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Abstract 

Environmental challenges such as water scarcity and air pollution have become critical global issues, 

prompting the need for innovative solutions. Polymer nanocomposites have emerged as promising 

materials for addressing these challenges due to their unique properties and functionalities. This 

comprehensive review explores the effective utilization of polymer nanocomposites in membranes and 

adsorbents for water treatment and gas separation. The synthesis methods, properties, and mechanisms of 

polymer nanocomposite membranes are discussed, along with their applications in wastewater treatment 

and gas separation. Furthermore, the use of polymer nanocomposites as adsorbents for removing toxic 

metals ions and dyes from water is examined, including the underlying adsorption mechanisms. 

Additionally, the review highlights recent patents in the field, emphasizing the innovative applications of 

polymer nanocomposite membranes for environmental purposes. 
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1. Introduction  

Polymer nanocomposites have emerged as promising materials for various environmental applications, 

leveraging the unique properties of nanomaterials. Nanotechnology, focusing on materials manipulation 

at the nanoscale (1 to 100 nm), offers a diverse array of nanomaterials, each with distinct characteristics. 

These include nanoparticles, carbon nanotubes, nanosheets, and nanofibers, all exhibiting exceptional 

chemical and physical properties. 

For instance, nanoparticles boast a remarkable surface area-to-volume ratio and a high proportion of atoms 

or molecules located on their surfaces. Carbon nanotubes, characterized by an aspect ratio exceeding 1000, 

demonstrate extraordinary electrical conductivity and mechanical strength. Nanofibers, owing to their 

size, extensive surface area, and high aspect ratio, exhibit outstanding physical and chemical properties. 

Nanosheets, with their broad lateral dimensions and large surface area, are advantageous for fabricating 

robust polymeric composites and possess excellent catalytic activities. 

These distinctive properties of nanomaterials make them well-suited for incorporation into polymers for 

environmental applications. Table 1 outlines the exceptional characteristics of different nanomaterials and 

highlights their suitability for environmental utilization when integrated into polymer matrices. 
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Harnessing the unique features of polymer nanocomposites holds promise for addressing various 

environmental challenges effectively. 

 

Nanomaterials Properties 

Nanoparticles - Possess huge surface area to volume ratio 

 - Possess high percentage of atoms/molecules associated with surfaces 

 - Have exceptional chemical and physical properties 

 

- Possess unique optical properties that depend on the size, conveying diverse 

colors due to absorption in the visible spectrum 

Carbon 

nanotubes - Possess high thermal conductivity 

 - Possess remarkable electrical conductivity 

 - Exhibit remarkable mechanical properties 

 - Possess a large length-to-diameter ratio (aspect ratio) exceeding 1000 

 

- Single-walled nanotubes comprise only about 10 atoms near the 

circumference and have a thickness of only one atom 

Nanosheets 

- Exhibit high surface area advantageous for fabricating reinforced polymeric 

composites 

 - Surfaces contain a large quantity of active oxygen-containing groups 

 - Possess excellent mechanical and thermal conductivity properties 

 - Exhibit excellent catalytic activities such as photo-/thermo-catalytic activity 

 - Demonstrate excellent thermal and electrical conductivity 

 

Polymer nanocomposite membranes play a crucial role in various industrial sectors, including wastewater 

treatment, food processing, pharmaceuticals, and biotechnology. Compared to inorganic membranes, 

polymeric membranes offer advantages such as easy pore creation, smaller installation footprint, 

flexibility, and cost-effectiveness. However, they face challenges such as the trade-off between water 

permeability and solute selectivity, as well as susceptibility to fouling. 

To address these limitations, efforts are underway to develop next-generation membranes with enhanced 

permeability, selectivity, and resistance to fouling and chlorine. Nanotechnology presents an exciting 

avenue for membrane improvement, offering opportunities at the atomic level. Incorporating 

nanomaterials into membrane synthesis has shown promise in enhancing antifouling properties and 

mitigating the trade-off between water permeability and solute selectivity. 

Nanomaterials influence various membrane properties, including selectivity, permeability, mechanical 

strength, thermal stability, surface charge, hydrophilicity, and antibacterial characteristics. This opens up 

significant potentials for advancements in membrane technologies. Examples include densely packed 

nanoparticles integrated into polymers for membrane fabrication, aligned nanotube membranes, nanofiber 

membranes, and self-assembled two-dimensional materials and their composites. 
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2. Polymer Nanocomposites as Adsorbent 

Polymer nanocomposites are increasingly recognized as effective adsorbents for the removal of various 

contaminants from wastewater due to their robust mechanical strength, excellent hydraulic performance, 

stability, and tunable surface chemistry. These materials offer promising solutions to address challenges 

such as the selective removal of toxic metals and organic pollutants. 

Adsorption, a widely adopted process for its cost-effectiveness and efficiency, has seen several 

advancements in the utilization of carbonaceous materials as adsorbents. However, there is a growing 

demand for highly selective adsorbents capable of removing specific contaminants, particularly toxic 

metals and organic compounds. 

Polymer nanocomposite adsorbents have emerged as promising candidates, leveraging their unique 

properties to enhance adsorption efficiency and kinetics. These materials exhibit excellent sorption 

efficacy and rapid process kinetics attributed to their large surface area and accessible sorption sites. 

