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Chapter I 

Introduction 

 

1.1.  Pests and Pesticides 

 The Food and Agriculture Organization (FAO) reports that plant pests and diseases 

cause up to 40% of food crop losses every year (Lopez-Sánchez et al. 2021). Agricultural 

pests are responsible for two main types of crop destruction. The first is the direct damage 

to the plants when they feed on the tissues, which includes a reduction of leaf surface area 

exploitable for photosynthesis, distortion of developing shoots, lessening in growing 

of plants and vitality, and wilting of the root, shoot, and branches caused by the insects' 

tunneling actions. Second, there is indirect injury, in which insects do no overt harm but 

instead spread or enable fungal, bacterial, and viral pathogens to enter. This causes 

devastation on agriculture and starvation of millions of people worldwide. The world's 

population is rapidly increasing, and it will exceed 10 billion by 2050 and it is inevitable to 

feed such a growing populace (Paarlberg, 2009). At this juncture, consumers and 

organizations are revolutionarily concerned about the global food safety crisis. As protecting 

agronomy from pests and weeds has been crucial, agriculturalists promoted the utility of 

pesticides to enhance the yield of food crops (Carvalho, 2006). 

Pesticides, fertilizers, and genetically engineered crops have also become suitable 

options for increasing food production. Synthetic agrochemical materials, particularly 

pesticides were invented and practiced about 4500 years ago (Riyaz et al. 2022). Pesticides 

are chemical and biological substances employed to annihilate, counteract as well as control 

insect, weed pests, rodents, microbes, etc. that are affecting agricultural production. 

Pesticides are made up of two basic components: active and inert. The active component 
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executes the primary role of pest management, but inert substances, including edible oils, 

botanicals, spices, cellulose, and so on, are added to pesticides and play an important part 

in pesticide effectiveness and performance (Piwowar, 2021). Pesticides are unavoidable in 

modern agriculture, and their utility is rising day by day. They have been turned into a 

significant agricultural key to promote production, quality, and quantity of food for the 

world's growing population by controlling pests, preventing crop losses, vector-borne 

diseases, and so on (Cooper and  Dobson, 2007). They are commonly used in farm areas to 

shield crops from numerous diseases and pests while also increasing crop yields. According 

to some reports, crop losses due to pests could rise by 30% in the absence of pesticides. 

Pesticides are mostly economically profitable and return a certain amount of money invested 

for their applications (Hazra and Purkait, 2019). As a result of the successful progress of 

these agricultural practices, especially pesticide uses, they have been further promoted and 

widely used in several domains like agriculture and public health and driving them 

widespread in the ecosystem.  

Every year, such compounds are typically used in much larger quantities, 

approximately 2.5 million tons of pesticides, than are needed to destroy pests globally 

(Ecobichon, 2001). Though the green revolution has provoked a rise in food 

productions, due to the increasing use of agrochemicals it induces many environmental 

crises including soil productivity depletion, acidification, nitrate leaching, pesticide 

tolerance, and loss of biological diversity (Mahmood et al. 2016). Despite their benefits, 

their extensive, injudicious, and long-term utilization processes cause serious pollutions to 

water, air, soil, and agricultural products (Poudel et al. 2020).  It is reckoned that just less 

than 0.1 % of pesticide administered reaches the target, with the balance of 99.9 % 

remaining in the environment, causing negative effects on human health, flora, and fauna. 

Further, it jeopardizes crop production by eventually being harmful to the environment, 

especially agriculturally beneficial microbes and posing risks to human health through food 
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chains (Neuwirthova et al. 2019). Some of the negative environmental consequences of 

these agrochemicals include a reduction in the population of insect pollinators, a threat to 

endangered species, marine animals, and the loss of bird habitat (Kohler and Triebskorn, 

2013). The pollution rate of these pesticides in soil and water is exacerbated by higher doses. 

Since majorities of pesticides are lipid-soluble they are stored inside the bodies of animals 

(Riyaz et al. 2021). This is a key rationale for the biological enhancement of these 

agrochemicals as they go up the food chain. People who are regularly exposed to pesticides 

are more likely to have skin and eye disorders. These pesticides disrupt the nervous system, 

induce tumors, mimic hormones, and, in extreme cases, cause death (Rani et al. 2021). 

Every year, over a million agricultural workers experience pesticide poisoning symptoms 

(Rani et al. 2021). 

1.2.  Classification of Pesticides 

 Pesticide is a broad term that refers to a variety of insecticides, fungicides, 

herbicides, greenhouse pesticides, domestic disinfectants, and rodenticides that are used to 

both kill and protect against pests (World Health Organization, 2020). The chemical and 

physical properties of these pesticides differ from one another. Therefore, classifying the 

pesticides based on their properties and studying their specific groups is virtuous. A 

synthetic pesticide is a manmade compound by uses a variety of chemicals. They are divided 

into several classes depending on their intended use. Drum recommended three broadly 

accepted pesticide classifications (Yadav and Devi, 2017). These three typical pesticide 

classes include: (i) the pesticide's chemical composition, (ii) the pesticide's mode of entry, 

and (iii) the pesticide's activity and the organisms it kills. Chemical pesticides, among the 

various forms of pesticides, have a wide range of uses in agricultural fields. Chemical 

pesticides are categorized into four groups based on their source: organochlorine, 

organophosphate, carbamate, and pyrethroid pesticides (Figure 1) among which the first two 

pesticides are the most extensively used (Kaur et al. 2019). Organochlorine pesticides were 
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used for controlling the pest from the 1930s until they were banned in 1979. The metabolites 

of these pesticides were spotted in soil, groundwater, and also in humans. The recalcitrance, 

toxicity, mutagenicity, carcinogenicity, and susceptibility to bio-magnifications of 

chlorinated substances had posed public health issues. Organochlorine pesticides are stable 

compounds and persistent in the atmosphere and possess the ability to accumulate in adipose 

tissues (Qing Li et al. 2006).  

 

Figure 1. Categorization of chemical pesticides 

 These compounds or their metabolites mostly act at the central nervous system, 

manipulating enzymatic nerves membranes and electrophysiological properties. It results in 

the alterations in the kinetics of Na+ and K+ ions flowing through the nerve cell membrane 

and potentially causing signs such as acute poisoning death and seizures from apnea in 

humans (Zaynab et al. 2021). These adverse effects directed the synthesis of alternate 

pesticides that comprise biodegradable organophosphorus and carbamate components 

(Kazemi et al. 2012). These organophosphorus and carbamate pesticides were developed to 
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displace dangerous chlorinated pesticides, and they attained popularity across the world due 

to their low-cost, relatively quick biodegradation, and low environmental toxicity (Van Dyk 

and Pletschke, 2011). 

1.3.  Organophosphorus Pesticides 

Owing to their wide spectrum of insecticidal efficacy, chemical durability, high 

performance, and cost-effectiveness, organophosphorus pesticides are the second largest 

class of most commonly used pesticides worldwide (Kazemi et al. 2012). 

Organophosphorus compounds are esters of phosphoric acid derivatives that serve as 

precursors to a variety of herbicides, insecticides, and nerve agents (Table 1). The 

organophosphorus insecticides scilicet profenofos ([O-(4-Bromo-2-chlorophenyl) O-ethyl 

S-propyl phosphorothioate]), monocrotophos (dimethyl [(E)-4-(methylamino)-4-oxobut-2-

en-2-yl] phosphate) and chlorpyrifos (O, O-diethyl O-3,5,6-trichloro 2-pyridinyl 

phosphorothioate) are present as residues in soil, environment, groundwater, and 

agricultural goods and have exceeded their maximum residue limit (MRL) as proposed by 

WHO in vegetables and crops. Monocrotophos is classified as class I (highly toxic) while 

profenofos and chlorpyrifos are classified as class II (moderately toxic) pesticides by the 

Environmental Protection Agency (EPA) (Barcelo, 1993). 

Table 1. Properties of Organophosphorus Pesticides 

Name  

(Chemical name) 

Molecular 

structure 

Uses Disadvantages 

Malathion 

(2-

[(dimethoxyphosp

horothioyl) 

sulfanyl]butanedi

oate, diethyl) 

 

It controls mosquitoes 

and a variety of insects 

that attack fruits, 

vegetables, shrubs, and 

landscaping plants. It 

is also be used indoors 

and on pets to control 

ticks and insects, such 

as fleas and ants. 

It is highly toxic to non-target 

organisms, including humans. 

Long-term exposures 

to malathion can affect the 

nervous system causing a 

variety of side effects, 

including headaches, nausea, 

dizziness, weakness, cramps, 

diarrhoea, excessive 
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sweating, blurred vision, and 

increased heart rate. 

Parathion 

(O, O-diethyl O-

(4-nitrophenyl) 

phosphorothioate) 

 

It is primarily used as 

an insecticide on fruit, 

cotton, wheat, 

vegetables, and nut 

crops. 

On absorption, it rapidly 

metabolized to paraoxon 

which results in headaches, 

convulsions, poor vision, 

vomiting, abdominal pain, 

unconsciousness, tremor, 

severe diarrhoea, dyspnea, 

and finally lung oedema as 

well as respiratory arrest. 

Chlorpyrifos  

(O,O-di 

ethyl-O-(3,5,6-

trichloro-2- 

pyridinyl)- 

phosphorothioate 

 

It controls Coleoptera, 

Diptera, Homoptera, 

and Lepidoptera in soil 

and on foliage in over 

a large number of 

crops including rice, 

cotton, oilseeds, 

vegetables, pulses, and 

plantation 

Exposure to small amounts 

of chlorpyrifos can cause 

runny nose, tears, and 

increased saliva or drool. 

People may sweat, and 

develop headaches, nausea, 

and dizziness. More serious 

exposures can cause 

vomiting, abdominal muscle 

cramps, muscle twitching, 

tremors and weakness, and 

loss of coordination. 

Profenofos  

(O-(4-Bromo-2-

chlorophenyl) 

O-ethyl S-propyl 

phosphorothioate) 

 

Controls the tobacco 

budworm, cotton 

bollworm, armyworm, 

whiteflies, spider 

mites, plant bugs and 

Fleahoppers and also 

control lepidopteron 

species (the worm 

complex) at varying 

rates 

Toxic 

small mammals, to birds, 

bees, fish, and aquatic 

invertebrates 

 

1.4.  Profenofos 

Profenofos is an extremely active organophosphate pesticide that is commonly 

employed on various crop varieties (Kushwaha et al. 2016). Profenofos has phenolic and 

phosphate ester fragments in its molecular structure (Figure 2). It is one of the most 

generally used insecticides (Figure 3) due to its simple synthesis, low cost, and intense 

effectiveness in eliminating weed pests, insects, rodents, and microbes. Furthermore, the 

https://en.wikipedia.org/wiki/Mammal
https://en.wikipedia.org/wiki/Bird
https://en.wikipedia.org/wiki/Bee
https://en.wikipedia.org/wiki/Fish
https://en.wikipedia.org/wiki/Aquatic_invertebrate
https://en.wikipedia.org/wiki/Aquatic_invertebrate
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particular structural motifs existing in profenofos can be linked together and quickly 

degraded by hydrolysis when exposed to the ecosystem, sunlight, air, and soil. It exhibits 

only less toxicity and a short-time environmental persistence (Talwar and Ninnekar, 2015). 

 

Figure 2. Chemical structure of profenofos 

 

While profenofos has some advantages towards agricultural practices, it also has 

considerable drawbacks (Gotoh et al. 2001). Profenofos has a wide range of environmental 

impacts. Since profenofos is employed as an aerosolized liquid, it vaporizes and its 

particulate components can gradually be deposited back into the environment. Furthermore, 

discharges from profenofos-containing agricultural fields contaminate and intoxicate both 

surface and groundwater systems. As it is relatively nonvolatile from water surfaces, it 

persists in these reservoirs. The accumulation of these pesticide residues causes significant 

environmental damage due to their negative effects on the environment. As a result, people 

are almost undeniably subjected to profenofos residues and byproducts. An analysis, for 

example, found that profenofos and its metabolite, 4-Bromo-2-chlorophenol were present 

in vegetables, fruits, aquatic animals, and humans (Kushwaha et al. 2016). 
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Figure 3. Profenofos use in various parts of the world (highlighted in red) 

Another investigation has also proved the toxic nature of profenofos from the 

lymphocytes of peripheral blood samples collected from stable human donors. Further, 

profenofos is also very poisonous to marine animals (Rao et al. 2003; Maharajan et al. 2012) 

and invertebrates (Kumar et al. 2010; Rao et al. 2007). In addition, hepatocellular damage 

is caused by high doses of profenofos toxicity. Furthermore, high-level exposure of 

profenofos caused tissue haemorrhage, vacuolization, and kupffer cell hyperplasia in the 

liver. Besides, Bowman's capsule swelling and tubular dysfunction in the kidney were also 

reported (Amer et al. 2007).  It also triggers oxidative stress which is an early diagnostic 

indicator of profenofos poisoning (Lin et al. 2003). Similarly the toxic impact of profenofos 

in the marine ecosystem, with a focus on morphological, behavioral, and target enzyme 

interactions, as well as toxicant bioaccumulation in different parts of a fish, Oreochromis 

mossambicus was also documented (Rao et al. 2003). Moreover, the impact of profenofos 

on chromosomes samples causing satellite links, chromatid defects, and gaps were also 

reported (Mulla et al. 2020). 
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Acetylcholinesterase (ACE) is an enzyme that hydrolyzes acetylcholine, a 

commonly dispersed neurotransmitter in both the central and peripheral nerves systems that 

is responsible for a broad range of functions including memory and motor function 

regulation (Nillos et al. 2007). Profenofos exerts its action by targeting the ACE and inhibits 

the enzymatic activity by phosphorylation. It results in acetylcholine neurotransmitters, 

accumulating in the body causing substantial impairment to the nerve system, 

cardiovascular system, and respiratory tract (Figure 4). Pesticides work by targeting systems 

or enzymes in pests that may be identical or quite equivalent to systems or enzymes in off-

target species, primarily mankind, and so pose risk to human health (Omwenga et al. 2021). 

As the toxic action of profenofos is stemming from its inhibitory properties and much 

intoxication has been reported in farmers and field workers. The signs of intoxication are 

coma, dizziness, fatigue, headache, cramps, convulsions, lack of consciousness, etc. The 

permanent ACE inactivation leads to organ failure and subsequent death (Germany, 2012; 

Dawson et al. 2010). 

 

Figure 4. Plausible inhibition mechanism for acetylcholinesterase by profenofos 
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1.5.  Environmental Distribution of Profenofos 

Pesticides are widely used, resulting in their spread through the surrounding 

environment such as water bodies, soil area, and air, primarily in the regions near 

agricultural land. Parent chemicals for the synthesis of pesticides and their residues provide 

a significant concern that must be resolved. Meticulously screening the proportion of 

pesticides in the environment would assist in evaluating ambient pesticide levels for the 

identification of possible risks. Diverse investigations on the distribution and toxicity of 

organophosphates in multiple ecological sectors have been undertaken around the world. 

Pesticide residues in water and soil samples obtained from different cotton-growing 

locations in West Africa showed the presence of 1,1'-(2,2,2-trichloroethylidene)bis[4-

chloro-benzene], its toxic metabolites, endosulfan derivatives, as well as profenofos, and 

the contamination rate of about 80 % of the soil samples (Abaga et al. 2011). The dispersion 

of pesticides among different environments in Thailand varies depending on the season. The 

levels of various organophosphates, particularly profenofos were significantly higher within 

soil areas than in water and air environment. It was observed that the overall quantity of 

profenofos in the soil area was 40 mg/kg in the summer and 20 mg/kg in the winter, but the 

normal level of profenofos in water and air in the summer has been 1 mg /L and 0.04 mg/m3, 

contrasting to 0.3 mg/L and 0.002 mg/m3 in the winter correspondingly (Harnpicharnchai 

et al. 2013). An investigation carried out at Solanum melongena farms in Pangasinan 

revealed that approximately 42 % of soil samples were polluted by different pesticides 

including profenofos, but the amount of the pesticide present in water samples taken from 

the farm was negligible (Del Prado-Lu, 2015). Cotton was grown in Burkina Faso, West 

Africa, with the presence of cypermethrin, acetamiprid, and endosulfan, as well as 

profenofos. These pesticides have been measured in soil samples taken from both 

customarily planted and newly planted zones. Their concentrations ranged from 30 mg/kg 

in the traditionally planted locations to 80 mg/kg in a newly planted cotton area. The 
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quantity of profenofos residue has been somewhat higher (up to 0.1 mg /kg) than the number 

of other pesticide residues in the soil samples taken from the newly planted areas (Abaga et 

al. 2011). Pesticides can also contaminate water sources when discharged from sewage 

treatment plants or when untreated sewage is discharged into rivers or seas. A study of some 

wastewater treatment plants in Spain found that most of the pesticides are only partially 

eliminated after treatment, implying that these harmful substances can pollute waterways 

(Masia et al. 2015). Many of these of the most harmful pesticides are not eliminated by 

biological treatment methods in sewage treatment plants. Partially treated sewage dumped 

into rivers can damage the sea via river transit to the sea. Pesticide usage in farmlands is 

another source of river pollution. A study of the Seta River discovered a few pesticides, 

including molinate and isoprothiolane, with maximum rates of 0.5-1.1 g/L in the river's 

effluent (Sudo et al. 2002). The utilization of sewage treatment plant sludge on agricultural 

land may extend the pesticide contamination cycle. This is a method of reprocessing the by-

products from wastewater treatment that contain pesticides and can be spread into the 

ecosystem or infused into crops. Chlorpyrifos was detected at a concentration of 

approximately 200 ng/g in sewage sludge employed during agricultural land 

fertilization. Pesticide fragments in water bodies, sedimentation, and muscle fibers of 

Cyprinus carpio taken from various locations on the river area at Balloki Headworks were 

also documented. Around 14 mg/kg of endosulfan and profenofos were the most common 

pesticides identified in the tissues of fish. In contrast, approximately 1.4 ng/L of profenofos 

and cypermethrin were discovered in river water samples. Profenofos was discovered at the 

greatest proportion of 23 mg/L of any pesticide identified in sediment (Mahboob et al. 

2013). 

1.6.  Strategies for the Removal of Profenofos 

While profenofos possesses less toxicity and low environmental persistence, 

overconsumption and exploitation have developed in residual issues that could endanger 
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human health (Prabhavathy Das et al. 2006). Profenofos residues have been discovered in 

fruits, crops, fresh and processed vegetables. As a result, metabolites of profenofos have 

been discovered in human blood, serum, urine, and breast milk. Because profenofos is toxic 

and widespread in the environment, it is crucial to eliminate its existence in the environment 

using highly sensitive and effective assays for decontamination, detoxification, and 

mineralization to secure the ecosystem and ensure social safety (Kushwaha et al. 2016). A 

wide range of traditional techniques such as incineration and open combustion, chemical-

coagulation, sedimentation, filtration, disinfection, chemical precipitation, catalytic photo-

degradation, ultrasound-mediated photo-Fenton treatment, oxidation, aerobic degradation, 

ozonation, ion exchange, membrane filtration, and electrochemical methods were used to 

remove profenofos from various environments each with its own set of benefits and 

drawbacks. Therefore, there is an increasing demand for simpler, cleaner, environmentally 

friendly, and commercially sustainable methods to eradicate profenofos and its traces. 

Researchers all over the world are actively developing newer strategies for effectively 

removing pesticide residues (Jatoi et al. 2021). 

1.7.  Adsorptive Removal of Profenofos 

Adsorption is a surface process that occurs when adsorbate aggregates on the 

adsorbent's surface. It is based on the mass transfer of a certain or set of compounds at the 

interface during the interaction of adsorbate and adsorbent. The effect is known as 

physisorption when the nature of the interaction is physical and predominantly dominated 

by weak van der Waals forces, and chemisorption when chemical bonds predominate in the 

interactions (Rashid et al. 2021). Adsorption of a pesticide depends on several variables in 

the adsorptive elimination of pesticides by various adsorbents, such as adsorbent dosage, 

interaction time, temperature, pH of the medium, particle sizes, etc. Pesticide detoxification 

by different adsorbents is often influenced by adsorbent characteristics and also the chemical 

constitution of the adsorbate. Several strategies for pesticide removal from water were 
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presented in the literature (Cosgrove et al. 2019). Van der Waals interactions, electrostatic 

attractions, hydrophobic properties, hydrogen bonding, pi-pi stacking, ion exchange, and 

complexation may occur upon the interaction of adsorbent and the adsorbate. Some of these 

factors trigger the adsorptive removal of hazardous chemicals. The selected pesticide 

profenofos is constituted with the electronegative atoms including bromine, chlorine, 

oxygen, sulfur, and phosphorus atoms that may interact with the adsorbent. Furthermore, 

the coordinative or complexing capacity of oxygen, phosphorus, and sulfur atoms with 

metal-based adsorbent may be involved in its adsorption. 

Exposure to toxic contaminants on the well-being of humans and other organisms 

can lead to the use of a variety of methods to mitigate the harmful effects of pollutants. 

Water contamination is one of the utmost severe environmental problems that has resulted 

in pollution entering freshwater sources or groundwater (Mojiri et al. 2020). Adsorption has 

significant advantages for water treatment, including cost-effectiveness, versatility, easy 

implementation, profitability, reliability, and high sensitivity towards the targeted harmful 

pollutants from aqueous solution while preventing the formation of secondary pollutants. 

Adsorption is becoming more popular in comparison to traditional methods. Adsorption is 

an efficient method for removing anionic, cationic, or organic pollutants from one phase and 

transporting them to the external surface via complexation or ionic exchange. Many 

adsorbents such as activated carbon, clays, resin, and biomass have been reported for the 

removal of agricultural waste and industrial excrements. Because of the reversible nature of 

the adsorption technique, the adsorbents can be reused multiple times by employing the 

proper desorption procedures. Furthermore, adsorbents utilized for pollutant removal 

possess the following properties. It has a low environmental impact, excellent sorption 

capacity, high selectivity for pollutants even at low concentrations, easy elimination of 

adsorbed contaminants, minimal time requirement of adsorption equilibrium attainment, 

and recyclability. Various Adsorbent materials such as activated carbon, zeolites, clay 
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minerals, industry by-products, and biomaterials were routinely used for decades to remove 

various contaminants from aqueous solutions. However, the adsorption effectiveness of 

these traditional materials is insufficient. As a result, the demand for alternative adsorbents 

has risen exponentially (Ponnuchamy et al. 2021). 

1.8.  Nanotechnology-mediated adsorption for the Remediation of Pesticides 

Nanotechnology is a discipline that can help with the remediation of pesticides 

(Dhir, 2021). Nanotechnology is the engineering of atoms and molecules to create structures 

of nanometer-scale measurements (1-100 nm). They can be fabricated in two strategies: (i) 

top-down and (ii) bottom-up. The top-down method involves breaking down bulk materials 

into nanoscale particles. The bottom-up approach engages the accumulation of atoms of the 

bulk materials to construct nanoparticles. As compared to their bulk counterparts, these 

nanoscale particles have distinct physical, chemical, and biological properties. The size, 

structure, and increased surface area of nanoparticles can account for such properties. 

Various categories of nanomaterials, such as nanoparticles, nanotubes, and nanocomposites 

have resulted in extensive studies in this field using a variety of different techniques. 

Especially, metal nanoparticles, bimetallic nanoparticles, and metal oxide nanoparticles are 

the three main types of nanoparticles that have been employed for the detection, 

degradation, and elimination of toxic pesticide residues and attained gained global 

recognition. Nanoparticles of various metals, particularly precious metals such as gold (Au), 

silver (Ag), platinum (Pt), and palladium (Pd) have established widespread applications in 

environmental remedies. Besides these noble metal nanoparticles, other studies have also 

been conducted using other non-precious transition metal nanoparticles such as iron (Fe), 

copper (Cu), and zinc (Zn). The main benefits of these non-precious nanoparticles include 

simple synthetic protocol using relatively low-cost reagents. All these materials compact 

nanoscale size, complexity, large surface-to-volume ratio, lesser flocculent formation, 

physicochemical properties, and high target precision capacity drive highly precise pesticide 
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detection. Numerous nanomaterials have found use in the development of biosensors for 

detecting pesticides in various sample vectors (Jamkhande et al. 2019). In addition to 

detecting pesticides, the overt surface characteristics and surface area of nanoparticles 

perform a key role in pesticide destruction. The redox reactions that occur at the surface of 

nanoparticles play a significant role in the oxidation of toxic pesticides to smaller, less 

volatile organic compounds (Rawtani et al. 2018). 

Nanomaterials including Au nanoparticles, Ag nanoparticles, silica nanoparticles, 

carbon nanotubes, and halloysite nanotubes have been employed to determine the extremely 

low level of pesticide residues. The accuracy and precision of these nanoscale materials for 

pesticide detection were enhanced by various surface changes. The nanocomposite of 

graphene oxide and Au nanoparticles, as well as nanoparticles including iron nanoparticles, 

Fe/Ni nanoparticles, titania nanoparticles, ZnO nanoparticles, and halloysite nanotubes, 

have demonstrated rapid decomposition of diverse pesticides present in water, with 

efficiencies greater than 90 % in all cases (Prasad et al. 2014). Pesticide degradation by 

various nanomaterials is accomplished through photocatalytic activity, dechlorination, and 

catalytic reduction. Adsorption or magnetic separation has been used to eliminate these 

agrochemicals from various matrices using metal oxide nanomaterials, nanocomposites, 

carbon nanotubes, and halloysite nanotubes. The removal efficiencies of ZnO 

nanomaterials and the nanotubes were about 100 %. Enzyme-based biosensors customized 

with various nanomaterials have also demonstrated rapid response, high selectivity, and 

sensitivity, as well as detection limit for several pesticides. The suppression of 

cholinesterases and laccase in the vicinity of pesticides is the strategy behind pesticide 

sensing. Nanotechnology-based materials and biosensors have several benefits over 

traditional approaches, including a large surface area with customizable chemistry, small 

size, great selectivity and sensitivity, and rapid response (Khan et al. 2021). 
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1.7.1.  Iron Nanoparticles  

Iron is the fourth most prevalent metal in Earth's crust and the most ubiquitous 

transitional metal. Extensive applications have been reported by using magnetically active 

nanoparticles. In water treatment, nanoscale Fe(0) and FeO particles are the most broadly 

adopted iron-based magnetically active nanoparticles. Because the nanoparticles display 

super-paramagnetic behavior, magnetic characteristics are only present when they are 

subjected to an external magnetic force (Zhang, 2003). The magnetic features allow for the 

isolation of the material following water treatment, allowing for subsequent recovery and 

reuse. Furthermore, iron nanoparticles are abundant in nature, inexpensive, non-toxic to the 

ecosystem, and have high adsorption capacity due to the productivity of functionalizing or 

covering the interface with other materials such as polymers, graphite oxide, and SiO2. The 

effectiveness of iron nanoparticles in the sorption of organic and inorganic materials from 

contaminated water has been demonstrated. The pathway of pollutant elimination by iron 

nanoparticles will be determined by the oxidation states of iron, which include adsorption, 

electrochemical treatment, and reductive precipitation. Adsorption and precipitate 

formation also arise on the surfaces of iron oxides or hydroxides (Leonel et al. 2021). 

Hydrogen bonding, pi-pi stacking interactions, complex formation, electrostatic attraction, 

chemical adsorption, and ion exchange are all part of the adsorption mechanism. The 

interactions are caused by the surface -OH groups and surface ionization of FeO. 

Physisorption and chemisorption of iron oxide nanoparticles were observed for the 

elimination of contaminants from water and wastewater, including pilot projects (Yan et al. 

2013). 

1.7.2.  Zero-Valent Iron Nanoparticles 

Because of the enhanced specific surface area and the potential nanoscale effects, 

Fe(0) nanoparticles have been demonstrated to be more reactive than traditional iron powder 
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and filings. One of the most often used metals to remediate harmful contaminants from 

wastewater and the recovery of polluted soil and groundwater is Fe(0) nanoparticles 

(Pasinszki and Krebsz, 2020). It possesses several distinguishing characteristics, including 

an extremely small size and a distinct molecular structure. Nanoparticles contain notable 

qualities such as magnetic, optoelectronic, electric, and chemical features, which have 

promoted their widespread use in the treatment of environmental toxins. The chemical 

properties of Fe(0) nanoparticles are influenced by their unusual core-shell structure. The 

core is made of Fe(0) and is surrounded by an iron oxide/hydroxide shell, the thickness of 

which increases as iron oxidation progresses. The Fe(0) nucleus can be converted to Fe2+ 

and Fe3+ and then to FeO, resulting in a chemical reduction of contaminants. Nanoscale 

Fe(0) acts primarily on the deterioration of a broad range of pollutants, such as chlorinated 

organic pollutants and heavy metals, because it is a potent reducing agent (Tang et al. 2021). 

Fe(0) is the finest and most robust for extracting numerous elements including chromium 

(Cr), nickel (Ni), cobalt (Co), copper (Cu), as well as arsenic (As) from wastewater while 

meeting waste-treatment criteria with a 99 % removal rate (Zou et al. 2016). The 

decomposition of the dye crystal violet in sewage water was investigated using a zero-valent 

iron nanomaterial reinforced with kaolin. It was found that nanoparticles were the most 

effective at removing crystal violet by more than 97 %. Zero-valent iron nanoparticles were 

employed in a physical technique to remove nitrate from water (Mukherjee et al. 2016). 

Within 3 h, the iron nanoparticle with an average width of 25 nm with a high specific surface 

area eliminated around 95 % of the nitrate. In general, depending on the reduction potentials 

and extraction conditions, Fe(0) nanoparticles have the potential to treat hazardous metals, 

dyes, phosphates (PO4
3-), and nitrates (NO3

-) from wastewater via adsorption processes, 

photo-degradation, and redox precipitation (Li et al. 2006). 
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1.8.  Eco-friendly Synthesis of Iron Nanoparticles 

Physical and chemical methods are routinely used to produce nanoscale zero-valent 

iron. Each of these processes has drawbacks, including high costs, the creation of flammable 

and toxic gases during the process, and the harshness of the reducing agent (Huber, 2005). 

Rapid aggregation of nanoparticles happens due to van der Waals forces and electrostatic 

attraction, which reduces their surface area per unit volume in general. Organic agents or 

capping agents can be employed to increase inter-particle electrostatic repulsions and 

overcome the aggregation barrier. As a consequence of these constraints, the adoption of 

green technologies for the fabrication of zero-valent iron has risen dramatically (Hasany et 

al. 2012). Green synthesis, as an alternate and eco-friendly method of producing iron 

nanoparticles. Extracts from greener materials were utilized as a reducing agent in these 

processes to reduce trivalent iron to zero-valent iron. This approach has many advantages: 

i) harmless to living creatures ii) Use of non-toxic solvents such as water and natural 

products iii) polyphenols of extract serve as reducing and capping agents to reduce 

aggregation iv) stabilize the Fe(0) nanoparticles and increase the activity of nanoparticles; 

iv) The extract of these compounds as a nutrient supplement increases biodegradation 

(Bolade et al. 2020). The leaves of vine and pomegranate plants, Crataegus pentagyna, oak 

tree, zinger, tea leaves, mint, eucalyptus, mint, and hippophae have all been employed in the 

eco-friendly fabrication of iron nanoparticles. The findings of an investigation revealed that 

the produced nanoparticles differed in shape, structure, and size. Furthermore, nanoparticle 

analysis shows that the iron surface is entirely covered by proteins and polyphenols, which 

prevents nanoparticle oxidation. Furthermore, the nanoparticles are well disseminated in the 

medium and there is no nanoparticle aggregation (Mondal et al. 2020). According to one 

study, the structure and shape of green-synthesized nanoparticles differed from those of 

chemically synthesized nanoparticles. These nanoparticles demonstrated a significant 
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efficiency in terms of removal rate and kinetics. According to the research, each of the green 

nanoparticles generated from different plant extracts varies in size and shape and hence has 

a distinct ability to remove contaminants from landscapes and water bodies (Bolade et al. 

2020). Furthermore, surface sorption and reductive precipitation of pollutants, primarily 

inorganic elements, may occur via the outer layer of iron oxides or hydroxides. Due to the 

formation of oxide or hydroxide layers, the efficiency of iron nanoparticles sometimes 

decreased (Biftu et al. 2020). It can be avoided by the formation of bimetallic nanoparticles 

upon the addition of a second metal (Sharma et al. 2019). As a result, there is a growing 

demand for the development of safe, convenient, environmentally beneficial, and 

economically viable biological pesticide remediation approaches such as microbial 

degradation, biomineralization, enzymatic degradation, bioaccumulation, phytoremediation, 

and biotechnological solutions. Microbes-mediated disintegration has proven to be the most 

potent technique of bioremediation (Adams et al. 2015). 

1.9.  Bioremediation – Microbial Degradation of Profenofos  

Among these remediation strategies, the degradation of profenofos has also emerged 

as a key protocol of the scientific community. Pesticides may be degraded using physical, 

chemical, or biological approaches, with biological methods receiving intensive attention 

(Andreu and Pico, 2004). Bioremediation has the potential to be an efficient and low-cost 

method of cleaning damaged ecosystems and destroying nerve toxins. Bioremediation is a 

technique that uses microbes and plants as natural mediators to detoxify hazardous organic 

and inorganic substances into less dangerous smaller molecules. It is an effective, eco-

friendly, and cost-effective tool for decontaminating polluted environments as well as an 

innovative technology for dealing with a variety of persistent contaminants (Bose et al. 

2021). Microorganisms are employed for the degradation or elimination of organophosphate 
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pollutants in laboratory settings. The degradation speed is faster than chemical-induced 

hydrolysis, which is about 10 times quicker than photo-decomposition (Kumar et al. 2011). 

Organophosphates are mainly degraded by microorganisms by consuming compounds as 

carbon (C), phosphorus (P), nitrogen (N), or as sources of energy. Flavobacterium sp. was 

found as the first bacteria capable of degrading organophosphate pollutants in 1973 (Kumar 

et al. 2018). Likewise, P. aeruginosa extracted from profenofos-polluted soil area in China, 

was observed to degrade profenophos up to 87 % in liquid media within 48 hours. In another 

analysis, different strains of Bacillus subtilis strains extracted from grape origins were found 

to degrade 90 % of profenofos in the vicinity of other carbon sources (Parte et al. 2017). 

