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Abstract Chiral organic pollutants, including pes-
ticides, herbicides, medicines, flame retardants, and 
polycyclic musk, represent a significant threat to 
both the environment and human health. The pres-
ence of asymmetric centers in the structure of chi-
ral pesticides introduces stereoisomers with distinct 
distributions, fates, biomagnification capacities, and 
cytotoxicities. In aquatic environments, pesticides, 
as persistent/pseudo-persistent compounds, have 

been detected in substantial quantities, posing severe 
risks to non-target species and, ultimately, public 
health through water supply and food exposures. In 
response to this environmental challenge, stereose-
lective analytical methods have gained prominence 
for the identification of pesticide/drug enantiomers in 
recent years. This review examines the environmental 
impact of chiral pesticides, emphasizing the distinct 
biological activities and distribution patterns of their 
stereoisomers. By highlighting the advancements 
in liquid chromatography for enantiomeric analysis, 
the review aims to underscore the urgent need for a 
comprehensive understanding of these pollutants to 
facilitate informed remediation strategies and ensure 
the safer dispersal of chiral organic pollutants in the 
environment, thereby addressing the potential risks 
they pose to ecosystems and human health. Future 
research should focus on developing sustainable and 
efficient methodologies for the precise analysis of ste-
reoisomers in complex matrices, particularly in sew-
age water, emphasizing the importance of sewage 
processing plants in ensuring water quality.

Keywords Chiral organic pollutants · Remediation · 
Detection · Liquid chromatography · Chiral pesticides

Introduction

The importance of water in modern technologi-
cal civilization, from a health, economic, and, most 
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importantly, a contemporary standpoint, cannot be 
overstated. Water for human consumption, agricul-
tural, technical, commercial, or household purposes, 
must meet specific standards that are closely related 
to both water quality and delivery. Growing indus-
trialization, poor water quality, purposeful or inad-
vertent intrusion of hazardous components and/or 
contaminants, and unequal allocation of freshwater 
resources are all factors that limit water availability 
(Leal Filho et al., 2022). Although treated wastewater 
might well be contaminated with bacteria and trace 
amounts of hazardous compounds, especially those 
integrated by manmade activities via direct point 
contamination or indirect routes such as effluent dis-
charge and surface drainage, it is challenging. Moreo-
ver, freshwater rivers and streams for potable water 
processing plants can be located inside the waterway 
network that serves as a wastewater treatment plant 
discharge location simultaneously.

Anthropogenic activities have resulted in wide-
spread pollution of the native surroundings associated 
with rapid socioeconomic growth. Caused by human 
activities, organic pollutants have now diffused across 
the environment and could be particularly resistant 
to breakdown operations in microbial populations 
(Akhtar et  al., 2021). Several persistent organic pol-
lutants (POPs) are no longer manufactured or used 
in many countries across the world due to their detri-
mental effects on wildlife and humans.

There has been a significant amount of attention 
and extensive research on new organic contaminants 
across the world, and there is a rising need to control 
such compounds to fully understand the hazards that 
pose threats to human health and the environment 
(Yadav et  al., 2021). The detection or characteriza-
tion of organic pollutants might be used to indicate 
human activity in a certain environment. Although 
there is a priority on traditional pollutants, especially 
those that are tenacious, such as synthetic chemicals, 
agrochemicals, and disinfection by-products, emerg-
ing organic pollutants, such as medical products and 
basic commodities, hormone levels, illicit narcotics, 
degradation products, and algal microbes or other 
biochemically derived organisms, have started to 
acquire significant attention (Khan et al., 2022). Pes-
ticides and other agrochemicals, for example, could 
imply commercial agriculture or hygienic facilities 
(Dhananjayan et  al., 2020), while organometallic 
chemicals, polychlorinated biphenyls, and polycyclic 

aromatic hydrocarbons could be markers of metropol-
itan pollution, or run-off from manufacturing plants 
(Singh et al., 2022). When such compounds enter the 
aquatic ecosystem, they may have negative effects 
on humans, animals, and aquatic species. Moreover, 
plenty of the synthetic organic pollutants disposed 
into waterways by individuals, industry, and wildlife 
are considered to be dangerous compounds, and many 
others may not degrade fast, but rather accumulate in 
the environment or food supply (Unuofin, 2020; Rathi 
et al., 2021).

Novelty statement This comprehensive review 
distinguishes itself by providing a focused explora-
tion of the environmental impact of chiral pesticides, 
emphasizing the distinctive biological activities and 
distribution patterns of their stereoisomers. In a novel 
approach, the review integrates the urgent need for a 
comprehensive understanding of chiral organic pol-
lutants (COPs) with the advancements in liquid chro-
matography for enantiomeric analysis, thereby offer-
ing a unique perspective on the identification and 
characterization of pesticide/drug enantiomers. By 
intertwining environmental risks, stereoselective ana-
lytical methods, and potential remediation strategies, 
this review contributes a nuanced and timely synthe-
sis that advances our comprehension of the complexi-
ties surrounding chiral organic pollutants, promoting 
informed decision-making for safeguarding ecosys-
tems and human health.

