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Abstract: The presence of organic dyes in industrial wastewater poses a significant threat to 

environmental and human health due to their toxicity, persistence, and aesthetic impact. 

Photocatalysis, a green and sustainable technology, has emerged as a promising approach for 

the degradation of these pollutants. This review provides a comprehensive overview of 

photocatalytic dye degradation, encompassing the underlying mechanisms, commonly 

employed photocatalytic materials, key factors influencing degradation efficiency, and recent 

advancements in reactor design and real-world applications. The challenges and future 

perspectives in this rapidly evolving field are also discussed. 

1. Introduction 

The textile, leather, paper, and food industries extensively utilize synthetic organic dyes, 

leading to the discharge of large volumes of colored wastewater into aquatic ecosystems. These 

dyes, characterized by their complex aromatic structures, are often recalcitrant to conventional 

biological treatment methods and can persist in the environment for extended periods. Their 

presence not only imparts undesirable color but also reduces light penetration, hindering 

photosynthetic activity in aquatic life. Furthermore, many dyes and their degradation 

byproducts are toxic, mutagenic, and carcinogenic, posing serious risks to human health and 

the environment [1, 2]. 

In response to these challenges, various physicochemical methods such as adsorption, 

coagulation, and membrane filtration have been employed for dye removal. However, these 

techniques often result in the transfer of pollutants from one phase to another, generating 

secondary waste that requires further treatment. Advanced Oxidation Processes (AOPs), 

including photocatalysis, offer a more sustainable solution by completely mineralizing organic 

pollutants into less harmful substances like carbon dioxide, water, and inorganic ions [3]. 

Photocatalysis, a light-driven catalytic process, has garnered significant attention due to its 

potential to effectively degrade a wide range of organic contaminants under mild conditions, 
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utilizing readily available solar or artificial light. This review aims to provide a comprehensive 

overview of the principles, materials, influencing factors, advancements, and future prospects 

of photocatalytic dye degradation. 

1.1  Fundamentals of Photocatalysis 

Photocatalysis involves the acceleration of a photoreaction in the presence of a semiconductor 

photocatalyst. The process typically begins with the absorption of photons with energy equal 

to or greater than the band gap energy (Eg) of the semiconductor material. This excitation 

promotes electrons (e−) from the valence band (VB) to the conduction band (CB), leaving 

behind positively charged holes (h+) in the VB [4]: 

Photocatalyst+hν(≥Eg)→eCB−+hVB+ 

These photogenerated electron-hole pairs are highly reactive species that can participate in 

various redox reactions on the surface of the photocatalyst. The separated charge carriers can 

either recombine, releasing energy as heat or light, or migrate to the catalyst surface and initiate 

chemical reactions with adsorbed molecules [5]. 

The primary pathways for dye degradation involve: 

• Oxidation by holes (h+): The photogenerated holes are strong oxidizing agents 

capable of directly oxidizing adsorbed dye molecules or indirectly reacting with water 

or hydroxide ions (OH−) to produce highly reactive hydroxyl radicals (∙OH): 

 

• Reduction by electrons (e−): The photogenerated electrons can react with adsorbed 

oxygen molecules (O2) to form superoxide radical anions (O2∙−), which can further react 

to produce other reactive oxygen species (ROS) like hydroperoxyl radicals (HO2∙) and 

hydrogen peroxide (H2O2): 

 

TANZ(ISSN NO: 1869-7720)VOL20 ISSUE5 2025

PAGE NO: 398



These highly reactive radicals, particularly hydroxyl radicals (∙OH), are non-selective and 

possess high oxidation potentials. This enables them to effectively break down complex 

organic dye molecules into simpler, less harmful compounds, eventually leading to complete 

mineralization [6]. 

1.2 Photocatalytic Materials 

The properties of the photocatalytic material significantly influence the efficiency of 

photocatalytic dye degradation. An ideal photocatalyst should possess several key 

characteristics, including: 

• Appropriate band gap energy for efficient light absorption (preferably in the visible 

light region for solar energy utilization). 

• High surface area to provide more active sites for dye adsorption and reaction. 

• Efficient charge separation and migration to minimize electron-hole recombination. 

• Chemical and photochemical stability under reaction conditions. 

• Low cost and environmental benignity for large-scale applications. 

Titanium dioxide (TiO2) has been the most extensively studied and widely used photocatalyst 

due to its favorable properties such as high photocatalytic activity, chemical stability, low cost, 

and non-toxicity [7]. However, its wide band gap (3.2eV for anatase) limits its absorption to 

the UV region, which constitutes only a small fraction of the solar spectrum. 

