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Abstract  

The increasing presence of emerging pollutants (EPs) in water poses significant 

environmental and health risks, necessitating effective treatment solutions. Originating from 

industrial, agricultural, and domestic sources, these contaminants threaten ecological and public 

health, underscoring the urgent need for innovative and efficient treatment methods. TiO2-based 
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semiconductor photocatalysts have emerged as a promising approach for the degradation of EPs, 

leveraging their unique band structures and heterojunction schemes. However, few studies have 

examined the synergistic effects of operating conditions on these contaminants, representing a 

key knowledge gap in the field. This review addresses this gap by exploring recent trends in 

TiO2-driven heterogeneous photocatalysis for water and wastewater treatment, with an emphasis 

on photoreactor setups and configurations. Challenges in scaling up these photoreactors are also 

discussed. Furthermore, Machine Learning (ML) models play a crucial role in developing 

predictive frameworks for complex processes, highlighting intricate temporal dynamics essential 

for understanding EPs behavior. This capability integrates seamlessly with Computational Fluid 

Dynamics (CFD) modeling, which is also addressed in this review. Together, these approaches 

illustrate how CFD can simulate the degradation of EPs by effectively coupling chemical 

kinetics, radiative transfer, and hydrodynamics in both suspended and immobilized 

photocatalysts. By elucidating the synergy between ML and CFD models, this study offers new 

insights into overcoming traditional limitations in photocatalytic process design and optimizing 

operating conditions. Finally, this review presents recommendations for future directions and 

insights on optimizing and modeling photocatalytic processes. 

Keywords: Emerging pollutants; TiO2-based photocatalysis; Degradation; Photocatalytic reactor 

designs; Machine learning; CFD Modeling 
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1. Introduction  

Within the last few years, unparalleled growth in both industrialization and urbanization has 

driven the release into the environment of numerous unregulated chemical and biological 

substances, known globally as EPs (Zhao et al., 2024). The United States Environmental 

Protection Agency defines EPs as chemicals or materials from recent sources or new pathways 

that lack published health standards and pose potential or real threats to human health or the 

environment (Richardson and Ternes, 2014). They emanate from a diverse range of sources, 

including the industrial, agricultural, pharmaceutical, mineral processing, construction, and urban 

sectors (i.e., agricultural runoff, industrial discharges, wastewater effluents, and improper 

disposal of consumer products) (Deblonde et al., 2011; Khan et al., 2022). Indeed, These 

activities expose the environment to trillions of tons of chemicals, with humans creating over 

140,000 compounds, most of which were previously unknown, for the spread of geogenic 

substances (Mishra et al., 2023). Overall, there are more than 20 classes of compounds 

considered to be EPs, including persistent organic pollutants (POPs), pharmaceuticals and 

personal care products (PPCPs), veterinary drugs such as antibiotics, endocrine disruptors 

(EDCs) and nanomaterials such as micro/nano plastics, whose environmental fate or impacts are 

poorly understood (Eggen et al., 2010; Taheran et al., 2018; Vasilachi et al., 2021; Zhao et al., 

2024). The speciation of EPs is fundamental to understanding their behavior and effects on the 

environment. EPs can mutate through a variety of physical, chemical, and biological processes, 

resulting in the formation of transformation products. Thus, these end products frequently 

possess significant differences in terms of toxicity, persistence, and bioavailability compared to 

their original compounds, which complicate risk assessment and remediation measures.  



4 

 

EPs  have been found in various environments (Askari et al., 2025; Jari et al., 2022), including 

dust, air, sediments, soils, biota, and even the Arctic, indicating their high persistence and bio-

accumulative nature (Yu et al., 2024). Additionally, these contaminants mainly enter aquatic 

environments (i.e., surface waters) via wastewater streams from laboratories, industries, 

agriculture, hospitals, households, and hospitals (Eggen et al., 2010; Matamoros et al., 2009; 

Verlicchi et al., 2010). In particular, some EPs such as antibiotics, azole antifungals, non-steroid 

anti-inflammatory drugs, lipid regulators, parabens, antiseptics, and bisphenol A can infiltrate 

groundwater through landfill leachate (García-Galán et al., 2010; Ma et al., 2012; Peng et al., 

2014). For instance, Peng et al. (2014) reported that various antibiotic compounds (i.e., 

sulfamethoxazole, lincomycin, and erythromycin) were found in groundwater in Europe and 

North America, reaching maximum concentrations of 5.7 ₋  103 ng.L
-1

. Indeed, several studies 

have shown that when concentrations of EPs in water bodies exceed natural levels (ng.L
-1

 to 

μg.L
-1

), they pose significant risks to ecological security, clean water, and food supplies, thus 

threatening human health (Li et al., 2023; Nguyen et al., 2023) (Fig. 1). 

EPs in water pollution harm aquatic life and human health, causing toxic effects, endocrine 

disruption, developmental flaws, acute and chronic toxicity, and antibiotic resistance in 

microorganisms (Khan et al., 2024). Certain EPs can severely impact aquatic organisms, leading 

to biodiversity loss and ecosystem destabilization (Geissen et al., 2015; Yu et al., 2024). In this 

context, strategies and legislative efforts are underway to monitor and remove EPs, addressing 

their increasing threats. Initiatives like the European Union's Water Framework Directive 

(European Commission, 2024), the U.S. Environmental Protection Agency's Candidate List 

(Jones-Lepp and Alvarez, 2010; US EPA, 2014), and World Health Organization (WHO) (WHO, 

2011) aimed to identify, control, and regulate EPs in wastewater, drinking water, surface water 
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and groundwater. Parallelly, scientific research focused on developing effective EPs removal 

technologies and enhancing detection methods. 

To date, various treatment methods have been explored for removing EPs from water and 

wastewater, including membrane filtration, adsorption, coagulation/flocculation, activated sludge 

processes, ion-exchange, electrochemical oxidation, biological treatments, catalytic ozonation, 

and photocatalytic degradation processes (Bilal et al., 2019; Kumari et al., 2022; Montenegro-

Ayo et al., 2023; Rathi and Kumar, 2021; Sahay et al., 2023; Wang et al., 2021). The biological 

treatment of pharmaceutical pollutants such as ibuprofen in the effluents of wastewater treatment 

plants only results in partial elimination; moreover, its primary metabolites (carboxy and/or 

hydroxyl ibuprofen) persist as toxic by-products (Méndez-Arriaga et al., 2009). The adsorption 

technique presents benefits such as low energy consumption, easy operation, and the absence of 

byproducts. It does not, however, remove EPs; instead, it just facilitates pollution transition. The 

main drawbacks include expensive sorbent production, reduced sorption capacity over multiple 

treatment cycles, and significant expenses for regenerating and disposing of used adsorbents 

(Zhao et al., 2018). Due to their high solubility, pharmaceutical EPs like nonsteroidal anti-

inflammatory drugs are challenging to extract using separation techniques such as filtration, 

flotation, and coagulation. For example, employing coagulants resulted in a separation efficiency 

of 50% - 70% for diclofenac (Méndez-Arriaga et al., 2009). Electrochemical oxidation 

efficiently removes EPs from water and wastewater without external chemicals. However, its 

widespread adoption is limited by expensive electrode materials, poor mass transfer rates, low 

current efficiency, high energy consumption, and the generation of byproducts (Bampos et al., 

2021; Yang et al., 2023). Photolysis/photocatalysis and ozonation have potential disadvantages 
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that include the production of toxic byproducts, high energy consumption, operational issues, 

and matrix interactions (Abromaitis et al., 2024; Zhang et al., 2022).  

Advanced Oxidation Processes (AOPs) effectively eliminate EPs instead of just transferring 

them between phases, as traditional treatment systems often do. Contrary to other AOPs, which 

frequently involve the addition of chemical oxidants, photocatalysis utilizes light to produce 

reactive oxygen species, in particular hydroxyl radicals (   ) (Aoudj et al., 2019), which are 

highly reactive and can non-selectively oxidize persistent EPs into innocuous final products. This 

makes photocatalysis an interesting option for EPs treatment due to its low operational cost, its 

ability to exploit natural sunlight and the fact that it avoids the use of chemical reagents 

(Deblonde et al., 2011). In addition, photocatalysis minimizes the formation of secondary 

pollutants, which can be a serious problem in other treatment processes, such as ozonation or 

Fenton-type processes, which generate residual sludge or toxic by-products (Lee et al., 2017). 

Despite their usage in water and wastewater treatment, AOPs have various limitations, including 

the necessity for sophisticated equipment, ozone's short half-life, UV radiation absorption, partial 

mineralization of pollutants, and expensive prices. Furthermore, many AOPs need the use of 

additional chemicals for oxidants and energy, exacerbating the energy issue. Most AOPs, aside 

from semiconductor-based photocatalysis, face practical limitations such as the transport and 

storage of     , expensive oxidant synthesis, and sludge production (Sewnet et al., 2022). In 

this context, semiconductor-based photocatalysis is increasingly preferred over chemical-based 

AOPs due to its potential efficiency and the availability of cost-effective photocatalysts (Jorfi et 

al., 2016). Photocatalysis is a potential wastewater treatment process that utilizes sunlight to 

remove EPs and hazardous microorganisms (Mishra and Sundaram, 2023). Its efficiency is 

affected by the type of photocatalysts and the irradiation light source. Higher irradiation 
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intensities often result in more efficient photolysis degradation processes (Fageria et al., 2014). 

The ability to harness renewable solar energy makes photocatalysis more sustainable and cost-

effective in the long term, particularly in regions with abundant sunlight, compared to traditional 

thermal catalysis and other conventional treatment technologies such as adsorption, membrane 

separation, and biological processes (Ahmad et al., 2023). The main photocatalysts include metal 

oxides/sulfides (TiO2, ZnO, WO3, Fe2O3, Co3O4, Nb2O5, Cu2O, CdS, ZnS, etc.), a combination 

of them, or more recently metal oxides/sulfides combined with graphene oxide (GO) or carbon 

nanotube (Abromaitis et al., 2024; Zhao et al., 2018). Among the several photocatalysts,      is 

a prominent one due to its chemical stability, high surface area, non-toxicity, and inexpensive 

cost (Abd Rahman et al., 2023; Chen et al., 2020). However, due to its broad energy band gap (3-

3.2 eV), it can only be activated by UV light (λ < 400 nm), yielding less than 5% of the 

irradiation solar energy (Tong et al., 2012). Furthermore, the rapid recombination rate of 

electron-hole pairs severely limits further development of its photocatalytic activity. Previously 

developed visible light response semiconductors, such as      (X =   or   ), have a lower 

energy band gap (<3 eV) (An et al., 2008). However, they still suffer from serious photo-

corrosion problems in aqueous media due to redox reactions and fast recombination of electron-

hole pairs during the reaction process. As a result, it is extremely important to establish an 

effective technique to improve the performance of semiconductor photocatalysts. 

Generally, photocatalyst performance is primarily evaluated based on charge recombination 

rates, energy band gaps, and surface redox potentials. Pure semiconductors often necessitate 

high-intensity light to generate charge carriers, a requirement that hampers their commercial 

viability. To address these challenges, several strategies have been developed recently, including 

surface morphology engineering, metal/non-metal doping, composite formation, and the creation 
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of heterostructures or Z-heterostructures (He et al., 2021). These approaches aim to produce 

photocatalysts with narrower band gaps, decreased charge recombination rates, and enhanced 

reactivity under visible light, specifically tailored to the unique physicochemical properties of the 

materials utilized (Zhao et al., 2020). The development of composite materials, particularly 

semiconductor photocatalysts, has shown significant performance improvements due to the 

synergistic effects of their substances. This methodology is applied in designing these materials, 

which are synthesized through various techniques such as heteroatom doping or forming 

heterojunctions. Fig. 2 illustrates a comprehensive review of recent advancements in the design 

and fabrication of composite photocatalysts, highlighting their enhanced effectiveness in 

wastewater treatment. This review provides an in-depth analysis of the current progress in 

creating these advanced materials, underscoring their potential in practical applications. 

In the field of semiconductor photocatalysts and composite materials, modeling methods such 

as Artificial Neural Networks (ANN) and CFD play crucial roles in advancing research and 

development. ANN models are employed to predict the behavior and performance of 

photocatalysts based on complex interactions between their components, aiding in the 

optimization of material composition and synthesis parameters. These models utilize historical 

data to simulate the synergistic effects of various materials and improve the efficiency of 

photocatalytic processes. On the other hand, CFD simulations are instrumental in studying fluid 

dynamics and mass transport phenomena within photocatalytic reactors. They help optimize 

reactor design, understand flow patterns, and predict the distribution of contaminants and 

reaction products. Integrating ANN for predictive modeling and CFD for process optimization 

provides a comprehensive approach to enhancing the performance and efficiency of 

semiconductor photocatalysts in environmental and wastewater treatment applications. 
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The objective of this review is to provide a comprehensive overview of recent advancements 

in heterogeneous photocatalytic technologies for removing EPs from water and wastewater. 

While significant progress has been made in photocatalysis, challenges persist in optimizing 

photoreactor configurations, addressing operational issues, and accurately predicting system 

performance. Many studies currently face limitations due to a lack of scalable solutions, an 

incomplete understanding of reaction mechanisms, and inadequate integration of modeling 

techniques. The review delves into key engineering aspects, including the design and 

optimization of photocatalytic systems, the development of novel photocatalysts, and the scaling 

challenges these technologies encounter in practical applications. By consistently addressing the 

gaps in existing research, this study underlines the necessity of advancing photocatalytic 

materials that not only enhance degradation efficiency, but also are amenable to real-world 

applicability. Additionally, the review examines the potential of CFD and ML models to predict 

and simulate heterogeneous photochemical processes applied to water and wastewater treatment. 

