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Abstract: Owing to extensive agricultural activity, the growth of the agrochemical sector has expanded 

substantially over the last several decades. The use of pesticides has raised significantly for recent years 

as farming practices have become very demanding. Pollution of water bodies has become widespread 

and detracting due to the accumulation of pesticides. The standard biological treatment based on 

microorganism action is not a suitable technique in the processing of pesticides present in water due to 

their contamination even at extremely low levels. Scientists have adopted various measures to 

decontaminate water and introduced other methods for pesticide abatement. The efficient and fruitful 

methodology of photocatalytic degradation is because of the advantage of its total mineralization and 

not its delegate transformation. So as to utilize practical, protected, and green science innovation, 

photocatalytic debasement of pesticides as an imaginative technique for future examinations, 

comprehension of the middle of the road arrangement, corruption pathway, biodegradability, and 

natural maintainability is required.  The aim of the review is to present several technologies based on 

the solar-driven photocatalytic removal of pesticides from different waters. 

Keywords: Wastewater treatment; pesticide degradation; photocatalytic degradation of pesticides; 

cost-effective water purification; green method of pesticide degradation. 
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1. Introduction 

The agrochemical industry has significantly increased over the past few years due to 

extensive agricultural exercises [1]. Pesticides are the chemical substances that normally secure 

the agricultural commodities by controlling the broad array of pests and insects [2]. Numerous 

types of pesticides generate pollution of air, soil, groundwater, and surface water, and 

detrimental to human well being as they are discharged into the atmosphere because of runoff 

from farming and civic areas [3,4]. Pesticides are the second biggest potable water contaminant 

and pose the greatest threat [5,6]. A pesticide should be harmful to the intended pests but not 

to non-intended species like human beings and many other creatures. However, due to the 

absence of precision, it is poisonous to both intended and non-intended species.  The biggest 
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reason for humans, fishes, birds, and bee's infection was the non - specific pesticide toxicity 

[7]. 

 The treatment of these substances from soil and water sources by effective and eco-

friendly methods is the need of an hour because of the significant implications of pesticides on 

humans and the environment. It can also be awfully expensive and difficult to clean up these 

pollutants. Many of these contaminants need high treatment preferences and innovative 

degradation technologies [8]. Wastewater-containing pesticides are not very commonly treated 

using biological approaches because they are harmful to microorganisms, and thus their 

biodegradation is unattainable [9]. The need for alternative wastewater treatment systems is, 

therefore, gradually becoming a prime concern for federal agencies, regulatory authorities, and 

the public in general. In view of this, it is essential to advance comprehensive methods that 

advocate the degradation of such bio-recalcitrant organic substances [10]. 

Numerous methods of treatment for the elimination of pesticide contaminants from 

groundwater and surface waters are accessible. Among these advanced oxidation processes 

(AOP), particularly photooxidation, appears to be especially efficient at low pesticide 

concentration. Thus, in developing countries, where a large percentage of the population has a 

reduced approach to enhanced drinking water, the arrangement for effective treatment 

processes for sewage/wastewater and drinking water is the key issue [11]. 

The present review focuses on a method designed to help address this type of non-

biodegradable hazardous substance treatment problem. Advanced oxidation processes (AOPs) 

that quickly become the most commonly used water treatment technologies for organic 

contaminants, such as pesticides that can not be treated by traditional techniques due to their 

high chemical stability and low biodegradability. [12-14]. 

2. Review 

2.1. Solar photocatalytic degradation. 

2.1.1. Photocatalysis.  

Photocatalysis is defined as the "acceleration of a photoreaction by the action of a 

catalyst" [15]. The overall mechanism of photocatalysis is considerably basic, a photon of light 

produces a charge- carrier pair with energy equal to or more than the bandgap energy. Because 

of this change in energy, the formation of electron and holes takes place to produce hydroxide 

and other radicals for the break-down of organic pollutants. [16]. The photocatalytic activity 

of the catalyst depends on the ability to generate electron-hole pairs, which further produce free 

radicals (e.g., hydroxyl radicals: •OH).  

