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Abstract 

The discharge of synthetic dyes from various industrial activities poses a severe environmental threat due to 

their high stability, toxicity, and resistance to biodegradation. Polymer nanocomposites, which integrate 

functional polymers with semiconductor nanoparticles, have emerged as promising materials for the 

photocatalytic degradation of organic dyes under ultraviolet and visible light irradiation. This review 

comprehensively examines recent progress in the development of polymer nanocomposite photocatalysts, 

focusing on their synthesis methodologies, structural attributes, and underlying degradation mechanisms. The 

synergistic interactions within these hybrid systems facilitate improved charge separation, extended light 

absorption, and enhanced dye adsorption, leading to superior photocatalytic performance. Various classes of 

polymer nanocomposites, including polymer–metal oxide, conducting polymer-based, biopolymer-based, and 

hybrid composites, are discussed with respect to their functional roles in dye degradation and wastewater 

remediation. Furthermore, the review addresses recyclability, long-term stability, and practical applicability in 

real effluent systems. Future perspectives emphasize the advancement of green, biodegradable, and 

multifunctional polymer nanocomposites with enhanced durability, scalability, and environmental 

compatibility for sustainable wastewater treatment processes. 

Keywords: Polymer nanocomposites, dye removal, polymer-metal conducting polymers, wastewater treatment, 

biodegradable polymers 

 

 

 

 

 

 

I. Introduction 

Water pollution caused by the discharge of synthetic dyes from 

various industrial sectors such as textiles, leather, paper, and 

pharmaceuticals has become a serious environmental concern 

worldwide [1–3]. Dyes constitute one of the largest groups of 

pollutants due to their complex aromatic structures, which 

resist degradation and persist in aquatic environments, causing 

toxicity to aquatic life and health hazards to humans [4–5]. The 

presence of colored effluents also decreases light penetration 

in water bodies, adversely impacting photosynthetic 

organisms and disrupting aquatic ecosystems [6–8]. 

Conventional dye removal techniques, including coagulation, 

sedimentation, adsorption on activated carbon, and chemical 

oxidation, have limitations such as incomplete degradation, 

generation of secondary pollutants, high operating costs, and 

sludge disposal issues [9–11]. Therefore, there is a pressing 

need to develop efficient, cost-effective, and sustainable 

methods to treat dye-contaminated wastewater [12–13]. 

Photocatalytic degradation, an environmentally benign 

approach, utilizes semiconductor materials to harness light 

energy to generate reactive oxygen species (ROS) capable of 

breaking down complex dye molecules into harmless mineral 

end-products like CO_2 and H_2 O. However, pure 

semiconductor photocatalysts often suffer from rapid 

recombination of photogenerated electron-hole pairs, limited 

visible light absorption, and agglomeration, which restrict 

their practical applications [15–16]. To overcome these 

challenges, polymer nanocomposites combining functional  

polymers with photocatalytic nanoparticles have garnered 

significant attention in recent years [17–20]. The polymer 

matrix enhances the dispersibility and stability of 

nanoparticles, provides adsorption sites for dye molecules, and 

facilitates efficient charge separation, reducing recombination 

losses as shown in figure 1 [21–25].  

  

Moreover, conducting polymers like polyaniline and 

polypyrrole can extend light absorption into the visible region 

and act as electron mediators to boost photocatalytic activity 

[26–33]. 
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Figure 1: Photocatalytic mechanism of polymer matrix 

 

This mini review focuses on polymer nanocomposites 

engineered for the degradation of organic dyes in wastewater. 

It discusses the types of polymer nanocomposites, synthesis 

strategies, degradation mechanisms involving ROS, and recent 

advancements demonstrating enhanced performance under 

visible or UV light. The review further highlights practical 

applications, recyclability, and the challenges faced in scaling 

up these nanocomposites for real-world wastewater treatment. 

Finally, it outlines future research directions to develop green 

and multifunctional polymer nanocomposite photocatalysts 

for sustainable environmental remediation. 

Types of Polymer Nanocomposites 

Polymer-metal oxide nanocomposites are the most widely 

studied nanocomposites, where semiconductor metal oxide 

nanoparticles, such as TiO2, ZnO, Fe3O4, NiO, are embedded 

within or coated by polymer matrices [34–36]. The polymers 

used include conducting polymers like polyaniline (PANI), 

polypyrrole (PPy), and other synthetic or natural polymers like 

chitosan and polyethylene glycol [37–40]. Key features 

include enhanced charge separation due to polymer interaction 

that reduces electron-hole recombination and improved 

adsorption of dye molecules on the polymer surface [41–42]. 

