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Abstract 

Membrane-based technologies have become indispensable in addressing global environmental and 
industrial challenges, including water scarcity, pollution control, and energy efficiency. While 
conventional membranes provide high selectivity and process efficiency, their sustainability is limited 
by factors such as fouling, high energy consumption, and end-of-life waste management. Recent 
advances in material science, nanotechnology, and bio-inspired design have led to the emergence of 
sustainable membranes with improved durability, lower environmental footprint, and broader 
application potential. This review explores the fundamental principles of sustainable membrane 
science, recent innovations in green materials, and their role in environmental and industrial 
applications. Case studies in water and wastewater treatment, desalination, air purification, and 
resource recovery highlight the transformative potential of sustainable membranes. Additionally, 
industrial applications in food, pharmaceuticals, energy, and petrochemicals are critically examined. 
Finally, limitations, policy considerations, and future research directions are discussed. The review 
concludes that sustainable membrane technologies are positioned as central solutions in the transition 
to a circular economy, offering pathways for eco-friendly industrial growth and environmental 
protection. 
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INTRODUCTION 

Global challenges, such as water scarcity, climate change, population growth, and industrial 
pollution, are intensifying the demand for sustainable technologies. According to the World Health 
Organization, nearly 2 billion people lack access to safe drinking water, and industrial discharges 
continue to pollute rivers and oceans at alarming rates. Traditional treatment methods, including 
chemical coagulation or thermal distillation, are energy-intensive, expensive, and often produce harmful 
byproducts [1]. 
 

In this context, membrane technologies have emerged as efficient alternatives. Processes, like 
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis, are widely applied in drinking water 
purification, wastewater treatment, air pollution control, and various industrial separations. Membranes 
offer compact modular design, high efficiency, lower chemical use, and flexibility. However, their 

sustainability is limited. Conventional membranes 
are mostly fabricated from petroleum-derived 
polymers such as polyamide, polysulfone, and 
polyvinylidene fluoride (PVDF). These materials 
are difficult to recycle, consume large amounts of 
solvents during production, and are prone to 
fouling, resulting in short lifespans and frequent 
replacement [2, 3]. 
 

To align membrane science with the UN 

Sustainable Development Goals (SDGs), 

particularly Goal 6 (Clean Water and Sanitation) 
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and Goal 12 (Responsible Consumption and Production), researchers are exploring sustainable 

membrane technologies [4]. These aim to integrate environmental responsibility with industrial 

efficiency. Sustainable membranes focus on: 

• Environmental Sustainability: Reducing carbon footprint, minimizing waste, and avoiding toxic 

materials. 

• Economic Sustainability: Enabling affordable, scalable, and durable membrane solutions. 

• Social Sustainability: Ensuring access to clean water, clean air, and safe food for communities 

globally. 

 
Emerging solutions include biopolymer-based membranes, nanocomposite structures, bio-inspired 

aquaporin membranes, and self-healing materials. These innovations promise longer lifespans, reduced 
fouling, lower energy consumption, and compatibility with circular economy principles [5, 6]. 
 

This review provides a comprehensive examination of sustainable membrane technologies, covering 
fundamentals, materials, environmental and industrial applications, challenges, and prospects [7, 8]. 
 
FUNDAMENTALS OF MEMBRANE TECHNOLOGY 

Membranes are selective barriers that regulate the passage of molecules or particles, allowing certain 
species to permeate while rejecting others. Depending on pore size, membranes are categorized as: 

• Microfiltration (MF): Removes suspended solids, bacteria, and some protozoa. 

• Ultrafiltration (UF): Targets viruses, colloids, and macromolecules. 

• Nanofiltration (NF): Removes divalent and multivalent ions, organics, and hardness. 

• Reverse Osmosis (RO): Provides the tightest separation, rejecting salts and most dissolved 
solutes. 

 
Conventional membranes are usually fabricated from polymers such as polysulfone, polyamide, 

cellulose acetate, and PVDF. Fabrication techniques, like phase inversion, interfacial polymerization, 
and electrospinning, enable control over pore size and surface chemistry [9, 10]. 
 
While Efficient, These Conventional Membranes Face Several Sustainability Issues 

• Use of toxic solvents such as N-methyl-2-pyrrolidone (NMP). 