In contrast to other advanced oxidation methods, which use oxidants such as hydrogen peroxide 

(H2O2 ) and ozone (O3), the advantage of this method is that costly oxidizing agents are not 

requisite as atmospheric oxygen is the oxidant [17,57,58].  

2.1.2. Advantage of photocatalysis. 

(i) Nearly all organic and inorganic contaminants can be successfully degraded and mineralized 

by photocatalysis.  

(ii) The end products of photocatalysis are eco-friendly compounds such as H2O and CO2, 

simpler salts, and minerals. Thus, photocatalysis is considered as green technology. 

(iii) No other oxidant is required for the process as atmospheric oxygen is used as an oxidant.  
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(iv)The photocatalysts are non- toxic, cost-effective, extremely sustainable, chemical, and 

biologically inert, immiscible, renewable, and reusable in most conditions. 

(v) Photocatalyst activation takes place in the presence of sunlight as well as artificial light.  

(vi) Photocatalysis is also compared to the activated carbon adsorption method for large 

scale operations [18]. 

 

2.2. Advanced oxidation processes. 

Advanced oxidation processes (AOPs) [19] is a class of oxidation methods that are 

developed on the basis of the in situ production of immensely reactive and oxidizing species 

(hydroxyl ions), combine with the organic pollutant molecules and give rise to the steady 

degradation of pollutants [20]. In the last decade, the photochemical AOPs have developed 

considerable concern, which prompted the use of renewable energy sources as a means of 

promoting chemical methods. Solar radiation was established as the possible source for 

photochemical AOPs, especially for water detoxification and disinfection with attractive 

potential for real applications [21].  Homogeneous and heterogeneous photocatalysis is the 

most widely studied technologies for water disinfection using solar radiation. Both 

detoxification and water disinfection processes have been intensively studied in laboratory, 

bench, and pilot plant scales. [22].  

Although AOPs use varying reagent processes, however, all procedures in common not 

only highly selective but highly reactive radical species which target most organic molecules 

via the general scheme described by Equation (1): 

AOPs                      Production of radicals                      Attack to organic pollutant                      

                                                                    CO2   + H2O + Inorganic molecule             (Eq.1) 

2.2.1. Heterogeneous photocatalysis. 

Among the AOPs, heterogenous photocatalysis using semiconductor catalysts has 

demonstrated its effectiveness in degrading a wide range of harmful pollutants into 

biodegradable compounds and gradually mineralizing them to water and carbon dioxide [23]. 

The term heterogeneous refers to dual-phase, i.e., the catalyst in the solid phase while the 

contaminants in the aqueous phase (2). Two or more phases are used along with the light source 

(UV/Solar radiation) in the presence of a semiconductor catalyst (TiO2, ZnO, ZnS, CdS, etc.) 

in the heterogeneous process.  

Holes and electrons generated by the AOPs give rise to a redox reaction for the 

degradation of contaminants [24]. The semiconductor assisted photocatalysis is 

comprehensively studied AOPs, due to its ability to degrade many recalcitrant chemicals in 

gaseous and aqueous environments [25]. Nano based semiconductors are the widely used 

heterogeneous catalysts [26]. Due to its distinctive photophysical and photocatalytic properties 

such as bandgap energies charge transport characteristics, electronic structures, the life of 

excitation state, and light absorption properties, the interest in these semiconductor particles 

arises [27]. Among the various types of nanomaterials, semiconducting nanoparticles have 

been widely studied due to their wide applications in electronic devices [28], solar cells [30], 

and photocatalysis [29].  

The interest in using semiconductors as photocatalysts arises because they are:  

(i) Economical  

(ii) Harmless  
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(iii) Have a large surface area to volume ratio 

(iv) Have broad absorption spectra with high absorption coefficients  

(v) Displays size-tunable properties (can be modified by doping, size reduction, and sensitizers) 

(vi) Allowing facility for the multi-electron transfer process  

(vii) Capable of enhanced use without substantial loss of photocatalytic activity [31]. 

