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ABSTRACT

Pesticides are substances applied primarily in agricultural practices to improve the quality
and yield of crops by protecting them against pests and diseases. The growing global
demand for adequate and high-quality food necessitates an increased rate of pesticide
application for food production. As a result, active pesticide ingredients, referred to as
pesticide residues (PRs), accumulate in domestic and industrial wastewater through
effluent discharge and runoff from agricultural or industrial settings. Consequently, these
residues induce physicochemical (abiotic) processes and biochemical (biotic) transforma-
tions, degrading water quality and leading to acute or chronic toxicity in aquatic animals
and humans, depending on their nature and concentration.

Long-term exposure to PRs can pose significant risks to public health through pesticide
poisoning. The associated risks include ataxia, carcinogenicity, heart, liver, and kidney
diseases, lung injury, skin irritation, paralysis, and death, depending on the pathways of
cellular and molecular interactions within biological systems. Thus, the presence and fate
of PRs in wastewater remain a global concern, requiring adequate scientific attention to
mitigate their effects on humans and the environment.

This chapter provides an overview of some prominent PRs in wastewater from both
agricultural and non-agricultural fields. These include organochlorines, organophosphorus
compounds, S-metolachlor, polychlorinated biphenyls (PCBs), polychlorinated dibenzo-
dioxins (PCDDs), atrazine, chlorfenapyr, chlorpyrifos, diazinon, difenoconazole, ethion,
fipronil and its metabolites, malathion, dichlorvos, methyl parathion, profenofos, and
thiacloprid. The review enumerates the processes leading to the deposition of pesticides
in wastewater, the consequences of their accumulation, and approaches for their effective
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removal. It also aids in developing promising strategies to minimize the adverse effects of
pesticide toxicity on public health.

1.1 INTRODUCTION

Pesticides are chemicals primarily used in agricultural processes to improve the yield
and quality of crops by protecting them from pests, disease attacks, and disease vectors
[1]. They are employed to control the undesired competition between humans and other
organisms for high-quality food and fiber. Thus, pesticides play a crucial role in economic
growth through agricultural production and the preservation of various food types, such as
cereals, fibers, forages, fruits, edible oils, tubers, vegetables, and livestock.

Pesticides are formulated as bactericides, disinfectants, fungicides, herbicides, insec-
ticides, and other substances designed for controlling, destroying, or preventing pests,
including vectors of animal (including human) and plant diseases [2]. Their applications are
invaluable in the agricultural industries worldwide [3]. The toxicity of pesticides depends
significantly on the physicochemical properties of their constituent residues.

Active ingredients of pesticides, also referred to as pesticide residues (PRs), include
atrazine, aldicarb, diazinon, malathion, dichlorvos, methyl parathion, profenofos, chlorf-
enapyr, difenoconazole, thiacloprid, acephate, chlorpyrifos, ethion, and carbophenothion
[1, 4-6]. Other notable PRs include organochlorines such as dieldrin, chlordane, hepta-
chlor, dichlorodiphenyldichloroethylene (DDE), dichlorodiphenyltrichloroethane (DDT),
and their metabolites [7].

The application of pesticides has significantly increased, rising by approximately 30%
between 2000 and 2020 and reaching the highest global levels since 2017. Concurrently,
the rate of pesticide application per cropland surged by about 25%, escalating from 1.5
kg/ha to 1.8 kg/ha between 2000 and 2010, with the primary contribution attributed to
America [2]. Projections based on a linear trajectory of usage suggest an anticipated surge
to over 4.19 million metric tons by 2024 [8].

Pesticides are also significant contributors to water pollution. For instance, organochlo-
rines and a few persistent residues (PRs), such as dioxins and polychlorinated biphenyls
(PCBs), are often classified as persistent organic pollutants (POPs) [7]. The fates of PRs in
wastewater are influenced by unregulated reactions and processes, including biochemical
degradation, disintegration, absorption, ingestion, and inhalation by plants and animals
[9]. These processes can lead to pesticide poisoning when treated wastewater is used for
various life activities.

The extensive application of pesticides on food crops and livestock production contrib-
utes to the direct and indirect accumulation of PRs, posing persistent risks to public health
through pesticide poisoning. In biological systems, PR components disrupt normal cellular
activities by inducing biochemical changes, resulting in acute or chronic toxicity depending
on the nature, dose, and duration of exposure [4]. For example, organophosphorus-based
PRs reportedly cause acute toxicity and Organophosphate-Induced Delayed Polyneu-
ropathy (OPIDP) through the mechanistic inhibition of acetylcholinesterase (AChE) and
other associated esterases with neuropathy, leading to the accumulation of acetylcholine
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at nerve terminals. These adverse biochemical processes result in effects such as ataxia,
paralysis, and, in severe cases, death [5].

Other health risks associated with PR exposure include carcinogenicity, hepatotoxicity,
lung injury, heart disease, skin irritation, developmental and neurological disorders, organ
damage, and infectious diseases [10, 11]. In 2020, approximately 385 million cases of
Unintentional Acute Pesticide Poisoning (UAPP) were estimated to occur annually,
resulting in about 11,000 fatalities worldwide. About 44% of these cases involved farmers,
predominantly in Southern Asia and South-Eastern Asia, where agricultural practices are
most extensive [10]. Asia is currently the second-highest consumer of pesticides after
America, followed by Europe, Africa, and Oceania [2].

This alarming data underscores the dual nature of pesticides, which significantly
contribute to economic growth while also posing serious risks, particularly when present
in vital resources such as recyclable wastewater. Therefore, reviewing the fate of pesticides
in wastewater is essential for understanding their occurrence, promoting safe and beneficial
applications, and developing effective remediation strategies, as presented herein.

1.2 OCCURRENCE OF PESTICIDES IN WASTEWATER

Several factors influence the occurrence of pesticide residues (PRs) in wastewater,
including the type of pesticide, its specific properties, and the methods of application [12].
The presence of PRs in wastewater is intricate and multifaceted, with various contributors.
Activities such as agricultural practices, urban runoff, water overflow through farmlands,
and improper discharge of PR-containing effluents or wastes significantly facilitate the
infiltration of pesticides into wastewater. Among these, agricultural activities stand out as a
prominent contributor, creating a complex dynamic that extends beyond local fields.

Environmental variables, including soil composition, topography, climate, proximity
to water bodies, and inadequate erosion control measures, exacerbate pesticide contami-
nation in wastewater [13, 14]. During rainfall or windfall, runoff containing PRs from
application sites gains momentum and enters water bodies and soil [15, 16]. The subse-
quent leaching of PRs through soil profiles at these sites can pollute groundwater and
wastewater systems [9].

Domestic pesticide use for pest control also contributes significantly to PR accumulation
in wastewater. Residues from household products, such as insecticides and herbicides, are
washed off surfaces into drains. Improper disposal practices, including discarding unused
pesticides or empty containers, further introduce these chemicals into wastewater systems
[17]. The cumulative impact of widespread domestic engagement in such activities ampli-
fies the burden of PRs in domestic wastewater [18].

Industries involved in pesticide manufacturing and pharmaceutical production signifi-
cantly contribute to the accumulation of PRs in wastewater. Wastewater from pesticide
formulation processes often contains residues, further diversifying the chemical composi-
tion entering wastewater treatment facilities [19]. The multifaceted nature of industrial
activities thus contributes to the complex web of pesticide contamination in aquatic envi-
ronments [20].
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Discharges from industrial processes, whether intentional or accidental, often introduce
concentrated doses of pesticides into water systems. Untreated or insufficiently treated
industrial wastewater is a prominent pathway for the infusion of PRs into local water bodies
[21]. These interconnected pathways—domestic, agricultural, and industrial—highlight
the challenges in mitigating pesticide contamination in wastewater [22].

