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ABSTRACT

Organochlorine pesticides (OCPs) have been extensively used in agriculture to boost
crop yields, creating a significant and enduring global contaminant with adverse effects
on the environment and human well-being. These pesticides are characterized by their
bioaccumulative and persistent nature, capable of long-distance dispersion. To address
this challenge, efforts are ongoing to develop advanced technologies for effectively
removing OCPs from the environment, thereby mitigating their impact through
appropriate treatment methods in soil and other environmental matrices. Specifically,
extensive research has been conducted on the utilization of nanomaterials, including
TiO2, Fe203, graphene, and graphene oxide, as sorbents in sample preparation and
degradation techniques. Graphene (G) and graphene oxide (GO) exhibit unique
combination of outstanding characteristics derived from carbon materials (such as
exceptional physical, chemical properties, mechanical, and electronic features), deep
eutectic solvents (DES) (acting as a functionalization agent), and nanomaterials
(including an ultrahigh surface area, abundant functional groups, and a nanometer-scale
structure). This review focuses on the adsorption and degradation of OCPS and their
metabolites using the remarkable attributes of a mixed graphene-based sorbent, deep
eutectic solvents (DES) and MNPs. The combination of these materials, with features
such as an expansive surface area (2630 mz g1), hydrophilicity, inherent adsorption sites
on both sides for molecules, hydrophobicity, double-sided polyaromatic scaffold,
adaptable surface modification, hydrogen-bonding, and extensive z-electron structure,
positions them as excellent advanced adsorbents and efficient photocatalysts for
Magnetic Solid Phase Extraction (MSPE) and Solid Phase Extraction (SPE). These
characteristics make them suitable for extracting OCPs from different environmental
matrices such as food, environment water, medicine, and biological samples.
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1. Introduction

he environment is frequently tainted

by a variety of hazardous organic and

inorganic pollutants that find their

way into it. The toxicological concern

arises from the bioavailability and
non-biodegradability of these contaminants. A
primary source of introducing these pollutants
into the water system is the diverse set of
industrial activities. Water, being a vital
resource and an integral element in numerous
human endeavors including food and beverage
production, agrochemicals, pharmaceuticals,
electronics, and household consumption, plays
a pivotal role in sustaining life. Regrettably, the
main contributors to water contamination are
the discharges of contaminated water from
these industries. Notably, the pollution of water
resources with pesticide residues is a
significant environmental apprehension, given
that these toxic substances exhibit carcinogenic
activity, posing risks to both the environment
and human health even at very low
concentrations. Agricultural waste, wastewater
atmospheric  deposition [1-3], industrial
emission and waste, such as heavy metals,
volatile organic chemicals, and toxic substances,
is a major contributor to water contamination,
with improper disposal and waste discharge
being common causes. Pesticides, A pesticide is
described as any product or combination of
substances designed to prevent, eliminate,
repel, or reduce any pest, such as mosquitoes,
parasites, worms, herbicides, mice, and more
[1,2].

The presence of inorganic pollutants, such as
heavy metals, salts, and radioactive isotopes,
further exacerbates water contamination,
posing additional risks to water quality and
aquatic ecosystems [3]. Therefore, the impact of

2024, Volume 6, Issue 2

industrial and agricultural activities on water
contamination underscores the importance of
effective waste management and pollution
control measures to safeguard water resources
and human well-being.

The World Health Organization (WHO) has
reported that approximately a million people
are affected by acute poisoning caused by
pesticide exposure, with an annual death rate
ranging from 0.4% to 1.9% [4,5]. In an effort to
safeguard human well-being and preserve the
environment from the adverse effects of these
harmful chemicals, the European Union (EU)
and the World Health Organization (WHO) have
established Maximum Residual Limits (MRL)
for pesticides in water, set at 0.1-0.5 ug/L.

These toxins cross boundaries and are
transported from one location to another,
accumulating in food and causing numerous
significant health hazards and environmental
impacts. Organochlorine pesticides are also
classified in various countries worldwide by
researchers with groups of harmful substances

like short-chain chlorinated paraffins,
persistent organic pollutants (POPs), and
polybrominated diphenyl ethers (PBDEs)

documented in human breast milk. These
chemicals, known for their semi-volatile, toxic,
and hydrophobic properties, exhibit resistance
to environmental degradation. They can be
transported by water and wind, among other
media, to uncontaminated areas before settling.
The group of  POPs encompasses
organochlorine pesticides (OCPs) such as
aldrin, diphenyl trichloroethanes (DDTs),
Dichlorodiphenyldichloroethylene (DDE),
Dichlorodiphenyldichloroethane (DDD),
Methoxychlor, heptachlor, endrin, and dieldrin,
along with industrial chemicals, aromatic
hydrocarbons, dibenzodioxins, and
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dibenzofurans. Cyclodienes, such as endosulfan,
endrin, dieldrin, and heptachlor, are commonly
utilized as insecticides among organic
pollutants. These substances have been
identified for their high toxicity to aquatic life,
demonstrating carcinogenic activity, low
biodegradability, and significant bio-
concentration in organisms across various
trophic levels. The release of organic pollutants
into wastewater has led to serious
environmental issues [6]. Consequently, there
is considerable interest in the removal of these
synthetic organochlorine pollutants from the
aqueous phase. Among various chemical and
physical methods such as electrochemical
oxidation, ion exchange supercritical oxidation,
advanced oxidation processes [7], adsorption,
and chemical precipitation, incineration,
photochemical degradation [6], filtration
chemical reduction [8,9], phytoremediation,
bioremediation, biological processing [10]
molten salt oxidation, and membrane nano-
filtration, adsorption stands out as one of the
most effective techniques employed for the
eliminate or stabilize the concentration of
pesticides and organic pollutants from
wastewater and environmental media due to its
simplicity in design, ease of operation, and
convenience. This will also reduce on their
extended persistence at application sites and
their adverse impacts on non-target groups
across the environment [11,12].

Engineered nanomaterials play a crucial role in
tackling diverse environmental challenges,
leveraging their exceptional physical and
chemical properties that outshine those of
other functional materials. Various methods
such as thermal decomposition, solvothermal
processes, microwave synthesis,
sonochemistry, and biosynthesis techniques
[13,14]. Magnetic Nanomaterials (MNMs)
consist ~of  nanometer-sized  magnetic
nanoparticles (MNPs) integrated into the
magnetic fucntional sorbents. These include
metal oxides such as Fe304 (NMPs), maghemite
(y-Fe203), nickel (Ni) [15], Au, CuO, CoFe;04
iron (Fe), Ag, ZnO, Mg0O, MnFe;04, ZrOz MnO.,
cobalt (Co), Al;03, MgFe;04 iron oxides (Fes304
and y-Fe203), TiOz etc. They possess
outstanding characteristics, including a high

Journal of Chemical Reviews

surface area, elevated magnetic moment, small
particle  size, straightforward synthesis
methods, and cost-effective  production
processes [16].

However, these pristine MNPs, particularly
those derived from Fe30. exhibit drawbacks
such as the formation of assemblies through
either aggregation or agglomeration. This
phenomenon leads to reduced sensitivity and
selectivity when targeting analytes in sample
matrices [17,18]. To address these limitations,
magnetic nanomaterial cores are subjected to
functionalization or modification with a variety
of substances, including deep eutectic solvents
(DESs), polymers, metal oxides or sulfides,
small organic compounds, proteins, carbon, and
metals. Functionalized materials derived from
graphene, benzenoid polymers, carbon
nanotubes, metal-organic frameworks (MOFs),
and calixarenes are characterized by a plethora
of delocalized m-electron systems. These
systems inherently enhance both m-m
interactions and hydrophobic interactions with
target analytes possessing benzene rings, such
as pesticides. Among the myriad of
nanostructures, graphene-based materials are
particularly favored for their superior
adsorption characteristics.

Graphene oxide nanoplates, composed of sp?
carbon atoms arranged in a honeycomb plane
structure, exhibit remarkable rigidity, high
conductivity, and a giant specific surface area.
These properties contribute to an outstanding
adsorption capacity for organic pollutants from
wastewater. However, a common issue faced by
many nanomaterials is aggregation when used
in a singular form, leading to a loss of their
advantages. This limitation can be overcome by
coating and/or doping these nanostructures
into host materials, ionic liquids, and deep
eutectic solvents (DES), preventing their
dispersion or diffusion and preserving their
functionality [14]. The Deep eutectic solvents
(DES) are increasingly used to modify graphene
oxide (GO) due to several advantageous
properties such as ionicity, high tunability, low
flammability, stability in air, and a broad liquid
range [19-21]. They offer, making them a
versatile and effective medium for graphene
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modification. When compared to both organic
solvents and ILs, DESs offer several green
alternative advantages, such as straightforward
production, cost-effectiveness, potential for
industrialization, non-toxicity, biocompatibility,
biodegradability, and sustainability [22]. DES
has the ability to interact favorably with
graphene oxide due to its functional groups.
The hydrogen bond-forming capability of DES
can facilitate effective interactions with the
oxygen-containing functional groups on the
graphene oxide surface.

While deep eutectic solvents (DES) have
become a crucial tool in functionalizing
composites and generating functional materials,
their application in the synthesis of advanced
materials for detecting pollutants and
pesticides is still relatively new. DES gained
prominence as a viable substitute for expensive
organic solvents and ionic liquids (ILs), owing
to its eco-friendly properties and cost-effective,
sustainable analytical methods. Until January
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a) Chemistry
16%

Medicine and
Dentistry
Microchemical _1%
Journal
5%

12, 2023, a search on ScienceDirect using the
terms "deep eutectic solvent functionalized
magnetic oxide for extraction of
organochlorine” yielded 88 publications from
2017 to 2023 (Figure 1a). While interest has
surged over the years, particularly among
researchers in Asia, Europe, North and South
America, focusing on diverse fields (Figure.
1b), only around 3% of the publications pertain
to material science, with a specific emphasis on
pollutants (90 articles) (Figure. 1c).

DESs (Deep Eutectic Solvents) can be prepared
using various methods such as heating-stirring,
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processes. Among these, heating-stirring is a
commonly used approach, involving the mixing
and stirring of hydrogen bond acceptors (HBAs)
and hydrogen bond donors (HBDs) at a specific
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tuning of their properties to suit specific
applications. This versatility makes them
adaptable to various chemical processes,
including the modification of graphene oxide. In
general, the use of deep eutectic solvents in
modifying graphene oxide provides a
combination of environmental sustainability,
versatility, compatibility, and tunability, making
them valuable in various applications involving
graphene-based materials. These solvents can
be categorized into five types based on the
general formula Cat+X-ZY, where Cat+
represents a cation (e.g, ammonium,
phosphonium, or sulfonium cation), X- is a
Lewis base (typically a halide anion), Y is a
Lewis or Brgnsted acid, and Z indicates the
number of Y molecules [24]. Type III DESs,
which use Choline Chloride (ChCl) as an HBA,
are particularly noteworthy due to their
environmentally friendly nature, as they do not
involve metal ions. ChCl is a cost-effective
option for large-scale production, making ChCl-
based DESs widely studied and utilized [25].
Additionally, non-ionic compounds like
menthol and thymol have led to the
development of Type V DESs, expanding the
range of DES compositions [24]. The inclusion
of graphene oxide in the ternary composite will
further improve selectivity towards organic
compounds. This enhancement is attributed to
the presence of active sites and functional
groups (such as OH, COOH, O-C double bond 0),
which significantly promote interactions with
organic and aromatic molecules of pesticides
[26]. Incorporating NMPs into the composite
will enhance both selectivity and stability.
Additionally, the pronounced magnetic
properties of NMPs will simplify the collection
and separation of adsorbent particles from
purified wastewater, eliminating the necessity
for a filtration process [27]. Thus, they serve as
potential carriers of contaminants and facilitate
their uptake by biota. This capability,
commonly known as the Trojan horse effect, is
linked to sorption events, particularly
adsorption, wherein molecules adhere to the
interface between fluid and solid phases [28].

DESs have also emerged as cutting-edge
solvents for the functionalization of magnetic
nanoparticles (MNPs) due to their exceptional

Journal of Chemical Reviews

physicochemical  properties, thus their
applications as adsorbents for both elemental
analysis and organic compounds have
expanded. The extraction efficiencies of
magnetic graphene oxide (MGO), whether
functionalized with or without DES, are
influenced by various interactions, including
electrostatic interaction, van der Waals forces,
m-1 donor/acceptor interactions, hydrophilic

interactions, dipole-dipole electrostatic
interactions, ion exchange, size exclusion,
hydrogen bonding, and hydrophobic

interactions. The extent of these interactions
varies for both magnetic nanomaterials
(MNMs) and magnetic graphene oxide (MGO),
impacting their extraction performance, as
observed, and reported by researchers.

In environmental samples, the analyte is often
present at only trace concentrations, and the
matrix is complicated. Sample preparation and
pretreatment methods are, therefore, the most
time-consuming and challenging steps in
environmental analysis. The most common
extraction techniques used in environmental
analysis are classical solvent extraction or
liquid-liquid extraction (LLE) [29-37], and
solid-phase extraction (SPE). Both methods are
time-consuming, labor-intensive, and tedious;
however, they follow standard procedures and
yield predictably accurate and precise results.
Moreover, LLE requires a large amount of toxic
and environmentally unfriendly organic
solvent. Interestingly, due to the direct contact
of the sample with the solid or liquid extraction
phase, a separate cleanup step is often required
to minimize sample matrix interferences.

In the past decades, miniaturization and the
development of environmentally sound
methods have become trends in analytical
chemistry. Many microextraction techniques
have been developed. Miniaturized variations
of solvent extraction, such as liquid-liquid-
liquid microextraction (LLLME), liquid-phase

microextraction (LPME) [37], pressurized
liquid extraction (PLE) [30], single drop
microextraction (SDME)[31], fabric phase

sorptive extraction (FPSE) [32], hollow-fiber
LPME (HF-LPME), stir bar sorptive extraction
(SBSE) [33], solvent bar microextraction
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(SBME) [34] matrix solid-phase dispersion
(MSPD) [35], dispersive  liquid-liquid
microextraction (DLLME) [36], QuEChERS
method (acronymic name from quick, easy,
cheap, effective, rugged and safe)[37], Magnetic
solid-phase extraction (MSPE), thin film
microextraction (TFME), microextraction in
packed syringe (MEPS), solid phase
microextraction (SPME) [37-40]) single-drop
microextraction (SDME) [41], dispersive solid-
phase extraction (DSPE) [42], solid-phase
extraction (SPE) [43], and micro-solid phase
extraction (u-SPE) have also been employed for
OCPs extraction.

Solid-phase extraction (SPE) stands out as a
potent method for sample clean-up and pre-
concentration, for the efficient extraction of
target compounds from intricate matrices.
However, the magnetic solid-phase extraction
(MSPE), an innovative form of solid-phase
extraction (SPE), has gained widespread
acclaim since its exploration in 1999 by
Safatikova and Safarik [44]. The magnetic solid-
phase extraction (MSPE) method relies on
magnetic or magnetized sorbents along with an
external magnet for separation, requiring only a
small quantity of eluent. The effectiveness and
selectivity of the MSPE procedure are
contingent upon the characteristics of the
magnetic sorbents. In this methodology,
magnetic adsorbents are directly dispersed into
sample solutions, utilizing a dispersive
extraction mode that significantly amplifies the
contact area between adsorbents and analytes
[45]. Consequently, the extraction efficiency of
MSPE surpasses that of conventional SPE.
Simultaneously, common SPE challenges
associated with adsorbent packing, such as high
pressure and packed bed clogging, can be
circumvented [46]. A noteworthy feature of
MSPE is its capacity to facilitate the separation
of magnetic adsorbents from sample solutions
using an external magnetic field, eliminating the
need for traditional centrifugation or filtration
and thereby simplifying the extraction process.
In addition, magnetic adsorbents can be easily
recycled and reused, contributing to both cost-
effectiveness and environmental friendliness.
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Graphene/graphene  oxide (G/GO)-based
magnetic nanocomposites have been
extensively utilized in MSPE, thus they are
recognized for  their simplicity, and
environmental friendliness, and adequate to
mitigate the matrix effect and enhance the
concentration of analytes before instrumental

analysis. Given these findings,
Graphene/graphene  oxide (G/GO)-based
magnetic nanocomposites have been

extensively utilized in MSPE, thus the MSPE
have demonstrated comprehensive advantages,
including simplicity, accuracy, time and labor
savings, environmental friendliness, and
excellent extraction efficiency adequate to
mitigate the matrix effect and enhance the
concentration of analytes before instrumental
analysis.