2.2.2. Principle of the heterogenous photocatalytic oxidation process. 

Organic pollutants are decimated during the photocatalytic oxidation process by an 

energetic light source and an oxidizing agent such as oxygen or air in the presence of 

photocatalyst semiconductors (e.g., TiO2, ZnO) [32]. 

 
Figure 1. Schematic diagram demonstrating the principle of photocatalysis. 

As shown in Fig.1, the photons with energy more than the bandgap energy (∆E) give 

rise to valence band (VB) electrons excitation, which then induces the potential reaction with 

organic contaminants. Usually, the absorption of photons with energy less than ∆E or longer 

wavelengths induces energy dissipation in the form of heat. The irradiation of the surface of 

photocatalyst with adequate energy gives rise to the production of a positive hole h+ and an 

electron (e-) in the valence and conduction band, respectively. The electron in the conduction 

band reduces the oxygen adsorbed on the photocatalyst (TiO2), whereas the positive hole 

oxidizes the pollutant directly or water to form hydroxyl radicle.  

The activation of TiO2 by UV light can be shown as:  

TiO2  +  hv  (λ < 387 nm)                e-   + h+         (Eq.2)    

e-      +      O2                                                O2
.-             (Eq.3) 

The oxidative and reductive steps can be expressed as:  

Oxidation Reaction: 

h+   + Organic (R)                    Intermediates                   CO2  +  H2O      (Eq.4) 

h+ + CO2 +  H2O                   .OH  + H+             (Eq.5) 

Reduction Reaction: 
.OH  +  Organic (R)                   Intermediates                   CO2  +  H2O    (Eq.6) 

https://doi.org/10.33263/BRIAC112.90719084
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC112.90719084  

 https://biointerfaceresearch.com/ 9075 

The photocatalytic oxidation process shows a hydroxyl radical generation in the above 

steps.     In the break-down of organic contaminants, oxygen stops the coupling of a hole and 

the hydroxyl radical. These hydroxyls are generated by the oxidation of adsorbed water 

(primary oxidant). The OH- targets organic compounds such as aniline, nitrophenols, and 

chlorinated aromatics that lead to different reaction intermediates from different compounds. 

The final degradation products H2O and CO2, are produced by the consequent reaction of 

intermediate with OH-.   

It has been observed that in the photocatalysis of various carbon-based pollutants, there 

is an accumulation of electrons in the conduction band (CB), when the reduction of oxygen 

and the oxidation process do not occur simultaneously. This results in an increase in the rate of 

reaction between an electron and a positive hole. It is, therefore, essential to avoid electron 

accumulation for effective photocatalytic oxidation. TiO2 is the most extensively researched 

system in photocatalysis because of its low cost and availability, desirable physical and 

chemical properties, and high activity. Anatase and rutile forms, among three common TiO2 

crystalline forms, were extensively examined as photocatalysts. 

As a photocatalyst, anatase has been proved to be more efficient than rutile. The ZnO 

photocatalyst also follows the oxidation pathways like TiO2, such as the direct oxidation by 

photo-generated holes and generation of .OH. 

In concentrated sunlight, ZnO was stated to be as reactive as TiO2, since the 

bandwidth of ZnO is similar to TiO2.    Other metal oxides have also been investigated, such 

as CeO2, SnO2, WO3, CdS, for degradation of organic pollutants. The rate of  photocatalysis of 

organic compounds can be shown by a pseudo-first-order manner, at low substrate 

concentration with the following equation: 

ln C/C0   = kobs.t   …. (Eq.7) 

where, 

kobs - the apparent reaction rate constant, 

 t - reaction time,  

C0 - initial concentration,  

C - residual concentration of a pollutant at time t.  

For the degradation of different pesticides and herbicides present in stormwater and wastewater 

effluent, varying light sources like UV lamps and solar radiation have been used. 