Since then, various bacterial and fungal species that can decompose a wide spectrum of 

organophosphate pesticides in liquid cultures, as well as soil environments, have been 

established (Singh and Walker, 2006). Organophosphorus insecticides may be rapidly 

decontaminated by hydrolysis when exposed to the environment, which is significantly 

affected by abiotic and/or biotic processes (Mahajan et al. 2022). Bacterial cultures 

extracted from numerous locations are key environmental entities with the unique ability to 

break down various organophosphorus insecticides for their growth (Verma et al. 2014). 

The biology of organophosphorus compound breakdown by most bacteria appears to be the 

same, with the first step catalyzed by a structurally related enzyme known as organophosphate 

hydrolase or phosphotriesterase (Sarker et al. 2021). The organophosphate hydrolase encoding 

gene was already extracted from regionally and taxonomically diverse organisms (Abdullah 

et al. 2016).  

Pesticide production is increasing and their use is becoming unavoidable as a result 

of urbanization and the world's rapidly rising population. Their prevalent, unregulated, and 

improper use, on the other hand, has resulted in serious challenges to both habitats and living 



21 

things (Edwards, 2013). Although organophosphorus pesticides have shorter environmental 

durability, their metabolites are found in water bodies, soil areas, vegetables, fruits, and 

other food items all over the world. Aside from that, significant amounts of their metabolites 

were discovered in human fluids such as blood, breast milk, and urine. They often play the 

main role in the annihilation of off-target species and the depletion of biodiversity (Tudi et 

al. 2021). Hence, the risk posed by pesticide residues prompted people to consider the safe 

destruction of pesticides in an environmentally benign and cost-effective method, which 

resulted in the advancement of new protocols with safer and more low-cost approaches than 

traditional treatment approaches without environmental damage (Marican and Duran-Lara, 

2018). Adsorption techniques employing iron nanoparticles are very effective, simple to 

operate, and may be used to remove organic and inorganic toxins. It appears extremely likely 

that these kinds of adsorbents will find widespread commercial use in wastewater 

remediation shortly (Ahmed et al. 2021). Further, pesticide-contaminated wastes and areas 

have been treated using biological processes. Several experiments have shown that 

microbial degradation of xenobiotic compounds is beneficial. The bioremediation of toxic 

pesticides provides a primary, environmentally compassionate as well as an efficient remedy 

for the clearance of excessive pesticides for farm soil management, water pollution, or 

contaminated ecosystems. All over the world, a broad range of microorganisms has been 

extracted and recognized with the potential of degrading or eliminating organophosphorus 

pesticides from various fields by using them as C, N, or P or as sources of energy (Kumari 

et al. 2022).  Nevertheless, additional research is compulsory for dynamic field applications 

to diminish their aggregation possibilities and associated health problems (Jiang et al. 2021). 

Motivated by the opportunities and challenges, we have described in this thesis, the 

eco-friendly fabrication and complete characterization of iron nanoparticles. The use of 
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fabricated iron nanoparticles as adsorbent for profenofos pesticide removal was 

demonstrated via the isotherm and kinetic studies and evaluated the maximum adsorption 

capacity of the adsorbent. The plausible mechanism behind the efficient removal of 

profenofos by the adsorbent iron nanoparticles was proposed. Further, the isolation and 

identification of a bacterial culture from profenofos contaminated soil was carried out. The 

bioremediation characteristics of the isolated indigenous bacterium were examined. The 

metabolites derived from profenofos degradation were identified by using GC-MS and a 

probable mechanism has been proposed. Furthermore, the ability of the isolated bacterial 

strain towards the growth of the Vigna mungo plant was evaluated.  
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Aim and Objectives 
 

Aim 

 Remediation of profenofos contaminated soil and aquatic systems by  

nano-adsorbent facilitated removal and microbial degradation of profenofos 

Objectives 

 Green synthesis and characterization of iron nanoparticles from tea waste  

 Green synthesized iron nanoparticles as an efficient adsorbent towards the removal 

of profenofos pesticide from the aquatic environment 

 Isolation, screening, and identification of potential profenofos degrading bacteria 

from pesticide-contaminated agricultural soil 

 Effect of Bacillus subtilis on profenofos degradation and plant growth   
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Chapter II 

Review of Literature 

 

2.1.  Introduction  

Pesticides are one of the crucial components of today's modern agriculture. The use 

of pesticides on a routine basis is widespread in contemporary agriculture to meet the rising 

need for yield and food. Pesticides are used in millions of tons per year all over the world. 

Pesticides' genotoxicity, mutagenicity, and impact on ecosystems are major global concerns. 

When a genotoxic substance has bio-accumulative qualities and enters the ecosystem's food 

chain, it becomes much more deadly. Among all pesticides currently in use, 

organophosphorus insecticides are the most commonly utilized across the globe. 

Organophosphorus pesticides are the most common kind, accounting for 38 % of the global 

market. Because of their broad-spectrum insecticidal effectiveness, chemical stability, high 

efficiency, and low cost, organophosphorus pesticides account for one-third of all pesticides 

used globally. Several insecticides, herbicides, and nerve agents are made from 

organophosphorus esters of phosphoric, phosphoric acid derivatives. Profenofos is one of 

the most widely employed organophosphorus pesticides on crop varieties, vegetables, and 

fruits in the category of organophosphorus pesticides. It has also been designated by WHO 

as a highly hazardous (toxicity class II) pesticide, with a moderate degree of toxic effect 

upon oral and topical application. The use of pesticides on a large scale pollutes the 

environment, including water bodies such as groundwater, surface water, and soil. Water 

samples from agricultural areas, for example, had up to mg per liter of profenofos. As a 

consequence, people and animals are poisoned by the profenofos residues. The mechanism 

of action of pesticides is by targeting enzymes or systems in the pests which may be very 
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similar to enzymes or systems in off-target organisms principally human and hence, they 

pose risks to human health and the environment even at their minute concentrations. The 

strong toxic effects of organophosphates are attributed to their ability to irrevocably inhibit 

the function of acetylcholinesterase in the central and peripheral nervous systems, leading 

to the accumulation of the neurotransmitter acetylcholine in the body and thus causing 

damage to the human nervous system, respiratory system, and cardiovascular system, 

leading to organ failure and eventual death. Hence it is essential to selectively remove the 

existence of pesticides in the environment to concern public safety and establish a precise 

as well as an efficient method for detoxification of pesticide residues to protect the 

ecosystem.   

A brief survey of literature concerning the toxic effects, adsorptive removal, 

detoxification, microbial degradation of pesticides prominently profenofos, and microbial 

mediated plant growth development is represented here. 

2.2. Toxicological Effects of Pesticides 

Habiba et al. determined the presence of profenofos metabolites in raw and 

processed potatoes. One month before harvest, profenofos was applied foliar to potato 

plants. For raw, iced, baked, oven-baked, and fried potatoes as well as potato skins, the 

measured amounts were 11, 0.2, 0.2, 0.2, 0.004, and 0.2 mg/kg, respectively. Profenofos 

residues increased transaminase levels and the ratio was reduced. The activity of acid 

phosphatase increased just slightly. Furthermore, the residues inhibited peroxidase activity 

while inducing polyphenol oxidase activity. They concluded that attention must be paid to 

using this pesticide to reduce the negative impacts of profenofos on living things and also 

environment protection by confining its usage to non-edible crops or regulating its use with 

severe safety intervals (Habiba et al. 1992). 
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Digrak and Kazanici evaluated the influence of organophosphorus insecticides such 

as isofenphos, phorate, and fonofos on various soil microbiota. During incubation, the sum 

of the viable microbial count in the isofenphos treated soil sample was observed to be greater 

than in untreated groups. Furthermore, it was discovered that this procedure did not affect 

the development of the other microbe groups. The insecticides fonofos and phorate were 

shown to have no adverse impact on the growth of soil microbiota (Digrak and Kazanici, 

2001).   

Profenofos and its derivatives have been discovered in a fatal poisoning case by 

Gotoh and co-workers. Flame photometry and gas chromatography identified minimal 

profenofos and a considerable amount of metabolites in blood and urine upon alkylation 

using CH2N2. The metabolites were found to comprise phosphorus atoms. 4-Bromo-2-

chlorophenol was also detected as free or conjugated metabolites in blood and urine using 

an HPLC technique (Gotoh et al. 2001). 

Pehkonen and Zhang reviewed the distribution of organophosphorus insecticides in 

the aquatic systems using hydrolysis, sorption, oxidation, and photochemical 

decomposition. Furthermore, they addressed the breakdown products of organophosphorus 

pesticides and their toxic nature to the ecosystem (Pehkonen and Zhang, 2002). 

Using two cholinesterase inhibiting organophosphate pesticides, fenamiphos, and 

profenofos, McDaniel and Katherine investigated the connection between cholinesterase 

inhibition and neurobehavioral alterations. Interestingly, fenamiphos elicited substantial 

neurobehavioral symptoms but not profenofos. Both pesticides reduced blood 

cholinesterase up to 98 % after a single oral dose, although total brain cholinesterase was 

only affected by 14 % at the highest levels. Fenamiphos has dose-dependent effects on a 

variety of behavioral tests. Despite having a comparable inhibition property, profenofos did 

not affect behavior (McDaniel and Moser, 2004). 
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Radwan's team investigated the residual effects of profenofos on some vegetables, 

as well as its clearance employing different washing solutions and domestic treatment. To 

investigate the concentration and rate of dissipation of profenofos in fruit samples after 

application, it was sprinkled on grown eggplant and pepper at the prescribed rate, and 

samples were analyzed for two weeks following application. The influence of several 

washing solutions, as well as some domestic processing on the elimination of deposits from 

pre-treated vegetables, was also tested. GC was used to measure profenofos metabolites. 

The findings demonstrate that the consumption safety period for sweet pepper fruits was 10 

days and 14 days for hot pepper and eggplant fruits. Furthermore, the results showed that 

tap water, KMnO4, and CH3COOH solution removed a high percentage of pesticide traces 

out of the fruits, however, no evident fragments were identified in eggplant following 

cleaning with soap and CH3COOH solutions. Overall, the investigated washing methods 

removed more profenofos metabolites out of the eggplant fruit than the other pepper fruits. 

Frying and blanching the fruits caused the complete removal of accumulated profenofos. 

Furthermore, after one week and two weeks, the pickling procedure eliminated 93 and 96 

% of the hot pepper fruit, respectively (Radwan et al. 2005). 

Individual enantiomers of three organophosphorus pesticides namely profenofos, 

fonofos, and crotoxyphos were isolated and tested for enantio-selectivity in 

acetylcholinesterase inhibition by Nillos et al. The enantiomers and racemates inhibited 

acetylcholinesterase in the aquatic invertebrates in vivo, as well as in vitro using electric eels 

and human recombinant acetylcholine esterase. Overall, the results revealed that 

acetylcholineesterase enzymes from various species had varying degrees of sensitivity, as 

well as varying degrees of enantio-selectivity in enzyme inhibition. The inversion of 

enantio-selectivity between the in vivo and in vitro experiments shows that enantio-

selectivity occurs during toxico-dynamic processes such absorption, biotransformation, or 

elimination. The results of this work show that acetylcholineesterase inhibition of chiral 
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organophosphorus pesticides in non-target species is enantioselective, implying that 

enantiomers should be considered separately when assessing the environmental danger of 

these chiral pesticides (Nillos et al. 2007). 

Abass and colleagues investigated profenofos biotransformations in vitro. After 

incubating profenofos into human liver homogenates and other mammalian liver 

microsomes, LC-MS revealed the formation of desthiopropylprofenofos and 

hydroxyprofenofos metabolites. Based on intrinsic clearance, the order of 

desthiopropylprofenofos production in liver microsomes has been rat < human < mouse, 

whereas hydroxylation of profenofos, the order has been human < rat < mouse. The liver 

microsomes from humans have been the most effective with profenofos bioactivation based 

on the ratio of intrinsic desthiopropylation and hydroxylation clearance rates. The 

interspecies differences, as well as inter-individual variance, have been found within the 

limit of the chemical risk assessment's default uncertainty/safety parameters. Profenofos is 

substantially degraded by liver microsomal cytochrome P450 enzymes, and it has a high 

interaction potential with a variety of cytochrome P450 activities (Abass et al.  2007). 

Reddy and Rao investigated the toxic effect, morphological changes, and 

histopathological implications of profenofos on the Eisenia foetida earthworm. 

Morphological and histopathological examinations revealed body fissures, bloody blisters, 

and internal overgrowth of glandular cell mass, as well as the destruction of circular and 

longitudinal muscles, that failed to balance inner coelomic pressure, resulting in earthworm 

fragmentation. Acetylcholinesterase activity was used to assess profenofos neurotoxic 

propensity. Morphological changes and histopathological impacts, in addition to 

acetylcholinesterase inhibition, should be evaluated to determine profenofos exposure in the 

soil environment (Reddy and Rao, 2008).   
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He et al. investigated the environmental functioning of 40 % profenofos in paddy 

field scenarios. After applying 40% profenofos EC at 900 g ai/ha, the early profenofos 

accumulation over paddy plants, soil, and water have been reported to be 33, 0.2, and 

3.9 mg/kg, respectively. The half-lives of the pesticide on the targets reached 5, 4, and 

3 days, respectively. The quantity and regularity of application had a substantial effect on 

profenofos residue levels on rice straw, ground, and rice grain. The results obtained may aid 

in recommending the appropriate dose and calculating the safety duration of profenofos 

application (He et al. 2010). 

Kushwaha’s research group chronicled the structure, dissemination in the 

ecosystem, uses, mechanism of acetylcholinesterase inhibition, toxicity, and bioremediation 

of profenofos pesticide (Kushwaha et al.  2016). 

A review of the numerous types of organophosphate pesticides, their environmental 

consequences, analytical methodologies for quantification, and environmentally friendly 

biodegradation approaches to ensure successful bioremediation has been documented by 

Sidhu's research group (Sidhu et al.  2019). 

Hassaan and El Nemr presented an overview of pesticide definitions, categorization, 

toxicity, variables impacting toxicity, persistence in the water as well as other environments, 

human health implications, and detection, disposal, and treatment procedures. The analytical 

techniques employed to evaluate the extremely low concentrations of pesticides and the 

separation techniques utilized for pesticides examination have been described. Further 

alternative methodologies for the detection of pesticide remnants and other highly 

dangerous contaminants have been suggested (Hassaan and El Nemr, 2020). 

Elliott and Zhang focused on the methods of fabrication, characterization, and 

utilization of iron nanoparticles for the remediation of both organic and inorganic pollutants. 
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Key challenges connected to field applications, such as fate, transportation, and potential 

ecological consequences, were also investigated (Li et al. 2006). 

Hoag's research group described an ecofriendly single-step fabrication of iron 

nanoparticles employing tea polyphenols that does not require any extra additives as 

encapsulating /reducing agents. At room temperature, the rapid interaction between 

Camellia sinensis polyphenols and ferric nitrate happens within a few minutes and is 

evidenced by color shifts from light yellow to dark black in the generation of iron 

nanoparticles. TEM, UV-vis, and XRD were used to evaluate the synthesized iron 

nanoparticles. The nanoparticles were used to catalyze H2O2 for the treatment of organic 

pollution, and the findings were matched to those obtained with Fe-EDTA / Fe-EDDS 

complexes (Hoag et al. 2009). 

2.3.      Adsorptive Removal of Pesticides by Nanomaterials 

Ahmad et al. reviewed the usage of several inexpensive adsorbents for pesticide 

removal from various water sources. Pesticides emerge as pollutants in water sources, 

creating negative effects on human health due to their harmfulness, genotoxicity, 

carcinogenicity, or generating aesthetic issues including odor and taste sensitivity. The 

pesticide contaminants can be effectively removed by a variety of inexpensive adsorbents 

that exhibited excellent pesticide removal capabilities. A variety of parameters influence the 

adsorption process, including pH, contact time, temperature, dosage and particle size of 

adsorbent, stirring speed, as well as the ionic intensity of solution. In general, increasing the 

dose of adsorbent, contact time, and agitation speed increase the % adsorption. Information 

about adsorption using carbon-based materials is copious because a wide range of 

adsorbents have been accessible and are associated with many methods. However, 

commercial activated carbon, powdered activated carbon, and granular activated carbon are 
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the more prevalent adsorbents used in the typical laboratory and engineering columns for 

water and wastewater management (Ahmad et al. 2010). 

Kushwaha and co-workers investigated the adsorption of two organophosphate 

insecticides, monocrotophos, and chlorpyrifos, over acid-treated palm shell powder 

adsorbent made from agro-waste. Adsorption was examined in terms of adsorbent dose, 

incubation time, as well as concentration and subjected with the Freundlich and Langmuir 

isotherms. The adsorbent's monolayer adsorption capabilities for monocrotophos and 

chlorpyrifos were 53 and 51 mg/g, respectively. The estimated thermodynamic 

characteristics demonstrated that adsorption of monocrotophos on the adsorbent was 

spontaneous, feasible, and exothermic under the tested conditions, but chlorpyrifos showed 

no discernible temperature change. To explain the kinetic data and evaluate rate constants, 

the pseudo-first, pseudo-second, and intra-particle diffusion kinetic systems have been 

employed. The findings of this study suggested that acid-treated palm shell powder 

adsorbent might be used as an inexpensive adsorbent for the elimination of chlorpyrifos and 

monocrotophos from wastewater and agricultural runoff water (Kushwaha et al.  2011). 

Shahwan and co-workers used green tea leaf extracts to fabricate iron nanoparticles 

for the elimination of methylene blue and methyl orange dyes. FT-IR, SEM, TEM, XPS, 

PXRD, XPS as well as DLS techniques were used to characterize the materials, which were 

found to contain primarily FeO and FeO(OH). The nanomaterials have been used as Fenton-

like catalysts to decolorize the selected solutions. The associated investigations focused on 

the elimination kinetics as well as the impact of concentration of both dyes. UV–vis 

spectroscopy was used to measure the amounts of dyes in the aqueous phase. The results 

showed that the dyes were quickly removed, with kinetic data for methylene blue 

followed second order and for methyl orange, it was first order. The loading studies revealed 
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that both dyes were almost completely removed from the water on a wide range of 

concentrations (Shahwan et al.  2011). 

Valickova's research team has performed the removal of some hazardous pesticides 

namely pentachlorobenzene, heptachlor, hexachlorobenzene, hexachlorobutadiene, and 

lindane. The pesticides' adsorption on granular activated carbon, zeolite, and activated 

sludge was examined. The influence of interaction time upon the removal efficacy of the 

adsorbents was explored. The adsorption efficiency order was determined to be activated 

sludge > zeolite granular activated carbon (Valickova et al. 2013). 

Huang's research team used oolong tea extract to create iron nanoparticles. 

EDS, SEM, PXRD, UV-vis, and FT-IR techniques were used to confirm their morphology, 

structure, and size. Iron nanoparticles are usually spherical, with sizes varying from 40-50 

nm. The degradation of malachite green with green iron nanoparticles indicated that the 

kinetics suited well with the pseudo-first-order mechanism by eliminating 76 % of the 

malachite green. Their research also revealed that iron nanoparticles have the potential to 

be used as a green adsorbent for environmental clean-up (Huang et al. 2014). 

A polymer-based approach was used by Dehaghi and colleagues to synthesize 

chitosan-based ZnO nanoparticles composite beads for adsorption applications to pesticide 

pollution remediation. SEM, PXRD, and FT-IR techniques were employed to characterize 

the fabricated adsorbent. The optimal parameters for pesticide adsorption by the adsorbent 

were examined, including adsorbent dose, agitation time, beginning pesticide concentration, 

and pH. 0.5 g of the bio-nano composite removed the complete pesticide from permethrin 

solution at ambient temperature and neutral pH. The adsorbent's application for pesticide 

elimination was then investigated in the column. The column was entirely regenerated with 

0.1 M NaOH solution before being employed for adsorption. With 56 % regeneration after 
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three cycles, chitosan-based ZnO nanoparticles appear to be a potentially potential platform 

in water treatment applications (Dehaghi et al. 2014). 

Iron nanoparticles are frequently manufactured using sodium borohydride with 

agglomeration, which is an expensive and environmentally hazardous technique. Huang et 

al. generated iron nanoparticles employing eco-friendly techniques using various extracts 

of green, oolong, and black teas, to address these difficulties. Green tea extracts were the 

best method for disintegrating malachite green because they include a great amount of 

caffeine and/or polyphenols, which can react as reducing and capping chemicals in the 

creation of iron nanoparticles. SEM, UV-vis, and BET surface area methods have been 

employed to corroborate these features. The iron nanoparticles generated were studied by 

SEM, EDS, and PXRD to better understand the production of iron nanoparticles using 

various tea extracts. Tea extracts produced diverse sizes and quantities of iron nanoparticles, 

resulting in distinct decompositions of malachite green. Furthermore, the kinetics of 

malachite green degradation exploiting these iron nanoparticles consistent with the pseudo-

first-order reaction with 20 kJ/mol activation energy, indicating a chemical diffusion-

controlled process. Adsorption of the dye to iron nanoparticles, iron oxidation, and cleavage 

of the bond connected to the benzene ring was all part of the decomposition processes using 

these iron nanoparticles (Huang et al.  2014). 

Fairooz et al. investigated the potential of pomegranate peel to adsorb two 

insecticides, lambda-cyhalothrin, and diazinon, from aqueous solutions. The samples' 

equilibrium contact time was determined. The effect of several parameters on the adsorption 

process, as represented by the acidity function, was also investigated. It was determined that 

the most effective adsorption occurs at acidic pH. The impact of the various temperatures 

was also investigated. The amount of pesticide adsorption decreases as temperature rises, 
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indicating that the adsorption mechanism is exothermic. Finally, the adsorption follows the 

Freundlich model for adsorption (Fairooz et al. 2015). 

Smedt and coworkers explored the elimination of mobile insecticides from an 

aqueous medium using various zeolites. Investigations have been performed to better 

comprehend the adsorption pathway of different pesticides onto zeolites and to identify the 

most effective adsorbent for the cleansing of pesticide-contaminated water. Imidacloprid, 

isoproturon, and metalaxyl-m, which are more immobile pesticides, tend to combine with 

the zeolites, but bentazon and clopyralid, which are more mobile pesticides, dispersed in 

water. As per the adsorption %, zeolite produced the greatest performance for pesticide 

adsorption. Pseudo-first order and pseudo-second-order systems were used to analyze the 

adsorption kinetics. The pseudo-second-order reaction best described the experimental data. 

The adsorption rate was likewise proportional to pesticide mobility. The Freundlich model, 

which represents this type of isotherm, provided a strong fit for pesticide adsorption. The 

findings concluded the adsorption process depends on the particle size of the zeolites, water 

adsorption, and crystal structural alterations (De Smedt et al. 2015). 

Using a batch approach, the organophosphate insecticide dimethoate has been 

adsorbed into Au nanospheres and nanorods in water. UV-vis, TEM, AFM, and FT-IR 

analyses were used to confirm dimethoate adsorption into gold nanoparticles. Nanosphere 

adsorption resulted in agglomeration, however, nanorod adsorption did not. The adsorption 

characteristics of nanomaterials were studied using the Freundlich and Langmuir models. 

The Langmuir isotherm provided the best fit to equilibrium data for both types of 

adsorbents. Nanospheres have an adsorption capacity of roughly 450 mg/g, while nanorods 

have a capacity of around 55 mg/g. Furthermore, nanomaterials were proven to be more 

efficient than nanorods at removing dimethoate from contaminated drinking water (Momic 

et al.  2016). 
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Zhao's research team provided an update on the most recent developments in stable 

zero-valent iron nanoparticles for diverse environmental remediation. Stabilizers that are 

often used are compared, and the stabilizing mechanisms are addressed. The effectiveness 

and limitations of the in situ remediation technique based on zero-valent iron nanoparticles 

are summarized. Because of their high specific surface area and great reducing power, 

freshly fabricated zero-valent iron nanoparticles are extremely reactive. The 

conventional borohydride procedure for generating zero-valent iron nanoparticles has been 

continuously upgraded by the addition of various stabilizing agents or surface modifiers to 

produce the most stable and soil implementable Fe(0) nanomaterials to eliminate various 

contaminants in soil and water. While most studies have concentrated on evaluating Fe(0) 

nanomaterials for water purification, the greater efficacy or benefit of Fe(0) nanomaterials 

seems to be in situ remediations of polluted surface and groundwater by directly delivering 

stable zero-valent iron nanoparticles to polluted subsurface, as proposed from the 

commencement. In comparison to traditional remediation procedures, the in situ 

treatment technique employing stable zero-valent iron nanoparticles has some distinct 

advantages. They also identified significant information gaps and research priorities, such 

as interactions between supplied Fe(0) nanomaterials and local biogeochemical conditions 

(Zhao et al.  2016). 

 The Bimetallic iron/nickel nanomaterials have been produced by Mansouriieh et al. 

and used to eliminate the organophosphorus insecticide profenofos from water. SEM, EDS, 

PXRD, and FT-IR were used to characterize these new bimetallic adsorbent nanoparticles. 

Adsorption was examined using the parameters of initial concentration of pesticide, pH, 

adsorbent dose, temperature, and incubation time. The adsorbent was highly efficient for 

adsorption of profenofos, and equilibrium was reached within 8 minutes. The equilibrium 

was determined using the Langmuir, Freundlich, as well as Temkin isotherm systems. The 

Langmuir model fits the experimental data well. To assess absorption kinetics, pseudo-firs, 
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pseudo-second, and intra-particle diffusion systems have been examined. The best 

relationship with the results was provided by the pseudo-second-order model. The 

thermodynamic characteristics of Gibb's free energy (ΔG), entropy (ΔS), and enthalpy (ΔH) 

were also analyzed for the adsorption process. According to the thermodynamic parameters, 

profenofos adsorption utilizing iron/nickel nanoparticles is a spontaneous and endothermic 

process. The activation energy value validates the nature of profenofos chemisorption onto 

iron/nickel adsorbent (Mansouriieh et al.  2016). 

Sahithya et al. focused on the adsorption-based removal of an organophosphate 

insecticide, monocrotophos by montmorillonite-CuO biopolymer composites varied with 

chitosan, polylactic acid, and gum ghatti. The solution pH, incubation time, temperature, 

initial adsorbate concentration, and adsorbent dosage were all modulated in optimization 

trials. Equilibrium and kinetic tests demonstrated heterogeneous and physical methods of 

adsorption with a capacity of 212 mg/g. This was validated further by SEM analysis. The 

Boyd plot and intra-particle diffusion revealed that diffusion may not be the only rate-

limiting process. Thermodynamic investigations validated the spontaneous and endothermic 

nature of adsorptive removal. FT-IR studies revealed that –NH2 as well as -COOH groups 

operated a significant role in monocrotophos adsorption. The presence of carbon atoms, 

CuO nanoparticles, and Si, was confirmed by EDX analysis. AFM examination verified the 

homogeneous dispersion of CuO nanoparticles on the surface of adsorbent with polylactic 

acid, validating the potential of the adsorbents for monocrotophos remediation in aquatic 

environments (Sahithya et al.  2016). 

Iron nanomaterials have been generated from Rosa damascene, Thymus vulgaris, 

and Urtica dioica plant extracts by Fazlzadeh’s research group. The FT-IR results revealed 

that polyphenols and some organic components reacted as reducing/capping agents towards 

the generation of iron nanoparticles and minimize the likelihood of iron nanoparticle 
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aggregation when compared to chemical techniques of iron nanoparticle fabrication. The 

amount and type of chemicals in plant extracts have an effect on the structure and 

aggregation of iron nanoparticles following adsorption. According to the findings, the 

maximum removal effectiveness occurred at acidic pH. The % removal increases with 

increasing contact duration and dose. Inversely, increasing the initial concentration of 

adsorbate chromium reduces the contaminant's removal efficacy. The nanomaterials 

possess a greater adsorption efficiency. As a result, with a concentration of 0.2 g/L and an 

interaction period of 10 minutes, the iron nanoparticles removed more than 90% of the iron 

(Fazlzadeh et al. 2017). 

The green fabrication of iron nanoparticles was accomplished by Gottimukkala and 

colleagues employing an environmentally friendly plant extract. At normal temperature, the 

extract from the leaves of Camellia sinensis was found to be capable of reducing Fe ions 

into Fe nanoparticles. The goal of this research is to create iron nanoparticles utilizing 

leaf extract in an environmentally friendly and sustainable manner. SEM and FT-IR 

analyses were used to characterize the produced Fe nanoparticles. The Fe nanoparticles can 

be fabricated using the leaf extract of Camellia sinensis as a reducing agent for 

environmental remediation (Gottimukkala et al. 2017). 

Nanomaterials have now been widely researched in the elimination of a diverse 

range of contaminants such as pesticides, heavy metal ions, and dyes from wastewater. 

Silva's research team investigated the potential of nanoparticles as efficient adsorbents for 

wastewater remediation. Numerous innovative nano-adsorbents were developed in recent 

years to improve the efficacy and adsorption capabilities of eliminating pollutants from 

wastewater. The invention, innovation, and problems of low cost and environmentally 

compatible nanomaterials for water remediation are explored and reviewed. This review 

indicates that nanoparticles have several distinct morphological and structural features that 
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qualify them for usage as effective adsorbents to address a variety of environmental issues 

(Silva et al.  2017). 

Eco-friendly fabrication of metal nanoparticles is a technology that reduces the 

production of byproducts, harsh chemicals, and hazardous solvents, among other things, 

which have harmful effects on not only the ecosystem as well as on public health. The 

capacity of tea waste extracts to act as novel reducing agents for the green production of 

iron nanoparticles was investigated by Gautam et al. The average particle size of the 

adsorbent generated from tea waste was 99 nm, according to SEM analysis. The existence 

of distinct functional groups accountable for the adsorption of phenol red was revealed by 

the FT-IR study of adsorbents from tea waste. The kinetics of adsorption of phenol red on 

the adsorbent from tea waste were examined in terms of initial adsorbate concentration, 

various pH, adsorbent doses, and temperature. The results demonstrate that raising the initial 

concentration of the phenol red dye and temperature lowered PR adsorption. In comparison 

to acidic and alkaline pH, the most favorable elimination of PR was accomplished at pH 8.0 

(95 %). In comparison to the Freundlich isotherm model, the adsorption equilibrium data 

have been found to have a vest fitted with the Langmuir model. The results show that the 

pseudo-second-order kinetic system accurately describes the kinetic data. The particle size 

of adsorbent from tea waste was determined by the Zeta nanosizer to be in the range of 30–

190 nm. With increasing phenol red starting concentration at pH 8, the adsorption efficiency 

of phenol red on adsorbent from tea waste increased significantly from 48 to 218 mg/g. The 

adsorption capability of the metal nanoparticles from tea waste towards is improved by 

waste tea extract. The removal effectiveness of phenol red with adsorbent from tea waste 

was found to be greater than that of chemically produced iron nanoparticles (Gautam et al.  

2018). 
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The removal of cyanazine from tailored iron nanoparticles is reported by Ali and 

colleagues. The nano-adsorbent was generated using an environmentally benign process and 

functionalized with 1-butyl-3-methyl imidazolinium bromide. The adsorbent particles were 

studied using a variety of techniques, including UV-vis, FT-IR, PXRD, SEM, and TEM. 

The amount of cyanazine that remained in the water was determined using the HPLC 

technique. The batch experiments were conducted by varying parameters adsorbent 

concentration, interaction time, pH, adsorbent dosage, and temperature. Four distinct 

isotherms were used to analyze the experimentation results. These observations indicate that 

the elimination process is rapid and exothermic. The removal was carried out via a pseudo-

first-order kinetic model and liquid-film diffusion method. Because it was acceptable in 

most circumstances involving water resources, the removal approach was rapid, eco-

friendly, and inexpensive. The procedure can be used to remove cyanazine from various 

bodies of water (Ali et al. 2018). 

Singhal and Lind have demonstrated a new approach for the one-step fabrication of 

cysteine-appended silver nanoparticles. Several techniques were used to characterize the 

particles, including UV-vis, FT-IR, PXRD, SEM, and TEM. These nanoparticles have been 

tested for their ability to adsorb two important water pollutant pesticides, chlorpyrifos and 

malathion (Singhal and Lind, 2018). 

Dalal and co-workers demonstrated a biogenic material encapsulated with Fe 

nanomaterials via an eco-friendly approach in which biomass acts as both a reductant as 

well as capping agent. Fe nanomaterials contained in Citrus limetta skins have been 

evaluated using ICP-MS to determine metal loading, XRD, XPS to determine crystalline 

nature and redox states, TEM, and SEM-EDX to determine particle morphology and size. 

Nanoparticle sizes were determined to be in the 4–70 nm range. Batch tests have been 

carried out to investigate the impact of various factors including incubation period, 
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biomaterial quantity, and Cr solution volume for 2500 mg/ L. For that concentration, an 

interaction time of 5 minutes with 1.5 g of adsorbent resulted in a complete decrease. 

According to the results of the experiments, 1 g of adsorbent entirely converted 33 mg of 

Cr6+ to Cr3+. XRD demonstrated that the Fe nanomaterials are amorphous, and XPS 

confirmed the zero-valent state. The conversion of zero-valent to iron (II)/iron (III) during 

chromium solution treatment verifies the conversion of Cr6+ to Cr3+ (Dalal and Reddy, 

2019). 

The main consequence of natural organic compounds in water is that they react with 

disinfectants, producing disinfectant-based by-products that are mostly cancerous. 

