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Abstract: The extensive use of pesticides in agriculture has significantly impacted the environment
and human health, as these pollutants are inadequately disposed of into water bodies. In addition,
pesticides can cause adverse effects on humans and aquatic animals due to their incomplete removal
from the aqueous medium by conventional wastewater treatments. Therefore, processes such as
heterogeneous photocatalysis and adsorption by nanocomposites have received special attention in
the scientific community due to their unique properties and ability to degrade and remove several
organic pollutants, including pesticides. This report reviews the use of nanocomposites in pesticide
adsorption and photocatalytic degradation from aqueous solutions. A bibliographic search was
performed using the ScienceDirect, American Chemical Society (ACS), and Royal Society of Chemistry
(RSC) indexes, using Boolean logic and the following descriptors: “pesticide degradation” AND
“photocatalysis” AND “nanocomposites”; “nanocomposites” AND “pesticides” AND “adsorption”.
The search was limited to research article documents in the last ten years (from January 2012 to June
2022). The results made it possible to verify that the most dangerous pesticides are not the most
commonly degraded/removed from wastewater. At the same time, the potential of the supported
nanocatalysts and nanoadsorbents in the decontamination of wastewater-containing pesticides is
confirmed once they present reduced bandgap energy, which occurs over a wide range of wavelengths.
Moreover, due to the great affinity of the supported nanocatalysts with pesticides, better charge
separation, high removal, and degradation values are reported for these organic compounds. Thus,
the class of the nanocomposites investigated in this work, magnetic or not, can be characterized as
suitable nanomaterials with potential and unique properties useful in heterogeneous photocatalysts
and the adsorption of pesticides.

Keywords: emerging pollutants; nanotechnology; sustainability

1. Introduction

The intense populational growth and industrial expansion in the most diverse seg-
ments of society have led to a substantial increase in the demand for drinking water supply
and large-scale food production [1]. Thus, to increase productivity at an economically
profitable level, the employment of agrochemicals has been widely used to combat pests
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and weeds [2]. However, pesticides are characterized by low biodegradability, high bioac-
cumulative capacity arising from their physicochemical properties, and a long half-life, of
5–15 years, increasing their toxicity to the environment and humans [3,4]. Thus, pesticide
persistence in soil, wastewater, ground, and surface water has proved to be a consider-
able environmental problem, and may be compounded along the food chain, reaching
concentrations toxic to human health [5]. Due to their high stability, these compounds
can contaminate areas distant from pulverization through water volatilization and soil
absorption. Studies have associated exposure to compounds with hormonal changes
in the immune, neurological, and cardiac systems, as well as with the development of
neoplasms [6,7].

For this purpose, diverse techniques, such as adsorption and advanced oxidative
processes (AOPs), which include Fenton, photo-Fenton, heterogeneous photocatalysis, and
ozonation systems, have been explored for removing and degrading biopersistent organic
compounds [8–10]. AOPs are based on the generation of free radicals, e.g., hydroxyl (HO•)
and superoxide (O2

−•) radicals, which have high oxidizing power in an aqueous solution
and are able to degrade pollutants into lower molecular weight intermediates and inorganic
precursors [11,12]. Heterogeneous photocatalysis is an advanced oxidative process that
occurs through the photoactivation (by sunlight or artificial light) of a semiconductor, which
uses water molecules and dissolved oxygen as reagents of oxi-reduction reactions [13]. This
technique is very efficient and promising for the degradation of organic pollutants, includ-
ing dyes, drugs, and pesticides [10,14,15]. Among the materials used, metallic nanooxides
(zinc oxide and titanium dioxide) have been largely employed due to their excellent prop-
erties, such as low toxicity, good availability, chemical stability, large surface area/porosity,
and photocorrosion [16,17]. However, these conventional nanocatalysts are characterized
by their high bandgap energy, which is the energy required to start photocatalytic reactions.
Additionally, due to their high surface energy, they tend to agglomerate during the photo-
catalytic process. Therefore, the association of these nanocatalysts with a second, less active
material (called catalytic support or matrix) can solve these drawbacks, even when the
active material is dispersed in low concentrations (ca. 0.5–5 wt%) on the support [18]. Thus,
combining the two materials results in a new material called nanocomposite, in which
the active substance is in the above-mentioned concentration range and this is named the
reinforcement phase [19].

Nanocomposites are multiphase materials formed by a continuous and dispersed
phase and have at least one dimension in the nanoscale [20]. The continuous phase (matrix)
consists of a compound of polymeric, ceramic, or metallic origin, while the dispersed
phase (reinforcement) is commonly derived from fibrous materials [21–23]. Nanocomposite
materials are synthesized to combine individual properties and reduce limitations, such
as physicochemical and thermal instability, expanding the scope of applications [22]. In
parallel, at the nanoscale, the materials exhibit distinct behaviors to those found at the
micrometer scale, such as volume/area relationship and increased reactivity [24].

Another technique widely used for pesticide removal from wastewater consists of
adsorption, especially when using nanomaterials (adsorbents), due to its simplicity of oper-
ation, relatively low cost, and low energy requirements [25]. In addition, nanoadsorbents
are characterized by their high specific surface area, chemical/thermal stability, and affinity
for organic pollutants [26]. Although the efficiency of nanoadsorbents in the removal of
organic compounds is remarkable, there are still limitations to conventional materials’
use, such as separation from the aqueous medium and the reuse of nanoadsorbents and
nanocatalysts [27]. Recently, the development of nanocomposites as nanoadsorbents has
been the subject of diverse research due to their increased surface area and physicochemical
stability. Moreover, magnetic nanocomposites have been used as a good alternative to
improve the stability, textural properties, and reuse of nanoadsorbents [28]. The facilities
separate material from the aqueous medium and considerably increase their reuse, resulting
in high adsorptive capacity [29]. Additionally, the same behavior is observed for magnetic
nanocomposites as nanocatalysts. Using magnetic nanocatalysts allows the reuse of the
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material, increasing the cost-effectiveness and avoiding subsequent steps such as filtration
and centrifugation [30].

When combined with other photoactive compounds, magnetic nanoparticles (MNPs)
displayed prominent photocatalyst activity [31]. Moreover, the incorporation of MNPs
on the surface of nanomaterials can increase surface area and affinity for the pollutant,
resulting in enhanced adsorptive capacity [32]. Besides, due to their magnetic properties,
the adsorbents/catalysts are easily removed from the liquid phase after reaction, without
the need for centrifugation, and the use of other chemical compounds can decrease process
costs [33–35].

Therefore, this work reports the use of nanocomposites as nanoadsorbents and nanocat-
alysts in the removal and degradation of pesticides, beyond the influence of diverse ex-
perimental conditions on the efficiency of these processes. Furthermore, this approach
also extends to magnetic nanocomposites due to their potential and versatility in these
processes. Further, the harmful effects of pesticides on the environment and public health
are discussed.

The bibliographic search was performed using the Science Direct, American Chemical
Society (ACS), and Royal Society of Chemistry (RSC) indexes, using Boolean logic and the
following descriptors: “pesticide degradation” AND “photocatalysis” AND “nanocompos-
ites”; “nanocomposites” AND “pesticides” AND “adsorption”. The search was limited to
research article documents in the last ten years (from January 2012 to June 2022).

2. Contamination of Wastewater by Pesticides

Due to the considerable expansion of agriculture and extensive use of pesticides, an
imbalance between water quality and quantity is observed worldwide. Furthermore, it is
known that some pesticides are not completely removed from wastewater by biological
treatments, mainly due to the damage these contaminants cause to the microorganisms used
in the processes [36]. In addition, pesticide removal from aqueous solution by physicochem-
ical processes, such as coagulation, flocculation, and decantation, is often inefficient [37].

Consequently, the demand for more efficient treatments has increased considerably
among the processes used to remove pesticides from wastewater, especially heterogeneous
photocatalysis and adsorption [38]. Advanced oxidative processes have several advantages,
such as completely mineralizing pesticides and transforming them into non-toxic forms
such as carbon dioxide and water [39]. Additionally, the possibility of using solar radiation
as an energy source enables the photoactivation of the catalytic surface of the nanocatalyst,
with a lower energy demand than the concentrations of chemical reagents applied in
conventional effluent treatments [40].

Regarding adsorption, multiphasic nanoadsorbents (nanocomposites) have been
widely explored due to their increased adsorptive capacity, dispersibility, and thermo-
dynamic and physicochemical stability in aqueous media. Furthermore, nanoadsorbents
are characterized as high specific surface area materials and efficient in removing organic
compounds [28,41].

Pesticides Toxicity

Table 1 shows the pesticide classification according to degree of danger, chemical
structure, and toxic effects on the environment and public health.

As shown in Table 1, most pesticides are classified as moderately toxic according to
the World Health Organization [42]. The listed data inform the adverse effects caused
in aquatic animals, especially zebrafish. However, these effects are also observed in in-
vestigations of non-aquatic animals, microorganisms, and human cell in vitro models.
Among pesticides, organophosphate compounds present greater carcinogenic, cytotoxic,
and endocrine-disrupting potential. This scenario shows that the removal of these com-
pounds from waters and wastewater is fundamental.
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Table 1. Classification of pesticides in terms of hazardousness and chemical structure.