• Non-biodegradability of petroleum-derived polymers. 

• High energy demand in pressure-driven processes like RO. 

• Frequent replacement due to fouling and chemical degradation. 
 
Sustainable Membranes Attempt to Address These by Adopting 

• Renewable feedstocks (e.g., cellulose, chitosan, polylactic acid). 

• Green fabrication methods (solvent-free, water-based, or additive manufacturing). 

• Extended durability through antifouling coatings, nanomaterials, and bio-inspired designs. 

• Recyclability and biodegradability to reduce waste accumulation. 
 
SUSTAINABILITY CHALLENGES IN MEMBRANE SCIENCE 

While membranes are central to separation technologies, they face significant sustainability 
challenges. 
 
High Energy Demand 

RO for seawater desalination consumes 3 to 6 kWh/m³, making it energy-intensive compared to 
natural water sources. This high energy demand contributes to greenhouse gas emissions, especially 
when powered by fossil fuels [11, 12]. 
 

Fouling and Scaling 

Fouling occurs when organic matter, microorganisms, or minerals accumulate on membrane surfaces, 

leading to reduced permeability and increased cleaning needs. Frequent chemical cleaning not only 

shortens membrane lifespan but also introduces hazardous waste into ecosystems [13, 14]. 
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Waste Management 
End-of-life membranes are typically incinerated or landfilled, releasing carbon dioxide and toxic 

compounds. With millions of square meters of membranes discarded annually, waste management has 
become a pressing issue [15, 16]. 
 
Solvent-Intensive Production 

The fabrication of polymer membranes often requires harmful solvents like NMP, 
dimethylformamide (DMF), or dimethylacetamide (DMAc). These solvents pose health risks to 
workers and contribute to air and water pollution. 
 
Lifecycle Assessment Gaps 

Few studies assess the complete environmental footprint of membranes, including raw material 
extraction, production, operation, and disposal. Without comprehensive lifecycle data, sustainability 
claims remain uncertain. 
 
TYPES OF SUSTAINABLE MEMBRANES 
Biopolymer-Based Membranes 

Derived from renewable sources, biopolymers, such as cellulose, chitosan, alginate, and polylactic 
acid, are biodegradable and environmentally friendly. They offer good hydrophilicity, reducing fouling 
tendencies. For instance, cellulose acetate membranes are widely used in desalination and wastewater 
treatment due to their low cost and biodegradability [17]. 
 
Inorganic Membranes 

Ceramic and metallic membranes exhibit high thermal, chemical, and mechanical stability. While 
energy-intensive to produce, they have long lifespans, which offset sustainability concerns. Ceramics 
are increasingly used in industries requiring high durability such as food and beverage processing and 
oil–water separation [18]. 
 
Hybrid and Nanocomposite Membranes 

Hybrid membranes combine polymers with nanomaterials such as graphene oxide, titanium dioxide, 
and silver nanoparticles. These nanostructures enhance antifouling, antimicrobial activity, and 
mechanical strength. For example, graphene oxide-incorporated membranes have demonstrated higher 
water flux and chlorine resistance compared to conventional counterparts. 
 
Bio-Inspired Membranes 

Nature provides inspiration for highly efficient membranes. Aquaporin-based membranes, 
mimicking natural water channels in cell membranes, achieve exceptional water permeability and 
selectivity. Similarly, mussel-inspired polydopamine coatings provide antifouling and self-healing 
properties. 
 
D-Printed Membranes 

Additive manufacturing allows precise control over pore geometry and material composition. Early 
studies show promise in producing tailor-made membranes with lower material waste and optimized 
performance. 
 
APPLICATIONS IN ENVIRONMENTAL FIELDS 
Water and Wastewater Treatment 

Sustainable membranes are at the forefront of tackling water pollution. Biopolymer membranes are 
increasingly used for municipal wastewater treatment, removing pathogens and micropollutants. Hybrid 
membranes with antimicrobial coatings can reduce biofouling, ensuring longer operational stability. 

 

Desalination 

Desalination has become essential in arid regions, but its sustainability is questioned due to energy 

use. Aquaporin membranes and graphene oxide-based NF/RO systems show potential for reducing 

energy consumption by up to 30%, while also lowering brine discharge volumes. 
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Air Pollution Control 

Membranes are employed in capturing volatile organic compounds (VOCs), particulate matter, and 

greenhouse gases. Ceramic membranes are particularly suited for flue gas filtration in industrial plants 

due to their thermal resistance. 