In the MSPE technique, magnetic adsorbents,
typically comprising magnetic carriers and
functionalities, play a crucial role as they
directly impact extraction efficiency while
simultaneously influencing the sensitivity and
selectivity of the method [46]. To date,
numerous magnetic adsorbents for MSPE have
been documented in the literature,
encompassing the direct utilization of magnetic
nanoparticles (MNPs) following surface
functionalization are most commonly employed
in MSPE. This preference is attributed to their
ease of synthesis, controllable magnetization,
capacity to enhance adsorption selectivity,
improve extraction efficiency, prevent self-
aggregation, avoid core oxidation, exhibit
superparamagnetism, and possess low toxicity.
Among the various materials employed as
adsorbents in magnetic solid-phase extraction
(MSPE), graphene (G) stands out as a rapidly
rising star. Graphene is a two-dimensional
material consisting of single-/few-layer sheets
composed of sp2-hybridized carbon atoms
arranged in a honeycomb lattice. It has gained
prominence due to its exceptional mechanical
strength, thermal, and electronic properties,
along with an ultrahigh specific surface area
(theoretical value 2630 m2g-1) derived from
both carbon materials and nanomaterials
(including abundant functional groups,
nanometer-scale structure, and ultrahigh
surface area).
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Generally, Graphene serves as a non-polar and
hydrophobic adsorbent with a large delocalized
m-electron system that facilitates a robust m-m
stacking interaction with carbon-based ring
structures. As a fundamental structural
component of other carbon allotropes [47],
Graphene (G) and graphene oxide (GO) are
exceptional materials with numerous intrinsic
unique structural and chemical properties that
make them highly valuable in various scientific
and engineering applications. These properties
include good electrical conductivity, high
Young's modulus, thermal conductivity, high
intrinsic mobility, and ultrahigh theoretical
specific surface area. Graphene, in particular, is
considered an advanced sorbent for solid-phase
extraction (SPE) and solid-phase
microextraction (SPME) [48], especially for
hydrophobic or aromatic compounds. On the
contrary, GO, consisting of oxygenated G and
layered sheets, has -OH, -CH(O)CH-, -C=0, -
COOH groups on its surface and edge, making it
highly polar and good at dispersing in water. Its
stability as a colloidal suspension augments the
sorption affinity for polar, hydrophobic [49],
non-polar and low polar compounds
(organochlorine pesticides), whereas the
negatively charged surface under a pH higher
than 3.9 enables the adsorption of positive ions
or compounds [50] from environmental
matrices.

However, both G and GO may suffer from
irreversible aggregation, which can reduce the
efficiency of analyte extraction and desorption.
To address this, various functionalized G and
GO materials have been developed for SPE,
offering improved selectivity, high surface area,
elasticity, chemical stability, flexibility, tensile
strength, m-electron rich structure, and m-m

interactions of graphene-based materials
contribute to their excellent sorption
performance in SPE applications and

performance. GO sheets is chemically bonded to
surfactants, silica [51] and chemically reduced
to Graphene, providing sorbents for SPE. This
innovative approach leverages G and GO in SPE
applications. Subsequently, a variety of
functionalized Graphene (G) and GO materials,
incorporating  functional polymers [52],
nanomaterials [50], monomers [53], magnetic
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nanoparticles (MNPs), Molecularly Imprinted
Polymers (MIPs) [54], Covalent Organic
Frameworks  (COFs) [55,56], magnetic
materials [56], ionic liquids (ILs) [57], aerogels
[58], metal-organic frameworks (MOFs) [59],
and Deep Eutectic solvent (DES) have been
developed for enhanced SPE performance. In
the solid-phase extraction (SPE), these
substances act as highly efficient sorbents for
selectively  capturing and concentrating
organochlorine pesticides from liquid samples.

Accurate quantification of these contaminants
is essential for monitoring their residual levels
in the environment. The majority of pesticides
exhibit volatility and thermal stability.
Particularly in the case of OCPs, these
compounds are predominantly non-polar and
readily undergo vaporization. As a result, a
variety of methods, including enzyme-linked
immunosorbent assay (ELISA) [4], biosensors
[5], and chromatographic techniques such as
liquid  chromatography [6] or gas
chromatography [60-64] coupled to different
detectors such as electron-capture detection
(ECD), nitrogen-phosphorus detection (NPD)
and mass spectrometry (MS), are widely
employed for the  quantification  of
organochlorine pesticides (OCPs) across
diverse matrices, as seen in Table 4. Gas
chromatography-mass spectrometry (GC-MS)
is particularly recommended due to its high
selectivity and low detection limit [58]. The
selected ion monitoring (SIM) mode of the MS
detector further diminishes background noise
[10]. To further increase confidence in
confirmative analysis, a GC coupled with
tandem MS is one of the suitable techniques
[64].

This review evaluates the environmental
remediation  applications and  sorption
performance of graphene/graphene oxide
(G/GO)-based  materials in  solid-phase
extraction (SPE) and solid-phase

microextraction (SPME), dispersive solid-phase
extraction (DSPE), and magnetic solid-phase
extraction (MSPE) in recent years. A
comprehensive analysis is provided on the
adsorption  capacity, the influence of
experimental conditions, potential adsorption
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mechanisms, and structures of organochlorine
pesticides (OCPs). Furthremore, the review
incorporates a statistical analysis of the
adsorption models concerning their fitting to
experimental adsorption data and the
adsorption process.

2. The Occurrence
Organochlorine Pesticides

and Types of

According to statistics on various pesticide
usage data, approximately 40% of routinely
employed pesticides fall under the category of
organochlorine chemicals, underscoring their
widespread utilization and indispensable role
in environmental management [65]. Asia
contributes to more than half of the global
insecticide usage, with India ranking third after
China and Turkey, holding the 12th position
globally in pesticide usage. In 2018, India
utilized over 58,160 tonnes of pesticides, while
China, Japan, and the United States had
consumption rates of about 13.07, 11.76, and
3.57 kg ha-1, respectively [66].

Organochlorine  pesticides  (OCPs)  find
extensive application in developing countries
due to their cost-effectiveness and essential
role in insects and pest vectors control across
various settings, including homes, fields, and
the healthcare industry [67]. Notably posing as
substantial environmental threat because of
their heightened hazard levels, increased
solubility, and stability within habitats.
Organochlorine pesticides (OCPs) can infiltrate
the aquatic system through various pathways,
including spray drift, surface runoff, erosion,
volatilization [68] from non-point sources, the
discharge of industrial and sewage wastewater,
wet/dry deposition, direct application, aerial
spraying, careless disposal of empty containers
and other mechanisms. Their persistence,
toxicity, and bioaccumulation traits have raised
concerns regarding their impact on the marine
environment. Due to their relatively high
octanol-water partition coefficient, most
organochlorine pesticides (OCPs) exhibit low
water solubility but have a propensity to
accumulate in organisms, posing potential risks
of bioaccumulation in the food chain (through
both fatty and non-fatty products), accumulate
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in aquatic organisms such as plankton and
subsequently entering the food web and posing
threats to ecosystems and public health [69,
70]. The transportation, dispersion, and
ultimate effects of pesticides in marine systems
are influenced by the chemicals' persistence
under tropical conditions, as well as their
bioaccumulation and biodegradation. The
majority of OCPs have been listed in the
Stockholm Convention since 2001. Despite
efforts to control their use, the ubiquity,
stability, volatility, resistance to degradation,
and lipophilicity of OCPs have led to their
accumulation in both natural environments and
human tissues [71,72].

Given their persistent nature and potential
health risks, reliable and accurate analytical
procedures are essential to monitor OCP levels
in environmental and clinical samples.

Various organochlorine pesticides have been
employed, exhibiting differences in their
chemical structures, toxicity mechanisms
toward both intended and unintended species,
and various other characteristics. Among the
types of organochlorine pesticides are
Dichlorodiphenyltrichloroethane (DDT),
hexachlorobenzene, polychlorinated biphenyls,
lindane, endosulfan, dieldrin, methoxychlor,
chlordane, taxophene, and dicofol [73-76].
These substances vary widely in their chemical
characteristics and impacts on the environment
and living organisms. Researchers have also
reported the degradation of reported levels of
OCPs follows this pattern
Y»HCHs > Y endrins > Y endosulfans > dieldrin >
Yheptachlors >YDDTs > Y chlordanes > methox
ychlor [77]. This can be attributed to the
predominance of cement producing plant in the
study areas, unlike agricultural farmstead,
where DDTs have been continuously used.

2.1. Dichlorodiphenyltrichloroethane (DDT)

DDT is one of the most well-known
organochlorine pesticides, gaining popularity
for its effectiveness against insect pests,
particularly in controlling mosquitoes that
transmit diseases like malaria. The chemical
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compound DDT
(Dichlorodiphenyltrichloroethane) is composed
of a mixture of aliphatic and aromatic groups
[78], as presented in Table 1. Initially used
since the 1940s in agriculture and healthcare to
combat malaria, DDT faced global restrictions
in 1972 due to its biomagnification and
environmental persistence. India remains the
sole country manufacturing DDT. Originally
utilized during World War II to control parasite
vectors, its enduring nature and ecological
impact led to bans in some nations. DDT and its
metabolite, dichlorodiphenyldichloroethylene
(DDE), exhibit potent endocrine effects. Widely
studied as a neurotoxic organochlorine
insecticide, DDT is known for its carcinogenic
and endocrine-disrupting properties, posing
significant harm to humans and animals upon
ingestion. Bacteria and fungi can degrade DDT
to metabolites, such as
dichlorodiphenyldichloroethylene (DDE) and
dichlorodiphenyldichloroethane (DDD) and (p,
p’-DDE + p, p’-DDD)/p, p'-DDT ratio that is
greater/less than 1)), which are highly
persistent and share similar chemical and
physical properties. DDT and its breakdown
products have been transported from warmer
areas to the Arctic due to global distillation,
accumulating in the food web. Research
indicates that DDT exposure heightens the risk
of breast cancer and negatively impacts
metabolic, immunological, and neurological
systems. Despite its six-decade wuse in
eradicating plant pests and insect species, DDT
has led to pesticide resistance in numerous
insects. Unrestricted agricultural use has
caused adverse environmental effects,
including egg thinning and a decline in bird
nestlings [79].

DDT undergoes dechlorination processes under
different environmental conditions. Specifically,
it is dechlorinated to DDE
(dichlorodiphenyldichloroethylene) in aerobic
conditions and reductively dechlorinated to
DDD (dichlorodiphenyldichloroethane) under
anaerobic conditions [80]. The DDE/DDD ratio
serves as a valuable indicator to determine
whether the degradation of parent DDT is
taking place under aerobic or anaerobic
conditions. If the ratio is less than 1, it signifies
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a reductive dechlorination of the parent DDTs,
thus implying the prevalence of microbial or
chemical pathways in the degradation process
[78].

2.2. Dichlorodiphenyldichloroethylene (DDE)

This is a DDT metabolite with the molecular
formula C14HsCls. It undergoes biomagnification
in aquatic species, particularly fish, posing
threats to human and wildlife health. Recent
studies on Thunnus albacares and its prey
found DDT levels in the range of 54.9-93.5 ng
gl and 92.1-221.8 ng gl respectively,
indicating its persistence in the food web [80-
82]. For example, in honey researchers have
noted that the ratio of DDE + DDD to DDT was
greater than 1 in all honey samples, thus
confirming DDT has historical input in its
formation. Furthermore, the report also infers
that the DDE/DDD was less than 1 in 95% of
the honey samples, thus suggesting that the
predominant pathway for the degradation of

parent DDT in honey involves reductive
dechlorination to DDD under anaerobic
conditions.
2.3. Aldrin

This is commonly used for controlling insects,
worms, and larvae, posing a significant risk as
an industrial and environmental contaminant.
Its emergence as a major concern stems from
past usage, and it tends to be prominently
present in ecosystems [83]. Notably persistent,
aldrin can be easily absorbed by organisms
through food sources or direct contact. For
instance, scientists detailed a preconcentration
approach using the DLLME technique with N, N-
diethanol ammonium chloride: pivalic acid
deep eutectic solvent (DES) as the extraction
medium. This method concentrated four
organochlorine pesticides (aldrin, f-HCH, a-
HCH, and dichlobenil) in cocoa samples. The
ideal conditions of this technique were
subsequently utilized for the analysis of cocoa
samples, revealing the occurrence of aldrin and
dichlobenil in specific [84]. In the environment
and within living organisms, aldrin undergoes
biotransformation, ultimately converting into
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dieldrin. Despite being phased out, aldrin

continues to linger, with environmental
components often containing higher-than-
permitted levels due to anthropogenic
activities.

2.4. Endosulfan

Endosulfan is an insecticide and acaricide

extensively used in agriculture since the 1950s,
categorized as a cyclodiene organochlorine
insecticide. India holds the title of the world's
primary producer, consumer, and exporter of
endosulfan, despite committing to
discontinuing its use by 2017 [85]. Endosulfan
is employed to manage insects in various
products, including wool, coffee, cigarettes,
small fruits and vegetables, cereals, and wood
because it acts as a persistent pollutant. It
comprises of two hazardous heteroatoms, a-
and B-endosulfan which poses a significant risk
due to its bioaccumulative nature. Scientific
studies have documented that heightened
exposure to endosulfan is associated with
increased levels of proteins that promote
atherosclerosis, especially in cases where there
is an overexpression of Stromelysins, a member
of the metalloproteinase family. In another
experiment, Hassanpour and colleagues
suggested utilizing liquid-liquid
microextraction (LLME) assisted by switchable
deep eutectic solvents (DESs) for extracting
endosulfan and abamectin from water and fruit
juice. Excessive exposure to endosulfan is
undesirable due to its slow biodegradation,
leading to its prolonged presence in the
environment. Endosulfan and its metabolites
can disrupt the endocrine system, impacting
both humans and wildlife. Owing to its potential
for biomagnification, extended durability,
limited solubility, and neurotoxicity, endosulfan
presents challenges as an agrochemical [86].
Hence, urgent attention from the scientific
community is required for the swift elimination
of endosulfan. It has faced international
scrutiny due to its environmental persistence
and toxicity concerns [87].

2.5. Dieldrin

Dieldrin is an organochlorine insecticide that
was used in agriculture. It is known for its
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persistence in the environment and
bioaccumulation in organisms. Dieldrin has
been linked to declines in global raptor
populations, although it does not cause eggshell
thinning. Additionally, dieldrin has the potential
to reduce neurotransmitters like serotonin and
dopamine. Prolonged exposure to dieldrin can
impede cognitive and motor skill development,
resulting in heightened mortality rates due to
accidents, disease, and starvation. This highly
toxic pesticide has LD50 values ranging
between 27 mg/kg to 381 mg/kg in various
bird species. This class of organochlorine
pesticides (OCPs), sensitive to sulfuric acid
treatments, including endrin, endrin aldehyde,
chlordecone, endosulfan I, endosulfan II, trans-
heptachlor epoxide, and dicofol, can undergo
complete sulfonation when exposed to
concentrated sulfuric acid. Notably, dieldrin
and endrin exhibit high sensitivity, degrading
within a few minutes under this treatment. The
other OCPs susceptible to acid-induced
degradation will also undergo varying degrees
of decomposition within an hour [88].