Pesticide Class Toxic Effects Classification * References
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Moderately hazardous [61,62] 

 

Neonicotinoid 

Respiratory failure, 
induction of 

lymphocyte apoptosis, 
and alterations in 

spermatogenesis in rats 

Moderately hazardous [63–65] 

Pyrethroid 
Reduced heart rate and 
altered thoracic limbic 

activity in Daphia magna 
Moderately hazardous [66] 

 

Organophosphate 

Erythrocyte 
abnormalities in Danio 

rerio species, mutagenic 
and 

endocrine-disrupting 
properties 

Moderately hazardous [67–69] 

 

Phenylurea 

Changes in the growth 
pattern of Lemna minor 

species reduced 
photosynthetic pigment 

production 

Moderately hazardous [70,71] 

 

Chloroacetanilide 

Production of reactive 
oxygen species, 

induction of apoptosis 
and damage to sperm 
DNA and alteration in 
the gene expression of 

the species, and 

Moderately hazardous [72,73] 

Organophosphate
Neurotoxicity, alteration in
trophoblastic layer integrity,

induction of β-hCG expression

Moderately
hazardous [61,62]
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Production of reactive 
oxygen species, 

induction of apoptosis 
and damage to sperm 
DNA and alteration in 
the gene expression of 
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Moderately hazardous [72,73] 

Neonicotinoid

Respiratory failure, induction of
lymphocyte apoptosis, and

alterations in spermatogenesis
in rats

Moderately
hazardous [63–65]
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the gene expression of 
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Moderately hazardous [72,73] 

Pyrethroid
Reduced heart rate and altered

thoracic limbic activity in
Daphia magna

Moderately
hazardous [66]
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Production of reactive 
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and damage to sperm 
DNA and alteration in 
the gene expression of 
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Moderately hazardous [72,73] 

Organophosphate

Erythrocyte abnormalities in
Danio rerio species,

mutagenic and
endocrine-disrupting properties

Moderately
hazardous [67–69]
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production 
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Chloroacetanilide 

Production of reactive 
oxygen species, 

induction of apoptosis 
and damage to sperm 
DNA and alteration in 
the gene expression of 

the species, and 

Moderately hazardous [72,73] 

Phenylurea

Changes in the growth pattern of
Lemna minor species reduced

photosynthetic
pigment production

Moderately
hazardous [70,71]
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Phenylurea 

Changes in the growth 
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photosynthetic pigment 

production 
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Production of reactive 
oxygen species, 
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and damage to sperm 
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the gene expression of 

the species, and 

Moderately hazardous [72,73] Chloroacetanilide

Production of reactive oxygen
species, induction of apoptosis

and damage to sperm DNA and
alteration in the gene expression

of the species, and decrease in
cell viability of

Prorocentrum minimum

Moderately
hazardous [72,73]
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Table 1. Cont.

Pesticide Class Toxic Effects Classification * References
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decrease in cell viability 
of Prorocentrum 

minimum 

 

Organophosphate 

Chromosomal 
alterations, DNA 

damage, carcinogenic 
effects, and 

neurotoxicity to mouse 
embryos 

Moderately hazardous [74–76] 

 

Triazine 

Malformation in 
zebrafish larvae and 
oxidative stress and 

genotoxicity in Wistar 
rats 

Moderately hazardous [77,78] 

 

Organophosphate 
Enzymatic alterations 
in Cyprinus carpio and 

Galba truncatula species 
Moderately hazardous [79,80] 

 

Neonicotinoid 

Reduced hatchability of 
Danio rerio eggs, heart 

rate, and growth 
changes. Physiological 
changes in Apis cerana 

cerana 

Moderately hazardous [81,82] 

 

Neonicotinoid 

Invertebrate toxicity, 
increased body mass, 
and liver hypertrophy 

in Wistar rats 

Moderately hazardous [83,84] 

 

Terpene 
Neurotoxic and 

neurodegenerative 
agents for humans 

Moderately hazardous [85] 

 

Chlorophenoxy 
Toxicity to the bacterial 
strain of Pseudomonas 

putida 
Moderately hazardous [86] 

Oxi-alkanoic acid 

Changes in the 
organization of the cell 

membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] 

Organophosphate

Chromosomal alterations, DNA
damage, carcinogenic effects,

and neurotoxicity to
mouse embryos

Moderately
hazardous [74–76]
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organization of the cell 

membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] 

Triazine
Malformation in zebrafish larvae

and oxidative stress and
genotoxicity in Wistar rats

Moderately
hazardous [77,78]
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phosphorylation in a 
cell lineage of the 
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Moderately hazardous [87,88] 

Organophosphate
Enzymatic alterations in
Cyprinus carpio and Galba

truncatula species

Moderately
hazardous [79,80]
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of Prorocentrum 
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Organophosphate 
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organization of the cell 

membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] 

Neonicotinoid

Reduced hatchability of Danio
rerio eggs, heart rate, and growth
changes. Physiological changes

in Apis cerana cerana

Moderately
hazardous [81,82]
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of Prorocentrum 
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Changes in the 
organization of the cell 

membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] 

Neonicotinoid
Invertebrate toxicity, increased

body mass, and liver
hypertrophy in Wistar rats

Moderately
hazardous [83,84]
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membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] 

Terpene
Neurotoxic and

neurodegenerative agents
for humans

Moderately
hazardous [85]
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putida 
Moderately hazardous [86] 

Oxi-alkanoic acid 

Changes in the 
organization of the cell 

membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] 

Chlorophenoxy Toxicity to the bacterial strain of
Pseudomonas putida

Moderately
hazardous [86]
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Chromosomal 
alterations, DNA 

damage, carcinogenic 
effects, and 

neurotoxicity to mouse 
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membrane of 
Pseudomonas putida and 
uncoupling of oxidative 

phosphorylation in a 
cell lineage of the 
Metynnis roosevelti 

species 

Moderately hazardous [87,88] Oxi-alkanoic
acid

Changes in the organization of
the cell membrane of

Pseudomonas putida and
uncoupling of oxidative

phosphorylation in a cell lineage
of the Metynnis roosevelti species

Moderately
hazardous [87,88]
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Table 1. Cont.

Pesticide Class Toxic Effects Classification * References
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p-Chlorophenol 

Reproductive toxicity, 
developmental 

disturbance in Danio 
rerio embryos, 

mutations in p53 gene 
from zebrafish liver 

Non-cancerous [89,90] 

 

Organophosphate 
Endocrine disruptor, 
genotoxic, cardiotoxic 

and neurotoxic 
Highly hazardous [91–94] 

 

Dinitrophenol 
Depletion of ATP 

levels, disruption of 
liver metabolism 

Highly toxic. Obsolete 
as a pesticide in the 

European Union and 
the United States 

[95,96] 

 

Organophosphate 

Cytological anomalies 
in Catla catla fish and 

neurotoxicity in 
humans 

Highly hazardous [97,98] 

 

Neonicotinoid 

Production of reactive 
species, 

bioaccumulation, 
alteration in growth 

and reproduction of the 
species Eisenia fetida 

Acute oral toxicity [99,100] 

 

Neonicotinoid 

Endocrine disruptor for 
the species Eremias 

argus and responsible 
for the loss of body 

mass in birds, induction 
of lipid peroxidation, 
oxidative stress, and 

DNA damage 

Extremely toxic to 
aquatic life [101–103] 

 

Neonicotinoid 

Reduction of 
antioxidant activity and 

oxidative damage in 
Chironomus ripar and 

endocrine disruption in 
flies 

Uninformed [101,104] 

 

Neonicotinoid 

Genotoxicity, effects on 
antioxidant enzymes in 

zebrafish and 
earthworm  

Uninformed [105,106] 

* Adapted from Who [42]. 
  

p-Chlorophenol

Reproductive toxicity,
developmental disturbance in

Danio rerio embryos, mutations
in p53 gene from zebrafish liver

Non-cancerous [89,90]
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* Adapted from Who [42]. 
  

Organophosphate Endocrine disruptor, genotoxic,
cardiotoxic and neurotoxic Highly hazardous [91–94]
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Neonicotinoid 

Genotoxicity, effects on 
antioxidant enzymes in 

zebrafish and 
earthworm  

Uninformed [105,106] 

* Adapted from Who [42]. 
  

Dinitrophenol Depletion of ATP levels,
disruption of liver metabolism

Highly toxic.
Obsolete as a

pesticide in the
European Union
and the United

States

[95,96]
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3. Decontamination Methods
3.1. Nanocomposites

Nanocomposites are solid materials composed of two phases, the matrix and the
reinforcement phase, with one of the constituents having dimensions in nanometers [22,107].
The matrix phase can be ceramic, polymeric, or metallic in origin and the reinforcement
phase can be any class of nanomaterial.

From this perspective, metallic nanoparticles, graphene oxide, chitosan, and reduced
graphene oxide can be used as reinforcement, which are dispersed on the matrix to gener-
ate materials with high mechanical resistance, good optical properties, and high surface
area [28,108,109]. Thus, nanocomposites can be easily applied to water and wastewater
treatment, catalysis, and structural applications. Furthermore, the synthesis of nanocompos-
ites can reduce surface energy and the tendency for magnetic nanoparticles to agglomerate,
increasing the physicochemical stability [110,111].

Due to cost-effectiveness and ease of application, polymeric and ceramic nanocompos-
ites are commonly used in various applications. Polymeric-based matrix nanocomposites
can be prepared by either in situ intercalation polymerization, melt intercalation of the
pre-polymer solution, or sol–gel synthesis [112], while ceramic-based matrix nanocompos-
ites can be synthesized by either sol–gel synthesis, powder process or polymer precursor
process, for example [113].

3.1.1. Heterogeneous Supported Nanocatalysts

Supported nanocatalysts consist of an active nanomaterial dispersed on a less active
material called a catalytic support. They are widely used in heterogeneous photocatalysis
due to their high surface area, considerable photocatalytic activity, and chemical/thermal
stability [114].

The application of supported nanocatalysts (nanocomposites) helps overcome some
drawbacks commonly encountered when applying isolated nanocatalysts, including
nanoparticle agglomeration due to their high surface energy and poor dispersion in the
aqueous solution [115]. Additionally, these catalytic supports increase the contact between
organic pollutants and the catalytic surface [116].