TiO2-based nanocomposites modified with graphene, 

graphene oxide, or metal doping show improved visible light 

absorption and photocatalytic efficiency [43–45]. Conducting 

polymer nanocomposites consist of conducting polymers such 

as polyaniline, polypyrrole, or polythiophene combined with 

nanoparticles or other nanomaterials. They are known for their 

π-conjugated system allowing good electronic conductivity 

and light absorption properties, leading to effective electron 

donor-acceptor processes in photocatalysis [47–48]. Notably, 

composites like ZnO2/polypyrrole uniquely degrade dyes both 

under light and in the dark by generating reactive oxygen 

species without additional reagents relying on synergistic 

physiochemical properties [49–50]. Biopolymer-based 

nanocomposites are natural polymers like chitosan, sodium 

alginate, or cellulose combined with metal oxide nanoparticles 

are gaining attention due to their biodegradability, 

biocompatibility, and environmental friendliness [51–53]. 

These biopolymers provide abundant functional groups for 

dye adsorption and can encapsulate nanoparticles to prevent 

aggregation, thereby improving photocatalytic stability and 

reusability [54–55]. Hybrid and multi-component 

nanocomposites involves combining more than two 

components, such as polymers with mixed metal oxides or 

doped nanoparticles. Hybrid nanocomposites are engineered 

to broaden light absorption range, increase active sites, and 

enhance photocatalytic efficiency through multi-functional 

synergistic effects [57–59]. For example, polymeric 

composites incorporating nanosheets (like hexagonal boron 

nitride), graphene derivatives, or noble metal nanoparticles 

(Au, Ag) in combination with metal oxides have shown 

superior dye degradation performance [60–61]. Magnetic 

polymer nanocomposites are loaded with magnetic 

nanoparticles (e.g., Fe3O4) not only exhibit photocatalytic 

properties but also enable facile magnetic recovery and 

recyclability, making them attractive for practical wastewater 

treatment processes [62–63]. 

Synthesis and Mechanisms of Polymer Nanocomposites for 

Dye Degradation 

Polymer nanocomposites for photocatalytic dye degradation 

are synthesized using various methods that combine polymers 

with nanoparticles to enhance surface properties, stability, and 

photocatalytic efficiency [64].  

Chemical Polymerization: Polymers like polyaniline (PANI) 

or polypyrrole (PPy) are chemically polymerized in the 

presence of nanoparticles such as TiO2, ZnO, or Fe3O4. This 

approach provides good control over polymer-nanoparticle 

interactions and particle dispersion. [65-66] 

Sol-Gel Method: Involves hydrolysis and condensation of 

metal alkoxides to form metal oxide nanoparticles embedded 

in polymer matrices. This mild synthesis enables excellent 

homogeneity and nano-scale dispersion. [67-70] 

Hydrothermal and Solvothermal Synthesis: High temperature 

and pressure conditions favor crystalline nanoparticle growth 

within polymers. This technique often produces 

nanocomposites with enhanced crystallinity and 

photocatalytic activity. [71] 

In Situ Polymerization: Polymers are formed in the presence 

of nanoparticles, leading to strong interfacial bonding and 

stable composites that help prevent nanoparticle aggregation. 

[72] 

Solution Casting and Sonication: Nanoparticles are dispersed 

in polymer solutions by sonication and then cast into films or 

powders, allowing for easy scale-up preparation. 

These methods produce nanocomposites with distinct 

morphologies and porosities that influence their photocatalytic 

performance. Functionalization of polymer matrices offers 

additional adsorption sites for dye molecules and improves 

catalyst stability [73]. 
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Photocatalysis in polymer nanocomposites involves the 

activation of semiconductor nanoparticles by light with energy 

equal or higher than their band gap, generating electron-hole 

pairs. Key steps include: 

Photoexcitation: Absorption of UV or visible light excites 

electrons from the valence band to the conduction band of the 

semiconductor, creating holes in the valence band. [74] 

Charge Separation: Polymers assist in separating and 

transporting these charge carriers, reducing electron-hole 

recombination. Conducting polymers can act as electron 

donors or acceptors, enhancing charge mobility. [74-75] 

Generation of Reactive Oxygen Species (ROS): Electrons 

reduce adsorbed oxygen molecules to superoxide radicals 

(O_2^(⋅-)), while holes oxidize water or hydroxyl ions forming 

hydroxyl radicals (-OH), both of which are strong oxidizers 

responsible for degrading dye molecules. [76] 

Adsorption and Degradation: The polymer matrix adsorbs dye 

molecules near active sites, where ROS attack the dye’s 

chromophoric groups inducing molecular breakdown into non-

toxic end products such as CO2 and H2O. Effect of 

Parameters: Factors like pH, catalyst loading, light intensity, 

and dye concentration significantly affect degradation rates. 

The nanocomposite morphology also influences light 

absorption and active site availability [77]. Overall, polymer 

nanocomposites improve photocatalytic efficiency by 

integrating adsorption, light harvesting, and charge transfer 

functionalities, making them excellent candidates for 

environmental remediation applications [78]. 

Performance and Applications: 

Polymer nanocomposites have demonstrated remarkable 

performance in photocatalytic degradation of various organic 

dyes, showcasing their potential as effective materials for 

wastewater treatment. The synergy between polymer matrices 

and semiconductor nanoparticles facilitates enhanced 

photocatalytic activity, compared to pure components. 