These models integrate various phenomena-chemical, radiative, and hydrodynamic-across 

similar time and spatial scales, enabling a deeper understanding of complex interactions within 

photocatalytic systems. The incorporation of ML techniques also provides a novel approach to 

analyze large datasets generated in photocatalytic experiments, facilitating the discovery of 

hidden patterns and optimizing processes more effectively. Future perspectives on the 

optimization of heterogeneous photochemical processes are thoroughly discussed, emphasizing 

the potential of these methodologies to propel advancements in the field and contribute to 

sustainable water treatment solutions. 

2. Mechanism and semiconductors photocatalyst 
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Recent advances in water and wastewater treatment processes have led to the development in 

oxidative destruction procedures for EPs. AOPs have been employed as an alternative to 

conventional water treatment processes. AOPs are founded on the in-situ generation of hydroxyl 

radicals (OH•) that are responsible for the decomposition of emerging organic compounds in 

aqueous media (Wang et al., 2022). The OH• radicals are reactive, highly powerful, and non-

selective oxidizing agents that react very rapidly with organic contaminants. Among the AOPs, 

heterogeneous photocatalytic processes have long been considered an attractive and sustainable 

strategy to simultaneously solve energy and environmental problems (Reddy et al., 2016; Rueda-

Marquez et al., 2020). 

When a semiconductor absorbs photons of light with an energy equal to or greater than its gap 

energy, electrons (e
–
) are excited from the valence band (VB) into the semiconductor conduction 

band (CB), leaving behind a hole (h
+
) of positive charges in the valence band. Then they 

participate in oxidation and reduction reactions respectively. In general, the photocatalytic 

degradation process includes the following steps: (1) irradiation of the catalyst (Byrne et al., 

2018), (2) separation and production of photoinduced electron-hole pairs, (3) recombination 

processes of photoexcited electron-hole pairs, and (4) the occurrence of oxidation and reduction 

reactions driven by photogenerated electron-hole pairs on the surface of the catalyst (Byrne et al., 

2018), as shown in Fig. . 

Up to now, considerable attention has been applied to oxide semiconductors like 

photocatalysts, such as TiO2 (Lavudya et al., 2023), ZnO (Weerathunga et al., 2022), WO3 (Hkiri 

et al., 2024), CuO (George et al., 2020) and Bi2O3 (Gupta et al., 2022). The photocatalysts most 

widely owing to their high photocatalytic activity and stability are TiO2 and ZnO. While these 

catalysts have major drawbacks, including rapid recombination of electron-hole pairs and a large 
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band gap that only works in the UV domain. Generating ultraviolet light is expensive and poses 

greater risks to human health than visible light. Furthermore, only about 5 percent of sunlight is 

UV, while the proportion of visible light is > 43% (Ahuja et al., 2023). For this reason, 

photocatalysts active in visible light are currently the subject of intense research, which may 

offer great potential to harness sunlight for photocatalytic wastewater treatment. 

3. Modification strategies of TiO2 for environmental photocatalytic applications 

A wide variety of modification methods have been developed to reduce the e
–
/h

+
 

recombination rate and improve the utilization of visible light for wide-bandgap semiconductors. 

Among strategies for improving the photocatalytic activity of semiconductors are metal doping, 

non-metal doping, and coupling semiconductors. 

3.1. Metal doping 

Huge efforts in recent years have been devoted to improving the photocatalytic performance 

of TiO2, and to use solar energy as an irradiation source. Doping with metallic elements has been 

widely employed to enhance photoactivity, in which these elements are inserted into the bulk of 

the TiO2 or are widely dispersed at the TiO2 interface. In the study of Bibi et al. (2023), when 

using only the TiO2 catalyst, photocatalytic degradation of Congo red dye was about 61 %, 

which increased to around 99% in the presence of TiO2 with 3 w% Cu-doping after 50 min of 

irradiation. In addition,  Ratshiedana et al. (2021) indicated that the photocatalyst doped with 

0.21% silver ion showed the highest photocatalytic efficiency, with 87% of the tartrazine 

removed in 180 min under visible light. Moreover,  Wang et al. (2020) successfully synthesized 

visible light-active Fe-doped TiO2 nanomaterials using a one-step hydrothermal deposition 

method. The photocatalytic degradation performance of these nomaterials was evaluated against 
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bisphenol A under a visible light source. The Fe-doped TiO2 demonstrated exceptional 

degradation efficiency, achieving an overall removal efficiency of 99.99%. 

The comparison of the photocatalytic activity of Au-doped TiO2, Ag-doped TiO2, and pristine 

TiO2 for the degradation of organic environmental pollutants under direct sunlight was studied 

by. Saroha et al. (2023). The efficient photocatalytic degradation reached 90.62% for Au-TiO2, 

higher than that of Ag-TiO2 (82.87%) and TiO2 (72.79%) photocatalysts. Divya et al. (2023) 

reported the synthesis of Zr-doped TiO2 mesoporous nanostructures using a microwave-assisted 

sol-gel method. The resulting photocatalyst was employed for the photocatalytic degradation of 

Bismark Brown Red (BBR) dye. Zirconium doping led to a reduction in both band gap energy 

and particle size, while increasing the surface area of the Zr-TiO2 nano-catalysts. Under visible 

light irradiation, the catalyst achieved a degradation rate of 99% for BBR. Notably, the 

photocatalytic performance remained effective even after four cycles. The photocatalytic 

reaction was primarily driven by electron-hole pair generation and the formation of hydroxyl 

radicals (OH
•
).  

Noble metals typically have a high work function, Ag ~4.5–4.7 eV and Au ~5.1–5.3 eV than 

TiO2 (~4.2 eV) (Sellappan et al., 2013). The formation of Schottky barriers (Sellappan et al., 

2013) at the surfaces is obtained by the alignment of Fermi levels, when Au/Ag comes in direct 

contact with TiO2, which inhibits the recombination of the photogenerated electrons and holes on 

the conduction and valence bands. 

3.2. Non-metal doping 

Recently, researchers have been interested in improving the activity of photocatalysts by 

adopting a doping process with non-metal doping that can reduce recombination effects. Non-
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metal doping can strongly enhance the  photocatalytic activity by influencing the electronic 

properties of a semiconductor. Yang et al. (2023) reported the elaboration of F-TiO2 by a 

modified solvothermal process followed by surface fluorination, the potassium fluoride dihydrate 

was used as a source of fluorine. The photocatalytic efficiency of catalysts was measured 

through phenol degradation in the presence of visible light irradiation. Based on the reaction rate 

constant, the photocatalytic performance of F-doped TiO2 is two times greater than that of pure 

TiO2. The enhanced photoactivity of F-TiO2 is associated with a reduction in the band gap that 

strengthens the response to visible light and the decrease in the probability of recombination of 

photogenerated electrons and holes. Chen et al. (2017) developed an S
6+

-doped TiO2 

nanoparticle catalyst using an ionic liquid method for the photocatalytic degradation of phenol. 

Under visible light irradiation, the nanocomposite exhibited a degradation efficiency of 84%. 

Moreover, Khan et al. (2023) evaluated the photocatalytic properties of reference TiO2 in 

comparison with synthesized N-TiO2 nanoparticles catalysts and evaluated their photocatalytic 

property under visible light illumination by measuring the degradation of 2,4-dichlorophenol 

contaminant. After 240 min of treatments, the visible/reference TiO2 sample exhibited low 

photocatalytic degradation of contaminant (21.5%). While the visible/N-TiO2 materials 

elaborated by the modified sol-gel method show a very high photocatalytic activity of about 

77.6%. 

3.3. Coupling semiconductors 

The development of TiO2-based composites has been shown to significantly enhance 

photocatalytic efficiency by improving charge separation and expanding light absorption. For 

instance, Salmanzadeh-Jamadi et al. (2022) reported the synthesis of TiO2/Bi3O4Br by 

hydrothermal method with various amounts of Bi3O4Br (10, 20, 30 and 40%). The 
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photodegradation of Rhodamine B under visible light in the presence of all photocatalysts is 

higher than that of pure TiO2. At the same time, the excellent photocatalytic efficacy in removing 

Rhodamine B is 99% after 90 min of irradiation, which was obtained with TiO2/Bi3O4Br (30%) 

composite. This can be attributed to the formation of heterojunction between the Bi3O4Br and 

TiO2 materials, which facilitates charge transfer at the interface between TiO2 and Bi3O4Br and 

promotes charge segregation (Salmanzadeh-Jamadi et al., 2022). 

Recently, the coupling of WO3 and pure TiO2 was studied for the photodegradation of 

methylene blue (Liu et al., 2022). After only 10 min under sunlight, the 1 mol% monolayer 

WO3/TiO2 composite removed up to 98.05%, which was significantly superior to that of 

commercial TiO2 (63.2%). During solar illumination on TiO2 and WO3 semiconductors, the 

electrons in VB absorb photon energy and are excited towards their respective CB, where 

photogenerated electrons and holes are produced (Liu et al., 2022). Also, Wang et al. (2023) 

employed novel BiVO4/TiO2 composites for Rhodamine B removal under solar irradiation. The 

outcomes show that the BiVO4/TiO2 heterostructures with 30 wt% of BiVO4 demonstrated the 

highest photocatalytic degradation ability of 96.7% after irradiation for 60 min. This is 

associated with high electron-hole pair separation efficiency, strong redox capacity, and wide 

light response range (Wang et al., 2023). 

Khasawneh et al. (2021) synthesized Fe2O3/TiO2 nanocomposites with varying concentrations 

using the sol-gel synthesis method. The incorporation of 5 wt% Fe2O3 significantly reduced 

particle size, stabilized the anatase phase, increased the specific surface area, enhanced the 

optical properties, and lowered the bandgap to 1.6 eV. The highest photocatalytic degradation 

efficiency of acetaminophen was achieved under alkaline conditions (pH 11), with a catalyst 

loading of 1.25 g.L
-1

 and an initial acetaminophen concentration of 30 mg.L
-1

. Additionally, 
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Tanos et al. (2024) prepared TiO2/CaTiO3/Cu2O/Cu composites with varying amounts of GO 

using a solid-state synthesis method. The experimental results showed that the introduction of 

0.5 mM peroxymonosulfate, which generates 
•
SO4‾ radicals, significantly enhanced the removal 

performance of paracetamol. The highest photocatalytic efficiency for paracetamol degradation, 

96% after 3 h under visible light, was achieved with the composite containing 3% GO. The 

performance comparison of TiO2-based materials for the removal of EPs from water is 

summarized in Table 1. 

3.4.The role of semiconductors in heterogeneous photocatalysts for degrading pollutants 

In heterogeneous photocatalysis, while semiconductors like titanium dioxide and zinc oxide 

are commonly utilized due to their efficient light absorption and redox properties, other materials 

also play significant roles. TiO2 is extensively researched for its remarkable photoactivity in both 

O2 reduction and surface H2O/hydroxyl group oxidation, while zinc oxide (ZnO) exhibits similar 

activity but suffers from poor photostability (Okpara et al., 2023).  Metals, metal oxides, metal 

sulfides, carbon-based materials, and even certain organic compounds have demonstrated 

photocatalytic activity in various applications. The choice of photocatalyst depends on factors 

such as reaction type, desired kinetics, stability, and cost-effectiveness (Jabbar et al., 2024). 

Metals like platinum and gold, metal oxides such as cadmium sulfide, carbon-based materials 

like graphene, and organic compounds like porphyrins offer unique advantages and challenges, 

making them attractive options for specific photocatalytic processes. However, semiconductors 

like cadmium sulfide (CdS), zinc-cadmium sulfide (ZnxCd1-xS), and silver-based ones are 

discouraged due to toxicity, high cost, and low stability (Okpara et al., 2023). Overall, while 

semiconductors are prevalent, the diversity of materials used in heterogeneous photocatalysis 

underscores the versatility and ongoing exploration in this field (Wang et al., 2022). 
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Semiconductors play a crucial role in heterogeneous photocatalysts used for pollutant 

degradation. Main steps in the photocatalysis process are summarized in Table 2. 

It would be useful to mention that the surface area and morphology of semiconductor 

catalysts are critical factors influencing their photocatalytic activity and pollutant degradation 

efficiency. A larger surface area provides more active sites for catalytic reactions, enhancing 

interactions between the catalyst and pollutant molecules (Rengifo-Herrera and Pulgarin, 2023). 

This increased interfacial contact leads to more frequent collisions, accelerating the kinetics of 

the photocatalytic process. Nanostructured semiconductors, such as nanoparticles and nanotubes, 

exemplify this approach by offering high surface-to-volume ratios, which provide abundant 

reactive sites for pollutant adsorption and degradation. Additionally, the morphology of these 

catalysts, including features like crystallinity, surface roughness, and porosity, significantly 

affects the accessibility of active sites and the diffusion of reactants. Hierarchical structures with 

complex architectures further enhance surface area and promote pollutant adsorption. By 

optimizing the morphology of semiconductor catalysts, researchers can effectively tailor their 

photocatalytic properties for specific applications and environmental conditions (Wu et al., 

2020). Regarding the band structure of semiconductors, it is crucial for their efficiency in 

generating and separating electron-hole pairs, which are essential for photocatalytic processes 

(Tahir et al., 2020). Ideally, the semiconductor should have a bandgap energy that aligns with the 

photon energy of the light source (Murali et al., 2020), ensuring optimal light absorption and 

facilitating the photoexcitation of electrons from the valence to the conduction band (Kumari et 

al., 2022). The mechanism of electron-hole pair generation and reactions is influenced by the 

heterojunction configurations between different semiconductor materials, each exhibiting unique 

band structures (Low et al., 2017): (i) Type I Heterojunctions (Qureshi et al., 2024) allow for 
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efficient charge separation, with electrons migrating from a narrower bandgap semiconductor to 

a wider bandgap one (Fig. 4) (Lin et al., 2023). This configuration enhances charge transfer 

processes, enabling efficient hydrogen production through redox reactions (Yuan et al., 2024), 

(ii) Type II Heterojunctions (F. Li et al., 2024) exhibit staggered band alignments, leading to 

spatial charge separation (Murillo-Sierra et al., 2021). In this type, electrons and holes localize in 

different regions, as illustrated in the NaLiTi3O7-La2S3 system (Fig. 5) (Mohd Nasir et al., 

2023). This mechanism enhances carrier lifetimes and improves photocatalytic performance 

(Zhao et al., 2019) 

4. Synergistic approaches with heterogenous photocatalysis  

By integrating different treatment technologies, synergistic effects can be harnessed to 

address various challenges associated with EPs removal from water and wastewater. 