Rashtbari et al. investigated the best conditions for removing humic acid from aqueous 

solutions using zeolite loaded with iron nanoparticles. Various approaches were used to 

analyze the structural morphology of the manufactured adsorbent. Adsorbate concentration, 

composite composition, pH, and incubation time were all tested. The Langmuir and 

Freundlich isotherm models, as well as pseudo-first and second-order kinetic systems, have 

been employed to assess the experimental results. The thermal properties were then 

computed. The test findings confirmed the composite structure's correctness. It had a 

definite surface area of around 200 m2/g when estimated using the BET technique. In the 

ideal conditions of 50 mg/L dosages of humic acid, 2 g/L adsorbent dose, acidic pH (3), and 

reaction duration of one hour, the adsorbate removal efficiency was 93 %. The isotherm and 

kinetic studies revealed that the adsorption route matches the Langmuir model and pseudo-

second-order kinetics. The Langmuir model determined the composite's maximal adsorption 

capacity to be 23 mg/g. Thermodynamic factors show that HA adsorption is endothermic 

and cannot occur spontaneously. After five recyclings, the zeolite tethered iron 

nanocomposite demonstrated a high removal efficiency (Rashtbari et al.  2020). 
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Bisphenol A in the aquatic systems is toxic to living things. Bisphenol A, even in 

tiny amounts, has been linked to heart disease, type II diabetes, and altered liver enzymes. 

Chitosan immobilized zero-valent iron nanoparticles were produced and employed as an 

adsorbent for effective Bisphenol A removal by Dehghani’s research group. Because the 

efficacy of Bisphenol A removal is affected by independent process variables such as 

chitosan dose, initial Bisphenol A concentration, pH, and contact time, studies were carried 

out methodically. The experimental matrix is created using response surface methodology 

to evaluate the interaction impact of independent variables. Using differential evolution 

optimization, the isothermal and kinetic model coefficients are determined, and these values 

better characterize adsorption behavior. The batch adsorption tests revealed that the 

adsorption of Bisphenol A on the adsorbent follows pseudo-first-order kinetic models. As 

per the Langmuir isotherm model, the highest amount of Bisphenol A adsorption has been 

65 mg/g. The renewability experiments show that the synthesized adsorbent may be 

employed for up to three cycles with a removal effectiveness of more than 50%. The 

thermodynamic studies revealed a process of spontaneous adsorption. Coexisting ions 

inhibited Bisphenol A adsorption in the following order: manganese > calcium > 

magnesium > iron for cations; and sulphate > nitrate > chloride for anions. The removal 

effectiveness of Bisphenol A from genuine pharmaceutical wastewater is 94 % for an ideal 

initial adsorbate dose of 6 mg/L, an adsorbent concentration of 1.5 g/L, a solution pH of 3, 

and an adsorption duration of 1 h, but it is 95 % for synthetic wastewater (Dehghani et al.  

2020). 

Silveira's research group employed a green synthesis approach to infusing the 

surface area of palm coconut-based activated carbon with nanomaterials of iron compounds 

made from leaf extracts of Moringa oleifera and pomegranate and then tested its adsorption 

ability for sodium diclofenac. The zeta potential, XRD, BET technique, TEM, and SEM 

coupled to X-ray and EDX methods were used to describe the adsorbent material. The effect 
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of pH, kinetics, adsorption isotherm, and thermal characteristics on the adsorption efficiency 

of sodium diclofenac was investigated. The impregnated adsorbents were effective in the 

adsorption of sodium diclofenac. The pseudo-second-order system ideally fit the 

equilibrium data, and the Langmuir model was the equilibrium model. In terms of the 

thermodynamic investigation, it was established that the adsorption of all adsorbents occurs 

spontaneously. The adsorption mechanism was endothermic and physisorption in nature. As 

a result, this approach is promising since, when compared to chemical methods for 

nanoparticle creation, it is a cleaner and non-toxic technique (Silveira et al.  2020).  

Green iron oxide nanoparticles were synthesized by de Souza's study team using a 

Fe salt and Camellia sinensis black tea extract, and they have been tethered on NH2-

group mesoporous silica. The multicomponent composite was evaluated and used in the 

adsorption of methyl orange, an anionic azo dye. According to the findings, a multi-

component composite is 3-11 times more potent than other individual 

adsorbents.  Adsorption criteria including adsorbent concentration, starting dye dose, pH, 

and interaction period have been tested for multicomponent composites, and the adsorption 

efficiency of 105 mg/ g at 298 K has been obtained at equilibrium. When the multi-

component composite is positively charged, zeta potential measurements revealed a 

preferred electrostatic attraction with the oppositely charged dye at acidic pH. Kinetic 

studies revealed that reaction-controlled adsorption is characterized by a pseudo-first-order 

model. Several adsorption isotherms models were used to fit the data at equilibrium. 

Freundlich and Temkin's isotherms were found to be the most appropriate for describing the 

prepared material, implying adsorption occurred at heterogeneous surfaces with several 

locations of adsorbent, including protonated –NH2 moiety and iron oxide nanoparticles, in 

addition to the tea polyphenols, which furnished multiple spots of adsorption via pi-

pi stacking among the benzene rings of the dyes (de Souza et al. 2021).  
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With the destruction of the water sources and the depletion of drinkable water 

reserves, wastewater recycling and reuse have become essential. The wastewater 

released into the natural surroundings contains a wide range of pollutants that have 

detrimental long-term impacts, particularly in poor countries. Pesticides are one of the 

major pollutants found in high concentrations of influents and effluents from urban, 

industrial, and farm drainage waters. Traditional treatment procedures are accompanied by 

extreme expenses, increased energy use, and the development of harmful byproducts. It is 

required to develop and implement new pesticide removal processes that are less expensive, 

quicker, more tolerable, and safer for the environment. When compared to traditional 

technologies, wastewater treatment utilizing nanotechnology offers numerous advantages, 

including reduced energy and material use. Gacem et al. demonstrated various techniques 

for pesticide adsorption and degradation using nanomaterials. The limit of detection and 

degradation mechanisms were also explored (Gacem et al.  2021). 

The Hazrin research group investigated the adsorption and kinetic behaviors of 2,4- 

dichlorophenoxyacetic acid over activated carbon derived from oil palm. The impacts of 

solution pH, time, temperature, and initial adsorbate concentration were studied using batch 

adsorption. The maximum elimination efficacy has been observed at pH 2 owing to the lack 

of electrostatic repulsive interaction among the adsorbate and adsorbent, as evidenced by 

the adsorbate's zero point charge of 4.8 and a pKa of 2.7. The non-linear form of Langmuir 

isotherm fits with equilibrium data at 25-45 °C and acidic pH (2) better than the non-linear 

Freundlich isotherm. The maximal adsorption capacity of a Langmuir monolayer was 

determined to be 420 mg/g, which is amongst the greatest values described for 

other activated carbon adsorbents employed for 2,4-dichlorophenoxyacetic 

acid removal.  Adsorption kinetic data have been better correlated with pseudo-second-order 

than pseudo-first-order kinetics, representing that chemical adsorption is most prevalent 

than physical adsorption. The adsorbent's high adsorption absorption of 2,4-
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dichlorophenoxyacetic acid underlines its capability as a credible substitute to commercial 

activated carbon, predominantly for standard to bulk-scale 2,4-dichlorophenoxyacetic acid 

detoxification of wastewater (Hazrin et al. 2021).  

Pesticide use has escalated even more than twice during the last four decades. As a 

result, insecticides and their breakdown products are rapidly contaminating waterways. 

Organochlorine pesticides, for example, are considered the most dangerous due to their 

extended half-lives in the ecosystem (up to 15 years) and bioaccumulation. This is a severe 

health issue that necessitates sophisticated water cleaning methods such as adsorption using 

activated carbon, but present approaches are limited by the expense, low recyclability, and 

discharge of current adsorbents. Ponnuchamy and his colleagues evaluated the adsorbents 

constructed from various materials for pesticide adsorption. Because of their high carbon 

content, biochars generated from plant sources have maximum adsorption capabilities of up 

to 900 mg/g. Field application strategies and post-treatment of used adsorbents are described 

(Ponnuchamy et al. 2021). 

The harmful effects of insecticide residues in the aquatic environment are a major 

concern that must be addressed. Kodali et al. demonstrated the adsorption mediated removal 

of an organophosphorus insecticide monocrotophos using an activated coconut charcoal 

adsorbent. With a significant Langmuir adsorption capability of 104 mg/g, this adsorbent 

demonstrated good authority to eliminate monocrotophos from water at neutral pH. By LC-

MS spectrometry, the residual pesticide amounts in an aqueous solution after adsorption 

were determined. This super adsorbent demonstrated its ability to eliminate monocrotophos 

in farm water samples from agricultural soils (Kodali et al.  2021). 

Green synthetic methodologies for nanomaterials have attracted a lot of attention in 

recent times because they address the sustainability challenges that conventional synthesis 

methods face. Recent works of literature, however, do not give a clear view of bioactive 
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nanomaterials. Ahmed's research team, on the other hand, clarified the previous 

discrepancies by giving insight into the stability and toxic effects of nanomaterials, vitally 

evaluating the diverse biological entities and solvents needed for fabrication, shedding light 

on the effects that influence biosynthesis, and highlighting the applicability of nanoparticles 

across diverse fields. Despite the benefits of eco-friendly synthesis, existing practices face 

challenges such as proper and secure solvent choice, process variables that impact the 

method for the synthesis, nanomaterial toxicity, large-scale production, nanoparticle 

morphology control, time-consuming maintenance, and knowledge deficits. As a result, the 

green production of nanomaterials is mostly confined to the laboratory. Nonetheless, the 

resulting nanoparticles' biodegradability, biocompatibility, and sensitivity have broader 

implications in evolutionary biology, environmental cleanup, and consumer sectors. Future 

studies should focus on understanding the mechanics of the synthesis methods, uncovering 

more chemical and biochemical entities that could be used in synthesis, developing the 

feasibility of eco-friendly synthesis at the industrial level, and optimizing the parameters 

influencing the synthesis process (Ahmed et al. 2022). 

2.4.  Isolation and Identification of Pesticide Degrading Microbes  

Ethion, an organophosphorus pesticide, is still posing a serious threat to both the 

ecosystem and public health. The aerobic decomposition of Ethion by thermophilic bacteria 

extracted from polluted soils near decommissioned livestock dip sites was studied by Foster 

et al. When grown in minimal salts media, two isolates are recognized as Pseudomonas and 

Azospirillum species, have been competent of biodegrading Ethion. Ethion, Dixon, and 

diethylthiosphosphate were not found as abiotic hydrolytic breakdown products. The data 

point to Ethion degrading quickly to encourage microbial development (Foster et al. 2004). 

Singh and Walker have documented the various mechanisms exerted by the 

microbes to degrade several organophosphorus pesticides. The extraction, characterization, 
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usage, and modification, as well as the molecular mechanisms of degradation of the primary 

detoxifying enzymes, are discussed. The key successes and technological developments in 

the bioremediation of organophosphorus compounds, as well as the limitations of present 

technology and future challenges, have been reviewed (Singh and Walker, 2006). 

Malghani et al. demonstrated the potential of a bacterial isolate as a bio-degrader 

towards bioremediation of profenofos-contaminated soil. In their investigation, a bacterial 

strain was extracted using an enrichment process from a profenofos-protracted soil, and its 

efficiency to break down profenofos has been assessed by gas chromatography. Based on 

its biochemical and physiological features, as well as an examination of its 16S rRNA gene 

sequence, the isolated bacterium has been confirmed as Pseudomonas aeruginosa. The 

strain thrived well at pH 5.5–7.2 at a wide range of temperatures. The remediation of 

profenofos-polluted soil has been investigated employing free soil and profenofos treated 

soil that reflected in faster degradation of profenofos over untreated soil. Within 48 h of 

incubation with a mineral salt medium, 87 % of the profenofos was removed. The 

metabolites of profenofos degradation suggested that the degradation proceeded by a 

hydrolysis pathway, and one of the byproducts detected was 4 Bromo-2-chlorophenol, 

which was mineralized by Pseudomonas aeruginosa (Malghani et al.  2009). 

An enrichment culture approach was utilized to extract bacteria responsible for 

profenofos biodegradation in soil by Malghani and co-workers. The pure cultures, 

Pseudomonas putida, and Burkholderia gladioli were isolated and characterized using  

16S rRNA gene sequencing and biochemical techniques. Both strains thrived effectively at 

acidic to neutral pH and various temperatures. The bioremediation of profenofos polluted 

soil has been investigated employing soil treated with 200 µg/g profenofos.  The soil with 

bacteria inoculation showed a faster degradation rate of profenofos over control soil 

(Malghani et al.  2009). 
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Chanika et al. reported the isolation and identification of two bacteria, Pseudomonas 

putida, and Acinetobacter rhizosphaerae to degrade the organophosphorus and fenamiphos 

pesticides. The dominant nature of these isolated strains from the enrichment culture was 

confirmed by gel electrophoresis techniques. The strains hydrolyzed the selected pesticides 

and also displayed efficient bioremediation towards the oxidized forms of fenamiphos 

residues (Chanika et al. 2011). 

Tang identified a new triazophos-degrading bacterium from sewage sludge in an 

organophosphorus pesticide wastewater treatment system. The bacterium is gram-positive, 

and competent in triazophos hydrolysis via cometabolism. The isolate was identified as a 

Bacillus sp. by various studies. It breakdown 99 % of triazophos in the presence of nutrients 

in 5 days. The enzyme responsible for TAP breakdown appears to be intracellular, according 

to an enzyme distribution experiment (Tang and You, 2012). 

2.5. Degradation of Pesticides and Plant Growth Enhancement by Microbes 

The goal of their investigation has been to study the effect of microbial inoculation 

on plant growth enhancement as well as chlorpyrifos breakdown and deposition in different 

areas of the plant. Ryegrass has been cultivated in chlorpyrifos-spiked soil and 

inoculated with Bacillus pumilus. Inoculation showed a positive impact on chlorpyrifos 

decomposition and plant biomass production in general, with the maximum chlorpyrifos 

decomposition (97 %) seen after 45 days of inoculation. Interestingly, the strain colonized 

the rhizosphere of the inoculated plant and increased the breakdown of chlorpyrifos and its 

metabolite 3,5,6-trichloro-2-pyridinol. Inoculated plants had much less chlorpyrifos buildup 

in their roots and shoots than control plants. The findings demonstrate the efficacy of 

injected exogenous bacteria in accelerating the cleanup of chlorpyrifos-polluted locations 

and lowering the amounts of harmful pesticide traces in crops (Ahmad et al.  2012).  
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Salunkhe and colleagues investigated the bioremediation of profenofos, an 

organophosphate pesticide, by four Bacillus subtilis strains obtained from grapevines or 

grape rhizosphere in liquid culture, on grapes, and in vineyard soil. All the four B. subtilis 

isolates improved profenofos break down in all three samples. The first-order kinetics 

module produced the best degradation rate constants. GC-MS was used to identify the 

breakdown metabolite 4-Bromo-2-chlorophenol (Salunkhe et al. 2013).   

Tamilselvan and co-workers isolated and characterized efficient pesticide degrading 

bacteria including Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus subtilis. 

The three strains were tested for growth in minimal salt medium (MSM) with 25 ppm 

pesticides. For this investigation, two pesticides, metribuzin and profenofos, were chosen. 

Amongst isolates, Bacillus subtilis used the pesticides most effectively and grew the fastest. 

The growth of the three isolates was evaluated at varying temperature levels (25 - 55 °C), 

pH levels (pH 4-8), and carbon and nitrogen sources. Bacterial growth rates were highest at 

35 °C and acidic pH 6. Bacterial growth was greatest in the presence of Dextrose, while the 

least growth was observed in Lactose broth culture. Bacterial growth was greatest in the 

presence of Malt extract and beef extract had the slowest development. The bacterial isolates 

grew well in the profenofos medium (Tamilselvan et al.  2014).  

The degradation of organophosphorus insecticides by the new microbial consortium 

and isolates was examined by Siripattanakul-Ratpukdi and the research group. The enriched 

consortium contained three major profenofos degrading bacteria, which were identified as 

P. plecoglossicida, P. aeruginosa, and P. vlaaeruginosa, respectively. Profenofos may be 

used as the only carbon source for a consortium and all isolates, with profenofos being 

removed at a rate of more than 90 % via a hydrolysis procedure. The first-order kinetic 

process was followed by bacterial growth and profenofos degradation rates. Profenofos 

biodegradation was hampered by an additional carbon supplement. Chlorpyrifos and 
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dicrotophos pesticides were similarly degraded by the enhanced cultures (up to 70% 

removal). The results showed that the consortium and isolates are effective at degrading 

profenofos and other organophosphorus pesticides and that they might be used to remediate 

profenofos (Siripattanakul-Ratpukdi et al.  2015).  

Siripattanakul-Ratpukdi and colleagues investigated bioremediation of pesticide 

using 20 mg/L of profenofos. The enriched consortium had three main profenofos degrading 

bacteria, including P. plecoglossicida, P. aeruginosa, and P. aeruginosa. The bacteria and 

the consortium used profenofos as the only carbon source and removed 90 % of 

profenofos through the enzymatic hydrolysis process. The rates of bacterial growth and 

profenofos degradation were determined by a first-order kinetic process. Adding more 

carbon to the mix hampered PF biodegradation. The enhanced cultures were also capable of 

decomposing chlorpyrifos and dicrotophos, with up to 70% pesticide elimination. 

(Siripattanakul-Ratpukdi et al.  2015). 

Talwar and Ninnekar identified a bacteria capable of disintegrating profenofos from 

pesticide-polluted soil samples. Based on visual and biochemical parameters, as well as  

16S rRNA gene sequences, the isolate was recognized as Pseudoxanthomonas suwonensis. 

HPLC and GC-MS analysis revealed that 4-Bromo-2-chlorophenol is a byproduct of 

profenofos breakdown. The organism hydrolyzed profenofos to produce 4-Bromo-2-

chlorophenol, which has been then used as a carbon source for development. As carbon 

sources, the organism used some other organophosphate insecticides such as 

quinalphos, temephos, and chlorpyrifos. The optimal conditions for profenofos breakdown 

by P. suwonensis have been reported to be neutral pH and room temperature. The 

degradation rate of profenofos by free and immobilized cells of P. suwonensis in different 

conditions was examined, and immobilized cells were found to be more effective than free 
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suspended cells in the breakdown of organophosphate pesticide polluted water (Talwar and 

Ninnekar, 2015).  

Jabeen's research group established a profenofos deteriorating bacterial consortium 

which included Bacillus sp., Achromobacter xylosoxidans, Citrobacter koseri, and 

Pseudomonas aeruginosa.  Surprisingly, the consortium decomposed profenofos more 

efficiently than pure isolates. Different culture conditions for profenofos degradation were 

improved using a 23 complete factorial central composite design based on response surface 

methodology. The ideal pH, temperature, and inoculum size have been determined to be 

6.83, 35 ᵒC, and 0.59 g/L, respectively, to achieve maximum profenofos degradation of 93 

%. The analysis of the metabolic byproducts revealed that the primary metabolite of 

profenofos was 4-Bromo-2-chlorophenol, which was further converted to simpler 

compounds. Notably, the consortium was capable of decomposing a wide spectrum of 

organophosphate and other pesticides, making it a potential tool for soil remediation with a 

cocktail of pollutants (Jabeen et al.  2015).  

Palanimanickam and Sepperumal have extracted bacteria from profenofos 

employed paddy production field soil and tested their ability to break down profenofos in 

the soil in a laboratory environment. The main bacteria were found to be Bacillus cereus 

and Aneurinibacillus migulanus. When compared to the control, Aneurinibacillus 

migulanus expedited the breakdown of profenofos in 36 h. In the control, m-xylene and  

4-phenyl but-3-ene have been produced as profenofos degradation metabolites that have 

been not found in soil subjected to Bacillus cereus and Aneurinibacillus migulanus. 

However, n-propyl benzene has been acquired as a degradation product from the soil 

subjected to bacteria, which was not observed in the untreated soil. When compared to the 

untreated soil, isopropyl benzene has been identified in soil subjected to Bacillus cereus and 
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tetramethyl benzene has been identified in soil treated with Aneurinibacillus migulanus as 

a result of profenofos detoriation (Palanimanickam and Sepperumal, 2017).  

Kumar and colleagues explored the several features of organophosphate pesticide 

biodegradation, as well as the biological and molecular identification of several 

organophosphorus pesticides degrading bacteria. Organophosphates may become accessible 

for microbial breakdown depending on their fate. Sorption process, P–O alkyl and aryl bond 

hydrolysis, photocatalytic degradation, as well as enzymatic mineralization are all the 

various methods that environmental bacteria can use to degrade organophosphate 

insecticides. Microbes have isolated enzymes such as diisopropyl fluorophosphate, esterase, 

phosphotriesterase, and paraoxonase to examine and comprehend the catabolic processes 

involved in the biotransformation of these xenobiotic substances (Kumar et al.  2018). 

Dong and colleagues evaluated the dissipation behavior of profenofos in cotton fiber 

throughout the growth stage and after scouring treatment. Profenofos levels in fiber from 

pre-opened and post-opened bolls equally declined to undetectable levels 21 days after 

pesticide treatment.  However, a small percentage of profenofos was transformed to  

4-Bromo-2-chlorophenol, a potent irritant, and a non-negligible quantity was maintained in 

cotton fiber after 28 days. During the traditional cotton scouring procedure, profenofos and 

its decomposition product might be fully eliminated. Profenofos only took 3 min to degrade 

in a scouring wash, and the breakdown product was 4-Bromo-2-chlorophenol (Ma et al. 

2019). 

The biodegradation of organophosphorus insecticides, profenofos, and quinalphos 

in a culture medium utilizing bacteria isolated from wetland paddy rhizospheres was 

investigated by Dash and co-workers. The isolated strain demonstrated improved pesticide 

tolerance, biofilm formation efficiency, and the ability to synthesize organophosphate 

degrading enzymes. The isolate has the most sequence similarity to Kosakinia oryzae based 
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on 16S rRNA gene sequencing. Within 48 h, a biodegradation experiment using varying 

doses of profenofos and quinalphos revealed maximal degradation of up to 82 and 92 %, 

respectively. The biodegradation rates with half-lives for profenofos and quinalphos were 

discovered by kinetic investigations. GC-MS was used to identify the degradation products, 

and in silico methods were used to propose plausible degradation routes. The removal of the 

pesticides from the aqueous solution was executed using the biofilm of the isolated strain 

developed on selected substrates using mushroom, gravel, and activated charcoal biofilm 

carriers. Mushrooms had a high biofilm production rate and a high biodegradation rate 

(Dash and Osborne, 2020). 

Subsanguan et al. used a profenofos degrading Pseudomonas plecoglossicida strain 

to explore profenofos decontamination in aerobic as well as anaerobic circumstances. The 

focus was on anaerobic biodegradation in the existence of nitrate. Profenofos was degraded 

at 10–150 mg/L under both situations, with elimination productivities up to 55 %. The 

culture showed good biodegradation efficiency in an aerobic environment and resulted in 

the formation of 4-Bromo-2-chlorophenol and 1,1’-dimethylethylphenol as degradation 

metabolites. The poisonousness of the contaminated water was greatly reduced following 

aerobic and anoxic biodegradation, according to microbial toxicity, phytotoxicity, and to-

genotoxicity studies (Subsanguan et al.  2020). 

An enrichment strategy was used by Putra’s research group to extract the bacterial 

culture from the soil with prolonged exposure of profenofos, and its capability to break 

down profenofos has been assessed by gas chromatography.  The ability of isolates to break 

down profenofos varies, with Pseudomonas luteola having the highest degradation rate. The 

isolate is rod-shaped, motile, Gram-negative, and has an optimal pH of 7 for decomposing 

profenofos. Profenofos degradation was studied with a soil treated with profenofos (100 
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mg/L) that displayed a faster degradation over the untreated soil. Within 54 h of incubation 

in a mineral salt medium, elimination of profenofos was 93 % (Putra et al.  2021). 

Isworo et al. have reported the isolation and identification of indigenous bacterial 

consortium. The isolated bacterial consortium has been characterized as Oceanobacillus 

iheyenis and Exiquobacterium profundum by the 16S-rRNA gene technique. Further, the 

ability of the isolated consortium has been examined against the profenofos and malathion 

degrading capability. The results showed that the consortium bacteria proved able to 

completely profenofos and malathion in 192 h (Isworo and Oetari, 2021). 

Shalini Verma and Chatterjee explored profenofos microbial breakdown by a 

psychrotolerant bacterium Rahnella sp. The strain has been extracted out of soils collected 

in apple orchards from the Kufri regions of Himachal Pradesh, India. The bacterium 

Rahnella sp. was capable of destroying 100 5 profenofos within 14 days at 20 ᵒC according 

to quantitative analysis using HPLC. The breakdown products such as 4-Bromo-2-

chlorophenol, phosphoric acid, and 3,4-dimethyl benzoic acid were detected using GC-MS 

and HPLC. A possible profenofos breakdown mechanism has been hypothesized based on 

these findings. They concluded that the initial degradation process could be caused by 

intracellular organophosphorus hydrolase enzyme (Verma and Chatterjee, 2021) 

The same group extracted another bacteria competent of using profenofos as the only 

source of carbon and energy from soil samples of apple orchards in the Shimla district of 

Himachal Pradesh, India for profenofos bioremediation. Bacillus altitudinis was 

characterized by biochemical, FAME, and 16S rRNA gene studies. Within 30 days of 

incubation at 28 °C and neutral pH, the strain was able to break down 93 % of profenofos. 

A linear regression study of the data set demonstrated the link between bacterial population 

and pesticide degradation. One of the pathway metabolites found was 4-Bromo-2-

chlorophenol, which was entirely reduced to lower pathway products. A possible PF 
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degradation pathway that determines the way from profenofos to 4-Bromo-2-

chlorophenol and eventually enters the tricarboxylic acid cycle has been 

postulated (Mahajan et al.  2021). 

Farhan et al. investigated the biodegradation of chlorpyrifos by employing native 

Bacillus cereus bacterium extracted from cotton-growing areas. The isolated cultures have 

been characterized using the ribotyping method. Bacillus cereus was tolerant to chlorpyrifos 

up to 125 mg/L and efficaciously metabolized 88 % of chlorpyrifos within 8 days at basic 

pH. Bacillus cereus sustained temperatures of 40 °C, which is a favorable marker for in situ 

remediations. Green manure, farmyard manure, and husks were all evaluated, and the results 

showed that farmyard manure had the greatest impact on degradation. According to GC–

MS analysis, chlorpyrifos is initially transformed to diethylthiophosphoric acid and 3,5,6-

trichloro-2-pyridinol. Subsequently, the metabolites were degraded and mineralized, 

leaving no hazardous byproducts which confirmed the efficacy of Bacillus to bio-remediate 

chlorpyrifos-polluted fields (Farhan et al.  2021). 

Mishra and Sundari set out to analyze the impact of direct inoculation of chosen 

consortia onto plants in the influence of the root pathogenic Sclerotium rolfsii and the 

organophosphorus insecticides malathion and methyl parathion. Two bacterial isolates, a 

diazotrophic bacterium, fluorescent Pseudomonad, and a biocontrol fungus from western 

Uttar Pradesh, India, were chosen for the study. Individual isolates inoculated on host plants 

resulted in a distributed growth development while the fungus enhanced root biomass. 

The fluorescent Pseudomonad strain enriched photosynthesis pigment composition 

and diazotrophic bacterium isolate increased shoot and root lengths. All of the findings 

support the hypothesis that the synergistic activity of microbes can increase the benefits of 

plant growth promotion even in the presence of pathogens and pesticides (Mishra and 

Sundari, 2015). 
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From a pesticide polluted agricultural area, Akbar, S., and Sultan extracted and 

characterized two bacterial cultures, Achromobacter xylosoxidans and Ochrobactrum sp., 

with chlorpyrifos-degradation capacity. Within 10 days, these strains have been able to 

metabolize 84 and 79 % of 100 mg/ L chlorpyrifos, respectively. These isolates were capable 

of breaking down chlorpyrifos in both sterilized and non-sterile soils and were able to break 

down almost 100% of the chlorpyrifos in 42 days. These strains also exhibited significant 

plant growth-enhancing features in the absence and presence of chlorpyrifos. Chlorpyrifos 

exhibited a detrimental influence on plant development and reduced the % germination, 

growth of the plant, and biomass, according to a plant growth experiment. Chlorpyrifos-

decomposing bacterial inoculation in the soil considerably improved the plant growth 

properties (Akbar and Sultan, 2016). 

Bacillus amyloliquefaciens, a rhizobacterium that promotes plant development, is 

capable of degrading a wide spectrum of organophosphorus insecticides efficiently. Meng, 

and colleagues published the entire genome sequence of this bacteria with genomic 

size, protein-coding genes, and 46 % GC content. Numerous genes previously characterized 

are engaged in phosphorus solubility, organophosphates pesticide degradation, indole-3-

acetic acid, and siderophores generation have been identified based on genome sequencing. 

Interestingly, when compared to other B. amyloliquefaciens species, the isolated strain 

possessed a bigger genomic size and the greatest number of protein-coding genes. These 

findings demonstrate the potential of the strain Bacillus amyloliquefaciens for 

environmental bioremediation (Meng et al. 2019). 

Kumar et al. explored the plant growth-promoting activity and profenofos 

eradication efficacy of the bacterial isolates Acinetobacter sp. and Comamonas sp. both 

alone and in combination. A comparison of several plant growth-promoting activities with 

the bacterial strains revealed that Acinetobacter sp. outperformed Comamonas sp. 
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Physiological criteria including root length, shoot length, sprout height, chlorophyll a, 

chlorophyll b, and carotenoids were greater in pot culture investigations while using the 

combined culture. Similarly, the combined culture exhibited the highest profenofos 

disintegration in pot sand and pot soil. Soil enzyme functions, as well as root cross-sectional 

area, total stele area, and xylem channel area, have been also greater for the bacterial 

consortium in a pot soil study (Kumar et al.  2020). 

D. M. Dash and J. W. Osborne investigated the bioremediation of monocrotophos 

by native bacterium extracted from cultivable sugarcane soil. The isolated strain was 

confirmed as Bacillus aryabhattai by 16S rRNA gene sequencing. The strain Bacillus 

aryabhattai demonstrated the highest monocrotophos tolerance and degradation capacity. 

Bacillus aryabhattai was confirmed to be the effective strain for pesticide breakdown and 

plant growth-enhancing rhizobacterial characteristics. The microbial degradation of 

monocrotophos was tracked using a UV and HPLC, and the metabolites were characterized 

using GC-MS. The kinetics of degradation showed 93 % degradation within 5 days.  The 

addition of Bacillus aryabhattai to the root system of Liriope muscari improved plant 

growth and monocrotophos breakdown in the soil (Dash and Osborne, 2020). 

Govarthanan et al. investigated the feasibility for rapid chlorpyrifos biodegradation 

by plant growth-enhancing psychrophilic bacteria acquired from saltwater using the 

enrichment culture approach. The strain was characterized as Shewanella sp. by biochemical 

testing and 16 S rDNA sequencing. Shewanella sp. grew at a substantial rate at varied 

chlorpyrifos concentrations. With or without chlorpyrifos, the isolate produced plant growth 

stimulating factors. Within 24 h, the isolate demonstrated up to 95 % chlorpyrifos 

degradation. Furthermore, the media conditions were tuned for improved pesticide removal, 

and 93 % removal was observed in the presence of 4 % glucose in neutral pH at 33 ºC. The 
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results of IR and HPLC revealed that Shewanella sp. plays a role in the biomineralization 

of chlorpyrifos (Govarthanan et al.  2020). 

Khatoon reviewed the in-depth information on the current plant growth-promoting 

rhizobacteria core mechanisms as well as applicability as bio-control agents, plant 

development stimulators, and soil rhizoremediators, with the ultimate goal of promoting 

more agro-ecological practices for sustainable agriculture (Khatoon et al.  2020). 

Kour’s research team highlighted various categories of microbes involved in 

environmental remediation, their biodiversity, and recent advances and scientific 

understanding on using these microbes as productive bio-resources for environmental 

decontamination (Kour et al. 2021).  

Muhammad Usman Ghani's study team assessed the efficacy of bacterial strains 

susceptible to promoting plant growth and biodegrading profenofos. The bacterial strains 

were extracted from an agriculture field with a history of profenofos exposure. The isolates 

were characterized using biochemical and molecular techniques. After 9 days of incubation, 

one strain, Enterobacter cloacae, decomposed more than 90% of the profenofos. Plant 

growth was also greatly boosted in plants cultivated with profenofos-polluted soil treated 

with the same bacterial strain (100 mg/L). The results revealed that the inoculation of 

profenofos disintegrating bacteria improved the growth of plants and profenofos breakdown 

(Ghani et al. 2021). 
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Chapter III 

Green Synthesis and Characterization of  

Iron Nanoparticles from Tea Waste  

 

       Abstract: 

Iron nanoparticles (INPs) offer the next era of environmental remediation strategies 

that have the potential to deliver cost-effective solutions to severe environmental cleanup 

problems. Nanoscale iron particles possess greater surface area, a large number of active 

sites, and high surface activity. They also offer a great deal of versatility for in-field 

applications. INPs are particularly effective at transforming and detoxifying a wide range of 

typical environmental contaminants, including pesticides, heavy metal ions, dyes, and other 

hazardous organic and inorganic pollutants. To improve the promptness and effectiveness 

of clean-up, the surface of the iron nanoparticles has been modified with catalysts and other 

capping agents. To generate zero-valent (Fe(0)) INPs, traditional approaches such as top-

down and bottom-up synthesis are employed. Each of these processes has limitations, such 

as being expensive, requiring unique and expensive equipments, producing flammable gases 

during the process, and the toxicity of the reducing agents. The majority of these procedures 

use toxic compounds that are harmful to all living things and the ecosystem. These 

drawbacks have triggered research into greener approaches involving the development of 

simple, cleaner, and more effective and environmentally sustainable reducing agents for the 

fabrication of nanomaterials, culminating in the nexus of nanotechnology, environmental 

clean-up, and green chemistry. Hence, in the present investigation, the INPs have been 

fabricated via a greener method using tea waste for the absorptive removal of profenofos 

(PF) from an aqueous solution. The as-synthesized INPs have been systematically 

characterized by various spectral and analytical techniques. 
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3.1.  Introduction 

Nanotechnology is a new multidisciplinary domain that brings altogether chemical, 

physical, biological, material, pharmaceutical, and engineering sciences (Meyer and 

Persson, 1998). Environmental clean-up, drug transport, telecommunications, 

biotechnology, catalytic industry, cosmetology, the space station, cancer therapy, and 

material research have all benefited from nanotechnology and nanoparticles (Bhattacharyya 

et al. 2009). Because of their distinctive structural and physicochemical features, including 

extremely small size, morphology (sheet, cylinder, tubes, and filament), and particle 

dispersion, nanomaterials have attracted enormous interest. They have magnetic, refractive, 

thermodynamic, and tensile strengths, etc. Organic nanoparticles, also known as 

carbonaceous nanostructures, and inorganic nanoparticles, which are usually formed from 

semiconducting materials, are the two main types of nanoparticles (Hasan, 2015) 

Iron is the fourth more prevalent metal in the earth's crust, and its use in human 

history dates back around 3000 years, to the start of the Iron Age (Frey and Reed, 2012). 