Moreover, they offer advantages such as low cost, widespread availability, and straightforward synthesis 

processes. 

In the following subsection, the utilization of polymer nanocomposites as adsorbents for the removal of 

metal ions, dye molecules, and gas separation is systematically reviewed. 

 

2.1 Removal of Metal Ions Using Polymer Nanocomposites Adsorbents 

Wastewater from various industries often contains metal ions, posing significant environmental challenges 

due to their persistence and potential toxicity. Traditional methods for metal ion removal include ion 

exchange, membrane filtration, and electrochemical techniques. However, adsorption stands out as a 

preferred approach due to its simplicity, low cost, and versatility. 

Polymeric adsorbents have gained attention as alternatives to conventional adsorbents, offering 

advantages such as high surface area, tunable surface chemistry, mechanical strength, and pore size 

distribution. Conductive polymers, such as polyaniline and polypyrrole, have emerged as effective 

adsorbents for metal ion removal due to their unique properties. 

Polyaniline, for instance, has shown promising adsorption capacity for mercury and chromium ions from 

aqueous solutions. Researchers have explored polyaniline nanoparticles and nanocomposites for efficient 

removal of metal ions, demonstrating enhanced adsorption capacities and selectivity. 

Similarly, polypyrrole-based adsorbents have shown potential for adsorbing uranium and other metal ions. 

These materials offer advantages such as low cost, high conductivity, eco-friendliness, and ease of 

modification into nanocomposites, making them attractive for environmental remediation applications. 

Functionalized magnetic nanoparticles, including magnetite and maghemite, have also emerged as 

effective adsorbents for metal ion removal, owing to their large surface area, high saturation 

magnetization, and abundant active sites for adsorption. 

Overall, polymer nanocomposites represent a promising class of materials for the development of highly 

effective adsorbents to address environmental challenges associated with metal ion contamination in 

wastewater. Their tunable properties and versatility make them valuable tools in the quest for sustainable 

water treatment solutions. 

 

2.2. Polymer Nanocomposites as Adsorbent for Separation of Gases 

Polymer nanocomposites hold promise as adsorbents for the separation of gases, offering potential 

solutions to address challenges associated with thin film processes used to reduce harmful gases emitted 

https://www.ijfmr.com/
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from fossil fuels and natural gas. While organic matrices are commonly used in thin film materials due to 

their low cost and mechanical properties, their selectivity limits their application in industrial processes. 

Adsorption has emerged as a prospective approach to overcome the limitations of thin film composites. 

Although there is limited information on polymer nanocomposites as adsorbents for gas separation, other 

promising adsorbents have been explored. Adsorbents synthesized from agricultural residues have shown 

outstanding performance and cost-effectiveness in gas separation applications. 

Gas separation using solvent or sorbents relies on the affinity of gases towards specific sorbents, such as 

solid porous materials (e.g., activated carbon, zeolites, alumina, silica gels) or solvents like 

methanolamine. Pressure swing adsorption is a widely used technology, where gases are separated based 

on their affinity for the adsorbent under pressure. The adsorbed gas is retained while others pass through 

the system, and the vessel is regenerated by reducing pressure or increasing temperature. Although this 

method offers high purity of separated gases, it requires high energy for system operation, particularly 

during vessel regeneration. 

To meet the increasing demand for more energy-efficient adsorbents, there is a need to synthesize 

materials with well-defined structures and tunable surface properties. Metal-organic frameworks (MOFs), 

composed of metal-containing nodes connected by organic bridges, are emerging as promising porous 

materials for gas separation. Their large surface areas, adjustable pore sizes, and thermal stability make 

them prospective adsorbents for gas separation applications. 

When evaluating MOFs for gas adsorption and separation, factors such as adsorption capacity are crucial 

considerations. Overall, the development of advanced adsorbents, including polymer nanocomposites and 

MOFs, holds significant potential for enhancing gas separation processes and achieving more efficient 

and sustainable energy solutions. 

 

3. Conclusions 

The integration of nanotechnology into various environmental engineering and scientific endeavors has 

ushered in a new era of innovative technologies for filtration and adsorption processes aimed at removing 

contaminants from the environment. Polymer nanocomposites represent a significant advancement in this 

field, leveraging the unique advantages of both nanomaterials and polymers. 

The utilization of polymer nanocomposites has led to the development of highly efficient materials for 

environmental applications, garnering significant attention from academia and industry worldwide. The 

properties of polymer nanocomposite materials have enabled their utilization across various industrial 

sectors, with particular interest in their application for wastewater treatment. 

The diverse compositions and morphologies of polymer nanocomposites offer versatile tools for 

addressing ecological challenges. Moreover, the ability to functionalize nanomaterials with various 

chemical groups enhances their affinity towards target contaminants, facilitating selective extraction of 

pollutants from complex environmental matrices. 

This review highlights the novel advancements in polymer nanocomposites for environmental 

applications, summarizing their mechanisms and features related to the transport and dissolution of 

substances within these materials. Furthermore, it discusses patents related to the innovative utilization of 

polymer nanocomposites for environmental remediation. 

Overall, the review underscores the excellent potential of polymer nanocomposites in addressing 

environmental challenges and emphasizes the ongoing advancements in this field towards creating more 

sustainable and effective solutions for environmental protection and remediation. 

https://www.ijfmr.com/
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