Heterogeneous photocatalysis coupled with adsorption techniques offers a dual-action approach, 

where photocatalysts facilitate the degradation of EPs while adsorbents selectively capture 

contaminants from the aqueous phase (Aoudj et al., 2019). This combined process not only 

extends the range of EPs that can be effectively treated but also enhances overall removal 

efficiency by targeting different classes of contaminants simultaneously. Furthermore, membrane 

filtration technologies integrated with photocatalysis provide an additional barrier for the 

retention of particles, bacteria, and organic matter, thereby producing treated effluents of higher 

quality (Molinari et al., 2004; Zhao et al., 2024). Such hybrid processes leverage the strengths of 

each process while mitigating their respective limitations, leading to more efficient and 

sustainable water treatment solutions. 
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In recent times, there has been a notable trend among researchers to explore synergistic 

approaches in various applications, including wastewater treatment. Chen et al. (2020) utilized a 

combined approach of electrocoagulation with UV/TiO2 to reduce COD levels in petroleum 

refinery wastewater to meet regulatory standards. They integrated a tubular electrocoagulation 

reactor coupled with multi-point graphite anode discharge alongside a novel photo-reactor setup 

operating in batch circulation mode. Through optimization using response surface methodology, 

they achieved a significant COD removal efficiency of 91.26% with electrocoagulation process 

using UV/TiO2. An interesting discovery from this research is the considerable improvement in 

removal efficiency achieved by combining electrocoagulation with UV/TiO2 process, marking a 

23% enhancement over the use of UV/TiO2 alone. However, this enhancement was accompanied 

by increased process costs, although with a significant reduction in electrical energy 

consumption (EEC) per ton of treated wastewater by 55% with electrocoagulation coupled with 

UV/TiO2 process. Furthermore, Poblete et al. (2024) explored the efficacy of ultrasound 

combined with the photo-Fenton process, employing fly ash as a catalyst for treating landfill 

leachate. In this study, they revealed synergistic effects between ultrasound and UV irradiation, 

facilitating the degradation of complex organic pollutants with hydroxyl radicals as the 

predominant active species. Operational costs for landfill leachate treatment under optimized 

conditions were estimated at 322.6 $US.m
-3

. While addressing key factors in landfill leachate 

purification, pollutant concentrations remain unsatisfactory, suggesting the need for extended 

treatment times and potential coupling with biological methods to further reduce pollutant levels. 

Indeed, Fernandes et al. (2020) developed a technology offering two alternative scenarios for 

implementation: one aiming to maximize degradation effectiveness, while the other focuses on 

degrading sulfide ions to enable further treatment at corrected pH values. Their study 
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demonstrated good synergism between TiO2, UV, and oxidants, although real wastewater 

matrices negatively impacted volatile organic compound degradation rates compared to model 

effluents. The addition of TiO2 reduced operational costs for O3 and O3/H2O2 technologies, 

showing promise as pre-treatment stages before further chemical or biological treatment, 

effectively degrading toxic compounds and avoiding H2S formation. Additionnaly, Baaloudj et 

al. (2023) investigated hybrid systems to improve photocatalytic process efficiency, combining 

Bi12TiO20 with polyaniline to enhance cefixime removal. Polyaniline alone demonstrated 

efficient cefixime removal via adsorption, achieving 76.83% efficiency within 70 min. Their 

study revealed efficient cefixime removal via adsorption with polyaniline alone and remarkable 

enhancement with the hybrid system, indicating very high efficiency. Chandrabose et al. (2021) 

introduced a novel approach to enhance dye pollutant filtration efficiency in textile wastewater 

treatment, utilizing ultrathin, 2D MoS2-mediated adsorption sites onto light-active TiO2 host 

nanoparticles through a single-step hydrothermal process. The developed nanocomposite holds 

promise for advancing zero liquid discharge processes. C. Zhang et al. (2021) critically examined 

the coupling of photocatalytic and biological processes as a promising approach for 

decontaminating water polluted with recalcitrant chemicals, such as phenolic and aromatic 

substances. The coupling of photocatalysis and biotransformation, whether supported by porous 

carriers or not, has shown superior performance in removing refractory contaminants by 

leveraging the advantages of both processes. This emerging alternative has garnered increased 

attention and has undergone substantial development in the past five years.  

In the case of membrane technology,  Li et al. (2024) developed a synergistic membrane 

catalyst, incorporating a highly active cadmium sulfide/titanium dioxide (CdS/TiO2) 

heterojunction and ferroelectric polyvinylidene fluoride, which exhibited significant efficiency in 
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reducing chloramphenicol and decomposing organic pollutants (methylene blue and bisphenol 

A) under solar-simulated irradiation. The catalyst maintained durable photoactivity over 20 

cycles of recycling, minimizing the risk of secondary pollution. Furthermore, a customized panel 

wastewater purification system utilizing this membrane catalyst demonstrated high efficiency in 

chloramphenicol reduction and organic matter degradation, benefiting from the combined effects 

of light activation and piezoelectric polarization. This research sheds light on the potential of 

membrane catalyst-assisted panel technology for photocatalytic wastewater purification. 

Furthermore, Szymański et al. (2024) assessed the performance of a hybrid system, combining a 

submerged photo membrane reactor with ultrafiltration for ketoprofen-contaminated water 

treatment. Although the membrane unit cannot reject ketoprofen, the photocatalytic process aids 

in its removal. After 24 h, ketoprofen removal stabilizes at 93-96% across different water types. 

TOC removal varies, with faster mineralization in brackish and seawater. The study highlights 

the potential of this hybrid system for water treatment, emphasizing the need for photocatalytic 

optimization and the potential separation of the photocatalytic unit for efficiency. Moreover, the 

synergistic effect of combining external oxidants (O3, H2O2, and their combination) with TiO2 

and UV light (Fernandes et al., 2020), significantly improved the reduction of chemical and 

biological oxygen demand (COD and BOD5) as well as degrading volatile organic compounds 

(VOCs) in the effluents (Wang et al., 2021). Specifically focus on metronidazole (MNZ) and 

penicillin G (PG), by using the AgZnFe2O4@Ch catalyst to activate persulfate (PS) under UV 

light (Rajabi et al., 2024). This study achieved significant degradation rates of 81.5% for MNZ 

and 82.3% for PG within 50 min under optimal conditions (0.4 g.L
-1

 catalyst, 4 mM PS, 5 mg.L
-1

 

antibiotics, pH 5) .  
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In general, synergistic strategies employing heterogeneous photocatalysis in water and 

wastewater treatment exhibit potential, but present various drawbacks that necessitate 

comprehensive analysis and mitigation (Xinchen et al., 2020). Operational parameter 

optimization remains a challenge, requiring extensive tuning of factors like reaction time, 

dosage, and environmental conditions. Efficient recycling of adsorbents and control of secondary 

pollution are crucial, given the large quantities of materials used in coupled processes. Tailoring 

synergism strategies for diverse water sources is complex due to variations in composition and 

pollutant concentrations. Developing cost-effective materials suitable for synergistic 

technologies is essential for scalability and accessibility. Ambiguity in mechanisms and 

uncertain contributions of photocatalysis hinder its practical application and optimization. 

Complex assessment techniques are needed to analyze synergies effectively, while a potential 

shift to single-phase catalysts may simplify assessment but requires further investigation. 

Hypothetical observations of synergy need empirical validation to advance photocatalysis in 

wastewater treatment effectively. Integrating synergistic heterogeneous photocatalysts into 

existing treatment technologies poses challenges, necessitating careful consideration of 

compatibility, scalability, and cost-effectiveness. 

5. Photocatalytic reactor design 

5.1.Examination of different types of photocatalytic reactors 

The growing demand for scaling up the photocatalytic degradation process has led to a 

proliferation of various reactor setups and configurations for EPs removal from water and 

wastewater. Wang et al. (2021) highlighted the complexity of classifying photocatalytic reactors, 

making it a challenging task. The design of the photocatalytic reactor is directly influenced by 

several factors, including  geometry, light source, and photocatalyst type (Sacco et al., 2020). 
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Among these, the state of photocatalyst is a particularly significant parameter and has notable 

influence in the design of photocatalytic reactors in recent years. Thereby, in this review, a 

simplified approach categorizes photocatalytic reactors based on whether the photocatalyst is 

suspended (e.g., slurry photoreactor) or immobilized. This simplified approach is due to the 

variety of photoreactor designs proposed in the literature, which hinders the lack of a general 

design methodology. This is also the reason why there is a need for new design methodologies 

such as CFD (see section 6.2), which can simultaneously consider hydrodynamics, light transfer, 

mass transfer, heat transfer and chemical processes over a wide range of time and space scales. 

The weakness of CFD is that it is too computationally intensive to be used for process control, 

for which ML appears to be the most promising strategy (see section 6.1). 

5.1.1. Dispersed system 

Slurry photocatalytic reactors, utilizing suspended TiO2 particles are the most ubiquitous 

photocatalytic reactor configurations used for photocatalytic degradation processes (Manassero 

et al., 2017a). These reactors involve a uniform mixture of dispersed photocatalyst particles in an 

aqueous medium (Fig. 6). Due to their large surface area relative to volume and enhanced mass 

transport capacity, such dispersed-phase reactors are favored for their high photocatalytic 

efficiency compared to immobilized systems (Manassero et al., 2017a; Visan et al., 2019; Zheng 

et al., 2020). Since it has excellent photocatalytic performance, slurry photocatalytic reactor are 

commonly used as a benchmark to compare the photocatalytic performances of different 

immobilized photocatalytic reactors (El-Kalliny et al., 2014; Zheng et al., 2020). However, the 

required separation step of photocatalyst from the reaction medium and operation complexity 

under continuous mode motivate drive the exploration of alternative systems (Visan et al., 2019). 

One promising solution is the membrane module, which addresses the separation issues in the 
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slurry photocatalytic reactors and showed promising results as a potential alternative for 

conventional slurry photocatalytic reactor for water and wastewater treatment (Molinari et al., 

2004). In fact, Li et al. (2019) introduced a new photocatalytic reactor concept coupling a 

submerged ceramic membrane photocatalytic reactor with suspended TiO2 photocatalyst for the 

degradation of amoxicillin. This integration of membrane separation technology into slurry 

photocatalytic reactor exhibited excellent mineralization ability without significant decrease in 

degradation efficiency after three cycles (Li et al., 2019). However, during the separation 

process, the accumulation of suspended TiO2 particles onto the membrane surface could result in 

blocked membrane pores (i.e., membrane fouling), reducing the long-term efficiency of 

photocatalytic membrane reactors (H. Zhang et al., 2021). 

5.1.2. Immobilized system 

It was reported that suspended photocatalytic reactor exhibits superior photocatalytic 

performances as compared to  immobilized photocatalytic reactor (Manassero et al., 2017a). 

However, in practical applications, reactors with immobilized photocatalysts are preferred. They 

are suitable for continuous operation without the need for a separation process  and offer the 

potential for reusing the catalyst support for multiple cycles (Manassero et al., 2017b).  In 

immobilized systems, the photocatalyst can be anchored to the walls of the reactor (Ling et al., 

2004), or embedded onto/within the membrane surface (Leong et al., 2014; Mozia, 2010). Fig. 7 

depicts schematic presentation of photocatalytic membrane reactor with immobilized 

photocatalyst particles on and within membrane structure. Optical fiber-based photocatalytic 

reactor with its double function as a light transmitter and support for the photocatalyst, have 

drawn considerable attention from researchers in the last two decades (Danion et al., 2007; 

Hofstadler et al., 1994; O’Neal Tugaoen et al., 2018). Moreover, the employing of optical fiber 
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as a support for the photocatalyst ensures the uniform distribution of light on the surface of 

photocatalyst, thereby increasing the photoconversion efficiency. Indeed,  Fujishima et al. (2008) 

demonstrated that the immobilization of photocatalyst on a large surface area support increases 

the photocatalyst efficiency, by increasing the surface-to-volume ratio. In this regard, El-Kalliny 

et al. (2014) successfully immobilized TiO2 on stainless steel meshes. This photocatalytic reactor 

configuration was later investigated for the degradation of humic acid, as one major component 

of natural organic matter. The immobilization of TiO2 on mesh structures resulted in a high 

specific photocatalytic surface area with effective light penetration. Another configuration, the 

microreactor presents a solution to the critical challenges faced by an immobilized photocatalytic 

reactor. The concept of microreactor was first introduced in photocatalysis back in 2004 (Gorges 

et al., 2004). Microreactor is considered a promising reactor system due to its high surface-to-

volume ratio and high mass transfer efficiency. However, its low process throughput is 

considered a serious drawback limiting its application to lab scale studies (Binjhade et al., 2022). 