Among the supported nanocatalysts used for organic pollutant degradation, TiO2,
CuO, Fe2O3, and ZnO, supported on zeolites or silica, can be highlighted due to their
significant photocatalytic activity, high surface area, and thermo-chemical stability [117].
Additionally, supported catalysts show reduced bandgap energy due to better charge
separation by the presence of the support. Thus, the possibility of using this supported
nanocatalyst even in the visible light range of spectrum compliments their potential applica-
bility in light-driven processes, in particular, heterogenous photocatalysis [118]. Moreover,
these nanocatalysts can be easily prepared by alternative synthetic methods, such as
those based on leaves or plant extracts, microorganism strains, and industrial waste [119].
Plant-based biosynthesis of nanocatalysts is based on the reduction and stabilization of the
metallic precursor. In contrast, biogenic synthesis using microorganism strains is based on a
biocatalytic reduction reaction that transforms the precursor into nanoparticle suspensions,
followed by nucleation and stabilization [120]. Figure 1 shows a schematic representa-
tion of the heterogeneous photocatalysis process for application in the degradation of
organic pollutants.

Photocatalytic Degradation of Pesticides

All scientific works discussed were found in indexed platforms, and research articles
were selected as the basis for investigation. Table 2 shows the main results observed in
this work.
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Table 2. Photocatalytic degradation of pesticides using supported nanocatalysts.

Research Pesticide Operational Conditions Comments Reference

Photocatalytic degradation of
pesticides under visible light

using TiO2@rGO
nanocomposite

Atrazine,
isoproturon,

alachlor, diuron

50 mol L−1 of pollutant, 0.25 g
L−1 catalyst, pH ~6. Pesticide
degradation greater than 80%

after 180 min.

rGO incorporation resulted
in anatase formation to a

higher extent than the
rutile phase.

[121]

Catalytic photodegradation of
imidacloprid on C3N4 doped

with H2O2, fullerene, and
functionalized with P

Imidacloprid 0.6 g L−1 of catalyst. 91–95% of
degradation after 12 h.

Good chemical stability
and recyclability of the

nanocatalyst. H2O2
addition favored
HO• formation.

[122]

GO nanosheets decorated with
CuFe2O4 and CdS
nanoparticles as

heterogeneous photocatalyst

Imidacloprid and
Dinoseb

15 mol L−1 of pollutant, 0,15 g
L−1 of catalyst, pH ~7.

Degradation percentage
ranged from 91–94% after 140

min.

Utilization in magnetic
separation for nanocatalyst

collection. Good
performance in pesticide

degradation.

[123]

Synthesis and characterization
of ZnO@CoFe2O4 magnetic
nanocomposite for pesticide
photocatalytic degradation.

Imidacloprid

15 mol L−1 of
pollutant, 0.1 g L−1 of catalyst,
pH 10. 79.3% degradation after

45 min.

Good nanoparticle
dispersion on the catalytic
supported. Photocatalytic

activity enhancement.

[124]

Synthesis of TiO2@chitosan
and MOF (MIL-88(Fe)) for

pesticide degradation

Organophosphate
pesticides

98.79% degradation under
visible light after 30 min.

Excellent photostability of
the nanocatalyst after

5 cycles of reuse.
[125]

Fe3O4@TiO2-Graphene
magnetic nanocomposite for
colorimetric detection and

pesticide photocatalytic
degradation in aqueous media.

Atrazine

15 mol L−1 of pollutant,
0.50 g L−1 of catalyst, pH 7.

Pesticide degradation of 90%
after 120 min.

Good dispersion of TiO2 on
graphene. Excellent

nanocatalyst
photocatalytic activity.

[126]

Photoluminescence emission
behavior in the bandgap

reduction of CeO2@SiO2, with
Fe doping.

Chlorpyriphos

50 mol L−1 of pollutant,
0.5 g L−1 of nanocatalyst, pH
~10. 81.31% degradation after

180 min.

Drastic bandgap energy of
the nanocomposite (3.77 to

2.22 eV).
[127]

Ni-Co nanocatalyst doped
with S decorated with Fe3O4

nanoparticles.
Chlorpyriphos

2.5 mg L−1 of pollutant,
60 mg L−1 of catalyst, pH ~10.
Pesticide degradation of 92.5%

after 150 min.

Magnetic nanoparticle
incorporation resulted in
higher catalytic efficiency,

even after 7 cycles of
heterogeneous
photocatalysis.

[128]
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Table 2. Cont.

Research Pesticide Operational Conditions Comments Reference

Fe3O4@CdS-ZnS magnetic
nanocomposite for dyes and

photocatalytic degradation of
pesticides.

Chlorpyrifos

15 mol L−1 of pollutant, 0.01 g
L−1 of catalyst, pH 10.

Pesticide degradation of 95%
after 180 min.

72% degradation of the
pesticide after 6 cycles of

heterogenous
photocatalysis.

[129]

Green synthesis of ZnO @ CdS
nanocomposite for pesticide
photocatalytic degradation.

Atrazine and
chlorpyrifos

Pesticide degradation in the
range of 89–91% after 150 min.

High surface area
(111 m2 g−1). [130]

Pesticide photocatalytic
degradation on Fe3

O4@GO-TiO2 and NiO under
visible light.

Imidacloprid

15 mol L−1 of pollutant, 0.1 g
L−1 of catalyst, pH 7.

Degradation of 81% after
45 min.

Reduction of 6% of the
photocatalytic activity after

4 cycles of heterogenous
photocatalysis.

[131]

ZnO@Bi2O3 nanocomposite
modified by surfactant for

degradation pesticide under
visible light. l

Lambda-
cyhalothrin

30 mol L−1 of pollutant, 1.2 mg
L−1 of catalyst at pH 7.79% of

degradation after 120 min.

Excellent photocatalytic
activity of the

nanocomposite under
visible light.

[132]

Morphologic influence of
CuNPs@ZnO nanocomposite

on photocatalytic degradation.
Methyl-parathion 99% of pesticide degradation

after 80 min.
Excellent selectivity for

methyl-parathion. [133]

Carbon nitride functionalized
with triethanolamine for
pesticide photocatalytic

degradation.

Atrazine
90% of atrazine degradation

under UV radiation after
60 min.

Simultaneous removal of
10 pesticides, including
bactericides, herbicides,

and fungicides.

[134]

TiO2-Ag3PO4 nanocomposite
application in pesticides

photocatalytic degradation.

Atrazine,
Imidacloprid, and

Pyrimethanil

10 mg L−1 of pollutant, 0.5 g
L−1 of catalyst. Degradation

percentages were in the range
of 25–87%.

The nanocomposite
showed higher

photocatalytic activity than
the isolated compounds.

[135]

The ternary semiconductor is
used for organophosphate

degradation.

Malathion,
monocrotophos,

and chlorpyriphos

3 mg L−1 of photonanocatalyst.
Pesticide photocatalytic

degradation ranged from 94 to
97% after 60 min.

The nanocatalyst showed
excellent photocatalytic

activity after various
heterogeneous

photocatalytic cycles.

[136]

Ag-ZnO nanocomposite for
chlorpyrifos degradation. Chlorpyrifos

500 mol L−1 of pesticide, 0.2 g
L−1 of catalyst. Pesticide

degradation ranged from 90,
75, and 65% for Ag-ZnO, using

3% Ag-ZnO and 1% ZnO.

The nanocatalyst
containing 3% silver
resulted in greater

photocatalytic activity.

[137]

From Table 2, it was possible to observe a tendency for specific pesticide degradation,
such as chlorpyrifos, atrazine, and imidacloprid. This is due to the wide use of these pesti-
cides in agriculture, generating residues that can be released into wastewater [138–140].

It is worth mentioning that the utilization of magnetic nanocatalysts has been increas-
ing once they have been characterized by improved photocatalytic activity compared to
non-magnetic ones. In addition, magnetic nanocatalysts can solve operational drawbacks
faced in heterogeneous photocatalysis by applying isolated nanocatalysts such as nanopar-
ticle agglomeration and difficult recovery of the solid material after treatment [141]. Thus,
in the following sections, the mechanisms involved in the pesticide degradation on support
nanocatalysts will be described, as well as the enhancement of these nanocatalysts by
adding a dopant material, which can be magnetic or non-magnetic.

Degradation of Pesticides by Heterogeneous Photocatalysis

Table 2 shows that pesticide degradation percentages are reported in the range of 80
to 90% after 30 to 180 min, with initial pesticide and nanocatalyst concentrations ranging
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from 15 to 50 mol L−1 and 0.1 to 0.5 g L−1, respectively. In addition, the selected scientific
works report the good dispersibility of the nanocatalysts on the catalytic support, resulting
in a nanocomposite with high chemical stability and preserved photocatalytic activity after
4 to 6 cycles of heterogeneous photocatalysis.

Effect of Initial Pesticide Concentration

Regarding the initial pesticide concentration, it is important to notice that an increase
in this parameter leads to a decrease in the degradation percentage; at a high pollutant
concentration, the number of pesticides molecules and active sites of the nanocomposite
are altered, which results in an insufficient number of sites available to receive pesticide
molecules and degrade them [142]. Therefore, an ideal initial concentration that favors pho-
tocatalytic pesticide degradation can be assumed, yielding higher oxidation percentages. In
most scientific works, the concentration of 15 mol L−1 seems to be favorable for pesticide
degradation (considering 0.1–0.3 g L−1) due the abundance of active sites available for
pesticide molecules on the catalytic surfaces at this concentration [124,129]. In contrast, at
higher concentrations (about 20 mg L−1 or more), pesticide molecules hindered light ab-
sorption by the nanocatalyst, which reduces hydroxyl radical generation and consequently
degradation of the target pollutant [143].

Effect of Nanocatalyst Concentration and Dopant Incorporation

Based on the investigated scientific papers presented in Table 2, it is noticeable that an
increase in the supported nanocatalyst concentration (metallic nanoparticles dispersed on
catalytic support) favors the photocatalytic degradation of pesticides. This is due to the
imbalance between the number of molecules of the pollutant in an aqueous solution and
the number of active sites on the nanocatalyst [109]. Therefore, the constant rate values (k1,
considering the Langmuir–Hinshelwood equation for the pseudo-first-order kinetic model)
increase considerably, which results in greater pesticide degradation [132]. However, at
extremely high nanocatalyst concentrations, pesticide degradation is reduced due to the
tendency for nanocatalyst particles to agglomerate and increase the opacity of the aqueous
solution, which reduces the photocatalytic activity of the supported nanocatalyst [144].