To overcome this limitation, extensive research efforts have focused on modifying TiO2 and 

exploring alternative semiconductor materials, including: 

• Modified TiO2: Strategies include doping with metal or non-metal ions (e.g., nitrogen, 

carbon, noble metals), surface deposition with noble metals (e.g., Au, Pt, Ag) to act as 

electron traps, and sensitization with organic dyes to extend light absorption into the 

visible region [8, 9]. 

• Other Metal Oxides: Zinc oxide (ZnO), tin oxide (SnO2), tungsten trioxide (WO3), 

and bismuth vanadate (BiVO4) have also shown promising photocatalytic activity under 

UV or visible light irradiation [10, 11]. 

• Metal Sulfides: Cadmium sulfide (CdS), zinc sulfide (ZnS), and copper sulfide (CuS) 

exhibit narrower band gaps and can be activated by visible light. However, their 

stability under photocatalytic conditions can be a concern due to photocorrosion [12]. 

• Graphitic Carbon Nitride (g−C3N4): This metal-free polymeric semiconductor has 

gained significant attention due to its visible light response, chemical stability, and low 

cost [13]. 
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• Perovskite Materials: Metal halide perovskites have emerged as highly efficient light 

absorbers with tunable band gaps, showing potential in photocatalysis. However, their 

stability in aqueous environments needs further improvement [14]. 

• Quantum Dots (QDs): Semiconductor nanocrystals with size-dependent optical and 

electronic properties offer unique advantages in photocatalysis due to their high surface 

area and quantum confinement effects [15]. 

• Composite Materials and Heterojunctions: Combining different semiconductor 

materials to form heterojunctions can enhance charge separation and improve 

photocatalytic efficiency by facilitating the transfer of photogenerated electrons and 

holes across the interface [16]. Examples include TiO2/g−C3N4, ZnO/CuO, and 

CdS/TiO2 composites. 

1.3 Factors Influencing Photocatalytic Dye Degradation 

The efficiency of photocatalytic dye degradation is influenced by a multitude of factors, 

including: 

• Properties of the Dye: The chemical structure, concentration, and functional groups 

of the dye molecule significantly affect its susceptibility to photocatalytic degradation. 

Dyes with simpler structures and electron-donating groups are generally more easily 

degraded. 

• Properties of the Photocatalyst: As discussed earlier, the band gap energy, surface 

area, crystallinity, particle size, and surface morphology of the photocatalyst play 

crucial roles in its activity. 

• Operating Conditions:  

a. Light Source and Intensity: The wavelength and intensity of the incident light 

directly influence the number of photogenerated electron-hole pairs. Matching the 

light source spectrum with the photocatalyst's absorption range is essential. 

b. Photocatalyst Loading: The amount of photocatalyst suspended in the reaction 

solution affects the availability of active sites. An optimal loading exists, beyond 

which aggregation and light scattering may reduce efficiency. 

c. Initial Dye Concentration: Higher initial dye concentrations may saturate the 

active sites on the photocatalyst surface, leading to a decrease in the degradation 

rate. 

d. pH of the Solution: The pH affects the surface charge of the photocatalyst, the 

ionization state of the dye molecules, and the formation of reactive species. An 

optimal pH range often exists for maximum degradation. 
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e. Temperature: While photocatalytic reactions can occur at room temperature, 

increasing the temperature may enhance the reaction kinetics to a certain extent. 

However, very high temperatures can lead to catalyst deactivation. 

f. Presence of Electron Acceptors and Donors: The addition of electron acceptors 

like oxygen or hydrogen peroxide can enhance electron trapping and prevent 

electron-hole recombination. Similarly, electron donors can promote hole 

scavenging. 

g. Presence of Inorganic Ions: Certain inorganic ions present in wastewater can 

compete with dye molecules for adsorption sites or react with reactive species, 

potentially inhibiting the degradation process. 

h) Reactor Design: The configuration of the photocatalytic reactor, including the light 

source arrangement, mixing efficiency, and mass transfer characteristics, 

significantly impacts the overall degradation efficiency. 

1.4 Advancements in Photocatalytic Reactor Design 

The design of efficient and scalable photocatalytic reactors is crucial for the practical 

application of this technology. Various reactor configurations have been developed, including: 

• Suspended Powder Reactors: These are the most common type, where the 

photocatalyst is dispersed as a suspension in the dye solution. They offer high surface 

area contact but face challenges in catalyst recovery and separation. 

• Immobilized Photocatalyst Reactors: Immobilizing the photocatalyst on a solid 

support (e.g., glass, quartz, polymers, membranes) facilitates catalyst separation and 

reuse. Different configurations include coated plates, packed beds, and fluidized beds. 