2.6. Methoxychlor

This organochlorine pesticide has been used to
control pests in crops. It is less persistent than
some other organochlorine pesticides (OCPs).
In natural submerged environments, 1,1,1-
trichloro-2,2-bis(4-methoxyphenyl)ethane has
been reported to undergo dechlorination.
Fuentes et al. conducted a study on the removal
of three OCPs, such as lindane, chlordane, and
methoxychlor, from  wastewater using
Streptomyces strains. The results indicated that
Streptomyces sp. A5 exhibited the capability to
eliminate 57.4% of lindane, 100.0% of
chlordane, and 6.5% of methoxychlor.
Methoxychlor exhibits remarkable persistence
and a strong affinity for binding with
environmental agents, as evidenced by its
presence in Arctic samples, allowing for
transport over long distances. Research
indicates that methoxychlor demonstrates
estrogenic activity, potentially impacting
fertility and early pregnancy. Moreover, it
seems to contribute to irregular cell
development and the growth of breast cancer
cells. In animals, the metabolite of
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reduce
sunlight

was observed to
testosterone production. Despite
hastening its degradation, the resulting
byproduct (methoxychlor olefin) is highly
stable and degrades more slowly. The
biodegradation of methoxychlor involves the
loss of one chlorine atom along with
demethylation [89].

methoxychlor

2.7. Dicofol

Dicofol is an acaricide and insecticide utilized in
agriculture, characterized by the chemical
formula 2,2,2-trichloro-1,1-bis(4-chlorophenyl)
ethanol, known for its poor degradability [90].
It exhibits endocrine-disrupting properties and
is designated as a persistent organic pollutant
in the Stockholm Convention [90,91]. It is
widely employed in crops, cotton, fruits, and
vegetables, and can be absorbed through
inhalation, ingestion, and dermal exposure.
Dicofol poses a moderate hazard to humans and
is highly toxic to aquatic animals [92]. Dicofol
has a bioconcentration factor (BCF) exceeding
5000 and significant environmental mobility,
and is considered extremely harmful to aquatic
life [93]. Dicofol contains impurities, majorly o,
p’-DDT and p, p’-CI-DDT (1, 2, 2, 2-tetrachloro-
1, 1-bis-(4-chlorophenyl) ethane). However,
during GC analysis, the latter breaks down
thermally to p, p’-DDE leading to the elevated
levels of DDE. This degradation into the
organochlorine pesticide (OCP) DDT raises
environmental and health concerns.

2.8. Toxaphene

This is a complex mixture of chlorinated
terpenes, with molecular formula CioH1oCis,
consisting of 670 different compounds. It forms
when camphene and chlorine gas react in the
presence of ultraviolet light containing 67%-
69% chlorine [94]. It was originally developed
as an insecticide in the late 1940s, toxaphene is
now used to control populations of predatory
fish. It is produced worldwide in quantities of
approximately 1.3 million tonnes. Analyses on
wild aquatic animals have revealed that the
organochlorine pesticide toxaphene poses an
environmental hazard due to its persistence in
soil and the atmosphere, frequent use, and
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widespread distribution. Its
endocrine functions further
environmental concerns [95].

impact on
adds to its

2.9. Lindane

Lindane is an organochlorine insecticide used
in agriculture and for controlling pests in wood
and livestock. The gamma enantiomer of
hexachlorocyclohexane, known as lindane. It is
a highly persistent organic pollutant utilized for
herbivorous pest control. Lindane is formed in
different isomers during the photochemical
chlorination of benzene using UV light.
Commonly applied to fruits, vegetables, and
coniferous forests and it serves to eliminate
fungi on seeds [96]. With global consumption
reaching 720,000 tonnes in 1995, lindane's
stability and longevity in water make its
removal challenging. Despite its historical use
in crop protection and disease prevention,
lindane is a neurotoxin disrupting human
hormone function, potentially causing severe
environmental concerns and health issues,
including respiratory problems, convulsions, or
excessive salivation. Its ecological impact is
evident in its negative effects on biodiversity,
organism communities, and biological traits
[97]. Lindane's persistent and recalcitrant
nature in aquatic environments raises global
concerns due to its historical widespread use
[98, 99]. From research, DDTs tend to be more
predominant in soil samples, in contrast to the
contamination pattern in honey samples, where
noticeable transition from DDTs to lindane and
a-endosulfan is revealed. This shift is likely
attributed to variations in the uptake or
degradation of OCPs in the honey samples
[100].

2.10. Chlordane

Chlordane is a broad-spectrum organochlorine
pesticide used for termite control and
agricultural purposes. Chlordane is a persistent,
non-systemic insecticide with contact and
ingestion modes of action, and it also possesses
fumigant properties. It is employed on land to
combat formicidae, coleoptera, noctuidae
larvae, saltatoria, subterranean termites
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(including Coptotermes spp.), invertebrate
animals, and various other insect pests.
Additionally, it controls household insects,
pests affecting humans and domestic animals,
serves as a wood preservative, a protective
treatment for underground cables, and helps
reduce earthworm populations in lawns.
Chlordane may be applied to soil, directly to
foliage, or used as a seed treatment. Trans-
Chlordan, a closely related compound, exhibits
inhibitory effects on enzyme activities such as
lipoxygenase, cyclooxygenase, and 5-
lipoxygenase. Its chemical structure shares a
common backbone with other compounds like
chlordane and lindane." Others are two isomers
of chlordane commercially available are cis-
chlordane, and trans-nanochlordane. The three
isomers are also sometimes referred to as a-, 3-,
and y-chlordane, respectively [101].

2.11. Hexachlorobenzene

This organochlorine compound has been used
as a fungicide and insecticide. HCB, or
perchlorobenzene, is a fungicide used as a seed
treatment to control fungal disease bunt.
Introduced in 1945, it effectively kills fungi
affecting food crops. HCB is a by-product of
certain industrial chemicals and exists as an
impurity in many pesticide formulations. In
1954 and 1959, individuals exposed to HCB
developed various symptoms such as
photosensitive skin lesions, colic, debilitation,
porphyria turcica, etc. Moreover, HCB can be
transmitted to infants through their mother's
breast milk [96] This white crystalline solid is
less soluble in water but sparingly soluble in
organic solvents. Its highest solubility is in
halogenated solvents like chloroform, esters,
short-chain alcohols, and hydrocarbons. HCB is
toxic and carcinogenic to humans, aquatic
organisms, and animals. Chronic human
exposure can lead to liver disease, skin lesions
with discoloration, ulceration, photosensitivity,
thyroid effects, bone effects, hair loss, embryo
lethality, and teratogenic effects [96].

2.12. Polychlorinated biphenyls (PCBs)

Although not used as pesticides per se, PCBs
were employed in various industrial
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applications, and electrical equipment. PCBs are
pale-yellow viscous insulating liquids used in
industry as dielectric and coolant fluids in
capacitors and electric transformers, as well as
additives in carbonless copy paper, paint, and
plastics. They are toxic to some aquatic animals
such as fish, causing spawning failures even at
lower doses. Additionally, they lead to
suppression of the immune system and
reproductive failure in wild animals such as
seals and mink. PCB exposure leads to various
health effects, including mucous membranes,
nausea, pigmentation of nails, fatigue, vomiting
and swelling of the eyelids. In addition, the
persistent presence of PCBs in mothers' bodies
can lead to developmental delays and
behavioral changes in children. Direct or
indirect ingestion materials (PCB-contaminated
food, such as rice oil) containing PCBs can
trigger = various dental and  enamel
abnormalities [102]. In addition, children may
experience cavities, periodontitis, causing tooth
infections and leading to shorter gums or tooth
loss, while adults might develop discolored and
inflamed gums. PCBs exhibit hydrophobic
characteristics, low vapor pressure, limited
water solubility, and high solubility in organic
solvents, fats, and oils [103]. They possess
dielectric constants with very high thermal
conductivity and high flash points. They exhibit
resistance to hydrolysis, acids, oxidation, bases,
and temperature changes, PCBs find
widespread use in various industries [103].
Through partial oxidation, they have the
potential to generate highly toxic chemicals like
dibenzodioxins and dibenzofurans.
Additionally, PCBs can penetrate the skin,
polyvinyl chloride (PVC), and latex, manifesting
toxic effects. Table 1 indicates the
physicochemical properties of the selected
OCPs pesticides used in this study.

3. The Degradation Process of
Organochlorine Pesticides
3.1. 1,1,1-Trichloro-2,2-bis(p-chlorophenyl)

ethane (DDT)

Bimetallic nanoparticles such as Ni/Fe and
their oxides were discovered to efficiently
degrade DDT in aqueous solution at alkaline
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Table 1. Physicochemical properties of the OCPs and their respective ions for quantitative and qualitative
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RT: Retention time

aData are obtained from Syracuse Research Corporation’s PHYSPROP database

Data of, boiling point and molecular weight were obtained from RSC Publishing Home:
http://www.chemspider.com
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Scheme 1. Schematic diagram of DDT by bimetallic/metallic oxide nanoparticles

and weak acid conditions as shown in Scheme
1. Meanwhile, at acidic conditions, the
nanometal particles promote the degradation of
DDT by producing protons which help to
generate hydrogen [104].

3.2. a-And [-endosulfan

The 6, 7, 8, 9, 10-hexachloro-1, 5, 5a, 6, 9, 9a
hexahydro- 6, 9-methano-2, 3, 4-
benzodioxathiepin-3-oxide is highly toxic in
aqueous medium due to its low solubility [105].
It undergoes photolysis to yield endosulfandiol
under UV, while in the soil, it forms Endosulfan
sulfate, which is highly persistent and toxic
when compared with the parent Endosulfan. It
has two stereoisomers: a-Endosulfan and -
Endosulfan (ti2 =60 days) and B (ti,2=800
days), which are highly toxic to aquatic systems
and animals due to low water solubility and can
be degraded, as shown in Scheme 2.
Researchers have confirmed the presence of
this deleterious compound in ground and

surface water and have degraded it by
employing Ag-doped TiO, photocatalysts
nanomaterial.  Although the  metabolite

Endosulfan sulfate, a- and B-Endosulfan are
toxic and highly stable, they can be completely
mineralized, as shown in Scheme 2, using
Aspergillusnige and Klebsiellaoxytoca over a
long period.

3.3. Methoxychlor

Methoxychlor is easily biodegraded by UV
compared to the more stable and less degraded
methoxychlor olefin, its by-product. The
biodegradation @ and  demethylation  of
methoxychlor results in the loss of one chlorine
atom [104-106]. Researchers have reported
different forms of methoxychlor ((4,4'-(2,2,2-
trichloroethane-1,1-diyl)bis(methoxybenzene)

degradation using TiO2 under UV/O,
dehydrogenation, dichlorination, and CN-
replacement into 4,4’-(2-chloroethene-1,1-

diyl)bis (methoxybenzene) and 4,4’-(ethene-
1,1-diyl)bis (methoxybenzene) by catalytic
reduction as depicted in Scheme 3 [106].
Researchers have reported different forms of
methoxychlor degradation using TiO; under
UV/0,, dehydrogenation, dichlorination, and
CN-replacement into 4, 4’-(2-chloroethene-1,1-
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Scheme 2. Schematic structures of degradation of a,3-Endosulfan

diyl) bis (methoxybenzene) and 4,4’-(ethene-
1,1-diyl)bis (methoxybenzene) by catalytic
reduction as shown in Scheme 3.

3.4. Aldrin and dieldrin

Researchers over the years, have proposed
various methods including ion conversion,
xenon lamp combustion, and microbial
degradation for removing these chemicals from
the environment. The microbial degradation
process is economical, easy, convenient, and
eco-friendly [107]. The molecular formula of
aldrin is Cqi2HsCis and the nomenclature is
1,2,3,4,10,10-Hexachloro-1,4,4,5,8,80-

hexahydro-1,4-endo, exo-5,8-
dimethanonaphthalene, while Dieldrin’s
molecular formula is  C;2HsCiO  with

nomenclature of 1,2,3,4,10,10-hexachloro-6,7-
epoxy-1,4,4a,5,6,7,8,8a-octahydro-1,4-endo,

exo-5,8-dimethanonaphthalene[88-89]. A lot of
microorganisms such as Trichoderma viride,
Cupriavidus sp., Burkholderia sp., Pleurotus
ostreatus, Mucor racemosus, Pseudonocardia sp.,
Pseudomonas fluorescens, have been used
employed to degrade dieldrin/Aldrin under
anaerobic  microorganisms yielding the
aldrin/dieldrin pathway.

The aldrin degradation pathways include
reduction, hydroxylation, and oxidation of its
major metabolite (dieldrin), while the dieldrin

degradation pathway includes reduction,
oxidation, hydrolysis, and hydroxylation,
yielding dihydroxydieldrin and 9-

hydroxydieldrin as major by-products. Other
methods proposed, developed, and reported for
the complete degradation of the aldrin/dieldrin
pesticides include the use of vegetable waste
via window composting and rotary drum, Na-
montmorillonitte, activated carbon, and nano
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Scheme 3. Schematized reductive degradation pathway of methoxychlor

absorbent in different advanced oxidation
processes- like Fenton in UV radiation. The
presence and formation of 1-
hydroxychlorodene and dieldrin metabolites
confirm epoxidation, also, the oxidation of
bridge carbon of aldrin contains methylene
group, as shown in Scheme 4 [91]. The
complete degradation of aldrin in an aqueous
medium into chlordane, dieldrin, and 12-
hydroxy-dieldrin via bulk TiO; as photocatalyst.
Although the use of nano-sized TiO, enhances
the degradation efficiently.

3.5. Endrin

The 1,2,3,4,10,10-hexachloro-6,7-epoxy-
1,4,4a,5,6,-7,8,8a-octahydro-1,4-endo,endo-5,8-
dimethanonaphthalene is very stable in basic
medium and can photodegrade into the epoxide
of isodrin, correspondingly yielding endo-endo
isomer of aldrin, endrin aldehyde, or delta-keto
endrin, which can persist and bioaccumulate in
soil with a normal half-life of up to 12 years.
Endrin is very persistent because of its
lipophilicity and chemical stability in the

sediment and soil environment; hence, high
levels of endrin (above the maximum residue
limit) have still been detected in recent years
around the world. Recently, scientists have
revealed from a survey that microorganisms
like white rot fungi Phlebia brevispora and
Phelibia lindtneri [108-111] and their secreted
ligninolytic  enzymes, including laccase,
manganese, and lignin peroxidase, can
bioremediate and degrade DDT and endrin in
the soil, as shown in Scheme 5. This cost-
effective approach can be used to degrade
endrin from the soil, while other approaches,
such as the use of acidified zinc and nano
adsorbents in different forms, have also been
explored and reported to degrade endrin [111].

3.6. Heptachlor

Its main ingredient includes y-nonachlor, a- and
y- chlordane. In the human body, it can
completely metabolize into oxychlordane, y-
nonachlor, and heptachlor epoxide.
Microorganisms such as bacteria and fungi have
been extensively utilized to degrade heptachlor
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Scheme 4. Schematized microbial reductive degradation pathway of aldrin and dieldrin

as shown in Scheme 6. For example, biotic
processes with different species of white rot
fungi (genus Phlebia) have also been used to
degrade heptachlor and its toxic metabolite
heptachlor epoxide(~16%) in a range of 71-
90% within 14 days of incubation under
anaerobic conditions [97]. These white rot
fungi (WRF) inocula can completely remove
heptachlor via dechlorination in river
sediments [112-114]. In another experiment,
the fungal inoculum of Pleurotus ostreatus
demonstrated an 89% elimination of
heptachlor over 28 days, producing chlordene
as the primary metabolite. Additionally,
Pleurotus ostreatus exhibited a significant
capacity to degrade heptachlor epoxide, with
approximately 32% degradation observed,
resulting in the formation of heptachlor diol.
Encouraged by these results, Pleurotus
ostreatus spent mushroom waste (SMW) was
applied to artificially contaminated soil, leading

to a successful degradation of heptachlor (91%)
and heptachlor epoxide (26%) over a 28-day
period [115].