It is worth pointing out that there is a limiting value responsible for considerable
pesticide degradation percentages in aqueous solution regarding dopant material. The
reason for this is the same as for the increase in nanocatalyst concentration.

At the same time, it can be noticed that the incorporation of two materials (nanocom-
posite) can yield greater nanocatalyst surface area and greater light absorption in the
electromagnetic spectrum, allowing the application of this nanocatalyst under UV and
visible light radiation for heterogeneous photocatalysis.

Effect of pH

The solution pH has a considerable effect on pesticide degradation in heterogeneous
photocatalysis. According to the scientific articles investigated (Table 2), it was possible to
verify that the solution pH affects the surface charge of the nanocatalyst. The net charge
of the nanocatalyst surface is measured by the point of zero charge (pHPZC), at which the
nanocatalyst has a net charge of zero [145]. At a pH lower than pHPZC, the surface of the
nanocatalyst is protonated and, therefore, positive. In contrast, at a pH higher than pHPZC,
the surface of the nanocatalyst is deprotonated and, therefore, negative.

The pH interferes with pesticide degradation as it changes the charges associated with
the surface of the nanocomposites used in heterogeneous photocatalysis. Thus, the surface
charge is strongly related to the adsorption of pesticide molecules before their photocatalytic
oxidation [29]. When the pesticide molecule has anionic character (imidacloprid), the
adsorption on the surface of the nanocatalyst is favored at acidic pH. On the other hand,
when the pesticide molecule has more acidic character, i.e., chlorpyrifos, the adsorption
onto the catalyst surface is favored at alkaline pH, in which pHPZC is greater than the
solution pH.
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Additionally, the solution pH can affect the reaction between hydroxyl ions and
positive holes of the supported nanocatalyst and, therefore, determine a greater or lesser
extent of pesticide degradation [128]. The above-mentioned reaction seems to be favored at
higher solution pH (alkaline pH), resulting in more hydroxyl radicals, which are responsible
for pesticide photocatalytic degradation.

Effect of Temperature

In some scientific research involving heterogeneous photocatalysis and pesticide
degradation (Table 2), the effect of temperature on pesticide photocatalytic degradation was
investigated. The effects of temperature on heterogeneous photocatalysis using supported
nanocatalysts, magnetic or non-magnetic, are associated with the energy required for the
adsorption and desorption of pesticide molecules. Some studies found that the adsorption
of imidacloprid was facilitated by increasing the temperature from 20 to 80 ◦ C. Due to
the endothermic nature of the pesticide adsorption–degradation process, which is the
majority of cases studied, pesticide absorption on the catalytic surface and adsorption rate
increase with temperature [131]. In addition, the degradation rate seems to be increased at
temperatures above the atmospheric temperature (i.e., 25 ± 5 ◦C).

Effect of Nanocatalyst Reuse

In most scientific research involving heterogeneous photocatalysis and pesticide degra-
dation (Table 2), the effect of nanocomposite reuse is evaluated. According to the results
presented in the selected studies, the combination of two or more nanomaterials in the
nanocatalyst composition yields greater photocatalytic activity, even after five cycles of
reuse. However, it is worth pointing out that when one of the nanocomposite phases has
magnetic properties, its efficiency in pesticide degradation improves considerably after
various photocatalytic cycles. Therefore, magnetic nanomaterials have been highlighted
due to their versatility, ease of operation (magnetic separation), and reuse capacity. In this
view, about 72 to 80% of pesticide degradation is reported even after six to seven cycles of
heterogeneous photocatalysis [128,129].

3.1.2. Adsorption

Adsorption is a physicochemical process and surface phenomenon wherein a fluid
(liquid or gas) interacts with a solid surface (adsorbent), resulting in the mass transfer
of a solute from a fluid phase to the solid surface [146]. In this system, the degree of
interaction of ions and molecules depends on the concentration, pH, temperature, and
available specific surface are [147]. The attractive forces between the adsorbent and the
adsorbate can be divided into physical and chemical adsorption [148,149].

Chemical adsorption (chemisorption) involves the transfer of electrons and chemical
bond formation. On the other hand, physical adsorption results from weak intermolecu-
lar interactions called van der Waals forces, electrostatic interactions, H-bonds, and π–π
bonds [150].

Regarding the nature of adsorption, some parameters must be observed, such as
adsorbent selectivity, homogeneity, and heterogeneity of the solid nanomaterial and the
adsorption rate, which can be fast or slow. Furthermore, depending on the process, the
adsorbate can accumulate at the adsorbent interface in a monolayer or multilayer [151].
For a further explanation, Figure 2 illustrates the adsorption mechanisms in mono and
multilayer models.
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Adsorption is a relatively simple technology with low cost and energy demand and
can effectively remove a range of chemical compounds from aqueous medium. However,
the effectiveness of the process depends on the intrinsic properties of adsorbents, such
as particle diameter, pore volume, and chemical/thermal stability [152]. In this context,
diverse strategies have been explored, such as the use of thermal treatments, modification,
and surface doping that aim not only to increase the adsorptive capacity but also to reduce
costs associated with adsorbent synthesis [153,154]. For instance, 70% of the cost of an
adsorption operation is relative to the adsorbent [155].

Adsorption of Pesticides into Nanocomposites

The research was performed (Table 3) to verify the efficiency of nanocomposites used
as nanoadsorbents.

Based on the results presented in Table 3, it was possible to verify that the pesticide
adsorption studies using nanocomposites were efficient for the removal of organic com-
pounds from aqueous solution, especially in the class of organophosphates neonicotinoids
and triazines.

Moreover, the studies were heterogeneous enough and contemplated different com-
pounds belonging to the same chemical class. However, in most articles, the nanoadsorbent
showed selectivity and higher adsorption capacity when compared to isolated materials,
i.e., applied individually. Hybrid materials were usually synthesized to combine individual
properties and make them multifunctional [112].

In this study, it was found that nanocomposites have good performance in the adsorp-
tion process. In addition, the efficiency and stability of the adsorbent were maintained after
several adsorption/desorption cycles. Furthermore, because some materials exhibit mag-
netic behavior, the adsorbent can be easily separated from the solution by the application of
an external magnetic field. Figure 3 shows a simple approach to magnetic nanocomposites
used for pesticide adsorption, magnetic retention, removal, and reuse.
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Table 3. Pesticide adsorption by magnetic and non-magnetic nanocomposites.

Study Pesticide Experimental Conditions Comments Reference

Synthesis of graphene
oxide hybrid

microspheres and
polyvinylpyrrolidone

cross for organochlorine
pesticide adsorption

2,4,6-
Trichlorophenol

The initial concentration of
adsorbate (50–300 mg L−1),

amount of adsorbent
(0.5–4 g L−1), solution pH

(2–10), and thermodynamic
study (15, 25, 30 ◦C).

The nanocomposite has an
excellent adsorptive capacity

(466.7 mg g−1). The adsorption
occurs by chemical mechanisms,

in which the π–π interactions and
hydrogen interactions are

contemplated.

[156]

Magnetic nanocomposite
with a metal–organic

structure for the removal
of organophosphate

pesticides

Fenitrothion

Initial concentration of
adsorbate (5–−50 mg L−1),

solution pH (3–10),
adsorbent concentration
(5–40 mg L−1). An ideal

condition for the pesticide
removal was pH 7.0, using

30 mg L−1 of adsorbent,
and 10 mg L−1 of the

adsorbate.

The type better described the
fenitrothion adsorption study

Langmuir I isotherm and
pseudo-second-order kinetics,

indicating chemical adsorption.

[157]

Synthesis of hybrid
magnetic nanocomposite

for the removal of
organophosphate

pesticides

Phosphamidon,
chlorpyrifos,

diazinon,
dimethoate

Adsorbent dosage
(10–120 mg), initial

concentration of pesticides
(10–100 µg mL−1), and

study of the influence of
pH (3–11).

The nanocomposite exhibits
greater pesticide adsorption
capacity when compared to

non-hybrid compounds. The qmax
ranged between 37.18–76.34 mg

g−1, and the adsorbent showed a
high affinity for the pesticide

diazinon.

[158]

Magnetic reduced
graphene oxide

nanocomposite for
triazine removal

Ametrine,
promethrin,

simazine and
atrazine

Study the influence of pH,
temperature, adsorbent

dosage, and contact time.

The magnetic nanocomposite is
effective in removing pesticides.

Maximum capacity was reached at
pH 5.0.

The ions present in the solution,
increase in temperature, and initial
adsorbate concentration caused a

significant increase in the
adsorptive capacity. Due to its

magnetic behavior, the absorbent
can be easily recovered and

proved effective after 7 cycles of
the process.

[159]

Hybrid nanocomposite
intercalated with

bentonite as adsorbent
for the pesticide

methyl-parathion

Methyl-parathion

pH effect (2–9), initial
concentration of adsorbate

(200–1400 mg L−1),
adsorbent mass

(0.4–1.6 g L1), and
thermodynamic study

(25–50 ◦C).

The adsorption capacity is
pH-dependent and increases

proportionally with the pH of the
system, contact time with the
adsorbent, initial adsorbate

concentration, and temperature.
The pollutant adsorption is an

endothermic process, spontaneous,
with experimental data

represented by the Freundlich
isotherm and

pseudo-second-order model. The
nanoadsorbent proved to be

efficient in removing about 97% of
the pesticide after five

adsorption cycles.

[160]
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Table 3. Cont.