Stereochemical features of chiral pesticides

Chiral pesticides have been of great interest in the 
growth of environmental science and comprise 
chemicals like insecticides, fertilizers, medicines, fire 
repellents, and synthesized PCBs muscle, offering a 
wide range of physicochemical characteristics and 
uses (Hassaan & El Nemr, 2020). Agrochemicals are 
typically sold as a racemic mixture, even though their 
biocompatibility is primarily tied to a single stere-
oisomer (Musarurwa & Tavengwa, 2020). Approxi-
mately one-third of available pesticides exhibit chi-
rality, with many being utilized as racemates despite 
the fact that optimal activity often resides in a spe-
cific enantiomer (Tudi et  al., 2021). This practice 
may lead to adverse effects on non-target organisms, 
as evidenced by studies on environmental fate, field 
experiments, toxicology, and biodegradation related 
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to some widely used pesticides (Meng et al., 2022). 
Therefore, if stereoselective binding takes place, 
standard ecological risk estimates of chiral pesti-
cides are inappropriate. Consequently, it is crucial 
to establish sensitive and trustworthy methodologies 
for quantifying chiral pesticides to comprehend their 
behavior, distribution, and fate as well as to properly 
estimate the risks they pose to humans and the envi-
ronment. The presence and enantiomeric composi-
tions of chiral pesticides in aqueous systems (like a 
river or industrial effluent and outflow wastewater), 
soils, cereals, plants, and fruits have received a lot of 
interest (Lucci et al., 2022).

Several pesticides with one or more asymmetric 
centers were commonly found in water resources, 
including surface water, groundwater, seawater, and 
numerous reservoirs, as a result of extensive use 
(Yao et  al., 2015a). Nevertheless, a few examples 
of agrochemicals that are available as pure enanti-
omers include various pyrethroid insecticides, ary-
loxypropanoate herbicides, and triazole fungicides 
(Maia et  al., 2017; Sharma et  al., 2021). Around 
one-third of the pesticides on the marketplace 
are chiral, and the majority of them are sold as a 
racemic mixture even though the desired activities 
depend on one single enantiomer and the others can 
create toxic or adversative effects on non-targeting 
species. There has been little awareness paid to pes-
ticide chirality, particularly in terms of toxicologi-
cal effects and potential ecological risks (Ji et  al., 

2023). The potential adverse effects due to the use 
of chiral pesticides are shown in Fig. 1.

The environmental hazards of pesticides have cus-
tomarily been assessed mainly due to their specific 
structural features. Research findings started in the 
1990s showed that microbes are inclined to deterio-
rate hexachlorocyclohexane enantiomers selectively 
(Hühnerfuss et  al., 1995), and the variations in dis-
tribution patterns and promising bioaccumulation 
among enantiomers in the ecosystem could occur 
(Garrison, 2006). Six primary classifications of 
worldwide employed chiral pesticides were inves-
tigated since 2002. In a report utilizing LC50, one 
of the stereoisomers showed at least ten times more 
hepatotoxicity than their counter stereoisomers to 
freshwater resources invertebrates C. dubia and D. 
magna, in the case of some synthetic pyrethroid (SP) 
and organophosphates (OPs).

Classification of chiral pesticides

There are six main classes of chiral pesticides.

(i) Synthetic pyrethroids (SPs)

SPs are synthetic counterparts of natively occurring 
pyrethrins derived from dried blooms of C. ciner‑
aria folium (Matsuo, 2019). Typically, the pyre-
throid possesses two or more chiral centers, with an 
acidic group, an alcoholic group, or both groups. 

Fig. 1  Adverse effects of chiral pesticides
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Consequently, the majority of pyrethroids occur as 
two or four enantiomer or diastereomer pairs, render-
ing them the pesticide class having a large number of 
asymmetric centers in their framework. At the begin-
ning of the 1980s, SPs were established in numer-
ous species of insects and are extensively utilized in 
farming and the household (Chen & Wang, 1996). 
Nonetheless, in the ecological investigation, the fate 
and/or cytotoxicity variations between the individual 
SP diastereomers have been rarely examined, mainly 
because of the lack of single-enantiomer standards 
(Kaziem et  al., 2020) and the difficulty in detection 
and separation of the stereoisomers. The structural 
framework of various pesticides is presented in Fig. 2.

(ii) Organophosphates (OPs)

OPs are usually synthetic esters, phosphoric acid, 
phosphonothioate, phosphonothioic acid, amides, 
or thiol derivates. Chiral OPs can be classified into 
three basic classifications: chiral compounds contain-
ing P, C, and C and P chiral centers (Mukherjee & 
Gupta, 2020). To date, most chiral OPs are available 

as racemates in the marketplace. Though, pesticide 
activity is typically based on the superior activity of 
one stereoisomer, whereas the other may display tox-
icity on non-targeted species (Carrão et al., 2020). For 
instance, the severe aquatic toxicity to C. dubia and 
D. magna indicated that (–)-trichloronate (Fig.  3b) 
was 8–11-folds more noxious than its ( +)-enanti-
omer, and ( +)-methamidophos (Fig. 3c) was 7-folds 
more noxious than its (–)-counterpart (Kaziem et al., 
2020). Furthermore, the stereoselective toxicities of 
numerous OPs and their separations were described 
(Badr, 2020). The ( +) stereoisomer of O, O-dime-
thyl-1-(4-chlorophenoxyacetoxy) ethyl phosphonate 
was 8.08-fold higher noxious than its (–)-stereoiso-
mer in serious toxic effects on D. magna. The struc-
tures of several important OPs are presented in Fig. 3.

(iii) Acylanilides

Acylanilide (Fig.  2) herbicides are broadly 
employed and are of particular interest to the fate 
of these synthetic organic molecules. Metolachlor 
(Fig.  3d) is a representative member of the 

Fig. 2  Structures of differ-
ent types of pesticides
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acylanilide class of pesticides. It possesses two 
chiral centers and is thus available in the form of 
four isomers. It is a popular and selective acylanilide 
herbicide for regulating widespread broad-leaved 
weeds in maize and other plants. The herbicidal 
potency of metolachlor lies principally in only two 
stereoisomers (aSS) and (aRS) (Moser et al., 1982). 

Benalaxyl (BEN, Fig.  3e) is another significant 
member of acylanilide. Primarily, it was developed 
in 1981 and was employed for control of oomycetes, 
predominantly fungi of the class Peronosporaceae, 
Phytophthora plasmopara, and Pythium spp. BEN 
encompasses a pair of stereoisomers with a chiral 
center in the alkyl group.