2.3. Modification of photocatalysts.  

The semiconductors are effective for organic pollutants degradation but with some 

disadvantages, which include photo-corrosion, recombination of photoexcited species, and 

poor activity in the visible light [31]. To address these concerns, surface modification of 

photocatalyst is important to improve the photosensitivity. The semiconductor surfaces are 

modified by the addition of metals, doping, pairing with other semiconductors are 

advantageous in accelerating the electron-holes recombination rate and thus improves the 

quantum yield of the photocatalytic process.    The modification of photocatalyst by doping is 

the most favorable approach in which the addition of other metal oxide tailored the bandgap 

and lead to substantial transformations in the natural structure of the material. 
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2.3.1. Doping.  

Doping typically includes the use of metals or non-metals and is intended to raise 

the photocatalytic activity of a semiconductor by reducing the energy of excitation. The doping 

of semiconductors is the process of locally manipulating their charge-carrier density and 

conductivity [33]. It is the inclusion of 'foreign elements' into the parent photocatalyst, with the 

purpose of improving the net separation of photo-generated charges, without giving rise to new 

crystalline forms. New energy levels between the valence and conduction band of the catalyst 

are created by the doping of photocatalyst, which in turn decreases its bandgap. Metallic doping 

attracts electrons from the conduction band and decreases the reaction of the recombination of 

charges. When the dopant material has an energy level below the CB or above the VB, a 

material is doped to expand the life of charge carriers. This acts as a charge trapping center 

resulting in the expansion of wavelength towards the visible region of the spectrum.  

Benefits of doping (2):  

The following are the few advantages of doping nanomaterials:  

(i) Increase the overall efficiency of the catalyst. 

(ii) Doping includes the implementation of new energy levels into the bandgap. 

(iii) Expanded electron trapping because of greater defect sites leads to improve the 

photocatalytic ability. 

(iv) It forms quasi-stable energy states within the bandgap, giving rise to surface defects that 

alter the electronic and optical properties.  

(v) Improvements to semiconductor surfaces are favorable in reducing the electron and holes 

recombination rate.  

2.3.2. Photo fenton (H2O2/Fe2+/UV). 

According to Zepp et al. (1992), the classical Fenton reaction [34] could be photo-

catalyzed using UV radiations to stimulate the catalytic reduction, in H2O2 aqueous solutions, 

of Fe3+ into Fe2+, which enhance the production of.OH radicals, by the following reaction [20]: 

Fe3+ +  H2O  + hv                        Fe2+ +   H+  +  .OH     (Eq.8) 

At pH 2.8-3.5, [Fe(OH)]2+ ion is the pre-eminent form of Fe3+, which plays a major role 

in the photo-Fenton process [35]. In the photo-Fenton reactions, the production of •OH radicals 

has been quantified in aqueous solutions comprising of complexes of Fe (III)-oxalate and 

hydrogen peroxide [34]. Moreover, UV irradiation also has the capability to directly 

decompose H2O2 molecules into hydroxyl radicals in the photo-Fenton process. Various UV 

regions as a light energy source, like UVA (λ = 315–400 nm), UVB (λ = 285–315 nm), and 

UVC (λ < 285 nm) can be used in the photo-Fenton process. It is worth noting that UV radiation 

has an important impact on the degradation rate of organic contaminants due to its intensity 

and wavelength. The substantial cost-effective use of artificial light is still a downside to this 

method.  

However, a recently developed, alternative approach known as the solar photo-Fenton 

process uses sunlight (at wavelengths λ > 300 nm) based on solar collectors for 

photocatalytic remediation and disinfection of waters [36,37].  As indicated by the application 

of the recently known, easy-to-use environmental-economic index, this solar photo-Fenton 

process is perhaps a far better system than the traditional light-driven photo-Fenton method, 

both from the economic and environmental standpoints. The behavior of photons in the photo-
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Fenton process is complicated. In classical Fenton's reaction, in which hydroxyl radicals are 

formed, it has the disadvantage of wide Fe3+ accumulation, thus reducing the efficacy of 

treatment. This limitation is prevented in the latter process, since reductive photolysis of 

[Fe(OH)]2+, has the benefit of regenerating the Fe2+  ions that catalyze Fenton's reaction and 

yielding additional.OH radicals [38,39]. Quantum efficiency of reaction was found out to be 