Despite its long history, the twentieth century offered new diverse applications and issues 

for metallic iron as a result of growing nanotechnology and the development of nanosized 

zero-valent iron. It has blatantly different characteristics than native iron, and now it has 

transformed the most prominent pioneered nanoparticles, as well as the most prevalent 

candidates for environmental clean-up, due to its cost-effectiveness, high reactivity, and 

excellent sorption efficiency (Li, Ling, et al. 2006). Oxide, mono, di as well as tri-metallic 

INPs are frequently documented as promising candidates for environmental clean-up (Yan, 

Weile, et al. 2013). Multiple kinds of iron oxides nanomaterials were discovered. They have 

antimicrobial capabilities and have been used for the degradation of dyes (Raman and 

Kanmani, 2016), wastewater remediation (Pasinszki and Krebsz, 2020), elimination of 

metal pollutants (Bhateria and Singh, 2019), insecticides (Raychoudhury and Scheytt, 2013) 

and also as heterogeneous catalyst materials in ecosystem functioning (Goncalves and 
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Alves, 2021). The development of INPs for clean-up is attributed to their magnetic 

susceptibility, mildness, un-hazardousness, and reversible redox capacity when interacting 

with water (Huber, 2005).  

 

Figure 5. Various types of zero-valent INPs, and their applications 

The origins of the Fe(0) nanomaterial technique could be linked back to Gillham and 

O'Hannesin's discovery that bulk Fe(0). It was capable of reducing a set of halogenated 

hydrocarbons in underground water (Gillham and O'Hannesin, 1994). The upsurge in 

popularity in using nano Fe(0) as a remediation strategy for polluted soil and water bodies 

is owing to its greater activity over bulk Fe(0), financial feasibility, and ability to treat a 

wide spectrum of pollutants (Figure 5). Over the last two decades, Fe(0)-based clean-up has 

emerged as an important area of environmental nanotechnology, with more than 50 

successful trials and large-scale operations carried out globally and a substantial volume of 

research articles being published on the issue in recent years (Yan et al. 2013). 

For the engineering of nanoparticles, two methodologies have been proposed: top-

down and bottom-up strategies. Top-down techniques, including grinding, engraving, 

crushing, and tooling, entail the breakdown of bulk material, whereas bottom-up methods, 
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including chemical method (reduction), self as well as positional amassing which 

incorporate the assembly of smaller units to create a bigger framework - a process is termed 

as nanomaterial growth (Arole and Munde, 2014). The synthesis of nanoparticles via 

physical and chemical methods requires the use of reducing agents to react with a precursor 

material. The majority of these reducing agents are harmful to mankind, living organisms, 

and the ecosystem (Jamkhande et al. 2019). Due to this, exploration of biochemical 

techniques, including the invention of easier, cleaner, and environmentally friendly reducing 

compounds for the synergistic engineering of nanomaterials, has become imperative, 

culminating in the convergence of nanoscience, environmental clean-up, and green 

chemistry (Saif et al. 2016). 

Various greener methods for the production of INPs (Figure 6) include the utilization 

of microorganisms like bacteria, fungi, or algae, plant-based products such as seeds, leaflets, 

flowers, etc have been demonstrated (Pattanayak et al. 2021). INPs can also be synthesized 

using different biological chemicals such as amino acids, vitamins, and enzymes. 

Implementing a greener protocol requires careful consideration of factors such as expense, 

energy, environmental impact, and accessibility (Fahmy et al. 2018). There are numerous 

advantages of using biologically generated nanoparticles over those produced by physical 

or chemical techniques (Ijaz et al. 2020). Biosynthesized nanoparticles frequently exhibit 

decreased toxic effects, aggregation, and long-term stability (Sadhasivam et al. 2020). As a 

result, biological materials, especially waste materials drawn more attention from the 

research community (Bolade et al.  2020).  
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Figure 6. Various methods of green synthesis of nanoparticles 

Only a limited number of reports are available on the surface characterization of 

zero-valent nanoparticles (Ealia and saravanakumar, 2017). To address the primary reaction 

pathway, reaction rate, and key intermediate or final product formations requires a thorough 

understanding of surface characteristics is mandatory (Samrot et al. 2021). The surface 

features also influence the mobility, diffusion, and destiny of nanomaterials in the 

ecosystem. Nonetheless, defining the typical iron nanomaterials is commonly impractical 

since Fe(0) nanoparticles synthesized using different processes might have drastically varied 

characteristics. INPs constitute reactive entities, with surface features that alter quickly and 

significantly with time, solution chemistry, and ambient circumstances. Extensive surface 

characterization methodologies, including morphology and surface, elemental composition, 
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and spatial three-dimensional distribution of functional groups, are employed to gain a 

deeper understanding of surface attributes (Punia et al. 2021). XRD, FT-IR, TEM, AFM, 

photoelectron spectroscopy, SEM, XPS, vibrating sample magnetometry, zeta potential, and 

TGA are some of the fundamental techniques used to analyses INPs.  

Some researchers have synthesized INPs by using various fresh tea extracts (Huang 

et al. 2014; Xin et al. 2016; Ali et al. 2018; Lin et al. 2020) and also by using tea wastes 

(Panneerselvam et al. 2011; Lunge et al. 2014; Gautam et al. 2018). However, in contrast 

to previous research, the INPs have been fabricated by tea waste extract using a greener 

method for the removal of profenofos pesticide from the aqueous solution. Rising pollution 

of freshwater by a variety of contaminants is one of the most serious environmental issues 

confronting humanity on a global scale. Numerous studies have been devoted to developing 

more efficient, cost-effective, and robust ways for wastewater treatment that do not 

exacerbate environmental stress or threaten human health. Further, a huge amount of tea 

waste is generated every day throughout the world. Hence, we employed tea waste to 

fabricate iron nanoparticles by eco-friendly strategy for the adsorptive removal of 

profenofos pesticide from the aqueous solution. The green synthesized INPs were 

systematically characterized by various analytical techniques such as Ultra Violet-visible 

(UV-vis) spectroscopy, Fourier transforms infrared (FT-IR) spectroscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray 

spectroscopy (EDX), powder X-Ray diffraction (PXRD) and dynamic light scattering 

(DLS).  

3.2.  Experimental Section 

3.2.1.  Materials 

Ferrous sulfate heptahydrate (FeSO4.7H2O) was purchased from Sigma Aldrich 

(India) and used without further purification. Tea waste was obtained from a local Tea stall 
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near Bharathidasan University, Tiruchirappalli, Tamil Nadu (India). All the experiments 

were performed by using distilled water.  

3.2.2.  Synthesis of INPs Using Tea Waste Extract 

Solid tea waste was collected from a tea stall near Bharathidasan University, 

Tiruchirappalli, India. The collected tea waste was washed with distilled water to remove 

impurities and dried at ambient atmosphere. Tea extract was prepared by boiling 60.0 g of 

solid tea waste in one liter of distilled water at 80 °C for 30 min and allowed to cool at room 

temperature. The solid tea component was removed by vacuum filtration, and the filtrate 

solution was used to synthesize INPs. The prepared tea waste extract was added to 0.10 M 

of FeSO4.7H2O at a volume ratio of 2:1 respectively at ambient temperature. 

3.2.3.  Characterization Techniques 

The UV-vis spectrum of INPs was recorded using ELICO-Double beam Sl-210 

spectrophotometer between the range 200-800 nm. FT-IR measurements were performed 

using Perkin-Elmer 597 spectrophotometer in the spectral range 400-4000 cm-1. The PXRD 

spectrum of INPs was recorded using the Rigaku Miniflex-600 instrument at Alagappa 

University, Karaikudi, Tamilnadu (India). The surface morphology of the INPs was 

investigated using SEM analysis (Carl Zeiss Sigma, Sitra, Coimbatore, India). The 

hydrodynamic size of INPs was established using TEM-FEI by TECNAIG2-F30 equipment 

functioning with 200 kV accelerated voltage. The INPs were directly mounted on the copper 

grids and examined under TEM and EDX (Oxford Instruments, UK) analysis to confirm the 

presence of elements in the prepared INPs. The zeta potential analysis of synthesized INPs 

was investigated using Malvern Instruments, UK.  
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3.3. Results and Discussion 

3.3.1.  Synthesis of INPs Using Tea Waste Extract 

The prepared tea waste extract was added to 0.10 M of FeSO4.7H2O at ambient 

temperature. The immediate color change appears from pale yellow to deep brown, 

indicating the formation of INPs (Figure 7). The formed INPs were isolated by vacuum 

filtration and then washed with distilled water several times, and air-dried. Afterward, the 

prepared INPs were used for further experiments. 

 

Figure 7. Photographic images of color changes during the formation of the INPs.  

 

3.3.2. Characterization of INPs 

This work describes the efficient fabrication of low-cost and green INPs as sorbents 

from tea waste extract for the effective removal of organophosphorus pesticide profenofos. 

Further, the as-synthesized INPs have been systematically characterized by various spectral 

and analytical techniques.  The size, shape, and distribution of INPs have been studied using 
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TEM. The hydrodynamic diameter was calculated using DLS analysis. To measure colloid 

stability, zeta potential analysis was used. The elemental content of nanoparticles was 

determined using an EDX spectrum. The forms of INPs were determined using X-ray 

diffraction (XRD) examination. The presence of INPs and biomaterials on the nanoparticle's 

surface were identified using FT-IR. The UV-vis absorption spectrum has been recorded to 

examine the nature of INPs. 

3.3.2.1. UV-vis Spectroscopy 

 One of the most essential characterization techniques for nanoparticles is UV-vis 

spectroscopy. The ELICO-Double beam Sl-210 spectrophotometer was used to investigate 

the surface plasmon resonances (SPR) of fabricated INPs. SPR is the emergence of a 

resonance effect resulting from the interaction between the conduction band electrons of 

metal nanoparticles and incoming photons. The interaction is influenced by nanoparticles' 

size and shape, nature, and content of the distribution medium. Using the fabricated INPs in 

dichloromethane solution, UV-vis spectroscopic examination was performed. The visible 

light absorption caused by SPR excitation provides different colors to nanomaterials. The 

color of the solution changes as the size of the nanoparticles changes. As a result, the UV-

vis absorption pattern is extremely sensitive to the production of nanoparticles. UV-vis 

analysis was performed on the green synthesized INPs. The UV-vis spectrum of the INPs is 

depicted in Figure 8. The maximal absorption of the nanoparticles is centered at 330 nm. 

The character of the intense band is ascribed to the particles' consistent size and shape. 

Further, the continuous absorption of INPs near 330 nm indicates the amorphous nature of 

INPs. The study's findings are likewise in good accord with those obtained by the Devatha 

(Devatha et al. 2016) and Viju Kumar (Viju Kumar and Prem, 2018) research groups.  
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Figure 8. The UV-vis spectrum of INPs (the arrow designated the INPs UV band at 

330.16 nm). 

 

3.3.2.2.   FT-IR Spectroscopy 

   Typically, the appearance of certain significant transmittance bands in the FT-IR 

spectrum of fabricated INPs indicates that the nanoparticles have been functionalized with 

green reducing agent molecules. It has been demonstrated that exposing INPs to tea waste 

extract results in encapsulation and stability of INPs. Hence, FT-IR spectroscopy was used 

to predict the existence of various functional groups on the surface area of INPs. It is 

performed to detect the prospective components of tea waste extract accountable for the 

reduction of iron ions and that could operate as a capping agent of the reduced INPs, hence 

aiding in the stabilization of INPs. The spectrum was measured using a Perkin-Elmer 597 

spectrophotometer in the 400-4000 cm-1 range. The FT-IR spectrum of INPs is presented in 

Figure 9. The transmittance bands around 3220-3600 cm-1 may be attributed to the primary 

N-H or O-H stretching of the molecules from the waste tea extract or O-H stretching of 

surface water molecules adsorbed (Gautam et al. 2016). The IR band around 1600 cm-1 is 
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ascribed to aryl-substituted C=O/ C=C /C=N stretching or O-H bending vibrations of 

surface adsorbed water molecules. In addition, characteristic peaks corresponding to Fe-O 

were observed around 540-650 cm-1 (Mansouriieh et al. 2016). The thin FeO shell enabled 

the appearance of Fe–O absorption bands in the IR spectrum, but at a lower intensity than 

is typical of iron oxide nanoparticles. These findings suggested that the capping and 

reducing the activity of the compounds in tea waste extract shield the surface of as-

fabricated iron nanoparticles against oxidation. 

 

Figure 9. FT-IR spectrum of INPs fabricated from tea waste extract 

3.3.2.3. Scanning Electron Microscopy (SEM) 

 The surface morphology of the as-synthesized INPs is studied using scanning 

electron microscopy. The methodology was employed to confirm the particle size and shape 

of the fabricated INPs. SEM examination is performed on the samples using Carl Zeiss 

Sigma equipment at Sitra, Coimbatore, India. The SEM image of fabricated INPs is 

exhibited in Figure 10. The tea extract plays a vital role in forming the nano-scale structure 

and size of the INPs. INPs are well-organized and round-shaped particles that were 
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distributed without agglomeration. The SEM analysis confirmed that the INPs have a 

hydrodynamic size of 60.37 ± 2.65 nm. The shape and size of the INPs were found to be 

similar to the results obtained by Li et al. (Li et al. 2009) 

 
Figure 10. Morphology of INPs determined by scanning electron microscopy (SEM). 

Scale bar of the picture 200 nm. 

 

3.3.2.4. Dynamic Light Scattering (DLS)  

 The size of nanoparticles derived from bulk materials is a crucial criterion in 

determining their efficiency. The average hydrodynamic size and size distribution of green-

synthesized INPs were estimated by DLS methodology on TECNAIG2-F30 TEM-FEI 

equipment operating at 200 kV accelerated voltage. At room temperature, the intensity of 

the dispersed light was measured. Figure 11 depicts the particle-size distribution of green-

synthesized INPs as determined by DLS analysis. DLS analysis was used to calculate the 
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intensity-average diameter of nanoparticles, which ranged from 0.1 to 10000 d.nm and had 

a mean particle size of 255.37± 1.06 nm. Since DLS measures the hydrodynamic size of the 

overall nanoparticles, including the particles of tea waste extract, the difference in the size 

(Dutz et al. 2015) of the INPs determined by SEM analysis is related to the measurement of 

the INPs as well as the capping materials that surround them. 

 
Figure 11. Hydrodynamic size parameters of INPs are determined by the dynamic 

light scattering (DLS) method. 

 

3.3.2.5. Zeta Potential 

 The zeta (ζ) potential is stated as the electrokinetic potential in the surface of shear 

compared to that in distant bulk material, is frequently used to assess the surface charge and 

immediate surroundings of nanoparticles. The surface charge or zeta potential of 

nanoparticles in an electrostatic field is the most important element determining their 

mobility. Furthermore, the data provide an important requirement for the system's stability. 

The degree of the zeta potential in a dispersion reflects the extent of electrostatic repulsion 

between neighboring, equally charged nanoparticles.  
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Figure 12. Zeta potential of INPs. 

A high zeta potential confers stability on molecules and particles of sufficient size, 

where the solution or distribution will prevent agglomeration. When the potential is low, 

attractive forces may dominate the repulsion, causing the dispersion to disintegrate and 

agglomerates. Colloids with a high negative or positive zeta potential are electronically 

stable, whereas colloids with a low zeta potential agglomerate. Measurement of ζ potential 

was carried out using Malvern Instruments, UK. If the value of the potential is between ±10 

to ±30 mV, the particles are said to have incipient stability. If the voltage oscillates between 

±30 to ±60 mV, the particles have high to moderate stability. The zeta potential results 

(Figure 12) clearly showed that the prepared INPs showed anionic nature in aqueous 

solution because of the zeta potential value, -39.2±1.25 mV (Katuwavila et al. 2016). It 

indicates the formation of stable INPs which could effectively remove the PF molecules 

from the aqueous phase.  

3.3.2.6. Energy-Dispersive X-ray Spectroscopy (EDX) with Transmission Electron   

Microscopy (TEM) 

 EDX is the most familiar non-destructive X-ray technology for determining the 

elemental analysis of nanoparticles even from a small quantity of the samples. EDX is a 

type of electron microscopic technology that is commonly used in conjunction with SEM 
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and TEM to determine the link among the composition, micro-structural, and elemental 

spectral features. This is an important method for determining the composition, 

physicochemical, and chemical characteristics of biosynthesized nanoparticles. INPs were 

generated in this study using tea waste extract. The existence of INPs with strong and 

medium intense bands in the spectra was corroborated by EDX analysis. On a big scale, 

EDX analysis is utilized to obtain quick information on elemental composition and the 

existence of any impurities. The EDX spectrum of INPs with respective TEM mapping 

images is presented in Figure 13 and Figure 14. It revealed the elemental composition of 

INPs which contains iron (Fe) 71.85%, sulfur (S) 14.13%, phosphorus (P) 11.18%, and 

potassium (K) 1.43%. Herein, S, P, and K may be attributed to the tea extract (Gautam et 

al. 2016). The corresponding elements of prepared INPs were identified during the TEM 

analysis, which confirmed the successful formation of INPs from tea waste, as shown in 

Figure 14.   

 
Figure 13. Elemental analysis of INPs. 
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Figure 14. Elemental mapping analysis of INPs (elements were present in the 

nanocomposite including Iron (Fe), sulfur (S), phosphorous (P), Potassium (K)). 

Scale bar of the picture 200 nm. 

 

3.3.2.7. Powder X-Ray Diffraction (PXRD) 

 PXRD technique is employed to measure the extent of crystallinity or the 

amorphous nature of nanomaterials. The size of the particles and crystallite size are two 

separate features of a material. Particles are made up of tiny crystallites. The size of 

crystallites is a basic feature of materials. The properties of nanomaterials are determined 

by crystal size rather than particle size. PXRD can reliably identify the size distribution of 

nanomaterials by analyzing millions of nanocrystals. PXRD provides various advantages, 

including non-destructive nature, high accuracy, consistency, and depth profiling of 

nanomaterials. The PXRD pattern of prepared INPs was shown in Figure 15, which is in 

good agreement with the JCPDS card number 87-0721 (Vinod et al. 2016). The 
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characteristic peaks of INPs at 2 = 44.90, 36.52, 33.29, and 20.35 indicate the 

successful formation of zero-valent INPs from tea waste (Gautam et al. 2016). Moreover, 

the PXRD patterns suggested that the prepared INPs were amorphous, which could be more 

effectively interacting with PF in the aqueous phase.  

 

Figure 15. Powder X-ray diffraction (PXRD) of INPs. 

3.3.2.8. Stability Analysis of INPs 

 The long-term stability of adsorbents is crucial that determines their efficacy and 

regulates their progress towards technological applications. Therefore, the stability of the 

titled INPs was examined by the SEM and DLS analysis for one week. The SEM analysis 

was performed on 1, 3, 5, and 7 days and the samples were incubated at room temperature. 

The pattern of the SEM images of INPs remains unaltered during the overall incubation 

time, and the results are shown in Figure 16A. The respective incubated images of INPs are 

shown in Figure 16B. The DLS analysis was used to examine the changes in the size, 

polydispersity index (PDI), and the zeta potential of the INPs. The incubation of the 

fabricated INPs for the particular period (Day 0-7) caused only slight changes in the size, 
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PDI, and zeta potential, which confirmed that the INPs are highly stable in water (Figure 

17).  

 

Figure 16. A) The stability of the INPs were confirmed by the SEM analysis on 

different incubation time (Day 1-7). B) The images of INPs at different incubation 

times. 

 
Figure 17. (A-C) The stability of the INPs was confirmed by the DLS analysis on 

different incubation times (Day 1-7) with particle size, PDI, and zeta potential. 
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3.4.  Conclusion 

 Ecofriendly fabrication of metal nanomaterials is a strategy that reduces the 

formation of secondary pollutants, harsh chemicals, and noxious solvents, among other 

things, which have harmful effects not only on the ecosystem as well as on public health. 

The capability of tea waste extract to function as an alternative reducing agent for the 

sustainable synthesis of INPs was investigated in the present study. UV-vis, FT-IR, SEM, 

DLS, zeta potential, EDX with TEM elemental mapping, and PXRD techniques were used 

to extensively characterize the as-synthesized INPs. Green synthesized INPs were shown to 

have good water stability, an anionic surface nature, and an average particle size of 60.37 ± 

2.65 nm. Furthermore, the existence of various elements and functional groups in the tea 

waste extract that are responsible for the generation of amorphous INPs was substantiated 

using FT-IR, EDX, TEM elemental mapping, and PXRD techniques. The findings 

corroborated the benefits of green synthesis and ensured the suitability of the fabricated 

INPs for the adsorption-mediated removal of harmful pesticides from aquatic environments. 
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Chapter IV 

Green Synthesized Iron Nanoparticles as an 

Efficient Adsorbent towards the Removal of 

Profenofos Pesticide from the Aquatic 

Environment 
  

Abstract: 

Pesticide contamination has led to serious environmental issues that pose a 

significant threat to living organisms throughout the world. Therefore, the significant 

removal of pesticides from aquatic environments has attracted the attention of 

environmental scientists and academicians in recent decades. Hence, in the present 

investigation, the iron nanoparticles (INPs) from tea waste were fabricated as an efficient 

adsorbent towards the removal of profenofos (PF) from the aqueous solution. The as-

synthesized INPs were systematically characterized by various analytical techniques. 

Various influencing factors such as contact time, adsorbent dosage, solution pH, and initial 

concentration of pesticide were systematically optimized for the maximum adsorption 

efficiency of PF by the prepared INPs. Based on the obtained results, the INPs showed 

greater adsorption efficiency towards the removal of PF. The kinetic data were analyzed 

using various adsorption kinetic models such as pseudo-first-order, pseudo-second-order, 

and intra-particle diffusion. Further, the interaction between prepared INPs and PF was 

evaluated using various adsorption isotherm models such as Langmuir, Freundlich, Temkin, 

and Dubinin-Radushkevich (D-R) models. The monolayer Langmuir adsorption capacity of 

43.67 mg/g was obtained with a minimum contact time of 15 min. According to the kinetic 

and isotherm data, the pseudo-second-order kinetic and Langmuir isotherm models were 

found to be fitted well for PF adsorption using the prepared INPs. The obtained findings of 

this study demonstrated that the fabricated INPs as an efficient material towards the removal 

of pesticide molecules from aquatic environments.   
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4.1.  Introduction 

Modern agriculture is heavily reliant on the usage of various agrochemicals, which 

substantially improve efficient and cost-effective crop production to fulfill the food needs 

of the world’s rapidly expanding population (Paarlberg, 2009).  Agrochemicals are widely 

employed in agriculture to conduit the gap between the food production and consumption 

required to address rising food demand (Clay, 2004). However, the unbalanced utility of 

agrochemicals degrades the environment and poses significant problems to food safety, 

environmental and human health, ecological balance, and soil biodiversity protection (Rani 

et al. 2021). Organophosphate compounds are ester derivatives of phosphoric acids and 

thiophosphoric acids. For over five decades, they have been used as insecticides. They are 

still employed as insecticides, acaricides, nematocides, helminticides, fungicides, nerve 

agents, and herbicides (Mansouriieh et al. 2019).  Despite they have been highly effective 

in agricultural pest management worldwide and their widespread usage has resulted in 

countless poisonings of off-target species, including voluminous human deaths. The 

significant acute mammalian toxicity concomitant with organophosphorus pesticide 

exposure is caused by the inactivation of the enzyme acetylcholinesterase in the nervous 

system by acute toxicological effects on the respiratory, myocardial, and neuromuscular 

systems (Mileson et al. 1998). 

Organophosphates were introduced to replace resistant and dangerous chlorinated 

insecticides and quickly gained popularity in the United States and worldwide (Ma et al. 

2019). PF [O-(4-Bromo-2-chlorophenyl) O-ethyl S-propyl phosphorothioate] (Figure 18) is 

amongst the most routinely used organophosphate insecticides on field crops, vegetables, 

and fruit crops (Kumar et al. 2021; Kushwaha et al. 2016).  This insecticide is moderately 

harmful (Toxicity Class II), and its residues have been identified in many vegetables. The 

primary route of exposure for humans is through dietary consumption of PF. When PF is 

sprayed to agricultural areas, its leftovers spread throughout the environment, including the 
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ambient air, surface water, and soil (Ghani et al. 2021). As these pesticide pollutants 

continue to accumulate in the ecosystem, the threat to human life, wildlife, and plants 

escalates inexorably in tandem. Hence, the need of the hour is to instigate efficient strategies 

to remove PF residues in a way that is both economically viable and environmentally 

friendly. 

 

Figure 18. Chemical structure of Profenofos. 

A wide range of traditional techniques such as chemical precipitation, ion exchange, 

membrane filtration, electrochemical methods, and bio-remediation has been used to 

eliminate PF molecules from aquatic bodies, and however, they have their advantages and 

disadvantages. As a result, there is a growing demand for safer, easier, eco-friendly, and 

economically viable techniques for PF removal from aqueous environments (Siripattanakul-

Ratpukdi et al. 2017; Mansouriieh et al. 2016). Historically, adsorption has received more 

attention due to its cost-effectiveness, flexibility, high selectivity towards targeted 

pollutants, and greater removal efficiency, which significantly influence the capacity and 

selectivity towards PF species from aqueous solutions. Therefore, environmental scientists 

and academicians continue to focus on the development of low-cost, eco-friendly, and 

reproducible novel adsorbents. Since the adsorption process is reversible, the adsorbent may 

be reused numerous times by using the appropriate desorption techniques. Further, 

adsorbents used for the elimination of contaminants should meet the following 

requirements: 1. It must have a low impact on the environment; 2. It must have an excellent 
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sorption capacity and high selectivity for pollutants found in the water even at low 

concentrations; 3. Adsorbed contaminants must be easily removed from their surface; 4. The 

period necessary to achieve adsorption equilibrium should be as short as feasible; and 5. It 

must be recyclable. For many decades, adsorbent materials such as activated carbon, 

zeolites, clays, industry-based by-products, and biomaterials have been widely utilized for 

the elimination of various pollutants from aqueous solutions (Mojiri et al. 2020). However, 

the adsorption efficiency of these conventional materials is not satisfactory. As a result, the 

need for alternative adsorbents has skyrocketed (Ali and Gupta, 2006; Rashid et al. 2021). 

Nanomaterials have proven to be able to meet most of the requirements outlined 

above in numerous studies conducted in the past few decades. Further, advances in 

nanoscience and nanotechnology have lately revealed significant possibilities for resolving 

environmental issues (Mahmoud et al. 2020; Shojaei et al. 2021; El-Sayed, 2020; Shojaei, 

2019; Shojaei et al. 2021). Because of their extensive surface area, nanostructured 

adsorbents offer better efficiencies and quicker adsorption rates in water treatment than 

traditional adsorbent materials. Moreover, many effective, low-cost, and environmentally 

tolerable nanomaterials have been proposed to detoxify industrial effluents, groundwater, 

surface water, and drinking water (Shojaei et al. 2021; Jawad et al. 2020; Pourabadeh et al. 

2020; Shojaei et al. 2019; Shojaei et al. 2021). INPs are gaining popularity as an excellent 

indemnification medium for a variety of pollutants and also as a promising strategy to 

provide cost-effective solutions to critical environmental remediation problems. INPs are 

conveniently available credible adsorbents that reduce pollutants more effectively by 

producing very little waste and ancillary pollutants (Zhao et al. 2016).  Furthermore, INPs 

are increasingly used for environmental clean-up due to their small particle size, larger zone 

of specific surface area, a higher refractive index of reactive surface spots, and greater 

intrinsic reactivity (Henn and Waddill, 2006). Iron was employed to imbue the substance 

with magnetic characteristics and increase the removal efficiency of targeted pollutants. 
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Nanoscale zero-valent iron has been extensively studied in recent years to reduce the 

availability of metals in water and soil samples. They have yielded consistent results in 

limiting the availability of silver, arsenic, beryllium, cadmium, chromium, mercury, nickel, 

lead, uranium, zinc, and vanadium in the water samples (Galdames et al. 2020; Bora et al. 

2018; Grieger et al. 2010). Recently, Hamadeen et al. synthesized effective bio-nano sorbent 

from Moringa olivera seeds waste for the removal of chlorpyrifos from wastewater 

(Hamadeen et al. 2021). Yekta demonstrated the adsorption and degradation of cyanophos 

by newly synthesized CaWO4 nanoparticles (Yekta et al. 2016). Singhal and Lind have 

employed cysteine-capped silver nanoparticles to remove malathion and chlorpyrifos 

pesticide from drinking water (Singhal and  Lind, 2018). Momić et al. used gold nanorods 

and nanospheres for the adsorption of organophosphate dimethoate pesticides (Momic et al. 

2016). Dehaghi and co-workers effectively utilized chitosan-zinc oxide nanoparticle 

composite as an adsorbent to remove permethrin pesticide from water (Dehaghi et al. 2014). 

Some researchers have synthesized nanoparticles by using various fresh tea extracts. 

Nonetheless, those were applied for the degradation of dyes, removal of Pb, and 

bromothymol blue indicator (Huang et al. 2014; Ali et al. 2018; Weng et al. 2013; Lin et al. 

2020; Xin et al. 2016). Despite some authors successfully synthesizing nanoparticles by 

using tea wastes, those have been employed only for the removal of metal ions and phenol 

red dye (Gautam et al. 2018; Lin et al. 2020; Lunge et al. 2014; Panneerselvam et al. 2011). 

M. Khosravi et al. reported the adsorption kinetics and thermodynamics investigation of PF 

pesticide using chemically synthesized iron/nickel bimetallic nanoparticles (Mansouriieh et 

al. 2016). 

In the present study, tea waste was employed to fabricate INPs by eco-friendly 

strategy for the adsorptive removal of PF pesticide from the aqueous solution. The prepared 

INPs offer great promise for the removal of PF from the aquatic phase. The present study 

also investigated the impact of different influence factors such as contact time, solution pH, 
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the dosage of the adsorbent, and the initial concentration of PF for the maximum adsorption 

capacity. Further, the adsorption isotherm and kinetic properties of INPs towards the 

removal of PF were investigated and the underlying mechanism of profenofos adsorption 

has been proposed. 

4.2.  Experimental Section 

4.2.1.  Materials 

PF pesticide was gained from the scientific fertilizers company, Gundur, 

Tiruchirappalli, Tamil Nadu (India). The fabrication of INPs has been described in the 

previous chapter III. All the experiments were performed by using distilled water.  

4.2.2.  PF Adsorption Studies Using INPs 

The batch technique (Oter and Selcuk Zorer, 2021) was used to measure the PF 

adsorption by INPs and to evaluate the different adsorption parameters like effects of contact 

time (0 to 60 min), initial PF concentration (0.5 to 2.0 mg L-1), pH (2 to 10), and adsorbent 

dosage (0.2 to 1 g L-1). The adsorption experiments were conducted by mixing different 

amounts of INPs with 100 mL of known concentration PF solution in glass Erlenmeyer 

flasks. The reaction content was placed and shaken in a mechanical shaker at a speed of 150 

rpm. The solution pH was adjusted by using 0.1 M HCl/NaOH. After a certain time interval, 

the INPs were removed from the solution by centrifugation at a speed of 8000 rpm. Then, 

the supernatant solution was analyzed for the residual concentration of PF after adsorption 

experiments. Moreover, the adsorption capacity of glass Erlenmeyer flasks was examined, 

no significant changes were observed without INPs. Further, the adsorption isotherms and 

kinetics studies were also carried out under optimized conditions such as contact time, 

solution pH, and dose of the INPs. The removal percentage and adsorption capacity of PF 

onto INPs at equilibrium was estimated using the following equations:  
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% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑜𝑓 𝑃𝐹 =
(𝐶𝑖−𝐶𝑒)

𝐶𝑖
× 100                                             (1) 

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐹 (𝑞) =
(𝐶𝑖−𝐶𝑒)

𝑚
                                          (2) 

Here, Ce and Ci are final equilibrium and initial concentrations of INPs, respectively, and 

‘m’ is the mass of INPs in g L-1.  

4.3.  Results and Discussion 

4.3.1.  Fabrication and Characterization of INPs 

The efficient fabrication of low-cost and green INPs as sorbents from tea waste 

extract and its characterization were clearly described in the previous chapter III. The 

schematic diagram for the effective removal of organophosphorus pesticide, profenofos 

(PF) is shown in Figure 19.  

 

Figure 19. Schematic representation of the present investigation 
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4.3.2. Adsorption Parameters  

4.3.2.1. Influence of Contact Time 

 The effect of contact time is one of the influencing parameters and plays a 

significant role in adsorption studies. The adsorption of PF onto the prepared INPs was 

investigated in batch mode under optimized conditions and obtained results are depicted in 

Figure 20A. About 200 mg of prepared INPs were taken in flasks containing 1 mg L-1 of the 

initial concentration of PF solution. Then, the reaction content was shaken in a mechanical 

shaker with a speed of 150 rpm. Figure 20A demonstrates that PF adsorption increases with 

time and finally reached the equilibrium stage and beyond that, there were no significant 

changes in PF adsorption from the solution. The equilibrium stage was reached with a 

minimum contact time of 15 min. Therefore, 15 min was fixed as the optimum contact time 

for further studies. With increasing duration of contact time, the percentage of sorption 

increased from 59 to 88% and became nearly constant after 15 min. The findings indicated 

that PF adsorption was rapid in the earlier stages and gradually slow down near the 

equilibrium. This may be related to the availability of many active sites on the INPs surface 

in the initial stage. Afterward, additional vacant surface sites were difficult to be adsorbed 

due to repulsive interactions between the adsorbate molecules. These results are analogous 

with the other reports describing the removal of some organophosphorus pesticides by metal 

nanoparticles (Mansouriieh et al. 2016; Yang et al. 2017).    