Fig. 3  Structures of chiral pesticides: (a) hexachlorocyclohex-
ane, (b) trichloronate, (c) methamidophos, (d) metolachlor, 
(e) benalaxyl, (f) imazethapyr, (g) mecoprop, (h) dichlorprop, 

(i) atrazine, (j) paranoxon, (k) chlorpyrifos, (l) parathion, (m) 
Fonofos, (n) acetachlor, (o) alachor, (p) metalaxyl, and (q) 
furalaxyl
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(iv) Imidazolinones

Imidazolinones were introduced at the beginning of 
the 1980s by the American Cyanamid Company and 
were extensively used as herbicides for a variety of 
agro products. Imidazolinones contain a chiral center 
in their structural framework (Fig.  2). Investigations 
of stereoselectivity in herbicidal potency suggested 
that the (R)-imazethapyr (Fig. 3f) displayed ten times 
more inhibition to acetolactate synthase than the (S)-
form (Huang, 2012).

(v) Phenoxypropanoic‑acid herbicides

Phenoxypropanoic acid (PA) pesticides (Fig. 2) were 
developed as systemic and post-emergence pesticides 
between the 1940s and 1950s. Mecoprop (Fig.  3g) 
and dichlorprop (Fig. 3h) are typical chiral PA pesti-
cides. They are used in farming, gardens, grasslands, 
and industrial enterprises to control wide-leaf weeds. 
Mecoprop and dichlorprop both have a chiral center. 
Their (R)-form is recognized to possess a higher 
herbicide potency compared to the (S)-form (Tsuda 
et  al., 1985). The racemic combinations are still 
mainly employed, discharging significant quantities 
of stereoisomer sediment into the area with uncertain 
ecotoxicology for non-targeting vegetation.

(vi) Triazole‑related fungicides

The triazole-based fungicides possess one or two 
chiral centers in their structures and were primarily 
established in the mid-1970s. Triazole-based pes-
ticides are employed on fruit trees, smaller fruits, 
veggies, and grasses. The structure of this type of 
pesticide contains asymmetric centers of triazole fun-
gicides at the adjacent position of the 1,2,4-triazole 
ring (Fig. 2).

Objective and focus of the review

This review highlights and analyzes the recent 
advances in environmental monitoring and environ-
mental decontamination. The present state and ori-
gins of pesticide chemicals, possible health hazards, 
superiority, disadvantages, and prospects of existing 
advanced cleanup procedures are also discussed. We 
highlighted the research and the application of these 
environmental management practices monitoring and 

chiral pesticide analysis, notably liquid chromatogra-
phy. The stereoselective detection and assessment of 
chiral pesticides in ecological samples utilizing liquid 
chromatography are presented in this review.

Detection and remediation of chiral pesticides

Environmental monitoring of pesticides has been thor-
oughly studied recently (Huang et al., 2017; Lozowicka 
et al., 2016). Unfortunately, there has been a relatively 
limited study done on the stereoselective assessment 
of chiral pesticides in environmental matrixes. Previ-
ously, the majority of  enantio-separation methods for 
the analysis of chiral pesticides were mostly based on 
liquid chromatography (Cheng et al., 2017; Gao et al., 
2016). The variety of enantioselective separation tech-
nologies is quickly increasing due to the emergence of 
new chiral stationary phases and their capacity to work 
in multifunctional modes (normal, reverse, or polar 
organic modes) (Linhart et al., 2019). There are several 
approaches developed for detecting pesticides in sedi-
ment samples in both liquid and solid phases. Identifica-
tion of chiral pesticides from aquatic specimens has also 
been done using a variety of approaches. It is indeed 
possible that this is due to their strong adsorption speci-
ficity for soil particles. As pollutants in the groundwater 
are so little, their analytical processes should incorporate 
both treatment and pre-concentration to achieve the pro-
jected detection sensitivity.

Pharmaceutical analysis in drug development is 
primarily concerned with techniques for identifying 
and quantifying potential drug candidates, determining 
purity, identifying by-products and degradation products 
in suitability and stability testing, and determining the 
fate of the active substance in the organism. Different 
chromatographic and capillary electrophoresis approaches 
are the most common analytical methods used to identify 
and quantify chiral pesticides. Vashistha’s research group 
has been studying the chirality of pharmacologically 
significant chemicals since the discovery of enantioselective 
chromatographic techniques several years previously 
(Vashistha et  al., 2022a; Vashistha, 2022b; Vashistha 
et  al., 2022b; Gupta et  al., 2022; Bhardwaj & Vashistha, 
2022; Vashistha et al., 2017; Vashistha & Bhushan, 2019; 
Vashistha & Bhushan, 2020; Kumar Vashistha, 2022a, 
2022b; Vashistha & Kumar, 2020; Kumar Vashistha, 
2022). Enantiospecific synthesis, characterization, and 
testing are problematic with asymmetric substances. When 
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certain compounds are intentionally introduced into the 
environment, much more complicated challenges arise 
in terms of detecting, monitoring, and predicting their 
fate and hazards. In respect of expense, bio-remediation 
outperforms physical remediation procedures by achieving 
complete biological pollutant decomposition avoiding 
indiscriminately waste of locally available resources 
and indigenous fauna and flora. Nonetheless, in natural 
biological evolution, particularly spontaneous mutation, 
the bioremediation ability of native bacteria is commonly 
reduced in contaminated locations, particularly when 
multiple bioremediation characteristics are required, like 
co-contaminated regions with more than one organic 
substance.

Enantioselective degradation of chiral pesticides 
has been observed in soils, sediments, waterways, and 
plants (Buerge et al., 2016; Yao et al., 2015b), which 
could result in enantiomer concentration of more or 
less harmful stereoisomers. The method could be bio-
logically (through microbes) or chemically driven (by 
chemical reaction). Various methods of bioremedia-
tion of pesticides are discussed below in sub-sections.