3.7. Dicofol

Dicofol is a miticide derived from DDT. The
degradation of dicofol to Under alkaline
conditions was catalyzed by hydroxide ions and
induced by UV-light the degradation of dicofol
to synthesize p,p-dichlorobenzophenone
(DCBP) as represented in Scheme 7 However,
more effective outcomes were achieved using
nanoparticles (TiO;) compared to using UV light
irradiation alone in an alkaline medium
resulting in the complete degradation of dicofol
in less than 2 hours. In another experiment, the
photocatalytic =~ degradation  of  dicofol,
cyfluthrin, and fenvalerate was studied using
boron and cerium co-doped nano titanium
dioxide (B/Ce co-doped TiOz) under light
irradiation. The synthesis of B/Ce co-doped
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TiO; involved a sol-gel technique with
tetrabutyl titanate, boric acid, and cerous
nitrate. The study revealed that B/Ce co-doped
nano TiO; exhibited enhanced absorption in the
420 to 850 nm range compared to undoped
TiO, resulting in higher photocatalytic activity
as represented in Scheme 7. This increased
activity was observed in the degradation of
dicofol, cyfluthrin, and fenvalerate, surpassing
both Ce-doped nano TiO; and pure nano TiO:
under the same light conditions. The findings
suggest the potential of B/Ce co-doped TiO; as
an efficient photocatalyst for pesticide
degradation under light irradiation [115].

3.8. Choldane

Chlordane is a complex mixture comprising
more than 50 closely related chemicals
including trans-chlordane and cis-chlordane
which are (13.2%) and (11.3%) predominant
components respectively in the technical
mixture (EPA, 1990). Just like heptachlor in
session 3.6, the microorganism degradation of
chlordane using wood-rot fungi species such as
Phlebia brevispora, Phlebia lindtneri GB 1027,
and Phlebia aurea and three surfactants have
been reported to effectively degrade at least
50% of trans-chlordane within 12 days through
hydroxylation reactions, yielding 11 different
metabolites, as shown in Scheme 8. These
fungi are also capable of degrading other
organochlorine pesticides, such as
pentachlorophenol (PCP) [116]. At the end of
42 days of incubation, over 50% of trans-
chlordane was degraded by the fungal

treatments in pure cultures. These fungi
transformed trans-chlordane to at least eleven
metabolites including a large amount of
hydroxylated products such as 3-
hydroxychlordane, chlordene chlorohydrin,
heptachlor diol, monohydroxychlordene, and
dihydroxychlordene. The use of bacterial
strains whose interactions improve mycelial
growth of the white-rot fungus Phlebia
brevispora could also improve the degradation
of chlordane [117-131].

4. Novel Sorbent and Methodologies for the
Extraction and Determination of
Organochlorine Pesticides (OCPS) from
Environmental Matrices

In recent years, substantial attention has been
devoted to the environmental remediation of
organochlorine  pesticides. A  promising
approach to address this concern involves
employing graphene and graphene oxide
(G/GO)-based materials in various extraction
techniques, as provided in Table 2.

These methods have been proposed for the
precise and  sensitive  monitoring  of
organochlorine pesticides (OCPs) across a
broad spectrum of samples, as summarized in
Table 3.

The common novel technologies and
instruments are increasingly being employed
for the analysis and detection of pesticide
residues in complex matrices and plant-derived
food items encompass chromatographic
techniques, such as supercritical fluid
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chromatography [131], high-performance
liquid chromatography[132], and gas

chromatography[133], as shown in Table 4.
Currently, chromatography methods combined
with mass spectrometry are typical analytical
techniques required prior sample pre-
concentration to facilitate the analysis of trace
amounts of pesticide residues. These methods
are highly sensitive, enabling accurate detection
and quantification of pesticide residues.
Nevertheless, concerns persist regarding the
long-term impact of pesticide residues on
human health. As a result, there is a growing
need for stringent monitoring and regulation of
pesticide levels in food products. Various
strategies, ranging from  conventional
extraction to sophisticated detection methods,
are being employed to extract and detect
pesticides in fruits and vegetables. Despite

advancements in detection technology, effective
sample preparation procedures for pesticide
residue measurement in cereals and feedstuffs
are still required. The development of reliable
and sensitive detection and extraction methods
for pesticide residues is crucial for ensuring
food safety and public health.

4.1. Factors affecting the adsorption of OCPS

Adsorption is the most commonly used efficient
method for targeted analytes removal due to its
effectiveness, cost-efficiency, ease of recycling,
simplicity, and environmental friendliness.
Adsorption methods can be divided into
physical, chemical, and ion exchange adsorption
based on adsorptive power. There are
numerous chemical and physical methods for
adsorption, but the adsorption of contaminants
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Table 2. Advantages and disadvantages of novel extraction methods for the OCPS extraction

Extraction method

Advantage

Disadvantage

Solid-Phase Extraction (SPE)

 Lower solvent usage compared to
traditional methods
 Improved selectivity and sensitivity
 Applicable to various sample types
and sizes
Reduced sample matrix interference

« Initial setup cost for equipment
+ Potential for sorbent saturation
* Requires method optimization for
different analytes and specialized
equipment
» Costly due to consumables
May not be suitable for all pesticide
classes

QUEChERS (Quick, easy, cheap,
effective, rugged, and safe)

« Efficient for multi-residue analysis
* Reduced solvent usage and
extraction time
« Compatible with a variety of
pesticides
* Fast, easy and do not need specific
instruction.
» Multiple extraction methods
integrated
» High sample throughput,
* Improved detection accuracy

» Matrix effects may still be present
and affect accuracy
« Limited to certain sample matrices
and pesticides
* May require additional clean-up
steps
* Low enrichment factor
* May require centrifugation
« Single sample extraction
* Long purification time
e Low recovery rate
+ Large impact on human health

Liquid-phase microextraction
(LPME)

« Effective for non-polar and polar
analytes
+ Simple and cost effective
+ Can handle a wide range of
sample matrices

+ Limited solvent alternatives
* Poor reproducibility
+ Time-consuming and labor-
intensive
+ Requires large amounts of organic
solvents
+ Potential for emulsion formation

Solid-phase micro extraction
(SPME)

* Ease of preparation
* Ease of handling
* Eco-friendly
+ Versatile for various sample types
» Applicable to volatile and semi-
volatile compounds

* Fragile with limited shelf life
Limited to smaller sample
volumes
+ Potential for carryover between
samples
* Sensitivity can be affected by
matrix effects

Stir bar sorptive extraction (SBSE)

Good reproductivity and High
extraction efficiency

* May require several desorption
steps
« Difficulty in removing stir bar

Ultrasound-Assisted Extraction
(UAE)

Enhanced extraction efficiency
* Reduced extraction time
Applicable to various matrices

» Equipment cost and maintenance

« Potential for sample degradation
due to heat

+ Limited to small sample volumes

Pressurized liquid extraction (PLE)

High extraction efficiency and
speed
* Reduced solvent usage
» Automation capability

+ Expensive instrumentation
» Complexity in operation and
method development
 Limited to certain sample sizes

Microwave-assisted extraction
(MAE)

* Rapid extraction process
* Reduced solvent usage
» Applicable to various sample

types

* Equipment cost and maintenance

* Potential for sample degradation
due to heat

+ Limited to small sample volumes
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Table 3. Various developed methods for the OCPs extraction
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Table 3. Continued
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Note: -CD/MRGO): B-cyclodextrin/iron oxide reduced graphene oxide hybrid nanostructure; (LDH-G) hybrid :
layered double hydroxide/graphene (LDH-G) hybrid;
MA-HS-GNS: microwave assisted headspace novel graphene nanosheets; Fe304-MWCNTs-DES: DES magnetic
bucky gel/multiwalled carbon nanotube nanocomposite

Table 4. Advantages and disadvantages of detection methods

Methods of
analysis

Advantages

Disadvantages

Future prospects

Gas
Chromatography
(GO

* Minimizes sample
matrix interferences
* High separation
efficiency for volatile
compounds
*  Well-established
technique in pesticide
analysis
* Low detection limits
Excellent precision and
reproducibility

* Extraction efficiency may
vary with analyte types
* Limited to volatile and
thermally stable compounds
* Requires derivatization for
High equipment and
maintenance costs some non-
volatile compounds
+ Skilled personnel required
for operation

* Integration with
rapid detection
technologies, improved
sensitivity and selectivity

Liquid
Chromatography
(LC)

» Applicable to a wide
range of pesticides
* Suitable for polar and
non-volatile compounds
Reduced derivatization
requirements
*  Widely used in
environmental analysis

* Limited applicability to
polar compounds

* Higher solvent usage

compared to GC Equipment
and maintenance costs

* May have longer analysis

times
* Complex sample matrices
may pose challenges
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Table 4. Continued
High-performance * High resolution and * Expensive * Enhanced integration
liquid efficiency instrumentation and with rapid detection
chromatography » Applicable to a broad maintenance technologies, improved
(HPLC) range of compounds * Complexity in sensitivity and selectivity
» Suitable for non- operation and method
volatile compounds development
* High sensitivity and * Continued
selectivity » Expensive equipment advancements in sensitivity
Mass spectrometr *  Structural and maintenance and selectivity, integration
p[MS) y information available * Requires skilled with rapid detection
+ Capability for operators technologies
multiple analyte * Matrix interference
detection
. * Limited to specific * Potential for improved
. * Rapidresults .. P e
Enzyme-linked . Cost-effective pesticides specificity and sensitivity
immunosorbent . . * Cross-reactivity issues
* Suitable for high- o
assay (ELISA) . * False positives or
throughput screening .
negatives
* Simple and cost- * Lower sensitivity * Continued
. effective compared to other methods | advancements in sensitivity
Thin-layer : o . .
*  Quick results * Limited separation and selectivity
chromatography 1
(TLC) capability
* Subjective
interpretation
Spectrophotometry * Ease of operation Prone to interference from | Continued advancements in
methodology * Does not require external factors sensitivity and selectivity
sample preparation
* Non-destructive
h h, * Require skill ,
C romatograp y equire ski ec.i operator . Continued
methodologies ) and handling o
* Require low samples . commercialization
X X * Not cost effective ) .
* Precise separation . * Potential for improved
* Notenvironmentally specificity and sensitivi
friendly P R v
. . . . * Lack of specificity, ¢ Potential for improved
Rapid detection * Rapid results, on-site pectticlty , . mpro
. . * Poor sensitivity for integration with rapid
cards screening capability . .
some compounds detection technologies
* Low-cost platform, * Limited to specific » Continued
Bioactive paper * Potential for on-site compounds, advancements in sensitivity
screening * may require validation and selectivity
* Potential for » Limited to specific * Continued focus on
Nanotechnology- . e . . .
improved sensitivity compounds, improving precision,
based approaches - . _— . e
and selectivity * may require validation selectivity, and sensitivity
¢ Improved precision, * Time-consuming, .
Sample pretreatment proved p . 5 * Continued focus on
. selectivity, and * potential for matrix . . .
techniques o reducing analysis duration
sensitivity effects
. . » Efficient for * Potential for matrix ) Con-terueq
Multi-residue . ) commercialization
. analyzing multiple effects, ) .
analysis . . * Potential for improved
compounds * time-consuming o -
specificity and sensitivity
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on solid surfaces emerges as a practical option.
Adsorption, recognized for its effectiveness,
cost-efficiency, recyclability, simplicity, and
environmental friendliness, stands as the most
employed method for the removal of targeted
analytes. Adsorption methods can be
categorized into physical, chemical, and ion
exchange adsorption based on their adsorptive
power [134]. The functional groups present in
the adsorbent play a crucial role in chemical
and physical interactions with dissolved
xenobiotic compounds. The effectiveness of
adsorption methods hinges on the properties
and performance of the chosen adsorbent, with
functions including the formation of ion bonds,
covalent bonds, hydrophobic interactions,
hydrogen bonds, and van der Waals forces. The
rate of adsorption is influenced by factors such
as pH, particle size, temperature, adsorbent
concentration, stirring speed, surface area, and
contact time. On soil, researcher have noted
that the spatial distributions of OCPs in soil
samples especially is influenced by parameters
such as land use, soil pH, total organic carbon
and point sources [135]. Therefore, in
adsorption studies, experimentation with these
factors is crucial for understanding their impact
on the adsorption rate. Continuous efforts are
made to identify adsorbents that are not only
cost-effective but also efficient in adsorbing
contaminants [136]

4.2. Adsorbent properties

The type and characteristics of the adsorbent
used play a crucial role. The selection of a
suitable sorbent nanomaterial, capable of
exhibiting efficient affinity towards a wide
range of target analytes with different
polarities, is a crucial aspect of the experiment.
The utilization of DES-functionalized graphene
oxide and derivatives enables straightforward,
sensitive, and cost-effective  separation,
preconcentration, and determination of
inorganic and organic contaminants in complex
environmental matrices. This approach can be
adopted by laboratories for QA/QC of water,
wastewater, and environmental samples.

2024, Volume 6, Issue 2

4.2.1. Activation of sorbent

Activation is employed to enhance the
adsorptive capacity of the adsorbent, aiming to
increase the rate of adsorption. The ultimate
goal is to expand the surface area of the
adsorbent through mechanical, physical, or
chemical methods [137]. A review indicates
that treating the adsorbent with specific
chemicals, termed activating agents, is effective
in increasing the number of pores. Examples of
such activating agents include hydrochloric
acid, sodium hydroxide, nitric acid, sulfuric
acid, zinc chloride, and more [137]. Physical
activation primarily involves the use of heat
and carbon dioxide as activation sources. While,
chemical activation of the modified adsorbents
exhibited superior packing density compared to
physical activation.

4.2.2. Functionalization
sorbent and MNPs with DES

of graphene-based

DES-based  materials  exhibit  excellent
properties including fluidity, magnetism,
stability, chromatographic compatibility,

tunability, and reusability. These characteristics
combined with the superior properties of DESs
will create a synergistic effect to enhance their
overall performance. The tunability of DES-
based materials is attributed to their adjustable
physicochemical properties which plays a
crucial role in facilitating hydrogen bonding
between molecules and is instrumental in
extraction processes for detection technologies.
In this scenario, GO/rGO modified sorbents
with Deep eutectic solvent can attract OCPs and
other contaminants through mechanisms
involving hydrogen bonding, electrostatic
forces, hydrophilic interactions, hydrophobic
interactions, van der Waals forces, and m-m
stackings with strong stability [138]. The
presence of various functional groups, a high
surface area, and accessible active binding sites
in G/GO/rGO derivatives further influence or
reinforce these interactions. In addition, the
sorbent's ability to disperse properly in an
aqueous medium is critical. Hydrophobicity of
the sorbent may enhance floatation over the
sample surface, leading to poor performance,
while a sorbent with hydrophilic outer surfaces
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and a hydrophilic inner core can serve the dual
function of extraction and dispersion.
Moreover, achieving an optimum ratio of
magnetic support (MNPs) to sorbent is key to
obtaining higher extraction efficiency. Other
factors such as surface area, porosity, and
surface chemistry impact the adsorption
efficiency [138]. To fabricate an ideal or optimal
sorbent material, suitable materials, binding
methods, and properties, as illustrated in Table
5 are selected for a stable composite with
multiple active sites.