Study Pesticide Experimental Conditions Comments Reference

Magnetic graphene
oxide/β-cyclodextrin

nanocomposite for
neonicotinoid pesticide

adsorption

Thiamethoxam,
imidacloprid,
acetamiprid,
nitenpyram,
dinotefuran,

clothianidin, and
thiacloprid

The initial concentration of
insecticides

(0.5–100 mg L−1) and
adsorbent dosage

(5.0 g L−1).

The adsorbent showed a greater
affinity for the insecticide

imidacloprid, but the qmax values
are similar. The mechanisms

involved in adsorption include
hydrophobic interactions,

hydrogen bonds, and the stacking
of π–π bonds between the

adsorbent/adsorbate complex.

[161]

Application of
chitosan-graphene oxide

nanocomposite as
rotenone adsorbent

Rotenone

The initial concentration of
rotenone (10–100 mg L−1),

solution pH (1–9), and
adsorbent containing

different mass proportions
of graphene oxide (CS-GO

1%, CS-GO 2%,
CS-GO 3%).

The adsorption capacity decreased
at alkaline pH. However, a

considerable increase in the qmax
was observed with

nanocomposites containing a
greater amount of GO,

corroborating the hypothesis with
more adsorption sites available.

[162]

Synthesis of
hexadimethrine-
montmorillonite

nanocomposite for
application as a pesticide

adsorbent

Fluometuron,
diuron,

terbuthylazine,
simazine,

mecoprop, and
2-methyl chlorophe-

noxyaceticacid

The initial concentration of
adsorbate (1.0 mg L−1),
20 mg L−1 of adsorbent,
and contact time (24 h).

The adsorbent demonstrated a
greater affinity for anionic

compounds. Removal percentages
ranged from 54 to 75%.

[163]

Montmorillonite/structured
carbon nanocomposite
for pesticide removal

Chlorpyrifos

The initial concentration of
adsorbate and adsorbent

dosage (8.0 g L−1), contact
time (24 h), no pH

adjustment

Pristine montmorillonite showed
greater pesticide adsorption

capacity.
The possible mechanism involved

in the adsorption of the organic
compound is the physical

interaction with the surface of the
adsorbent.

[164]

Removal of permethrin
from aqueous solutions

using chitosan/zinc
oxide nanocomposite

Permethrin

Initial concentration of
adsorbate (0.05–2.5 mg

L−1), adsorbent amount
(0.01–1.5 g L−1), contact

time (45 min), solution pH
(3–11), and temperature at

25 ◦C

The CS-ZnO nanocomposite was
able to remove about 96% of the

pesticide.
Adsorbent concentration, initial

concentration of adsorbate, contact
time, and solution pH influence

the removal percentage.

[165]

Cadmium Sulfide Doped
Cellulose Nanofibers for

Pesticide Removal
Chlorpyrifos

Influence of contact time,
pH (3–11), adsorbent
dosage (0.5–2 g L−1),

percentage of the polymer
matrix in the

nanocomposite (5, 10,15 20,
50%), initial concentration
of adsorbate (1–8 mol L−1)

The removal percentage increases
proportionally with the amount of

adsorbent and adsorbate.
However, it decreases with

increasing pH, mainly due to
electrostatic repulsion.

Adsorption of chlorpyrifos occurs
in monolayers and with uniform

energy distribution.

[166]

Synthesis of
SiO2@Fe3O4@GO-
phenylethylamine
nanocomposite for

removal of
organophosphate

pesticides

Chlorpyrifos,
malathion, and

parathion

pH effect (3–11), adsorbent
dosage (2–40 mg L−1),
initial concentration of

adsorbate (3–50 mg L−1)

The nanoadsorbent showed good
performance after 10 adsorption

cycles.
[145]
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Effect of Initial Adsorbate Concentration and Adsorbent Dosage

Studying the effect of experimental parameters such as initial adsorbate concentration,
adsorbent dosage, and adsorption contact time is essential to determine the most favorable
conditions for contaminant removal and to investigate the phenomenon of adsorption.

Muda et al. [162] demonstrated that the maximum adsorption capacity was directly
proportional to the increase in the initial concentration of adsorbate and adsorbent mass,
mainly due to the high probability of adsorbate molecules binding to the adsorption
sites [160]. Likewise, the gradual increase in the initial concentration of adsorbate and the
amount of adsorbent can reduce the contaminant removal percentage due to the saturation
of higher energy sites and the interaction between the adsorbent molecules [165].

Another important factor for the adsorption efficiency is the contact time between
adsorbent and adsorbate. In most of the studies, adsorption showed distinct behavior over
time. In the initial stages, a fast adsorption rate is observed (mass transfer of liquid phase to
the solid phase) and a tendency to plateau in the subsequent steps because of saturation of
the adsorption sites (equilibrium between vacancy sites and adsorbed molecules) [145]. At
the same time, the nanocomposite content (ratio mass: mass) of the of constituent materials
can, in some cases, affect the efficiency of the process, either positively or negatively.
For example, Gupta et al. [166] reported that the combination of cellulose nanofibers and
cadmium sulfide resulted in more efficient nanomaterials for removing chlorpyrifos, mainly
due to the increase in the specific area and, consequently, the greater number of adsorption
sites available. However, the increase in biopolymer charge (>10%) significantly reduced
the adsorbent performance due to the aggregation of particles and the steric hindrance
promoted by the functional groups present in the polymeric chains.

Effect of pH

The pH of the solution is an important parameter that influences the adsorption
capacity since it is related to the surface properties of the adsorbent, degree of speciation
of chemical compounds, and competition of ions in solution for adsorbent sites [28,161].
Nevertheless, the ideal pH for each process is quite specific, as it depends on the adsorbent’s
surface charge and the adsorbate’s intrinsic characteristics, such as the acid dissociation
constant (pKa) and chemical stability to pH changes. In addition, the study of pH effects



Molecules 2022, 27, 6261 17 of 27

can also help to understand the possible chemical or physical mechanisms involved in the
removal of the adsorbate [167,168].

Recently, Abukhadra et al. [160] developed a polymeric nanocomposite containing
bentonite for methyl-parathion removal. The study of the effect of pH verified a consider-
able increase in the adsorption capacity in alkaline medium (pH = 9.0). This adsorption
behavior is related to the point of zero charge (pHPZC) of the adsorbent and deprotonation
at basic pH, which results in strong electrostatic attraction with the cationic species of
methyl-parathion.

However, van der Waals forces are not the only interactions existing between the
adsorbent and the adsorbate since the pH of the solution may not influence the process [145].
According to the chemical structure of compounds and functional groups, the interaction
between adsorbent/adsorbate systems can occur through stacking bonds π–π, hydrogen
bonds, and ionic exchange [156,161].

Effect of Temperature on Adsorption

The efficiency of the adsorption process is highly dependent on experimental condi-
tions, such as temperature. Evaluating the effect of temperature on adsorption behavior is
an important step considering a future application in wastewater treatment systems [111].

In an adsorption system, the temperature can affect the adsorption velocity and kinetic
energy, resulting in an increase or decrease in the removal percentage and adsorption
capacity [156,169]. The effects of temperature on adsorption occur due to viscosity, rate
diffusion, and equilibrium state [170].

Adsorption is a spontaneous process that can be endothermic or exothermic [171,172].
Observations concerning the temperature dependence of adsorption of pesticides
were reported. All studies that evaluated the effect of temperature on adsorption
assumed an endothermic reaction, i.e., the reaction became more favorable at higher
temperatures [156,157,159,160].

Equilibrium and Adsorption Kinetics

Adsorption isotherms are helpful mathematical equations to describe the equilibrium
of adsorption; that is, the amount of solute adsorbed on the surface of the adsorbent as a
function of concentration in the liquid phase at a constant temperature [173]. Furthermore,
they are relevant tools for understanding the interaction between the adsorbent and the
adsorbate, which can help process design [174]. Several isothermal models can describe
the adsorption phenomenon. However, the most commonly reported in the literature are
the Langmuir, Freundlich, and Temkin isotherms.

The Langmuir isotherm is a theoretical model used to describe processes on a uniform,
non-porous surface. The model is based on the hypothesis that adsorption occurs in
monolayers with uniform energy distribution, in which the molecules of the adsorbed
solutes do not interact with each other [175]. The expression of the Langmuir isotherm is
represented by Equation (1):

qe =
qmax Ce

1 + KL Ce
(1)

where qe is the amount of adsorbate adsorbed per unit of mass of adsorbent in equilibrium
(mg g−1), qm is the maximum adsorbed amount (mg g−1), KL is the adsorption equilibrium
constant or Langmuir constant (L mg−1), and Ce is the concentration of adsorbate in the
solution at equilibrium (mg L−1).

The Freundlich isotherm is an empirical mathematical model that represents the
adsorption equilibrium of a fluid (liquid or gas) on the surface of a solid material. This
equation assumes that the adsorption occurs on heterogeneous surfaces and adsorption
sites of different energy levels [176]. The Freundlich isotherm is expressed by Equation (2):

qe= KF (C e)
1
n (2)
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where KF is the adsorption equilibrium constant or Freundlich constant ((mg g−1) (L mg−1)−1/n),
and 1/n is the heterogeneity factor.

The Temkin isotherm is an empirical model used to describe the indirect interactions
between the adsorbent and the adsorbate and assumes that the heat of adsorption decreases
as the surface of the adsorbent is covered. Unlike the Freundlich isothermal model, the
system energy decreases in a non-logarithmic form (uniform energy distribution) [177].
Temkin’s model is given by Equation (3) and is applied in studies to measure the energetic
contributions of the adsorption process. Thus, the process temperature must be considered.

qe =
RT
b

ln(KTCe) (3)

where B is the constant associated with adsorption heat (kJ mol−1), T is the temperature (K),
R is the universal constant of ideal gases (8.314 J mol−1 K−1), b is the constant associated
with the interaction between adsorbate and adsorbent, and KT is the Temkin constant (L mg−1).

Furthermore, the Dubinin–Radushkevich (DR) model is often reported as a good
fit for the experimental data to the adsorption isotherms [178]. However, this empirical
model assumes active sites with Gaussian energy distribution and is widely applied only to
intermediate ranges of adsorbate concentration, as it presents an unrealistic behavior [179].