Acclimation

Monitoring for indigenous pathogens is thought to be 
an effective option because such varieties may be able 
to endure excessive wastewater conditions (Xiong 
et al., 2017). Various target strains necessitate distinct 
functioning processes; nevertheless, such processes 
can be broadly categorized. During this methodol-
ogy, the deformation is enriched in the existence of 
variable concentrations of precursors based on the 
objectives. A combination of genetic manipulation 
and non-genetic recruitment can be used to cultivate 
facultative cultivars (Zhou et al., 2017).

When the environmental conditions are altered, 
organisms often undergo an acclimatization phase to 
maintain balance in internal systems, which affects 
gene expression (Corcoran et al., 2019). According to 
one study, S. intermedius may be trained to tolerate 
lindane contamination in the range of 5 to 120 mg/L 
while still removing the substance with an efficiency 
of 99% (Borowitzka, 2018).

Bacterial immobilization

In the domain of phytoremediation, immobilization 
relates to a technique for putting free microorganisms 

in a specified geographical area by chemical or physi-
cal methods to maintain them functional and reusable 
(Patel et  al., 2018). Because of the aforementioned 
key characteristics, the immobilization technique 
may be a viable substitute for traditional remediation 
techniques: (i) highly maintained cell catalytic perfor-
mance and cell density, (ii) easy separation and robust 
reusability, and (iii) enhanced preservation attribut-
able to safeguard from harsh conditions (Mohamad 
et  al., 2015; Derakhshan Nejad et  al., 2018). There 
have been reports of using immobilized algae to 
remove pollutants.

The various kinds of regularly utilized immobilization 
techniques include surface adsorption, covalent bonding, 
cross-linking, and embedding (Sun et al., 2017; Vasilieva 
et al., 2018). Because of its simplicity of use and non-
toxicity, surface adsorption is the most used technique 
among these. The key to the immobilization technique is 
the choice of carrier, which can include plant fibers, sug-
arcane bagasse, sawdust, corncobs, and expanded perlite 
(Dzionek et al., 2016). Diatomaceous earth, alginate, ion 
exchange resin, chitosan, and cellulose are examples of 
popular immobilization carriers. Both organic and inor-
ganic materials may be exploited as immobilization car-
riers (Górecka & Jastrzębska, 2019).

Nonetheless, the acquisition of bioremediation com-
petence by native bacteria in polluted environments 
via natural biological development, such as random 
mutagenesis, commonly happens at an irrationally slug-
gish rate, particularly when numerous bio-degradation 
properties are taken into consideration necessary, as in 
the particular instance of locations co-contaminated with 
numerous organic substances. Biodegradation refers to 
the process by which organic contaminants are broken 
away via bacteria. In contrast to physical and chemi-
cal approaches, phytoremediation does have the benefit 
of becoming less expensive, and the total breakdown of 
COPs may be accomplished without causing any harm to 
the natural surroundings. Strategies for microbial decon-
tamination must be designed in a consistent manner, 
which involves the following steps:

 (i) the development of unified microbes in which 
desirable enzymes or phytoremediation meth-
ods from diverse species are integrated for spe-
cific cell responses; or

 (ii) the development of enzymatic reactions with 
desirable distinctive features through location-
specific mutagenesis (protein level).
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Because enzymes comprise folded structures, 
even little changes in amino acid sequencing can 
modify their enzymatic performance, and the 
extent of the effect on other biological character-
istics is practically hard to anticipate. Biomedical 
engineering (BME) might be used advantageously 
in bioremediation procedures to boost the capabil-
ity of enzymes or bacteria. To meet the demand 
for microbes and enzymes for the bio-degradation 
of POPs, two major BME techniques involving 
genetically engineered pathogens and performance-
enhancing have been established. Nonetheless, 
BME has several downsides, such as the difficulty 
of creating enzymes with unique functionalities. 
Furthermore, before this research, the whole struc-
tural, mechanical, and dynamic properties of the 
enzyme are required, and X-ray crystallographic 
and bioinformatics are the methodologies of choice 
for such examinations.

The phytoremediation of chiral pesticides is a 
fast-expanding area of interest. The primary goal 
of the study is to alter enzymes that can react to the 
intended outcome. As a result, using BME for the 
phytoremediation of novel pollutants could be dif-
ficult. Researchers estimate that breakthroughs in 
the knowledge of enzyme structure, activity, folding, 
routes, and dynamics would enable the functionaliza-
tion of these enzymes (Derakhshan et al., 2019). The 
applications of these BME approaches for enhancing 
microorganisms’ capacity to bioremediate insecti-
cides and prescription medicines in the surroundings 
are explored here.

Chiral pesticides enter the soil habitat by a variety 
of routes, including transformation or decomposi-
tion, sorption–desorption, evaporation, absorption by 
florae, overflow to surface waters, and transit to sub-
terranean water. Transformation or decomposition is 
a distinct and important technique that governs the 
ecological availability and movement of chiral pesti-
cides, comprising a variety of actions such as abiotic 
and biotic degradation (Fig. 4). Chiral pesticides can 
be metabolized to byproducts or completely mineral-
ized into individual elements during these operations.

Giri and co-workers highlighted various bioreme-
diation technologies for pesticide degradation. The 
review was focused on the impact of various envi-
ronmental factors on the biodegradation of pesticides 
(Shekher Giri et  al., 2020). These factors include 
pesticide structure, concentration, pH, temperature, 

and moisture of soils. The review also discusses the 
bioremediation methods for the degradation of organ-
ophosphate, organochlorine, carbamates, and pyre-
throid pesticides in soil and aquatic systems. A com-
parison in terms of the benefits and disadvantages of 
current bioremediation techniques and conventional 
physicochemical methods for the bioremediation of 
pesticides has been analyzed.