0.04 ± 0.04 at 313 nm and 0.017 ± 0.003 at 360 nm (293 K, ionic strength = 0.03 M) [39]. A 

novel kinetic method was recently developed for finding out the quantum yields of photolysis 

of Iron (III) complexes like [Fe(OH)]2+, it used (DMSO) as a •OH probe compound [40]. It 

was observed that each quantum yield values declined with an increase in wavelength (240–

380 nm) for the photolysis reaction of the monomeric Fe(III) complexes. [40]. This photo-

Fenton process has also been universally used for the treatment and purification of polluted 

waters and landfill leachates [41].  

As compared to heterogeneous photocatalysis with TiO2, the great benefit of the photo-

Fenton process is its sensibility to light up to 600 (580) nm. The photo-Fenton process allows 

quite effective use of sunlight. The drawback of the photo-Fenton process involves aggressive 

treatment due to the low pH required (usually below 4) and high consumption of H2O2 [42]. 

2.4. Types of reactors used for photocatalysis. 

The majority of the wastewater photocatalytic treatment processes are usually 

conducted in the suspension. The source is catalyst suspended in the form of fine particles in 

the least concentration in polluted water [43]. The state of photocatalyst, i.e., suspension or 

immobilization normally classifies the photocatalytic reactors [44]. The most frequently used 

reactors include a fluidized bed, sequence, fixed-bed, single-phase reactor, an immobilized 

membrane reactor, a reactive wall reactor, and a photocatalytic membrane reactor [45]. 

Photocatalytic reactors either use solar or artificial UV light, and in total pollutant degradation, 

the intensity of light (UV/VIS/IR/Solar) radiation plays a significant role, but large-scale 

industrial reactors are based primarily on solar light [46]. The reactor shall be constructed so 

that it can provide the stationary photocatalyst with a high surface area to expose the maximum 

of its area to the light. The larger available surface area for the photocatalyst will improve the 

mass transfer rate and increase the adsorption rate for the improvement of photocatalytic 

activity. For the photocatalytic reaction, the reactor also should absorb minimum energy. For 

now, various types of reactors are invented to enhance the efficacy of the system by altering 

the reactor configuration, such as shape and dimensions, surface immobilization of the 

photocatalyst, etc. The modification aims to maximize the contact area so that mass transfer 

and quantum yield can be increased to ensure optimal photocatalytic performance. Thus, the 

overall catalytic efficiency of the photocatalytic system is strongly dependant on the type of 

photoreactor [2, 59]. 

2.5. Plant design.  

A photocatalytic plant can be used for either TiO2 or photo-Fenton. The surface area of 

the solar collector depends primarily on the wastewater to be treated and on the irradiation 

conditions of the plant.  In either case, it is necessary to separate the catalyst (TiO2 or Fe) and 

reuse it very often. The acid or base is added to reach the isoelectric point (point of zero 

charges, PZC) of the suspension, where the treated water containing TiO2 is stored in the tank. 

The PZC point is mainly around pH 7. It takes only a few hours for the whole catalyst to 
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descend to the bottom of the tank, depending on the size of the tank and concentration of the 

catalyst. The treated clean water can be discharged through a microfiltration membrane to 

remove any slight catalyst residue remaining. The catalyst recovered from the base of the tank 

can be reused under these conditions. It is impossible to prolong this recycling limitlessly. 

However, it has been shown that over ten cycles can be achieved without any efficiency 

reduction. The number of cycles depends primarily on the contaminated water being 

treated.  The concentration of contaminants, the salt content of the water, and type of 

heteroatoms produced during their mineralization, desired quality of the treated water, etc. are 

also causally related to catalyst recycling [47]. 

 
Figure 2. Photocatalytic recycling. 