Photocatalytic Efficiency: 

Nanocomposites such as chitosan-ZnO/Fe3O4 have achieved 

degradation efficiencies above 99% for methyl orange and 

over 90% for rhodamine B under visible light irradiation. The 

narrow bandgap (~2.8 eV) and porous nanostructure enable 

greater light absorption and dye access to active sites. TiO2-

based polymer composites exhibit improved photocatalytic 

degradation through reduced electron-hole pair recombination 

facilitated by conducting polymers or doped materials. Some 

nanocomposites can degrade dyes like rhodamine B and 

methylene blue even in dark conditions via advanced oxidation 

processes, demonstrating versatile catalytic capabilities 

beyond light activation. [79-82] 

Stability and Reusability: 

These nanocomposites generally maintain high photocatalytic 

activity over multiple cycles, with slight decreases in 

efficiency attributed to catalyst surface fouling or loss during 

recovery. Magnetic nanocomposites such as Fe3O4-

containing polymers offer easy recovery and reuse through 

magnetic separation, enhancing practical utility for wastewater 

treatment. [83] 

Influencing Parameters: 

pH plays a crucial role, with neutral or slightly basic conditions 

often favored for maximum degradation. Catalyst dose, initial 

dye concentration, and irradiation time directly affect 

degradation kinetics, often following Langmuir–Hinshelwood 

isotherm and pseudo-first order kinetics. Electrostatic 

interactions, hydrogen bonding between dye molecules and 

functional polymer groups improve adsorption and 

degradation rates. [84] 

Applications: 

Effective treatment of textile industry effluents containing azo 

dyes, methylene blue, rhodamine B, and other harmful dyes. 

Potential integration into advanced oxidation processes and 

membrane filtration for comprehensive wastewater 

remediation. Antibacterial properties of certain polymer 

nanocomposites add an advantage for treating biologically 

contaminated water. [85-86] 

Challenges and Limitations: 

Despite promising photocatalytic performance, polymer 

nanocomposites for dye degradation face several challenges 

and limitations that restrict their broader application. 

Photodegradation and Structural Stability: Polymer 

components may undergo photodegradation under prolonged 

light exposure, leading to a loss of structural integrity and 

reduced ability to facilitate efficient charge transfer. 

Photocorrosion of semiconductor nanoparticles can also 

deteriorate catalyst stability and lifespan. [87-94] Nanoparticle 

Aggregation and Dispersion: Achieving homogeneous 

dispersion of nanoparticles within polymer matrices remains 

difficult. Aggregation of nanoparticles reduces available 

active sites and surface area, thereby decreasing photocatalytic 

efficiency. Limited Visible Light Absorption: Many polymer-

metal oxide nanocomposites primarily absorb UV light due to 

wide bandgap semiconductors like TiO2, limiting solar light 

utilization. Strategies to extend absorption to the visible range, 

such as metal doping or polymer functionalization, add 

complexity to synthesis. [95] Recyclability and Catalyst 

Recovery: While magnetic polymer nanocomposites aid 

recovery, many nanocomposites face challenges in catalyst 

separation after treatment, impacting reusability. Loss of 

catalyst mass and activity over multiple cycles is commonly 

observed. Scalability and Practical Implementation: 

Difficulties in large-scale synthesis that maintain 

reproducibility and controlled properties limit 

commercialization. Stability in complex real wastewater 

matrices, which contain multiple pollutants and variable pH, 

remains insufficiently explored. [96-99] 

Environmental and Health Concerns: Potential toxicity of free 

nanoparticles or degradation by-products must be carefully 

evaluated. Sustainable and green synthesis routes for polymer 

nanocomposites are still under development to reduce 

environmental footprint. Addressing these challenges through 

advanced material design, green chemistry approaches, and 

pilot-scale studies is critical for realizing the practical 

deployment of polymer nanocomposite technologies in 

wastewater treatment [100-115]. 

 

 

II. Conclusions 

Polymer nanocomposites have demonstrated significant 

potential as efficient, stable, and versatile photocatalysts for 
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the degradation of synthetic dyes in contaminated water 

systems. Their hybrid structures provide a unique combination 

of adsorption capacity, photoactivity, and charge-transfer 

efficiency, enabling effective mineralization of complex 

organic pollutants. Incorporation of conducting and 

biopolymeric components has further enhanced visible light 

utilization, photostability, and reusability, underscoring their 

superiority over conventional semiconductor photocatalysts. 

Nevertheless, persistent challenges such as nanoparticle 

agglomeration, photodegradation of polymer matrices, limited 

visible light absorption, and scalability constraints must be 

addressed to facilitate real-world application. Future research 

should prioritize the rational design of biodegradable, 

magnetically recoverable, and structurally robust 

nanocomposites, along with the adoption of environmentally 

benign synthesis approaches. Advanced hybrid architectures 

utilizing doped semiconductors, conductive polymers, and 

biopolymer supports are expected to accelerate the transition 

of these materials from laboratory-scale studies to practical 

wastewater treatment technologies, contributing substantially 

to sustainable environmental remediation. 
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