5.1.3. Comparison between different types of photocatalytic reactor systems 

Different benchmarks can be used to objectively assess the photocatalytic performance across 

various reactor setups and configurations. For example, (Manassero et al., 2017a) compared the 

degradation efficiency of clofibric acid by three photocatalytic configurations of the same reactor 

setup (i.e., a slurry reactor with suspended TiO2 particles, fixed film reactor with TiO2 

immobilized onto the reactor walls, and fixed bed reactor with TiO2-coated glass ring) using 

quantum and photonic efficiency. The result showed that slurry reactor was the most efficient 

configuration with quantum and photonic efficiency values equals to 4.59% and 1.68%, 

respectively (Manassero et al., 2017a). Li et al. (2010) used the ratio between initial reaction 

rates as a benchmark to compare the photocatalytic performance of suspended and immobilized 
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systems. The results showed that the efficiency of the suspended system was 2.5-9.2 times more 

efficient than immobilized system. Leblebici et al. (2015b) reviewed and compared 12 

photocatalytic reactor designs using the photocatalytic space-time yield as a new benchmark 

measure. The results showed that high area-to-geometries such as microreactors integrated with 

immobilized photocatalyst can become competitive technology to slurry photocatalytic reactors 

for removal of EPs from wastewater treatment (Leblebici et al., 2015b). In an attempt to give a 

more objective assessment of the photocatalytic efficiency of different photocatalytic reactor 

designs,  Sundar and Kanmani (2020) reviewed 24 photocatalytic reactor designs and compared 

them using five benchmarks (i.e., apparent degradation rate, space time yield, photocatalytic 

space time yield, Specific removal rate, EEC). As it was expected, photocatalytic reactors with 

higher surface-to-volume ratios such as microreactor and packed bed photocatalytic reactors 

exhibited the highest space time yield STY (i.e., 1 m
3
 capacity of photocatalytic reactor to handle 

a volume of pollutants (m
3
) in a day (m

3
 pollutant.m

-3
 photocatalytic reactor.day

-1
). In the case of 

packed bed photocatalytic reactor integrated LED illumination technology, the photocatalytic 

space time yield PSTY (i.e., STY divided by lamp power) was the highest amongst the other 

photocatalytic reactors. This enhancement in PSTY was ascribed to the increased mass and 

photon transfer efficiency. More interestingly, a packed bed photocatalytic reactor with its low 

EEC is highly desirable for practical applications. On the contrary, spinning disc photocatalytic 

reactors, micro-photocatalytic reactors, and fluidized bed photocatalytic reactors showed the 

highest energy consumption making them the least desirable on the grounds of lighting cost, 

which is high (Sundar and Kanmani, 2020). 

5.2. Factors affecting the performance of photocatalytic reactors 

5.2.1. Geometry 
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The collection and utilization of emitted light by photocatalyst, which largely affect the 

photocatalytic activity, is directly influenced by the geometric shape of photocatalytic reactor 

(Visan et al., 2019). Photocatalytic reactors with cylindrical or rectangular geometric shapes are 

the most ubiquitous in the literature (Abd Rahman et al., 2023). Typically, light irradiation is 

supplied to the reaction medium either from the outside or the inside of the photocatalytic reactor 

using lamps and/or LED strips, as described in Fig. 8. These geometries are linked with the 

problem of insufficient light absorption by the suspended photocatalyst (Sacco et al., 2020). In 

this context, the flat plate geometry with its excellent ability to collect effectively sunlight is one 

of the most used photocatalytic reactor geometries employed in pilot scale-studies (Li Puma et 

al., 2020). Zhang et al. (2004) compared photocatalytic performance of a flat plate reactor with a 

newly designed corrugated plate reactor for EPs removal from wastewater. The outcomes 

showed that the corrugated plate reactor exhibited superior photocatalytic performances 

compared to the flat plate reactor. The improved photocatalytic performance of the corrugated 

plate reactor was attributed to the increased illuminated surface area of the photocatalyst per unit 

volume. However, the large footprint of these systems represents a significant drawback for this 

reactor type. 

Flat plates, annular, and rectangular geometric shapes are widely used in solar photocatalytic 

reactors (Abdel-Maksoud et al., 2016). The geometric shape of the solar photocatalytic reactor is 

oftentimes coupled with a solar collector to increase the light intensity reaching the surface of the 

photocatalyst. Solar photocatalytic reactor can be divided into two categories based on whether it 

is manufactured with a concentrating collector (e.g., parabolic through collector (PTC)) or a non-

concentrating collector (e.g., inclined plate collector (IPC), compound parabolic reactor (CPR)) 

(Braham and Harris, 2009; Zheng et al., 2020). Among these designs, CPR are very popular solar 
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photocatalytic reactor that uses a parabolic round mirror, which allows the concentration of 

sunlight on the surface of the Pyrex tube (Sacco et al., 2019). In a comparative study, Bandala et 

al. (2004) investigated the photocatalytic efficiency of several tubular solar photocatalytic 

reactors (i.e., parabolic through concentrator (PTC), tubular collector (TC), CPR, and V-trough 

collector (VC)) for degradation of EPs. Although the results exhibited no significant difference 

between the performances of the photocatalytic reactors, CPR exhibited better performances in 

terms of the amount of energy collected. 

5.2.2. Light source 

The nature of the light source is one of the main design criteria in photocatalytic reactors. 

Solar light-supplied reactors are subject to different design specifications compared to those 

using artificial light as irradiation source. For instance, solar photocatalytic reactors have a large, 

exposed surface area to absorb more photons. However, the main drawback in solar light-

supplied photocatalytic reactors is the ever-changing light intensity and variable weather 

conditions. More importantly, the overall energy efficiency of converting photons to hydroxyl 

radicals (
•
OH) for EPs degradation from sunlight was estimated to be less than that of artificial 

light (0.0005-0.4% using sunlight and 0.0002-2% using UV lamps) (Loeb et al., 2019). It has 

been due to these shortcomings, a light source of the photocatalytic reactor has seen a shift from 

sunlight to artificial lighting in the last few years (Sundar and Kanmani, 2020).  

Light emitting diodes (LEDs) technology has gained more attention since the first UV LED 

photocatalytic reactor was first developed for degradation of perchloroethylene in 2005 (Chen et 

al., 2005). LED lamps showed several advantages over traditional lamps such as robustness, 

long-life span, environmental friendliness as they do not contain toxic compounds such as 
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mercury (Jo and Tayade, 2014), and the ability to be adjusted to different geometric shapes due 

to their excellent flexibility (Sundar and Kanmani, 2020). However, the usage of LEDs as a 

source of irradiation without a judicious optimization of light distribution throughout the 

photocatalytic reactor is not a guarantee for higher photocatalytic efficiency as it can result in 

lighting systems less effective than conventional ones. Martín-Sómer et al. (2017) studied the 

influence of light distribution on the photocatalytic efficiency of photocatalytic reactor with three 

different AUV light sources (i.e., mercury fluorescent lamp, 8-LED based system, and 40 LED 

based system). The result showed that mercury fluorescent exhibited better light distribution and 

higher photonic efficiency compared to LED based systems. On the other hand, LED lighting 

systems exhibited higher electricity to photon conversion ability. In addition, the results showed 

that the increase in the number of LED lamps from 8 to 40 enhanced significantly the light 

distribution and photonic efficiency. Finally, the relevant study concludes that the photocatalytic 

efficiency could not be enhanced if the light distribution throughout the photoreactor is not 

regarded during the design stage (Martín-Sómer et al., 2017). 

5.2.3. Photocatalyst 

The photocatalyst loading is a key factor influencing the photocatalytic reactor efficiency. The 

increase in photocatalyst dosage in slurry photocatalytic reactor is correlated with the increase in 

the overall number of active sites, which leads to generating more 
•
OH radicals and therefore 

increasing degradation efficiency (Binjhade et al., 2022). However, it was reported that it exists 

an optimum concentration of photocatalyst beyond which the photocatalytic reactor efficiency 

decreases (Ehrampoush et al., 2011; Guettaï and Ait Amar, 2005). This happens mainly because 

of the mass transfer and photon transfer limitation (Mehrotra et al., 2003). To overcome the 

photon transfer limitations in a slurry photocatalytic reactor, Zhu et al. (2014) proposed a novel 
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configuration combining a fluidized-bed photocatalytic reactor with an optical-fiber light source. 

The findings showed that this novel photocatalytic reactor exhibited higher degradation 

efficiency due to the effective use of photons compared to conventional flat plate fluidized bed 

photocatalytic reactor. Another configuration that showed promising results regarding handling 

high concentrations of photocatalyst in slurry photocatalytic reactors was a rotor-stator spinning 

disk (Chaudhuri et al., 2022). In rotor-stator spinning disk photoreactor the high degree of shear 

and turbulence generated by the rotating disk significantly decreases mass transfer limitations. 

 In the immobilized systems, the thickness of the photocatalyst is of great significance and can 

directly alter the photocatalytic reactor performance. For instance, in the case of photocatalyst 

coated optical fiber-based photoreactor, photocatalyst thickness should consider the minority 

carrier's diffusion length, which is the minimum field-free region of electron-hole pairs to 

recombination (Hodes and Kamat, 2015; O’Neal Tugaoen et al., 2018). 

5.2.4. Oxidant agent 

Semiconductor-based photocatalysis has proven to be very effective for EPs degradation. 

However, the low separation and rapid recombination of photogenerated electron-hole pairs 

significantly affect the photocatalytic efficiency of the photocatalyst (Low et al., 2017). The 

inclusion of an oxidant agent as an electron scavenger is of great help since this can improve the 

separation efficiency of photogenerated electron-hole pairs (Tseng et al., 2012). San et al. (2001) 

investigated the effect of three electron acceptors (i.e., H2O2, K2S2O8, and KBrO3) on the 

degradation of 3-aminophenol in a cylindrical photocatalytic reactor. They found that KBrO3 led 

to superior photocatalytic performances compared to the other additives. This increase in the 

photocatalytic efficiency was ascribed to the high number of electrons that react with KBrO3 to 
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generate bromide ions, as shown in Eq. (1) (San et al., 2001). Tseng et al. (2012) have studied 

the effect of oxygen and H2O2 on the photocatalytic degradation of monochlorobenzene in a 

hollow cylindrical photoreactor. The results showed that oxygen has a higher contribution to the 

degradation of monochlorobenzene concerning H2O2. Typically, aeration (thus the dissolved 

oxygen) is used as a conveying media of oxygen to the surface of photocatalyst surface presented 

inside the photocatalytic reactor (Tseng et al., 2012).  Xu et al. (2012) investigated the impact of 

aeration methods (i.e., airlift, bubbling, and stirring methods) on the photocatalytic degradation 

of methylene blue using a quartz tube photocatalytic reactor with ZnO photocatalyst. The results 

exhibited that the airlift photocatalytic reactor performed better than the bubbling and stirring 

photoreactor. 

    
                    (1) 

The usage of a single photocatalyst is always accompanied by the problem of low separation and 

rapid recombination of the photogenerated electron-hole pairs. To overcome this problem 

electron acceptor agents are usually used during photocatalytic degradation processes. Another 

potential solution to this problem is the usage of heterojunction photocatalysts in slurry and 

immobilized photocatalytic reactors (Barzegar et al., 2021; Fakhravar et al., 2020; Parsaei et al., 

2023; Sabzehmeidani et al., 2023; Zamani et al., 2022; Zhang et al., 2017). 

5.2.5. Nature and concentration of EPs 

The ultimate objective of any photocatalytic reactor is the efficient removal of pollutants of 

emerging concerns, such as pesticides, endocrine-disrupting compounds, personal care products, 

and pharmaceuticals (Oulton et al., 2010; Sundar and Kanmani, 2020). These pollutants are 

recalcitrant to traditional methods of wastewater treatment, and their occurrence was associated 
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with ecotoxicological and human health risks even at a very low concentration. Therefore, the 

ability of the photocatalytic reactor to eliminate EPs at a nano-gram level should be a must-deal 

concern in the next-generation photocatalytic reactors.  

The concentration of the contaminant is a crucial factor that can affect the photocatalytic 

reactor's performance. Many studies reported a decrease in the photocatalytic efficiency of the 

reactor when the initial concentration of the emergent contaminant increased (Fouad et al., 

2023). This happens due to the inefficient light penetration throughout the photoreactor to reach 

the surface of the photocatalyst (Abdellah et al., 2018). 

5.3. The photocatalytic degradation kinetic modeling 

Photocatalytic degradation kinetic modelling plays a pivotal role in understanding and 

optimizing the degradation of EPs in wastewater (Colina-Márquez et al., 2019; Khataee et al., 

2010). These models are used to predict and evaluate pollutant degradation rates under specific 

conditions, including light intensity (usually UV or visible), photocatalyst properties, and 

contaminant concentration (Alvarado-Rolon et al., 2018; Amani-Ghadim and Dorraji, 2015; 

Ayodele et al., 2021). Various models are employed to describe the kinetics of photocatalytic 

degradation, with the choice depending on experimental conditions and contaminant 

characteristics (Colina-Márquez et al., 2019; Olivo Alanís, 2019). Among the most widely used 

kinetic models in photocatalytic degradation studies are the Langmuir-Hinshelwood (L-H) model 

(Eckert et al., 2015; Vargas et al., 2020), the Turchi-Ollis model (Franz and Bestetti, 2023; 

Turchi and Ollis, 1990), and the Direct-Indirect model (Liu and Zhao, 2014; Mills et al., 2015; 

Vargas et al., 2020). The L-H model is widely used for describing heterogeneous catalytic 

reactions, relating the initial concentration of the contaminant to its degradation rate based on 
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surface adsorption. The Turchi-Ollis model focuses on hydroxyl radicals and direct photolysis, 

accounting for the continuous disruption of adsorption equilibrium due to the reactivity of photo-

generated radicals. The Direct-Indirect model distinguishes between direct charge transfer from 

photogenerated electrons or holes on the catalyst surface and indirect reactions through 

intermediate species like hydroxyl radicals, which react with the pollutants. The kinetic models 

used for EPs degradation using photocatalytic processes are summarized in Table 3. 