 

Iron separation is a different process. The pH of the treated water must be adjusted to 

attain iron hydroxide precipitation. The supernatant water can be discharged directly, and the 

precipitate can be reused, if necessary. The iron hydroxide can then be dissolved at very acid 

pH (0–1), and this very acid concentrated iron solution can be used to obtain the correct "photo-

Fenton pH conditions" (2.5 <pH< 3.0), by adding it to untreated wastewater. It may not be 

necessary to remove the iron from the treated water because often extremely low iron 

concentrations are sufficient.  

2.6. Degradation of pesticides. 

The transformation of parent compounds in water to prevent their toxicity is a desirable 

feature in the photodegradation of pesticides. The main purpose is the mineralization of 

pesticides. .OH is the central species involved in the oxidation of the organic substrate. But the 

free radical HO2
. and its conjugate O2

.- also plays an important role, although those radicals are 

much less reactive than .OH. All these free radicals react with pesticides by hydrogen 

abstraction or electrophilic addition to double bonds. Furthermore, the radicals react with O2 

to give organic peroxyl radicals (ROO-), initiating different oxidative reactions leading the total 
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mineralization of the pesticides. Since.OH is non-selective, numerous and different 

transformation products (intermediates) can be formed at low concentrations being in certain 

cases more persistent and toxic than the parent compounds. 

 

Mineralization                          Organic pesticide                          Intermediates                

                                                   CO2   +   H2O  +  Cl-   +  NO3
-    +   SO4

2-   +   PO4
3-  etc.   (Eq.9) 

The chromatographic techniques like liquid chromatography (LC), Gas 

chromatography (GC) coupled to mass spectrometry (MS), and time-of-flight (TOF) detection 

systems are used for measuring the presence of pesticide residues in water. Since it is not 

possible to identify all the transformation products generated in photooxidation. The measure 

of total organic carbon and, more explicitly, dissolved organic carbon (DOC) is important in 

the process because the determination of CO2 must be stoichiometric with the organic carbon 

in the parent pesticide. This determination can be carried out in an easy and swift way to know 

the mass balance and the remaining number of metabolites [48]. 

Navarro et al. (2009) studied the photodegradation of eight pesticides (azoxystrobin, 

hexaconazole, kresoxim-methyl, tebuconazole, pyrimethanil, triadimenol, primicarb, 

propyzamide) in leaching water using the tandem ZnO/Na2S2O8 as photosensitizer/oxidant and 

compound parabolic collectors under natural light at pilot plant scale. The disappearance of the 

pesticides followed first-order kinetics following the Langmuir curve, and complete 

disintegration occurred within 120 min. The disappearance time (DT75), referred to as the 

normalized illumination time (t30W), was less than 3 min in each case [49]. The efficiency of 

solar heterogeneous TiO2 photocatalysis and homogeneous photo-Fenton reaction for removal 

of Lambda Cyhalothrin, Chlorpyrifos, and Diazinon from the pesticide wastewater industry 

was investigated by Alalm et al. (2015). The combined processes resulted in the complete 

removal of pesticide fractions, i.e., 100% for Diazinon, 97% for Lambda Cyhalothrin, and 91% 

for Chlorpyrifos. The experimental data were analyzed by the Freundlich and the Langmuir 

isotherm. Pseudo first order and pseudo-second-order kinetic models were tested for the 

experimental results [50]. 

Hincapie et al. (2005) studied the degradation of different pesticides on a pilot plant 

scale using photo-Fenton and TiO2 photocatalysis driven by solar energy. Two different iron 

concentrations have been tested using TOC mineralization. Vibrio fischeri (Microtox1) toxicity 

assays were used for the study. Almost complete mineralization and total detoxification were 

obtained. It was determined that the detection of chloride could be an important parameter for 

predicting the toxicity of chlorinated compounds [9]. The photocatalysis of four pesticides 

(methomyl, diuron, formetanate, and imidacloprid) was studied by Malato et al. (2003), at a 

pilot scale in two systems: two-phase catalysis with titanium dioxide and one-phase catalysis 

by photo-Fenton in the presence of natural-solar UV light. The total removal of the parent 

compounds occurred with 90% mineralization, and toxicity reduction below the threshold 

(EC50) was attained for all tested pesticides [47]. 