Journal of Chemical Reviews

It is also vital to assess all sample preparation
and pretreatment methods for its greenness
after establishing any analytical method. AES,
GAPI, AGREE, and ComplexGAPI are widely
used GAC (Green Analytical Chemistry) metrics
for this purpose. However, it is observed that
many articles lack the evaluation of the green
character of the proposed method. It is crucial
for researchers to be attentive to this aspect,
ensuring a thorough assessment, incorporating
and aligning with the evaluations of principles
of green chemistry to promote sustainable
practices as well as enhance the overall
understanding of the environmental impact of

analytical within the scientific community.
Table 5. Summarized features between MNPs, GO, and mGO derivatives composites

Features MNPs GO mGO and derivatives
Characteristics e Possess magnetic e Possess multiple functional e Nanosized composites
properties. groups such as carbonyl epoxy, possess large specific
e Presence of hydroxy carboxyl, and hydroxyl. surface areas,
functional groups on the e Nanosized particles possess e Possess magnetic
surface of the material large specific surface area. properties to ease
e Particles are nano- e Two-dimensional shaped separation and reuse,
sized morphology (2D) e Highly porous
e Uni-dimensional (oD) | e Carbon structure is Sp2bonded nanocomposites
morphology e C(Canexitsin 2D or
three (3D) dimensional
morphology
Merits e Can be used for e Can be used for analysis, drug e Canbe used for
analysis, and drug delivery, analysis, drug delivery,
delivery. o Excellent dispersibility, e Excellent dispersibility
o High speed and ease physicochemical, mechanical, and high nanocomposite
of separation from optical, thermal, and electrical stability,
solvent. properties e Large surface area
e High elution, and e High elution and adsorption e Ease of solvent
adsorption capacity. capacity (elution or desorption)
e Possible selectivity for specific recovery
target analytes e High speed and ease of
separation from solvent.
e High elution,
adsorption capacity
¢ Inclusion of more
MNPs
o Possible selectivity for
specific target analytes
Demerits e Tends to self- Difficulty in recovering from Cannot be
aggregate or solvent (elution or desorption) commercialized
agglomerate,
e Less specific surface
area.
o Unstable dispersion
e Non- selective for all
analyte
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4.2.3. Surface modification of graphene-based
sorbent and MNPs with metals

Surface modification plays a crucial role in
enhancing the adsorption process by
introducing specific functional groups to the
adsorbent. This modification influences the
porous structure, surface chemistry, and
improves the adsorbent's affinity for
contaminants. Studies have demonstrated the
positive impact of ligands like S-, N-, and Cl-
on sorbents, increasing its capacity to adsorb
any target analytes. Similarly, to enhance the
adsorption  capacity of  organochlorine
compounds on graphene-based sorbents, one
could consider modifications that introduce
functional groups with chlorine atoms or other
groups known to interact with organochlorines
such as Amino-functionalized graphene
derivatives, = Hydroxyl groups, oxygen-
containing functional groups such as amino-
functionalize. Overall, the presence of certain
functional groups positively influences and
improves the adsorption performance of the
adsorbent.

4.2.4. Surface area of the sorbent

Surface area is an important aspect which
governs the rate of adsorption. The structure of
the adsorbent whether porous or finely divided
materials will significantly impact adsorption
rates. Various solid sorbents exhibit different
adsorption rates under similar environmental
conditions, thus emphasizing the importance of
the adsorbent's structural characteristics. Also,
the increase in the amount of sorbent enhances
the availability of active binding sites and
contact surface area. As the mass increases, the
peak area correspondingly rises, facilitating
mass transfer of the target analytes and
resulting in increased extraction efficiency with
contact time until equilibrium is achieved.
Conversely, an elevated amount of sorbent
exceeding the optimum level adversely affects
the extraction of targeted analytes, impairs the
sorbent's  performance, and leads to
inefficiency, dilution effects, and wastage. This
can be attributed to poor dispersion,
aggregation, or agglomeration of the sorbent
particles within the optimum time frame [137].

2024, Volume 6, Issue 2

4.2.5. Characterization of DES-functionalized
graphene-based sorbent particles

The characterization of DES-functionalized
graphene-based sorbent helps to investigate
and understand the physical and chemical
properties of the fabricated materials for
achieving better analytical performance. These
materials can be characterized based on their
chemical composition, sorbent morphology,
thermal, mechanical, and magnetic properties.
The properties of magnetic graphene-based
sorbents, including shape, crystal structure,
granularity, magnetism, surface area,
dispersion, multi-functionality, and
agglomeration, were analyzed using various
experimental techniques, such as: FTIR (Fourier
Transform Infrared). FTIR is employed to
determine the inherent functional moieties in
the prepared adsorbent. It provides insights
into structural information, such as changes in
functionality and the type and nature of
skeleton atoms through characteristic vibration
spectra. The respective sharp peaks at varying
absorption wavelengths ranging from 1100-
1300 and 1400-1600 cm-!, demonstrate a
stretching vibration of an epoxy functionality in
the magnetic GO. Also, absorption and the
broad peak around the wavelength ranged from
1650-1750 and 3000-3400 cm-1, respectively,
further confirming and indicating the presence
of carboxylic acids in the MGO, as shown in
Figure 2a. Also, various data have shown that
different batches of GO sheets can show a
characteristic peak and bond vibration
appearing at wavelength ~3400 cm-1 ~3434
cm-1, reflecting the presence of O-H stretching
vibration  from -COOH and C-OH
functionalities. In addition, peaks and bond
vibration appearing at wavenumber 1747,
1700, 1637, 1624, 1403, 1235, and 1045cm-!
are attributed to vibration stretching and
bending vibrations of C=0, C=C, C-0-H, and
C-0-C functionalities respectively. This also
reveals the oxidation of graphite precursor by
forming the GO phases. Concerning the
Fe304/GO spectrum, two overall peaks and two
specific bond vibrational modes belonging to
GO and Fes30s phase appearing at the
wavelength of 600 to 500 cm-1(579 cm-1) and
823 cm-lprimarily  indicating the spinal
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magnetic NP in tetrahedral bond 0-M (Fe3+-0%)
and symmetric Fe-O-Fe stretching in
octahedral bonds respectively and confirming
the presence of different magnetic materials in
the GO-based NPs [139] as presented in Figure
2a. The weakening intensity of the peak in the
GO composite sample is a reflection and
assertion of the direct dispersal of Fe;04 NP
into the GO layers and on its surface in the
formed composite sample. In the successful
modification of MGO NP with DES, the FTIR
spectrum indicates the appearance of a broad
vibration band ranged from 3000-3600 cm-! (-
OH), other peaks showing the successful
synthesis of DES appeared at 2939 cm-l,
2883 cm1, 1041 cm! indicating the
appearance of CHsz, CHz and C-N respectively.
Furthermore, the peaks appearing at
1071 cm-}, 1226 cm-1, 1739 cm-}, and
3419 cm-! indicate the presence of oxygen-
based functionalities such as C-O-C, C-OH, and
C=0 stretching vibrations from COOH and O-H,
respectively, as presented in Figure 2. The
peaks appearing at 1645 cm-! indicate the
stretching vibrations of C=C existing in the
Carbon skeletal network while the weakening
of peaks located at 3419 cm-! and 1739 cm-1!
indicate the presence of O-H and C=0
originating from the MGO and MGODES. Also,
these same spectra present a peak at 582 cm-!
originating from Fe-O and confirming that
Fe304is present and another peak at 1033 cm-1
corresponding to C-N stretching vibration
confirms the successful modification of MGO
with DES.

Du et al, reported the spectra of Fes0s,
showing the presence of characteristic band at
wavenumber 558, 1660, and 3225 cm!
corresponding to the Fe-O vibration and
indicating the presence of the hydroxyl
functionalities conjugated on the surface of the
Fez04 NP [140,141], as presented in Figure 2
(a-d). This same characteristic iron band was
clearly seen in position and intensity on FTIR
spectra of the synthesized DES/GO-Fe3;04
nanocomposite  implying the successful
conjugation of GO and F30, NP after
functionalization in DES reaction media [142-
143], as presented in Figure 2c. In addition, the
synthesized DES/GO-Fe;04 nanohybrids FTIR
spectra also indicate the predominant peaks at

Journal of Chemical Reviews

wavenumber 947, 1217, 1472, 1696, 3192, and
3349 cm! originating from C-OH, C-N.
stretching, scissoring band, CHz, shifted N-H, N-
H stretching of GO and DES as presented in 1b.
This also confirms and attests to the utilization
of ChCl: Urea DES for the conjugation and
coupling of Fe30s and GO. Researchers have
reported and provided clarity for each peak in
the FTIR spectra of Fe;04 GO, DES, DES/GO, and
DES/GO-Fe304 nanocompound as presented in
Figure 2b. The position and intensity of the
band at wavenumber 3225 cm-! on the spectra
is assigned to O-H stretching vibrations
originating from the hydroxyl functionalities
[144]. The position and intensity of bands at
wavenumber 1039, 1217,1619, and 1724cm-!
in the GO spectrum are indications of the
presence of stretching vibrations for C=0, C=C,
and C-OH and C-O, from -carboxylic acid,
unoxidized graphitic based nanocomposites
functionalities, respectively [144,145]. The
FTIR spectrum of ChCl:Urea DES confirms the
presence of different visible and characteristic
clear bands at wavenumber 787 cm-1, 867 cm-1,
1436 cm, 1472 cm-, 1613 cm-, 1661 cm-1, and
3323 cm! indicating the N-H, C-N*, C-N, CHz, N-
H, C=0 and -NH; bonds, respectively, the bonds
originate from plane bending, scissoring
stretching vibration from Urea, and symmetric
stretching, vibration bending and stretching
vibration  from  ChCl [140-146], as
demonstrated in Figure 2a.

FESEM (Field Emission Scanning Electron
Microscopy) is a surface imaging technique
used to study the morphology of the prepared
adsorbent. It generates signals illustrating the
atomic composition and surface topography of
the sample. However, limitations include the
high cost of equipment and the requirement for
dry, conductive materials.

XRD (X-ray Diffraction) is used to identify the
phase of the sample, distinguishing between
crystalline and non-crystalline materials. It
determined the material purity and crystallinity
of the prepared sorbent. Researchers have
reported that from the XRD pattern of DES/GO-
Fe304 nanohybrids, the original characteristic
diffraction peaks of GO that were clearly seen
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Figure 2. FTIR spectra of (a) DES, (b) GO, (c) MGO, and(d) Fe30:@GO-DES

with intensities and position at (20) =10° in the
GO samples disappeared in the pattern of
DES/GO-Fe304 nanohybrids, being suppressed
by iron nanoparticles. The functionalization of
the GO with DES resulted in the shifting of this
carbon characteristic peak to (20) =26°,
confirming the reduction of the GO by DES as
attested to by other reported experiments
without further application of another reducing
agent. Also, the DES/GO sheet agglomeration
and restacking arising from the broadened peak
(26) =26° The NMPs characteristic peaks were
clearly seen in their intensities and position at
(26) =30.4°, 35.7°,43.5°, 53.8°, 57.2°, 63.0°
71.4°, 74.4° and 79.1° for Fe30. NP sample
composite. In the same vein, these
characteristics' diffraction peaks were also
observed and clearly seen in the DES/GO-Fe304
nanocomposite XRD spectrum, an indication of
the successful synthesis, deposition, and
conjugation of Fe30s NP on the GO-based
nanocomposite sheets after functionalization
with DES, as shown in Figure 3a. This confirms

the utilization of DES as a coupling reagent
between Fe3z04 and GO NP for functionalization
and surface modification in synthesizing
DES/GO-Fe304 nanohybrids [147-155]. In
another experiment, the XRD spectra pattern of
Fe304@GO-DES shows a significant structural
altercation from GO to Fe30.@GO-DES, there
was a conglomeration of significant sharp
diffraction peak appearing at 10.12° and a wide
diffraction vibration peak at 20.98°, as a result
of the (0 0 2) plane originating from the GO and
short-range order in the graphene layer-
stacked sheets, as shown in Figure 3 (a-c).
Moreover, several primary diffraction peaks
were observed appearing at 30.1°, 35.5°, 43.1°,
53.5° 57.3° and 62.7 belonging to the (2 2 0),
(311), (400), (422), (511) and (440)
planes respectively for Fe3;0.@GO and
Fe30.@GO-DES. It was also observed that a
diffraction peak indicating the presence of GO
was clearly sighted at 21.02°, as shown in
Figure 3b. (a-c). The Fe30.@GO-DES possesses
magnetic properties bringing ease of magnetic
separation.
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Figure 3. XRD image of (a), GO (b) Fe304@G, (c) Fe304@GO-DES patterns (d) spectra pattern of GO, DES/GO,
Fe304, and DES/GO-Fe304 at different molar ration 1:1, 1:2, and 1:5[147]

TGA (Thermogravimetric Analysis) is a thermal
analysis approach that measures the effects of
temperature changes on the mass of the
sorbent sample. It provides information on the
composition and differential thermal stability of
the prepared sorbent. The thermogravimetric
analyzer, otherwise known as TGA Thermostep,
can be used to evaluate various parameters
such as ash, and moisture volatilities at
specified pressure and temperature in a single
examination. This approach can be utilized for
the evaluation of more than 10 samples up to 5
g in mass at a very high-temperature range of
900-1000 °C. In this process, the installation
and removal of the crucible lid are crucial and a
unique feature that enables the concise
evaluation of coal’'s volatile constituents
(Nikitin, 2021). According to Fan et al, MGO-

DES experiences about 2.7- 3.0% weight loss
under  experimental conditions at a
temperature range 150-800 °C, the breaking
down of DES occurred resulting to further
weight loss of about 11.5%, indicating that the
amount of DES conjugated on the basal planes
and edges of the surface of the MGO
nanoparticles was about 11.5%. This is more
when compared to the weight loss exhibited by
Fe30.@GO under the same conditions, thus
confirming the presence of the DES on the
Fe30.@GO particulate. Also, the performance,
flexural modulus, thermal stability, and
composite tensile of epoxy resin were enhanced
with suitable addition of GO functionalized with
fluorinated diol than that of pristine epoxy
[148], as showed in Figure 4.
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and native PMWCNT, KMWCNT, and KTMWCN
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Table 6. The BET surface area of some adsorbent, especially maximum surface areas asmax increasing with
each functionalization step

Adsorbent BET surface area | Total pore volume Average pore
(mz/g) (cm3/g) diameter (A4)
PMWCNT 55.672 0.056
KMWCNT 70.452 0.051
KTMWCNT 103.18 0.049
PChCI-CNTs 197.8 1.19 241.28
Pn,n-CNTs 169.7 1.27 300.9
P-CNTs 123.54 0.62 20.49

BET (Brunauer-Emmet-Teller) is utilized to
evaluate the specific surface area of the
prepared adsorbent, offering insights into its
porosity and surface characteristics, using a
cross-sectional area (16.3 A) of nitrogen
molecules. Generally, the De Boer method, also
known as the t-plot is utilized to determine
external surface area and microporous volume.
This method involves analyzing the adsorption
isotherm at low relative pressure values to
distinguish between adsorption into the
micropores (pores with a size < A) and
adsorption onto the external surface. A
reference curve obtained for a non-porous solid
is used for comparison to differentiate these
adsorption processes. For example, Table 6
summarizes the effect of surface area and pore
diameter with increase in functionalization
with DES. It may also be due to the removal of
impurities on the surface of the sorbent by the
used DESs.