In fact, the photocatalytic degradation kinetics of EPs in suspension (Fouad et al., 2023) and 

immobilized (Manassero et al., 2017b) photocatalytic reactor is commonly described by the L-H  

model. In most cases, the rate constant is independent of many operating parameters such as pH, 

temperature, light intensity, oxygen concentration, and photocatalyst loading, etc (Sacco et al., 

2020). This photodegradation kinetic model incorporates the concentration of EPs, photocatalyst 

loading, and a combination of kinetic and adsorption equilibrium constants. In another attempt to 

achieve a complete kinetics modeling of the photocatalytic reactor, Khataee et al. (2010) 

suggested a new models expressing the photocatalytic degradation rate in terms of light intensity 

and initial dye concentration. This new kinetic model explained well the dependence of kinetic 

parameters (i.e., apparent adsorption constant Ks, and apparent rate constant Kr) on light 

intensity. The development of a complete kinetic model that considers the different operating 

parameters affecting the photocatalytic performances of the reactor is of great importance and 

should be investigated more deeply as it gives a general guideline for effectively designing new 

generation photoreactors with small physical footprint and low energy consumption (Sacco et al., 

2020).  

6. Recent engineering tools for modeling of heterogeneous photocatalytic processes 
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Machine learning-based models are increasingly being applied in heterogeneous 

photocatalytic processes to enhance efficiency and optimize reaction conditions (Boutra et al., 

2022). By analyzing large datasets generated from experimental results, these models can 

identify patterns and correlations that traditional methods may overlook. For instance, machine 

learning algorithms can predict the performance of various photocatalysts under different light 

conditions, solvent environments, and reactant concentrations, allowing researchers to rapidly 

screen and select the most effective materials (Vasseghian et al., 2021). Additionally, these 

models can aid in designing novel photocatalysts by simulating their interactions at the 

molecular level, ultimately leading to improved energy conversion and pollutant degradation 

rates in environmental applications (Anandhi and Iyapparaja, 2024). This integration of machine 

learning not only accelerates the development of photocatalytic technologies but also paves the 

way for more sustainable and efficient chemical processes (Goodarzi et al., 2023). 

6.1.Machine learning based models  

Semiconductor photocatalysts are tremendous for effectively removing EPs from water, 

underscoring the need for advanced modeling techniques to optimize their efficiency. ML 

techniques have been shown to be quite useful in water treatment processes (Anandhi and 

Iyapparaja, 2024; Salahshoori et al., 2024). Especially in those where not all the information 

required by classical models to predict the behavior of the process is available (Bahramian et al., 

2023). These ML techniques include adaptive neuro-fuzzy inference system (ANFIS), ANN, 

fuzzy logic (FN), genetic algorithm (GA) (Mahmoodi et al., 2017), decision trees (DT) (Can and 

Yildirim, 2019), random forest (RF) and support vector machine (SVM) (Oyehan et al., 2019; 

Vaez et al., 2015). Among these, the most popular in water treatment and more specifically in 
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heterogeneous photocatalytic technologies are likely to be ANN-based models (Ayodele et al., 

2021; Vasseghian et al., 2021). 

Neural network models, inspired by the structure and functioning of the human brain, are 

computational systems designed to learn and perform tasks by processing data through 

interconnected nodes or neurons (Anandhi and Iyapparaja, 2024; Salahshoori et al., 2024). An 

ANN-based model is composed of neurons (nodes), which receive input signals, perform 

computations, and produce output signals (Hosseini et al., 2022). Neurons are organized into 

layers, including the input layer (receiving raw data), hidden layers (processing intermediate 

information), and output layer (producing the final output) (Fig. 9). An ANN learns from data by 

adjusting the strengths of connections between neurons, represented by weights. Biases, 

additional parameters, contribute to the flexibility of the model. During training, these weights 

and biases are optimized to minimize the difference between predicted and actual outcomes. 

Neurons apply activation functions to their input, introducing non-linearities to the model. 

Common activation functions include the sigmoid, hyperbolic tangent (tanh) and rectified linear 

unit (ReLU), enabling the network to capture complex relationships within the data. ANNs are 

organized into layers, each serving a specific purpose (Ye et al., 2020). The input layer receives 

raw data, hidden layers process information, and the output layer produces the result. 

Optimization algorithms, such as stochastic gradient descent, guide the iterative adjustment of 

weights and biases used to minimize the loss function. These algorithms ensure the model 

converges towards an optimal configuration (Ward et al., 2020; Zheng et al., 2019). There are 

different types of ANN-based models; feedforward neural networks (FNN) (Ojha et al., 2017), 

which have information flowing in one direction—from the input layer to the output layer. 

Recurrent neural networks (RNNs) that incorporate feedback loops  (Grossberg, 2013), allowing 
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them to capture sequential dependencies in data. Convolutional neural networks (CNNs), which 

are usually designed for processing grid-like data, etc. The use of ANNs to forecast the dynamics 

and efficacy of photocatalytic degradation processes for EPs across diverse operational scenarios 

has been studied by many researchers (Alvarado-Rolon et al., 2018; Mojiri et al., 2019). 

Zhou et al. (2020) prepared a porous polymeric carbon nitride using 2, 5-dibromopyrazine and 

urea as the mixed precursors and applied to the degradation of sulfadiazine (SD) under the 

simulated light. An ANN-based model was used to optimize the removal of SD. 70 experimental 

sets were considered for modeling the process. 70% of the experimental data were used for 

training, 15% of the experimental data is used for testing and the remaining 15% of the data is 

used for verification. The inputs of the ANN were the degradation reaction time (1-60 min), 

amount of catalyst (200-2,000 ppm) and EPs concentration (4-20 ppm) being the output the 

removal efficiency (%). The optimized ANN was formed by 8 neurons in the hidden layer. A R
2
 

and mean square error (MSE) of 0.9556 and 0.0071 were obtained, respectively. Zulfiqar et al. 

(2019) studied the photocatalytic degradation of phenol via commercial TiO2 nanoparticles. They 

compared ANN and response surface methodology (RSM) for scrutinizing the suitable modeling 

and optimized condition of the TiO2 nanoparticles in yielding a profound photocatalytic 

degradation rate of phenol. The structure of the obtained ANN and data division (70%, 15%, 

15%) was similar to that obtained by Zhou et al. (2020), but Zulfiqar et al. (2019) considered one 

more input (pH). The ranges studied were 2-12 for the pH, between 5 and 710 min for 

degradation reaction time, 150-3,000 ppm for catalyst and 5-150 ppm for the EPs. An R
2
 of 

0.9559 and root mean square error (RMSE) of 5.0945 were obtained for the ANN-based model. 

Oladipo et al. (2018) used an ANN for modeling the degradation of organophosphorus pesticides 

in a single and binary system. The obtained ANN models were formed by 5 inputs (irradiation 
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time, composite dosage, interfering ions, pH and EPs concentration), 2 hidden layers with 9 and 

4 neurons respectively y 1 output (degradation rate). They used 65% of the experimental data for 

training, 19% for validation and 16% for testing. An R
2
 of 0.988 and MSE of 0.0131 were 

obtained. An ANN model for the photodegradation of dye over ZnO photocatalyst was proposed 

by Amani-Ghadim and Dorraji (2015). The optimum ANN was formed by 5 inputs (pH, ZnO 

concentration, time, power per square meter and AB9 concentration), 1 hidden layer with 9 

neurons and 1 output (photodegradation efficiency). The ANN-based model showed a 

performance in terms of R
2 

and RMSE of 0.9883 and 0.0242, respectively. Das et al. (2014) 

proposed an ANN for predicting the photodegradation of carbamazepine over TiO-ZnO 

photocatalyst. The proposed ANN showed a good prediction of the carbamazepine with a R
2
 of 

0.997 and a MSE of about 0.02. The structure of the ANN had 4 inputs (reaction time, pH, 

carbamazepine concentration and TiO-ZnO concentration), 1 hidden layer with and 1 output 

(pollutant removal in %). The inputs studied were in a range of 3-12 for the pH, 50-800 ppm for 

TiO-ZnO concentration, 5-40 ppm for carbamazepine concentration and reaction time between 0 

and 150 min.  

Gordanshekan et al. (2023) studied the operational effects on photocatalytic degradation of 

cefixime (CFX) using green Bi2WO6/g-C3N4 and Bi2WO6/TiO2 as catalysts. 70% of 

experimental data were used for trining the ANN, 15% for testing and 15% for validation. The 

inputs of the proposed ANN-based model were the mass Bi2WO6/g-C3N4, Bi2WO6/TiO2 and 

Bi2WO6 in percentage, reaction time in min, the ratio of EPs concentration to the photocatalyst 

load (C/L) in mg.g
-1

, initial pH, visible light source in W, UV source in W, concentration of 

NaHCO3, NaCl and Na2SO4 in ppm, TiO2 mass ratio in Bi2WO6/TiO2 (%), the g-C3N4 mass ratio 

in Bi2WO6/g-C3N4 (%) and Bi2WO6 mass ratio in Bi2WO6/g-C3N4 or Bi2WO6/TiO2 (%). 1 
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hidden layer with 18 neurons and 1 output (degradation of CFX). This architecture was proposed 

for modeling the photodegradation kinetic and isotherm adsorption and total photocatalytic 

removal kinetic. In general, the ANN-based model showed fitting performance in terms of R
2
 

above 0.95. CFX removal was also studied by Baaloudj et al. (2022) using Bi12TiO20 as 

photocatalyst. Its efficiency was modelled using ANNs. Concentration range for Bi12TiO20 (500-

1,500 ppm), CFX concentration (5-15 ppm), pH (4-8), reaction time (15-180 min) were 

considered as inputs, 1 hidden and output layer. The optimized ANN had 10 neurons in the 

hidden layer obtaining a performance result in terms of R
2
 and MSE of about 0.999 and 1.13, 

respectively. An ANN-based model proposed by Yang et al. (2022) was used for predicting the 

crystal violet dye (CV) degradation using chitosan conjugated Mn-magnetic nano-biocomposite 

(Mn-CCMN). 70% of the experimental data were used for training the ANN, 15% for 

verification and testing. The proposed ANN had 4 inputs, 2 hidden layers with 15 neurons each 

and one output (Fig. 10).  A R
2
 and RSME of 0.9948 and 0.23, respectively were obtained. 

Hosseini et al. (2022) studied the photodegradation of tetracycline (TC) antibiotic under 

different operating conditions in terms of pH, photocatalyst dose, irradiation time and TC 

concentration (inputs of the proposed ANN-based model). The topology of the ANN obtained 

had 1 hidden layer with 8 neurons obtaining an R
2
 close to 1. The photocatalytic degradation of 

ofloxacin antibiotic TS-1/ C3N4 composite photocatalyst was studied by Shang et al. (2022). 

They proposed an ANN topology 3:3:1, so 3 inputs (Catalyst dose, TS-1 loading percentage and 

luminous power density), 1 hidden layer with 3 neurons and 1 output. The ranges studied for the 

three different inputs were 800-1,600 ppm, 0-100 % and 20-50 mW.cm
-2

. 80% of the 

experimental data were used for training, and 10% for validation and testing, respectively. The 

ANN-based model had a performance of 0.9993 and 4.45 10
-5

 in terms of R
2
 and MSE, 
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respectively. Bhattacharya et al. (2022) studied the photodegradation of CBZ by the TiO2- GO 

nanocomposite in a photocatalytic reactor and modeled the process using an ANN-based model. 

The inputs of the model were the pH dose and speed, and the output was the removal. The 

proposed model got an R
2
 = 0.93167. A modeling and optimization study of a solar-driven CPR 

photocatalytic reactor for decomposition of EPs in wastewater was presented by Ghalamchi et al. 

(2022). They used an ANN model to assess the impact of operating parameters (flow rate, 

oxidant, Phenazopyridine concentration, and pH) on the degradation of Phenazopyridine. The 

best ANN-based model had 8 neurons in the hidden layer and had a RMSE value of 0.9299 for 

the validation data set. Fig. 11 shows the ANN predictions and experimental data of the 

mentioned study (Ghalamchi et al., 2022). 

Qarajehdaghi et al. (2023) investigated a Quaternary composite of CdS/g-C3N4/rGO/CMC as 

a promising visible-light photocatalyst for efficient ciprofloxacin degradation. Inputs included 

ciprofloxacin concentration (2-10 ppm), catalyst dosage (100-900 ppm), pH (3-11), and 

irradiation time (10-50 min). The study compared Response Surface Methodology (RSM) and 

ANN based on their R
2
 performance metrics. The proposed ANN topology was 4:9:1. Fig. 12 

shows the MSE value with the number of neurons in the hidden layer and the influence of the 

operation parameters in percentage. The ANN-based model showed performance in terms of R
2
 

close to 1. 

Finally, ML appears as a versatile tool for process control, for the optimization of continuous 

heterogeneous photocatalytic processes devoted to EPs removal from wastewater, especially for 

solar-driven systems which strongly depend on intermittent solar energy supply. 

6.2. Computational Fluid Dynamics (CFD) 
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Computational Fluid Dynamics  consist of a wide range of numerical methods capable of 

simulating the three-dimensional (3D) and time-dependent behavior of fluid flows by solving the 

fundamental equations of fluid mechanics (Ferziger et al., 2019). Thus, CFD is a 

transdisciplinary field at the interface of fluid mechanics, applied mathematics, and engineering 

sciences that has found increasing application in chemical engineering, as general-purpose 

commercial software packages have become available in the 1980s (Artemov et al., 2009). In 

fact, CFD can not only predict local hydrodynamics (i.e., pressure and velocity components), but 

the simulations can also provide access to various physical quantities, such as local temperature, 

species concentrations, or reaction rates. More recent advances include the modeling of 

multiphase, two- or three-phase reactors with parallel and consecutive reactions coupled with 

mass and heat transfer under turbulent flow conditions (Kuipers and van Swaaij, 1998; Yeoh and 

Tu, 2019).  