Relevantly, some reported analyses have revealed the presence of various pesticide
residues (PRs) in wastewater. Notably, these include organophosphates (OPs) [23, 24],
carbamates (CMs) [25, 26], synthetic pyrethroids (PYs) [27, 28], s-triazines [24, 29],
triazole pesticides [30], phenylpyrazoles [31], neonicotinoids [31, 32], and organochlorine
pesticides (OCPs) [7, 33].

Once in wastewater, PRs disperse across biotic and abiotic environments through
complex natural and anthropogenic phenomena such as diffusion, evaporation or vola-
tilization, leaching, erosion, runoff, and uptake by plants and animals, potentiating their
transformation into harmful products [9, 12, 21]. However, exposure to PRs through food
consumption is more prevalent than other routes, such as air and drinking water [1].

Their accumulation in biological systems and environments can be indirectly triggered
through their presence in treated wastewater used for domestic and industrial applications,
including aquaculture, agriculture, engine cooling, and manufacturing processes, even in
trace amounts. Another major concern regarding PRs in wastewater is the resultant water

pollution, which can lead to water unavailability and eventual scarcity, presenting a signifi-
cant global challenge [14].

Thus, efficient, cost-effective, timely, and environmentally friendly assessment and
treatment strategies are essential to mitigate the consequential risks associated with

polluted water. Prominent routes of pesticide infiltration into wastewater are illustrated in
Figure 1.1.
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FIGURE 1.1 Common routes of infiltration of pesticides into wastewater.
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1.3 RISKIMPACTS OF PESTICIDES IN WASTEWATER ON THE ENVIRONMENT
AND HUMAN HEALTH

Undoubtedly, pesticides pose significant threats to both biotic and abiotic components of
human environments when present in essential commodities such as water. A comprehen-
sive understanding of these implications is crucial for instituting measures to mitigate their
consequential effects on aquatic ecosystems and safeguard human health through water
usage [34].

1.3.1 IMPLICATIONS OF PESTICIDES ON WATER ENVIRONMENT AND AQUATIC
LIFE

The significant environmental ramifications of pesticide residues (PRs) in wastewater are
evident. Within aquatic ecosystems, the persistent presence of these residues results in
bioaccumulation, impacting the entire food chain. The discharge of treated wastewater into
receiving water bodies introduces PRs into the environment, potentially jeopardizing water
quality and posing risks to aquatic life [8, 35].

The process of bioaccumulation further amplifies ecological risks, affecting biodiversity
and ecosystem services. Additionally, it adversely impacts the physiology and reproductive
activities of aquatic organisms [8, 36].

1.3.2 HUMAN HEALTH CONCERNS

The underestimated presence of trace pesticides from runoff or leaching at dumping sites
and in wastewater effluents is a significant concern, often accompanied by a lack of aware-
ness regarding associated risks and necessary precautionary measures. The widespread
contamination by these organic pollutants has emerged not only as a pressing environ-
mental issue but also as a considerable threat to human well-being [34].

Despite the implementation of various safety measures aimed at mitigating the systemic
impact of these chemical agents, their persistent toxicity—manifested in acute or chronic
forms—remains a formidable challenge. Regrettably, a substantial knowledge gap exists
among individuals regarding the potential harm posed by pesticide-contaminated waste-
water, which contributes to the neglect of safety measures.

Therefore, it is crucial to emphasize and address the risks that pesticides in wastewater
impose on humans.

In response to the ever-increasing demand for water in modern economies, wastewater
has long been considered a primary alternative [37]. However, the retention of organic
toxic pollutants remains a significant concern [31, 38—41]. The consequences extend far
beyond immediate environmental impacts, as multiple pathways connect humans to pollut-
ants present in wastewater. These exposure routes can be broadly categorized as:

1. Direct Exposure: This occurs through the ingestion of water contaminated with
wastewater or dermal contact during recreational activities in wastewater-polluted
water bodies [42—44].
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2. Indirect Exposure: This arises from the consumption of aquaculture or agricultural
products grown in areas irrigated with contaminated water [40, 45]. Additionally,
individuals may be indirectly exposed through the inhalation of aerosols emitted by
wastewater treatment plants [46].

Given these diverse exposure pathways, it is imperative to explore the potential health
hazards associated with various pesticide classes.

1.3.2.1 ORGANOPHOSPHATES

Various organophosphorus compounds (OPs), including tributyl phosphate, malathion,
glyphosate, and certain OP metabolites (e.g., aminomethylphosphonic acid, 3,5,6-trichloro-
2-pyridinol, malathion dicarboxylic acid), have been found to exceed residue limits and
guideline levels in wastewater [24, 47-50]. Acute OP toxicity typically presents with
symptoms such as headache, tremors, drowsiness, and irritation in various body parts.
General poisoning symptoms include muscle weakness, seizures, hallucinations, brady-
cardia, miosis, nausea, and respiratory issues [51, 52]. In severe cases, individuals may
experience coma and potentially fatal shortness of breath caused by pulmonary edema at
high exposure levels [53, 54].

Prolonged exposure to OPs is also associated with bronchitis, manifesting as cough and
phlegm. Central respiratory depression, caused by bronchorrhea and bronchospasm, is a
major cause of mortality in reported cases of OP toxicity [52]. Despite their limited ability
to penetrate the brain, OPs exert profound neurotoxicity. Symptom onset varies, ranging
from a few minutes to resolution within several weeks [52].

This neurotoxicity is attributable to OPs’ ability to peripherally inhibit acetylcholines-
terase (AChE) through the irreversible phosphorylation of the serine hydroxyl group [55].
Upon entering the body, OPs lead to the excessive accumulation of the neurotransmitter
acetylcholine within synaptic junctions. This overstimulation of cholinergic pathways,
involving both nicotinic and muscarinic receptors, ultimately results in delayed neurotox-
icity or cholinergic toxidrome [56].

In a pilot study by Muniz and collaborators, pesticides were observed to potentially
cause detrimental effects in humans via oxidative stress [57]. This stress is characterized
by a reduction in glutathione levels and an amplification of lipid peroxidation products
[58—60]. This phenomenon manifests consistently across various contexts (in vitro, in vivo,
and real-world scenarios) following contact with organophosphates (OPs) [61].

In examining the influence of chronic exposure to organophosphorus compounds on
reproductive systems, researchers found that these compounds mediate oxidative and
antioxidant imbalance. This imbalance contributes to a defective hypothalamic and/or
pituitary-endocrine axis, which has been associated with diminished spermatogenesis and
impaired gonadal functions [62].

While OPs are generally not classified as oncogenic, certain studies have established
links between these compounds and specific cancers. According to a systematic
review, among all OPs detected as residues in wastewater, malathion and chlorpyrifos
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exhibit a positive association with human breast cancer. Proposed mechanisms include
elevated oxidative stress, estrogenic potential, and decreased apoptotic action [63]. A
prospective study further supports this association, documenting links between OPs
and hormonally mediated cancers, such as those affecting the thyroid, ovary, and breast.
This evidence suggests that the estrogenic potential of OPs may act as a mechanism for
cancer induction [64].

In an in vivo study involving chronic exposure to malathion at low doses, spatial memory
and discrimination were impaired, likely due to a decrease in mitochondrial complex I
activity within the hippocampus [65]. Extrapolating these findings to humans exposed
to malathion residues in wastewater raises concerns about potential neurobehavioral and
cognitive defects [65].

