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ABSTRACT

Organic pollutants such as dyes, pesticides, pharmaceuticals and industrial chemicals persist in water and resist conventional treatment, creating a need for efficient and sustainable remediation technologies. Semiconductor photocatalysis uses light-generated electron-hole pairs to produce reactive oxygen species that degrade and ultimately mineralise these contaminants. This article reviews the fundamental principles and mechanisms of photocatalysis, benchmark materials such as titanium dioxide and zinc oxide, and advanced visible-light systems including graphitic carbon nitride, bismuth-based compounds and metal sulfides. Strategies for improving performance, namely doping, defect engineering, heterojunction construction and composite formation, are discussed together with the influence of operating parameters and kinetics. Applications to real water matrices, reactor design, catalyst stability and potential toxicity of by-products are examined. Remaining challenges and research directions are outlined to support the development of practical, solar-driven treatment technologies.
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Introduction:
Rapid industrialisation, urbanisation and intensive agriculture have released a wide variety of organic pollutants into aquatic environments. Synthetic dyes, pesticides, phenolic compounds, pharmaceuticals and personal care products are often toxic, resistant to biodegradation and capable of bioaccumulation, and many are present at concentrations that conventional wastewater treatment cannot remove effectively. Their persistence poses risks to ecosystems and human health, and drives the search for advanced treatment methods.
Advanced oxidation processes generate highly reactive radicals that can break down recalcitrant organic molecules. Among them, heterogeneous photocatalysis with semiconductor materials is particularly attractive because it can operate at ambient temperature and pressure, uses light as the energy source, and has the potential to completely mineralise pollutants without producing large amounts of sludge (Hoffmann et al., 1995). The development of new semiconductor materials able to harvest visible light has greatly widened its prospects.
The aim of this article is to provide a coherent overview of the photocatalytic degradation of organic pollutants using advanced semiconductor materials. The discussion is organised around nine thematic outlines covering fundamental principles, reaction mechanisms, benchmark and advanced materials, band engineering, heterojunctions, kinetics, applications and reactor design, followed by an overall summary.
1. Principles of Semiconductor Photocatalysis
Photocatalysis uses light to activate a semiconductor, which then drives chemical reactions at its surface. A semiconductor possesses a filled valence band and an empty conduction band separated by a band gap. When the material absorbs a photon with energy equal to or greater than the band gap, an electron is promoted to the conduction band, leaving a positively charged hole in the valence band. These photogenerated electron-hole pairs are the starting point of all subsequent redox chemistry (Linsebigler et al., 1995).
For useful reactions to occur, the charge carriers must migrate to the surface before recombining. Recombination, in which electrons and holes annihilate and release energy as heat or light, is the major loss pathway and strongly limits quantum efficiency. At the surface, electrons can reduce adsorbed acceptors such as molecular oxygen, while holes can oxidise water, hydroxide ions or directly the adsorbed pollutant molecules. The thermodynamic requirement is that the conduction band edge must lie at a more negative potential than the reduction potential of the acceptor, and the valence band edge must be more positive than the oxidation potential of the donor.
The field of semiconductor photocatalysis was stimulated by the demonstration of photo-induced water splitting on titanium dioxide electrodes (Fujishima and Honda, 1972). Since then, the concept has been extended to environmental purification, self-cleaning surfaces, disinfection and energy conversion. Reviews of the principles and implementations of photocatalysis emphasise that performance is determined by light absorption, charge separation and transport, and surface reaction kinetics, which together define the overall efficiency (Zhu and Wang, 2017).
2. Reactive Species and Degradation Mechanisms
The degradation of organic pollutants proceeds mainly through reactive oxygen species generated at the photocatalyst surface. Photogenerated holes oxidise water or hydroxide ions to form hydroxyl radicals, which are highly reactive and non-selective oxidants capable of attacking nearly all organic compounds. Conduction band electrons reduce dissolved oxygen to superoxide radical anions, which can further form hydroperoxyl radicals and hydrogen peroxide. Holes may also oxidise pollutants directly when these are strongly adsorbed on the surface (Hoffmann et al., 1995).
Pollutant degradation typically involves successive oxidation steps. The initial attack by hydroxyl radicals leads to hydroxylation of aromatic rings, cleavage of side chains and ring opening, producing intermediate compounds such as phenols, aldehydes and carboxylic acids. With sufficient irradiation time, these are further oxidised to short-chain acids and ultimately to carbon dioxide, water and mineral ions in a process known as mineralisation. Because intermediates may be more toxic than the parent compound, tracking total organic carbon and toxicity is as important as measuring pollutant disappearance.
The relative contribution of different reactive species depends on the photocatalyst, the pollutant and the solution conditions. Scavenger experiments, in which specific species are quenched by added compounds, and electron paramagnetic resonance spectroscopy with spin traps are used to identify the dominant pathways. Understanding the mechanism is necessary for rational design of catalysts and for predicting by-product formation in real waters.