The major breakthrough underlying the development of CFD came in the 1970s, when 

specific pressure-velocity coupling algorithms were developed to solve the incompressible 

Navier-Stokes equations, such as the SIMPLE (Semi-Implicit Pressure Linked Equations) 

algorithm (Artemov et al., 2009). The extension to turbulent flows with Reynolds-averaged 

Navier-Stokes (RANS) equations, i.e. turbulent kinetic energy, and turbulent dissipation rate (  

and  ), and to heat, mass or electric charge transfer quickly emerged, since these phenomena are 

governed by a transport equation, also called convection-diffusion equation, which is a first-

order partial differential equation (Eq. (2)):  
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where,   is time,   fluid density,   the velocity vector (vectors are in bold),   can be any scalar, 

   is the source term of  , and    the (scalar) diffusion coefficient of  ;     and      are 

divergence and gradient operators. The formulation of common transport equations of CFD is 

summarized in Table 4. When transport equations are also available for dispersed or separated 

multiphase flows, so that chemical and electrochemical processes can be simulated.  

Typical source terms in the energy balance (     in Table 4) include viscous heating, the 

enthalpy of chemical or biochemical reactions, diffusion thermo-effect (Duffour effect), or the 

radiation fluxes between the surfaces in the case of radiatively non-participating fluid. Specific 

kinetic models for chemical reactions have also been added in various CFD solvers, such as 

finite-rate kinetics (based on rate constants and reaction orders), combustion kinetics with 

mixing conditions, or the classical kinetics of heterogeneous catalysis (such as the Langmuir-

Hinshelwood model). Heterogeneous photocatalysis applied to water treatment involves 

multiphase fluid-solid systems, except in wall reactors and microchannels (catalyst coated on the 

wall) where the flow is single phase. But CFD is also able to simulate multiphase flows with 

suspended and fixed photocatalysts. For fixed-bed reactors, the single-phase transport equations 

can simply be modified to account for a local solid volume fraction; the main changes involve 

the friction terms in the momentum mass balance (Tong et al., 2020). For suspended solids, 

multiphase simulations in CFD are computationally intensive, so the pseudo-homogeneous 

assumption can be used. This means that the single-phase transport equations are solved with the 

physical properties of the slurry ( ,  , etc.) using a single-phase flow CFD solver (Turolla et al., 

2016), which assumes that the photocatalyst concentration is spatially homogeneous. 

Conversely, if the solid distribution in the photoreactor is to be investigated, two-phase granular 

flow CFD simulations must be performed. The conventional assumption is the Euler-Euler 
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approach, which assumes that both phases form an interpenetrating continuum for which the 

conservation of mass and momentum equations are solved by introducing a local phase fraction. 

When three phases are involved, e.g., in pneumatically agitated photocatalytic reactors, the 

Euler-Euler approach can be extended to three-phase simulations with a dispersed gas phase and 

a dispersed solid phase, but this is very computationally intensive (Boyjoo et al., 2013). 

CFD is therefore an incredibly powerful tool for the design, scale-up or optimization of unit 

operations and chemical reactors, because it can be tuned into the physics of the system, which 

reduces the need for experimental investigation, thereby saving development cost and time and 

providing a deeper understanding of physical phenomena. However, CFD remains 

computationally expensive, even though the development of parallel solvers able to run CFD 

simulations in parallel on multicore processors or large computer clusters has drastically reduced 

the runtime to a few days even for complex flows. It should be noted that although the 

computational time has decreased, data validation during post-processing remains a time-

consuming and expensive process. Another limitation may arise from solvers that do not include 

all physical models. A hundred commercial CFD solutions are now available, but many of them 

are limited to specific cases, e.g., to single-phase flows, Newtonian fluids, incompressible flows, 

isothermal flows, or non-reactive flows, etc. The same limitations apply to public domain codes 

(more than 50 are already available), some of which are even more restricted, e.g., to two-

dimensional (2D) geometries (Mohebbi, 2018). These differences result from the numerical 

solver which is at the heart of each CFD simulation. CFD methodology requires five main 

sequential steps: (i) Formulate the flow problem, which consists in defining the geometry, the 

physical assumptions, the boundary and initial conditions to achieve the objectives of the 

simulations. Design the geometry and in particular the flow domain using CAD (Computer-
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Aided Design) software, (ii) generate the grid using a mesh generator: this consists in dividing 

the continuous geometry into a discrete number of topological volumes in 3D (usually 

tetrahedral or hexahedral, but also polygonal, etc.), denoted “cells”, (iii) use a numerical solver 

to solve the discretized form of the governing equations (“processing”), which implies that this 

solver is compatible with the grid topology and the physical model, and (iv) visualize and 

critically analyze the results, which is currently referred to as “post-processing.” . In fact, 

commercial CFD solvers usually include a vast set of solvers which can assume alternatively, 

2D, 2D-axisymmetric, or 3D flows, steady or transient flows, but also isothermal/non-isothermal 

flows, laminar/turbulent flows, single-processor/parallel, etc. Commercial software packages 

typically offer an “all-in-one” solution from pre-processing to post-processing, while public 

domain solvers often rely on independent free CAD, meshing, and visualization software 

solutions. However, the choice between all-in-one or specialized codes, as well as between 

commercial and open-access solvers, is still a subject of controversy (Janczarek and Kowalska, 

2021).  

While local hydrodynamics in photoreactors can be predicted from the transport equations of 

Table 4, the application of CFD to heterogeneous photocatalysis requires two additional models 

(Fig. 13). The first one is the kinetic model of the photodegradation reaction. For example, the 

degradation rate    of species   in a heterogeneous photocatalytic process can usually follow a 

modified two-parameter Langmuir-Hinshelwood kinetics (   is the kinetic constant and   is the 

binding constant associated with species adsorption on the catalyst) as a function of the molar 

concentration    of species   (   is the molar mass of this species), with      or        

(Eq. (3)) (Ballari et al., 2019; Boyjoo et al., 2013). 
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From Eq. (3), it emerges that radiation transport modeling is needed to predict    (Fig. 13). 

Radiative transfer is the complex process of energy transfer. The propagation of radiation 

through a medium is affected by three main physical phenomena: absorption, emission, and 

scattering processes (Fig. 14a). Scattering is usually negligible in comparison to absorption in 

pure liquids, but it cannot be neglected when solid particles are suspended. Unlike conventional 

transport equations, light transfer models are not included in most of the CFD software solutions 

except the most advanced ones. Therefore, the local photon absorption rate    in Eq. (3) is 

difficult to predict. This quantity can be estimated at any position   and time   using the 

Radiative Transfer Equation (RTE) which describes the spatial and temporal evolution of 

spectral radiance           (in the direction of vector  , i.e., the propagation direction). The RTE 

is expressed as follows (Eq. (4)): 
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Spectral (monochromatic) radiance           is defined as the energy flux per unit normal 

area    (m
2
), per unit solid angle   , in the time interval   to         , and in the wavelength 

interval   to      (m).   is the speed of light in the medium (which depends on its refractive 

index),      the scattering coefficient (m
-1

), and      the absorption coefficient (m
-1

). In 

heterogeneous catalysis           is a source term, and    is the emission term.         is the 

scattering phase function, representing the probability of light propagating in the direction of 

vector    by scattering in a solid angle    , such that            
  

   . As illustrated by Eq. 

(4), RTE is a complex equation considering on the one hand emission (usually negligible in 



44 

 

photocatalytic processes in water), and on the other hand absorption and scattering which are 

essential in heterogeneous photocatalysis (Fig. 14a). If           can be estimated locally, the 

monochromatic irradiance         and then,        , can be deduced from the following 

equation (Eq. (5)): 

                     
  

 
      and                               

    

    
  (5) 

where the wavelength interval              defines the whole absorbable range of the 

photocatalyst. Steady conditions may usually be applied, except when solar-driven photocatalytic 

reactors are studied.  

The RTE (Eq. (4)) is an integro-differential equation depending on six variables, i.e., time (  , 

three spatial coordinates of the vector         , and two directional variables of the unit vector 

       for each wavelength   (Fig. 14b). This differs from the conventional transport equation 

of CFD (Eq. (2)) and cannot be easily solved using the standard CFD solvers based on the finite-

volume method (FVM) (Ferziger et al., 2019). Two strategies can, therefore, be applied: (i) 

Uncoupling hydrodynamics and radiation transfer: in this case, conventional CFD methods can 

be applied to predict only the flow field as a first step. Then, the RTE or simplified analytic 

solutions of the RTE can be used to predict   , so that the local reaction rate can be deduced 

when coupled to the kinetic model. Monte Carlo (MC) methods constitute the best and the most 

accurate way to solve the RTE (Modest, 2013), and (ii) solving simultaneously transport 

equations, RTE, and the kinetic model, which requires specific developments compatible with 

FVM to solve the RTE. These mainly include the Spherical Harmonics method (PN 

approximation) and the Discrete Ordinate method (DO or SN approximation) (Modest, 2013). 
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The development of more efficient solvers for the RTE, faster, or more numerically stable, is still 

ongoing (Moreno-SanSegundo et al., 2020). 

A typical example of the first strategy applied to a photocatalytic reactor can be found Rasul 

et al. (2023), where the RTE is not solved. In this case, simple solutions approximating RTE can 

be used. For example, CFD can be used to define illuminated and dark zones (where the light 

intensity is too low for the reaction to proceed), as shown in Fig. 15a for an internal illumination, 

using a simple one-dimensional (1D) approach. A typical illustration of this approach with 

external illumination can be found in Loubière et al. (2016). The common methods to estimate 

   are the Beer-Lambert equation (1D, steady, no emission, no in-scattering), the two-flux model 

(TFM), which accounts for anisotropic out-scattering, the four-flux model (FFM), and the six-

flux model (SFM), as in Fig. 15b (Alvarado-Rolon et al., 2018; Li Puma and Brucato, 2007).  

For the second strategy, a simplified version of multi-flux models can be used, assuming that 

the scattering function is isotropic : this constitutes the Discrete Transfer (DT) model, which 

tracks a defined number of rays (Qi et al., 2011). Since the assumption of isotropic scattering is 

usually unrealistic, DO/FVM is the most popular method when CFD solvers are used to solve the 

RTE, but the PN/FVM method and in particular the P1 model constitute possible alternatives. In 

the DO (or segmented-N, SN) method, the RTE is solved along a set of discrete directions, i.e., a 

finite number of discrete solid angles, each associated with a unit vector   (Modest, 2013). Thus, 

the angular space    is discretized into       solid angles (   and    can be different) where 

  and   are the polar and azimuthal angles, respectively (Fig. 14b). Quadrature rules are used to 

estimate the integrals. The RTE is transformed into several transport equations, all of which are 

similar and can be solved by a CFD solver using FVM. The DO method is mathematically 

simple, which explains why it is the most popular one for solving the RTE, but it has a high 
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computational cost, and the numerical solution is subject to false-diffusion error (Ferziger et al., 

2019). 

In the Spherical Harmonics Method (PN approximation), the radiance is approximated by a 

truncated series of spherical harmonics, where N is the order of truncation. The mathematical 

complexity increases sharply with  , and the model leads to several transport-like equations that 

can be solved using FVM. The advantage is that the PN method is often less computationally 

expensive than the DO method. However, due to the complexity of higher-order PN models, only 

the P1 model has been implemented in most CFD solvers. This considers one isotropic and one 

anisotropic term, which are proportional. The P1 model finally reduces to a single additional 

convection-diffusion transport equation, as scattering appears as a diffusive term. It also 

eliminates the angular coordinates in the solving process. Therefore, the computational cost of 

the P1 model is low, but it constitutes, however, a rough approximation for highly anisotropic 

scattering media. More detailed comparison between these methods and with the MC method can 

be found in Barbosa et al. (2023) in the case of photocatalytic reactors. 

Solving the RTE also requires the measurement or the estimation of the radiative properties of  

the photocatalyst, namely,      and      (or of their wavelength-average values) (Boyjoo et al., 

2013). The phase scattering function, which is more difficult to measure, must also be defined. 

Except isotropic scattering, the most common phase scattering function is described by the 

Henyey–Greenstein distribution model (Eq (6)): 
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This model depends only on the angle   between   and    (Valadés-Pelayo et al., 2015). The 

asymmetric parameter   is the single fitting parameter of this model. Other examples of 

scattering phase functions used in photocatalytic reactors can be found in Wang et al. (2021). 

Finally, the source term, usually the lamp emission model, must also be defined. Typical lamp 

emission models in photocatalytic reactors can be found in (Boyjoo et al., 2013; Tong et al., 

2020). 

Applications of CFD to heterogeneous photocatalytic degradation of organic pollutants in 

water have been reviewed by several authors in the last years (Barbosa et al., 2023; Tong et al., 

2020). These reviews demonstrate that CFD can be applied to all the types of photocatalytic 

reactors, including annular, flat-plate, tubular or multitube, slurry bubble columns or fluidized 

beds, and also to microreactors, illuminated by either UV or solar light, and operated under batch 

or continuous flow conditions.  