Solar driven heterogeneous photocatalytic processes have been extensively applied for 

pesticide degradation. According to Bandala (2014), triazinic pesticides have been successfully 

removed from water by using solar driven Fenton-like processes as well as phenol and phenolic 

derivatives, organophosphorus, chloroacetic acid, and dimethylurea pesticides [22]. 

Berberidou et al. 2016, studied an alternative method for the remediation of water containing 

pesticides and constructed wetlands. This integrated system based on solar photocatalysis and 
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constructed wetlands has the potential to effectively detoxify wastewater containing pesticides, 

producing a purified effluent that could be exploited for reuse applications [10]. The 

photocatalytic degradation of three chloroacetanilides (propachlor, s-metolachlor, alachlor) 

and five s-triazines (simazine, prometryn, terbutryn, atrazine, and terbuthylazine) herbicides 

was investigated by Fenoll et al. (2012). At the pilot plant scale, zinc oxide and titanium dioxide 

were used as semiconductors under sunlight. The addition of Na2S2O8  to the semiconductor 

suspensions enhanced the rate of photooxidation. ZnO was found to be most efficient amongst 

all the catalysts understudy for the removal of herbicides. The results revealed that 70% of the 

herbicide quantity was degraded after 4 hrs of illumination in the selected system [51].  

Moreira et al. (2012) demonstrated the treatment of pesticide-containing wastewater 

resulting from phytopharmaceutical plastic containers washing, combining a preliminary 

biological pre-treatment step, using an immobilized biomass reactor (IBR), with advanced 

oxidation processes (AOPs). Heterogeneous (TiO2/UV and TiO2/H2O2/UV, both with and 

without acidification) and homogeneous (UV, H2O2/UV, Fe2+/ H2O2/UV, and Fe2+/ H2O2 

systems were tested using a solar pilot plant. The wastewater exhibited a moderate organic 

load, high biodegradability, and nineteen pesticides were quantified in the range of 0.02–45 

mg L-1, representing 14–19% of total DOC [52]. A mixture of five pesticides Cymoxanil, 

Dimethoate, Oxamyl Methomyl, and Pyrimethanil, was completely mineralized in a combined 

solar photocatalytic–biological pilot plant by Malato et al. (2007). Two advanced oxidation 

processes (AOPs: TiO2 and photo-Fenton) were employed for enhancing the biodegradability 

of wastewater, and an immobilized biomass reactor (IBR) was used for the following 

continuous biological treatment. TiO2 photocatalysis experiments were carried out in a small 

(35 L) solar pilot plant made up of only three compound parabolic collectors (CPCs), whereas 

photo-Fenton tests were carried out in a much bigger (75 L) solar pilot plant with four CPCs 

units. The initial pesticide concentrations in the mixture were 50 mg L-1 each. The TiO2 catalyst 

concentration employed was 200 mg L-1, and two different Fe2+ concentrations, 20 mg L-1, and 

55 mg L-1, were used in the photo-Fenton tests. Toxicity (Vibrio fischeri) and biodegradability 

assays (Zahn-Wellens test) were also performed to monitor toxicity and biodegradability of 

samples at different stages of photo-Fenton treatment. The complete removal of the pollutants 

with more than 90% mineralization and complete nitrification was achieved by the combined 

system [53]. 

TiO2 has been confirmed for its dominance in removing herbicides such as malathion, 

methamidophos, chlorfenapyr, phoxim, dichlofenthion, bromophos ethyl, bromophos methyl, 

atrazine, cyanazine, prometryne, propazine, chlorotoluron, metobromuron, isoproturon 

cinosulfuron, triasulfuron, pirimiphos-methyl, dichlorvos and phosphamidon, diquat, paraquat, 

triclopyr, parathion, and pentachlorophenol. However, it is necessary to further study the 

potential and convenient applications of TiO2, including oxidative degradation. The use of TiO2 

photocatalysis is currently increasing as an oxidation process for water treatment [54]. 

