and 

precisely controlled free volume distributions have shown 

improved O2/N2 selectivity. Ghanem et al. reported 

spirobisindane-based PIMs with O2/N2 selectivity exceeding 

5.0 while maintaining high O2 permeability (Ghanem et al., 

2014). Wang et al. demonstrated that thermally rearranged 

polymers based on ortho-hydroxyl polyimides exhibited 

remarkable O2/N2 selectivity (up to 6.8) with good 

permeability (Wang et al., 2016). 

 

Facilitated transport membranes: Incorporation of oxygen 

carriers, such as cobalt complexes, into polymer matrices can 

enhance oxygen transport via a reversible chemical reaction 

mechanism. Yampol'skii et al. reviewed various facilitated 

transport membranes, highlighting their potential for 

achieving significantly higher O2/N2 selectivity compared to 

conventional polymeric membranes (Yampol’skii and 

Volkov, 1991). 

 

Composite approaches: Wang et al. developed carbon 

molecular sieve (CMS)/polymer composite membranes that 

exhibited O2/N2 selectivity up to 7.5 with good O2 

permeability (Tian et al., 2016). Similarly, Shen et al. 

reported that graphene oxide incorporation into specific 

polymers enhanced O2/N2 selectivity through molecular 

sieving effects and pore blocking of non-selective defects (Y. 

Shen et al., 2015). 

 

6.3 Process innovations and system integration 

Process design innovations have complemented material 

developments to enhance the overall performance of 

membrane-based air separation: 

 

Multistage configurations: Sanders et al. demonstrated that 

multistage membrane systems with recycle streams could 

significantly improve nitrogen purity and recovery compared 

to single-stage systems (Sanders et al., 2012). 

 

Hybrid processes: Combining membranes with other 

separation technologies can leverage the strengths of each. 

Xu et al. investigated a hybrid membrane-PSA process for 

oxygen production, showing improved energy efficiency 

compared to either technology alone (Xu, Rungta and Koros, 

2011). 

 

Module design optimization: Advances in module design, 

particularly for hollow fiber configurations, have improved 

flow distribution and reduced concentration polarization. 

Feng et al. reported that optimized module designs could 

significantly enhance the effective separation performance of 

air separation membranes (Yang, 2001). 

 

7. Carbon dioxide capture: Polymeric membrane 

solutions 

Carbon capture and storage (CCS) has emerged as a critical 

technology for mitigating climate change, with membrane-

based separation offering potential advantages for CO2 

capture from various sources (Merkel et al., 2010). Key 

applications include post-combustion capture from power 

plants, pre-combustion capture from syngas, and CO2 

removal from natural gas (D’Alessandro, Smit and Long, 

2010). 

 

7.1 Post-Combustion CO2 Capture 

Post-combustion CO2 capture presents significant challenges 

for membrane technology, including low CO2 partial 

pressure, high temperature, and the presence of contaminants 

(Kenarsari et al., 2013). Several membrane materials have 

shown promise for this application: 

 

CO2-philic polymers: Polymers containing polar groups 

that interact favorably with CO2 have demonstrated 

enhanced CO2/N2 selectivity. Lin et al. developed poly  
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(ethylene oxide)-based membranes with high CO2/N2 

selectivity due to favorable CO2 solubility (Lin et al., 2006), 

while Tena et al. reported polyimides with fluorinated side 

chains exhibiting excellent CO2/N2 separation performance 

(Tena et al., 2013). 

 

Fixed-carrier membranes: Incorporation of amine groups 

that can reversibly react with CO2 has been explored to 

enhance selectivity. Zhao et al. demonstrated that 

polyvinylamine-based membranes exhibited CO2/N2 

selectivity exceeding 500 under humid conditions due to 

facilitated transport mechanisms (Zhao and Ho, 2013). 

 

Thermally rearranged polymers: Gleason et al. reported 

that thermally rearranged polymers showed enhanced 

resistance to contaminants typical in flue gas streams while 

maintaining good CO2/N2 separation performance (Gleason 

et al., 2015). 

 

7.2 Process Considerations for CO2 Capture 

The implementation of membrane technology for CO2 

capture requires careful consideration of process design and 

operating conditions: 

 

Pressure ratio optimization: Merkel et al. conducted a 

comprehensive analysis of membrane processes for post-

combustion CO2 capture, highlighting the importance of 

pressure ratio optimization for energy-efficient separation 

(Merkel, Zhou and Baker, 2012). 

 

Feed conditioning: Pretreatment to remove particulates and 

adjust temperature and humidity can significantly impact 

membrane performance and longevity, as discussed by 

Roussanaly et al. in their techno-economic analysis of 

membrane-based CO2 capture (Roussanaly et al., 2016). 