However, it also appears that not many studies in a CFD environment have addressed the 

degradation of EPs in even in the recent period, even though some of them can be found in the 

literature. CFD is often used in the preliminary stages of photoreactor development, when 

theoretical kinetics can be assumed, or a model molecule can be used for experimental 

validation. Thus, the pollutant is sometimes not clearly defined, for example in Qi et al. (2011), 

even though their simulations were compared to data on Congo Red, or sometimes it is used to 

estimate the optical properties of the photocatalyst (Turolla et al., 2016). The simulation 

strategies also strongly depend on the type of photocatalytic reactor, such as suspended catalyst, 

or photocatalyst coated either on a packed bed or on the walls (Fig. 16) and on the objective of 

the authors (comparison of photocatalysts or photocatalytic reactor designs, optimization of 

operating conditions, etc.). 
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For suspended photocatalysts, Turolla et al. (2016) studied the degradation of oxalic acid in 

an annular UV photoreactor with TiO2 nanoparticles. Assuming a laminar single-phase flow with 

a pseudo-homogeneous slurry phase and a complex photodegradation kinetic model extracted 

from the literature, the RTE was solved using the DO method. The commercial code Ansys 

Fluent was used. Only a 2D domain was simulated because the authors' objective was to estimate 

the optical properties of the nanoparticles, including the best model for the phase function, by 

fitting experimental scattering data. The degradation of oxalic acid was investigated more 

recently by Gao et al. (2023) in a continuous cylindrical photocatalytic reactor equipped with 

four lamps. The same commercial code was used, and the same assumptions were made except 

on the flow regime which was turbulent. Therefore, the RNG     was applied. The authors’s 

objective was to optimize the operating conditions and the simulations predicted a maximum 

degradation yield of 27% when the photocatalyst concentration was 20 mg.L
-1

. The comparison 

between these two previous works (Gao et al., 2023; Turolla et al., 2016) highlights the above-

mentioned versatility of CFD. Contrary to these studies, Qi et al. (2011) investigated the 

mineralization of organic pollutants, focusing on multiphase hydrodynamics. The authors 

assumed a simpler pseudo-first order photocatalytic degradation rate versus concentration, which 

corresponds to dilute organic compounds (which is the case of emerging micropollutants: 

     ), in an annular bubble column photocatalytic reactor with suspended particles of TiO2 

P25. A turbulent     multiphase Euler-Euler flow model was assumed to describe the three-

phase flow using the Ansys CFX commercial package. Batch conditions were assumed for the 

liquid and the solid phases. The photocatalytic degradation rate was assumed to be proportional 

to    and the simple Discrete Transfer model was applied to solve the RTE to counterbalance the 

high computational cost of three-phase CFD simulations. The simulations were used to define 
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the gas flow rate necessary to homogenize the local catalyst concentration and to define the 

global catalyst concentration necessary to mineralize the pollutant in about 4 h of treatment. The 

radial gradient of organic pollutant, due to the radial profile of radiation intensity was estimated. 

The results highlight that CFD may better elucidate the coupling between hydrodynamics and 

light intensity distribution and provide better guidance for scale-up processes from a 

methodological point of view. A similar approach was applied more recently by Luo et al. (2017) 

using the commercial software package Ansys Fluent, who focused on the three-phase 

hydrodynamics (gas flow rate, draft tube geometry) of an internal-loop airlift photocatalytic 

reactor to optimize the spatial distribution of the photocatalyst, but without solving the RTE. 

Boyjoo et al. (2013) also used a three-phase slurry reactor irradiated by 1, 2, or 4 UV lamps. 

They used the DO method to solve the RTE with the Ansys Fluent code. A zero-order with 

respect to pollutant concentration was assumed, but a two-regime model was proposed for the 

order of     the reaction rate was proportional to    when the local incident radiation intensity 

was less than 225 W.m
-2

 and proportional to   
    otherwise. This divided the photocatalytic 

reactor into two zones with different degradation kinetic models: where the first-order kinetics 

predominated, the volumetric reaction rate was between 12 and 20 times that of the other 

regions. The use of several less powerful lamps could, therefore, increase the volume of the 

zones where first-order kinetics prevailed: compared to a single lamp in the center of the reactor, 

the maximum increase in overall degradation rate was 56% and 123% for optimal placement 

with 2 and 4 lamps, respectively. 

Contrary to suspended solid photocatalytic reactors, packed bed photocatalytic reactors have 

been far less studied in a CFD environment. The main strategies accounting for the effect of the 

packed bed on the flow field  have been summarized by (Tong et al., 2020). A typical example 
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was provided by Denny et al. (2009), who investigated the photocatalytic degradation of oxalic 

acid, as already described (Gao et al., 2023; Turolla et al., 2016). A packed bed of TiO2-coated 

glass beads was used as the photocatalyst irradiated by end-emitting optical fibers or side-

emitting optical fibers. A laminar flow coupled to the DO model for solving the RTE was 

chosen. The photodegradation kinetics of oxalic acid was modeled using a Langmuir-

Hinshelwood rate law and the reaction rate was first order with respect to    when    

    W.m
-2

 and half order above this value. A batch treatment was applied. The results 

demonstrated that under light transfer limitation, both optical fiber bundles provided nearly the 

same photodegradation yields vs time; conversely, the simulations emphasized that at high power 

inputs, faster degradation rates could be achieved with side-emitting optical fibers due to a more 

uniform light distribution, which minimized the volume of the regions where reaction rate was 

proportional to   
   . Thus, CFD proved to be a useful tool to improve the fiber bundle design 

and to determine the optimum power input. 

For immobilized photocatalysts on reactor walls, Duran et al. (2011) investigated immobilized 

photocatalytic reactors using a composite sol-gel TiO2 coating under continuous flow conditions. 

The authors compared several hydrodynamic models as a function of flow conditions (laminar, 

transitional, and turbulent flows) using the Ansys Fluent commercial code with the DO method 

and studied the mineralization of benzoic acid using a first-order kinetic with respect to the 

pollutant concentration and   . They emphasized that the degradation rate of benzoic acid was 

limited by the rate of mass transport, especially the external mass transfer, highlighting that the 

hydrodynamic model was the key point. The same conclusion was drawn by Corbel et al. (2012) 

in a microchannel reactor. The authors investigated the degradation of salicylic acid in a 

microchannel photocatalytic reactor (which imposes a laminar flow regime) with an immobilized 
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catalyst. The commercial code COMSOL Multiphysics was used to simulate the 

photodegradation flow in a 2D domain using a Langmuir-Hinshelwood degradation kinetic 

coupled with a surface diffusion model. It should be noted that this code uses the Finite Element 

Method (FEM) to solve the transport equations: FEM is more accurate than FVM, but it is more 

computationally expensive and therefore less popular in CFD. A good agreement between 

experiments and simulations was reported. Radiative transfer was not limited due to the size of 

the microchannel (1 mm
2
), while the flow rate was the key parameter to prevent diffusion 

limitation. A similar study was driven by  Kumar and Bansal (2016) with similar conclusions 

using Rhodamine B in an annular photocatalytic reactor coated with an immobilized TiO2 

catalyst and the Ansys Fluent code: increasing Reynolds number (i.e., flow rate) improved the 

photocatalytic pollutant degradation rate in the continuous flow reactor because it reduced mass 

transfer limitation. The same authors developed an interesting optimization procedure to 

optimize the  degradation yield of Rhodamine B as a function of flow rate and pollutant 

concentration by combining CFD with design of experiments methodology (Kumar and Bansal, 

2013). Leblebici et al. (2015a) have also investigated the performance of TiO2 coating on the 

degradation of phenol in a circular flat plate photoreactor under UV-LED light. COMSOL 

Multiphysics was used to simulate the laminar flow, while a first-order degradation rate was 

assumed with respect to both the pollutant concentration and     The originality is that the 

catalyst coating was rated as a porous medium. The authors could estimate the photonic 

efficiency of the reaction as a function power input and obtain a good agreement with 

experimental data.  

Systems coupling membrane process and heterogeneous photocatalysis were also studied. 

Chakachaka et al. (2023) used a CFD-assisted process to optimize an integrated photocatalytic 
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membrane system for water treatment. CoFe2O4-PES membranes were used in a batch 

photoreactor. The commercial software Simscale, based on free OpenFOAM solvers, was used 

to simulate the flow field and solve the RTE. The degradation of Naproxen, a non-steroidal anti-

inflammatory drug, was studied. pH, flow rate, fluid, and light intensity were optimized. Under 

optimum conditions, the degradation rate of naxprofen reached 4.93 10
11

 mol.J
-1

. A removal 

yield of 99% could be reached in the hybrid photocatalytic-membrane process, which superseded 

the photocatalytic process (81%) and the membrane process (83%). This result was explained by 

the enhanced hydrodynamic and mass transfer conditions. A good agreement between 

simulations and experiments was reported.  

An advantage of microreactors is that they can be used more easily than other photocatalytic 

reactors to estimate the kinetic parameters of degradation (Visan et al., 2019). Yusuf et al. (2020) 

and Yusuf and Palmisano  (2021) simulated the degradation of 4-nitrophenol under a simulated 

solar source in a continuous flow microreactor using 2D and 3D CFD calculations, respectively. 

They used COMSOL Multiphysics to fit the adsorption parameters and the kinetic constant from 

experimental data. The fitted parameters derived from 2D and 3D simulations were in good 

agreement, and the 3D simulations could be used to assess the respective effects of flow rate and 

microchannel geometry (height, length) on the conversion of 4-nitrophenol. A similar approach 

was developed by Balestrin et al. (2024) to study the degradation of salicylic acid using a single-

phase turbulent model with the Ansys Fluent commercial package, but the RTE was reduced to 

the Beer-Lambert law. 

In conclusion, CFD is clearly an interesting, flexible, and efficient tool to simulate the 

degradation of EPs in water by heterogeneous photocatalytic processes to improve the design of 

photoreactors, improve light distribution and optimize the operating conditions. CFD can also be 
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used to determine the kinetic model or to validate the optical parameters of the photocatalyst. 

The review of the literature has shown that models can vary widely not only as a function of 

reactor type, but also on the same reactor type between different works. This shows that no 

single approach has yet gained general acceptance. However, the success of a CFD strategy 

depends on one key point: CFD applied to heterogeneous photocatalytic reactors requires a 

synergy between chemists, chemical engineers and CFD specialists to (i) define adequate and 

realistic physical models that can effectively represent the experimental trends, (ii) critically 

evaluate the simulated data, distinguishing numerical errors from model limitations. Regarding 

the physical phenomena to focus on in a CFD strategy as a function of reactor type, some 

guidelines are summarized in Table 5. In addition, the development of new approaches able to 

integrate ML in a design strategy by coupling ML to CFD, as recently illustrated by Sun et al. 

(2024), seems promising but still to be applied to photo-processes dedicated to EPs removal. 

7. Challenges and recommendations for future research 

The study of semiconductors as photocatalysts unveils their pivotal role in pollutant 

degradation, owing to electron-hole pair generation, light absorption and surface reactivity TiO2 

modification strategies, such as metallic and non-metallic doping, and semiconductor coupling, 

have been shown to be effective in improving photocatalytic performance, but semiconductors 

such as CdS, ZnxCd1-xS and silver-based semiconductors are unadvisable due to their toxicity, 

onerous cost, and poor stability. Various studies have demonstrated the rising efficiency of 

integrated processes for improving EPs rejection, such as electrocoagulation with UV/TiO2, 

ultrasound with photo-Fenton and hybrid systems such as Bi12TiO20-polyaniline. Despite these 

developments in the field of materials science, there are still many challenges to be overcome to 

optimize operational parameters, minimize costs, and ensure scalability. 
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In addition, the different types of photocatalytic reactors and the main factors influencing 

their design and efficiency are examined. Suspended systems exhibit higher photocatalytic 

performance because of the increased surface area available for reactions. Nevertheless, the need 

for separation processes and the fouling risk requires design improvements. Immobilized 

systems, however, are more practical for continuous operation, particularly with innovations 

such as fiber-optic reactors and microreactors. Regarding CFD, it is a powerful tool for 

simulating EPs degradation in heterogeneous photocatalytic processes. It offers interesting 

possibilities for improving reactor performance and design, and kinetic modeling. To ensure the 

successful application of CFD, engineers and CFD specialists need to collaborate to develop 

accurate models and critically evaluate the simulated data. 

In summary, although substantial progress has been made, there remain important gaps in the 

development of more efficient, cost-effective and scalable photocatalytic systems. Future 

research should be directed on integrating advanced materials, innovative reactor designs and 

computational tools to mitigate existing challenges and unleash the true promise of 

heterogeneous photocatalysis. Future directions and recommendations to fill gaps in the literature 

and overcome the remaining challenges are presented below: 

- There is a lack of in-depth studies on structural optimization of photocatalysts for self-

stability, durability, and efficiency. For instance, we recommend combining the high 

photocatalytic activity materials, such as TiO2, with the high electron-transport properties 

of carbon nanostructures like GO, so that the stability of photocatalysts could be 

improved.  
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- The literature has mainly focused on solar energy recovery or photocatalytic degradation 

independently, though few research studies have investigated their synergistic 

integration. Using a combination of perovskite-based materials and traditional solar 

panels, for example, maximizes the synergy between photocatalysis and energy recovery 

resulting in sustainable solutions considering environmental aspects. 

- Computational (such as density functional theory) and spectroscopic studies are still 

insufficient to fully understand photocatalytic mechanisms and photo-corrosion, which 

are essential for improving materials design. These strategies can help shed light on the 

electronic structure and surface reactions of photocatalysts, allowing the design of more 

efficient materials. 

- Whilst CFD is a useful tool for reactor design, its application to photoreactor design, 

particularly for solar processes, is still in its infancy for photobioreactors. In addition, 

CFD advances for process intensification in photocatalytic applications, like optimizing 

light distribution and flow dynamics, are still insufficient. It would be valuable to 

examine multi-criteria optimization strategies considering both economic and 

environmental aspects of photoreactors. Coupling ML and CFD also appears as a 

potential way to develop a systematic approach to improve photoreactor design that has 

not been tested up to now. 

- ML also emerges as an attractive method for photocatalytic process control, especially 

when intermittent solar light is used.  
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Technical terminology  

Term Definition 
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Heterogeneous 

photocatalysis 

Heterogeneous photocatalysis is a process where a solid material (the photocatalyst) 

facilitates a chemical reaction upon exposure to light, with enough radiation to promote 

an electron from the valence band (VB) to the conduction band (CB). 

Semiconductor 

photocatalyst 

A semiconductor photocatalyst is a material that absorbs photons from light sources 

(usually artificial light or natural sunlight) to excite electrons from the valence band to 

the conduction band, creating electron-hole pairs. These charge carriers participate in 

redox reactions by either reducing or oxidizing the substances present on the surface of 

the catalyst. 

Photoreactor A photoreactor (photocatalytic reactor) is a device designed to performs the process of 

photocatalysis reaction, allowing the interaction between light, photocatalyst, and 

reactants to induce chemical transformations. 