4.3.2.2. Influence of Initial Concentration of Profenofos 

 The initial PF concentration was ranged from 0.5 to 2 mg L-1 for all experiments, 

and the content of INPs was fixed as 0.2 g L-1 for this study. The initial concentration of PF 

plays a major role during the adsorption process because the adsorption mechanism is 

mainly dependent on the fixed active sites of the adsorbent and the initial concentration of 
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PF molecules presented in the aqueous solution. Figure 20B shows that the adsorption of 

PF is enhanced as the initial concentration of PF is increased. With an increase in the initial 

concentration of PF, there was likely a higher mass transport driving force because more 

adsorbate molecules were competing for binding sites on the adsorbent and facilitating 

adsorption. At higher concentrations of PF, this trend shifted in the other direction, which 

might be due to the binding site saturation retarding the adsorption process (Mansouriieh et 

al. 2016). 

4.3.2.3. Influence of Initial pH 

 The impact of pH on adsorption efficiency is explained by the interaction between 

the adsorbent surface and the adsorbate molecules. The surface charge of the adsorbent plays 

an important role during the adsorption process. Therefore, the effect of pH is an essential 

factor in adsorption studies. The influence of pH on the removal of PF was examined at 

different pH ranging from 2 to 10 using PF initial concentration of 1 mg L-1 and 200 mg 

INPs. The obtained results are demonstrated in Figure 20C. According to the results, the 

adsorption capacity of INPs was increased with increasing pH from 2 to 7 and beyond that, 

the adsorption capacity was gradually decreased with increasing pH. The maximum 

adsorption capacity was obtained at pH 6.9 and therefore the pH 6.9 was the optimum pH 

for further studies. The zero point charge (PHzpc) of iron oxide was reported to be 6.5 in 

the literature (Salmani et al. 2021).  More than pH 6.5, iron oxide becomes negative that 

could not interact with anionic pollutants. Below pH 6.5, iron oxide becomes positive that 

could effectively interact with anionic pollutants. In the same way, the prepared INPs were 

effectively interacting with PF molecules less than pH 7 and above pH 7 to 10, the 

adsorption capacity of PF molecules considerably decreased. This may be due to the charge 

of INPs gradually changing from positive to negative with increasing pH. Therefore, a 
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considerable adsorption capacity was obtained at acidic pH due to electrostatic interaction 

between the positive charge of the adsorbent and negatively charged PF molecules. 

Therefore, a strong electrostatic attraction and complexation mechanism was involved to 

enhance the PF adsorption onto prepared INPs at acidic conditions. At the same time, the 

strong repulsion force was restricted the adsorption process of PF from an aqueous solution.  

4.3.2.4. Influence of Adsorbent Dosage 

 To investigate the impact of adsorbent dosage on PF adsorption at ambient 

temperature, the amount of INPs were varied from 200 to 100 mg. The initial concentration 

of PF was fixed as 1 mg L-1 for all runs. The effects of INPs dose on adsorption of PF is 

shown in Figure 20D. The adsorption efficiency of prepared INPs was increased with an 

increasing amount of the INPs. This may be due to the increasing number of active sites and 

surface area for the fixed amount of PF molecules. Figure 20D shows that as the adsorbent 

dosage enhanced over 0.6 g L-1 of INPs, the adsorption capacity of INPs nanoparticles was 

dropped. The increasing adsorbent dose could cause aggregation of adsorbent, and therefore 

the presence of active sites could be decreased during the adsorption process. Hence, the 

adsorption capacity of prepared INPs was decreased when the adsorbent dose was increased 

(Yoon et al. 2014). 
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Figure 20. Factors influencing PF adsorption. A) Contact time (min). B) Initial 

concentration of PF (mg L-1). C) Solution pH. D) INPs dosage. 

 

4.3.3.  Adsorption Isotherms 

Evaluating adsorption equilibrium by fitting the equilibrium data into several 

isotherm models is a vital step in identifying the appropriate model for design purposes and 

determining the mechanism of adsorption systems (Dadfarnia et al. 2015; Razmi et al. 

2019). Adsorption isotherms are essential in improving the use of adsorbents since they 

define how solutes interact with them and ensure the eliminated quantity of adsorbents. The 

Langmuir, Freundlich, Temkin, and D-R isotherm models (Yousefinia et al. 2021; Madhavi 

et al. 2013; Kim and Choi, 2017; Jabeen et al. 2013) were used to investigate the pathway 

behind the adsorption of PF. The correlation coefficients (R2) values were used to assess the 
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suitability of the adsorption isotherm to represent the adsorption mechanism of PF 

molecules onto the prepared INPs. 

4.3.3.1. Langmuir Isotherm 

 The Langmuir isotherm hypothesis is applicable for the adsorption on homogeneous 

surfaces. The surface is composed of identical sites that are equally available for adsorption 

and have equivalent adsorption energies. According to the Langmuir isotherm, the 

maximum adsorption relates to a saturated single-layer of solute molecules on the surface 

of the adsorbent with no lateral contact among the adsorbed molecules (Balouchi et al. 

2020). The linear form of the Langmuir adsorption isotherm equation is: 

𝐶𝑒

𝑞𝑒
=  

1

𝑞𝑚 𝑏
+  

𝐶𝑒

𝑞𝑚
      (3) 

Here, Ce is the concentration of PF in solution (mg L-1) at equilibrium, qe is the adsorbed 

quantity of PF, qm (mg g-1) and b (L mg-1) are the maximum adsorption capacity and 

Langmuir constants concerned with adsorption energy, respectively. The Langmuir 

isotherm constant was determined from the respective slope and intercept of the straight line 

of Ce/qe vs Ce.  

The Langmuir adsorption isotherm for PF onto INPs is shown in Figure 21A. The 

Langmuir isotherm (R2 = 0.9989) fits the experimental data exceptionally well, as displayed 

in Figure 21A. The highest adsorption capacity (qm) of INPs towards PF was found to be 

43.67 mg g-1 at room temperature. Because of the homogeneous distribution of active sites 

on the INPs surface, the Langmuir isotherm may well fit the investigational results. It is 

summarized that the highest adsorption is analogous to the formation of uni-layer of PF 

molecules on the surface of INPs and dictates no diffusion of PF in the plane of INPs surface 

(Baziar et al. 2021). 
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4.3.3.2. Freundlich Isotherm 

 Adsorption on heterogeneous surfaces is represented by the Freundlich adsorption 

isotherm. Both multilayer and monolayer adsorptions can be described using this isotherm 

model (Rahman et al. 2020).  It is also predicated on the idea that the stronger binding sites 

are occupied first. The binding strength diminishes as the degree of adsorption site 

occupancy increases. 

The non-linear form of Freundlich isotherm is designated as follows: 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝑓 +
1

n
𝑙𝑜𝑔𝐶𝑒                                                      (4) 

where qe is the quantity of PF adsorbed (mg g-1), Ce is the equilibrium concentration of PF 

in aqueous solution (mg L-1), n and Kf are the Freundlich constants describing the quantity 

of adsorbate adsorbed onto the adsorbent for a unit equilibrium concentration. The value (1/ 

n) specifies the heterogeneity of the adsorption system respectively. From the results 

expressed in Table 2, the Kf and n values are 1.0329 and 3.0769, respectively. It was 

confirmed that the PF was sufficiently adsorbed onto the surface of INPs. The R2 value of 

Freundlich isotherm is 0.8760, which is too far from 1 and evidenced that Freundlich 

isotherm failed to forecast the experimental data (Figure 21B). 

As presented in Table 2, the mean values of the regression coefficient (R2) are 0.9989 

and 0.8760 for Langmuir and Freundlich isotherm, respectively. According to the higher R2 

value, the Langmuir isotherm fits the experimental data better than the Freundlich isotherm.  

4.3.3.3. Temkin Isotherm 

 The Temkin adsorption isotherm was derived on the assumption that due to 

adsorbate–adsorbate interactions, the heat of adsorption of all molecules in the layer reduces 

linearly with coverage. The adsorption is defined by the regular distribution of the binding 



90 

energies up to maximum binding energy (Yousefi et al. 2021). The linear form of Temkin’s 

isotherm can be expressed as: 

𝑞𝑒 = 𝑅𝑇 ln 𝐾𝑇 + {𝑅𝑇|𝑏𝑇}𝑙𝑛𝐶𝑒                                                        (5) 

where T is absolute temperature, R is the universal gas constant, bT is the Temkin constant 

related to adsorption heat (J mol-1), and KT is the Temkin isotherm constant (L mg-1). The 

essential parameters of Temkin isotherm (Figure 21C) were determined from the linear plot 

of lnCe vs qe. As can be seen from Table 2, the Temkin isotherm also does not fits well for 

PF adsorption (R2 = 0.9598) than the Langmuir isotherm model.  

4.3.3.4. The Dubinin–Radushkevich (D-R) Isotherm 

 The D–R isotherm could represent adsorption on both heterogeneous and 

homogeneous surfaces at low concentrations. The linear form of the D–R isotherm equation 

is as follows: 

𝑙𝑛 𝑞𝑒 = ln 𝑞𝑚 − 𝛽𝜀2                                                         (6) 

here qm is the D–R monolayer capability (mg g-1), β sorption energy constant, and Ɛ refers 

to the Polanyi potential at equilibrium concentration and equals to: 

𝜀 = 𝑅𝑇 ln(1 + 1/ 𝐶𝑒)                                                       (6.1) 

𝐸 = 1/(2𝐵)1/2                                                            (6.2) 

 Here, E is described in free energy (kJ mol-1), the value B is related to mean sorption 

energy.  

 It can be determined whether the adsorption is based on chemisorption or 

physisorption by the activation energy. In most cases, the D–R model’s adsorption energy 

(E) revealed the physical nature of the elimination mechanism (E < 8 kJ/mol). In nature, 
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physisorption occurs when the activation energy is less than 8 kJ mol-1, and chemisorption 

occurs when the activation energy is between 8 and 16 kJ mol-1. According to this assertion, 

our investigation discloses that the PF adsorption on INPs is based on physisorption Figure 

21D (Saha et al. 2011). 

 The adsorption behavior of PF onto INPs was studied using Langmuir, Freundlich, 

Temkin, and D-R isotherm models. The obtained results are depicted in Figure 21. The 

derived isotherm parameters along with R2 values are presented in Table 2. According to 

the R2 values, the equilibrium isotherm data of PF adsorption onto INPs was fitted well into 

the Langmuir isotherm model than Freundlich, Temkin, and D-R isotherm models. The 

Langmuir adsorption capacity was found to be 43.67 mg/g for PF adsorption using prepared 

INPs.    

 

Figure 21. PF adsorption onto INPs. A) Langmuir isotherm plot. B) Freundlich 

isotherm plot. C) Temkin isotherm plot. D) D–R isotherm plot. 
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Table 2.  Isotherm parameters for the adsorption PF on INPs. 

Isotherm 

Models 
Langmuir Freundlich Temkin D-R 

Parameters 

qm  = 43.67 mg g−1 

b = 0.157 L mg−1 

R2 = 0.9989 

n = 3.0769 

KF  =1.0329 L g−1 

R2  =0.8760 

α  =  5.4795 

β  =  0.1204 

b  =  207.15  

R2  = 0.9598 

KL = 4.405 

qm = 193.99 mg g−1 

E = 0.3369 kJ mol−1 

R2 = 0.9872 

 

4.3.4.  Adsorption Kinetics 

Kinetics is one of the most significant criteria to be considered when evaluating 

adsorption efficiency (Namal and Kalipci, 2020). The kinetics of PF adsorption onto INPs 

was examined using the pseudo-first-order, pseudo-second-order, and intra-particle 

diffusion models (Figure 22). The calculated kinetic parameters of the pseudo-first-order, 

pseudo-second-order, and intra-particle diffusion models are presented in Table 3. 

4.3.4.1. Pseudo-First-Order Reaction 

 The Lagergren first-order or pseudo-first-order rate equation is broadly employed 

for the solute sorption from the solution and is measured by the following equation:   

log (𝑞𝑒 − 𝑞𝑡) = (log 𝑞𝑒) −  (𝐾1|2.303 ) × 𝑡                                   (7) 

where qe (mg g-1) is the quantity of adsorbed PF at equilibrium, qt (mg g-1) is the quantity of 

adsorbed PF at the time t (min), K1 is the rate constant for pseudo-first-order kinetics. 

According to the pseudo-first-order equation, the rate of adsorption site occupation is related 

to the number of unoccupied sites (Diagboya et al. 2015; Choe et al. 2000). The pseudo-

first-order kinetic fit for the PF adsorption onto the INPs is shown in Figure 22A and the 

corresponding kinetic parameters are presented in Table 3.   
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4.3.4.2. Pseudo-Second-Order Reaction 

 A pseudo-second-order equation can also be used to characterize the adsorption 

kinetics. The pseudo-second-order kinetic model states that the reaction rate is quick at the 

beginning and then slows as it reaches equilibrium; the reaction can continue at this rate for 

an extended period. This model is based on the adsorption ability of the adsorbent and is 

effective for understanding both nonphysical and nonchemical equilibrium (Dickson et al. 

2017). It is expressed by the following equation:   

𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                                (8) 

where K2 is the rate constant of pseudo-second-order adsorption reaction, qt (mg g-1) and qe 

(mg g-1) are the amounts of adsorbed solute at equilibrium at any time v  t (min). Figure 22B 

illustrates the linear form of the pseudo-second-order adsorption model, and the parameters 

are listed in Table 3. According to Table 3, the pseudo-second-order kinetics model along 

with higher R2 values is more consistent with the investigational results than the pseudo-

first-order kinetics model. The results indicate that the adsorption rate is highly dependent 

on adsorption sites availability over the PF concentration in the solution. 

4.3.4.3. Intra-Particle Diffusion Model 

 It is assumed in the intra-particle diffusion model (Figure 22C) that adsorbate can 

be transported into the pores of the adsorbent by batch mode adsorption and is stated as 

follows: 

𝑞 = 𝐾𝑖 𝑡
1/2 + 𝐶𝑖                                                             (9) 

here Ci refers to intercept, which approximate the thickness of the boundary layer, and a 

significant intercept value denotes the higher boundary layer effect. Ki refers to the rate 

constant for intra-particle diffusion that can be calculated by the slope from the linear plot 
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of q against t1/2. If the plot is linear and passes through the origin, intra-particle diffusion is 

the only rate-controlling step. But if the plot is linear and does not pass through the origin, 

it is suggested that the adsorption involves intra-particle diffusion but it is not the only rate-

limiting step. The outcomes of our analysis demonstrate that intra-particle diffusion is not 

considered as the rate-controlling step in the PF adsorption by INPs (Sheela and Nayaka, 

2012). 

 

Figure 22. Kinetic adsorption models of PF. A) Pseudo-first-order kinetics. B)  

Pseudo-second-order kinetics. C) Kinetic plot for intra-particle diffusion at RT. 

 

Table 3. Kinetic parameters for the adsorption of PF on INPs. 

Kinetic system System coefficients R2 

Pseudo-first order qe =7.3468 mg g−1 

K1 =1.87×10−2  min−1 

0.9131 

 

Pseudo-second order qe =12.722 mg g−1 

K2 =7×10−3 g mg−1 min−1 

0.9792 

 

Intra-particle diffusion Kdif f =1.7199 mg g−1 min1/2 

C = 9.0107  

0.9399 

 

 

4.3.5.  Adsorption Mechanism 

Adsorption is a surface phenomenon that results when adsorbate molecules 

accumulate on the surface of the adsorbent. It is based on the mass transport of a specific or 

group of components of adsorbate congregate at the interface. A variety of mechanisms have 
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been proposed in the literature for the removal of pesticides from water. Van der Waals 

forces, electrostatic attraction, hydrophobic interactions, hydrogen bonding formation, π-π 

stacking, ion exchange, and surface complexation exist between the adsorbent and adsorbate 

in the aqueous medium. However, the adsorptive removal of harmful pesticides is triggered 

by one or more of these interactions.  In general, the decontamination of pesticides by 

prepared adsorbent is typically a function of adsorbent properties as well as the chemical 

composition of the adsorbates. Several interaction forces including surface complexation, 

hydrogen bonding, and electrostatic attraction were governed the adsorption mechanism of 

PF from the aqueous phase using as-prepared INPs. Under acidic conditions, the INPs have 

effectively adsorbed the PF molecules from the aqueous phase because the protonated INPs 

were easily interacting with highly electronegative atoms of PF molecules through 

electrostatic attractions. Other forces such as surface complexation and hydrogen bonding 

were also enhanced the adsorption mechanism of PF molecules from aqueous solution. 

Further, the adsorptive removal of PF molecules was influenced by a variety of variables, 

including adsorbent concentration, incubation time, temperature, solution pH and particle 

size, etc. Among the above-mentioned mechanisms, the electrostatic attraction was the main 

force to adsorb the PF molecules onto the INPs. However, the electrostatic attraction 

becomes weaker in alkaline conditions because of the deprotonation of INPs. The selected 

pesticide profenofos is composed of the most electronegative atoms including Br, Cl, S, P, 

and O which may strongly involve hydrogen bonding interactions to the adsorbent INPs in 

acidic conditions. Further, the coordination or the chelating ability of S, P, or O atoms 

towards nano iron may also be responsible for the adsorption of PF molecules by INPs. 

Based on the obtained results, Langmuir isotherm revealed the monolayer adsorption of PF 

molecules on the surface of INPs. Further, the D–R isotherm unveiled that the adsorption of 

PF on the surface of INPs is physisorption in nature. Therefore, the underlying mechanism 
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is physisorption mediated monolayer adsorption of PF molecules on the surface of 

fabricated INPs. 

4.4.  Conclusion 

In summary, the INPs were successfully fabricated and its further application of PF 

uptake was systematically investigated in this study. The prepared INPs were thoroughly 

characterized by using various spectral and analytical analyses. The synthesized INPs 

showed an excellent adsorption capacity of 43.67 mg g-1 for PF molecules with a minimum 

contact time of 15 min. Different influencing factors such as solution pH, contact time, 

adsorbent dose, and initial concentration were systematically investigated for the maximum 

uptake of PF molecules from the aqueous solution. The equilibrium data fit with the 

Langmuir adsorption isotherm model, demonstrating monolayer coverage of PF molecules 

on the INPs outer surfaces. The adsorption kinetics indicate that the adsorption system 

followed the pseudo-second-order kinetic model and it was confirmed by the higher R2 

(0.9792) value. Moreover, it was revealed that the rate of adsorption was more dependent 

on the availability of adsorption sites on INPs over PF concentration in the solution. The 

electrostatic interaction was mainly governed the adsorptive mechanism of PF molecules 

onto the INPs. The obtained findings of this study demonstrate the scope and efficacy of 

green INPs as effective adsorbents for the environmentally-friendly removal of pesticides 

from polluted water.  Until now, optimization of green synthetic protocol, exact mechanisms 

of nanoparticle formation, regeneration, and utilization of nanomaterials are the major 

challenges to researchers for developing them from laboratory level to commercialization. 

A slight change in the parameters such as particle size, reactant concentration, reaction pH, 

reaction time, temperature, pressure, and environmental conditions are significantly 

affecting the physicochemical properties and morphologies of nanoparticles. The main 

drawbacks of INPs are the release of soluble iron ions and their susceptibility to surface 
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oxidation. Moreover, the latent toxicities of these nanomaterials are not completely 

addressed.  

 From future perspectives, we propose (i) to employ the titled INPs for the removal 

of other hazardous organophosphorus pesticides and other types of pollutants including 

dyes, heavy metals; (ii) to use the INPs as a pilot adsorbent in agricultural and industrial 

wastewater remediation; (iii) to estimate the practical utility, environmental and the 

commercial feasibility of the application. (iv) to study the toxicity effect, recovery, and 

reusability of INPs for their application in wastewater treatment. 
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Chapter V 

Isolation, Screening, and Identification of 

Potential Profenofos Degrading Bacteria from 

Pesticide-Contaminated Agricultural Soil 
 

Abstract: 

 The chemical structure of organophosphorus pesticides is attributed to their high 

toxicity and competence to irreversibly inhibit the activity of acetylcholinesterase and inflict 

neuronal disorder, organ failure, and eventual death among non-target species. Profenofos 

is one of the most widely used organophosphate pesticides on a variety of crops and its 

residues are being found in human blood, breast milk, and urine. Hence, there is a rising 

demand for the development of pesticide degrading efficacious technologies. One of the 

most promising bioremediation strategies has proven to be the microbial breakdown of 

pesticides into less harmful compounds. For the bioremediation of profenofos contaminated 

soil, a bacterial strain PDB1 competent of utilizing profenofos has been isolated from the 

agricultural soil samples of Karur district, Tamilnadu, India. The strain PDB1 is identified 

as Bacillus subtilis from the cultural, morphological, biochemical, and 16S rRNA gene 

studies.  
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5.1.  Introduction 

Global estimates of yield losses for main crops induced by viruses, pests, diseases, 

and weeds varied between 26-40%, based on crop and world territory (Willocquet et al. 

2017). As a result, the application of chemical pesticides has been a preferred solution to 

boost agricultural productivity, quality and to fulfill the food requirements of the world’s 

fast-increasing population (Salahi Moghadam et al. 2021). Despite its advantages their 

widespread and long-term usages, however, cause severe contamination of air, water, soil, 

and agricultural products, that jeopardizes crop production eventually being harmful to the 

ecosystem especially to the agriculturally beneficial microbes and aquatic animals, and 

consequently creates risks to human health through food chains (Rani et al. 2021). Massive 

amounts of pesticides were manually administered, but it was estimated that only a minor 

proportion of the compounds properly reached the target species, with the balance being 

settled on the soil and resulting in poisonings of off-target species (Diez, 2010). Pesticide 

persistence in the soil also has a severe impact on climate parameters such as rainfall 

intensity and schedule, as well as temperature. Climate change affects the retention of 

pesticides and microorganisms in the soil (Ma et al. 2021). Among the several pesticide 

categories used across the globe, organophosphates are the most frequently employed group 

of pesticides in contemporary usage (Mileson et al. 1998).  

Profenofos is a common organophosphorus pesticide (Figure 23) utilized on a 

variety of crops. According to findings, the pesticide is an ACE inhibitor, causing an 

irreversible neuronal disorder in animals. Among the most serious health risks associated 

with profenofos residues are genotoxicity, mutagenicity, multi-organ disorder, hormone 

disruption, reduced overall body metabolism, and reproductive problems. Further, 

profenofos residues have been found in many vegetables posing a dietary risk to people and 

aquatic animals. Furthermore, profenofos pesticide residues have been linked to honey bee 

colony loss and soil microflora destruction (Kushwaha et al. 2016). Thus, it is imperative to 
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effectuate effective strategies for removing profenofos residues in a manner that is both 

economically viable and environmentally friendly. Traditional methods for removing and/or 

degrading organophosphorus pesticides, such as chemical modification, combustion, and 

landfills, were later shown to be problematic due to the risk of secondary exposure. 

Furthermore, such methods are prohibitively expensive. As a result, there is a rising demand 

for developing a natural solution for the efficient elimination of profenofos from the eco-

system (Jatoi et al. 2001). 

 

Figure 23. Molecular structure of profenofos pesticide 

Biodegradation is one of the most potent, secure, and commercially sustainable 

strategy when compared to other contaminants removal methods. The degradation and 

conversion of recalcitrant pesticides can be better accomplished through bioremediation by 

the action of microbial enzymes that can catalyze various reactions such as hydrolysis, redox 

reactions, ring cleavage, etc. (Sarker et al. 2021). To date, there have been very few reports 

that describe the efficient microbial biodegradation of profenofos pesticide and their 

complete degradation pathways. Malghani et al. have reported the extraction, identification 

along with the characterization of bacterial strains capable of degrading profenofos pesticide 

(Malghani et al. 2009). Salunkhe et al. isolated Bacillus subtilis from grapevines and 

investigated the profenofos degrading ability (Salunkhe et al. 2013). Jabeen and co-workers 

have optimized the degradation capacity of bacterial consortium by surface response 

technique (Jabeen et al. 2015). Siripattanakul-Ratpukdi’s research group studied the 
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profenofos biodegradation by a bacterial consortium (Siripattanakul-Ratpukdi et al. 2015). 

Jaoti examined the potency of rhizobacteria towards the biodegradation of profenofos and 

analyzed the progress of the growth of the plants (Jatoi et al. 2021). Recently, Verma and 

Chatterjee demonstrated the mechanistic pathway of profenofos biodegradation (Verma and 

Chatterjee, 2021). 

The present investigation aims to identify novel bacterial strains from the pesticide-

contaminated soil and to comprehend the profenofos degradation pathway. The strain 

isolated in this study can be used to bioremediate pesticide-contaminated soil in various 

agricultural fields. 

5.2.  Experimental Section 

5.2.1.  Sample Collection  

Soil samples were gathered from various sites with ten years of pesticide exposure 

and taken from 10 to 15 cm depth from Karur district, Tamil Nadu, India (Latitude: 10.8154° 

N, Longitude: 78.5758° E) (Figure 24). Soil samples have been stored in an ambient 

atmosphere and preserved in plastic containers at the refrigerator. Technical grade 

Profenofos (99 % purity)  was obtained from the Scientific Fertilizer Co Pvt. Ltd, Pesticide 

Division, Gundur, Tiruchirappalli, Tamil Nadu, India.  

5.2.2.  Physico-Chemical Characteristics of Soil 

 The soil samples were analyzed in the Department of Agriculture and cooperation, 

ICAR, Karur for demonstrating the physicochemical characteristics.  

5.2.3.  Medium for Isolation 

 Mineral salt media MSM (in g / L) (Potassium dihydrogen phosphate – 3; Sodium 

chloride – 0.5; Sodium sulfate – 5.8; Ammonium chloride – 1; MgSO4.7H2O – 0.2) and 

nutrient broth were purchased from HIMEDIA, India.  
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5.2.4.  Soil Processing by Enrichment Method 

 By successive sub-culturing of MS-medium containing profenofos, the bacteria have 

been isolated using an enrichment method. 5 g of soil from the agricultural field is mixed 

with 100 mL MS medium and profenofos (10 mg/L). For a week, the enriched medium was 

stored at 30 ᵒC under agitation (140 rpm/min). After five cycles, the enrichment culture  

(5 mL) was subcultured into a 100 mL new enrichment medium comprising an increasing 

concentration of profenofos (20, 30, 40, and 50 mg/L).  

5.2.5.  Isolation of Profenofos Degrading Bacteria  

 Pure cultures were obtained after four cycles of sub-culturing in MSM with an 

incremental dose of profenofos (till 50 mg/L) by conducting suitable serial dilutions of the 

enriched culture in MS medium and growing them in MS plates inoculated with 50 mg/L 

profenofos (Mu et al. 2018). Three pure colonies were isolated for further investigation and 

named PDB1, PDB2, and PDB3.  

5.2.6.  Screening of Potential Profenofos Degrading Bacteria 

 To screen the bacteria with potent profenofos pesticide tolerance, all the three 

isolated colonies PDB1, PDB2 and PDB3 were separately treated with various 

concentrations of profenofos including 40, 60, 80, and 100 mg/L in MS medium plates.  

Among the three treated strains, the potential bacterial strain that showed significant growth 

was selected for further investigation. 

5.2.7.      Identification of Potential Profenofos Degrading Bacteria 

5.2.7.1.    Cultural and Morphological Characterization  

     The selected strain has been cultured in nutrient broth for 24 h. The cultural and 

morphological characterization of the selected strain was analyzed.  
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5.2.7.2. Biochemical Characterization  

 To identify the genus of the profenofos degrading bacterium, the biochemical 

features such as Gram staining, citrate, gelatin hydrolysis, catalase, indole, methyl red, 

nitrate reduction, and pigment production were analyzed (Shirling and Gottlieb, 1996). 

5.2.7.3. Molecular Characterization  

 The genomic DNA of the isolated strain was extracted using the usual PCI  

(25: 24: 1, Phenol: Chloroform: Isopropanol) extraction method. The culture was grown in 

LB broth at 30 ᵒC in a rotary shaker (140 rpm/min) for 24 h. The cells were harvested by 

centrifugation at 4 ᵒC for 10 min at 10000 rpm. The harvested cells were then washed thrice 

with sterile water. 5 mL of SET buffer was added to the cells (25 mM Tris HCl; 25 mM 

EDTA, pH 8; 0.3 M sucrose). After that 3 µL of lysozyme was added and agitated well on 

vortex mixture followed by incubation at 37ᵒC for 45 min. After that, 600 µL of 10% SDS 

was added and incubated at 60 ᵒC for 15 min followed by incubation, 3 µL of RNAase was 

added into the lysed mix and incubated for 15 min at 37ᵒC. After that, 2 mL of PCI was 

added and centrifuged at 4 ᵒC for 10 min at 10000 rpm.  Followed by centrifugation, an 

aqueous layer was transferred to the fresh sterile tube and precipitated with ice-cold absolute 

ethyl alcohol. The solution was then kept at -80 ᵒC for 30 min. After that, the precipitate 

was transferred into a fresh tube and washed with 70% ethyl alcohol, and dried at ambient 

atmosphere until the complete evaporation of ethyl alcohol. Finally, the pellet was dissolved 

in 200 µL of TE buffer for further studies (Hopwood et al. 1985). 

5.2.7.3.1. 16S rRNA Gene Sequences 

     For PCR amplification of the 16S rRNA gene, the following primers were employed: 

27F (5'-AGAGTTTGATCCTGGCTCAG-3'), and 1492R (5'-GGTTACCTTGTTACGACTT-

3'). To create the PCR reactions, 50 µL of PCR buffer, 10 mol/µL of each primer, 5 U Taq DNA 

polymerase, and 10 mol/µL BSA, as well as 2 µL of DNA were used. 94°C denaturation for 
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three minutes, 28 amplification cycles of 20 sec each at 94°C, 58°C for 40 sec at 72 °C, and 

a finishing polymerization to 3 min and 30 sec was the thermocycling conditions. To check 

the PCR products, we used Gel Doc 2000 to visualize them on 1.0 % agarose gels. The 

purified PCR products of the 16S rRNA gene were sequenced (Agrigenome Labs Pvt Ltd, 

Kochi).  

5.2.7.3.2. Phylogenetic Tree Construction  

     16S rRNA gene sequences analysis was performed using the BLAST (Altschul et 

al. 1997) at NCBI network services. The sequences obtained were aligned against selected 

sequences that are publicly available in GenBank using CLUSTAL X programs (Thompson 

et al. 1997). After verification and adjustments of the alignments, manually the phylogenetic 

tree has been constructed using the neighbor-joining method (Wright et al. 2017). 

5.3.  Results and discussion 

5.3.1.  Physico-Chemical Characteristics of the Soil Sample 

Agrochemicals are regarded as a crucial component of modern agriculture, and their 

use is increasing at an alarming rate. Prominently, the utilization of pesticides not only 

increases crop production, but also induces a sequence of changes in the physical, chemical, 

and biological characteristics of the soil. These long-term changes have a substantial impact 

on the soil's quality and production capability. To check the nature, water holding capacity, 

and the existence of various elements, the physicochemical properties of the collected soil 

sample were analyzed. The physicochemical features of the analyzed soil sample are given 

in Table 4. 
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Figure 24. Location of soil samples collection 

Table 4. Properties of soil sample 

S.No Parameters Value 

1. Soil type Red soil 

2. Density 1.47 g/mL 

3. Water holding capacity 40.39 % 

4. pH 7.2 

5. Electrical Conductivity (EC) 0.32 

6. Organic Carbon (OC) 2.30% 

7. Nitrogen (N) 254.2 kg/ha 

8. Potassium (K) 260.1 kg/ha 

9. Phosphorous (P) 20.4 kg/ha 

10. Sulfur (S) 12.1 mg/kg 

11. Zinc (Zn) 0.85 mg/kg 

12. Boron (B) 1.24 mg/kg 

13. Iron (Fe) 30 g/kg 

14. Manganese (Mn) 6.14 mg/kg 

15. Copper (Cu) 1.21 mg/kg 
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5.3.2.  Isolation of Profenofos Degrading Bacteria  

 Three different bacterial strains have been isolated from the pesticides exposed 

agricultural soil samples by enrichment technique for further investigation and named 

PDB1, PDB2, and PDB3.  

5.3.3.  Screening of Potential Profenofos Degrading Bacteria 

 To screen the bacteria with potent profenofos pesticide tolerance and their growth, 

all the three isolated colonies were examined by the plating method. All the three isolates 

PDB1, PDB2, and PDB3 exhibited better growth up to 60 mg/L of profenofos. However, 

while the dose of profenofos was increased to 80 mg/L, the strains PDB1 and PDB2 showed 

better growth. Finally, only the strain PDB1 demonstrated significant growth and profenofos 

tolerance of 100 mg/L. Hence PDB1 has been chosen for further investigation. The pure 

colonies of the isolated strains were displayed in Figure 25 and the growth of the strains 

under the various concentrations of profenofos has been given in Table 5. 

 

Figure 25. Pure colonies of PDB1, PDB2, and PDB3 
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Table 5. The growth of the strains under various profenofos concentration  

 Concentration of profenofos (mg/L) 

40 60 80 100 

PDB1 + + + + 

PDB2 + + - - 

PDB3 + + + - 

 

5.3.4.  Identification of Isolated Strain  

5.3.4.1. Cultural and Morphological Characterization                     

  Under the test conditions, a single bacterial isolate PDB1 was found positive at a 

high concentration of profenofos (100 mg/L). The strain PDB1 has been selected for 

profenofos degradation in soil samples collected from the Karur district of Tamil Nadu, 

India. At neutral pH, the PDB1 bacterium grew significantly in MS Medium added with 100 

mg /L profenofos at 28°C, indicating that the bacterium was using profenofos as its sole 

carbon and energy source. Morphological analysis revealed that the strain PDB1 was rod-

shaped and a fuzzy-white in color.  