Kinetic models have been widely used to assess adsorbent performance, construct
the kinetic profile, and investigate the possible mechanisms involved in mass transfer
between liquid and solid phases [180]. Among the proposed models, the most common are
pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich kinetics [181,182].

The PFO model was initially proposed by Lagergren and describes that the adsorption
process is independent of the initial concentration of adsorbate and which adsorbent has
some active sites, with the external/internal diffusion being the step determining the
adsorption rate. Moreover, the model suggests that the interactions between the molecules
of the adsorbent and the adsorbed substance are relatively weak attractive forces, indicating
a physisorption process. The PFO kinetics is based on the non-competition of molecules for
an active site (1:1 ratio) and is expressed by Equation (4):

qt= q1

(
1 − e−k1·t

)
(4)

where qt is the amount of solute adsorbed on the solid surface at time t (mg g−1), and k1 is
the pseudo-first-order kinetic constant (min−1).

The PSO model assumes that adsorption on active sites is the control step of the
adsorption process, where the adsorption rate increases proportionally with the available
adsorption sites. Thus, adsorption occurs in specific sites, and adsorbate molecules do
not interact with each other. In terms of adsorption mechanisms, if this model presents
the best adjustment of the experimental data (higher values of R2), the electrons transfer
is the limiting rate of the process, indicating a phenomenon of a chemical nature. The
pseudo-second-order kinetics, however, consider the competition between the adsorbate
molecules for an active site (2:1 ratio) and are expressed by Equation (5):

qt =
t(

1
k2q2

2

)
+

(
t

q2

) (5)

where k2 is the pseudo-second-order kinetic constant (g mg−1 min−1), and t is the contact
time (min)

Elovich model is largely used to describe the chemisorption of solutes onto solid
sorbents and can be expressed by Equation (6):

qt =
1
b

ln(abt) (6)
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where a is the constant that describes the initial sorption rate (mg g−1 min−1) and b is the
constant related to surface coverage and activated energy for chemisorption (g mg−1).

From the scientific articles shown in Table 3, it was possible to verify that the kinetic
models of PPO and PSO are the most used to measure the adsorption rates of pesticides
on nanoadsorbents (magnetic and non-magnetic). Regarding the adsorption equilibrium
models, the Langmuir and Freundlich isotherms are applied in adsorption studies in the
aqueous phase to represent a good adjustment of the experimental data.

The Langmuir isotherm was reported as the better model for adjusting the equilib-
rium of the pesticide’s adsorption, suggesting adsorption in monolayers with uniform
distribution of active sites of nanocomposites. Furthermore, it is assumed that there is no
competition between the adsorbent molecules for a single active site of the adsorbent.

Concerning the kinetic models, the PSO model demonstrated the best adjustment of
experimental data, indicating that mass transfer as a function of a concentration gradient is
the limiting step of adsorption. Furthermore, the number adsorbate and adsorbent sites
had a 2:1 relationship [183]. Furthermore, this model suggests that the transfer of pesticides
to the solid surface occurs predominantly by chemical mechanisms, i.e., chemisorption.

4. Conclusions and Future Perspectives

The present work made it possible to verify the potential and extensive application of
magnetic and conventional nanomaterials in either degradation or removal of pesticides
from the aqueous solution. Thus, it is observed that the degradation of these pollutants
occurs mainly by heterogeneous photocatalysis, whereas the removal of wastewater is
mainly by adsorption processes.

The pesticides methyl-parathion, dinoseb, and monocrotophos are the most dangerous.
However, photodegradation and adsorption are effective for moderately toxic pollutants,
such as chlorpyrifos and atrazine. Values of up to 90 and 99% are reported for degradation
and the removal of pesticides from wastewater. This result demonstrates a certain lack of
research involving the adsorption or photodegradation of highly hazardous pesticides.

At the same time, the wide-ranging use of magnetic nanocomposites is justified by
their operational ease, reuse, and chemical or thermal stability. In addition, the percentage
of materials used in the synthesis of nanoadsorbents can affect the interaction between the
adsorbent and the adsorbate. The pH of the solution, initial concentration of adsorbate,
contact time, and surface area are factors determining the efficiency and optimization of
the process.

Photocatalytic degradation is reported under visible light and UV radiation due
to the addition of different nanomaterials that make up the reinforcement layer, and
the nanocomposite matrix is combined. Further, the catalytic efficiency is considerably
enhanced by the incorporation two materials in the nanocatalyst structure. Therefore, it was
possible to show the potential of nanocomposites in the degradation/removal of pesticides
in aqueous solutions.

Studies involving the scale-up of adsorption and photocatalytic processes should be
encouraged, considering the higher reuse capabilities and efficiency of nanocomposites,
especially the magnetic ones. In this view, heterogeneous photocatalysis for the degradation
of pesticides at higher concentrations and adsorption of these pollutants in fixed-bed adsor-
bers should be conducted to expand the breakthrough performed by the research discussed
in this review. In addition, the search for alternative sources to produce nanocomposite
matrixes, such as residual or abundant materials (biomass), can intensify the use of these
nanocomposites in heterogeneous photocatalysis and the adsorption of pesticides. At the
same time, ecotoxicity and cytotoxicity studies should be performed to assess the safety of
the use of these materials and their implementation at a large scale.
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103. Şekeroğlu, Z.A.; Şekeroğlu, V.; Aydın, B.; Yedier, S.K.; Ilkun, E. Clothianidin induces DNA damage and oxidative stress in
bronchial epithelial cells. Environ. Mol. Mutagen. 2020, 61, 647–655. [CrossRef]

104. Saraiva, A.S.; Sarmento, R.A.; Rodrigues, A.C.; Campos, D.; Fedorova, G.; Žlábek, V.; Gravato, C.; Pestana JL, T.; Soares, A.M.
Assessment of thiamethoxam toxicity to Chironomus riparius. Ecotoxicol. Environ. Saf. 2017, 137, 240–246. [CrossRef]

105. Zhang, W.; Xia, X.; Wang, J.; Zhu, L.; Wang, J.; Wang, G.; Chen, Y.; Kim, Y.M. Oxidative stress and genotoxicity of nitenpyram to
earthworms (Eisenia foetida). Chemosphere 2021, 264, 128493. [CrossRef] [PubMed]

106. Yan, S.; Wang, J.; Zhu, L.; Chen, A.; Wang, J. Toxic effects of nitenpyram on antioxidant enzyme system and DNA in zebrafish
(Danio rerio) livers. Ecotoxicol. Environ. Saf. 2015, 122, 54–60. [CrossRef] [PubMed]

107. Wang, R.; Zheng, S.; Zheng, Y.G. Polymer Matrix Composites and Technology, 1st ed.; Woodhead Publishing: Cambridge, UK, 2011.
108. da Rosa Salles, T.; de Bitencourt Rodrigues, H.; da Silva Bruckmann, F.; Alves LC, S.; Mortari, S.R.; Rhoden CR, B. Graphene

oxide optimization synthesis for application on laboratory of Universidade Franciscana. Discip. Sci. Sér. Ciên. Nat. Tecnol. 2020,
21, 15–26. [CrossRef]

109. Oviedo, L.R.; Muraro PC, L.; Pavoski, G.; Espinosa DC, R.; Ruiz YP, M.; Galembeck, A.; Rhoden CR, B.; Silva, W.L. Synthesis and
characterization of nanozeolite from (agro)industrial waste for application in heterogeneous photocatalysis. Environ. Sci. Pollut.
Res. 2021, 28. [CrossRef]

110. Hussein-Al-Ali, S.H.; El Zowalaty, M.E.; Hussein, M.Z.; Geilich, B.M.; Webster, T.J. Synthesis, characterization, and antimicrobial
activity of an ampicillin-conjugated magnetic nanoantibiotic for medical applications. Int. J. Nanomedicine. 2014, 9, 3801–3814.
[CrossRef]

111. da Rosa Salles, T.; da Silva Bruckamann, F.; Viana, A.R.; Krause, L.M.F.; Mortari, S.R.; Rhoden, C.R.B. Magnetic nanocrystalline
cellulose: Azithromycin adsorption and in vitro biological activity against melanoma cells. J. Polym. Environ. 2022, 30, 2695–2713.
[CrossRef]

112. Fu, S.; Sun, Z.; Huang, P.; Li, Y.; Hu, N. Some basic aspects of polymer nanocomposites: A critical review. Nano Mater. Sci. 2019, 1,
2–30. [CrossRef]

113. Camargo PH, C.; Satyanarayana, K.G.; Wypych, F. Nanocomposites: Synthesis, structure, properties and new application
opportunities. Mater. Res. 2009, 12, 1–39. [CrossRef]

114. Ayekoe, C.Y.P.; Robert, D.; Lanciné, D.G. Combination of coagulation-flocculation and heterogeneous photocatalysis for improving
the removal of humic substances in real treated water from Agbo River (Ivory-Coast). Catal Today 2017, 281, 2–13. [CrossRef]

115. Cross, A.; Miller, J.T.; Danghyan, V.; Mukasyan, A.S.; Wolf, E.E. Highly active and stable Ni-Cu supported catalysts prepared by
combustion synthesis for hydrogen production from ethanol. Appl. Cat. A Gen. 2019, 572, 124–133. [CrossRef]

116. Ziyu, L.; Zhigang, J.; Wenwen, L.; Jianhong, L.; Shan, J.; Shengbiao, L.; Rongsun, Z. Synthesis of Ag/AgCl nanoparticles
immobilized on CoFe2O4 fibers and their photocatalytic degradation for methyl orange. Rare Met. Mater. Eng. 2017, 46, 3669–3674.
[CrossRef]

117. Kunduru, K.R.; Nazarkovsky, M.; Farah, S.; Pawar, R.P.; Basu, A.; Domb, A.J. Nanotechnology for water purification: Applications
of nanotechnology methods in wastewater treatment. Water Purif. 2017, 1, 33–74. [CrossRef]