The mechanisms underlying Parkinson’s disease (PD), characterized by oxidative
stress and interference with neurotransmission, are becoming increasingly evident among
populations frequently exposed to pesticides [66]. An intriguing case involves an indi-
vidual who, after a four-year recovery from consuming a substantial amount of glyphosate,
developed Parkinsonism, suggesting a link between organophosphates (OPs) and young-
onset atypical PD [67, 68].

Rajak et al. proposed a potential immunotoxic effect of OPs in humans, rendering
them more susceptible to opportunistic infectious diseases [69]. This effect extends to
various aspects of mammalian immunity, including neutrophil-mediated immunity, T- and
B-lymphocytes, the complement system, cytokine signaling, and basophilic cells [70].

Epidemiological studies further indicate that exposure to pesticides, particularly
OPs, may serve as a risk factor for diabetes [71-73]. OPs have been observed to disrupt
glucose and fat homeostasis, leading to impaired insulin secretion in vivo. One proposed
mechanism involves the adenylyl cyclase/cyclic AMP pathway [74]. Additionally, OPs
may damage pancreatic beta cells, contributing to excessive hepatic gluconeogenesis and
insulin resistance [75].

Expanding beyond these health hazards, OP exposure has demonstrated strong correla-
tions with other conditions, including Alzheimer’s disease [76, 77], coronary artery disease
[66], emotional disorders, and neurobehavioral diseases [78, 79].

1.3.2.2 CARBAMATE

Carbamates (CMs) exhibit relatively low persistence in the environment due to their rapid
hydrolysis. Among them, oxamyl and methomyl have been identified in wastewater, albeit
at low concentrations (in pg L™). Despite these low levels, CM residues can impact non-
target organisms through environmental contamination [26, 80].

Acute exposure to CMs presents with both parasympathetic and sympathetic symptoms,
closely resembling those of organophosphates (OPs). These symptoms include severe
headaches, nausea, vomiting, abdominal pain, and salivation [81, 82]. Additional reported
effects include body weakness, twitching, blurred vision, cramping, lethargy, ataxia, and
sweating [83].
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Mechanistically, carbamates (CMs) function similarly to organophosphate (OP) pesti-
cides; however, instead of irreversible binding, they reversibly bind to acetylcholinesterase
(AChE), resulting in a toxicological presentation with high similarity but a relatively short
resolution period (generally less than 24 hours) [84, 85]. The bond formed between CMs
and AChE is less stable, allowing spontaneous decarbamylation to occur shortly thereafter,
leading to enzyme reactivation [85].

Because CMs act reversibly, their subchronic and chronic exposure is notably less
toxic compared to acute exposure [83]. Studies on chronic exposure to CMs in mice have
demonstrated significant differences in behavioral and neurochemical changes [86].

At sublethal concentrations, certain carbamates (CMs), such as oxamyl, exhibit a low
tendency to cause genotoxicity in humans [87]. In contrast, others, such as methomyl, may
display genotoxic properties, causing damage to cellular DNA and triggering apoptosis,
which is considered a biomarker for carcinogenic risk [88, 89].

Additionally, CMs function as endocrine-disrupting chemicals, exerting deleterious
effects on the endocrine system and male reproductive systems by perturbing the hypo-
thalamic-pituitary-testicular (neuroendocrine-reproductive) axis. This disruption alters
hormonal profiles, ultimately leading to reduced spermatogenesis, abnormal sperm quality,
and/or diminished male fertilizing capability [90-92].

Interestingly, CMs possess a mitochondria-targeting ability, potentially augmenting
developmental defects [93]. Also, oxidative stress action induced by CMs has been impli-
cated in the adverse effects on the heart [94-96], brain [97], kidneys [91, 97], and liver [97,
98]. Nonetheless, repeated exposure may negatively impact emotions and lead to condi-
tions such as depression, anxiety, or irritability [82].

While studies thus far have not established a correlation between the two CMs that
were found as residues in wastewater and immunotoxicity or carcinogenicity [83, 87],
other research suggests that most CMs can provoke immune alterations. Not only that, but
they may also induce mutations in immunoregulatory genes and modify immune tolerance,
thereby exacerbating pathological immune responses as seen in autoimmunity, hypersensi-
tivity reactions, or cancer [99]. Studies have identified CMs-induced immune dysregulation
owing to oxidative stress and inhibitory properties on esterases. In some instances, CMs,
by suppressing immune functions and showing up in the tumor microenvironment, were
thought to play a role in early tumor formation [99]. On an alternative note, CMs have been
associated with elevated risks in specific cancers such as those affecting bones, bladder,
uterus, liver, kidney, thyroid, and adrenal gland [100].

1.3.2.3 SYNTHETIC PYRETHROIDS

Multiple synthetic PY residues, including type-I (permethrin) and type-II (cypermethrin,
cyhalothrin, cyfluthrin, deltamethrin), were significantly observed in wastewater [27,
28], prompting a critical examination of their relevance to human hazard. Publications on
pyrethroid intoxication highlight common acute poisoning symptoms, including dizziness,
nausea, skin itching/burning, and vomiting, with severe cases potentially leading to coma,
seizures, and hemorrhage [101]. In comparison to previously discussed OPs and CMs,
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pyrethroids display different acute toxicity profiles, generally resulting in milder toxico-
logical outcomes. In most cases, they tend to rapidly metabolize into non-toxic metabo-
lites, contributing to their minimal selectivity and knock-down effects on humans [102].
Concerning pyrethroid toxicity in mammals, two distinct toxidromes (neurotoxicity) are
present depending on the structural subgroups (type-I and type-II) of PYs. Both subgroups
mainly disrupt channels or proteins [102, 103]. Given that they act on voltage-gated Na*,
CI', and Ca?* channels [102], it is agreeable that excitable tissues are the primary sites of
synthetic PYs.

Research has determined that PY's stimulate changes in the kinetic transition character-
istics of voltage-gated Na' channels, prolonging the gate opening. This stimulation leads to
extended sodium influx and repetitive firing, causing protracted neuronal excitation [104].
The duration of poisoning usually corresponds to the amplitude of the current, determined
by the dose of PY's exposed and the amount of affected channel. In addition, various PYs
potentiate varying durations for the state of excitability [104], with type II promoting
longer durations compared to type-I PYs [105]. At high doses of exposure, a “conduction
block” occurs, where sodium influx is no longer capable of generating action potentials.
This contributes to the clinical presentation of paraesthesia and proarrhythmogenic effects
[106, 107]. The common clinical feature (paraesthesia), along with relentless fine tremor
and marked reflex hyperexcitability, contributes to the typical type-I syndrome induced by
type-1 PYs.

In the context of type-II PYs’ action on voltage-gated Ca** channels, which control
cell excitability in muscles, the brain, nerves, and salivary glands, they reduce the state of
opening and lower chloride currents. This is expected to manifest symptoms such as saliva-
tion and myotonia, as well as synergize with Na" channel-mediated intoxication [102, 108].
Notably, these actions occur at low concentrations [108], emphasizing the significance
of residues to human health. With direct effects on those targeted bodily parts, type-II
PYs contribute to type-II syndromes featuring salivation, coarse tremor, moderate reflex
hyperexcitability, and choreoathetosis.

While PYs present fewer chronic consequences in general, some literature points
out their significance in affecting neurocognitive performance. One study concluded an
association with deterioration in neurocognitive performance, though not affecting neuro-
motor performance [109]. Besides, a study by Hansen et al. revealed a higher occurrence
of hyperglycemia, signifying a trend between cumulative PY exposure and dysregulated
glucose control in the body [110]. PY's, similar to OPs and CMs, not only disrupt endocrine
function, cause genotoxic effects, and exert oxidative stress but also bind to DNA to induce
epigenetic modifications [111]. These mechanisms represent the basis for carcinogenicity.
This aligns with a study that determined a correlation between PY exposure and childhood
hematological cancer [112].