5.3.4.2. Biochemical Characterization                     

The biochemical properties of the PDB1 have been summarized in Table 6. The 

PDB1 strain exhibited positive results for Gram staining, citrate, gelatin hydrolysis, catalase, 

and nitrate reduction tests. For the analysis with indole, methyl red, and pigment production, 

the strain PDB1 showed negative responses. The biochemical analysis of the PDB1 

exhibited 99 % characteristics of the Bacillus genus.  
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Table 6. Biochemical test for PDB1 

Sl. No Test Results 

1 Gram Staining  Positive 

2 Citrate Positive 

3 Gelatin hydrolysis Positive 

4 Catalase Positive 

5 Indole Negative 

6 Methyl Red Negative 

7 Nitrate Reduction Positive 

8 Pigment production Negative 

 

5.3.5.  Molecular Characterization  

 The genomic DNA of the PDB1 strain was isolated by the usual PCI extraction 

method. The isolated DNA was analyzed by gel electrophoresis technique and the 

corresponding DNA band size of 1500 bp for genomic DNA isolated from PDB1 strain 

(Figure 26). 

 

Figure 26. Genomic DNA of PDB1 
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5.3.5.1. 16S rRNA sequences  

 The PDB1 strain was further identified using 16S rRNA gene sequencing. BLAST 

analysis was used to compare the PDB1 nucleotide sequences to other 16S rRNA gene 

sequences in the NCBI database. The analysis revealed that the bacterium PDB1's  

16S rRNA gene sequence exhibited a substantial degree of similarity with subtilis species. 

From this experiment, the potential strain PDB1 was identified as Bacillus subtilis. The  

16S rRNA sequences of the Bacillus subtilis strain have been deposited in GenBank with 

accession number (SUB10926668).  

5.3.5.2. Phylogenetic tree construction  

  The phylogenetic tree has been constructed by the neighbor-joining method (Wright 

et al. 2017). It combines sequences to outline predicted tree branches and to estimate branch 

lengths from trees. The phylogenetic tree of the bacterium PDB1 is shown in Figure 27 

(Ankenbrand and Keller, 2016). 

 

Figure 27. The phylogenetic tree of the isolated bacterium PDB1 
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5.4.  Conclusion 

 Microbe-mediated biodegradation of organophosphate pesticides and the 

advancement of bioremediation approaches for contaminated agricultural fields by using 

potential microorganisms symbolize a rapidly expanding area of research worldwide. In the 

pristine ecosystems and non-exposed agricultural fields, naturally existing profenofos-

degrading microorganisms may be scarce. As a result, the enrichment technique for isolating 

bacterial strains was widely employed in the investigation of pesticide biodegradation. In 

the present exploration, the PDB1 strain was isolated from pesticide-contaminated 

agricultural soil. The isolated bacterial strain was identified as Bacillus subtilis by various 

characterization techniques including cultural, morphological, biochemical, and molecular 

characterization. The PDB1 strain was tested for its ability to degrade the pesticide 

profenofos. Cultural and morphological analysis revealed that the strain PDB1 was rod-

shaped and a fuzzy-white in color. The biochemical analysis of the PDB1 strain exhibited 

99 % characteristics of the Gram-positive Bacillus genus. The molecular characterization 

analysis revealed that the isolated PDB1 strain is Bacillus subtilis. 
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Chapter VI 

Effect of Bacillus subtilis on Profenofos 

degradation and plant growth  

 

Abstract:  

 In modern agriculture, the widespread use of organophosphorus pesticides results in 

environmental pollution and pose severe threats to human, flora, and fauna. Hence, the 

efficient removal of these pesticides from polluted environments remains an enduring 

inspiration. Microbial degradation can be used as a proficient detoxifying strategy for the 

polluted ecosystem since it can break down or convert toxic pollutants into less hazardous 

by-products by indigenous microbes while also being cost-effective, extremely efficient, 

and environmentally sustainable. Further, a detailed analysis of the plant growth-promoting 

activity of plant-bacteria relationships could be used to promote sustainable agricultural 

output as well as the remediation of pesticide-polluted soil and water. Hence, a bacterial 

strain PDB1 was extracted from the soil sample exposed to pesticide for an extended period 

at Karur district, Tamilnadu, India for the bioremediation analysis. Using cultural, 

morphological, biochemical, and 16S rRNA gene analysis, the bacterium PDB1 was 

characterized as Bacillus subtilis. The impact of Bacillus subtilis on several plant-growth 

parameters in the pot culture method was studied in the presence and absence of the pesticide 

profenofos. The capacity of Bacillus subtilis to degrade profenofos (PF) both in liquid and 

soil medium was examined using gas chromatography-mass spectroscopy (GC-MS). Since 

this isolated bacterial strain has (PF) degrading capacity as well as other characteristics that 

promote plant growth, the isolate could be an attractive opportunity for the advancement of 

the bioremediation technique. 
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6.1.  Introduction 

Modern agriculture has relied on the constant administration of agrochemicals 

predominantly pesticides to increase crop productivity and food security (van Zelm et al. 

2014). Even though pesticides play a crucial function in contemporary agriculture, their 

prolonged use causes severe environmental problems (Alengebawy et al. 2021). Continuous 

pesticide exposure causes immunological issues, immunodeficiency syndromes, and 

cancer-related problems. The excessive use of pesticides pollutes the soil and water 

environment. Furthermore, it has a negative impact on the genetic variation of soil 

microbiota, accompanying deteriorated soil fertility and plant development, which together 

jeopardize the long-term productivity of the agricultural field. To complicate the issue 

further, pesticide residues and their by-products frequently penetrate through the surface 

soil into groundwater, provoking widespread pollution of aquatic environments (Rani et al. 

2021). 

Organophosphates are by far the most frequently used insecticides, accounting for 

34% of global pesticides consumption. They are known to inhibit cholinesterase 

neurotransmitters irreversibly, disrupting endocrine activities, nervous system failure, 

defects in childbirth, infertility, distortion of growth, development, and reproduction in 

fauna, birds, and mankind (Mileson et al. 1998). Profenofos (PF) is a highly active 

organophosphorus pesticide that is commonly employed on crops, vegetables as well as 

fruits. The molecular structure of PF comprises phenolic and phosphate ester components 

(Figure 28). It is one of the most widely used pesticides because of its easy fabrication, cost-

effectiveness, and high efficiency. PF has been categorized as a moderately dangerous 

pesticide of toxicity class II by the World Health Organization (WHO), and it has been 

shown to inhibit acetylcholinesterase. PF is genotoxic to off-target organisms, including 

terrestrial and aquatic creatures. PF is widely used in agriculture in many countries across 

the world. It has been widely used to manage and control numerous lepidopterous insects, 
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aphids, whiteflies, spider mites, and hoppers on a variety of crops including tomato, potato, 

corn, sugarcane, cotton, tobacco, and vegetables. The residual levels of PF have been 

measured in a variety of plants and food samples. Alarmingly, these organophosphate 

pesticide residues have been identified in human blood, breast milk, plasma, serum, and 

urine after exposure (Kushwaha et al. 2016). 

 

Figure 28. Chemical Structure of Profenofos 

To address the ever-increasing demand and overconsumption of synthetic pesticides 

while taking into account their long-term negative impacts on global agro-ecosystems and 

living organisms, we desperately need to develop, adopt, and promote environmentally 

sustainable approaches (Sun et al. 2018). Traditional methods for removing and/or 

degrading organophosphorus pesticides, such as chemical treatment, combustion, and 

landfills, were later shown to be troublesome due to the possibility of secondary exposure. 

Furthermore, such procedures are prohibitively expensive. As a result, sustainable 

agriculture is critical in this period since it has the capabilities to fulfill our future 

agricultural demands (Jatoi et al. 2021). Hence, bio-remediation, bio-mineralization, bio-

protection, bio-stimulation have been considered as safe, convenient, environmentally 
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friendly, and economically viable methods for the decontamination of organophosphorus 

pesticides (Khatoon et al. 2020). 

Bioremediation is a technique that uses the potential of microbial degradation to 

provide a cost-effective and reliable way of pesticide diminution. Numerous soil and 

aqueous atmospheres were effectively recovered by utilizing bacteria capable of degrading 

the contaminants. PF is removed through hydrolysis, either chemically or through microbial 

activity, by transforming it to diethylthiophosphoric acid and 4-Bromo-2-chlorophenol 

(Kushwaha et al. 2016). Malghani et al. described the isolation and characterization of 

bacterial strains capable of PF decomposition (Malghani et al.  2009). Salunkhe et al. 

extracted Bacillus subtilis from grapevines and examined its ability to degrade PF (Salunkhe 

et al.   2013). Jabeen and colleagues used the surface response technique to analyze the 

degradation capacity of a bacterial consortium (Jabeen et al. 2015). The research team of 

Siripattanakul-Ratpukdi explored PF biodegradation by a bacterial consortium 

(Siripattanakul-Ratpukdi et al. 2015). Verma and Chatterjee briefly demonstrated a 

molecular mechanism of PF biodegradation (Verma and Chatterjee, 2021). 

Plant-assisted bioremediation has a lot of potential for cleaning up pesticide-

contaminated soil. Pesticide degrading bacteria may improve plant tolerance to pollutants 

by detoxifying polluted soils by direct mineralization of contaminants. Furthermore, plant 

exudates increase the density and efficiency of novel bacteria in the root zone. The ability 

of microorganisms to detoxify pollutants while also increasing plant development has 

previously been explored for various organophosphorus insecticides such as malathion, 

methyl parathion, chlorpyrifos, and monocrotophos (Pandotra et al. 2018). Despite, the 

significance of plant-bacteria relationships towards the remediation of various pollutants 

has been demonstrated in various studies, research on PF degradation using this strategy is 

currently limited.  
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Akbar and Sultan demonstrated that the chlorpyrifos-degrading bacteria 

Achromobacter xylosoxidans and Ochrobactrum sp. have the potential to become excellent 

options for increasing crop productivity in pesticide-contaminated soils (Akbar and Sultan, 

2016). Nivedita and Sundari examined the impact of direct inoculation of specified consortia 

on plants in the presence of the root disease Sclerotium rolfsii and the organophosphate 

insecticides malathion and methyl parathion (Mishra and Sundari, 2015).  D. M. Dash and 

J. W. Osborne investigated the bioremediation of monocrotophos by native isolates obtained 

from cultivable sugarcane soil. The inclusion of Bacillus aryabhattai to the rhizosphere of 

Liriope muscari improved plant growth and monocrotophos degradation in soil (Dash and 

Osborne, 2020). Meng Di et al. presented the entire genome sequence of Bacillus 

amyloliquefaciens as well as its capacity to break down a variety of organophosphorus 

insecticides (Meng et al. 2019). Fiaz Ahmad’s research group portrayed the ability of 

inoculated external bacteria Bacillus pumilus to accelerate the cleanup of chlorpyrifos-

contaminated soil and reduce levels of harmful pesticide residues in crops (Ahmad et al. 

2012). Govarthanan et al. explored the potential for speedy degradation of chlorpyrifos 

and plant development enhancing psychrophilic Shewanella sp. cultures were obtained from 

saltwater using the enrichment technique (Govarthanan et al. 2020). Ghani et al. examined 

the efficacy of a bacterial strain, Enterobacter cloacae, competent in promoting plant 

growth and biodegrading PF (Ghani et al. 2021). Jaoti examined the potency of 

rhizobacteria towards the biodegradation of PF and analyzed the progress of the growth of 

the plants (Jatoi et al.  2021). Vinay Kumar et al. assessed the plant development and PF 

elimination efficacy of Acinetobacter and Comamonas sp. bacteria as separate strains and 

in combination and found that the consortium has greater plant growth-promoting properties 

than the individual bacterium (Kumar et al. 2020). 

Inspired by the facts and results, we attempted to isolate and identify a novel 

bacterial strain from pesticide-contaminated soil and succeeded. Further, the metabolites 
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derived from PF degradation were identified by using GC-MS and a probable mechanism 

has been proposed. Furthermore, the isolated bacteria were tested for their ability to promote 

plant growth.  

6.2.  Experimental Section  

 Isolation, screening, and identification of potential profenofos degrading bacterium 

have been described in the previous chapter V. The collected soil from the agricultural field 

of Karur district, Tamil Nadu, India was sterilized for pot culture experiment.  

6.2.1. Degradation of Profenofos in Liquid Culture Media 

 The capability of the isolated strain Bacillus subtilis towards the biodegradation of 

profenofos was investigated with a mineral salt medium comprising 100 mg/L profenofos 

as the only carbon source. Bacterial cells have been pre-cultured in a nutrient agar medium 

at 30 °C for 24 h at 140 rpm in an orbital shaker. To extract the profenofos residues, aliquots 

(2 mL) of the sample were withdrawn from the 100 mL liquid culture, combined with 2 mL 

ethyl acetate, and rapidly shaken for 30 min. The organic phase was centrifuged at 10,000 

rpm for 15 min. The ethyl acetate layer was dried using anhydrous Na2SO4 and evaporated at 

room temperature. The residues have been dissolved in 100 µL of ethyl acetate.  

6.2.2. GC-MS Analysis 

 PF degradation was determined after 3 weeks. For the GC-MS analysis, a 5 g soil 

sample was collected from pots B and C. 2 mL of aliquots were extracted after 3 weeks and 

analyzed gas chromatography-mass spectroscopy (GC-MS) analysis. To detect the 

metabolites of profenofos breakdown, a GC-MS system (GCMS-QP 2010 Shimadzu) 

provided with an auto-sampler and a mass spectrometer detector was used. For compound 

separation, a Phenomenex ZB 5MS column has been utilized. Helium (He) gas has been 

employed as a carrier gas, at a flow speed of 1 mL /min. The following temperature system 

was applied. The oven temperature was originally held 60 ᵒC for one min before rising from 
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10 ᵒC per min to 290 ᵒC with a 20-minute hold time; the total run time was 45 min. The 

injector's temperature was kept at 250 ᵒC. The ion trap was set to 70 eV and had a scan range 

of 40 to 800 m/z. In split mode, 1 L of each sample was injected (10:1). Metabolite 

identification was accomplished by comparing the results to standard compound mass 

fragmentation patterns as well as instrumental library searches (Herrmann et al., 1999). 

(Arjunan and Muthuselvam, 2021). 

6.2.3. Pot Culture Experimental Design  

6.2.3.1. Analysis of Plant Growth Parameters  

 Pot experiments with Vigna mungo (L.) Hepper was performed to analyze the 

influence of the isolated microbial inoculation on the breakdown of profenofos and plant 

growth parameters. The surface of the V. mungo seeds have been sterilized using 0.1% 

mercuric chloride solution for 10 min and then cleaned by sterilized distilled water. 1.0 kg 

of soil samples have been spiked with profenofos to a dose of 100 mg /kg. After that, the 

soil was inoculated with bacterial culture to achieve the desired concentration of 1.6 × 

107cells /g. The experiment has been carried out in triplicate and a sterilized soil sample was 

employed as control. Sterilized V.mungo seeds have been sown in the soil sample and 

watered. Three groups of experimental pots with a minimum of six seedlings have been 

cultivated under the following circumstances: (A) Usual growth condition: Sterilized soil as 

the control without bacteria and PF; (B) under pesticide load: Sterilized soil with PF and 

without bacteria, (C) Under pesticide with isolated strain: Sterilized soil with isolated strain 

and profenofos. The pots were carefully monitored to ensure that they have been maintained 

at ambient environmental conditions. The seed germination progression has been monitored 

regularly, and plants have been developed for 3 weeks. The characteristics of plant 

development were documented were: percentage of germination, leaf length (cm), root 

length (cm), shoot length (cm), shoot fresh weight (g), root fresh weight (g), shoot dry 

weight (g), and root dry weight. 
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6.2.3.2. Degradation Assay of Profenofos in Pot Culture Soil 

 The ability of the isolated strain Bacillus subtilis towards the biodegradation of 

profenofos in pot soil was examined with 1 kg of sterilized soil comprising 100 mg of 

profenofos. To extract the profenofos residues, 1 g of the pot soil samples from pot soil B 

(control) and pot soil C (treated) was taken. The soil samples were added with 10 mL ethyl 

acetate and rapidly shaken for 30 min. The organic phase was centrifuged at 10,000 rpm for 

15 min. The ethyl acetate layer was dried using anhydrous Na2SO4 and evaporated at room 

temperature. The residues have been dissolved in 100 µL of ethyl acetate. The ability of 

Bacillus subtilis on biodegradation of profenofos in pot soil and to identify the degradation 

metabolites GC-MS analysis for extracts from pot soils B (control) and pot soil C (treated) 

was performed by following the same procedure mentioned in the previous section 6.2.2. 

6.2.4. Statistical Analysis  

 All the experiments have been performed in triplicates, and statistical analysis has 

been used to identify distinct changes. A one-way analysis of variance (ANOVA) was 

employed to execute statistical analysis for percentage of germination, leaf length (cm), root 

length (cm), shoot length (cm), shoot fresh weight (g), root fresh weight (g), shoot dry 

weight (g), and root dry weight involving multiple comparisons. Plant growth indicators 

were assessed using one-way ANOVA, exhibiting substantial changes at p ≤ 0.05 levels 

with multiple comparisons. 
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6.3.  Results and Discussion   

6.3.1.  Degradation of Profenofos in Liquid Culture Medium  

The GC-MS methodology was utilized for the successful detection of profenofos 

decomposition products in the current study. After 24 - 48 h, a sample retrieved in ethyl 

acetate from bacterium culture with profenofos pesticide was injected into GC-MS. Figure 

29 shows the GC-MS spectrum showing the degradation of profenofos. The metabolite 

identified as 4-Bromo-2-chlorophenol corresponded to a medium intense peak of 5.957 at 

6.23 min retention time.  The generation of 4-Bromo-2-chlorophenol (M.wt. 206 g/mol) 

demonstrates the breakdown of profenofos at the ester bond attachment in the parent 

compound (Palanimanickam et al., 2017).  Further, the degradation ability of profenofos 

was confirmed by the formation of diethylthiophosphoric acid (peak of 12.962 at 13 min 

retention time).  

 

Figure 29. GC-MS spectrum showing the degradation of profenofos 
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6.3.2.  Pot Culture Experiment 

6.3.2.1. Plant Growth Parameters 

 Plant growth studies were used to investigate the effect of Bacillus subtilis activity 

on Vigna mungo (L.) Hepper development as well as profenofos breakdown. In pot soil 

experiments, percentage of germination, leaf length (cm), root length (cm), shoot length 

(cm), shoot fresh weight (g), root fresh weight (g), shoot dry weight (g), and root dry weight 

was determined. The results are given in Table 7 and Figure 30. Profenofos application to 

pot soil (B) resulted in a reduction in all variables analyzed when compared with the plants 

grown in the absence of profenofos (A).  However, when compared to pot B, the plants in 

pot C exhibited comparatively higher plant growth characteristics. This may be due to the 

presence of Bacillus subtilis which utilized the profenofos as the sole origin of carbon thus 

causing the degradation of profenofos. 

 

Figure 30. Growth experiment with V. mungo in soil supplemented  

with PF (100 mg /kg). 
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6.3.2.2. Degradation of Profenofos in Pot Culture Soil 

 The ability of Bacillus subtilis to degrade PF in a pot soil environment was also 

studied using GC-MS. The GC-MS was performed for sterilized soil with PF (B) along with 

sterilized soil with PF and Bacillus subtilis (C). The results of GC-MS are given in Figure 

31 and Figure 32. Figure 31 displayed a single peak of 20.005 at 19.6 min retention time. 

The peak is attributed to PF pesticide. Figure 32 exhibits the GC-MS result of pot C which 

contains sterilized soil with PF and Bacillus subtilis. In contrast to Figure 31, the spectrum 

showed multiple peaks due to the biodegradation of PF (Figure 32). Specifically, the 

emergence of two peaks corresponding to the metabolites of PF namely, 4-Bromo-2-

chlorophenol (peak of 5.978 at 6.3 min retention time) and diethylthiophosphoric acid (peak 

of 13.067 at 13.2 min retention time) confirmed the Bacillus subtilis mediated 

biodegradation of PF (Kushwaha et al. 2016). The plausible mechanistic representation of 

profenofos biodegradation was portrayed in Figure 33. The results imply that the isolated 

bacterial strain comprised enzymes with esterase activity. Nonetheless, more research is 

Table 7. Measurement of growth parameters of V. mungo in pots A, B, and C 

 

Growth parameters Control PF +V. mungo 
PF + V. mungo  + 
Bacillus subtilis 

% of germination 90.33 ± 0.88a 66.33±0.66a 75.00±1.15a 

Shoot length (cm) 4.64±0.15c 3.13±0.03c 4.16±0.13c 

Root length (cm) 7.43±0.37b 5.03±0.21b 6.06±0.16b 

Leaf length (cm) 3.63±0.12c 2.53±0.17c 3.11±0.10c 

Shoot fresh weight (g) 1.83±0.03d 1.13±0.04d 1.50±0.04d 

Root fresh weight (g 0.80±0.03de 0.56±0.01de 0.63±0.02e 

Shoot dry weight (g) 0.62±0.02e 0.25±0.01e 0.57±0.01e 

Root dry weight (g) 0.25±0.01e 0.06±0.00e 0.12±0.02e 

The values indicate the mean ± SD of three replicates. 

Different letters in the same rows indicate significantly different values. 



122 

needed to determine the complete degradation pathway and the mineralization of 

intermediates.  

 

Figure 31. GC-MS result of sterilized soil with PF (control) 

 

 

Figure 32. GC-MS result of sterilized soil with PF and Bacillus subtilis (treated) 
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Figure 33. Plausible mechanistic representation of profenofos biodegradation 

6.4. Conclusion 

 Plant-bacteria relationships can be used to improve pesticide-contaminated soil 

remediation. A bacterial strain was isolated using the enrichment methodology for the 

efficient remediation of PF-contaminated soil. The isolated strain was confirmed as Bacillus 

subtilis by cultural, morphological, biochemical, and 16S rRNA gene studies. Bacillus 

subtilis was tested on the plant (V. mungo) growth variables, including percentage of 

germination, leaf length (cm), root length (cm), shoot length (cm), shoot fresh weight (g), 

root fresh weight (g), shoot dry weight (g), and root dry weight including and excluding 

profenofos pesticide. According to the tested criteria, the pot soil reinforced with profenofos 

and Bacillus subtilis exhibited comparatively better growth of V. mungo than the pot soil 

containing simply profenofos. The growth enhancement of V. mungo plant may be due to 

the presence of Bacillus subtilis which utilized the profenofos as the sole origin of carbon 

thus causing the degradation of profenofos. The hydrolytic breakdown of profenofos 



124 

pesticide into 4-Bromo-2-chlorophenol and diethylthiophosphoric acid metabolites by 

Bacillus subtilis was confirmed in mechanistic studies of profenofos pesticide degradation 

in both liquid culture and pot soil using GC-MS.  This isolate, Bacillus subtilis has the 

potential to be a key contender for the advancement of the bioremediation approach due to 

its high biodegradation and plant growth stimulating potential. Furthermore, the findings 

demonstrate that Bacillus subtilis possesses the ability to increase agricultural productivity 

in pesticide-polluted agricultural soil as well as provide insights into the link between 

microbes and the living environment.  
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Summary and Conclusion 
 

Pesticides are a vital component of today's modern agriculture. With the 

advancement of modern agriculture, pesticide administration to agricultural fields has 

become a key factor of crop production. Pesticides are extensively used regularly to meet 

the increasing demand for production to fulfill the food needs of the world’s rapidly 

expanding population.  Every year, roughly 2.5 million tons of pesticides are used to boost 

productivity and reduce crop losses brought about by pests and diseases. However, 

excessive pesticide uses not only pollute the surrounding soil and water environments but 

also accumulate pesticides and their metabolites in humans, fauna, as well as flora and 

causing severe problems. Organophosphorus pesticides are widely regarded as low-

toxic and very efficient pesticides for crop productivity. It has been estimated that 

organophosphate pesticides have the greatest consumption rate of all pesticides, leaving 3 

million individuals in danger by organophosphorus pesticide poisoning every year. They 

constitute approximately 30% of all pesticides used globally. It is estimated that only less 

than 0.1 % of pesticides applied to reach the targets, with a balance of 99.9 % lingering in 

the environment. Profenofos pesticide is one of the most widely employed 

organophosphorus pesticides on a variety of crops. Organophosphorus insecticides, 

particularly profenofos, and their metabolites are extensively spotted in crops, vegetables, 

birds as well as animals. Alarmingly, profenofos and its metabolites have been detected in 

human blood, serum, urine, and breast milk. Hence, profenofos pesticide accumulation 

and pollution have been classified as a major environmental health hazard. As a result, 

developing remedies and methodologies for removing, decontaminating, and detoxifying a 

profenofos-contaminated environment became a vital aspect of environmental research. 

Various strategies for eliminating profenofos content were developed in the past, based on 
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surface adsorption and bioremediation. Adsorption techniques based on iron nanoparticles 

are highly effective, easy to utilize, and can be used to remove pesticide contaminants. These 

types of nano-adsorbents appear to be quite likely to find extensive commercial applications 

in wastewater treatment in the near future. On the other hand, biological techniques have 

also been used to remediate the pesticide-contaminated environment. Several experiments 

have demonstrated that microbial breakdown of toxic compounds into less hazardous by-

products is advantageous. Toxic pesticide bioremediation is a major, ecologically friendly, 

efficient, and sustainable protocol for removing leftover pesticides from farm soil areas, 

water sources, and other contaminated ecosystems. A diverse range of microorganisms has 

been isolated and identified around the world as having the potential to degrade or eliminate 

toxic organophosphorus pesticides into harmless materials by utilizing them as 

various sources of energy. The conclusions of the present investigations are summarized.  

Ecofriendly fabrication of metal nanomaterials is a strategy that reduces the 

formation of secondary pollutants, harsh chemicals, and hazardous solvents, among other 

things, which have harmful effects not only on the ecosystem as well as on public health. 

The capability of tea waste extract to function as alternative reducing agents for the 

sustainable synthesis of INPs was investigated in the present study. UV-vis, FT-IR, SEM, 

DLS, zeta potential, EDX with TEM elemental mapping, and PXRD techniques were used 

to extensively characterize the as-synthesized INPs. Green synthesized INPs were shown to 

have good water stability, an anionic surface nature, and an average particle size of 60.37 ± 

2.65 nm. Furthermore, the existence of various elements and functional groups in the tea 

waste extract that are responsible for the generation of amorphous INPs was substantiated 

using FT-IR, EDX, TEM elemental mapping, and PXRD techniques.  
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Hence, the green synthesized iron nanoparticles have been employed as efficient 

adsorbent towards the removal of profenofos from the aqueous solution. Various influencing 

factors such as contact time, adsorbent dosage, solution pH, and initial concentration of 

pesticide were systematically optimized for the maximum adsorption efficiency of 

profenofos by the prepared iron nanoparticles. The kinetic data were analyzed using various 

adsorption kinetic models such as pseudo-first-order, pseudo-second-order, and intra-

particle diffusion. Further, the interaction between prepared INPs and PF was evaluated 

using various adsorption isotherm models such as Langmuir, Freundlich, Temkin, and 

Dubinin-Radushkevich (D-R) models. The monolayer Langmuir adsorption capacity of 

43.67 mg/g was obtained with a minimum contact time of 15 min. According to the kinetic 

and isotherm data, the pseudo-second-order kinetic and Langmuir isotherm models were 

found to be fitted well for PF adsorption using the prepared INPs. The electrostatic 

interaction was mainly governed the adsorptive mechanism of PF molecules onto the INPs.  

The chemical structure of organophosphorus pesticides is attributed to their high 

toxicity and competence to irreversibly inhibit the activity of acetylcholinesterase and inflict 

neuronal disorder, organ failure, and eventual death among non-target species. Microbe-

mediated biodegradation of organophosphate pesticides into less harmful compounds and 

the advancement of bioremediation approaches for contaminated agricultural fields by using 

potential microorganisms symbolize a rapidly expanding area of research worldwide. In the 

pristine ecosystems and non-exposed agricultural fields, naturally existing profenofos-

degrading microorganisms may be scarce. As a result, the enrichment technique for isolating 

bacterial strains was widely employed in the investigation of pesticide biodegradation. In 

the present exploration, three bacterial strains were isolated from pesticide-contaminated 

agricultural soil and screened for their pesticide tolerance capacity. Among the strains, a 
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bacterium showed substantial growth against the maximum profenofos concentration. The 

screened bacterial strain was identified by various characterization techniques including 

cultural, morphological, biochemical, and molecular characterization. Cultural and 

morphological analysis revealed that the screened strain was rod-shaped and a fuzzy-white 

in color. The biochemical analysis of the screened strain exhibited 99 % characteristics of 

the Gram-positive Bacillus genus. The molecular characterization analysis revealed that the 

screened strain is Bacillus subtilis. 

Bioremediation is one of the most potent, secure, and commercially sustainable 

strategy when compared to other contaminants removal methods. The degradation and 

conversion of recalcitrant pesticides can be better accomplished through bioremediation by 

the action of microbial enzymes. Hence, the selected bacterial strain Bacillus subtilis has 

been subjected to degrade profenofos pesticide in a liquid culture medium. Gas 

Chromatography-Mass Spectroscopy (GC-MS) technique evidenced the capability of 

Bacillus subtilis to break down profenofos pesticide into 4-Bromo-2-chlorophenol and 

diethylthiophosphoric acid metabolites. Further, plant-bacteria relationships can be used to 

improve pesticide-contaminated soil remediation. Bacillus subtilis was tested on the plant 

(Vigna mungo) growth variables, including percent germination, leaf length (cm), root 

length (cm), shoot length (cm), shoot fresh weight (g), root fresh weight (g), shoot dry 

weight (g), and root dry weight including and excluding profenofos pesticide. According to 

the tested criteria, the pot soil reinforced with profenofos and Bacillus subtilis exhibited 

comparatively better growth of V. mungo than the pot soil containing simply profenofos. 

The growth enhancement of V. mungo plant may be due to the presence of Bacillus subtilis 

which utilized the profenofos as the sole origin of carbon thus causing the degradation of 

profenofos. The hydrolytic breakdown of profenofos pesticide into 4-Bromo-2-
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chlorophenol and diethylthiophosphoric acid metabolites by Bacillus subtilis was confirmed 

in mechanistic studies of profenofos pesticide degradation in both liquid culture and pot soil 

using GC-MS. The findings demonstrate that Bacillus subtilis possesses the ability to 

increase agricultural productivity in pesticide-polluted agricultural soil as well as provide 

insights into the link between microbes and the living environment. 

Overall, the findings of this study corroborated the scope and efficacy of synthesized 

iron nanoparticles as effective adsorbents for the environmentally-friendly removal 

of harmful profenofos pesticide from aquatic environment.  In addition, the isolated 

bacterium Bacillus subtilis has been proved as key contender for the advancement of the 

bioremediation approach due to its efficient degradation of profenofos in contaminated 

agricultural soil environment. 
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ABSTRACT
Pesticide contamination has led to serious environmental issues that 
pose a significant threat to living organisms throughout the world. 
Therefore, the significant removal of pesticides from aquatic environ
ments has attracted the attention of environmental scientists and 
academicians in recent decades. Hence, in the present investigation, 
the iron nanoparticles (INPs) from tea waste were fabricated as an 
efficient adsorbent towards the removal of profenofos (PF) from 
aqueous solution. The as-synthesised INPs were systematically char
acterised by various analytical techniques such as Ultra Violet-visible 
(UV-vis) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, 
scanning electron microscopy (SEM), transmission electron micro
scopy (TEM), energy-dispersive X-ray spectroscopy (EDX), powder 
X-ray diffraction (PXRD) and dynamic light scattering (DLS). Various 
influencing factors such as contact time, adsorbent dosage, solution 
pH and initial concentration of pesticide were systematically opti
mised for the maximum adsorption efficiency of PF by the prepared 
INPs. Based on the obtained results, the INPs showed greater adsorp
tion efficiency towards the removal of PF. The kinetic data were 
analysed using various adsorption kinetic models such as pseudo- 
first-order, pseudo-second-order and intra-particle diffusion. Further, 
the interaction between prepared INPs and PF was evaluated using 
various adsorption isotherm models such as Langmuir, Freundlich, 
Temkin and Dubinin-Radushkevich (D-R) models. The monolayer 
Langmuir adsorption capacity of 43.67 mg g−1 was obtained with 
a minimum contact time of 15 min. According to the kinetic and 
isotherm data, the pseudo-second-order kinetic and Langmuir iso
therm models were found to be well fitted for PF adsorption using 
the prepared INPs. The obtained findings of this study clearly demon
strated that the fabricated INPs are an efficient material towards the 
removal of pesticide molecules from aquatic environments.
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1. Introduction

Modern agriculture is heavily reliant on the usage of various agrochemicals, which 
substantially improve efficient and cost-effective crop production to fulfil the food 
needs of the world’s rapidly expanding population [1]. Agrochemicals are widely 
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employed in agriculture to conduit the gap between the food production and 
consumption required to address rising food demand [2]. However, the unbalanced 
utility of agrochemicals degrades the environment and poses significant problems to 
food safety, environmental and human health, ecological balance and soil biodiver
sity protection [3]. Organophosphate compounds are ester derivatives of phosphoric 
acids and thiophosphoric acids. For over five decades, they have been used as 
insecticides. They are still employed as insecticides, acaricides, nematocides, helmin
ticides, fungicides, nerve agents and herbicides [4]. Although they have been highly 
effective in agricultural pest management worldwide, their widespread usage has 
resulted in countless poisonings of off-target species, including voluminous human 
deaths. The significant acute mammalian toxicity concomitant with organopho
sphorus pesticide exposure is caused by the inactivation of the enzyme acetylcholi
nesterase in the nervous system with acute toxicological effects on the respiratory, 
myocardial and neuromuscular systems [5].