118. Nezamzadeh-Ejhieh, A.; Hushmandrad, S. Solar photodecolorization of methylene blue by CuO/X zeolite as a heterogeneous
catalyst. Appl. Catal. A-Gen. 2010, 388, 149–159. [CrossRef]

119. Sadiqab, H.; Sher, F.; Sehar, S.; Lima, E.C.; Zhang, S.; Iqbal HM, N.; Zafar, F.; Nuhanovic’, M. Green synthesis of ZnO nanoparticles
from Syzygium Cumini leaves extract with robust photocatalysis applications. J. Mol. Liq. 2021, 335, 1–48. [CrossRef]

120. Singh, J.; Kumar, V.; Jolly, S.S.; Kim, K.H.; Rawat, M.; Kukkar, D.; Tsang, Y.F. Biogenic synthesis of silver nanoparticles and its
photocatalytic applications for removal of organic pollutants in water. J. Ind. Eng. Chem. 2019, 80, 247–257. [CrossRef]

121. Luna-Sanguino, G.; Tolosana-Moranchel, Á.; Duran-Valle, C.; Faraldos, M.; Bahamonde, A. Optimizing P25-rGO composites for
pesticides degradation: Elucidation of photo-mechanism. Catal. Today 2019, 328, 172–177. [CrossRef]

122. Sudhaik, A.; Raizada, P.; Singh, P.; Hosseini-Bandegharaei, A.; Thakur, V.K.; Nguyen, V.H. Highly effective degradation of
imidacloprid by H2O2/fullerene decorated P-doped g-C3N4 photocatalyst. J. Environ. Chem. Eng. 2020, 8, 104483. [CrossRef]

123. Zangiabadi, M.; Saljooqi, A.; Shamspur, T.; Mostafavi, A. Evaluation of GO nanosheets decorated by CuFe2O4 and CdS
nanoparticles as photocatalyst for the degradation of dinoseb and imidacloprid pesticides. Ceram. Int. 2020, 46, 6124–6128.
[CrossRef]

124. Naghizadeh, M.; Taher, M.A.; Tamaddon, A. Facile synthesis and characterization of magnetic nanocomposite ZnO/CoFe2O4
hetero-structure for rapid photocatalytic degradation of imidacloprid. Heliyon 2019, 5, e02870. [CrossRef]

125. Vigneshwaran, S.; Sirajudheen, P.; Karthikeyan, P.; Nikitha, M.; Ramkumar, K.; Meenakshi, S. Immobilization of MIL-88 (Fe)
anchored TiO2-chitosan (2D/2D) hybrid nanocomposite for the degradation of organophosphate pesticide: Characterization,
mechanism and degradation intermediates. J. Hazard. Mater. 2021, 406, 124728. [CrossRef]

126. Boruah, P.K.; Das, M.R. Dual responsive magnetic Fe3O4-TiO2/graphene nanocomposite as an artificial nanozyme for the
colorimetric detection and photodegradation of pesticide in an aqueous medium. J. Hazard. Mater. 2020, 385, 121516. [CrossRef]
[PubMed]

127. Farrukh, M.A.; Butt, K.M.; Chong, K.K.; Chang, W.S. Photoluminescence emission behavior on the reduced band gap of Fe
doping in CeO2-SiO2 nanocomposite and photophysical properties. J. Saudi Chem. Soc. 2019, 23, 561–575. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2018.09.112
http://doi.org/10.1002/em.22376
http://doi.org/10.1016/j.ecoenv.2016.12.009
http://doi.org/10.1016/j.chemosphere.2020.128493
http://www.ncbi.nlm.nih.gov/pubmed/33039690
http://doi.org/10.1016/j.ecoenv.2015.06.030
http://www.ncbi.nlm.nih.gov/pubmed/26202306
http://doi.org/10.37779/nt.v21i3.3632
http://doi.org/10.1007/s11356-021-15815-0
http://doi.org/10.2147/IJN.S61143
http://doi.org/10.1007/s10924-022-02388-3
http://doi.org/10.1016/j.nanoms.2019.02.006
http://doi.org/10.1590/S1516-14392009000100002
http://doi.org/10.1016/j.cattod.2016.09.024
http://doi.org/10.1016/j.apcata.2018.12.027
http://doi.org/10.1016/S1875-5372(18)30055-9
http://doi.org/10.1016/B978-0-12-804300-4.00002-2
http://doi.org/10.1016/j.apcata.2010.08.042
http://doi.org/10.1016/j.molliq.2021.116567
http://doi.org/10.1016/j.jiec.2019.08.002
http://doi.org/10.1016/j.cattod.2019.01.025
http://doi.org/10.1016/j.jece.2020.104483
http://doi.org/10.1016/j.ceramint.2019.11.076
http://doi.org/10.1016/j.heliyon.2019.e02870
http://doi.org/10.1016/j.jhazmat.2020.124728
http://doi.org/10.1016/j.jhazmat.2019.121516
http://www.ncbi.nlm.nih.gov/pubmed/31708291
http://doi.org/10.1016/j.jscs.2018.10.002


Molecules 2022, 27, 6261 25 of 27

128. Rashidimoghaddam, M.; Saljooqi, A.; Shamspur, T.; Mostafavi, A. Constructing S-doped Ni–Co LDH intercalated with Fe3O4
heterostructure photocatalysts for enhanced pesticide degradation. New J. Chem. 2020, 44, 15584–15592. [CrossRef]

129. Soltani-Nezhad, F.; Saljooqi, A.; Mostafavi, A.; Shamspur, T. Synthesis of Fe3O4/CdS–ZnS nanostructure and its application for
photocatalytic degradation of chlorpyrifos pesticide and brilliant green dye from aqueous solutions. Ecotoxicol. Environ. Saf. 2020,
189, 109886. [CrossRef] [PubMed]

130. Rani, M.; Yadav, J.; Shanker, U. Green synthesis of sunlight responsive zinc oxide coupled cadmium sulfide nanostructures for
efficient photodegradation of pesticides. J. Colloid Interface Sci. 2021, 601, 689–703. [CrossRef]

131. Soltani-Nezhad, F.; Saljooqi, A.; Shamspur, T.; Mostafavi, A. Photocatalytic degradation of imidacloprid using GO/Fe3O4/TiO2-
NiO under visible radiation: Optimization by response level method. Polyhedron 2019, 165, 188–196. [CrossRef]

132. Premalatha, N.; Miranda, L.R. Surfactant modified ZnO–Bi2O3 nanocomposite for degradation of lambda-cyhalothrin pesticide
in visible light: A study of reaction kinetics and intermediates. J. Environ. Manag. 2019, 246, 259–266. [CrossRef] [PubMed]

133. Aulakh, M.K.; Kaur, S.; Pal, B.; Singh, S. Morphological influence of ZnO nanostructures and their Cu loaded composites for
effective photodegradation of methyl parathion. Solid State Sci. 2020, 99, 106045. [CrossRef]

134. Liu, X.; Zong, H.; Tan, X.; Wang, X.; Qiu, J.; Kong, F.; Fang, S. Facile synthesis of modified carbon nitride with enhanced activity
for photocatalytic degradation of atrazine. J. Environ. Chem. Eng. 2021, 9, 105807. [CrossRef]

135. Nyankson, E.; Efavi, J.K.; Agyei-Tuffour, B.; Manu, G. Synthesis of TiO2–Ag3PO4 photocatalyst material with high adsorption
capacity and photocatalytic activity: Application in the removal of dyes and pesticides. RSC Adv. 2021, 11, 17032–17045.
[CrossRef]

136. Ayodhya, D.; Veerabhadram, G. Ternary semiconductor Znx Ag1−x S nanocomposites for efficient photocatalytic degradation of
organophosphorus pesticides. Photochem. Photobiol. Sci. 2018, 17, 1429–1442. [CrossRef] [PubMed]

137. Choudhary, M.K.; Kataria, J.; Bhardwaj, V.K.; Sharma, S. Green biomimetic preparation of efficient Ag–ZnO heterojunctions with
excellent photocatalytic performance under solar light irradiation: A novel biogenic-deposition-precipitation approach. Nanoscale
Adv. 2019, 1, 1035–1044. [CrossRef]

138. John, E.M.; Shaike, J.M. Chlorpyrifos: Pollution and remediation. Environ. Chem. Lett. 2015, 13, 269–291. [CrossRef]
139. Wu, B.; Arnold, W.A.; Ma, L. Photolysis of atrazine: Role of triplet dissolved organic matter and limitations of sensitizers and

quenchers. Water Res. 2020, 190, 1–44. [CrossRef]
140. Sumon, K.A.; Ritika, A.K.; Peeters, E.T.; Rashid, H.; Bosma, R.H.; Rahman, M.S.; Fatema, M.K.; Van den Brink, P.J. Effects of

imidacloprid on the ecology of sub-tropical freshwater microcosms. Environ. Pollut. 2018, 236, 432–441. [CrossRef] [PubMed]
141. Zabihi-Mobarakeh, H.; Nezamzadeh-Ejhieh, A. Application of supported TiO2 onto iranian clinoptilolite nanoparticles in the

photodegradation of mixture of aniline and 2,4-dinitroaniline aqueous solution. J. Ind. Eng. Chem. 2015, 26, 315–321. [CrossRef]
142. Verma, A.; Sheoran, M.; Toor, A.P. Titanium dioxide mediated photocatalytic degradation of malathion in aqueous phase. Indian J.

