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Abstract 

Organophosphate pesticides are extensively employed in agriculture due to their efficiency in 

controlling pest populations. However, their persistence in the environment and toxic effects on 

non-target organisms pose serious ecological and health challenges. This study provides a 

comprehensive evaluation of chemical degradation strategies for these compounds. The review 

focuses on the structural characteristics of organophosphates that influence their reactivity, 

highlighting hydrolysis as a key pathway for initial detoxification. Oxidation processes including 

photocatalysis reactions, are explored for their potential to achieve complete mineralization. By 

examining the efficiency, scalability, and environmental impact of these methods, this work aims 

to identify sustainable approaches for mitigating the adverse effects of organophosphate 

pesticides and enhancing chemical safety in agricultural practices. 
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1. Introduction 

Since the mid-20th century, conventional 

agricultural practices have struggled to meet the 

growing demands of a rapidly increasing global 

population. This challenge has led to the widespread 

adoption of pesticides as a means to enhance crop 

yields and ensure food security. However, the active 

ingredients in many pesticides are inherently toxic and 

environmentally persistent, with half-lives that can 

extend over several years [1-4]. Pesticides infiltrate 

ecosystems via air and water pathways [5-8], 

accumulating within food chains and posing significant 

risks to biodiversity and human health [9]. 

Consequently, the development of technologies for the 

effective degradation of residual pesticides is critical to 

mitigating these impacts. Rather than imposing 

restrictions on pesticide usage, a more pragmatic 

approach involves advancing methods to degrade 

residual pesticides, thereby fostering environmental 

restoration and promoting sustainability [10-11]. 

Pesticides vary widely in their objectives, efficacy, and 

chemical composition, necessitating tailored 

degradation strategies under different environmental 

conditions. Among the most prominent pesticide 

classes are organophosphate pesticides (OPs), synthetic 

compounds extensively utilized in agriculture for pest 

management. OPs are esters, amides, or thiol 

derivatives of phosphoric, phosphonic, 

phosphorothioic, or phosphonothioic acids, 

characterized by a central phosphorus atom double-

bonded to either oxygen or sulfur and single-bonded to 

two alkoxy groups (commonly methoxy or ethoxy) 

alongside a leaving group. Frequently employed OPs 

include parathion, malathion, chlorpyrifos, diazinon, 

dichlorvos, phosmet, and azinphos-methyl. OPs 

account for approximately 75% of insecticides used in 

agriculture globally, with over 100 million pounds 

applied annually [12]. Despite representing only 10% 

of total pesticide use in certain regions, these 

compounds are applied to more than 65% of 

insecticide-treated crops. Their extensive use 

underscores the pressing need for advanced 

degradation methods to address their environmental 

persistence and toxicity effectively. 

2. Chemical and Physical properties 

The chemical structure of organophosphate 

pesticides (OPs) is a critical determinant of their 

reactivity, stability, and toxicity. At the core of these 

compounds lies the phosphate moiety, typically 

substituted with O,O-dialkyl groups, which forms ester 
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bonds with organic substituents. These ester bonds are 

prone to hydrolysis, a key degradation pathway for OPs 

in environmental systems. A defining feature of OPs is 

the presence of a phosphoryl group (P=O) or its sulfur 

analog, the thiophosphoryl group (P=S). Compounds 

containing the latter, such as malathion, are categorized 

as organothiophosphates but are often grouped with 

OPs due to their analogous biological activities. The 

diverse physical and chemical properties of OPs 

influence their environmental behavior and toxicity 

potential. Most OPs exhibit low water solubility and 

high oil-water partition coefficients (log Kow), 

reflecting their lipophilic nature. This characteristic 

facilitates their penetration through biological 

membranes and accumulation in lipid-rich tissues. 

Vapor pressures among OPs vary, with the majority 

demonstrating low volatility under ambient conditions, 

except for dichlorvos, which is significantly more 

volatile. These properties influence their potential for 

atmospheric dispersion and inhalation exposure. The 

stability of OPs is highly dependent on environmental 

pH. Many OPs are stable in slightly acidic to neutral 

conditions, as exemplified by parathion, which remains 

stable at pH levels below 7.5. Hydrolysis represents a 

primary degradation mechanism, converting OPs into 

water-soluble products that are generally less toxic at 

practical concentrations [13]. However, hydrolysis 

rates vary widely among different OP compounds; for 

instance, dichlorvos degrades within hours under 

neutral pH, whereas parathion can persist for several 

weeks [14]. In acidic soils (pH 4–5), these half-lives are 

further extended. Furthermore, the hydrophobicity of 

OPs spans a broad spectrum, with log Kow values 

ranging from -0.98 to 10.6, influencing their potential 

for bioaccumulation in aquatic ecosystems and 

environmental persistence [15]. Understanding the 

chemical structure and intrinsic properties of 

organophosphate pesticides is fundamental for 

evaluating their environmental impact, toxicity, and 

potential risks to ecosystems and human health. 