1.3.2.4 S-TRIAZINES

Wastewater contamination by triazine residues, such as chloro-s-triazine (atrazine) and
thiomethyl-s-triazines (simetryn, prometryn), along with some degraded products, has
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been documented [24, 29]. The persistence of these compounds, which are resistant
to biological and chemical degradation, raises concerns [113]. While triazines have
specific mechanisms affecting plants, such as interference with the photosynthetic
process, they also pose toxicity to non-target species through common mechanisms
shared by various pesticides, including neurotoxicity, endocrine-disrupting effects, and
oxidative stress [114, 115].

Acute intoxication with triazines commonly presents symptoms such as vomiting,
dermatitis, abdominal pain, diarrhea, and mild mucosal irritation. Some chloro-s-triazines
act as substrates for xenobiotic-metabolizing enzymes. For instance, at high doses, atrazine
or simazine interacts with rat cytochrome P450 (CYP) [116, 117]. The health impacts of
atrazine are further verified using in vitro human CYP1A2, 2A6, 2B6, and 3A4, where
repression or induction is observed [118, 119]. In terms of chronic intoxication, murine
models subjected to high-dose treatment suffered from kidney damage, likely due to the
effects of metabolites and precipitation in the kidneys [120].

Studies on reproductive and developmental intoxication are clear and observable,
particularly regarding the effect on females [120]. Atrazine, as a hormone disrupter,
inhibits the surge of preovulatory luteinizing hormone in female rats, leading to a series
of adverse effects such as an extended oestrus period (adult) and delayed development
(developing) at the maximum tolerated dose [121]. A similar study also revealed early-
onset mammary and pituitary tumorigenesis, likely owing to disruption of neuroendocrine
balance. Yet, this effect may not be extrapolated to humans due to strain-specific effects.
Other researchers noted that atrazine alters pituitary hormone release, estrogen to androgen
ratio, and up-regulates aromatase activity, all of which impact reproductive functions in
vivo [120]. Interestingly, studies on whether chloro-s-triazines are considered teratogenic,
carcinogenic, mutagenic, or genotoxic have consistently yielded negative results [122].
Multiple pieces of epidemiologic evidence have yet to establish a consistent causal rela-
tionship between triazine and human cancers [123, 124].

1.3.2.5 TRIAZOLE

In wastewater, triazole residues, exemplified by propiconazole and myclobutanil, are
frequently detected due to their long half-life and low biodegradability, posing a threat
to non-fungal organisms [30]. Accidental contact exposure to triazoles can result in acute
toxicity, presenting symptoms such as headaches, chest pain, skin, and eye irritations, or
irreversible injury, whereas inhalation may lead to mild respiratory irritation [125, 126].
In fungi, triazoles act by directly binding to heme iron of CYP51, hindering the
enzyme’s action in the fungal biosynthesis of ergosterol. While higher species, including
humans, also possess a similar enzyme (sterol 14-demethylase) in various tissues for sterol
biosynthesis, this could be a possible mechanism for triazole intoxication [127]. Apart
from CYP enzymes, triazoles could interact with other CYP enzyme families to initiate
mammalian toxicity [128]. Using laboratory animal models, common acute effects are
related to development [127]. They generally exert embryotoxic properties with features
such as low fetal weight, prolonged ossification, and malformed craniofacial and/or axial
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structures [128]. The authors suggest that in addition to the expected mechanisms (CYPS51
inhibition), some sensitive pathways involving retinoic acid metabolism are implicated.
Furthermore, cases of triazine perinatal exposure, but not adult exposure, causing hippo-
campal deficits strongly suggest a developmental toxicant effect [129].

Moreover, triazoles have the potential to alter the activity of steroidogenic CYPs (i.e.,
CYP19A1 or aromatase), as evidenced in experimental (in vitro and in vivo) investigations
[130, 131]. This property elicits unpleasant effects on the reproductive system, including
infertility, lowered survivability of new litter, and greater perinatal mortality [127]. One
study showed that rats treated with triazoles directly inhibit aromatase in rat Leydig cells,
altering the conversion of testosterone into estrogen [131]. Another examination in female
rats displayed virilization [ 132]. Following a longer exposure, testosterone levels increased
in rat testes and the blood, plausibly due to the action of triazoles on the hypothalamic/
pituitary/gonadal axis [132].

Long-term triazole exposure can also affect the liver [133]. The liver injury manifests
in various patterns, including the undesired induction of enzymes, oxidative stress, hyper-
trophy, hyperplasia, and inflammatory events [127, 134]. Consequently, certain triazoles
exhibit carcinogenic properties by stimulating tumor growth in the liver and thyroid
follicular cells. Since most triazoles are negative in genotoxicity, the cancer-inducing effect
occurs via non-genotoxic mechanisms [127, 135].

1.3.2.6 PHENYLPYRAZOLES

Phenylpyrazoles, prominently represented by fipronil and its metabolites, have recently
been identified as major residues ubiquitously present in wastewater at toxicologically
relevant levels [31]. Concerns have escalated due to reported greater toxicological profiles
of metabolites compared to the parent compound [136, 137], and as such, understanding the
undelivered effects in humans remains crucial. Acute toxicity symptoms range from mild
outcomes, such as headache, abdominal pain, nausea, sweating, vomiting, dizziness, and
agitation, to severe cases with Central Nervous System (CNS) toxicity, recurrent seizures,
and, in certain instances, fatal outcomes [138, 139].

Mechanistically, this chemical family inhibits inhibitory receptors, specifically the
y-aminobutyric acid (GABA) gated chloride channel in the brain or GABA_ receptor,
with significant selectivity for insect isoforms over vertebrate counterparts [140, 141].
Researchers have noticed that phenylpyrazoles can also bind to the mammalian GABA
receptors [142]. Fipronil, in particular, inhibits human glycine receptors (subtypes of al,
alfP, 02, a3), suggesting plausible toxicity through this targeting of human glycine receptors
[143]. Consequently, these mechanisms could induce neurotoxicity by causing an excess
CI, leading to neuron overstimulation and hyperexcitation. Additionally, phenylpyrazoles
can elicit cell death in neuronal cells through apoptotic events and rapid depletion of ATP
via mitochondrial uncoupling, with fipronil acting as an oxidative phosphorylation uncou-
pler even at low doses, signifying potent cytotoxic properties towards the CNS [144].
Apart from neurotoxicity, high-dose fipronil treatment in animal studies altered normal
exploratory behaviour, emotionality, and fear in rats [ 145].
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Sub-chronic exposure to phenylpyrazoles revealed pronounced effects on the kidneys
and liver, inducing lipid peroxidation and generating free radicals (oxidative stress mecha-
nisms) [146], with signs of liver injuries, such as hepatomegaly, necrosis, and steatosis
[147]. Moreover, they exhibited strong genotoxicity [148, 149]. The male reproductive
system was affected after chronic exposure to high doses of fipronil, proposed to cause the
effect through oxidative stress-induced DNA injury, resulting in markedly reduced sperm
quality and viability [150]. A recent study using a mouse model revealed an association of
lung injuries (e.g., airway inflammation) secondary to fipronil chronically exposed at low
doses [151], indicating a potential concern for fipronil residues in wastewater.