Atrazine (ATZ, Fig. 3i) herbicide featured a fam-
ily of s-triazine herbicides that was developed in the 
1950s. Pseudomonas sp. ADP, among several studies 
of microorganisms, has been found accountable for 
atrazine metabolic routes (de Souza et al., 1995; Sad-
owsky et  al., 1998). During the biological degrada-
tion of atrazine with Pseudomonas sp. ADP, ATZ is 
degraded to cyanuric acid utilizing the ATZ A, B, and 
C enzymes, which are consequently mineralized to 
 CO2 and  NH3 by enzymes that frequently originated 
in earthy microorganisms.

OPs are substantially lethal neurotoxins utilized 
in pesticides and warfare chemicals. Pesticides like 
paraoxon, chlorpyrifos, and parathion (Fig.  3j–l) are 
listed in the OP family. According to a recent study, 
toxic effects and the biodegradation of the enanti-
omers of chiral pesticides show different enantiose-
lectivity. For instance, the (–)-fonofos (Fig.  3m), an 
OP insecticide, was fifteen times more noxious to C. 
dubia and C. magna than ( +)-fonofos. The rate of 
biodegradation of the fonofos stereoisomers has not 
been described. The ( +)-enantiomer of cis-bifenthrin 
was ~ 20-fold more lethal than the (–) form to both C. 
magna and C. dubia and was also more insistent since 
the (–)-form was predominantly decayed by microor-
ganisms (Liu et al., 2005).

Studies revealed that selective degradation 
by microbes resulted in the enhancement of one 
enantiomer against another enantiomer. Such 
alterations in the stereoisomeric content can be 
generated by physiologically mediated chiral inversion. 
Determination of stereo-configuration of trace COPs 
is a challenge, and therefore, a methodical strategy 
is required for reducing risk evaluation uncertainty 
that includes incidence, fate, and transportation in 
diverse environment variables of these contaminants 
(Sanganyado et  al., 2017). For quantification of 
enantiomers, GC–MS was the process of selection, 
followed by the use of LC–MS using CSP (Bose et al., 
2021) and using a modified β-CD column and methyl-
derivatized β -CD columns (Abad-Gil & Marina, 
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2023). Decomposition of chloroacetanilide herbicides 
metolachlor (MET), acetochlor, and alachlor (Fig. 3n-
o) and related microbial cultures was assessed in 
vertical up-flow wetland columns employing a 
blend of hydro-chemical and DNA-based methods. 
The mass decomposition of chloroacetanilides, 
which were consistently procured at 1.8–1.9  M for 
112  days, appeared primarily in the rhizobial region 
under nitrate and sulfate-reducing environments and 
averaged nearly 61 ± 14%, 52 ± 12%, and 29 ± 19% for 
acetochlor, alachlor, and rac-metolachlor, respectively.

MET enantiomeric fraction of 0.494 ± 0.009 in 
the oxic region and 0.480 ± 0.005 in the rhizobial 
region demonstrated that the (S)-MET was preferen-
tially biodegraded. Chloroacetanilide ethane sulfonic 
acid and oxanilic acid were only observed in small 
quantities (0.5  nM), implying comprehensive dete-
rioration and the procedure of previously unidenti-
fied chloroacetanilide decay routes. Hydrochemical 

factors and levels of oxygen were important predic-
tors of microbial populations, while chloroacetanilide 
sensitivity had no discernible effect. Collectively, the 
outcomes emphasize the significance of chloroac-
etanilide anaerobic decay in wetlands and underline 
the possibility of supplementary chemical and bio-
logical methods for the characterization of processes 
involved in the environmental evaporation of chloro-
acetanilide (Elsayed et al., 2015).

Stereoselectivity in ecological toxicity and biore-
mediation of enantiomeric pesticide benalaxyl (BEN) 
(Fig.  3e) to aquaculture algae S. obliquus has been 
investigated. The h-EC(50) values were 2.893  mg 
 L−1, 3.867  mg  L−1, and 8441  mg  L−1, respectively, 
for racemic (R)-(-)- and (S)-( +)-BEN. Consequently, 
BEN stereoisomers were stereoselective in their 
severe toxic effects. Furthermore, various health risks 
have been ascertained using dyes like chlorophyll a 
and chlorophyll b, antioxidant enzyme activity, and 

Fig. 4  Different degradation processes for pesticides
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superoxide dismutase (SOD). Chlorophyll a was insti-
gated by (S)-( +)-BEN and hindered by (R)-(-)-form 
at a level of 1 mg  L−1. Chlorophyll b was both insti-
gated at 1 mg  L−1, but (S)-( +)-enantiomer was four 
times greater than (R)-(-)-enantiomer. (S)-( +)-BEN 
hindered more catalase action at 3 mg  L−1 and 5 mg 
 L−1, instigated less SOD action and malondialdehyde 
(MDA) composition at 5  mg  L−1 than R-(-)-BEN. 
Evaluation of data observed on stereoselectivity dur-
ing anti-oxidative stress when S. obliquus responds 
to BEN. In the bioremediation investigation, the half-
lives of (S)-( +)-BEN and (R)-(-)-BEN were 4.07 days 
and 5.04 days, respectively, resulting in comparative 
enhancement of (R)-(-)-enantiomer. These findings 
exhibited that adverse impacts and bioremediation 
of BEN in S. obliquus were stereoselective, and that 
kind of distinctions in the pesticide danger should be 
properly considered (Huang et al., 2012).