• Membrane Photocatalytic Reactors (MPRs): Integrating photocatalysis with 

membrane filtration can simultaneously degrade pollutants and separate treated water, 

offering enhanced efficiency and reduced downstream processing. 

• Microfluidic Photocatalytic Reactors: These small-scale reactors offer precise 

control over reaction conditions and high surface area-to-volume ratios, making them 

suitable for fundamental studies and potentially for decentralized treatment. 

• Solar Photocatalytic Reactors: Utilizing sunlight as the energy source is highly 

attractive for sustainable wastewater treatment. Various designs, such as parabolic 

troughs, compound parabolic collectors, and thin-film reactors, have been developed to 

maximize solar energy harvesting. 

Recent advancements focus on enhancing light utilization efficiency, improving mass transfer, 

and developing cost-effective and scalable reactor designs. This includes the integration of 
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nanomaterials with reactor architectures, the use of novel light sources (e.g., LEDs), and the 

development of hybrid systems combining photocatalysis with other treatment technologies. 

1.5 Real-World Applications and Case Studies 

Photocatalytic dye degradation has shown promising results in laboratory studies and pilot-

scale experiments for the treatment of industrial wastewater containing various types of dyes, 

including azo dyes, anthraquinone dyes, and triarylmethane dyes [17, 18]. Some notable 

examples include: 

• Degradation of reactive dyes from textile industry effluent using TiO2 nanoparticles. 

• Removal of methylene blue and rhodamine B using ZnO nanostructures under UV and 

visible light. 

• Treatment of simulated dye wastewater using immobilized g−C3N4 on glass substrates 

under solar irradiation. 

• Integration of photocatalysis with membrane bioreactors for the enhanced removal of 

dyes and other organic pollutants. 

While the technology has demonstrated its effectiveness, challenges remain in scaling up the 

processes for large-scale industrial applications and addressing the complexity of real 

wastewater matrices. 

1.6 Challenges and Future Perspectives 

Despite the significant progress in photocatalytic dye degradation, several challenges need to 

be addressed for its widespread implementation: 

• Enhancing Visible Light Absorption: Developing highly efficient photocatalysts that 

can effectively utilize the visible light portion of the solar spectrum is crucial for 

sustainable applications. 

• Improving Quantum Efficiency: Minimizing electron-hole recombination and 

maximizing the generation of reactive species are essential for enhancing photocatalytic 

activity. 

• Photocatalyst Recovery and Reuse: Efficient and cost-effective methods for 

separating and reusing powdered photocatalysts are needed to reduce operational costs 

and environmental impact. Immobilization strategies offer a potential solution but may 

compromise surface area and activity. 

• Addressing Complex Wastewater Matrices: Real industrial wastewater often 

contains a mixture of pollutants, including dyes, surfactants, heavy metals, and other 

organic compounds, which can affect the photocatalytic degradation efficiency. 

Understanding and mitigating these matrix effects is crucial. 
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• Reactor Scaling and Optimization: Designing and optimizing large-scale 

photocatalytic reactors that are energy-efficient, cost-effective, and easy to operate 

remains a significant challenge. 

• Toxicity Assessment of Degradation Byproducts: Thoroughly investigating the 

formation and toxicity of intermediate degradation products is essential to ensure the 

overall environmental safety of the photocatalytic treatment process. 

Future research directions should focus on: 

• Developing novel photocatalytic materials with tailored properties for specific dye 

pollutants and reaction conditions. 

• Exploring advanced synthesis techniques for controlled nanostructure fabrication and 

surface modification. 

• Investigating hybrid photocatalytic systems that combine the advantages of different 

AOPs or other treatment technologies. 

• Developing in-situ monitoring and control systems for optimizing reactor performance. 

• Conducting comprehensive life cycle assessments to evaluate the environmental and 

economic sustainability of photocatalytic dye degradation. 

Conclusion 

Photocatalytic degradation has emerged as a promising and environmentally friendly 

technology for the removal of persistent organic dyes from wastewater. The process leverages 

semiconductor photocatalysts and light energy to generate highly reactive species capable of 

mineralizing dye molecules into less harmful substances. While TiO2 remains the benchmark 

material, significant efforts are directed towards developing visible light-responsive and more 

efficient photocatalysts. Advances in reactor design and a deeper understanding of the 

influencing factors are paving the way for the practical application of this technology. 

Addressing the existing challenges through continued research and innovation will be crucial 

for realizing the full potential of photocatalysis in achieving sustainable water management 

and environmental remediation. 
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