1.3.2.7 NEONICOTINOID

Residues such as imidacloprid, clothianidin, acetamiprid, and its metabolite, all falling
under the group of neonicotinoids, have been detected in wastewater, elevating the risk
of exposure and poisoning [152]. Despite presumed lower non-target toxicity attributed
to physiological differences between insects and vertebrates [152, 153], recent research
challenges this assumption, revealing certain human health concerns associated with
neonicotinoids [154]. Upon acute exposure, neonicotinoids lead to symptoms highly
similar to OPs, presenting with muscarinic clinical features [155]. Severe cases may result
in complications such as ventricular fibrillation, respiratory failure, or death, although
the mortality rate thus far is < 3% [154]. Notably, clinical features for acute or chronic
exposure to neonicotinoids may not always be similar due to the intricate interactions of
receptor sites by neonicotinoids [156].

Neonicotinoids act as irreversible nicotinic agonists to neuronal receptors, specifically
nicotinic acetylcholine receptors (nAChRs). Following binding to the receptors, Na"/K*
channels are blocked, hindering the transmission of neuronal influx. Neonicotinoids show
a stronger affinity for insect subtypes of a42 than mammalian nAChRs, with lower blood-
brain barrier (BBB) penetration; however, recent research indicates modulation activity on
mammalian nAChRs (subtypes of a4B2 and a7) in the CNS [152], and certain neonicoti-
noids (i.e., imidacloprid, acetamiprid) can substantially cross the BBB [156]. Long-term
exposure could stimulate the constant opening of nAChRs, in particular homopentamers
a7, resulting in high Ca*" permeability that interferes with multiple signaling pathways
in neurons and glial cells [152]. These properties label neonicotinoids as neurotoxicants
because they can promote neurotoxicity and neuromorphological defects in neuronal cells
owing to impaired neurotransmission, neuroinflammation, and oxidative stress induction,
all of which promote cell death [156].

Regardless of the diverse distribution of nAChRs in vertebrate brain regions, the hippo-
campus, among all, is found to be most vulnerable to the neurotoxic effect [152]. Develop-
ment neurotoxicity of neonicotinoids is evidenced in multiple animal reports, with maternal
exposure to acetamiprid increasing early post-natal mortality and causing defective audi-
tory startle response in off-springs [156]. In murine models, transient in-utero exposure to
a non-lethal dose of neonicotinoid (imidacloprid) induces neurobehavioral deficit [157].
In addition to that, even at very low doses, adults experience various neurobehavioral
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impairments [158], which can be linked to modifications in neuropathology and neuro-
chemical profiles [156, 159].

Studies by Senyildiz and colleagues documented that certain neonicotinoids possess
potent genotoxicity, inducing DNA damage in tested human neuroblastoma and liver cells
[160]. A few other studies also observed their impacts on the liver, immune system, kidneys,
and reproductive systems. Chronic exposure to imidacloprid in rat models showed signs
of chronic inflammation accompanied by elevated pro-inflammatory cytokines not only in
the brain but also in the liver, attributed to oxidative stress mechanisms [161, 162]. Another
chronic study noted moderate pathological changes in the kidneys as well, indicating multi-
organ toxicity induced by imidacloprid [163]. Again, chronic exposure to neonicotinoids
can adversely influence the immune system, with a significant drop in lymphoproliferation
and macrophage functions following sub-chronic treatment with acetamiprid [164, 165].
Interestingly, this effect is present in the absence of lymphoid organ toxicity. Regarding
reproductive intoxication, some research activities have shown that persistent exposure to
low concentrations of imidacloprid may exert oxidative injuries to the reproductive organs
(testes) of developing and adult murine models, leading to lower testosterone levels and
eventually poor sperm quality [166, 167].

1.3.2.8 ORGANOCHLORINE PESTICIDE

Among all classes of pesticides, OCPs have been regarded as the most dangerous. Even
after being banned in most countries, their residues persist in wastewater and may pose a
hazard. These include cyclodienes (dieldrin, endrin, endosulfan), cyclohexane (hexachlo-
rocyclohexane, HCH), diphenyl aliphatics, DDT, and DDT metabolites [7, 33]. While the
levels in wastewater are considered safe, the presence of other toxic compounds alongside
OCPs can synergize and lead to greater adverse effects [168]. OCPs primarily exert their
lethal adverse effects through synaptic dysregulation, involving voltage-gated channels,
transporters, and receptors in the CNS. Similar to PYs, OCPs target the Na* voltage-gated
channel and disrupt the balance of neural communication.

Besides, intoxication from OCPs can occur through a concept called “toxicant-
induced loss of tolerance” [169], where these chemicals (i.e., OCPs) compromise the
body’s resilience and tolerance, leading to hypersensitivity in those individuals. Hence,
subsequent exposure to low levels of unrelated antigens initiates and triggers immune
responses, unfolding sensitivity-related illness [168, 169]. Additionally, OCPs interfere
with human metabolic pathways via oxidative stress induction [170], endocrine-disrupting
effects [171], mitochondrial dysfunction [172], and epigenetic modifications [173]. Even
subtle, long-term exposures to OCPs can rewrite the metabolic pathways, significantly
altering carbohydrate metabolism [174]. A temporal analysis over 12 years substantiates
the metabolic disturbance effect, portraying that an OCP exposure may directly/indirectly
provoke metabolic dysregulation [175]. The study also identified certain OCPs that may
interfere with the homeostasis of uric acid and creatinine [175], adding complexity to their
metabolic impact.
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Other than metabolism-related illnesses, these mechanisms are known to contribute to
a broad spectrum of diseases, for example, neurological disorders (neurodevelopmental,
neurodegenerative, neurophysiological, neurobehavioral) [176—178], cancer [179-181],
estrogen-dependent disease (endometriosis) [182], immune system dysregulation (autoim-
munity) [183, 184], and reproductive system issues [185]. Digging deeper, it could be
predicted that these persistent pollutants may pose a high risk to human health [186—189].
Their presence unfolds a complex tale, affecting various aspects of our well-being over
time. A summary of routes of pesticide contamination in wastewater, impacts on human
health, manifested symptoms; implicated cells, organs, and systems, as well as their
mechanisms of toxicity, are enumerated in Figure 1.2 and Table 1.1.
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FIGURE 1.2 Pathways of exposure to pesticide residues in wastewater and potential implications on human
health.

TABLE 1.1 Potential Health Risks from Pesticide-Polluted Wastewater

Chemical Class Detected Contaminants Health Hazards References

Organophosphate Tributyl phosphate,  Potent neurotoxic effects. [24, 47-50,
malathion, glyphosate, « Reproductive issues. 56, 62,
glyphosate metabolite « Endocrine disrupti 64-66, 69,
(aminomethylphosphonic acid), ndoctine disruption. 73, 78]
chlorpyrifos. + Potential carcinogenicity (hormonally-

mediated cancers).

* Neurological disorder (impact behaviors,
emotions, cognitive functions).

* Impaired immune function.
+ Disrupted metabolic pathways.

» Adverse cardiovascular effects.
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TABLE 1.1 (Continued)

Chemical Class Detected Contaminants

Health Hazards References

Carbamate Oxamyl, methomyl

Synthetic Permethrin, cypermethrin,
pyrethroid cyhalothrin, cyfluthrin,
deltamethrin.

S-triazine Atrazine, simetryn, prometryn

Triazole Triticonazole, myclobutanil

Phenylpyrazole  Fipronil, fipronil metabolites

(fipronil sulfone, fipronil sulfide) ,

Neurotoxicity. [26, 80, 82,
Potential genotoxicity. 88,92, 93,
Endocrine disruption. 97,99, 100]
Reproductive issues.
Developmental defects.

Negative impact on emotions; linked to
depression, anxiety, irritability.

Potential immunotoxicity; linked to
autoimmunity, hypersensitivity reactions.

Potential carcinogenicity; risks of
development of specific cancers.