 

Resource Recovery 

Membrane bioreactors (MBRs) are increasingly adapted for resource recovery from wastewater, 

enabling the extraction of nutrients like nitrogen and phosphorus as well as biogas. This aligns with 

circular economy principles by transforming waste streams into valuable resources. 

 

INDUSTRIAL APPLICATIONS 

Food and Beverage Industry 

Membranes are essential in milk protein concentration, wine clarification, sugar refining, and 

beverage sterilization. Sustainable polymer and ceramic membranes reduce chemical additives and 

maintain the nutritional integrity of food products [19]. 

 

Pharmaceutical Industry 

Membranes are used for drug purification, protein separation, and sterile filtration. Sustainable 

approaches focus on using bio-based membranes that avoid residual solvent contamination, ensuring 

product safety. 

 

Energy and Fuel Cells 

In energy storage and conversion, membranes act as ion conductors in fuel cells and batteries. 

Sustainable proton-exchange membranes (PEMs) incorporating biodegradable polymers and 

nanofillers enhance conductivity while reducing fluorinated polymer reliance. 

 

Petrochemical Industry 

Hybrid and ceramic membranes are applied in oil–water separation, solvent recovery, and 

hydrocarbon purification. Their durability and solvent resistance make them superior to conventional 

polymeric membranes in harsh industrial conditions. 

 

Textile Industry 

Membranes provide a sustainable solution for dye removal from textile wastewater. Nanocomposite 

UF/NF membranes remove colorants and heavy metals, reducing the environmental impact of textile 

effluents. 

 

EMERGING TRENDS AND INNOVATIONS 

Digitalization and Smart Monitoring 

Integration of sensors, AI, and IoT allows real-time monitoring of membrane fouling, permeability, 

and performance. Predictive maintenance reduces downtime and chemical cleaning requirements. 

 

Self-Healing Membranes 

Inspired by biological systems, self-healing membranes can repair micro-cracks using embedded 

healing agents or reversible bonds, extending service life. 

 

Circular Economy Integration 

Efforts are underway to recycle discarded RO membranes into NF membranes for less demanding 

applications, significantly reducing waste. 

 

D Printing and Additive Manufacturing 

3D printing allows the creation of membranes with customized pore sizes and structures, minimizing 

material waste and optimizing selectivity. 
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Nature-Inspired Designs 

Mimicking biological systems, such as lotus leaf hydrophobicity or fish scale structures, improves 

antifouling and water repellency. 

 

LIMITATIONS AND FUTURE DIRECTIONS 

Despite promising advances, several challenges remain. 

• High Costs: Many sustainable membranes (e.g., aquaporin-based) remain costly for large-scale 

use. 

• Scalability: Lab-scale innovations often face difficulties in industrial translation. 

• Nanomaterial Risks: Long-term environmental and health impacts of nanoparticles in 

membranes are poorly understood. 

• Policy Gaps: Lack of global regulations for green membrane production and disposal hinders 

widespread adoption. 

• Lifecycle Data: Comprehensive assessments from production to disposal are needed to confirm 

sustainability claims. 

 

Future Directions Include 

• Development of low-cost biopolymer composites with industrial-grade durability. 

• Greater emphasis on recycling and repurposing of used membranes. 

• Policy support for sustainable procurement and green manufacturing. 

• Cross-disciplinary collaboration between material scientists, environmental engineers, and 

policymakers. 

 

CONCLUSION 

Sustainable membrane technologies represent a transformative pathway for addressing critical 

environmental and industrial challenges. By integrating biopolymers, nanocomposites, inorganic 

hybrids, and bio-inspired designs, these membranes improve durability, efficiency, and environmental 

compatibility. Their applications in water treatment, air purification, food production, pharmaceuticals, 

energy, and petrochemicals highlight their versatility. 

 

While challenges remain, particularly cost, scalability, and lifecycle uncertainties, the trajectory is 

promising. With supportive policies, lifecycle assessments, and continued innovation, sustainable 

membranes can drive the shift towards a circular economy, ensuring that industries operate responsibly 

while meeting the needs of future generations. 
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