3. Titanium Dioxide and Zinc Oxide as Benchmark Photocatalysts
Titanium dioxide has been the most widely studied photocatalyst because it is chemically stable, inexpensive, non-toxic and highly active under ultraviolet light. It exists mainly as anatase, rutile and brookite, with anatase generally showing the highest activity, and mixed-phase materials such as the commercial P25 benefit from synergy between phases. Extensive reviews describe the synthesis of titanium dioxide nanostructures including nanoparticles, nanotubes and nanosheets and the ways in which morphology, crystallinity and surface area affect performance (Chen and Mao, 2007).
The major limitation of titanium dioxide is its wide band gap of roughly three electron volts, which restricts absorption to ultraviolet wavelengths comprising only a small fraction of sunlight. Fast recombination of charge carriers and difficulties in recovering fine powders from treated water are additional drawbacks. Mechanistic studies have clarified how surface states, adsorbed water and defects govern activity, and have guided the development of modified materials (Schneider et al., 2014).
Zinc oxide is a second benchmark semiconductor with a similar band gap and a high electron mobility, and in some studies it shows higher activity than titanium dioxide for the degradation of certain dyes and phenolic compounds. Its principal weakness is photocorrosion, in which dissolution occurs under illumination, especially at acidic or strongly alkaline pH, which reduces stability and releases zinc ions. Research on zinc oxide in water treatment has therefore focused on morphology control, doping and coupling with other materials to improve durability (Lee et al., 2016).
4. Advanced Semiconductor Materials: Carbon Nitride, Bismuth-Based and Metal Sulfide Systems
To overcome the limits of wide-band-gap oxides, a wide range of advanced semiconductors has been developed. Graphitic carbon nitride is a metal-free polymeric semiconductor with a band gap of around 2.7 electron volts, made from abundant precursors such as urea or melamine, and it absorbs visible light. Its discovery as a visible-light photocatalyst for hydrogen production from water attracted intense interest (Wang et al., 2009). Its limitations include fast charge recombination and small surface area, which are addressed through nanostructuring, exfoliation into thin sheets and doping (Ong et al., 2016).
Bismuth-based compounds, including bismuth vanadate, bismuth oxyhalides and bismuth tungstate, have layered or otherwise distinctive structures and band gaps suited to visible-light absorption. Their internal electric fields in layered structures can assist charge separation. Metal sulfides such as cadmium sulfide and zinc indium sulfide absorb strongly in the visible range, though cadmium sulfide suffers from photocorrosion and toxicity concerns that discourage its use in water treatment.
Other materials of interest include tungsten trioxide, perovskite oxides, metal-organic frameworks, covalent organic frameworks and two-dimensional materials such as MXenes and transition-metal dichalcogenides. Each family offers a distinct combination of band structure, surface chemistry and stability. No single material is ideal, so selection must balance activity, stability, toxicity, cost and ease of recovery for the intended application.
5. Band Engineering: Doping and Defect Control
Band engineering aims to extend light absorption into the visible region and to improve charge separation by modifying the electronic structure of a semiconductor. Non-metal doping with nitrogen, carbon, sulphur or fluorine can introduce states near the valence band edge or narrow the effective band gap. A landmark study showed that nitrogen-doped titanium dioxide exhibited visible-light activity, opening the way for a large body of research on doped photocatalysts (Asahi et al., 2001).
Metal doping with transition metals or rare earth elements may add intermediate energy levels within the band gap and act as electron traps that reduce recombination. However, excessive dopant content can turn these sites into recombination centres and reduce thermal stability, so an optimal concentration exists. Co-doping with two elements can provide synergistic effects, and noble metal nanoparticles such as silver or gold deposited on the surface can enhance activity through Schottky barriers and localised surface plasmon resonance.
Defect engineering offers another route. Oxygen vacancies and reduced titanium centres in titanium dioxide, often called black titanium dioxide, can introduce mid-gap states and enhance visible absorption, while also altering surface reactivity. Control of exposed crystal facets, particle size and porosity further influences adsorption and charge transport. These strategies are often combined, and careful characterisation is required to establish which structural feature is responsible for any observed enhancement.
6. Heterojunctions and Composite Photocatalysts
Coupling two semiconductors with matched band structures to form a heterojunction is among the most effective strategies for spatial separation of charge carriers. In conventional type II heterojunctions, electrons flow to the semiconductor with the lower conduction band while holes move to the one with the higher valence band, reducing recombination. A drawback is that the carriers collected in each material have a weaker redox ability than those in the original materials.
This limitation is addressed by Z-scheme and step-scheme systems, in which electrons from one semiconductor recombine with holes from the other, leaving the most strongly reducing electrons and strongly oxidising holes available for reactions. Heterojunction photocatalysts have been reviewed in depth, with attention to the design principles, interface engineering and characterisation needed to confirm charge transfer pathways (Low et al., 2017).
Composites with carbon materials such as graphene, carbon nanotubes and carbon dots improve conductivity, adsorption of organic molecules and light harvesting. Supporting photocatalysts on materials such as silica, zeolites, clays, membranes or magnetic cores improves dispersion and recovery. The conceptual figure presented in the next outline compares typical activity of single and composite photocatalysts to illustrate the improvements that heterojunction design can achieve.