VSM is used for measuring the magnetic
characteristics of materials, specifically
focusing on parameters like magnetic
susceptibility, magnetization (ferromagnetic,
antiferromagnetic, and paramagnetic
properties), and magnetic hysteresis loops.
Others include ICP-OES (Inductively Coupled
Plasma Optical Emission Spectroscopy) which
is used to determine elemental compositions of
the prepared sorbent. XRF (X-ray Fluorescence)
is utilized to assess the elemental compositions
and evaluate optimal functionalization
conditions. HRTEM (High-Resolution
Transmission Electron Microscopy) offers
direct imaging of the atomic structure of the
sample, aiding in studying properties of sorbent
nanomaterials, especially the size and
arrangement of the framework network. AFM
(Atomic Force Microscopy) is a scanning probe

microscopy tool used for imaging surfaces at
atomic scales. Energy-dispersive X-ray detector
(EDX) combined with SEM enables the
simultaneous collection of topographical and
crystallographic data. Although, the Energy
Dispersive X-ray Analysis (EDX) is a non-
destructive technique used to identify the
elemental composition of materials, enabling

elemental and compositional analysis,
elemental mapping of a sample, and image
analysis. This approach can provide

quantitative, qualitative, semi-quantitative, and
spatial distribution of elements through
mapping. X-rays are generated when a sample
interacts with an electron beam, to assess the
quantity of specific elements in the sample as
well as its compositional maps. Additionally,
EDX is used to measure multi-layer coating
thickness of metallic coatings and analyze
various  alloys.  These  characterization
techniques collectively provide a
comprehensive understanding of the m-GO-DES
sorbent, enabling optimization for analytical
applications.

4.3. OCPs Concentration

The initial concentration of OCPs in the solution
can affect removal efficiency. At low
concentrations, the adsorption efficiency in
MSPE is higher due to increased availability of
binding sites on the sorbent material,
facilitating a more effective adsorption process.
Rapid attainment of equilibrium and saturation
at low concentrations is advantageous,
ensuring efficient utilization of the sorbent.
Mass transfer of OCPs is often more favorable at
lower concentrations, aided by a concentration
gradient, enhancing movement from the sample
matrix to the sorbent. Higher sensitivity at
lower concentrations is crucial for accurate
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detection in analytical methods, and MSPE's
good adsorption efficiency at low
concentrations enhances overall sensitivity.
Lower initial concentrations pose a challenge to
the sensitivity and detection limits of the
analytical  technique.  Generally, higher
concentrations might require longer contact
times or higher adsorbent dosages.

4.4. pH of the solution

The pH of the solution influences the charge on
both the adsorbent and OCP molecules,
affecting their interaction. In any extraction
experiment, the effect of pH on the sample is
critical because it influences the charge and
stability on the surface of the adsorbent and the
charge on analytes [149]. For analytes with
acidic and basic functionalities, the pH of the
sample solution alters the available chemical
species (e.g, anions, cations, or neutral
compounds), thus regulating the diffusion ratio
of the target analytes to the binding sites
(acceptor phase).

For example, the adsorption of pesticides on
modified graphene oxide is greatly affected by
the pH of the solution. The oxacyclopropane or
oxirane group which is the main active site in
all tested pesticides, is strained and easily
affected by adjacent substituents acids and
bases. In aqueous solution, the
oxacyclopropane group maintains a positive
charge ion, while the modified graphene oxide
surface is negatively charged. Thus, the solution
pH affects both the surface charge of the

* 2
Cl—/™H R

Na

- (/ \
=

OH + R3—\R
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modified graphene oxide and the degree of
polarization of pesticide molecules. As the
solution pH increases, the adsorption of
pesticides on modified graphene oxide
increases. The adsorption is an electrophilic
attack of pesticide carbon [C+] on modified
graphene oxide surface. In the presence of acid,
there are two contrary actions; the first is the
catalyzed ring breakage and a true positive
charge on the carbon atom according to the
following mechanism, as presented in Scheme
9.

In a basic solution, the hydroxide (OH) group of
the base initiates an attack on the slightly
positive carbon, leading to ring opening. This
process results in the formation of a negatively
charged ionized oxygen, represented as R-O-
Na+, as illustrated in the mechanism as
presented in Scheme 10.

The pH values of the sample solution can affect
the dispersion and formation of the sorbent in
the aqueous medium. Adsorption efficiency for
neutral target compounds can increase with an
increase in pH from 2.55 to 6.46 or leach the
MNPs, while some low-polarity targeted
analytes will be eluted at the optimum pH range
of 6.56-7.12 (OCPs), affecting their desorption
in the aqueous medium. Other compounds can
achieve their optimum extraction efficiency at
pH 8, and any pH > pKa may not be favorable.
Hence, the optimum experimental pH should be
evaluated, adopted, and maintained for
subsequent  experiments. Optimal pH
conditions vary for different adsorbents and
OCPs.

R
R2
(3 \

+ R#Rl — /c+ l OH

R R3 Rl
Scheme 9. Effect of pH on pesticide in acidic medium
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N
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Scheme 10. Effect of pH on pesticide in basic medium
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4.5. Temperature

Adsorption processes are often temperature-
dependent. An increase in temperature
significantly affects the adsorption process as
adsorbate molecules are removed from the
adsorbent due to the increased kinetic energy
of the sorbents. Usually, elevated temperatures
can enhance the diffusion rate of the analyte in
the liquid sample matrix, while excessively high
temperatures may reduce the partition
coefficient of the analyte between the sorbent
and the water sample [137]. The adsorption
capability is adversely affected by temperature,
and as the adsorption temperature increases,
there is a decrease in adsorption capability.
Temperature influences the thermodynamic
parameters of adsorption, such as the
equilibrium constant and free energy change.
The adsorption equilibrium  constantly
decreases with increasing temperature,
indicating a decrease in adsorption affinity.
However, the free energy change of adsorption
usually becomes more negative with higher
temperatures, indicating that the process is
more spontaneous. For example, the influence
of temperature on the adsorption of OCPs was
investigated in the range of 30-70°C. The
adsorption of most pesticides reached the
highest value at 40°C, and when the
temperature continued to rise, the peak areas
gradually decreased or no longer changed
significantly. Thus, changes in temperature can
influence the kinetics and thermodynamics of

adsorption, impacting removal efficiency.
Temperature has a negative effect on
adsorption  capability, with  adsorption
capability decreasing as the adsorption

temperature increases. Therefore, adsorption is
inversely proportional to temperature.

4.6. Contact time and choice of desorption
solvent

The duration of contact between the adsorbent
and the solution is crucial. Adequate contact
time allows for sufficient adsorption, and this
factor may vary based on the specific adsorbent
and OCP combination. The exposure/contact
time between the synthesized sorbent
nanomaterial and the aqueous medium should

2024, Volume 6, Issue 2

sufficiently ensure the equilibrium of
extraction. An increase in contact time
enhances the peak area, resulting in increased
extraction of the target analyte and improved
extraction efficiency. The vortex time is
consistently kept under 5 minutes while other
variables remain constant. Immediately after
reaching the optimum vortexing time, there is
no further increase in extraction efficiency,
signifying the attainment of extraction
equilibrium. Any additional increment in
extraction time will not enhance the extraction
performance of the sorbent. Instead, there may
be a decrease in extraction performance,
attributed to the back diffusion of the target
analytes [150].

The condition is assessed by fully immersing
the sorbent in an appropriate desorption
solvent (usually < 300 pL) for a specific
duration with the aid of sonication. This
process ensures strong elution of the target
analytes present in the sorbent's pores.
Sonication enhances extraction/desorption
efficiency. Various types of green elution
solvents, such as methanol, isopropanol,
acetone, 1-propanol, acetonitrile,
dichloromethane, and mixtures like acetone
and acetonitrile, are essential for achieving
higher efficiency, preconcentration factors,
limits of detection (LOD), and dispersibility of
the sorbent for extracting a wide range of
pesticides. The LogP of these solvents is crucial
for determining polarity, as it can increase the
affinity of both hydrophilic and hydrophobic
target analytes towards the desorption sorbent
more than the sorbent material itself, making it
vital to the process. Additionally, more polar
solvents are suitable for eluting relatively polar
or more polar analyte [150].

4.7. lonic strength

The presence of ions in the solution can
influence adsorption. This is also known as the
salting-out effect. The addition of salt (NaCl, 0-
5% w/v) with varying concentrations
decreases the solubility of target analytes via
the salting-out effect in the aqueous medium,
thus increasing the extraction efficiency of the
targeted analytes (OCPs). The enrichment
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factor is based on the affinity of the target
analytes (OCPs) with the synthesized extraction
sorbent [151].

Conversely, a further increase in salt
concentration (>8%) after the optimum
concentration will increase the viscosity of the
solution and impede the mass transfer of
targeted analytes. However, it has also been
reported of a decline in analyte recovery with
the addition of 5% salt, whereas a remarkable
increase was observed at 15% additional salt.
This can also affect light and heavy pesticide
molecules, especially those with increased
aromatic rings and molecular weight. High
ionic strength may compete with OCPs for
adsorption sites, affecting the overall removal
efficiency [151].

4.8. Matrix interference

The composition of the matrix in which OCPs
are present can interfere with the adsorption
process. The matrix effect must also be
investigated because the analytical response of
the targeted analytes can be altered by the co-
elution and co-extraction of chemicals from the
complex environmental matrices [152]. It was
also observed that suppression and
deterioration from interfering with multiple
compounds can affect the ionization capability
of the targeted analytes during separation. This
can lead to poor limits of detection (LODs) for

targeted analytes, rendering the results
fallacious. MSPE has overcome several
drawbacks associated with conventional

extraction approaches, such as selectivity,
sensitivity, complexity, and excessive solvent
usage. Complex matrices, such as those found in
natural waters or wastewater, may require
additional treatment or modification of
adsorption methods.

4.9. Presence of other ions

The presence of additional ions can
significantly impact the adsorption process.
Previous studies indicate that certain ions
including sodium, potassium, calcium,
aluminum, and magnesium, can adversely affect

Journal of Chemical Reviews

adsorption due to their ionic charges.
Researchers have reported that monovalent
ions have minimal influence on adsorption,
whereas divalent ions attributed to their higher
ionic strength, exhibit a notable impact. The pH
of the environment plays a crucial role in
determining the interaction between competing
ions and contaminants. The specific ions
hindering the adsorption process are pH-
dependent [153]. In another experiments,
Phosiri et al. proposed that silica-coated mixed
iron hydroxides functionalized with deep
eutectic solvent (MIH@SiO2@DES) utilize
hydrophobic interaction, hydrogen bonding,
and m-m interactions for the extraction of
organochlorine pesticides (OCPs) [154].

4.10. Adsorbent regeneration

The ability to regenerate and reuse the
adsorbent after every cycle of adsorption
experiment is an important practical
consideration. Regeneration of spent sorbent is
key when considering sustainable industrial
scale processes because it reduces overall time,
workforce, the cost of production within the
laboratory, scientific chemical properties,
occupational and environmental hazards. Also,
it ensures that sorbents use up their full
potential before disposal into the immediate
environment. For an ideal sorbent, there is an
excellent display of regeneration and
desorption potential as well as retaining a high
amount of adsorption capacity [155]. This
invariably increases the efficiency of sorbent
and reduces the cost of the adsorption process.
Although, it is evident that various sorbents
exhibit different regenerative capabilities based
on their compositions and synthetic routes.
Hence, regeneration and desorption are critical
factors to be evaluated in adsorption toward
the significant decline in cost and
commercialization of DES-modified magnetic
graphene oxide sorbents. Generally, thermal
treatment and desorption strategies are
employed for the regeneration of sorbents.
After adsorption from OCPs, the spent
adsorption is separated from the contaminated
solution, recycled, and eventually regenerated
for the adsorption of these toxic chemicals.
There are different conventional methods such
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as magnetic and electric field, filed flow
fractionation, centrifugation, and cross-flow
filtration, which are suitable for separating
spent adsorbents from solution. The separated
spent adsorbents can be regenerated using
different suitable desorption solvents (eluent
agents). The choice of desorption solvents to be
employed depends on the nature of both the
sorbent and absorbate and target analytes
(OCPs). Different solvents such as ethanol,
methanol, isopropanol, acetone, 1-propanol,
acetonitrile, and dichloromethane, including
mixtures like acetone and acetonitrile are
employed to regenerate the capacity of
adsorbents efficiently. In the desorption
process, it is crucial to choose solvents that do
not react with the chemical functional groups,
as well as ensuring the preservation of the
adsorbents' texture [156]. The author clearly
stated that the solvent used impacts negatively
on hysteresis coefficient, emphasizing the need
for compatibility and its influence on the
reversibility of adsorption. The negative
hysteresis was explained to be due to the
sequestration of solutes in the organic carbon
content and the entrapment of pollutants
within the micro and mesopores of the
adsorbent [157]. Adsorbents that can be easily

regenerated without significant loss of
efficiency are preferred.
5. Removal Studies and Adsorption

Mechanisms

The removal and adsorption mechanisms of
organochlorinated pesticides (OCPs) involve
the interaction between the OCPs and
adsorbent surfaces, which can be influenced by
various physical and chemical properties.
Adsorption process takes place via adhesion of
particles from liquid phases onto the solid
surface of adsorbents with the help of
electrostatic attraction [158]. The capability of
the adsorption process can be evaluated with
the help of percentage removals i.e. RE (%) and
sorption capacities i.e. qm. In general, principal
component analysis (PCA) supported the
previous statements and affirmed that
adsorption of OCPs on mGODES is influenced by
different physico-chemical properties. Hence,
selecting one key property to explain the

2024, Volume 6, Issue 2

efficiency of OCPs adsorption proved difficult,
as the affinity between OCPs and MGODES was
found to be the result of a combination of
several factors. These critical parameters
include the presence of functional groups,
strong variations in porosity of sorbent, surface
charges, lipophilicity, complexation, ion
exchange carbon content and chemical
interaction between Metal ion(s) and inherent
functional groups on the adsorbent surface to
remove the metal ions from any aqueous media
[9]. In addition, it is most likely that the degree
of competition between different compounds in
the environmental matrices for adsorption on
sorbent (including OCPs and other matrix
compounds), could influence the effective
adsorption of OCPs. Also, increasing pH, the
functional groups on the surface of the
adsorbent gradually become de-protonated and
negatively charged, amongst other several
mechanisms creating a strong adsorption force
resulting into formation of complexes between
the metal cations and the anionic surface.
Exchanging metal ions such as Ni%* ions with
ionized sites of the adsorbent results in
adsorption of nickel ions on of sorbents
oxidized surface. Therefore, the impact of these
properties on the removal of pesticides is
studied using various kinetic and isotherm
models thus enhancing the understanding of
the mechanism involved in removing the OCPs
[159].

5.1. Adsorption thermodynamic studies

The relationship  between adsorption
capabilities and the  physical-chemical
properties of OCPs has been studied,

emphasizing the adsorption kinetic and
adsorption isotherm of OCPs. This highlights
the importance of understanding the
interaction between OCPs and adsorbents for
effective removal. During the adsorption
process, organochlorine pesticides (OCPs) are
rapidly adsorbed onto the surface of mGO-DES
due to the presence of numerous vacant surface
sites and the heightened affinity of interacting
functional moieties in the initial stage of
adsorption. Subsequently, a repulsive force
between OCP molecules on the solid-liquid
phase hinders further occupation of the
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remaining vacant surface binding sites.
Adsorption reaches equilibrium when the outer
surface of the mGO-DES sorbent becomes
saturated [160].

The energy interactions between the adsorbent
and the contaminant can be explained through
thermodynamic modeling, offering insights into
whether the mechanisms involved are chemical
or physical. A change in enthalpy (AH,) above
40 kJ/mol suggests a high probability of a
chemical mechanism, while values below 40
kJ/mol indicate involvement of physical
adsorption mechanisms [161]. Physical
interactions are known to be weak interactions
and prone to dissociation in water elution, but
chemical interactions involve strong
weak/bases/ionic solvents an indication of low
probability of contaminant dissociation.
Techniques like FTIR and XRD serve as
identification pathways for the mechanistic
behavior of adsorbent-sorbate interactions
[162]. The feasibility of adsorption processes is
evaluated by examining thermodynamic
parameters that quantify energetic changes
during adsorption using the Van't Hoff
equation. These parameters, including standard
enthalpy (AH°), standard entropy (AS°), and
Gibbs free energy (AG®), are instrumental in
indicating the spontaneity of the adsorption
mechanism and characterizing whether the
adsorption processes are exothermic or
endothermic. Over the years, researchers have
employed or incorporated inadequate and
wrong constants such as distribution coefficient
Kq and L/g into the Van't Hoff equation to
interpret the thermodynamic mechanism
between graphene and Graphene oxide-based
sorbents for aqueous sample, waste water, and
contaminated waters treatment [163-172]
yielding erroneous values, therefore
thermodynamic parameters are expressed and
calculated by Equation (1-3). Furthermore,
evaluating the principles of chemical
equilibrium ameliorate this, also
thermodynamic equilibrium constant ought to
be derived from isothermal studies.

o

AG® = —RTInK (1)
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where K represents the thermodynamic constant

, R represent the ideal gas constant (8.314
J-mol-1-K-1), AG® represents Gibbs free energy
change, AH® represent the change in standard
enthalpy and, AS° represents standard entropy
change.