Chem. Technol. 2013, 20, 46–51. [CrossRef]
143. Jonidi-Jafari, A.; Shirzad-Siboni, M.; Yang, J.K.; Naimi-Joubani, M.; Farrokhi, M. Photocatalytic degradation of Diazinon with

illuminated ZnO-TiO2 composite. J.Taiwan Inst. Chem. Eng. 2015, 50, 100–107. [CrossRef]
144. Daneshvar, A.; Khataee, R. Removal of Azo Dye C.I. Acid Red 14 from Contaminated Water using Fenton, UV/H2O2,

UV/H2O2/Fe(II), UV/H2O2/Fe(III) and UV/H2O2/Fe(III)/Oxalate Processes: A Comparative Study. J. Environ. Sci. Health Part
A 2006, 41, 315–328. [CrossRef] [PubMed]

145. Wanjeri VW, O.; Sheppard, C.J.; Prinsloo AR, E.; Ngila, J.C.; Ndungu, P.G. Isotherm and kinetic investigations on the ad-
sorption of organophosphorus pesticides on graphene oxide based silica coated magnetic nanoparticles functionalized with
2-phenylethylamine. J. Environ. Chem. Eng. 2018, 6, 1333–1346. [CrossRef]

146. Geankoplis, C.J.; Hersel, A.A.; Lepek, D.H. Transport Processes and Separation Process Principles, 5th ed.; Earson Education: New
York, NY, USA, 2018.

147. De Gisi, S.; Lofrano, G.; Grassi, M.; Notarnicola, M. Characteristics and adsorption capacities of low-cost sorbents for wastewater
treatment: A review. Sustain. Mater. Technol. 2016, 9, 10–40. [CrossRef]

148. Tien, C. Introduction of Adsorption–Basics, Analysis and Applications, 1st ed.; Book Aid International: Amsterdam, The Netherlands,
2019.

149. Da Silva Bruckmann, F.; Zuchetto, T.; Ledur, C.M.; dos Santos, C.L.; da Silva, W.L.; Fagan, S.B.; da Silva, I.Z.; Rhoden CR, B.
Methylphenidate adsorption onto graphene derivatives: Theory and experiment. New J. Chem. 2022, 46, 4283–4291. [CrossRef]

150. Hu, H.; Xu, K. Physicochemical technologies for HRPs and risk control. In High-Risk Pollutants in Wastewater; Elsevier: Amsterdam,
The Netherlands, 2020; pp. 169–207. [CrossRef]

151. Scheufele, F.B.; Módenes, A.N.; Borba, C.E.; Ribeiro, C.; Espinoza-Quiñones, F.R.; Bergamasco, R.; Pereira, N.C. Monolayer–
multilayer adsorption phenomenological model: Kinetics, equilibrium and thermodynamics. Chem. Eng. J. 2016, 284, 1328–1341.
[CrossRef]

152. Abegunde, S.M.; Idowu, K.S.; Adejuwon, O.M.; Adeyemi-Adejolu, T. A review on the influence of chemical modification on the
performance of adsorbents. Resour. Environ. Sustain. 2020, 1, 100001. [CrossRef]

153. Yang, Z.; Zhang, G.; Guo, X.; Xu, Y. Designing a novel N-doped adsorbent with ultrahigh selectivity for CO2: Waste biomass
pyrolysis and two-step activation. Biomass Convers. Biorefin. 2020, 11, 2843–2854. [CrossRef]

http://doi.org/10.1039/D0NJ02772C
http://doi.org/10.1016/j.ecoenv.2019.109886
http://www.ncbi.nlm.nih.gov/pubmed/31759746
http://doi.org/10.1016/j.jcis.2021.05.152
http://doi.org/10.1016/j.poly.2019.02.012
http://doi.org/10.1016/j.jenvman.2019.05.155
http://www.ncbi.nlm.nih.gov/pubmed/31181474
http://doi.org/10.1016/j.solidstatesciences.2019.106045
http://doi.org/10.1016/j.jece.2021.105807
http://doi.org/10.1039/D1RA02128A
http://doi.org/10.1039/C8PP00220G
http://www.ncbi.nlm.nih.gov/pubmed/30250952
http://doi.org/10.1039/C8NA00318A
http://doi.org/10.1007/s10311-015-0513-7
http://doi.org/10.1016/j.watres.2020.116659
http://doi.org/10.1016/j.envpol.2018.01.102
http://www.ncbi.nlm.nih.gov/pubmed/29414368
http://doi.org/10.1016/j.jiec.2014.12.003
http://doi.org/10.1016/j.jhazmat.2008.07.140
http://doi.org/10.1016/j.jtice.2014.12.020
http://doi.org/10.1080/10934520500423196
http://www.ncbi.nlm.nih.gov/pubmed/16484066
http://doi.org/10.1016/j.jece.2018.01.064
http://doi.org/10.1016/j.susmat.2016.06.002
http://doi.org/10.1039/D1NJ03916D
http://doi.org/10.1016/B978-0-12-816448-8.00008-3
http://doi.org/10.1016/j.cej.2015.09.085
http://doi.org/10.1016/j.resenv.2020.100001
http://doi.org/10.1007/s13399-020-00633-0


Molecules 2022, 27, 6261 26 of 27

154. Hu, Y.; Zhu, Y.; Zhang, Y.; Lin, T.; Zeng, G.; Zhang, S.; Wang, Y.; He, W.; Zhang, M.; Long, H. An efficient adsorbent: Simultaneous
activated and magnetic ZnO doped biochar derived from camphor leaves for ciprofloxacin adsorption. Bioresour. Technol. 2019,
288, 121511. [CrossRef]

155. Dotto, G.L.; McKay, G. Current scenario and challenges in adsorption for water treatment. J. Environ. Chem. Eng. 2020, 8, 103988.
[CrossRef]

156. Lv, X.; Li, S. Graphene Oxide–Crospolyvinylpyrrolidone Hybrid Microspheres for the Efficient Adsorption of 2,4,6-Trichlorophenol.
ACS Omega 2020, 5, 18862–18871. [CrossRef]

157. Samadi-Maybodi, A.; Nikou, M. Modeling of removal of an organophosphorus pesticide from aqueous solution by amagnetic
metal-organic framework composite. Chin. J. Chem. Eng. 2021, 40, 323–335. [CrossRef]

158. Nodeh, H.R.; Ibrahim WA, W.; Kamboh, M.A.; Sanagi, M.M. New magnetic graphene-based inorganic–organic sol-gel hybrid
nanocomposite for simultaneous analysis of polar and non-polar organophosphorus pesticides from water samples using
solid-phase extraction. Chemosphere 2017, 166, 21–30. [CrossRef]

159. Boruah, P.K.; Sharma, B.; Hussain, N.; Das, M.R. Magnetically recoverable Fe3O4/graphene nanocomposite towards efficient
removal of triazine pesticides from aqueous solution: Investigation of the adsorption phenomenon and specific ion effect.
Chemosphere 2017, 168, 1058–1067. [CrossRef] [PubMed]

160. Abukhadra, M.R.; El-Sherbeeny, A.M.; El-Meligy, M.A.; Luqman, M. Insight into carbohydrate polymers (chitosan and 2-
hydroxyethyl methacrylate/methyl methacrylate) intercalated bentonite-based nanocomposites as multifunctional and environ-
mental adsorbents for methyl parathion pesticide. Int. J. Biol. Macromol. 2021, 167, 335–344. [CrossRef]

161. Liu, G.; Li, L.; Xu, D.; Huang, X.; Xu, X.; Zheng, S.; Zhang, Y.; Lin, H. Metal–organic framework preparation using magnetic
graphene oxide–β-cyclodextrin for neonicotinoid pesticide adsorption and removal. Carbohydr. Polym. 2017, 175, 584–591.
[CrossRef]

162. Muda, M.S.; Kamari, A.; Bakar, S.A.; Yusoff SN, M.; Fatimah, I.; Phillip, E.; Din, S.M. Chitosan-graphene oxide nanocomposites as
water-solubilising agents for rotenone pesticide. J. Mol. Liq. 2020, 318, 114066. [CrossRef]

163. Gámiz, B.; Hermosín, M.C.; Cornejo, J.; Celis, R. Hexadimethrine-montmorillonite nanocomposite: Characterization and
application as a pesticide adsorbent. Appl. Surf. Sci. 2015, 332, 606–613. [CrossRef]

164. Soulé, M.Z.; Fernández, M.A.; Montes, M.L.; Suárez-García, F.; Sánchez, R.T.; Tascón, J.M.D. Montmorillonite-hydrothermal
carbon nanocomposites: Synthesis, characterization and evaluation of pesticides retention for potential treatment of agricultural
wastewater. Colloids Surf. A Physicochem. Eng. Asp. 2020, 586, 124192. [CrossRef]

165. Dehaghi, S.M.; Rahmanifar, B.; Moradi, A.M.; Azar, P.A. Removal of permethrin pesticide from water by chitosan–zinc oxide
nanoparticles composite as an adsorbent. J. Saudi Chem. Soc. 2014, 18, 348–355. [CrossRef]

166. Gupta, K.; Kumar, V.; Tikoo, K.B.; Kaushik, A.; Singhal, S. Encrustation of cadmium sulfide nanoparticles into the matrix of
biomass derived silanized cellulose nanofibers for adsorptive detoxification of pesticide and textile waste. Chem. Eng. J. 2020, 385,
123700. [CrossRef]

167. Qiu, Y.; Xiao, X.; Cheng, H.; Zhou, Z.; Sheng, G.D. Influence of environmental factors on pesticide adsorption by black carbon:
pH and model dissolved organic matter. Environ. Sci. Technol. 2009, 43, 4973–4978. [CrossRef]

168. Al-Degs, Y.S.; El-Barghouthi, M.I.; El-Sheikh, A.H.; Walker, G.M. Effect of solution pH, ionic strength, and temperature on
adsorption behavior of reactive dyes on activated carbon. Dyes Pigm. 2008, 77, 16–23. [CrossRef]

169. Marczewski, A.W.; Seczkowska, M.; Deryło-Marczewska, A.; Blachnio, M. Adsorption equilibrium and kinetics of selected
phenoxyacid pesticides on activated carbon: Effect of temperature. Adsorption 2016, 22, 777–790. [CrossRef]
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