Organophosphates were introduced to replace resistant and dangerous chlori
nated insecticides, and quickly gained popularity in the United States and world
wide [6]. PF [O-(4-bromo-2-chlorophenyl) O-ethyl S-propyl phosphorothioate] 
(Figure 1) is amongst the most routinely used organophosphate insecticides on 
field crops, vegetables and fruit crops [7,8]. This insecticide is moderately harmful 
(Toxicity Class II), and its residues have been identified in many vegetables. The 
primary route of exposure for humans is through dietary consumption of PF. When 
PF is sprayed to agricultural areas, its leftovers spread throughout the environment, 
including the ambient air, surface water and soil [9]. As these pesticide pollutants 
continue to accumulate in the ecosystem, the threat to human life, wildlife and 
plants escalates inexorably in tandem. Hence, the need of the hour is to instigate 
efficient strategies to remove PF residues in a way that is both economically viable 
and environmentally friendly.

A wide range of traditional techniques such as chemical precipitation, ion 
exchange, membrane filtration, electrochemical methods and bio-remediation 
have been used to eliminate PF molecules from aquatic bodies and, however, 
they have their own advantages and disadvantages. As a result, there is 
a growing demand for safer, easier, eco-friendly and economically viable techni
ques for PF removal from aqueous environment [10,11]. Historically, adsorption has 
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Figure 1. Chemical structure of Profenofos (PF).
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received more attention due to its cost-effectiveness, flexibility, high selectivity 
towards targeted pollutants and greater removal efficiency, which significantly 
influence the capacity and selectivity towards PF species from aqueous solution. 
Therefore, environmental scientists and academicians continue to focus on the 
development of low-cost, eco-friendly and reproducible novel adsorbents. Since 
adsorption process is reversible, the adsorbent may be reused numerous times by 
using the appropriate desorption techniques. Further, adsorbents used for the 
elimination of contaminants should meet the following requirements: 1. It must 
have a low impact on the environment; 2. It must have an excellent sorption 
capacity and high selectivity for pollutants found in water even at low concentra
tions; 3. Adsorbed contaminants must be easily removed from its surface; 4. The 
period necessary to achieve adsorption equilibrium should be as short as feasible; 
and 5. It must be recyclable. For many decades, adsorbent materials such as 
activated carbon, zeolites and biomaterials have been widely utilised for the elim
ination various pollutants from aqueous solution [12]. However, the adsorption 
efficiency of these conventional materials is not satisfactory. As a result, the need 
for alternative adsorbents has skyrocketed [13,14].

Nanomaterials have proven to be able to meet most of the requirements out
lined above in numerous studies conducted in the past few decades. Further, 
advances in nanoscience and nanotechnology have lately revealed significant pos
sibilities for resolving environmental issues [15–19]. Because of their extensive 
surface area, nanostructured adsorbents offer better efficiencies and quicker 
adsorption rates in water treatment than traditional adsorbent materials. 
Moreover, many effective, low-cost and environmentally tolerable nanomaterials 
have been proposed to detoxify industrial effluents, groundwater, surface water 
and drinking water [20–24]. INPs are gaining popularity as an excellent indemnifi
cation medium for a variety of pollutants and also as a promising strategy to 
provide cost-effective solutions to critical environmental remediation problems. 
INPs are conveniently available credible adsorbents which reduce pollutants more 
effectively by producing very little waste and ancillary pollutants [25]. Furthermore, 
INPs are increasingly used for environmental clean-up due to their small particle 
size, larger zone of specific surface area, higher refractive index of reactive surface 
spots and greater intrinsic reactivity [26]. Iron was employed to imbue the sub
stance with magnetic characteristics, increasing the removal efficiency of targeted 
pollutants. Nanoscale zero-valent iron has been extensively studied in recent years 
to reduce the availability of metals in water and soil samples. They have yielded 
consistent results in limiting the availability of silver, arsenic, beryllium, cadmium, 
chromium, mercury, nickel, lead, uranium, zinc and vanadium in the water samples 
[27–29]. Recently, H.M. Hamadeen et al. synthesised effective bio-nanosorbent from 
Moringa oleifera seeds waste for the removal of chlorpyrifos from wastewater [30]. 
S. Yekta demonstrated the adsorption and degradation of cyanophos by newly 
synthesised CaWO4 nanoparticles [31]. A. Singhal and M.L. Lind have employed 
cysteine-capped silver nanoparticles to remove malathion and chlorpyrifos pesti
cide from drinking water [32]. T. Momić et al. used gold nanorods and nanospheres 
for the adsorption of organophosphate dimethoate pesticide [33]. S.M. Dehaghi and 
co-workers effectively utilised chitosan-zinc oxide nanoparticle composite as an 
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adsorbent to remove permethrin pesticide from water [34]. Some researchers have 
synthesised nanoparticles by using various fresh tea extracts. Nonetheless, those 
were applied for the degradation of dyes, removal of Pb and bromothymol blue 
indicator [35–39]. Despite some authors successfully synthesised nanoparticles by 
using tea wastes, those have been employed only for the removal of metal ions 
and phenol red dye [3840–42]. M. Khosravi et al. reported the adsorption kinetics 
and thermodynamics investigation of PF pesticide using chemically synthesised 
iron/nickel bimetallic nanoparticles [11].

However, in contrast to previous research, we have fabricated the INPs by tea 
waste extract using a greener method and applied it for the removal of PF from 
aqueous solution. Rising pollution of freshwater by a variety of contaminants is one 
of the most serious environmental issues confronting humanity on a global scale. 
Numerous studies have been devoted to develop more efficient, cost-effective and 
robust ways for wastewater treatment that does not exacerbate environmental stress 
or threaten human health. Furthermore, a huge amount of tea waste is generated 
every day throughout the world. Hence, we employed tea waste to fabricate INPs 
using an eco-friendly strategy for the adsorptive removal of PF pesticides from 
aqueous solution. The prepared INPs offer great promise for the removal of PF 
from the aquatic phase. The present study also investigated the impact of different 
influence factors such as contact time, solution pH, dosage of the adsorbent and 
initial concentration of PF on the maximum adsorption capacity. Further, the adsorp
tion isotherm and kinetic properties of INPs towards the removal of PF were inves
tigated, and the underlying mechanism of profenofos adsorption has been proposed 
(Figure 2).

Figure 2. Schematic representation of the present investigation.
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2. Materials and methods

2.1. Materials

Ferrous sulphate heptahydrate (FeSO4.7H2O) was purchased from Sigma Aldrich (India) 
and used without further purification. PF pesticides were gained from the Scientific 
Fertilisers Company, Gundur, Tiruchirappalli, Tamil Nadu (India). Tea waste was obtained 
from a local tea stall near Bharathidasan University, Tiruchirappalli, Tamil Nadu (India). All 
the experiments were performed using distilled water.

2.2. Fabrication of INPs using tea waste extract

Solid tea waste was collected from a tea stall near Bharathidasan University, 
Tiruchirappalli, India. The collected tea waste was washed with distilled water to remove 
impurities and dried in the ambient atmosphere. The tea extract was prepared by boiling 
60.0 g of solid tea waste in 1 L of distilled water at 80°C for 30 min and allowed to cool at 
room temperature. The solid tea component was removed by vacuum filtration, and the 
filtrate solution was used to synthesise INPs. The prepared tea waste extract was added to 
0.10 M of FeSO4.7H2O at a volume ratio of 2:1, respectively, at ambient temperature. An 
immediate colour change appears from pale yellow to deep brown, indicating the 
formation of INPs (Figure 3)). The formed INPs were isolated by vacuum filtration and 
then washed with distilled water several times and air-dried. Afterwards, the prepared 
INPs were used for further experiments.

2.3. Characterisation of synthesised INPs

The UV-vis spectrum of the INPs was recorded using the ELICO-Double beam Sl-210 
spectrophotometer in the range 200–800 nm. The FT-IR measurements were per
formed using the Perkin-Elmer 597 spectrophotometer in the spectral range 400– 
4000 cm−1. The PXRD spectrum of INPs was recorded using the Rigaku Miniflex-600 
instrument at Alagappa University, Karaikudi, Tamilnadu (India). The surface 

Figure 3. A) Photographic images of colour changes during the formation of the INPs. B) UV-visible 
spectrum of INPs (the arrow designated the INPs UV band at 330.16 nm).
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morphology of the INPs was investigated using SEM analysis (Carl Zeiss Sigma, Sitra, 
Coimbatore, India). The hydrodynamic size of INPs was established using TEM-FEI by 
TECNAIG2-F30 equipment functioning with a 200 kV accelerated voltage. The INPs 
were directly mounted on the copper grids and examined under TEM and EDX 
(Oxford Instruments, UK) analysis to confirm the presence of elements in the pre
pared INPs. The zeta potential analysis of synthesised INPs was investigated using 
Malvern Instruments, UK.

2.4. PF adsorption studies using INPs

The batch technique [43] was used to measure the PF adsorption by INPs and to 
evaluate the different adsorption parameters like effects of contact time (0 to 
60 min), initial PF concentration (0.5 to 2.0 mg L−1), pH (2 to 10) and adsorbent 
dosage (0.2 to 1 g L−1). The adsorption experiments were conducted by mixing 
different amounts of INPs with 100 mL of known concentration PF solution in glass 
Erlenmeyer flasks. The reaction content was placed and shaken in a mechanical 
shaker at a speed of 150 rpm. The solution pH was adjusted using 0.1 M HCl/ 
NaOH. After a certain time interval, the INPs are removed from the solution by 
centrifugation at a speed of 8000 rpm. The supernatant solution was then analysed 
for the residual concentration of PF after adsorption experiments. Moreover, the 
adsorption capacity of glass Erlenmeyer flasks was examined and no significant 
changes were observed without INPs. Further, adsorption isotherms and kinetics 
studies were also carried out under optimised conditions such as contact time, 
solution pH and dose of the INPs. The removal percentage and adsorption capacity 
of PF onto INPs at equilibrium were estimated using the following equations: 

% removal of PF ¼
Ci � Ceð Þ

Ci
� 100 (1) 

Adsorbed amount of PF qð Þ ¼
Ci � Ceð Þ

m
(2) 

Here, Ce and Ci are the final equilibrium and initial concentrations of INPs, respectively, 
and ‘m’ is the mass of INPs in g L−1.

3. Results and discussion

3.1. Fabrication and characterisation of INPs

This work describes the efficient fabrication of low-cost green INPs as sorbents from 
tea waste extract that effectively removes organophosphorus pesticide (PF) and the 
schematic diagram is shown in Figure 3. The UV-vis spectrum of INPs is displayed in 
Figure 3. The continuous absorption of INPs near 330.16 nm indicates the amorphous 
nature of INPs. The FT-IR spectra of INPs before and after adsorption of PF are 
presented in Figure 4,Figure 4). The IR absorption bands around 3220–3600 cm−1 

may be attributed to O-H stretching, and the band around 1600 cm−1 may be related 
to O-H bending vibrations of surface water molecules adsorbed [44]. In addition, 
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characteristic peaks corresponding to Fe-O were observed around 540–650 cm−1 [11]. 
After the investigation, the FT-IR spectrum of INPs was recorded to prove the adsorp
tion of PF (Figure 4). The spectrum exhibits weak bands around the region of 
~3000 cm−1, confirming the aliphatic-CH groups of PF. Further, the sharp band at 
~1000 cm−1 is attributed to P-OCH3, and the intense band at ~1040 cm−1 can be 
assigned to P=O stretching [11]. The results of FT-IR spectra confirmed that the INPs 
were successfully interacting with PF molecules.

The SEM image of fabricated INPs is exhibited in Figure 5. The tea extract plays 
a vital role in forming the nano-scale structure and size of INPs. The INPs are well- 
organised round-shaped particles that are gently arranged with a hydrodynamic size 
of 60.37 ± 2.65 nm. According to the SEM image, it was observed that INPs were 
successfully fabricated from the tea waste. The hydrodynamic parameters of the INPs 
were assessed by the DLS method and demonstrate the particle size (Figure 5), which 
is in good accordance with the SEM analysis. Moreover, the zeta potential results 
clearly showed that the prepared INPs showed anionic nature in aqueous solution 
because of the zeta potential value, −39.2 ± 1.25 (±) mV (Figure 5). This indicates the 
formation of stable INPs, which could effectively remove the PF molecules from the 
aqueous phase.

The EDX spectrum of INPs with respective mapping images are presented in 
Figure 6,Figure 6). It revealed the elemental composition of INPs, which contains 
iron (Fe) 71.85%, sulphur (S) 14.13%, phosphorus (P) 11.18% and potassium (K) 
1.43%. Herein, S, P and K may be attributed to the tea extract. The corresponding 
elements of prepared INPs were identified during the TEM analysis, which clearly 
confirmed the successful formation of INPs from tea waste, as shown in Figure 6. 
The PXRD pattern of prepared INPs is shown in Figure 6, which is in good agree
ment with the JCPDS card number 87–0721. The characteristic peaks of INPs at 
2θ = 44.90°, 36.52°, 33.29° and 20.35° indicate the successful formation of zero- 
valent INPs from tea waste [40]. Moreover, the PXRD patterns clearly suggest that 
the prepared INPs are amorphous in nature, which could more effectively interact 
with PF in the aqueous phase.

Figure 4. (A) FT-IR spectrum of INPs. (B) FT-IR spectrum of INPs after adsorption of PF.
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The long-term stability of adsorbents is crucial to determine their efficacy and 
regulate their progress towards technological applications. Therefore, the stability 
of the titled INPs was examined by the SEM and DLS analysis for 1 week. The SEM 
analysis was performed on 1, 3, 5 and 7 days and the samples were incubated at 

Figure 6. A) Elemental analysis of INPs. B) Elemental mapping analysis of INPs (elements were present 
in the nanocomposite including Iron (Fe), sulphur (S), phosphorous (P), Potassium (K)). Scale bar of the 
picture 200 nm. C) Powder X-ray diffraction (PXRD) of INPs.

Figure 5. Morphology and hydrodynamic parameters of INPs were determined by scanning electron 
microscopy (SEM) and dynamic light scattering (DLS) method. A) SEM image of INPs. Scale bar of the 
picture 200 nm. B) Hydrodynamic size of INPs. C) Zeta potential of INPs.
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room temperature. The pattern of the SEM images of INPs remains unaltered during 
the overall incubation time, and the results are shown in Figure 7. The respective 
incubated images of the INPs are shown in Figure 7. The DLS analysis was used to 
examine the changes in the size, polydispersity index (PDI) and the zeta potential 
of the INPs. The incubation of the fabricated INPs for a particular period (Days 0–7) 
INPs caused only slight changes in the size, PDI and zeta potential, which con
firmed that the INPs are highly stable in water (Figure 8).

3.2. Adsorption parameters

3.2.1. Influence of contact time
The effect of contact time is one of the influencing parameters and plays a significant role 
in adsorption studies. The adsorption of PF onto the prepared INPs was investigated in 
batch mode under optimised conditions, and the obtained results are depicted in Figure 
9. About 200 mg of prepared INPs were taken in flasks containing 1 mg L−1 of initial 
concentration of PF solution. Then, the reaction content was shaken in a mechanical 
shaker with a speed of 150 rpm. Figure 9 demonstrates that PF adsorption increases with 
time and finally reaches equilibrium stage and beyond that, there is no significant change 
in PF adsorption from the solution. The equilibrium stage is reached with a minimum 
contact time of 15 min. Therefore, 15 min was fixed as optimum contact time for further 
studies. With increasing duration of the contact time, the percentage of sorption 
increased from 59% to 88% and became nearly constant after 15 min. Our findings 
indicate that PF adsorption is rapid in the early stages and gradually slows down near 
equilibrium. This may be related to the availability of many active sites on the INPs surface 
in the initial stage. Afterwards, additional vacant surface sites are difficult to be adsorbed 
due to repulsive interactions between the adsorbate molecules. These results are analo
gous with the other reports describing the removal of some organophosphorus pesticides 
by metal nanoparticles [11,45].

Figure 7. A) The stability of the INPs were confirmed by the SEM analysis on different incubation time 
(Day 1-7). B) The images of INPs at different incubation times.
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3.2.2. Influence of initial concentration of PF
The initial PF concentration ranged from 0.5 to 2 mg L−1 for all experiments, and 
the content of INPs was fixed as 0.2 g L−1 for this study. The initial concentration of 
PF plays a major role during the adsorption process because the adsorption 
mechanism is mainly dependent on the fixed active sites of the adsorbent and 
the initial concentration of PF molecules present in the aqueous solution. Figure 9) 
shows that the adsorption of PF is enhanced as the initial concentration of PF is 
increased. With an increase in the initial concentration of PF, there was likely 
a higher mass transport driving force because more adsorbate molecules were 
competing for binding sites on the adsorbent and facilitating adsorption. At higher 
concentrations of PF, this trend is shifted in the other direction, which might be 
due to the binding site saturation retarding the adsorption process [11].

3.2.3. Influence of initial pH
The impact of pH on adsorption efficiency is explained by the interaction between the 
adsorbent surface and the adsorbate molecules. The surface charge of the adsorbent 
plays an important role during the adsorption process. Therefore, the effect of pH is an 
essential factor in adsorption studies. The influence of pH on the removal of PF was 
examined at different pH ranging from 2 to 10 using PF initial concentrations of 1 mg L−1 

Figure 8. (A-C) The stability of the INPs were confirmed by the DLS analysis on different incubation 
time (Day 1-7) with particle size, PDI and zeta potential.
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and 200 mg INPs. The obtained results are demonstrated in Figure 9. According to the 
results, the adsorption capacity of INPs was increased with increasing pH from 2 to 7 and 
beyond that, the adsorption capacity was gradually decreased with increasing pH. The 
maximum adsorption capacity was obtained at pH 6.9 and therefore the pH 6.9 was 
optimum pH for the further studies. The zero-point charge (pHzpc) of iron oxide was 
reported to be 6.5 in the literature [46]. At more than pH 6.5, iron oxide becomes negative 
and could not interact with anionic pollutants. Below pH 6.5, iron oxide becomes positive 
and could effectively interact with anionic pollutants. In the same way, the prepared INPs 
were effectively interacting with PF molecules less than pH 7 and above pH 7 to 10, the 
adsorption capacity of PF molecules considerably decreased. This may be due to the 
charge of INPs gradually changing from positive to negative with increasing pH. 
Therefore, considerable adsorption capacity was obtained at acidic pH due to electrostatic 
interaction between the positive charge of the adsorbent and negatively charged PF 
molecules. Therefore, strong electrostatic attraction and complexation mechanisms were 
involved to enhance the PF adsorption onto prepared INPs at acidic conditions. At the 
same time, the strong repulsion force is restricted to the adsorption process of PF from 
aqueous solution.

Figure 9. Factors influencing the PF adsorption. A) Contact time (min). B) Initial concentration of PF 
(mg L−1). C) Solution pH. D) INPs dosage.
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3.2.4. Influence of adsorbent dosage
To investigate the impact of adsorbent dosage on PF adsorption at ambient temperature, 
the number of INPs was varied from 200 to 100 mg. The initial concentration of PF is fixed as 
1 mg L−1 for all runs. The effects of INPs dose on adsorption of PF is shown in Figure 9. The 
adsorption efficiency of the prepared INPs increased with increasing amount of the INPs. 
This may be due to the increasing number of active sites and surface area for a fixed number 
of PF molecules. Figure 9 shows that as the adsorbent dosage was enhanced over 0.6 g L−1 

of INPs, the adsorption capacity of INPs nanoparticles was dropped. Increasing the adsor
bent dose can cause aggregation of adsorbents, and therefore the presence of active sites 
can be decreased during the adsorption process. Hence, the adsorption capacity of the 
prepared INPs decreased when the adsorbent dose was increased [47].

3.3. Adsorption isotherms

Evaluating adsorption equilibrium by fitting the equilibrium data into several iso
therm models is a vital step in identifying the appropriate model for design purposes 
and determining the mechanism of adsorption systems [48,49]. Adsorption isotherms 
are essential in improving the use of adsorbents since they define how solutes 
interact with them and ensure the eliminated quantity of adsorbent. The Langmuir, 
Freundlich, Temkin and D-R isotherm models [50–53] were used to investigate the 
pathway behind the adsorption of PF. The correlation coefficients (R2) values were 
used to assess the suitability of the adsorption isotherm to represent the adsorption 
mechanism of PF molecules onto the prepared INPs.

3.3.1. Langmuir isotherm
The Langmuir isotherm hypothesis is applicable for adsorption on homogeneous sur
faces. The surface is composed of identical sites that are equally available for adsorption 
and have equivalent adsorption energies. According to the Langmuir isotherm, the 
maximum adsorption relates to a saturated single-layer of solute molecules on the surface 
of the adsorbent with no lateral contact among the adsorbed molecules [54]. The linear 
form of Langmuir adsorption isotherm equation is: 

Ce

qe
¼

1
qmb
þ

Ce

qm
(3) 

Here, Ce is the concentration of PF in solution (mg L−1) at equilibrium, qe is the adsorbed 
quantity of PF, qm (mg g−1) and b (L mg−1) are the maximum adsorption capacity and 
Langmuir constants concerning the adsorption energy, respectively. The Langmuir iso
therm constant was determined from the respective slope and intercept of the straight 
line of Ce/qe vs Ce.

The Langmuir adsorption isotherm for PF onto INPs is shown in Figure 10. The 
Langmuir isotherm (R2 = 0.9989) fits the experimental data exceptionally well, as 
displayed in Figure 10. The highest adsorption capacity (qm) of INPs towards PF was 
found to be 43.67 mg g−1 at room temperature. Because of the homogeneous 
distribution of active sites on the INPs surface, the Langmuir isotherm may well fit 
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the investigation results. The highest adsorption is summarised as analogous to the 
formation of a uni-layer of PF molecules on the surface of INPs and dictates that 
there is no diffusion of PF in the plane of INPs surface [55].

3.3.2. Freundlich isotherm
Adsorption on heterogeneous surfaces is represented by the Freundlich adsorption 
isotherm. Both multilayer and monolayer adsorptions can be described using this iso
therm model [56]. It is also predicated on the idea that stronger binding sites are occupied 
first. The binding strength diminishes as the degree of adsorption site occupancy 
increases.

The non-linear form of the Freundlich isotherm is designated as follows: 

logqe ¼ logKf þ
1
n

logCe (4) 

where qe is the quantity of PF adsorbed (mg g−1), Ce is the equilibrium concentration of PF 
in aqueous solution (mg L−1), n and Kf are the Freundlich constants describing the 
quantity of adsorbate adsorbed onto the adsorbent for a unit equilibrium concentration. 
The value (1/ n) specifies the heterogeneity of the adsorption system, respectively. From 
the results expressed in Table 1, the Kf and n values are 1.0329 and 3.0769, respectively. It 

Figure 10. PF adsorption onto INPs. A) Langmuir isotherm plot. B) Freundlich isotherm plot. C) Temkin 
isotherm plot. D) D–R isotherm plot.
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is confirmed that the PF is sufficiently adsorbed onto the surface of the INPs. The R2 value 
of the Freundlich isotherm is 0.8760, which is too far from 1 and evidenced that the 
Freundlich isotherm fails to forecast the experimental data (Figure 10).

As presented in Table 1, the mean values of the regression coefficient (R2) are 0.9989 and 
0.8760 for Langmuir and Freundlich isotherm, respectively. According to the higher R2 

value, Langmuir isotherm fits the experimental data better than the Freundlich isotherm.

3.3.3. Temkin Isotherm
The Temkin adsorption isotherm was derived on the assumption that due to adsorbate– 
adsorbate interactions, the heat of adsorption of all molecules in the layer reduces linearly 
with coverage. The adsorption energy is defined by the regular distribution of the binding 
energies up to a maximum binding energy [57]. The linear form of Temkin’s isotherm can 
be expressed as: 

qe ¼ RT ln KT þ RTjbTf glnCe (5) 

where T is the absolute temperature, R is the universal gas constant, and bT is the Temkin 
constant related to the adsorption heat (J mol−1), KT is the Temkin isotherm constant 
(L mg−1). The essential parameters of the Temkin isotherm (Figure 10) were determined 
from the linear plot of lnCe vs qe. As can be seen from Table 1, the Temkin isotherm also 
does not fits well for PF adsorption (R2 = 0.9598) than Langmuir isotherm model.

3.3.4. The Dubinin–Radushkevich (D-R) isotherm
The D–R isotherm could represent adsorption on both heterogeneous and homogeneous 
surfaces at low concentrations. The linear form of the D–R isotherm equation is as follows: 

lnqe ¼ ln qm-βε2 (6) 

here qm is the D–R monolayer capability (mg g−1), β sorption energy constant and Ɛ refers 
the Polanyi potential at equilibrium concentration and equals to: 

ε ¼ RT lnð1þ 1=CeÞ (6:1) 

E ¼ 1= 2Bð Þ1=2 (6:2) 

Here, E is described by the free energy (kJ mol−1), the value B is related to the mean 
sorption energy.

The activation energy can be determined by whether the adsorption is based on 
chemisorption or physisorption. In most cases, the D–R model’s adsorption energy (E) 
reveals the physical nature of the elimination mechanism (E < 8 kJ/mol). In nature, 

Table 1. Isotherm parameters for the adsorption PF on INPs.
Isotherm Models Langmuir Freundlich Temkin D-R

Parameters qm = 43.67 mg g−1 

b = 0.157 L mg−1 

R2 = 0.9989

n = 3.0769 
KF = 1.0329 L g−1 

R2 = 0.8760

α = 5.4795 
β = 0.1204 
b = 207.15 

R2 = 0.9598

KL = 4.405 
qm = 193.99 mg g−1 

E = 0.3369 kJ mol−1 

R2 = 0.9872
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physisorption occurs when the activation energy is less than 8 kJ mol−1, and chemisorption 
occurs when the activation energy is between 8 and 16 kJ mol−1. According to this assertion, 
our investigation discloses that the PF adsorption on INPs is based on physisorption [58].

The adsorption behaviour of PF onto INPs was studied using Langmuir, Freundlich, 
Temkin and D-R isotherm models. The obtained results are depicted in Figure 10. The 
derived isotherm parameters along with the R2 values are presented in Table 1. According to 
the R2 values, the equilibrium isotherm data of PF adsorption onto INPs was fitted well into 
Langmuir isotherm model than Freundlich, Temkin and D-R isotherm models. The Langmuir 
adsorption capacity was found to be 43.67 mg/g for PF adsorption using prepared INPs.

3.4. Adsorption kinetics

Kinetics is one of the most significant criteria to be considered when evaluating the 
adsorption efficiency [59]. The kinetics of PF adsorption onto INPs was examined using the 
pseudo-first-order, pseudo-second-order and intra-particle diffusion models (Figure 11). 
The calculated kinetic parameters of the pseudo-first-order, pseudo-second- 
order and intra-particle diffusion models are presented in Table 2.

3.4.1. Pseudo-first-order reaction
The Lagergren first-order or pseudo-first-order rate equation are broadly employed for 
the solute sorption from the solution and is measured by the following equation: 

logðqe-qtÞ ¼ ðlog qeÞ � K1j2:303ð Þ � t (7) 

here qe (mg g−1) is the quantity of adsorbed PF at equilibrium, qt (mg g−1) is the quantity 
of adsorbed PF at time t (min) and K1 is the rate constant for a pseudo-first-order kinetics. 
According to the pseudo-first-order equation, the rate of adsorption site occupation is 

Figure 11. Kinetic adsorption models of PF. A) Pseudo-first-order kinetics. B) Pseudo-second-order 
kinetics. C) Kinetic plot for intra-particle diffusion at RT.

Table 2. Kinetic parameters for the adsorption of PF on INPs.
Kinetic system System coefficients R2

Pseudo-first order qe = 7.3468 mg g−1 

K1 = 1.87 × 10−2 min−1
0.9131

Pseudo-second order qe = 12.722 mg g−1 

K2 = 7 × 10−3 g mg−1 min−1
0.9792

Intra-particle diffusion Kdif f = 1.7199 mg g−1 min1/2 

C = 9.0107
0.9399
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related to the number of unoccupied sites [60,61]. The pseudo-first-order kinetic fit for the 
PF adsorption onto the INPs is shown in Figure 11 and the corresponding kinetic para
meters are presented in Table 2.

3.4.2. Pseudo-second-order reaction
A pseudo-second-order equation can also be used to characterise the adsorption kinetics. 
The pseudo-second-order kinetic model states that the reaction rate is quick at the 
beginning and then slows as it reaches equilibrium; the reaction can continue at this 
rate for an extended period of time. This model is based on the adsorption ability of the 
adsorbent and is effective for understanding both non-physical and nonchemical equili
brium [62]. It is expressed by the following equation: 

t
qt
¼

1
K2q2

e
þ

t
qe

(8) 

where K2 is the rate constant of the pseudo-second-order adsorption reaction, qt (mg g−1) 
and qe (mg g−1) are the amounts of adsorbed solute at equilibrium at any time t (min). 
Figure 11 illustrates the linear form of the pseudo-second-order adsorption model, and 
the parameters are listed in Table 2. According to Table 2, the pseudo-second-order 
kinetics model along with higher R2 values is more consistent with the investigation 
results than the pseudo-first-order kinetics model. The results indicate that the adsorption 
rate is highly dependent on adsorption sites availability over the PF concentration in the 
solution.

3.4.3. Intra-particle diffusion model
It is assumed in the intra-particle diffusion model (Figure 11) that adsorbate can be 
transported into the pores of the adsorbent by batch mode adsorption and is stated as 
follows: 

q ¼ Kit1=2 þ Ci (9) 

here Ci refers to intercept, which approximates the thickness of the boundary layer, and 
a significant intercept value denotes the higher boundary layer effect. Ki refers to the rate 
constant for intra-particle diffusion that can be calculated by the slope from the linear plot 
of q against t1/2. If the plot is linear and passes through the origin, intra-particle diffusion is 
the only rate-controlling step. But if the plot is linear and not passes through the origin, it 
is suggested that the adsorption involves intra-particle diffusion but it is not the only rate- 
limiting step. The outcomes of our analysis demonstrate that intra-particle diffusion is not 
considered as the rate-controlling step in the PF adsorption by INPs [63].

3.5. Adsorption mechanism

Adsorption is a surface phenomenon that results when adsorbate molecules accumulate 
on the surface of the adsorbent. It is based on the mass transport of a specific or group of 
components of the adsorbate congregate at the interface. A variety of mechanisms have 
been proposed in the literature for the removal of pesticides from water. Van der Waals 
forces, electrostatic attraction, hydrophobic interactions, hydrogen bonding formation, π- 
π stacking, ion exchange and surface complexation exist between the adsorbent and 

16 A. ANNAVI AND M. MANICKAM



adsorbate in an aqueous medium. However, the adsorptive removal of harmful pesticides 
is triggered by one or more of these interactions. In general, the decontamination of 
pesticides by prepared adsorbent is typically a function of adsorbent properties as well as 
the chemical composition of the adsorbates. Several interaction forces including surface 
complexation, hydrogen bonding and electrostatic attraction were governed by the 
adsorption mechanism of PF from the aqueous phase using as-prepared INPs. Under 
acidic conditions, the INPs are effectively adsorbed the PF molecules from the aqueous 
phase because the protonated INPs easily interacted with highly electronegative atoms of 
PF molecules through electrostatic attraction. Other forces such as surface complexation 
and hydrogen bonding also enhanced the adsorption mechanism of PF molecules from 
aqueous solution. Further, the adsorptive removal of PF molecules was influenced by 
a variety of variables, including adsorbent concentration, incubation time, temperature, 
solution pH and particle size, etc. Among the above mentioned mechanisms, electrostatic 
attraction is the main force to adsorb the PF molecules onto the INPs. However, the 
electrostatic attraction becomes weaker in alkaline conditions due to the deprotonation 
of INPs. The selected pesticide profenofos are composed of the most electronegative 
atoms including Br, Cl, S, P and O, which may be strongly involved in the hydrogen 
bonding interactions with the adsorbent INPs in acidic conditions. Further, the coordina
tion or chelating ability of S, P or O atoms towards nano iron may also be responsible for 
the adsorption of PF molecules by INPs. Based on the obtained results, Langmuir isotherm 
revealed the monolayer adsorption of PF molecules on the surface of INPs. Further, the D– 
R isotherm unveiled that the adsorption of PF on the surface of INPs is physisorption in 
nature. Therefore, the underlying mechanism is physisorption mediated monolayer 
adsorption of PF molecules on the surface of fabricated INPs.

4. Conclusion

In summary, the INPs were successfully fabricated, and their further application in PF 
uptake was systematically investigated in this study. The prepared INPs were thoroughly 
characterised using UV-vis, FT-IR, SEM, EDX, PXRD, DLS, zeta potential and mapping 
analysis. The synthesised INPs show excellent adsorption capacity of 43.67 mg g−1 for 
PF molecules with a minimum contact time of 15 min. Various influencing factors such as 
solution pH, contact time, adsorbent dose and initial concentration were systematically 
investigated for the maximum uptake of PF molecules from aqueous solution. The 
equilibrium data are fit with the Langmuir adsorption isotherm model, demonstrating 
mono layer coverage of PF molecules on the INPs outer surfaces. The adsorption kinetics 
clearly indicates that the adsorption system follows a pseudo-second-order kinetic model 
and it is confirmed by the higher R2 (0.9792) value. Moreover, it was revealed that the rate 
of adsorption was more dependent on the availability of adsorption sites on INPs over PF 
concentration in the solution. The electrostatic interaction is mainly governed by the 
adsorptive mechanism of PF molecules onto the INPs. The obtained findings of this study 
demonstrate the scope and efficacy of green INPs as effective adsorbent for the envir
onmentally friendly removal of pesticides from polluted water. Until now, optimisation of 
green synthetic protocols, exact mechanisms of nanoparticle formation, regeneration and 
reutilisation of nanomaterials are major challenges for researchers to develop them from 
laboratory level to commercialisation. A slight change in the parameters such as particle 
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size, reactant concentration, reaction pH, reaction time, temperature, pressure and envir
onmental conditions significantly affected the physicochemical properties and morphol
ogies of nanoparticles. The main drawbacks of INPs are the release of soluble iron ions and 
their susceptibility to surface oxidation. Moreover, the latent toxicities of these nanoma
terials are not completely addressed.