Multi-organ toxicity.

Neurotoxicity; associated with type-I and [27, 28,
type-II syndromes. 109-112]

Neurological disorders (impact neurological
functions and cognition).

Impaired metabolic pathways.

Epigenetic modification.

Endocrine disruption.

Genotoxicity.

Potential carcinogenicity.

Neurotoxicity. [24, 29, 114,
Endocrine disruption. 115, 118,
Reproductive issues. 120, 121]
Developmental toxicity.

Influence on CYP enzymes (CYP1A2, 2A6,

2B6, 3A4).

Risk of kidney injury.

Neurotoxicity. [30,
Affecting neurodevelopment. 127-129,
. 134, 135]
Embryotoxicity.

Impaired retinoic acid metabolism.
Endocrine disruption.
Reproductive issues.

Carcinogenicity; linked to the development

of specific cancers.

Neurotoxicity. [31,
Influence on emotion. 144-148,
Endocrine disruption. 130, 151]
Potent genotoxicity.
Reproductive issues.

Liver, kidney, and lung injuries.
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TABLE 1.1 (Continued)

Chemical Class Detected Contaminants Health Hazards References
Neonicotinoid Imidacloprid, acetamiprid, * Neurotoxicity. [152,
acetamiprid metabolite * Neurological disorders (encompassing 156-158,

(acete‘lmi'pfid-N -desmethyl), neuromorphological, neurodevelopmental, 160, 163,
clothianidin. neurobehavioral). 165, 166]

* Endocrine disruption.
+ Potential genotoxicity.
* Immunotoxicity.

 Reproductive issues.

* Multi-organ toxicity.

Organochlorine  Dieldrin, endrin, endosulfan, * Potent neurotoxicity. [7,33, 170,
pesticide hexachlorocyclohexane, « Impaired metabolic pathways. 175-179,
dichlorodiphenyltrichloroethane. . . . 182, 183,
» Neurological disorders (encompassing 185_187
neurodevelopmental, neurodegenerative, 189] ’

neurophysiological, neurobehavioral).
+ Carcinogenicity.
 Epigenetic modifications.
* Sensitivity-related illness.
* Risk of endometriosis.
* Immunotoxicity; linked to autoimmunity.
* Reproductive issues.
* Risk of vitamin D insufficiency.

* Risk of gallstone disease.

1.4 METHODS FOR ASSESSING AND MONITORING PESTICIDE RESIDUE IN
WASTEWATER

Monitoring PRs in wastewater is paramount for understanding their presence, assessing
environmental risks, and developing effective management strategies. There are several
methods employed for assessing and monitoring PRs in wastewater, emphasizing their
importance in maintaining environmental vigilance and safeguarding water quality. Some
of these methods are discussed in subsections.

1.4.1 ANALYTICAL TECHNIQUES

Chromatographic methods are relevant in analyzing pesticides in wastewater, providing
precise and efficient means of separating and quantifying individual pesticide compounds.
High-Performance Liquid Chromatography (HPLC) is widely employed for its excep-
tional precision. It remains highly relevant for the identification, isolation, and quanti-
fication of diverse pesticide compounds. It excels in the separation and quantification
of diverse pesticide compounds. When coupled with detectors like UV-Vis or mass
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spectrometry, HPLC enhances its analytical capabilities, offering high sensitivity and
selectivity [190—193]. This makes it particularly advantageous in detecting trace levels
of pesticides in complex matrices, ensuring accurate and reliable results. On the other
hand, Gas Chromatography (GC) is highly effective for volatile and semi-volatile pesti-
cides. GC separates compounds based on their vaporization characteristics, making it
suitable for analyzing pesticides with varying volatility profiles. When coupled with mass
spectrometry, GC further enhances its analytical power, allowing for the identification of
individual pesticides with high accuracy [194-196].

In the realm of Mass Spectrometry (MS), two prominent techniques stand out: Liquid
Chromatography-Mass Spectrometry (LC-MS) is an important analytical method that
combines the separation capabilities of chromatography with the specificity of mass spec-
trometry. LC-MS excels in providing accurate identification and quantification of PRs. The
chromatographic separation allows for the isolation of individual compounds, and the mass
spectrometer precisely identifies these compounds based on their mass-to-charge ratio.
This technique is particularly valuable for complex samples, offering high sensitivity and
selectivity [197-199]. Additionally, Gas Chromatography-Mass Spectrometry (GC-MS) is
specialized for volatile compounds. The gas chromatograph separates volatile pesticides,
and the mass spectrometer provides detailed information about the chemical structure of
these compounds. GC-MS enhances sensitivity, making it a valuable tool for the identifica-
tion of volatile PRs in environmental and agricultural samples [200].

Collectively, these chromatographic and mass spectrometric techniques form a robust
toolkit for comprehensive PR analysis. Their precision, sensitivity, and versatility make
them essential for the accurate assessment of the quality and safety of agricultural prod-
ucts and environmental samples. By employing these sophisticated analytical methods,
researchers, and regulatory authorities can effectively monitor and eventually control PRs,
contributing to the overall safety and sustainability of food production and environmental
management [201-203].

1.4.2 BIOSENSOR TECHNOLOGIES

Two key methods for PR analysis are Enzyme-Linked Immunosorbent Assay (ELISA) and
Biosensor Platforms. ELISA is a rapid and cost-effective technique relying on antigen-
antibody interactions. It furnishes both qualitative and quantitative assessments of PRs,
rendering it particularly suitable for large-scale monitoring programs. On the other front,
Biosensor Platforms encompass diverse technologies, including electrochemical and
optical biosensors, providing real-time monitoring capabilities. These biosensors leverage
enzymes or antibodies for the selective detection of specific PRs, offering a dynamic and
versatile approach to residue analysis [204, 205].

ELISA, characterized by its speed and cost-effectiveness, hinges on the interactions
between antigens and antibodies. It facilitates both qualitative and quantitative evaluations
of PRs, making it ideal for extensive monitoring initiatives. Biosensor Platforms, embracing
various technologies like electrochemical and optical biosensors, contribute real-time
monitoring capabilities to PR analysis [206, 207]. These platforms commonly employ
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enzymes or antibodies for the selective detection of specific residues, presenting a flexible
and responsive approach to the dynamic landscape of residue monitoring. Together, these
methods form a comprehensive toolkit for efficient and adaptable PR analysis, catering to
diverse monitoring needs in agriculture and environmental management [208—211].

1.4.3 EMERGING TECHNOLOGIES

Two cutting-edge techniques for PR detection are nanotechnology and metabolomics.
Nanoparticle-based sensors, a facet of nanotechnology, exhibit great potential for detecting
minute amounts of PRs. Leveraging nanomaterials, these sensors significantly enhance
sensitivity and selectivity, providing innovative solutions for real-time monitoring. The
application of nanotechnology in PR analysis opens avenues for precise and efficient
detection, addressing the challenges associated with trace-level contamination in various
environments [212-214].

Metabolomics, as an approach in pesticide analysis, involves studying the comprehen-
sive metabolic profile of organisms exposed to PRs. This holistic perspective offers valuable
insights into the systemic impact of pesticides on organisms within aquatic ecosystems. By
examining the entire spectrum of metabolic changes, metabolomics provides a nuanced
understanding of how pesticides influence the overall health and functioning of organisms.
Integrating metabolomics into pesticide analysis enriches our ability to assess ecological
impacts, contributing to a more comprehensive and informed approach to environmental
monitoring [216-219]. Together, nanotechnology, and metabolomics represent sophisti-
cated methodologies that enhance the precision and depth of PR analysis, addressing the
evolving challenges in environmental and agricultural contexts.