 

Integration with existing infrastructure: Belaissaoui et al. 

explored various configurations for integrating membrane 

systems into power plants, identifying opportunities for heat 

integration and process optimization to reduce the overall 

energy penalty (Belaissaoui et al., 2012). 

 

8. Future perspectives and conclusions 

8.1 Emerging research directions 

Several promising research directions are likely to shape the 

future of polymeric membranes for gas separation: 

 

Bio-inspired membrane materials: Learning from 

biological systems such as cell membranes could lead to the 

development of membranes with unprecedented selectivity 

and transport properties. Kumar et al. reviewed bio-inspired 

approaches to membrane design, highlighting the potential of 

aquaporin-based and other biomimetic membranes (Kumar et 

al., 2007). 

 

Responsive and adaptive membranes: Membranes that can 

dynamically adjust their properties in response to external 

stimuli (temperature, pressure, or chemical environment) 

could enable more efficient and flexible separation processes. 

Zhang et al. demonstrated temperature-responsive 

membranes that exhibited switchable gas transport properties 

(Zhang et al., 2013). 

 

Advanced computational design: Molecular simulation and 

machine learning approaches are increasingly being 

employed to accelerate the discovery and optimization of 

membrane materials. Farmahini and Bhatia utilized 

molecular dynamics simulations to predict gas transport 

properties in novel polymeric materials, demonstrating good 

agreement with experimental results (Farmahini and Bhatia, 

2015). 

 

8.2 Scaling and Manufacturing Challenges 

The translation of laboratory innovations to commercial 

products remains a significant challenge. Key areas requiring 

attention include: 

 

Scalable synthesis routes: Developing cost-effective, 

environmentally friendly synthesis methods for high-

performance polymers is crucial for commercial viability. 

Pinnau's group has focused on simplifying the synthesis of 

PIMs to facilitate their commercial production (Pinnau and 

Toy, 1996). 

 

Quality control and reproducibility: Establishing robust 

quality control methods and improving manufacturing 

reproducibility are essential for membrane 

commercialization, as discussed by Koros and Zhang in their 

review of membrane manufacturing considerations (Koros 

and Zhang, 2017). 

 

Module and system integration: Innovative module designs 

that maximize membrane area while minimizing pressure 

drop and concentration polarization are needed for efficient 

large-scale systems. Caro reviewed advances in module 

design, highlighting their impact on overall system 

performance (Caro, 2011). 

 

8.3 Economic and environmental considerations 

The economic competitiveness of membrane-based 

separation processes compared to conventional technologies 

depends on several factors: 

 

Capital costs vs. operating costs: Membrane systems 

typically feature lower capital costs but potentially higher 

operating costs (due to compression energy) compared to 

traditional technologies. Zhai and Rubin conducted a 

comprehensive economic analysis of membrane processes 

for CO2 capture, identifying key economic drivers and 

performance targets (Zhai and Rubin, 2013). 

 

Life cycle assessment: Environmental impact evaluations 

have shown that membrane-based separations can offer 

significant reductions in greenhouse gas emissions and 

energy consumption compared to conventional processes. 

Giordano et al. performed a life cycle assessment of 

membrane-based CO2 capture, demonstrating potential 

environmental benefits (Giordano, Roizard and Favre, 2018). 

 

Energy integration: Optimizing energy integration between 

membrane systems and other process units can significantly 

improve overall efficiency. Belaissaoui and Favre explored 

various heat and energy integration strategies for membrane-

based gas separation, highlighting opportunities for 

efficiency enhancement (Belaissaoui and Favre, 2014). 
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9. Conclusion 

Polymeric membrane technology has made significant strides 

in addressing the challenges of industrial gas separation and 

CO2 capture. Innovations in material design, membrane 

fabrication, and process engineering have pushed 

performance boundaries, with many systems now exceeding 

the traditional permeability-selectivity trade-off constraints. 

For air separation specifically, recent advances in size-

sieving polymers and facilitated transport membranes have 

improved O2/N2 selectivity while maintaining reasonable 

permeability, enhancing the competitiveness of membrane 

technology in this important industrial application. Similarly, 

for CO2 capture, the development of CO2-philic polymers 

and fixed-carrier membranes has significantly enhanced 

separation performance under practically relevant conditions. 

Despite these advances, challenges remain in scaling up 

production, ensuring long-term stability, and optimizing 

system integration. Addressing these challenges will require 

continued interdisciplinary collaboration between polymer 

chemists, material scientists, and chemical engineers. 

As global energy demands and environmental concerns 

continue to grow, the role of advanced membrane 

technologies in enabling more efficient and sustainable 

industrial processes becomes increasingly critical. With 

continued research and development, polymeric membranes 

are poised to make significant contributions to addressing 

these global challenges in the coming decades. 
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