Advanced 

oxidation 

processes (AOPs) 

Advanced Oxidation Processes (AOPs) are a set of chemical treatment procedures 

designed to remove organic (and sometimes inorganic) pollutants from water and air 

by oxidation through reactions with highly reactive species, primarily hydroxyl radicals 

(
•
OH). 

Photolysis Photolysis is a chemical process in which a chemical compound is broken down or 

separated by the action of light. 

Reactive oxygen 

species 

Reactive Oxygen Species are highly reactive chemicals derived from diatomic oxygen 

(O2), water, and hydrogen peroxide. They include free radicals (molecules with 

unpaired electrons) and non-radical species, which can easily react with other 

molecules. 

Energy band gap The energy band gap (Eg) is the energy level between the top of the valence band 

(where electrons are bound to atoms) and the bottom of the conduction band (where 

electrons are free to move and conduct electricity) in a material, typically a 

semiconductor. 

Electron/hole 

pairs 

Electron/hole pairs refer to the pairs of charge carriers generated in the semiconductor 

when an electron is excited from the valence band to the conduction band, leaving 

behind a positively charged hole. 

Electron/hole 

recombination 

Electron/hole recombination is a process in the semiconductor where an excited 

electron from the conduction band falls back into the empty state in the valence band, 

resulting in the release of energy. 

Valence band The valence band is the highest energy band in the semiconductor material that is fully 

occupied by electrons at absolute zero temperature. 

Conduction band The conduction band is the energy band in the semiconductor material that is 

associated with free electrons capable of conducting electricity. 

Computational Computational Fluid Dynamics (CFD) is a branch of fluid mechanics that uses 
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Fig. 1. Illustrative diagram of the fate of EPs along the food chain (adapted from (Díez et al. 

(2023)). 

 

Fig. 2. The design and synthesis techniques for composite photocatalysts (Ge et al., 2019). 



83 

 

 

 

Fig. 3. Schematic illustration of the mechanism of a semiconductor photocatalytic process. 

Fig. 4. Type-I heterojunction mechanism over BCN-NM-3 composite (Qureshi et al., 2024). 

BCN: Boron-doped g-C3N4 composite.

MOF: Metal-organic frameworks.

TEOA: Triethanolamine
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Fig. 5. Charge transfer mechanisms. RP and OP represent the reductive photocatalyst and 

oxidative photocatalyst (Yuan et al., 2024). 

 

Fig. 6. Slurry photoreactor with membrane module (Janssens et al., 2021). 

 

RP: The reductive photocatalyst 
OP: Oxidative photocatalyst
LS: La2S3 semiconductors
NLT: NaLiTi3O7
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Fig. 7. Photocatalytic membrane reactor with immobilized photocatalyst (a) on membrane and 

(b) within a membrane structure (Mozia, 2010). 
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Fig. 8. Different photoreactor geometries: (a) annular geometry irradiated using a central lamp; 

(b) annular geometry irradiated using central light emitting diodes (LEDs); (c) annular packed-

bed photocatalytic reactor; (d) parallel-plate disk photoreactor; (e) flat-plate photoreactor; and (f) 

flat-plate photocatalytic reactor filled with structured catalyst (Sacco et al., 2020). 
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Fig. 9. Typical structure of an ANN (Ye et al., 2020). 

 

Fig. 10. Optimized ANN topology obtained by Yang et al. (Yang et al., 2022). 
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Fig. 11. ANN model prediction versus experimental values for train, test, and validation data sets 

(Ghalamchi et al., 2022). 

 

Fig. 12. MSE of the designed networks as a function of the number of hidden neurons (a) and the 

relative importance of operational parameters on the CIP removal efficiency (b). 
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Fig. 13. Schematic description of the modeling of heterogeneous photocatalytic reactions in a  

CFD environment. 

 

Fig. 14. (a) Schematic description of the physical processes involved in light transfer. (b) 

Geometrical description of the RTE parameters. 
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Fig. 15. (a) Schematic light distribution in an internal illumination reactor based on a 1D model. 

(b) Principle of the two-flux (TFM), four-flux (FFM), and six-flux (SFM) models. 

 

Fig. 16. Examples of photoreactors designs: (a) internal-loop airlift reactor with a draft tube and 

a suspended photocatalyst; immobilized photocatalyst in parallel plate (b), annular with external 

irradiation (c), and annular with internal irradiation (d) photoreactors. 
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Table 1 Summary of the Performance comparison of TiO2 based composite photocatalytic 

materials for aqueous EPs removal. 

Photocatalyst Pollutant Light source Removal 

efficiency 

Key results Ref. 

Cu−TiO2 Congo red Visible light 99% 3w% Cu−TiO2 prepared via 

solvothermal method, 50 min 

irradiation. 

Bibi et al. 

(2023) 

Ag−TiO2 Tartrazine Visible light 87% 0.21% Ag−TiO2 prepared by 

hydrothermal method. 180 

min irradiation time, cycles: 

5 times. 

Ratshiedana et 

al. (2021) 

Fe−TiO2 Bisphenol A 

(BPA) 

Visible light 99.9% Fe doped TiO2 synthesized 

by one-step hydrothermal 

deposition method, 95 mg.L
-1

 

of BPA, 120 irradiation time. 

Wang et al. 

(2020) 

Zr−TiO2 Bismark Brown 

Red (BBR) 

Metal halide 

lamp 

99% Cycles: 4 times. Divya et al. 

(2023) 

(N, F) −TiO2 Phenol Visible light − (N, F) co-doped TiO2 

prepared by solvothermal 

method, specific surface area 

of 301.8 m
2
.g

-1
. 

Yang et al. 

(2023) 

N−TiO2 2,4-

dichlorophenol 

Visible light 77.6% Sol gel preparation method, 

153.4 µM 2,4-DCP, 1 g.L
-1

 

photocatalyst dosage, pH 5.6, 

and 240 min irradiation. 

Khan et al. 

(2023) 

S−TiO2 Phenol Visible light 84% S
6+

−doped TiO2 prepared via 

ionic liquid method, 80 min 

irradiation. 

Chen et al. 

(2017) 

Bi3O4Br/TiO2 Rhodamine B Visible light 99% TiO2/BiOBr (30%) prepared 

via hydrothermal method, 90 

min irradiation. 

Salmanzadeh-

Jamadi et al. 

(2022) 

WO3/TiO2 Methylene blue Sunlight  98% WO3/TiO2 Catalyst prepared 

via a space-constrained 

method, 10 min irradiation, 

cycle: 5 times. 

Liu et al. (2022) 
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BiVO4/TiO2 Rhodamine B Sunlight 96.7% BiVO4/TiO2 (30 wt%) 

fabricated by hydrothermal 

method, 60 min irradiation. 

Wang et al. 

(2024) 

Fe2O3/TiO2 Acetaminophen Sunlight 95.8% Fe2O3−TiO2 synthesized via 

the sol-gel method, [Catalyst] 

= 1.25 g.L
-1

, [ACT] = 30 

mg/L, pH= 11. 

Khasawneh et 

al. (2021) 

GO/TiO2/CaTiO3/

Cu2O/Cu 

Paracetamol 150 W linear 

halogen lamp   

96% TiO2/CaTiO3/Cu2O/Cu with 

3 % GO prepared by Solid 

state synthesis method, 0.5 

mM peroxymonosulfate, 10 

ppm paracetamol, and 180 

min irradiation time, Cycles: 

5 times. 

Tanos et al. 

(2024) 
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Table 2 Main steps in the photocatalysis process. 

Role of Semiconductors  Description 

Adsorption Adsorption is the crucial initial step in heterogeneous photocatalysis, where target substrates are attracted to the surface of the 

photocatalyst, facilitating the photocatalytic reaction. This process can involve various mechanisms, such as van der Waals forces, 

electrostatic interactions, hydrogen bonding, or chemical bonding (Chen et al., 2020). Factors influencing adsorption include the 

photocatalyst's properties (surface area, chemistry, and morphology), the target molecules' characteristics (size, shape, and chemical 

composition), and environmental conditions (temperature, pressure, and pH) (Saeed et al., 2022). Once adsorbed, the target 

molecules are positioned to undergo subsequent reactions when exposed to light energy, initiating a series of processes that include 

photon absorption, electron-hole pair generation, charge carrier migration, and redox reactions. 

Light Absorption and 

Generation of Electron-Hole 

Pairs 

Semiconductors possess an impressive capability to absorb light energy efficiently, which is essential for their function in 

heterogeneous photocatalysis. Their effectiveness stems from a unique electronic configuration optimized for photon interaction. 

Upon illumination, semiconductors absorb photons, transferring energy to their electrons, which then transition from the valence 

band to the conduction band, creating electron-hole pairs. The excited electrons, now in the conduction band, seek out reducing 

agents to donate their excess energy, while the positively charged holes attract oxidizing agents, facilitating oxidation reactions of 

nearby molecules (Navidpour et al., 2023). This dynamic interaction of electron-hole pairs on the semiconductor's surface 

emphasizes their dual role as catalysts and initiators of chemical transformations. Ultimately, the light absorption by semiconductors 

underpins their photocatalytic activity, initiating a series of reactions that lead to significant chemical transformations characteristic 

of heterogeneous photocatalysis. 

Migration and Redox Reactions During the migration and redox reactions in heterogeneous photocatalysis, photogenerated electrons and holes travel to the surface 

of the photocatalyst, where they participate in reactions with adsorbed molecules (Rengifo-Herrera and Pulgarin, 2023). This stage 

is critical as the efficiency of pollutant degradation depends on the successful migration of these charge carriers, with recombination 

potentially reducing their effectiveness. Photoexcited electrons can reduce oxygen to form superoxide radicals (O₂ •-) or hydroxyl 

radicals (•OH), while holes can oxidize water or hydroxide ions to generate •OH. These highly reactive species possess strong 

oxidative potential and are pivotal in breaking down organic pollutants by cleaving chemical bonds and transforming complex 

molecules into simpler, less harmful byproducts (Wu et al., 2020). The intricate interplay of these redox processes highlights the 

effectiveness of photocatalysis as a sustainable method for mitigating environmental pollution. 
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Table 3 Summary of the various kinetic models used for EPs degradation using photocatalytic processes. 

Kinetic model Degradation Equation Nomenclature Ref. 

Langmuir-Hinshelwood 

(L-H) model 

 

  
   

    
 

 

r (mg.L
-1⋅min

-1
): is the reaction rate. 

  (mg.L
-1⋅min

-1
): is the rate constant of the surface reaction. 

  (L.mg
-1

): is the adsorption equilibrium constant.  

  (mg.L
-1

): is the reactive concentration of the pollutant at time t. 

Eckert et al. 

(2015) 

Turchi-Ollis model  

 

   KOH    
   Kdirect   r (mg.L

-1⋅min
-1

): is the reaction rate. 

KOH (L.mg
-1

.min
-1

): is the rate constant for hydroxyl radical-driven 

reactions. 

[OH ] (mg.L
-1

): is the concentration of surface-bound hydroxyl 

radicals.  

Kdirect (min
-1

): is the rate constant for direct photolysis of the 

contaminant,  

  (mg.L
-1

): is the concentration of the contaminant. 

Franz and Bestetti 

(2023) 

Direct-Indirect model 

 

                      

 

  (mg.L
-1⋅min

-1
): is the reaction rate. 

 direct (mg.L
-1⋅min

-1
): is the rate of the direct reaction with the 

surface charge carriers.  

 indirect (mg.L
-1⋅min

-1
): is the rate of the reaction with intermediate 

reactive species. 

Monllor-Satoca et 

al. (2007) 

Michaelis-Menten 

model    
     

    
 

  (mg.L
-1⋅min

-1
): is the reaction rate. 

     (mg.L
-1⋅min

-1
): is the maximum reaction rate. 

  (mg.L
-1

): is the reactive concentration of the pollutant. 

   (mg.L
-1

): is the Michaelis constant. 

Bonet-San-

Emeterio et al. 

(2021) 

Reaction-Diffusion 

model 
  

  
  

   

   
      

D (m².s
-1

) : is the diffusion coefficient. 

  (mg.L
-1

) : is the pollutant concentration. 

  (m) : is the distance within the reactor. 

  (mg.L
-1⋅min

-1
): is the reaction rate. 

Patricia Tcaciuc et 

al. (2018) 
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Table 4 Variables  , coefficients of the diffusion term   , and source terms  

   of the standard transport equations in CFD in the case of an incompressible fluid flow 

described by the RANS equations.  

         Abbreviations 

Continuity 

equation 
      

  is the pressure,   the dynamic 

viscosity, and         
     the 

turbulent viscosity. 

       ,    and      Prandtl, turbulent 

Prandtl, Schmidt and turbulent 

Schmidt dimensionless number, 

respectively. 

    the component of the acceleration 

of gravity in the direction of   .  

      a heat flux due to chemical 

reaction, radiation, or 

thermophoretic effects.  

    net production by chemical reaction 

of species  .  

   ,    ,   ,   , and   : parameters of 

the     RANS model. 

Velocity 

component   
        

 
 

   
   

 

 
    

     

Specific enthalpy   
    
        

  

  
           

Mass fraction of 

species   
   

    
        

   

Turbulent kinetic 

energy 
                

Turbulent 

dissipation rate 
             

 

 
       

  

 
 

 

Table 5 CFD simulation guidelines as a function of reactor type and study objectives. 

Photocatalyst CFD simulation guidelines on model Objectives 

 Hydrodynamics Mass 

transfer 

Light 

Transfer 

Reaction 

kinetics 

 

Suspended +++ + +++ ++ design, 

optimization, 

optical parameters 

Packed +++ + +++ ++ design, 

optimization 

Wall ++ +++ + ++ design, 

optimization, 

kinetic study, 

optical parameters 

+++ critical  ++ important   + not critical 

 

 