An HPLC technique with a chiral column to 
resolve the enantiomers of metalaxyl (MTX) 
(Fig.  3p) and furalaxyl (FUR) (Fig.  3q), and suc-
cessive detection by triple quadrupole MS, was 
used. A Brevibacillus brevese strain demonstrated 
a stereoselective trend of deterioration in the cul-
ture broth and ideally the corresponding (R)-(-)-
forms. Furthermore, crops augmented with both 
insecticides at the same composition (R)-(-)-FUR 
deteriorated quicker. The determination of enan-
tiomers of FUR and MTX were obtained using 
isocratic elution and mobile phase containing 
 CH3CN + 0.1%  CH3COOH + 0.1% HCOOH and 
10  mM  CH3COONH4, 2-propanol (59:40:1, v/v/v) 
at a flow rate of 0.8 mL   min−1. The chiral column 
functioned in a column oven at 26 °C. The recovery 
for all analytes (n = 6) in liquid media was 97.5%. 
Quantitative estimation of enantiomers was carried 
out by employing the peak areas ratio of the test 
analytes and 13C-MTX as internal standard. It was 
needed as LC–MS quantification matrices could 
lead to an increase in the signal or signal deletion. 
All calibration graphs from LOQ to 5 mg   L−1 lev-
els were linear  (R2 > 0.99) (Sulimma et  al., 2013). 
Table  1 provides an overview of chiral pesticide 
detection and phytoremediation.

Bauer and colleagues worked on developing an 
effective approach for identifying pesticide metab-
olites (Bauer et  al., 2018). In a prototype strat-
egy, the bioactive components thiacloprid (pesti-
cidal neonicotinoid), azoxystrobin (a fungicidal 

strobilurinemethoxyacrylate), and difenoconazole 
were applied to two Brassica species, pakchoi (B. 
Rapa ssp. Chinensis) and broccoli (B. oleracea var. 
Italica), which differ in morphological features (a 
triazole fungicide). Pesticide dispersion in various 
plant tissues and also their disintegration and biore-
mediation rates were investigated. In research using 
the Brassica plants pakchoi and broccoli, the HR-MS 
approach permitted the identification of pesticide 
metabolites. Following the kinetic investigation, 
the metabolite screening technique showed separate 
metabolite synthesis and disintegration routes of 
the pesticides in addition to the deterioration of the 
parental chemicals. During the experimentation, thi-
acloprid and azoxystrobin were converted to a wide 
range of metabolites. Furthermore, virtually all of 
the pesticides produced a wide range of phase I and 
II metabolites that may be identified using HR-MS 
approaches. The findings acquired from this investi-
gation of the kind and quantity of toxic metabolites 
in the three pesticides give useful and fresh insights 
into the existence and dispersion of their leftovers and 
associated substances in pakchoi and broccoli from 
pre-harvest periods to harvest which is especially 
essential since it allows for an assessment of the pos-
sible danger connected with the intake of agricultural 
goods.

The test procedure reported in this work offers a 
suspected assessment methodology for assessing 
the true influence of pesticides sprayed on plant and 
food specimens. These metabolites are typically not 
discovered in the routine analysis since the focused 
techniques used contain only designated lawfully pes-
ticide metabolites in addition to active chemicals. The 
metabolite suspicious screening method may provide 
a powerful tool for revealing unauthorized pesticide 
utilization, particularly in organic produce, because 
favorable pesticide metabolite findings could be uti-
lized as observational proof for the usage of agro-
chemicals even though the active ingredient is no 
longer observable. Additionally, using standard refer-
ence chemicals, the suspicious screening technique 
will allow the deployment of a focused strategy for 
formerly tested constituents.

Zhang and colleagues studied the distribution fea-
tures of stereoisomers in sedimentary rocks accumu-
lated from an agricultural area river system near the 
mid and bottom stretches of the Yangtze River, which 
were evaluated at the catchment scale, and their 
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prospective correlation coefficients with the physico-
chemical characteristics and associated microorgan-
isms of the deposits were also investigated (Zhang 
et  al., 2022). Sediment contamination was severe at 
some locations, with the cause of pollution probably 
being agricultural or industrial effluent. Furthermore, 
there were increased accumulated pesticide deposit 
concentrations at different locations. Cycloxaprid, 
dinotefuran, and diclofop-methyl were the most often 
discovered chiral pesticides in the research region. 
Furthermore, ethiprole and difenoconazole demon-
strated high enantioselectivity in the research region. 
Stereoisomers of several chiral pesticides, includ-
ing tebuconazole, have significantly varied distribu-
tions at various locations. Pearson correlation study 
revealed that soil catalase and microbial biomass 
carbon were major determinants in chiral pesticide 
enantioselectivity. By altering the organisms in the 
sediment, the influence of sediment physiochemical 
features on stereoselective dispersion was obtained. 
Interestingly, tebuconazole’s stereoselective dis-
persion was shown to be strongly connected to the 
species Arenimonas. Most chiral pesticides’ stere-
oselective dispersion was shown to be significantly 
associated with the prokaryotic bacterial communi-
ties. This work offers factual validation for agricul-
tural non-point source contamination produced by 
chiral pesticides, as well as a scientific basis for inves-
tigating the elements that influence the destiny of chi-
ral pesticide residues.

Li et al. used high-performance liquid chromatog-
raphy-tandem mass spectrometry to conduct enan-
tioselective isolation, analysis, and dissipation of 
the chiral insecticide cloquintocet-mexyl (CQM) (Li 
et  al., 2022). Using a customized QuEChERS tech-
nique coupled with HPLC–MS/MS, an effective and 
novel enantioseparation method has been successfully 
developed and evaluated to measure the stereoiso-
mers of CQM in soil, millet, enoki mushroom, oil-
seed rape, and watermelon. In all five matrices, our 
approach consistently determined both CQM enan-
tiomers. The detection and quantitation limits were 
in the range of 0.06–0.15 g  kg−1 and 0.2–0.5 g  kg−1, 
respectively. Using correlation coefficients of 0.9954, 
good linearities were found. At three spiking levels, 
the mean recoveries ranged from 84.1 to 111.5 per-
cent, with RSD values varying from 1.2 to 9.8 per-
cent. Furthermore, CQM stereoselective dissipa-
tion in soil revealed that (R)-cloquintocet-mexyl Ta
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was significantly decomposed. It is the first study to 
explain a chiral analytical approach and the stere-
oselective behavior of CQM, as well as to give fun-
damental data for CQM risk assessment in food and 
ecological sustainability.