Additionally, this knowledge underpins the 

development of targeted degradation strategies, 

addressing the challenges posed by the persistence, 

mobility, and bioavailability of OPs in diverse 

environmental contexts. 

3. Chemical Degradation Methods 

In chemical degradation methods, pesticides are 

typically organic compounds containing specific 

functional groups that can undergo various chemical 

transformations. Incineration is a common yet crude 

method for the disposal of residual pesticides in 

wastewater. At high temperatures (around 1000 

degrees Celsius) and in the presence of adequate 

oxygen, non-volatile pesticides like methomyl can be 

broken down effectively [16-17]. However, this 

process also leads to the release of organic compounds 

and carbon dioxide when volatile pesticides are 

incinerated, resulting in significant environmental 

impactsneration is not regarded as a suitable method for 

comprehensive pesticide degradation due to these 

adverse effects. Nevertheless, it can still serve as a cost-

effective approach for wastewater treatment within the 

pesticide manufacturing industry. 

3-1- Hydrolysis Mechanisms for 

Organophosphate Degradation 

Hydrolysis is a pivotal process in the degradation 

of organophosphate pesticides, serving as an effective 

method for their breakdown under various 

environmental conditions. This process involves the 

cleavage of chemical bonds through the addition of 

water molecules, resulting in the formation of less toxic 

byproducts. The hydrolysis of organophosphates can 

proceed via different mechanisms, each with its own 

specific characteristics and efficiency. 

3-2- Alkaline hydrolysis 

Alkaline hydrolysis represents a powerful method 

for the decomposition of organophosphate pesticides. 

In this process, hydroxide ions act as nucleophiles in a 

bimolecular nucleophilic substitution reaction. The 

alkaline hydrolysis mechanism can follow two distinct 

pathways depending on the orientation of the attacking 

nucleophile. In one pathway, the reaction progresses 

through a multi-step process characterized by the 

formation of a pentavalent intermediate. Alternatively, 

a one-step mechanism can occur, involving a single 

transition state. The efficiency of alkaline hydrolysis is 

influenced by factors such as the pH of the solution and 

the specific structure of the organophosphate 

compound. Research indicates that alkaline hydrolysis 

can significantly accelerate the degradation process 

compared to natural degradation methods. For instance, 

studies have shown that a crude cell extract from a 

mixed bacterial culture can hydrolyze parathion at a 

rate approximately 2,450 times faster than the chemical 

hydrolysis using 0.1 N sodium hydroxide at 40°C 

version is more concise, uses specific scientific terms 

appropriately, and provides context on the efficiency 

and impact of alkaline hydrolysis in the degradation of 

organophosphate pesticides [13]. 
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3-3- Acid-catalyzed hydrolysis 

While alkaline hydrolysis is a well-studied method 

for the degradation of organophosphate pesticides, 

acid-catalyzed hydrolysis also plays a significant role 

in their breakdown. This mechanism becomes 

particularly relevant in acidic soil environments or 

during certain industrial applications. The rate of acid-

catalyzed hydrolysis can vary widely depending on the 

specific organophosphate compound and the pH of the 

surrounding medium. Acid-catalyzed hydrolysis 

typically involves the protonation of the phosphoryl 

oxygen, which increases the susceptibility of the 

phosphorus center to nucleophilic attack. This process 

can be further facilitated by the presence of certain 

metal ions or clay minerals in the soil, which can act as 

catalysts, thereby accelerating the hydrolysis rate. 

3-4- Enzymatic hydrolysis 

Enzymatic hydrolysis serves as one of the most 

effective and environmentally sustainable approaches 

for the degradation of organophosphate pesticides. A 

variety of enzymes, such as organophosphorus 

hydrolase (OPH), methyl parathion hydrolase (MPH), 

and organophosphorus acid anhydrolase (OPAA), have 

shown notable catalytic activity against these 

compounds. Among these, phosphotriesterase (PTE), 

belonging to the amidohydrolase superfamily, has been 

extensively investigated for its proficiency in 

hydrolyzing a diverse array of organophosphate 

substrates. PTE displays exceptional catalytic 

efficiency, with its hydrolysis of paraoxon nearing the 

diffusion limit in a solvent [14]. 