7. Operational Parameters and Kinetics
The efficiency of photocatalytic degradation depends strongly on operating conditions. Catalyst loading increases the number of active sites up to an optimum, beyond which light scattering and particle aggregation reduce the effective irradiated area. Solution pH influences the surface charge of the catalyst, its point of zero charge, the ionisation of the pollutant and therefore adsorption, as well as the formation of hydroxyl radicals. Initial pollutant concentration affects the fraction of surface sites occupied and the penetration of light.
Light intensity and wavelength determine the rate of photon absorption; the rate is usually proportional to intensity at low levels and increases with the square root of intensity at high levels, where recombination becomes significant. Temperature has a modest effect compared with thermal catalysis. Co-existing ions such as chloride, carbonate and nitrate, and natural organic matter, can scavenge radicals or block surface sites, which is a main reason why laboratory performance in pure water often exceeds that in real wastewater.
The kinetics of degradation are commonly described by the Langmuir-Hinshelwood model, which at low concentration reduces to apparent pseudo-first-order kinetics, giving a rate constant that is useful for comparing catalysts. The figure below presents a conceptual comparison of degradation profiles for pristine and modified photocatalysts under visible light, showing the faster decline in pollutant concentration achieved with composite materials (Ibhadon and Fitzpatrick, 2013). Rate constants alone should be interpreted cautiously, since they depend on reactor geometry and light source, and standardised reporting of photon flux and quantum yield is recommended.
8. Pollutant Classes and Real Water Applications
Photocatalysis has been applied to a broad range of organic pollutants. Synthetic dyes from textile and printing industries are the most common model compounds because their disappearance is easily followed by spectrophotometry, but they can be misleading since dye bleaching under visible light may proceed by sensitisation rather than true catalysis. More convincing evidence comes from colourless pollutants such as phenols, chlorophenols, pesticides, antibiotics, hormones, pharmaceuticals and personal care products.
Emerging contaminants are of growing concern because they are present at low concentrations and are poorly removed by conventional treatment. Photocatalysts have been demonstrated to degrade antibiotics such as tetracycline and ciprofloxacin, endocrine-disrupting compounds such as bisphenol A, and persistent perfluorinated compounds under some conditions, although mineralisation of the most recalcitrant compounds remains difficult. Photocatalysis can also inactivate bacteria and viruses and degrade volatile organic compounds in air.
The transition from laboratory to practice requires testing in real matrices such as municipal effluent, industrial wastewater and surface water, where competing species and turbidity reduce efficiency. Combined treatment trains, in which photocatalysis follows biological treatment or filtration, are often more practical than stand-alone systems. Use of solar light, either directly or via concentrators, is attractive for decentralised treatment in sunny regions with limited energy infrastructure.
9. Reactor Design, Stability, Challenges, and Future Perspectives
Reactor design strongly affects practical performance. Slurry reactors offer high surface area and good mass transfer but require separation of fine particles after treatment, which adds cost and risks catalyst loss. Immobilised systems, in which catalyst is coated on glass, membranes, fibres or monoliths, avoid separation but suffer from lower active area and mass transfer limitation. Photocatalytic membrane reactors, fluidised beds, microreactors and compound parabolic collectors are among the configurations being explored. Efficient light delivery, including the use of light-emitting diodes, is an important design factor.
Stability and safety need attention. Catalysts must retain activity over many cycles without leaching of toxic metals or loss of structure, and the release of nanoparticles into treated water must be prevented or assessed. The possible formation of harmful transformation products requires toxicity evaluation of treated effluent. Life-cycle assessment and cost analysis should be carried out to ensure that the process is sustainable relative to alternatives such as ozonation or advanced oxidation based on hydrogen peroxide.
Future work should emphasise rational design guided by computational modeling, in situ spectroscopy and machine learning; development of robust, earth-abundant and non-toxic materials active under sunlight; standardised testing protocols that enable fair comparison; and pilot-scale demonstration under real conditions. Integration with other processes and with energy production, for example hydrogen generation coupled to pollutant oxidation, could improve overall value and accelerate adoption of photocatalytic technology.
[image: ]
Summary
Semiconductor photocatalysis offers a promising route to degrade and mineralise persistent organic pollutants using light and ambient conditions. The process relies on photogenerated electron-hole pairs that form reactive oxygen species, with performance governed by light absorption, charge separation and surface reactions. Titanium dioxide and zinc oxide remain benchmark materials, but their wide band gaps and rapid recombination restrict use of sunlight, motivating advanced materials such as graphitic carbon nitride, bismuth-based compounds and metal sulfides.
Doping, defect engineering, heterojunction design and composite formation substantially improve visible-light activity and charge separation, while operating parameters including catalyst loading, pH, light intensity and water matrix strongly influence efficiency. Practical deployment requires robust, non-toxic and recoverable catalysts, well-designed reactors, assessment of transformation products and standardised testing in real waters. Continued progress in material design and process integration will help to make solar-driven photocatalysis a viable technology for sustainable water treatment.
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