For the examination of fipronil (a popular insecti-
cidal nerve agent) and the associated transformation 
products, an HPLC–MS approach based on an amyl-
ose tris(3-chloro-5-methyl phenyl carbamate) column 
was designed (Paolini et  al., 2022). The improved 
approach was able to separate several fiproles simul-
taneously and completely in a single run, along with 
the chiral differentiation of fipronil stereoisomers, 
fipronil metabolites, and photo products. The effec-
tiveness of this procedure was proven by its use in 
assessing a sequence of fipronil samples subjected to 
sunshine. In conclusion, the research presented exper-
imental methods and an effective tool for tracking the 
environmental fate of fipronil as well as its metabo-
lites for its use in agricultural or other fields.

Dong and colleagues used HPLC–MS to determine 
phenthoate stereoisomers in plant-origin matrices. 
Phenthoate is a chiral organophosphate pesticide with 
two enantiomers that differ in toxicity, behavior, and 
insecticidal activity, and its acute toxicity on human 
health due to acetylcholinesterase inhibition empha-
sizes the importance of enantioselective detection 
of enantiomers (Dong et  al., 2022). Therefore, this 
work attempted to design a simple, quick technique 
for the separation and identification of phenthoate 
stereoisomers in fruits, vegetables, and cereals. For 
the first time, the mixtures were separated using 
RP-HPLC–MS.

For the target identification of the chiral fungicide 
mefentrifluconazole (MEF), Jiang and co-workers 
introduced a liquid–liquid microextraction coupled 
with the HPLC method (Jiang et  al., 2022). The 
method involves the use of 4-methoxyphenyl and 
3-amino-1-propanol as green extraction solvents. A 
hydrophobic extraction solvent was then produced 
in situ by adjusting the pH to increase the efficiency 
of the extraction process. The method was shown to 
be linear in the range of 0.01 to 1  g   mL−1 with an 
LOQ value of 0.01 g  mL−1. The method is fast, sim-
ple, and environmentally friendly. Moreover, it was 
successfully used to enantioselectively determine the 
concentrations of MEF residues in water, fruit juice, 
and fermented liquor samples.

Jing and co-workers developed a straightforward, 
quick, and eco-friendly popping candy-assisted dis-
persive liquid–liquid microextraction method for the 
analysis of isomers of prothioconazole and its chiral 
metabolite prothioconazole-desthio in water, beer, 
baijiu, and vinegar samples, which could be deter-
mined concurrently using HPLC (Jing et  al., 2021). 
To prevent the use of hazardous organic solvents, 
popping candy and a green medium-chain fatty acid 
(decanoic acid) were utilized as the extractant and 
solid dispersant, respectively. After extraction, deca-
noic acid was accumulated by crystallization at room 
temperature. This method had a linear range of 27.1 
to 1000 g  L−1. The ranges for LOD and LOQ, respec-
tively, were 8.1–11.2  g  L−1 and 27.1–37.3  g  L−1. 
The RSD value ranged from 1.1 to 7.1 percent, and 
the extraction recovery ranged from 80.8 to 102.5 
percent.

Yang and co-workers introduced an LC–MS 
method for the stereoselective analysis of penthi-
opyrad (PEN) photolysation and hydrolyzation in 
various aquatic environments (Yang et  al., 2021). 
The illumination intensity of 400 W was observed to 
be most suitable for photolyzing penthiopyrad. PEN 
photolysation was also affected by additional vari-
ables like pH, salinity, and flavonoids. Due to their 
chemical structures and physicochemical properties, 
the rate of photolytic degradation of penthiopyrad 
enantiomers gets reduced in an acidic medium. PEN 
photolysation was also affected by salinities; accel-
eration was observed in solutions with salinities of 
0.5 percent or 3.0 percent because photosensitive 
chloride radical anions were effective in catalyzing 
the reaction, and when the salinity was 1.0 percent 
or 2.0 percent, the inhibitory effect of inorganic salt 
reduced the photolysation rate. It was observed that 
the addition of different flavonoids also affects the 
photolysation of penthiopyrad by reducing the degra-
dation via the photo-quenching process. One impor-
tant takeaway from this study is that the S-( +)-penthi-
opyrad was photolyzed faster than its (R)-enantiomer, 
thus representing the stereoselective photolysation of 
penthiopyrad.

PEN deteriorated more quickly in the acidic 
medium than in the other two aqueous systems 
with different pH levels throughout the hydrolyza-
tion phase, which contributed to the hydrogen ion-
induced catalyzed process. The hydrolyzation rate 
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of penthiopyrad stereoisomers in sterile/nonsterile 
natural water matrices was also affected by pH, with 
tap water (pH 7.1) degrading faster than rainwater 
(pH 7.3) and then slower than lake water (pH 8.8). 
Because of their mutually reinforcing effects, enan-
tiomerically pure stereoisomers hydrolyzed more 
sluggishly than equimolar stereoisomers. The deg-
radation process did not affect the penthiopyrad 
enantiomers’ configuration stability. In some aque-
ous systems, comparable stereoselectivities of pen-
thiopyrad hydrolysis and preferable deterioration 
of the S-( +)-form were seen. The outcomes might 
offer several pieces of information that could be 
used to more precisely illustrate the stereoselec-
tive environmental fate and threat of penthiopyrad 
in aquatic habitats. R-(-)- and S-( +)-penthiopyrad 
showed a good linear relationship (R2 > 0.99) in 
various matrices, and their corresponding LOD and 
LOQ were 0.003 g  mL−1 and 0.01 g  mL–1.