1.4.4 SAMPLING STRATEGIES, REMOTE SENSING, DATA INTEGRATION, AND
MODELLING

Two innovative methodologies for environmental monitoring are passive sampling and
automated sampling systems. Passive samplers, exemplified by solid-phase microextrac-
tion (SPME) fibers, are strategically deployed in water bodies to accumulate PRs over
time. These samplers offer an integrated snapshot of pesticide concentrations, providing a
cost-effective and efficient means of monitoring environmental contamination. On the other
hand, automated sampling systems revolutionize data collection by enabling continuous
or programmed sampling. This adaptability ensures representative data collection over
varying time intervals, making these systems particularly beneficial in dynamic environ-
ments with fluctuating pesticide concentrations. The combination of passive sampling and
automated sampling systems enhances the precision and reliability of pesticide monitoring,
catering to the evolving demands of environmental assessment [216, 220, 221].

In the realm of Remote Sensing, satellite-based approaches and Data Integration and
Modeling strategies contribute significantly to environmental monitoring efforts. Satellite
Imaging provides a valuable tool for observing land use patterns and identifying areas
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with high pesticide usage. While indirect, this approach furnishes essential information for
targeting and optimizing monitoring efforts. Data Integration, facilitated by Geographic
Information Systems (GIS), harmonizes spatial and temporal data. This integration
enables a better understanding of the circulation and movement of PRs in wastewater,
offering insights crucial for effective monitoring and management. Additionally, Model-
ling approaches, such as fate and transport models, enhance predictive capabilities. These
mathematical models consider hydrodynamics, sedimentation, and degradation kinetics
to forecast the dispersion of PRs in water bodies [222-224]. Remote Sensing and Data
Integration and Modeling methodologies empower environmental scientists with valuable
tools for proactive and informed decision-making in PR management. The summary of
some currently available methods/strategies for assessing and monitoring PRs in waste-
water is presented in Table 1.2.

1.5 TREATMENT OF PESTICIDES IN WASTEWATER

Pesticide residues can be treated in wastewaters through several methods, including
chemical treatment such as electro-oxidation, Fenton oxidation, hydrolysis, rotavapor
distillation, ozone/ultraviolet application, and photoremediation; physical treatment
such as the application of organic/inorganic absorbents (e.g., activated carbon); aerobic/
anaerobic biological treatment such as bioaugmentation, bioremediation, composting, and
phytoremediation; and incineration treatment, which involves open burning and incinerator
usage [3, 14].

Organophosphorus pesticides such as monocrotophos and pirimiphos-methyl groups
can be removed from wastewater efficiently via the application of polyethyleneimine-
modified fabrics [225].

The cumulative impact of industrial activities on pesticide accumulation in wastewater
underscores the importance of stringent regulations and responsible industrial practices.
Efforts to minimize discharges, enhance spill prevention and response measures, and
promote proper disposal practices are essential components of mitigating the industrial
contribution to PR build-up [226].

Treatment of PRs in wastewater is a critical step in mitigating environmental
contamination and safeguarding water quality. This exploration delves into the
diverse array of treatment methods, encompassing biological, chemical, and physical
approaches (Table 1.2).

1.5.1 BIOLOGICAL TREATMENT

Bioremediation, a key biological treatment, utilizes microorganisms, notably bacteria and
fungi, to enzymatically degrade PRs into less harmful compounds. Microbes are crucial for
this degradation process, transforming pesticides through metabolic pathways and thereby
reducing their toxicity [227-229]. Two effective strategies within bioremediation include
biostimulation, which involves the provision of growth-promoting nutrients/factors that
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TABLE 1.2 Overview of Assessment and Monitoring Methods for Pesticide Residues

Techniques Procedures Remarks References
Analytical <« Liquid chromatography-coupled * High sensitivity and selectivity. [192,
detector. * High precision and versatility. 197-200]
* [LC-MS (ESI), LC-HRMS/MS,
LC-MS/MS (EI-QqQ), LC-HRMS/
MS (ESI-Q-TOF), LC-MS/MS
(ESI-QqLIT), HPLC-MS, UPLC-MS/
MS (EI-QqQ), UHPLC-MS/MS
(E1-QqQ)].
* Gas-chromatography-coupled
detector.
* [GC-MS, GC-ECD, GC-MS (EI-Q),
GC-NPD, GC-MS.MS (EI-QqQ)].
Biosensor * Enzyme-linked immunosorbent assay. ¢ Rapid. [204-207]
» Cost effective.
* Large scale applicability.
* Biosensor platforms [electrochemical, ¢« Real time monitoring.
optical].
Emerging < Nanoparticle-based sensors.  High sensitivity and selectivity. [216-219]
* Real time and high-precision
monitoring.
* Metabolomic approaches. » Comprehensive assessment of
ecological/environmental impacts.
Sampling « Passive sampling [solid phase + Cost effective. [216, 220,
microextraction fibers]. « High performance. 221]
» Automated sampling systems.  Beneficial in dynamic environments.
Remote * Satellite imaging. + Effective for land use analysis to [222-224]
sensing identify patterns of pesticide usage.
 Data integration (facilitated by » Harmonization of spatial and temporal
geographic information systems). data.
* Modelling approaches [fate and » Enhance predictive capabilities and
transport models]. support informed decision-making.

enhance microbial activity, and bioaugmentation, which introduces specialized microbial
cultures. These techniques optimize conditions, accelerating the bioremediation process
and facilitating efficient PR degradation [230, 231].

In microbial degradation, microorganisms, particularly bacteria and fungi, play a
pivotal role in breaking down PRs into less harmful compounds through enzymatic trans-
formations along metabolic pathways. This process significantly diminishes the toxicity
of pesticides, contributing to environmental safety. Biostimulation and bioaugmentation
are complementary techniques that enhance microbial activity within the bioremediation
process. Biostimulation involves providing growth-promoting nutrients/factors to optimize
conditions for microbial communities, while bioaugmentation introduces specialized
microbial cultures, further accelerating the degradation of pesticides [232-234]. These
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strategies collectively highlight the effectiveness of biological treatments, emphasizing the
potential of harnessing microbial capabilities for sustainable PR removal from wastewater.

1.5.2 CHEMICAL TREATMENT

Chemical treatment methods for PR removal from wastewater encompass Advanced
Oxidation Processes (AOPs), as well as adsorption and desorption. AOPs, including
photodegradation, leverage reactive oxygen species generated by UV or sunlight exposure
to effectively break down pesticide molecules. This process is efficient for degrading both
parent compounds and their metabolites, converting them into less harmful byproducts.
Ozone, a potent oxidizing agent, is applied in ozonation to break down PRs, forming reac-
tive intermediates that react with and degrade pesticides, making it particularly effective
for refractory compounds [235, 236]. Redox reactions encompass chemical reduction and
Fenton/Photo-Fenton processes. In chemical reduction, reactive materials like zero-valent
iron facilitate the transfer of electrons to transform pesticides into less toxic forms. This
process shows promise in breaking down a variety of pesticide compounds. The Fenton
reaction, involving hydrogen peroxide and iron, and its photo-enhanced counterpart (Photo-
Fenton), creates hydroxyl radicals that oxidize and degrade PRs in wastewater [237-239].

Adsorption and desorption methods involve the application of organic/inorganic mate-
rials such as activated carbon and certain clay minerals for pesticide removal. Activated
carbon, with its high surface area and adsorptive capacity, effectively captures pesticides
from wastewater. Desorption processes can then be employed to regenerate activated carbon
for reuse. Similarly, certain clay minerals, such as montmorillonite and kaolinite, exhibit
adsorption capabilities for pesticide removal. The adsorbed pesticides can be subsequently
desorbed or degraded, presenting a comprehensive treatment approach [240, 241].