AS®  AHP
Ink, =—-
R RT

Where, R represent gas constant (

(2)

8.314/

mol),T represents absolute temperature, and

k. represent equilibrium constant
(dimensionless).
1000
ke=——1 (3)
Ce

The value of AG® illustrates the spontaneity of
the adsorption of the target analyte on the
adsorbent, meanwhile, if the wvalue falls
between -2- and -80k]/mol. It implies that both
chemisorption and physisorption
simultaneously occur in the adsorption process,
but if the value range falls between -20 and 0
kJ/mol, it implies that the adsorption process
occurred by physisorption only. The values for
AG® and AH° were evaluated from the linear

plot of In k. against % from Equation 3. If the

values of AS° and AH° are positive, it implies the
degree of randomness/ unpredictability of the
adsorbent/solution interface and the
adsorption of the target analyte is endothermic,
respectively.

In the adsorption of some pesticides, a negative
AH, implies an exothermic process and in most
instances of such adsorption exhibit negative
AG, which indicate the occurrence of
spontaneous  adsorption. For instance,
researchers have reported the thermodynamic
modeling of chlorpyrifos on sorbents at varied
temperatures revealing a reduction in the rate
of adsorption at elevated temperature (295 to
323 K), a negative AH, and an exothermic
reaction [170]. Researchers have also reported
adsorption of chlorpyrifos using nanoparticles
sorbents by [171]. In this experiment, a AS, is
negative suggests reduced disorder when the
contaminant is adsorbed on the sorbent pores.
Conversely, a positive ASy, can indicates a
higher rate of disorder [172]. Hence, the
adsorption mechanism is identified as physical
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if the AH, is less than 40 k]J/mol. Therefore, a
negative AHq signifies favorable adsorption,
while AS, determines whether the reaction is
associative or dissociative that is when ASe
values is greater than 10 J/mol it is an
indication of dissociative behavior while ASe
<10 J/mol represents associative behavior.

5.2. Adsorption isotherm and kinetics

A statistical analysis was conducted to identify
the most effective isotherm models for
describing the majority of adsorption processes
involving organic pollutants in wastewater
across various clay types. The isotherm model
is graphically represented by a curve
illustrating the connection between the
adsorbate's quantity on the adsorbent,
adsorbent, adsorbed species, and the
concentration (in the case of liquids) or
pressure (of the adsorbate in the case of gases)
in a system at a consistent temperature. The
shape of adsorption isotherms can vary, and the
International Union of Pure and Applied
Chemistry (IUPAC) has classified them into six
types (I, 11, III, IV, V, and VI) based on their
characteristics. These different types represent
distinct behaviors and can be observed in
various adsorption processes [173]. The
adsorption isotherm models are represented
based on their shape in Figure 5.

Type I is a concave model on the x-axis (relative
pressure), and it is reversible. This model is

2024, Volume 6, Issue 2

found in activated carbon and molecular zeolite
[174]. Type 1l is also reversible, regular, and can
be derived from non-porous adsorbents. For
example, this adsorption model can be found in
the adsorption of Nitrogen on silica gel [175].
Type 1II is a convex model on the relative
pressure axis, and a common example of this
model is the adsorption of water vapor on non-
porous carbon [176]. Type IV is characterized
by its hysteresis loop based on the resultant
effect from capillary condensation ensuing in
the mesopores of the sorbent and the limiting
uptake over a high-pressure range. A typical
example of this model is the adsorption of
water or humid air on a few selected types of
activated carbon [177,178] While, Type V
isotherm model as described by literature
defers from the type III model by its relatively
weak interaction between the adsorbent and
the adsorbate [179]. Although, this model is not
very common, it does appear in specific porous
adsorbent materials. A notable instance
involves the adsorption of water on substances
like carbon molecular sieve, graphene-based
sorbent, or activated carbon fiber. On the other
hand, type VI isotherm model is characterized
by multilayer and stepwise adsorption
processes that take place on a uniform
nonporous surface, as represented in Figure 5
[180]. This particular model is observed in the
adsorption of inert gases on the planar surface
of graphite.
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Figure 5. Schematic illustration of the IUPAC classification of adsorption isotherms
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Several kinetic models are utilized to describe
the interaction mechanism between adsorbent,
and adsorbate, providing insights into the rate-
determining step and the overall adsorption
process. The pseudo-order kinetic model is
commonly applied, indicating that chemical
mechanisms play a significant role in the rate of
adsorption. Specifically, the pseudo-first-order
and  pseudo-second-order  models are
frequently employed to elucidate the removal
processes of pesticides, such as organochlorine
pesticides (OCPs). The application of the
pseudo-second-order Kkinetic model is often
grounded in chemisorption, where the rate-
limiting step involves valence forces through
electron exchange or the sharing of electrons
between the sorbate and the sorbent, rather
than intramolecular diffusion (as expressed by
Equation (20)). In recent studies, adsorption
equilibrium data are commonly analyzed using
the two-parameter Freundlich and Langmuir
isotherm models [101]. The analysis findings
revealed that the Langmuir model is
predominantly utilized to fit experimental
adsorption data, with approximately >80% of
adsorption studies employing this model.
While, the Freundlich model is the second most
commonly applied, with a usage percentage of
<60% in adsorption processes. The Freundlich
model is applied to describe multilayer
adsorption on non-uniform surfaces,
emphasizing the effect of physisorption and
diverse adsorption mechanisms. Conversely,
the Langmuir model is used for finite identical
adsorption sites, illustrating the impact of
chemisorption on uniform surfaces and
elucidating related adsorption mechanisms
[181, 182]. The validity of an adsorption system
is predicated on the plausibility and functions
expressed from fundamental assumptions of
the two prominent isotherm models.

Langmuir isotherm linear and nonlinear
equations are attainable in Equations (4, 5),
respectively. Besides, the dimensionless
Langmuir's isotherm constant (separation
factor) expresses unfavorable adsorption when
R.L>1; favorable adsorption when 0 <Rp<1;
irreversibility when R = 0; and linearity when
R.L=1 for all adsorbent-adsorbate systems as

Journal of Chemical Reviews

expressed in Equation (6). In the Langmuir
model, if the values obtained for R2 are higher,
it implies that the adsorption process of the
analytes of interest involves non-uniform and
multilayer surfaces of the adsorbent[183] as
shown in Table 7. It is factual, that in any
adsorbent-adsorbate systems, the values of R
will always fall within the range of 0-1
regardless of C, values. The separation factor R
is not a suitable parameter to evaluate the
robustness of the adsorbate-adsorbent
interaction, the favorability of the sorption
process as well as the affinity of the sorbent
toward the analyte of interest.

C 1 Ce
o1, C 4
9 9,KL ay (4)
_ 9K Ce
e~ 14Ky Ce (5)
1
RL= ke, (6)

Where, Ky is the Langmuir isotherm constant
(L/mg), Ccis the equilibrium concentration of
adsorbate (mg/L), ge is the adsorbed adsorbate
per gram of the adsorbent at equilibrium
(mg/g), q9 maxis the maximum adsorption
capacity (mg/g), and C, is the initial adsorbate
concentration (mg/L).

Freundlich model adopts simultaneous solute
adsorption on non-uniform sorbent surfaces,
characterized by exponential distribution of
sorption energy, as shown in Table 7. The
Freundlich linear and non-linear model is given
in Equations (7, 8). An ideal sorbent material
must fulfill more than one isotherm model
depending on the nature of the sorbent
material. Furthermore, if the values obtained

for % is between 0 and 1, the adsorption process
using this model is said to be favorable. If the
value is less than 1, it suggests the availability

of multilayer and heterogeneous adsorption
systems.

q,= KiC,"" (7)
logq, = logK¢ +%logCe (8)

Where, q.is the capacity or
adsorbed adsorbate per gram at equilibrium
(mg/g), K¢is Freundlich isothermal constant,
and n is the intensity.

adsorption
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The Temkin isotherm model is built on strong
electrostatic interactions and can be expressed
in Equation (9) as:

q, = B InKt + BInC, (9)

Where,

Kr is the Temkin isotherm constant linked to
the heat of adsorption and equilibrium binding
energy.

B comprises of —* Ky and

The Temkin isotherm model examined how the
concentration of the adsorbate alters the
adsorption process when it is too low or too
high. More also, the adsorbent active binding
sites allow more adsorbate due to increased
adsorbent-adsorbate interaction. Thus, the
Temkin kinetic model proposes that all
sorbents’ active binding sites have uniform
energies, so the Temkin constant (br) describes
the variation of adsorption energy, and states
whether the adsorption is endo-(by < 1) or
exothermic (bp>1).

The Dubinin-Radushkevich isotherm model (D-
R) is employed to ascertain the nature of the
adsorption process as either physisorption or
chemisorption, as shown in Table 7. This can
be expressed by Equations (10) and (14):
Inq,=Inq_— BE? (10)
Where, q, is the adsorption capacity (mg/g),
Bis the adsorption energy constant, T is the
temperature (K), R is the universal gas constant
and, € is the Polanyi potential, as expressed in

Equation (11) is related to equilibrium
concentration.

&= RTIn (%) (11)
An adsorption process is said to be chemical
adsorption (chemisorption) if the E. value
ranges from 8-16 kJ/mol), while, the adsorption

process is said to be Physisorption if the Ecais
less than 8 k] /mol [184]

Also, The Dubinin-Radushkevich isotherm
model is based on the adsorption potential
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theory, as expressed 1 Equation (12). It
assumes that the adsorption process is more
linked to micropore volume filling than the
multilayer (layer-layer) sorption experienced
on the pore walls [185].

9, = q,e<) (12)
Where, C; is the saturation concentration
(mg/L), C is the bulk liquid concentration
(mg/L), B is the Dubinin-Radushkevich
isotherm constant (mol2.k]J-2. The value of § can
be calculated as mean energy of sorption (E)
according to Equation (13):

£ = RTIn (1 +Ci)

) e
E_\/T[i’

(13)
The Halsey isotherm model is utilized to
describe the layer-layer adsorption process
[186], as expressed by Equation (14):

lnqez[%anH]—%lnCe (14)
Where q, is the adsorption capacity (mg/g),
Ceis the equilibrium concentration and Ky is
the Halsey isotherm model constant.

The plot of the linear graph oflngq, against
In C, reflects the degree of heteroporosity of
the sorbents developed. The n value indicates
whether the adsorption process is favorable, if
it falls between 1 and 10, while, it is said to be a
poor adsorption process if the
n value is less than 1 [187].

The Toth isotherm model is a three-parameter
equation utilized to describe the adsorption
process on heterogenous surfaces as expressed
by Equation 15. This empirical Langmuir-
modified model is a monotonically enhanced
expression that correctly several sub-
monolayer systems; can be used to calculate
excess adsorption [188]. In addition, the model
overcomes the drawbacks of high and low ends
pressure of Sips and Freundlich isotherms and
is expressed as follows:

que

1
1 . conr\oT
(KT +Ce )

q, = (15)
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Where, q, is the adsorption capacity (mg/g),
Ceis the equilibrium concentration, Ktis the
Toth isotherm model constant (mgg-1) and nyis
the Toth isotherm constant (mgg1).

Whenn = 1, the toth equation is reduced to
Langmuir isotherm equation, hence, n
characterizes the heterogeneity of the
adsorption process. it can also be expressed in
linear form as expressed in Equation (16):

In qnq_gqn =nilnK; + nin C, (16)

The Khan isotherm model is a three-parameter
isotherm utilized for the adsorption of bi-
adsorbate from pure dilute equation solutions,
as shown in Table 7. Researchers have also
used a non-linear approach to obtain this
isotherm model. The khan isotherm is given by
Equation (17):

_ _ 9maxbkCe

qe - 1 +bKCe)aK (17)

Where, q, is the adsorption capacity (mg/g),

Gmax!S the

Khan isotherm max adsorption capacity (mg/
g), Ccis the equilibrium concentration and bgis
the Khan isotherm model constant (mg/g1) and
ag

Redlich-Peterson isotherm model is an
empirical mix of Freundlich and Langmuir
isotherms, hence the adsorption mechanism
does not follow ideal monolayer adsorption, as
shown in Table 7. The model is defined by the
Equation (18):

_ _KgrpCe

€ " 1+agpCt
(18)
Where, q, is the adsorption capacity (mg/g),
Ceis the equilibrium concentration, Kgpis the R-
P isotherm model constant (L/g1) and agp
(mg/L), and g is dimensionless; lies between 0
and 1.

= ln(kRZ—:—l)zglnCe+lnaR

Sips isotherm model is a combination of
Freundlich and Langmuir isotherms, capable of
predicting adsorption on majorly heterogenous
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surfaces, thus eliminating the Freundlich
drawback of increased adsorbent
concentration; and expressed in Equations
(19-21). This Sips isotherm depends on pH,
concentration, and temperature. It also differs
by non-linear and linear regression.

Tom(te = cernis {42
Bs
KsCl
CIe: 1— asceﬁ’s (20)

The linearized form is expressed as follows:
B InC,=-In (j—) +1n (ay) (21)

Where, q, is the adsorption capacity

(mg/g), Ccis the equilibrium concentration,

Kis the Sips isotherm model constant (Lg1),
asis the Sips isotherm model constant (Lg1),
and fis the Sips isotherm exponent.

The adsorption kinetic models are postulated to
give information on the rate-determining step
and the reaction mechanism, these models also
help to determine the adsorption rate and
equilibrium time. Also, they are used to
determine the relationship and dependence of
the adsorption capacity of the target analyte
(adsorbate) relative to the adsorption time. In
addition, they are employed to evaluate the rate
and efficiency of the adsorption process [189-
200].

To determine the suitability of an adsorption
model to designated adsorption kinetics, the
regularized standard deviation value (%) and
relative error (%) are employed, as expressed
in Equations (22) and (23).

2
ACI(%) — ((Qexp_jlvc:zll)/%xp) «100

(22)

Relative error (%) = 100 (@) (23)
exp

Where N is the number of data points,

Jexpls the experimental adsorption capacity,

(mg/g) and q.4is the calculated adsorption

capacity (mg/g).