Jing performed a simple, fast, and efficient 
method for the determination of three triazole fun-
gicides (myclobutanil, epoxiconazole, and tebu-
conazole) in water samples using HPLC–DAD (Jing 
et  al., 2019). The method involves the consecutive 
addition of the extraction solvent 1-dodecanol (low 
density), volatile solvent dichloromethane (high 
density), and CaO to the aqueous sample (the latter 
reacting exothermically). Due to the bubbles created 
by the CaO reaction, dichloromethane can be more 
easily volatilized, which in turn causes 1-dodecanol 
to dissipate as tiny droplets in the aqueous system. 
As such, the use of a dispersive solvent is not nec-
essary. The suspended 1-dodecanol is then quickly 
separated from the specimen by its solidification 
in an ice bath. The linear relationship varies under 
optimum conditions, which are 0.05–5  g   mL−1, 
with correlation coefficients greater than 0.99. The 
LOD and LOQ are 0.0051–0.0090  g   mL−1 and 
0.0169–0.0299 g   mL−1, respectively. Myclobutanil, 
epoxiconazole, and tebuconazole recoveries in tap, 
reservoir, and river water range between 77.6 and 
104.4 percent, with RSD values ranging from 0.6 to 
7.8 percent. As a result, the strategy seemed to be 
trustworthy for detecting myclobutanil, epoxicona-
zole, and tebuconazole in water specimens.

Zhao et  al. established a sensitive and selective 
LC–MS/MS method for the stereoselective resolu-
tion and estimation of six chiral pesticides in aquatic 
samples at enantiomeric levels (Zhao et  al., 2018a). 

To accurately estimate the threat to the ecosystem 
and comprehend completely how each enantiomer 
behaves, the composition of the six pesticide stereoi-
somers in ambient aqueous matrices was determined 
using this approach. For this, a series of cellulose- 
and amylose-based chiral columns was assessed. 
Under successful experimental conditions, RSD val-
ues were less than 11.5%, and the recovery values 
for pesticide enantiomers ranged between 83.0% and 
103.2% at two spiking levels. Most enantioselective 
techniques described in the research concentrate on 
parental pesticides and exclude pesticide metabolites 
or degradation products, which are frequently chiral. 
Multi-residue approaches for ecological assessment 
are expected to develop into more dynamic, so they 
may concurrently conduct non-target or qualitative 
screening and tailored quantitative results.

Furthermore, Zhao and co-workers performed a 
simultaneous analysis of eighteen chiral pesticides 
from aquatic habitats like river water, influent and 
effluent wastewater, and soil matrices using an LC/
MS–MS method (Zhao et al., 2018b, 2018c). For this 
purpose, magnetic amino-modified multi-walled car-
bon nanotubes were prepared and used to adsorb pes-
ticides from complex matrices. To aid in multivari-
ate optimization, response surface methodology was 
employed. The chiral insecticides were simultane-
ously enantioresolved on a Chiralpak IG column. The 
method showed good linearity, with correlation coef-
ficients (r2) better than 0.9912. The quantitation limits 
of the approach were less than 2.04 ng  L−1 in liquid 
matrices and less than 0.50 ng  g−1 in solid matrices. 
The devised technique has several advantages, includ-
ing ease of use, speed, and a large concentration level. 
As a result, it is appropriate for assessing the enan-
tiomeric ratios of chiral pesticides in various environ-
mental samples.

Conclusion and future directions

The accurate identification of the proportion of ste-
reoisomers is crucial for assessing asymmetric drug 
biodegradation. There are several methods available 
for assessing stereoisomers in complex matrices. The 
identification and characterization of asymmetric 
medicines and pesticides in sewage water is a difficult 
and time-consuming task. Furthermore, ecological 
and sustainable evaluation approaches for COPs must 
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be studied, with the ecological effect of this study into 
consideration. It should be possible to identify novel 
pesticides and their transformative intermediates and 
products in the ecosystem at the same time, as well 
as evaluate enantiospecific cytotoxicity to aquatic 
waterways.

The significance of sewage processing plants in 
terms of water supply could be emphasized. The most 
often recognized drugs are systematically evaluated 
in light of the climate, demographic features, and 
other main influencing elements. As the chiral assess-
ment is typically performed with high dangerous sol-
vent volumes, more focus should be placed on the 
proposed characteristics that recommend the usage 
of mobile phases sustainably and environmentally. 
The collection of on-site samples and clearance of the 
derived phase utilizing a direct test procedure is also 
considered to be environmentally friendly. The appli-
cation of rapid, low-cost, and eco-friendly methods is 
highly desired and should have the potential to alter 
the level of living in developing countries.

Anthropogenic activities, such as industrialization, 
commercialization, and medicinal production, have 
all significantly damaged the ecosystem. The clear-
ance of organic molecules that are resistant to decom-
posing, including polycyclic aromatic hydrocarbons, 
polychlorinated biphenyl, and pesticides, is consider-
ably more challenging. The effectiveness of the phy-
toremediation strategy depends on factors such as the 
types of toxins present, environmental conditions, and 
the organisms within the global ecosystem. Evaluat-
ing the characteristics, advantages, and disadvantages 
of microorganisms, as a key component, could play a 
crucial role in determining their competence in phy-
toremediation. As a consequence, bioremediation 
strategies might be used to efficiently boost the capa-
bility of enzymes or microorganisms in ecological 
treatment operations. Despite several benefits, phy-
toremediation of novel pollutants has not been char-
acterized as biodegradable. Future research should 
prioritize the development of innovative and sustaina-
ble techniques for wastewater treatment, emphasizing 
the integration of eco-friendly approaches like phy-
toremediation to mitigate the impact of anthropogenic 
pollutants on global ecosystems.
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