For future perspectives, we propose (i) to employ titled INPs for the removal of other 
hazardous organophosphorus pesticides and other types of pollutants including dyes and 
heavy metals; (ii) to use INPs as pilot adsorbent in agricultural and industrial wastewater 
remediation; (iii) to estimate the practical utility, environmental and the commercial 
feasibility of the application. (iv) to study the toxicity effect, recovery and reusability of 
INPs for their application in wastewater treatment.
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ABSTRACT : The chemical structure of organophosphorus pesticides is attributed to their high toxicity and competence to

irreversibly inhibit the activity of acetylcholinesterase and inflicting neuronal disorder, organ failure and eventual death

among non-target species. Profenofos is one of the most widely used organophosphate pesticides on a variety of crops and its

residues are being found in human blood, breast milk, and urine. Hence, there is a rising demand for the development of

pesticide degrading efficacious technologies. One of most promising bioremediation strategies has proven to be microbial

breakdown of pesticides into less harmful compounds. For the bioremediation of profenofos contaminated soil, a bacterial strain

PDB1 competent of utilising profenofos as the only carbon and energy source, was isolated from the agricultural soil samples

of Karur district, Tamilnadu, India. The strain PDB1 is identified as Bacillus substilis from the morphological, biochemical,

and 16S rRNA gene studies. The strain was grown in minimal salt broth with 100 ppm of profenofos as a sole carbon source.

The PDB1 strain was subjected to degrade profenofos pesticide. GC–MS analysis proved the ability of PDB1 strain to degrade

profenofos pesticide into 4-bromo-2-chlorophenol and diethylthiophosphoric acid metabolites.

Key words : Bacillus substilis, biodegradation, GC-MS, profenofos, 4-bromo-2-chlorophenol.
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INTRODUCTION

Global estimates of yield losses for main crops

induced by viruses, pests, diseases, and weeds varied

between 26-40%, based on crop and world territory

(Willocquet et al, 2017). As a result, the application of

chemical pesticides has been a preferred solution to boost

agricultural productivity, quality and to fulfil the food

requirements of the world’s fast increasing population

(Moghadam et al, 2021). Despite of its advantages their

widespread and long-term usages, however, cause severe

contamination of air, water, soil and agricultural products,

that jeopardizes crop production eventually being harmful

to the ecosystem especially to the agriculturally beneficial

microbes and aquatic animals and consequently creates

risks to human health through food chains (Srivastav et

al, 2021). Massive amounts of pesticides were manually

administered, but it was estimated that only a minor

proportion of the compounds properly reached the target

species, with the balance being settled on the soil and

resulted in poisonings of off- target species (Diez et al,

2010). Pesticide persistence in soil also has a

severe impact on climate parameters such as rainfall

intensity and schedule, as well as temperature. Climate

change affects the retention of pesticides and

microorganisms in soil (Ma et al, 2021). Among the

several pesticide categories used across the globe,

organophosphates are the most frequently employed group

of pesticides in contemporary usage (Mileson et al, 1998).

Profenofos [O-(4-bromo-2-chlorophenyl) O-ethyl S-

propyl phosphorothioate] (Fig. 1) is a common

organophosphate insecticide used on a variety

of agricultural crops. According to findings, the pesticide

is an acetylcholine esterase (AChE) inhibitor, causing an

irreversible neuronal disorder in animals. Among the most

serious health risks associated with profenofos residues

are genotoxicity, mutagenicity, multi-organ disorder,

hormone disruption, reduced overall body metabolism, and

reproductive problems. Further, profenofos residues have
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been found in many vegetables posing a dietary risk to

people and aquatic animals. Furthermore, profenofos

pesticide residues have been linked to honey bee colony

loss and soil microflora destruction (Chatterjee et al, 2016).

Thus, it is imperative to effectuate effective strategies

for removing profenofos residues in a manner that is both

economically viable and environmentally friendly.

Traditional methods for removing and/or degrading

organophosphorus pesticides, such as chemical

modification, combustion, and landfills, were later shown

to be problematic due to the risk of secondary exposure.

Furthermore, such methods are prohibitively expensive.

As a result, there is a rising demand for developing a

natural solution for the efficient elimination of profenofos

from the eco-system (Jatoi et al, 1998).

Bioremediation is one of the most potent, secure, and

commercially sustainable strategy when compared to

other contaminants removal methods. The degradation

and conversion of recalcitrant pesticides can be better

accomplished through bioremediation by the action of

microbial enzymes that can catalyse various reactions

such as hydrolysis, redox reactions and ring cleavage etc

(Islam et al, 2021). To date, there have been very few

reports that describe the efficient microbial

biodegradation of profenofos pesticide and their complete

degradation pathways. Malghani et al (2009) have

reported the extraction, identification along with the

characterization of bacterial strains capable of degrading

profenofos pesticide. Salunkhe et al (2013) isolated

Bacillus subtilis from grapevines and investigated the

profenofos degrading ability. Jabeen et al (2015) have

optimized the degradation capacity of bacterial consortium

by surface response technique. Siripattanakul-Ratpukdi’s

research group studied the profenofos biodegradation by

bacterial consortium (Siripattanakul-Ratpukdi et al, 2015).

Jaoti et al (2021) examined the potency of rhizobacteria

towards the biodegradation of profenofos and analysed

the progress of growth of the plants. Recently, Verma

and Chatterjee (2021) demonstrated the mechanistic

pathway of profenofos biodegradation.

The present investigation aims to identify novel

bacterial strain from the pesticide contaminated soil and

to comprehend the profenofos degradation pathway. The

strain isolated in this study can be used to bioremediate

pesticide contaminated soil in various agricultural fields.

MATERIALS AND METHODS

Sample collection

Technical grade Profenofos (99 % purity) was

obtained from the Scientific Fertilizer Co Pvt. Ltd,

Pesticide Division, Gundur, Tiruchirappalli, Tamil Nadu,

India. Profenofos-degrading microorganisms has been

isolated from agricultural soils from Karur district, Tamil

Nadu, India. Soil samples were gathered from various

sites with ten years of pesticide uses and taken from 10

to 15 cm depth. Soil samples were air dried and stored in

plastic bags at 5°C.

Soil properties

The soil samples were analysed in Department of

Agriculture and cooperation, Ministry of Agriculture and

farmer’s welfare, Govt. of India, ICAR, Karur.

Medium for isolation

Mineral salt media MSM (in g / L) ( KH
2
PO

4
 – 3; NaCl

– 0.5; Na
2
SO

4
 – 5.8; NH

4
Cl – 1; MgSO

4
.7H

2
O – 0.2)

and  nutrient broth were purchased from HIMEDIA, India.

Isolation of bacterium by Enrichment Method (Mu

et al, 2018)

By successive sub-culturing of soil samples,

profenofos degrading bacterium was isolated using an

enrichment method. 5 g  of soil from the agricultural field

is mixed with 100 mL soil enrichment MSM medium

supplemented with profenofos (25 mg/L) final

concentration. For a week, these enriched cultures have

been incubated at 280C with shaking (150 rpm/min). For

four cycles, enrichment culture (5 mL) was subcultured

into 100 mL fresh enrichment medium comprising

profenofos (25 to 100 mg/L). The enriched cultures were

then placed in MSM media, which was supplemented

with 25 mg/L) profenofos as the sole carbon source.

Following four cycles of subculture in MSM with

increasing concentrations of profenofos (up to 100 mg/

L), pure cultures were obtained by performing appropriate

serial dilutions of the enrichment culture in MSM medium

and plating them onto MSM plates containing 100 mg/L

profenofos. The colonies were inoculated into MSM

medium containing 100 mg/ L) of profenofos and pure

colony was selected for further investigation. The

morphological features of the isolated strain was analysed.

Genomic DNA isolation and sequencing of

16SrRNA gene

The genomic DNA of the isolated bacterial strain

Fig. 1 : Molecular structure of profenofos pesticide.
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was extracted using the standard chloroform–isoamyl

alcohol extraction method. To identify the strain, partial

gene sequencing of 16S rRNA was performed and

confirmed using biochemical properties. The 16S rRNA

gene was amplified by PCR and sequenced as previously

described (Wright et al, 2017). BLAST was used to

search for sequence similarities in the NCBI Gene Bank.

(http://www.ncbi.nlm. nih.gov). Biochemical and

molecular characterization of the isolates were

performed. For PCR amplification of the 16S rRNA gene,

the following primers were used: 27 F(5'-

AGAGTTTGATCCTGGCTCAG-3'), and 1492R (5'-

GGTTACCTTGTTACGACTT-3').To create the PCR

reactions, we used 50 µL of PCR buffer, 10 mol/µL of

each primer, 5 U Taq DNA polymerase, and 10 mol/µL

BSA, as well as 2 µL of DNA. 94°C denaturation for

three minutes, 28 amplification cycles of 20 s each at

94°C, 58°C for 40 seconds at 72 °C, and a final

polymerization for three minutes and 30 seconds was the

thermocycling conditions. To check the PCR products,

we used Gel Doc 2000 to visualize them on 1.0 % agarose

gels. The purified PCR products of 16S rRNA gene were

sequenced (Agrigenome labs Pvt Ltd, Kochi).

Biodegradation studies

The capability of the isolated strain towards the

biodegradation of profenofos was investigated with a

mineral salt medium containing 100 mg/L profenofos as

a sole source of carbon. Bacterial cells were pre-cultured

in nutrient agar medium at 30°C for 8 minutes with 140

rpm in orbital shaker. 2 mL of aliquots were extracted

after 24 -48 hrs and analysed gas chromatography-mass

spectroscopy (GC-MS) analysis.

Detection of intermediate metabolites by GC-MS

analysis

For the detection of intermediate metabolites, GC-

MS system (GCMS-QP 2010 Shimadzu) provided with

an auto-sampler and a mass spectrometer detector was

used. For compound separation, a Phenomenex ZB 5MS

column was used. Helium was used as the carrier gas,

with a flow rate of 1 mL /min. The temperature system

listed below was used: The temperature of the oven was

initially held at 600C for 1 minute before ramping from

100C per minute to 2900C with a 20-minute hold time;

total run time was 45 minutes. The injector’s temperature

was kept at 2500C. The ion trap was set to 70 eV and

had a scan range of 40 to 800 m/z. In split mode, 1 L of

each sample was injected (10:1). Metabolite identification

was accomplished by comparing the results to standard

compound mass fragmentation patterns as well as

instrumental library searches (Herrmann et al, 1999).

RESULTS AND DISCUSSION

Physico-chemical characteristics of the soil sample

The physico-chemical characteristics of the collected

soil sample is given in Table 1.

Identification of isolated strain

Under the test conditions, a single bacterial isolate

PDB 1 (Fig. 2) was found positive for profenofos

degradation in soil samples collected from the Karur

district of Tamil Nadu, India. PDB1 bacterium grew

significantly in MSM (pH 7.0) supplemented with 100

mg/L profenofos at 28°C, indicating that the bacterium

was using profenofos as its sole carbon and energy source.

Morphological analysis revealed that the strain PDB1 was

rod-shaped and a fuzzy-white in colour. The biochemical

characteristics of the PDB1 were listed in Table 2.

Molecular characterization of PDB1 strain by 16S

rRNA sequence

The bacterium was identified further through

molecular characterization using 16S rRNA gene

sequencing. PDB1 nucleotide sequences were compared

to other 16S rRNA gene sequences in the NCBI database

using BLAST analysis. The search exposed that the 16S

rRNA gene sequence of the bacterium PDB1 shared a

high degree of similarity with substilis species. The

bacterium Bacillus substilis strain showed the highest

sequence similarity of 99 %. The phylogenetic tree of

the bacterium PDB1 is shown in (Fig. 3) (Ankenbrand et

al, 2016).

Biodegradation of profenofos

Degradation in liquid culture media : Aliquots 2

mL) of the sample were excluded from the 100 mL liquid

culture, mixed with 2 mL ethyl acetate, and vigorously

Table 1 : Properties of soil sample.

S. no. Parameters Value

1. Soil type Red soil

2. Density 1.47 g/mL

3. Water holding capacity 40.39 %

4. pH 7.2

5. Electrical Conductivity (EC) 0.32

6. Organic Carbon (OC) 2.30%

7. Nitrogen (N) 254.2 kg/ha

8. Potassium (K) 260.1 kg/ha

9. Phosphorous (P) 20.4 kg/ha

10. Sulphur (S) 12.1 mg/kg

11. Zinc (Zn) 0.85 mg/kg

12. Boron (B) 1.24 mg/kg

13. Iron (Fe) 30 g/kg

14. Manganese (Mn) 6.14 mg/kg

15. Copper (Cu) 1.21 mg/kg
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shaken for 2 hours to extract the profenofos residues.

For 20 minutes, the organic layer was centrifuged at 9000

rpm. The ethyl acetate layer was dried over anhydrous

Na
2
SO

4
 and then evaporated at room temperature with

a stream of nitrogen. The residues were dissolved in 200

µL of ethyl acetate.

GC-MS analysis of degraded products of

profenofos : The GC-MS methodology has been

successful identification of profenofos degradation

products in the current study. After 24 - 48 hours,

sample retrieved in ethyl acetate from bacterium cultures

with profenofos pesticide was injected into GC-MS. Fig.

4 shows the GC-MS spectrum showing the degradation

of profenofos. The metabolite identified as 4-bromo-2-

cholorophenol corresponded to the peak of 5.957 and 6.23

min retention time. The formation of 4-bromo-2-

cholorophenol (molecular weight 206 g/mol) demonstrates

the breakdown of profenofos at the ester bond linkage of

Fig. 2 : Pure colony of PDB1.

Fig. 3 : The phylogenetic tree of the isolated bacterium PDB1.

Table 2 : Biochemical test for PDB 1.

S. no Test Results

1 Gram Staining Positive

2 Citrate Positive

3 Gelatin hydrolysis Positive

4 Catalase Positive

5 Indole Negative

6 Methyl Red Negative

7 Nitrate Reduction Positive

8 Pigment production Negative

The biochemical analysis of the PDB1 exhibited 99 % characteristics

of Bacillus genus.

Fig. 4 : GC-MS spectrum showing the degradation of profenofos.
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the parent compound (Palanimanickam et al, 2017).

Further, the degradation ability of profenofos was further

confirmed by the formation of diethyl thiophosphoric

acid(peak of 12.962 at 13 min retention time). The results

implies that the isolated bacterium contains enzymes with

esterase-activity. The plausible mechanistic

representation of profenofos biodegradation was

portrayed in Fig. 5. Nonetheless, more research is needed

to determine the complete degradation pathway and the

mineralization of intermediates.

CONCLUSION

Microbial degradation of organophosphorus pesticides

and the advancement of bioremediation approaches for

contaminated agricultural fields by using potential

microorganisms symbolise a rapidly expanding area of

research worldwide. In pristine ecosystems and non-

exposed agricultural fields, naturally existing profenofos-

degrading microorganisms may be scarce. As a result,

the enrichment technique for isolating bacterial strains

has been widely used in the study of pesticide

biodegradation. In the present study, PDB1 strain was

isolated from pesticide contaminated agricultural soil. The

isolated bacterial strain was identified as Bacillus subtilis

by various characterization techniques. The PDB1 strain

was tested for its ability to degrade the pesticide

profenofos. The ability of the PDB1 strain to degrade

profenofos pesticide into 4-bromo-2-chlorophenol and

diethylthiophosphoric acid metabolites was demonstrated

by GC–MS analysis. Microbes mediated degradation of

profenofos is a significant step toward the development

of new bioremediation strategies for cleaning up the

pesticide contaminated sites.
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Abstract 
In modern agriculture, the widespread use of organophosphorus pesticides results in environmental pollution and pose severe 
threats to human, flora and fauna. Hence, the efficient removal of these pesticides from polluted environment remains an 
enduring inspiration. Bioremediation can be used as a proficient detoxifying strategy for polluted ecosystem since it can 
breakdown or convert toxic pollutants into less hazardous by-products while also being cost-effective, extremely efficient, and 
environmental sustainable. Further, a detailed analysis of the plant growth-promoting activity of plant–bacteria relationships 
could be used to promote sustainable agricultural output as well as the remediation of pesticide-polluted soil and water. Hence, 
a bacterial strain PDB1 was extracted from the soil sample exposed to pesticide for an extended period of time at Karur 
district, Tamilnadu, India for the bioremediation. Using morphological, biochemical, and 16S rRNA gene analysis, the 
bacterium PDB1 was characterized as Bacillus substilis. The impact of Bacillus substilis on several plant - growth indices was 
studied in the presence and absence of the pesticide profenofos. The capacity of Bacillus substilis to degrade profenofos (PF) 
was examined using gas chromatography-mass spectroscopy (GC-MS). Since this isolated bacterial strain has (PF) degrading 
capacity as well as other characteristics that promote plant growth, the isolate could be an attractive opportunity for the 
advancement of bioremediation technique. 
 
Keywords: bioremediation; 4-bromo-2-chlorophenol; degradation; plant growth parameters; profenofos; soil bacteria 
 
 

Introduction 
Modern agriculture has relied on the constant administration 
of agrochemicals predominantly pesticides to increase crop 
productivity and food security [1]. Despite the fact that 
pesticides play a crucial function in contemporary 
agriculture, their prolonged use causes severe environmental 
problems [2]. Continuous pesticide exposure causes 
immunological issues, immunodeficiency syndromes, and 
cancer-related problems. The excessive use of pesticides 
pollutes the soil and water. Furthermore, it has a negative 
impact on the genetic variation of soil microbiota, 
accompanying in deteriorated soil fertility and plant 
development, which together jeopardize the long-term 
productivity of agricultural field. To complicate the issue 
further, pesticide residues and their by-products frequently 
penetrate through the surface soil into groundwater, 
provoking widespread pollution of aquatic environments [3].  
Organophosphates are by far the most frequently used 
insecticides, accounting for 34% of global pesticides 
consumption. They are known to inhibit cholinesterase 
neurotransmitters irreversibly, causing disruption of 
endocrine activities, nervous system failure, and defects in 
childbirth, infertility, distortion of growth, development, and 
reproduction in fauna, birds, and mankind [4]. PF [O-(4- 
Bromo-2-chlorophenyl) O-ethyl S-propyl(S)-
phosphorothioate)] is a highly active organophosphate 
insecticide that is commonly used on crops, vegetables and 
fruits. The molecular structure of PF comprises phenolic and 
phosphate ester components (Fig. 1). It is one among the 
most widely used pesticides because of its easy fabrication, 

cost-effectiveness and high efficiency. PF has been 
categorised as moderately dangerous pesticide of toxicity 
class II by the World Health Organization (WHO), and it 
has been shown to inhibit acetylcholinesterase. PF is 
genotoxic to off-target organisms, including terrestrial and 
aquatic creatures. PF is widely used in agriculture in many 
countries across the world. It has been widely used to 
manage and control numerous lepidopterous insects, aphids, 
whiteflies, spider mites, and hoppers on a variety of crops 
including tomato, potato, corn, sugarcane, cotton, tobacco, 
and vegetables. The residual levels of PF have been 
measured in a variety of plants and food samples. 
Alarmingly, these organophosphate pesticide residues have 
been identified in human blood, breast milk, plasma, serum 
and urine after exposure [5]. 
 

 
 

Fig 1: Chemical Structure of Profenofos 
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To address the ever-increasing demand and 
over consumption of synthetic pesticides while taking into 
account their long-term negative impacts on global agro-
ecosystems and living organisms, we desperately need to 
develop, adopt, and promote environmentally sustainable 
approaches [6]. Traditional methods for removing and/or 
degrading organophosphorus pesticides, such as chemical 
treatment, combustion, and landfills, were later shown to be 
troublesome due to the possibility of secondary exposure. 
Furthermore, such procedures are prohibitively expensive. 
As a result, sustainable agriculture is critical in this period 
since it has the capabilities to fulfil our future agricultural 
demands [7]. Hence, bio-remediation, bio-mineralization, 
bio-protection, bio-stimulation have been considered as 
safe, convenient, environmentally friendly, and 
economically viable methods for the decontamination of 
organophosphorus pesticides [8].  
Bioremediation is a technique which uses the potential of 
microbial degradation to provide a cost-effective and 
dependable way of pesticide diminution. Numerous soil and 
aqueous atmospheres have effectively recovered by utilising 
bacteria capable of the degrading the contaminants. PF is 
removed through hydrolysis, either chemically or through 
microbial activity, by transforming it to 
diethylthiophosphoric acid and 4-bromo-2-chlorophenol [5]. 
Malghani et al. described the isolation and characterization 
of bacterial strains capable of PF decomposition [9]. 
Salunkhe et al. extracted Bacillus subtilis from grapevines 
and examined its ability to degrade PF [10]. Jabeen and 
colleagues used the surface response technique to 
analyse the degradation capacity of a bacterial consortium 
[11]. The research team of Siripattanakul-Ratpukdi explored 
PF biodegradation by bacterial consortium [12]. Verma and 
Chatterjee briefly demonstrated a molecular mechanism of 
PF biodegradation [13]. 
Plant-assisted bioremediation has a lot of potential for 
cleaning up of pesticide contaminated soil. 
Pesticide degrading bacteria may improve plant tolerance to 
pollutants by detoxifying polluted soils by direct 
mineralization of contaminants. Furthermore, plant exudates 
increase the density and efficiency of novel bacteria in the 
root zone. The ability of microorganisms to detoxify 
pollutants while also increasing plant development has 
previously been explored for various organophosphorus 
insecticides such as malathion, methyl parathion 
chlorpyrifos and monochrotofos [14]. Despite, the 
significance of plant–bacteria partnerships towards 
the remediation of various pollutants has been demonstrated 
in various studies, research on PF degradation using this 
strategy is currently limited.  
Akbar and Sultan demonstrated that the chlorpyrifos-
degrading bacteria Achromobacter xylosoxidans and 
Ochrobactrum sp. have the potential to become excellent 
options for increasing crop productivity in pesticide-
contaminated soils [15]. Nivedita and Sundari examined the 
impact of direct inoculation of specified consortia on plants 
in the presence of the root disease Sclerotium rolfsii and the 
organophosphate insecticides malathion and methyl 
parathion [16]. D. M. Dash and J. W. Osborne investigated 
the bioremediation of monocrotophos by native isolates 
obtained from cultivable sugarcane soil. The inclusion of 
Bacillus aryabhattai to the rhizosphere of Liriope muscari 
improved plant growth and monocrotophos degradation in 
soil [17]. Meng Di et al. presented the entire genome 

sequence of Bacillus amyloliquefaciens as well as its 
capacity to breakdown a variety of organophosphorus 
insecticides [18]. Fiaz Ahmad’s research group portrayed the 
ability of inoculated external bacteria Bacillus pumilus to 
accelerate the cleanup of chlorpyrifos-contaminated soil and 
reduce levels of harmful pesticide residues in agricultural 
crops [19]. Govarthanan et al. explored the potential for 
speedy biodegradation of chlopyrifos and plant growth 
promoting psychrophilic Shewanella sp. cultures were 
obtained from salt water using the enrichment technique [20]. 
Ghani et al. examined the efficacy of a bacterial strain, 
Enterobacter cloacae, competent of promoting plant growth 
and biodegrading PF [21]. Jaoti examined the potency of 
rhizobacteria towards the biodegradation of PF and 
analysed the progress of growth of the plants [22]. Vinay 
Kumar et al. assessed the plant development and PF 
elimination efficacy of Acinetobacter and Comamonas sp. 
bacteria as separate strains and in combination and found 
that the consortium has greater plant growth-promoting 
properties than the individual bacterium [23]. 
Inspired by the facts and results, we attempted to isolate and 
identify a novel bacterial strain from a pesticide-
contaminated soil and succeeded. Further, the metabolites 
derived from PF degradation was identified by using GC-
MS and probable mechanism has been proposed. 
Furthermore, the isolated bacteria was tested for its ability 
to promote plant development.  
 
Materials and Methods  
1. Sample collection  
Technical grade profenofos (99 % purity) was obtained 
from the Scientific Fertilizer Co Pvt. Ltd, Pesticide 
Division, Gundur, Tiruchirappalli, Tamil Nadu, India. 
Profenofos-degrading microorganism has been isolated from 
agricultural soils from Karur district, Tamil Nadu, India. 
 
2. Medium for isolation 
Mineral salt media MSM (in g/ L) (KH2PO4 – 3; NaCl – 0.5; 
Na2SO4 – 5.8; NH4Cl – 1; MgSO4.7H2O – 0.2) and nutrient 
broth were purchased from HIMEDIA, India.  
 
3. Isolation of bacterium by Enrichment Method  
The bacterial strain was isolated sing an enrichment method 
as reported earlier [24]. 5 g of soil from the agricultural field 
is mixed with 100 mL soil enrichment MSM medium 
supplemented with PF (25 mg/L) concentration. For a week, 
these enriched cultures have been incubated at 28 ºC with 
shaking (150 rpm/min). For four cycles, enrichment culture 
(5 mL) was subcultured into 100 mL fresh enrichment 
medium comprising PF (25 to 100 mg/L). Pure cultures 
were developed by proper serial dilutions of the enrichment 
culture in MSM medium and plating them onto MSM plates 
comprising 100 mg/L PF. The colonies were inoculated into 
MSM medium containing 100 mg/ L of PF and pure colony 
was selected for further investigation. The morphological 
features of the isolated strain were analysed. 
 
4. Genomic DNA isolation and sequencing of 16SrRNA 
gene 
The genomic DNA of the isolated bacterial strain was 
extracted using the standard chloroform–isoamyl alcohol 
extraction method as per our previous report [24]. To identify 
the strain, partial gene sequencing of 16S rRNA was 
performed and confirmed using biochemical properties. The 
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16S rRNA gene was amplified by PCR and sequenced as 
previously described. BLAST was used to search for 
sequence similarities in the NCBI Gene Bank. 
(http://www.ncbi.nlm. nih.gov). Biochemical and molecular 
characterization of the isolates were performed. For PCR 
amplification of the 16S rRNA gene, the following primers 
were used: 27 F(5'- AGAGTTTGATCCTGGCTCAG-3'), 
and 1492R (5' GGTTACCTTGTTACGACTT-3'). The 
purified PCR products of 16S rRNA gene were sequenced 
(Agrigenome labs Pvt Ltd, Kochi). 
 
5. Biodegradation studies 
5.1. Plant growth enhancement in Vigna mungo by pot 
culture method 
Pot experiments with Vigna mungo (L.) Hepper were 
performed in order to analyse the effects of bacterial 
inoculation on plant growth parameters and pesticide 
degradation. Seeds of V. mungo were surface sterilized by 
treatment with 0.1% HgCl2 solution for 5 min followed by 
washing with sterilized distilled water. Soil samples (1.0 kg) 
were spiked with PF to a concentration of 100 mg /kg. 
Samples were then inoculated with microbial suspension to 
give final concentration of 1.6 × 107cells /g. The test was 
performed in triplicate and sterilized soil sample was used 
as control. Sterilized seeds of V.mungo were sown in the 
sample soils and then the soil was moistened with water. 
Three experimental sets of pots with at least six seedlings 
were grown under the following conditions: (A) normal 
growth condition: Sterilized soil as control without bacteria 
and PF; (B) Under pesticide load: Sterilized soil with PF 
and without bacteria, (C) Under pesticide with isolated 
strain: Sterilized soil with isolated strain and profenofos. 
The pots were carefully monitored to ensure that they have 
been maintained at ambient environmental conditions. The 
seed germination process was monitored on a regular basis, 
and plants were allowed to develop for 3 weeks. The 
following parameters of plant development were 
documented: % germination, shoot length (cm), root length 
(cm), leaf length (cm), shoot fresh weight (g), root fresh 
weight (g), shoot dry weight (g) and root dry weight. 
 
5.2. PF degradation analysis by GC-MS 
PF degradation was determined after 3 weeks. For the GC-
MS analysis, 5 g soil sample was collected from the pots B 
and C. 2 mL of aliquots were extracted after 3 weeks and 
analysed gas chromatography-mass spectroscopy (GC-MS) 
analysis. For the detection of intermediate metabolites, GC-
MS system (GCMS-QP 2010 Shimadzu) provided with an 
auto-sampler and a mass spectrometer detector was used. 
For compound separation, a Phenomenex ZB 5MS column 
was used. Helium was used as the carrier gas, with a flow 
rate of 1 mL /min. The temperature system listed below was 
used: The temperature of the oven was initially held at 60 ºC 
for 1 minute before ramping from 10 ºC per minute to 290 
ºC with a 20 min hold time; total run time was 45 minutes. 
The injector's temperature was kept at 250 ºC. The ion trap 
was set to 70 eV and had a scan range of 40 to 800 m/z. In 
split mode, 1 L of each sample was injected (10:1). 

Metabolite identification was accomplished by comparing 
the results to standard compound mass fragmentation 
patterns as well as instrumental library searches [24].  
 
5.3. Statistical analysis  
All the tests were conducted in triplicates and statistical 
analysis was performed to analyze significant differences. 
Statistical analysis was performed using a one-way analysis 
of variance (ANOVA) for % germination, shoot length 
(cm), root length (cm), leaf length (cm), shoot fresh weight 
(g), root fresh weight (g), shoot dry weight (g) and root dry 
weight with multiple comparisons. Statistical analysis for 
plant growth parameters was performed with one-way 
ANOVA where significant differences at p ≤ 0.05 levels 
with multiple comparisons. 
 
Results and Discussion  
1. Isolation, identification and characterization of PDB1 
By successive sub-culturing of soil samples, PDB 1 was 
isolated using an enrichment method. A single bacterial 
strain PDB 1 was isolated from the soil samples from Karur 
district of Tamil Nadu, India under prolonged exposure of 
pesticide applications. The morphological analysis, 
biochemical characteristics and 16S rRNA gene sequencing 
analysis of the bacterium PDB1 confirmed a high degree of 
similarity with Bacillus substilis strain [24]. 
 
2. Growth experiment of Vigna mungo (L.) Hepper 
Plant growth studies were used to investigate the effect of 
bacterial activity on plant growth and PF pesticide 
breakdown. In pot soil experiments, % germination, shoot 
length (cm), root length (cm), leaf length (cm), shoot fresh 
weight (g), root fresh weight (g), shoot dry weight (g) and 
root dry weight were determined. The results are given in 
Table 1 and Fig. 2. PF addition to soil (B) affected a 
reduction in all parameters analysed as compared to the 
plants grown without PF exposure (A). However, when 
compared to pot B, the plants in pot C exhibited 
comparatively higher plant growth characteristics. This may 
be due to the presence of Bacillus substilis which utilised 
the PF pesticide as only carbon source thus causing the 
degradation of PF.  
 
Table 1: Measurement of growth parameters of V. mungo in pots 

A, B and C 
 

Growth parameters Control PF +V. 
mungo 

PFF + V. mungo 
+PDB1 

% germination 90.33 ± 0.88a 66.33±0.66a 75.00±1.15a 
Shoot length (cm) 4.64±0.15c 3.13±0.03c 4.16±0.13c 
Root length (cm) 7.43±0.37b 5.03±0.21b 6.06±0.16b 
Leaf length (cm) 3.63±0.12c 2.5±0.17c 3.11±0.10c 

Shoot fresh weight (g) 1.83±0.03d 1.13±0.04d 1.50±0.04d 
Root fresh weight (g 0.80±0.03de 0.56±0.01de 0.63±0.02e 
Shoot dry weight (g) 0.62±0.02e 0.25±0.01e 0.57±0.01e 
Root dry weight (g) 0.25±0.01e 0.06±0.00e 0.12±0.02e 

The values indicate the mean ± SD of three replicates. 
Different letters in same rows indicate significantly different 
values. 
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Fig 2: Growth experiment with V. mungo in soil supplemented with PF (100 mg /kg). 
 
3. Biodegradation of profenofos 
The ability of Bacillus substilis to degrade PF in soil 
environment was studied using GC-MS. The GC-MS was 
performed for sterilized soil with PF (B) along with 
sterilized soil with PF and PDB1 (C). The results of GC-MS 
are given in Fig. 3 and Fig.4. Fig. 3 displayed a single peak 
of 20.005 at 19.6 min retention time. The peak is attributed 
to PF pesticide. Fig. 4 exhibits the GC-MS result of pot C 
which contain sterilized soil with PF and PDB1. In contrast 
to Fig.3, The spectrum showed multiple peaks due to the 

biodegradation of PF. Specifically, the emergence of two 
peaks corresponding to the metabolites of PF namely, 4-
bromo-2-cholorophenol (peak of 5.978 at 6.3 min retention 
time) and diethyl thiophosphoric acid (peak of 13.067 at 
13.2 min retention time) confirmed the Bacillus substilis 
mediated biodegradation of PF [5].  
Figure 5 depicts a probable mechanistic model of PF 
biodegradation. Nonetheless, more studies are needed to 
determine the entire breakdown route and intermediate 
mineralization. 

 

 
 

Fig 3: GC-MS result of sterilized soil with PF 
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Fig 4: GC-MS result of sterilized soil with PF and PDB1 
 

 
 

Fig 5: Plausible mechanistic representation of profenofos 
biodegradation 

 
Conclusion 
Plant-bacteria relationships can be used to improve 
pesticide-contaminated soil remediation. A bacterial strain 
was isolated using the enrichment methodology for the 
efficient remediation of PF-contaminated soil. Bacillus 
substilis was identified using morphological, biochemical, 
and 16S rRNA gene studies on the bacterium PDB1. 
Bacillus substilis was tested in the presence and absence of 
the pesticide profenofos on many plant, V. mungo growth 
variables, including percent germination, shoot length, root 
length, leaf length, shoot fresh weight, root fresh weight, 
shoot dry weight, and root dry weight. According to the 
tested criteria, the pot soil reinforced with profenofos and 
Bacillus substilis exhibited comparatively better growth of 
V. mungo than the pot soil containing simply profenofos. 
The hydrolytic breakdown of PF into 4-bromo-2-
chlorophenol and diethylthiophosphoric acid metabolites 
was demonstrated in mechanistic studies of PF degradation 
using GC-MS. This isolate, Bacillus substilis has the 
potential to be a key contender for the advancement of 
bioremediation approach due to its high biodegradation and 
plant growth stimulating potential. 
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