Theoretically, the model is said to be suitable if
the relative error and standard deviation values
are lower [85].
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Table 7. Adsorption process parameters for DES-functionalized graphene oxide nanomaterials used to

remove/degrade different pollutants

o = N 132} = ' €} ~
] o o (e o (@) (=) (=)
= fa a al [ al [ a
N
[9\]
S
i
<« =
N 0 8
i3 o ~ ) i <2 S 5 S
s E 3 % o 7 fg | |/F =
— . o Te)
& N o
3 S
Ne)
(e}
S
i
- Pseudo Pseudo Pseudo Pseudo Pseudo Pseudo second Pseudo-
Kinetics second second second second-
second order second order order
order order order order
Langmuir, .
Temkin, and Langmuir
Isotherm | Langmuir Freundlich Freundlich | Langmuir | Langmuir Freundlich Freun Q,:n: adsorption
. isotherm
isotherms
2-MAQ
Cd(I1) Hg
. OCPs (DDT, Chloropheno
Target crevny | D NECD, cd(in 2-CP B-napthol, DDE,DDD, | xyacetic acid
analytes Cr (VI) and phenol phenol -
Methoxychlor herbicides,
Pb (1I)
Magnetic
ionic Graphene . RGO-BCD Magnetic Few-layered
. . : NRG Magnetic ECH
liquid/chi sheet with GO- graphene graphene
Sorbent . graphene CS- :
tosan/gra ferroferric . Fe304/PRd dolomite nanosheets
: oxide PANI@GO
phene oxide RGO (DMG) (GNs)

oxide

281



https://www.jchemrev.com/article_196184.html
https://www.jchemrev.com/article_196184.html
https://www.jchemrev.com/article_196184.html
https://www.jchemrev.com/article_196184.html
https://www.jchemrev.com/article_196184.html
https://www.jchemrev.com/article_196184.html
https://www.jchemrev.com/article_196184.html

Journal of Chemical Reviews

2024, Volume 6, Issue 2

Table 7. Continued
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functionalized graphene oxide (AGO) aerogels; mGO:magnetic graphene oxide
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The Elovich kinetic model is based on chemical
adsorption and can be expressed and calculated
by Equation (24)

g = ~In(af) + >Int (24)
B B

Where, a repersent the adsorption rate, 8

represents the activation energy and

q:represents the binding capacity.

The rate of diffusion at the early adsorption
stage is calculated by the intraparticle diffusion
kinetic model and expressed by Equation (25)

1
g = Ktz + ¢ (25)

Where, K represent the intraparticle diffusion
rate constant, t represent constant time and, c is
the intercept.

In theory, K is directly proportional to the
thickness of boundary layers. The process of
adsorption obeys the intraparticle diffusion if
the R2=1. Furthermore, if the intercept of the
linear graph passes through the origin, the
intraparticle diffusion of the target analytes
(adsorbate) adsorption onto the adsorbent
nanoparticles may be said to have obeyed the
early stage of the adsorption process.

The external diffusion Kkinetic model is
calculated by Equation (26):

Inh = —kgyt (26)
Where,

Cirepresent the concentration of solute in a
liquid phase, t is the reaction time and, k,,;
illustrates the diffusion rate constant. The
intercepts for the linear graph may not pass
through the origin which implies that the
adsorption process involves external diffusion,
although it may not be the rate-determining
step.

BET isotherm model is calculated by Equation
(27):

X 1 c-1
Q(1-x) QmC  QmC
Where, relative pressure x= (P / p ), Q: amount

o

(27)

of adsorbed adsorbate at x, Q,,: quantity of
adsorbate required for monolayer coverage of

2024, Volume 6, Issue 2

adsorbent and c: equilibrium constant for first
adsorption layer.

Dual Langmuir model is calculated by Equation
(28):

Am,2K12Ce 2
14K 2Ce ’

dm,1K1,1Ce1
1+Kp,1 Ce’1

e = (28)
Where, q,: equilibrium capacity, g, 1, qm 2:
maximum adsorption from two Langmuir
models, K} , K} 1: Dual Langmuir constant, and
C,:equilibrium concentration.

Linear isotherms model is calculated by
Equation (29):

Cs = Kp Ce,

Cs = saturtion concentration (mg/L),

(29)

C.: Equilibrum concentration (mg/L)and K,
Partition coefficient.

5.3.  Reproductive  risk
Organochlorine Pesticide

assessment  of

The estimation of the mean daily intake (MDI)
for Organochlorine Pesticide (OCP) residues
involves the characterization of health hazard
quotients (HQ) and hazard index (HI). It is
crucial to highlight that, environmental
matrices bee-derived products (such as like
propolis, honey, honeybees, beeswax, royal
jelly) serve not only as food but also as raw or
intermediate materials for natural medications,
supplements, additives, and in the preparation
of cosmetics and pharmaceuticals. Thus,
contribute to distinct pathways of human
exposure to pesticide residues [202].

Estimation of the Mean Daily Intake (MDI) of
Organochlorine Pesticide (OCP) residues.

The Mean Daily Intake (MDI) of Organochlorine
Pesticide (OCP) residues in environmental
samples was calculated using Equation (30).

MDI =22X¢ (30)
BW

Where, PS is the average concentration of OCP
residues in environmental samples expressed
in pg/kg, QQ is the amount of Environmental
sample consumed by a person, and BW is the
consumer’s body weight. For example, based on
the recommendations by the Food and
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Agriculture Organization/World Health
Organization (FAO/WHO), the average daily
honey consumption is said to be 50 g of per
person per day for adults, and 9-11 g per
person per day for children [203,204]. This
approach will help to quantify the potential
exposure to OCP residues through honey
consumption for different age groups.

5.3.1. Evaluation of the health hazard quotient
(HQ) and the hazard index (HI)

The hazard quotient (HQ) can be determined
using Equation (31):

MDI

HQ = (31)

ARfD

Where, ARfD represents the acute reference
dose of  Organochlorine pesticides (OCP)
residue, expressed in pg/kg/day [203]. It the
concentrations of OCPS residues surpasses the
ARfD is it deemed hazardous upon chronic
exposure. The HQs are individually calculated
for each pesticide congeners, while the
summing up the individual HQs is estimated by
Hazard Index (HI). Thus, HI is given [205] in
Equation (32), thus providing a
comprehensive assessment of the cumulative
health risk associated with the exposure to
multiple OCPs.

Hl= HQ, + HQ, + HQs + HQ, + HQs ....+HQ,
(32)

The calculated HI values greater than or equal
to 1 indicate additive effects and high risk,
while HI values less than 1 suggest low or
negligible risks.

5.3.2. Human reproductive toxicity associated
with pesticide residues “hang over” effect

Human reproductive toxicity associated with
pesticide residues refers to the adverse effects
these chemical substances may have on human
reproductive health. Reproductive toxicity can
manifest in various ways, affecting both male
and female reproductive functions causing
developmental toxicity in future generations.

Journal of Chemical Reviews

Potential effects of pesticide residues on human
reproductive health may include:

a. Reproductive toxicity in woman Such as
fertility lIssues: Exposure to organochlorine
(OCPs) insecticides has been linked to reduced
fertility in women. It may affect ovulation,
overall fertility rates, increasing serum levels of
follicle-stimulating hormone and luteinizing
hormones. Exposure to 2,4- dichlorophenoxy
acetic acid (2,4-D) have also been linked to
spontaneous abortion in women. In another
study, a significant association between
prostate cancer risk and exposure to DDT and
lindane was discovered and reported for males
with an odds ratio (OR) of 1.68 (95% CI: 1.04-
2.70) for high exposure to DDT and an OR of
2.02 (95% CI: 1.15-3.55) for high exposure to
lindane. Additionally, high serum levels of p,p’-
DDE (mean: 13,700 ng/g lipid, 95% CI: 7000-
26,800) in males were significantly linked to
prostate cancer risks [206].

b. Developmental effects: Exposure to certain
pesticides during pregnancy may lead to
developmental issues in the fetus. This can
include birth defects, low birth weight, and
other adverse outcomes.

c. Hormonal disruption: Pesticides may
interfere with the endocrine system, disrupting
hormonal balance. This disruption can have
implications for reproductive functions,
including menstrual cycles and sperm
production. This disruption to oxidative stress
in various organisms has also been reported to
be another side effect of pesticide residues
(DDT, cyhalothrin, profenofos, imidacloprid,
cypermethrin, diazinon, dimethoate,
endosulfan, glyphosate, hexachlorocyclohexane,
2,4-dichlorophenoxyacetic acid, and zineb.
Oxidative stress 1is characterized by an
imbalance between reactive oxygen species
(ROS) and the biological system's ability to
counteract them, which can lead to damage in
cellular components [207] Other residue («
endosulfan, B endosulfan and endosulfan
sulfate)) can cause imbalances in sex sterol
hormone synthesis, decreased antioxidant
activities, induce testicular toxicity, testicular
oxidative stress, sperm DNA fragmentation,
imbalance in sex sterol hormone synthesis,
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d. increase malondialdehyde content,
increased lipid peroxidation and severe
histopathological alterations in animals [208].
e. Miscarriages and stillbirths: Some studies
suggest an association between pesticide
exposure and an increased risk of miscarriages
and stillbirths. Numerous studies have
highlighted a substantial association between
increased serum levels of DDE, DDD, and
lindane and spontaneous abortion in women
[209]. others have reposted that exposure to
Endosulfan have resulted to endometrial
degeneration, increased calcium ion levels
leading to spontaneous abortions, disruption of
normal muscular rhythm, causing infertility and
reduced menstrual cycle.

f. Genetic damage: Pesticides may cause
genetic mutations, potentially leading to
hereditary health issues in offspring. The
exposure to certain pesticides has been
associated with adverse effects on spermatozoa
and tubular differentiation. For instance,
chlorpyrifos has been reported to induce
immature sperm and DNA damage in sperm
cells [210]. Similarly, cypermethrin exposure
has been linked to necrosis, degeneration,
decreased numbers of spermatogenic cells in
some seminiferous tubules, and congested
blood vessels in rat testes [211]. They can also
stimulate spermatogonial germ cell apoptosis.
g. Endocrine disruption: Pesticides may act as
endocrine disruptors, mimicking or blocking
the effects of hormones in the body. This can
result in reproductive disorders and
disruptions to normal sexual development.
Increasing evidence from human
epidemiological studies has established
significant associations between endometriosis
and exposure to organochlorine chemicals. This
endometriosis is a gynecological disease
characterized by the presence of ectopic
endometrial tissue, affecting lives, fertility, and
healthcare of women in their reproductive
years and having a significant impact on their
healthcare costs [212].

h. Neurological effects: Pesticide exposure may
also have neurological effects, potentially
impacting the development of the nervous
system in utero.

i. Reproductive toxicity in man: Although there
are limited experimental studies existing on
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reproductive toxicity among humans, several
epidemiological studies have been assessed to
understand the effects of pesticides on various
reproductive parameters. Currently, critical
human exposure to pesticides may occur at the
workplace, household, by accident and through
the ambient environment. In rats, researchers
have reported an observed increase in
degenerate germ cells within the seminiferous
tubules, indicating a deleterious effect on
steroidogenesis, spermatogenesis and
ultimately a complete failure of the sexual
process. such pesticides include, carbendazim
[213], carbofuran, chlorpyrifos, endosulfan
[210].

i. Semen quality: The studies have revealed
various adverse effects on male reproductive
health, including reduced sperm concentration,
motility, volume, total sperm count, and semen
quality. Additionally, chronic occupational
exposure to organophosphate, glyphosate, and
carbamate pesticides was associated with
damage to sperm  chromatin, DNA
fragmentation, and increased sperm DNA
damage. Exposure to different organochlorine
and pyrethroid pesticides also led to a
deterioration in semen quality, lowered sperm
count, and decreased semen volume and
pH [214]

ii. Effect on testosterone: Studies have revealed
various adverse effects on pesticides has linked
to a decrease in testosterone levels in male
reproductive health, resulting to alterations in
follicle-stimulating hormone, reproductive
hormone levels, prolactin, total testosterone,
luteinizing hormone, free thyroxine. and
thyroid-stimulating hormone, Additionally,
these studies evaluated the deleterious effect of
organochlorines (OCPs) insecticides, including
y- and o6-isomers of hexachlorocyclohexane
(HCH), o,p’-DDT and p,p’-DDT isomers of
dichlorodiphenyl-trichloroethane (DDT), its
p,p’-DDE derivative, dieldrin, methoxychlor,
chlorpyrifos acetamiprid[215], diazinon,
permethrin, dimethoate [216], esfenvalerate,
cypermethrin [217], and endosulfan [218] in
relation with inhibition of testosterone
biosynthesis in contaminated animals. Others
have also reported that the exposure to
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organochlorine pesticides can alter male
hormone levels, including testosterone and
estradiol [214].

It is important to note that the severity and
nature of reproductive toxicity depend on
factors such as the type of pesticide, the level
and duration of exposure, and individual
susceptibility. Regulatory agencies worldwide
establish acceptable limits for pesticide
residues in food and water to mitigate potential
health risks. Regular monitoring and
assessment of these residues help ensure that
exposure levels remain within safe limits.
Pregnant women are often advised to minimize
exposure to pesticides and consume a diet with
low pesticide residues to safeguard the health
of both themselves, and their unborn children.

6. Conclusion

Unconventional agricultural practices,
industrialization, and human activities have
contributed to the emergence of pollutants
(OCPs) that contaminate various environmental
matrices (food, water, and soil), posing risks to
the environment, biodiversity, and human

health.  Although  numerous  treatment
processes  exist for  preconcentration,
pretreatment, and degradation of these

contaminants, each method has its inherent
limitations and drawbacks. In recent times, a
graphene-based approach has been utilized to
address the drawbacks of other treatment
methods towards developing new methods
compatible with the principles of green
analytical chemistry. This review discusses the
properties, classification, synthesis, and
functionalization methods to enhance their
physical and chemical properties such as
porosity, pore size, thermal stability, and
chemical stability. In addition, this review
paper focuses on the removal of OCPs
pollutants from aqueous samples using DES-
modified graphene oxide-based adsorbents, as
well as emphases on the various isotherm
models for maximum sorption capacity. Also, a
comparative study of the removal mechanism
of OCPs based on DES-modified graphene-
based sorbents compared to conventional

Journal of Chemical Reviews

approaches is presented. This low-cost, non-
toxic DES-modified magnetic graphene oxide
has shown good regeneration of the adsorbent,
high enrichment factors, and ease of
modification to allow different interactions
with the OCPs in solid-phase extraction (SPE).
Moreover, the interactive mechanism,
regeneration, and reusability studies,
adsorption kinetic and thermodynamic analysis
between DES-modified graphene oxide-based
adsorbents and adsorbate as well as the
sorbent regeneration ability which suggests
they can be effectively exploited effectiveness
without any significant potential reduction,
were also reviewed based on recently
published work. This review also suggests that
the DES functionalized magnetic graphene
oxide is the best sorbent with excellent
potential compared to other carbonaceous
nanosorbent materials for the OCPs removal
because of vigorous interactions mechanisms
including hydrogen bonding, electrostatic
interaction, hydrophobic interactions, electron
donor-acceptor, m-m, and Van der Waals
interaction. The impact of the modification also
influences the selectivity, specificity, and
efficiency of the sorbents, thereby increasing
the versatility of their application in various
fields and matrices. Also, the review outcome
suggests possible degradation pathways for
OCPs and shows encouraging prospects and the
best fit for kinetic models; adsorption-
desorption studies, competitive adsorption, and
thermodynamic modeling were also explored.
Moreover, we have identified more précised
indicators for sorbate-sorbent adsorption
process, thus reshaping future adsorption
systems since adsorption stands out as a highly
effective method for addressing pollutants in
aqueous environments. Although, adsorption
studies of pesticides using demonstrated fitting
with pseudo-second-order kinetic models,
Langmuir and Freundlich isotherms, other
isotherms should also be employed to verify
and completely understand the physisorption
and chemisorption of the process. Data
obtained from the kinetic profile, sorption
behavior, reusability and magnetic properties
are valuable insights for enhancing,
implementing, and designing an effective clean-
up for water treatment towards targeted
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analytes. Meanwhile, challenges in the
treatment of contaminated water and aqueous
sample, and adsorbent ecotoxicity were also
identified. Finally, further studies towards
largescale commercialized production of this
novel DES-modified magnetic graphene-based
sorbent for the treatment of pollutants from
real, contaminated aqueous samples should be
explored, especially spent-sorbent disposal
after multiple regeneration cycles. Priority
should be given to reusable and biodegradable
materials to design more novel analytical
methods, to reduce the environmental impact
of analytical procedures, sensitivity of methods,
and enhancing precision of the methods for
determining and monitoring OCPs. This will
efficiently impact the analytical methodologies
and uphold principles of green analytical
chemistry and ensure public safety.
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