These chemical treatment methods collectively provide effective and versatile
approaches to address the complex challenge of PR removal, ensuring the safety of water
resources and environmental well-being.

1.5.3 PHYSICAL TREATMENT

Physical treatment methods for PR removal from wastewater primarily involve membrane
filtration and sorption/ion exchange techniques. Membrane filtration, a pivotal physical
treatment, utilizes techniques like reverse osmosis and ultrafiltration to physically separate
pesticide molecules based on their size and molecular weight. These methods are highly
effective in removing both dissolved and suspended PRs from wastewater. Nanofiltration, a
specialized form of membrane filtration, employs membranes with smaller pore sizes than
ultrafiltration, allowing for the selective removal of pesticides while retaining essential
components of the treated water [242, 243].

Sorption and ion exchange techniques further contribute to physical treatment
approaches. Activated carbon sorption, building on its adsorption properties, surface
functional groups, and high surface area, aids in sorption, where pesticides adhere to the
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surface through non-covalent interactions [244]. Notably, this is the most efficient way and
is commonly applied as it readily removes dissolved pesticides from water [244], but its
widespread adoption is limited by cost considerations [245]. Lately, there has been a lot
of focus on finding eco-friendly and economically viable sources. One promising option
is using ash-based sorbents (plant biomass ashes), distinguished by their suitable particle
size, large surface area, favorable organic carbon content, and lipophilicity [245, 246].
Other absorbents, such as clay and graphene, are suitable for use in water-based treatment
methods [247].

Ion exchange resins, another effective method, selectively capture charged pesticide
molecules, facilitating their removal from wastewater. The regeneration of these resins
through desorption ensures sustained effectiveness, making ion exchange resins a valuable
component of physical treatment strategies [248—250].

These methods not only physically separate and remove pesticide molecules but also
demonstrate versatility in retaining essential components, contributing to the overall safety
and quality of water resources. The various treatment strategies for PRs in wastewater
systems, including the newly emerging technologies, are summarized in Table 1.3.

1.6 CHALLENGES IN WATER TREATMENT FOR DRINKING AND OTHER HUMAN
APPLICATIONS

Ensuring the provision of safe and clean water is fundamental for public health, yet the
water treatment process encounters various challenges that demand innovative solutions
for sustainable water management. One major challenge is the presence of emerging
contaminants, including some prominent pharmaceuticals and industrial chemical residues
that conventional treatment methods cannot effectively remediate. Advanced treatment
technologies such as AOPs and membrane filtration, coupled with continuous monitoring
and research, offer solutions to enhance the removal of such contaminants [251-254].

Microbial contamination remains a persistent challenge, necessitating continuous
improvement in disinfection technologies, regular water quality monitoring, and adher-
ence to water treatment standards. Limited access to clean water, particularly in rural and
underserved communities, calls for decentralized water treatment solutions, community
engagement, and innovative financing models. Stringent water quality regulations and
evolving standards challenge water treatment facilities to consistently meet compliance.
Regular training, investment in monitoring systems, and proactive engagement with regu-
latory bodies are crucial for compliance maintenance [215, 255].

1.7 FUTURE PROSPECTS AND LIMITATIONS

Among the recently developed monitoring strategies, analytical techniques (HPLC, UV,
GC-MS, and LC-MS), biosensor technique (ELISA), remote sensing, data modelling and
integration and other emerging technologies including nanotechnologies have been effec-
tively demonstrated. Efficient treatment strategies include biological (biostimulation and
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TABLE 1.3 Pesticide Residue Treatment Strategies and Mechanisms

Treatment Methods Mechanisms References

Properties

Biological e« Biostimulation or » Contribution to the degradation process [232-234]
bioaugmentation of microbes by converting PRs into less harmful
[bacteria, fungi]. metabolites.

Chemical « Advanced oxidation processes * Creation of highly active hydroxyl [21, 235,
[photo catalysis, Fenton radicals, effectively oxidizing a broad 236]
based, ozonation, sonolysis, spectrum of PRs.
electrochemical oxidation].

* Adsorption and desorption « Efficient cleansing of environmentally [235-237,
[activated carbon, clay minerals].  impactful components, such as PRs 247]

in aqueous solutions, by physically
entrapping or chemically binding them.

Physical * Membrane filtration [reverse * Implementation of filtration processes [242, 243]
osmosis, ultrafiltration, using different membrane types at various
nanofiltration]. stages, tailored to the unique properties of

pesticides.

- * Sorption/ion exchange * Adhesion of contaminants (PRs) to the [244-248]

techniques. compounds.

bioaugmentation), chemical methods (adsorption, desorption, ion exchange, redox reac-
tion and photodegradation) and physical processes such as membrane filtration, sorption,
and nanofiltration. However, most of the modern methods require adequate expertise and
sophisticated equipment and are expensive, thereby limiting their applications.

Moreover, a substantial knowledge gap exists among individuals about the potential
harm incurred when encountering pesticide-contaminated wastewater, contributing to a
scenario where safety measures may be neglected. Since prevention is usually cheaper than
cure, efforts to minimize discharges, enhance spill prevention and response measures, and
promote proper disposal practices are essential ways of mitigating pesticide accumulation
in wastewater. Thus, governments at various levels should continuously legislate regula-
tions to keep the treatment of pesticide wastes in check and control their safe discharge into
water bodies.

In addition, a regular overview of the updates on the application, discharge, monitoring,
and remediation of the current and emerging PRs would facilitate the development of strat-
egies for maintaining clean environments globally through wastewater.

1.8 CONCLUSION

The use of pesticides to enhance adequate food production is almost inevitable to cater
to the global yearning for food. As such, the application of pesticides in homes, agricul-
tural sites, and relevant industrial settings remains invaluable. For instance, it boosts food
production and storage through agricultural activities, helps ward off unwanted pests at
home, and supports economic growth through industrialization.
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However, accidental spills during the manufacturing, application, handling, and
transportation of pesticides, runoff through farmlands, improper disposal, and discharge
of pesticide-containing wastes into water bodies inclusively lead to their accumulation
in wastewater. Among the major classes of pesticides reportedly present in wastewater
systems are organophosphates, organochlorines, carbamates, synthetic pyrethroids,
S-triazines, triazoles, and neonicotinoids, as well as their derivatives and metabolites. The
routes of concentration of pesticides in wastewater systems are intricate and complex.
More importantly, their subsequent transformation into harmful products constitutes a
major challenge, depending on chemical formulation; such transformations are mostly
spontaneous and uncontrollable.

Consequently, environmental pollution and health risks emerged. Notably, the events
of neurotoxicity, developmental problems, ataxia, severe headaches, and pain. Carcino-
genicity, skin diseases, damage to key organs (heart, kidney, liver, etc.), impaired life-
dependent systems (nervous, reproductive, respiratory, metabolic, and endocrine), and
eventual mortality, especially upon chronic exposure, are strongly associated with the
presence of pesticides in wastewater. Mechanistically, these occur due to the devastating
interactions of PRs with the relevant biological targets such as cholinergic enzymes/
receptors, ion-gated protein channels, gonadal/hypothalamic/pituitary axis, cytochrome
P450 enzymes, immune regulatory genes, and cyclic adenosine 3,’5’-monophosphate
pathways, among others. Therefore, effective monitoring and remediation strategies
are required to manage the undesired consequential effects of pesticide production and
usage. This chapter comprehensively reveals the fates of PRs in wastewater, including
the health risks and preventive/remediating strategies for mitigating such inevitable but
undesired events.
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