Apart from that, CuO nanoparticles have been found to possess photocatalytic activity 

on few pollutant dyes [55]. Biosynthesized ZnO nanoparticles degraded Congo red, which is 

one of the carcinogenic textile dyes, has been photodegraded by 83.33% at a pH of 6.5 due to 

the as-synthesized zinc oxide nanostructures indicating its potential application for wastewater 

treatment [56]. 

According to the study done by Alista et al., [60] photo-Fenton and heterogeneous 

photocatalysis were found to be effective in reducing pesticide residues in water. The use of 

semiconductors like ZnO and TiO2 in conjugation with Na2S2O8 (as an oxidant) was indeed 
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very efficient in mineralization, and with ZnO/ Na2S2O8 treatment, the conversion rate was 

about 1.3 times more than that under TiO2/ Na2S2O8 treatment. 

Recent work has been carried out on the photocatalytic degradation of 2,4-dinitrophenol 

through the use of hybrid material composed of Bi / Bi2O3 / C [61]. The photooxidation rate of 

Bi / C-2 was shown to be 1.60-fold that of Bi2O3 and 2.47-fold that of g-C3N4 in 2,4-DCP 

degradation. Hybrid catalysts are also extremely stable, and photocatalytic activity can be 

sustained over four successive cycles. Improved photocatalytic efficiency can be due to 

improved light absorption, accelerated transfer and separation of photo-generated carriers, and 

the SPR effect of metallic bi and conductive carbon support. The key active species in the 

photochemical reaction cycle of Bi / C-2 is known as oxidative holes, while hydroxyl and 

superoxide radicals can also play auxiliary roles during photodegradation. 

Table 1. Photocatalytic degradation of some pesticides. 

S.No. Pesticide Photocatalysts 

1. Monocrotophos, Endosulfan, Chlorpyrifos TiO2 coated on polymeric beads 

2. Chlorotoluron, Diuron, Fluometuron, Isoproturon, Linuron ZnO, TiO2, WO3, SnO2, ZnS 

3. Pyrimethanil TiO2   P25 

4. Imidacloprid TiO2 and TiO2 -Based hybrid 

5. Thiamethoxam, Imidacloprid, Acetamiprid ZnO/Na2S2O8, TiO2  P25/ Na2S2O8 

6. Cyprodinil, Fludioxonil ZnO, TiO2 

7. Fenamiphos ZnO, TiO2, WO3, SnO2 

8. Malathion WO3/ TiO2 

9. Carbofuran ZnO, TiO2  P25 Degussa 

10. Simazine, Prometryn, Terbutryn, Atrazine, Terbutylazine, 

Propachlor, Alachlor, S-metolachlor 

ZnO, TiO2 

11. Ethoprophos, Isoxaben, Metalaxyl, Metribuzin, 

Pencycuron, Pendimethalin, Propanil, Tolclofos-methyl 

ZnO, TiO2, WO3, SnO2, ZnS 

12. Methyl parathion, Dichlorvos N-doped and TiO2  P25 

13. 2,4-D Diuron, Ametrine TiO2 slurry 

14. Alachlor, Atrazine, Chlorfenvinphos, Diuron, Isoproturon, 

Pentachlorophenol 

TiO2 slurry and Fe2+ 

15. Triclopyr, Dantinozid Different types of TiO2 slurries in 

tandem with electron acceptors 

16. Cymoxanil, Methomyl, Oxamyl, Dimethoate, Pyrimethanil, 

Telone 

TiO2 slurry and Fe2+          

17. Dichlorvos, Phorate, Monocrotophos, Parathion TiO2.SiO2 Beads 

  

3. Conclusions 

 The use of solar derived photocatalysis constitutes a tremendously effective method for 

the detoxification of water containing pollutants due to its advantage of complete 

mineralization instead of their transformation into intermediates. Solar driven AOP's were 

demonstrated as cost-effective emerging methodologies for water decontamination because of 

their high efficiency, low cost, easy maintenance, and operation, and using a widely available, 

cheap, and interesting alternative source of energy – the Sun. Further research is necessary to 

generate the proper application of such technologies in the improvement of the environment. 
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