The mechanism of enzymatic hydrolysis generally 

occurs in two stages. The initial stage involves a 

nucleophilic attack by a hydroxide ion on the 

phosphorus atom, which leads to the formation of a 

pentacoordinated phosphorus intermediate. The 

subsequent stage entails the cleavage of the bond 

between the phosphorus atom and the oxygen of the 

leaving group, culminating in the formation of an 

enzyme-product complex [15]. The catalytic 

performance of these enzymes is affected by several 

factors, including pH, temperature, and the presence of 

organic solvents. Notably, the optimum pH for the 

enzymatic hydrolysis of eight commonly used 

organophosphate pesticides ranges from 8.5 to 9.5, 

with less than 50% of maximal activity observed at pH 

7.0 [13]. 

Enzymatic hydrolysis presents numerous 

advantages for the degradation of organophosphate 

pesticides. These enzymes demonstrate the capability 

to rapidly hydrolyze nerve agents while being 

environmentally benign, non-flammable, and non-

corrosive. Furthermore, they can be safely and easily 

disposed of, positioning them as promising candidates 

for decontamination efforts [14]. In summary, various 

hydrolysis mechanisms, including alkaline, acid-

catalyzed, and enzymatic processes offer effective 

strategies for the chemical degradation of 

organophosphate pesticides. A comprehensive 

understanding of these mechanisms is essential for 

devising approaches to reduce the environmental 

impact and toxicity of these commonly used 

agricultural chemicals, ultimately enhancing chemical 

safety and promoting environmental protection. 

3-5- Oxidation Processes 

Oxidation processes (OPs) have emerged as highly 

effective technologies for the degradation of 

organophosphate pesticides in aquatic environments. 

These processes operate by generating highly reactive 

hydroxyl radicals (OH•), which can rapidly and non-

selectively oxidize organic molecules, facilitating their 

breakdown. OPs have garnered considerable attention 

for their capability to degrade stubborn organic 

pollutants, including pesticides, pharmaceuticals, and 

organic solvents. In these processes, transition metals 

commonly act as catalysts, while compounds such as 

hydrogen peroxide are utilized along with ultraviolet 

radiation to produce radicals [16-17]. 

3-6- Ozonation 

Ozonation has emerged as an effective method for 

the removal of pesticide residues from various 

matrices, including fruits and vegetables. Ozone (O3) 

as a powerful oxidizing agent is highly effective against 

a broad spectrum of microorganisms and organic 

pollutants. The use of ozonated water has shown 

promise as a technique for eliminating pesticide 

residues from agricultural products. Research indicates 

that ozonation can achieve pesticide removal 

efficiencies ranging from 40% to 99%, depending on 

the specific pesticide and matrix involved [14, 18]. The 

effectiveness of ozonation in pesticide degradation can 

be attributed to several factors: 

1. Generation of hydroxyl radicals: Ozone 

decomposes in water to produce hydroxyl 

radicals, which are highly effective in breaking 

down organic molecules, including pesticide 

residues. 

2. Direct oxidation: Ozone can directly oxidize 
pesticide molecules, facilitating their 

degradation. 
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3. Physicochemical properties: The efficiency of 

pesticide removal through ozonation is 

influenced by physicochemical factors such as 

the pesticide's solubility, molecular weight, and 

stability. 

3-7- Photocatalysis 

Photocatalysis has garnered significant attention as 

an effective and environmentally friendly approach for 

the degradation of organophosphate pesticides. This 

process utilizes semiconductor photocatalysts, 

typically titanium dioxide (TiO2), in conjunction with 

UV or visible light irradiation. The photocatalytic 

process generates highly reactive species, such as 

hydroxyl radicals, which can effectively break down 

pesticide molecules. To enhance photocatalytic 

activity, researchers have investigated the development 

of heterojunctions by combining different 

semiconductors. For example, the combination of α-

Fe2O3 and MgO has shown promising results in the 

photocatalytic degradation of organophosphate 

pesticides. These composite materials facilitate 

improved charge separation and increased light 

absorption, leading to enhanced catalytic performance 

[19-21]. 

4. Conclusion 

The investigation of chemical degradation methods 

for organophosphate pesticides reveals promising 

strategies to address environmental contamination and 

health risks. Hydrolysis mechanisms, including 

alkaline, acid-catalyzed, and enzymatic processes, have 

been shown to effectively break down these harmful 

compounds. Additionally, oxidation reactions such as 

ozonation and photocatalysis demonstrate significant 

potential for pesticide degradation in various 

environmental contexts. These findings carry important 

implications for agricultural practices and 

environmental protection initiatives. By advancing our 

understanding and implementation of these degradation 

methods, we can mitigate the impact of 

organophosphate pesticides on ecosystems and human 

health. This research paves the way for the 

development of more sustainable pest control strategies 

and enhanced remediation techniques, ultimately 

contributing to a safer and cleaner environment. 
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