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Abstract

The safety of the environment is a major global concern that has grabbed the attention of many researchers. Multiple variables
can lead to food and water contamination. Pesticide is one of the hazardous variables that pollute water and affect negatively
living organisms. Therefore, pesticide disposal is a big challenge. There are various treatment methods, such as biological,
chemical, and physical methods used to remove pesticides. Metal-organic frameworks (MOFs) are hybrid materials, which
composed of organic and inorganic units. They are widely utilized for wastewater remediation. This review sheds light on the
different types of pesticides and the various techniques used in removing pesticides including biological, chemical, and
physical treatments. Furthermore, the definition and the most common stable MOFs are also discussed. Thus, the advantages
and disadvantages of using MOFs in wastewater treatment are explained in this article. The synthetic procedure for the
preparation of MOFs is illuminated in this review as well. Food safety has become a challenge. The applications of MOFs as
sensors and as stationary phase extraction for the detection and removal of pesticides are intensively debated. Finally, this
study gives insight on MOFs composites that utilized for pesticides removal and water purification.
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1. Introduction

Environmental pollution is gradually increasing,
causing a negative impact on ecosystems,
biodiversity and living organisms including humans
by polluting soil, air, and water worldwide [1,2].
Water is a precious and indispensable resource for
life on Earth. Water pollution affects all life on Earth
[3]. Water pollution with harmful substances leads to
a decrease in water quality [4]. Recently, fertilizers
and pesticides have been widely used to improve
food quality, crop productivity and protection [5].
Pesticides are chemical or natural substances used to
control or kill weeds and harmful pests that cause
plant diseases [6]. About 4.1 million tons of
pesticides were used in the world in 2016 [7].
Pesticides have disadvantages including their toxicity
to humans, beneficial plants, animals, and aquatic
ecosystems and their long persistence in the
environment, causing risks to both the environment
and public health [8]. Exposure to pesticides causes
human serious diseases such as asthma, allergies,
blood diseases, immune system damage, liver
damage, leukemia, brain cancer, ovarian cancer,
endocrine disorder, etc [9,10]. Pesticides must be
removed from the environment and water to
eliminate their negative effects on human health,
living organisms, and food quality.

There are techniques such as biological, chemical,
and physical methods for treating water from
pesticides [11]. The biological process is
characterized by the biodegradation of organic
pollutants into less harmful substances such as
methane, dioxide and water [12].
photodegradation, chemical and microbial processes

can be used to degrade pesticides in the environment

carbon
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[13]. Advanced Oxidation Processes (AOPs) are
chemical techniques for pesticide removal that use
oxidant agents (as hydroxyl radicals) to oxidize
contaminants. AOPs degrade organic pollutants into
harmless products. In general, AOPs are categorised
into ultraviolet (UV)-based treatment, ozone-based
treatment, photo advanced oxidation processes
(pAOP), catalytic advanced oxidation processes
(cAOP), and electrochemical advanced oxidation
processes (eAOP) [11]. Thus, removing pesticides
from water becomes a challenge. Adsorption is used
to extract biological, soluble and insoluble pollutants
with adsorption efficiency of up to 90-99% [14].
Adsorption is widely used among these methods due
to its ease of operation, no sludge formation,
simplicity, versatility, and harmless by-product. The
efficiency of adsorption is based on the possible
interactions with pollutants, surface area, available
sites, and porosity [11, 15].

Metal-organic frameworks (MOFS), also known
as porous coordination polymers, were composed of
organic linkers and metal ions [16]. Due to their
exceptional porosity, high surface area, and stable
framework, MOFs have been applied in various
applications including catalysts,
drug-delivery agents, storage, separation systems and
others [17]. MOFs have been used as sensors to

Sensors,

detect nutritional risk factors, such as pesticide
residues, mycotoxins, veterinary drugs, illegal
additives, pathogens, heavy metals, and food
additives. Where the conventional methods used to
assess food safety, such as
chromatography methods, have some limitations

chemical and

including requiring expensive equipments, skilled
laboratory personal, and time consuming. Therefore,
MOFs have been applied as sensors, including
scattering  (SERS),
electrochemical, luminescent,
electrochemiluminescence sensors and etc, to
overcome the limitations of conventional methods
[18].

The unique features and structure of MOFs make

surface enhanced Raman

colorimetric,

them very attractive materials for various applications
including sorbents for sampling, stir bar sorptive
extraction, magnetic solid-phase extraction, solid-
phase microextraction, and stationary phases for
chromatography [19]. MOFs have been used for the
adsorption removal of hazardous compounds from
water. Due to their excellent properties, MOF
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matrices can effectively hazardous
compounds from aqueous solutions [20]. Common
MOFs, such as ZIF-8 (Zn), ZIF-67 (Co), MIL-53 (Cr)
and MIL101 (Cr), Cu-BTC, UiO-67 (Zr), UiO-
67(Zr)/GO, have efficiently removed pesticides from
aqueous solutions [21].

Here, the nature of pesticides and their harmful effect
on the environment and living organisms are
discussed. Removal of pesticides in different methods
such as biological, chemical, and physical treatments
is reported. Definition, preparation, properties, and
applications of MOFs are described. The applications
of MOFs for the detection, extraction, and adsorption
of pesticides are also discussed.

2. Pesticides

2.1. Environmental Issue of Pesticides

Organisms that have a negative impact on humans
and the environment are called pests. Pests are
animals, insects, fungi, and bacteria. They attack
humans, animals, and plants and can carry diseases.
In agriculture, pests attack crops, both in the field and
during storage, infecting or dying plants. Therefore,
pests affect the production or growth of crops by
losing or reducing the amount of the crop. The level
of damage to agricultural products caused by pests is
high. [22] So, the harmful pests must be controlled to
protect the plants. Biological, chemical, and physical
methods are used to control pests. The chemical and
biological quality of the soil may be compromised by
the use of chemical or physical treatment techniques
[23].

Pesticides are chemicals, natural or synthetic, that
is used to target and eliminate harmful organisms.
The reduction or completely elimination of weeds,
pests, and diseases is the goal of using pesticides
[24]. These pollutants have a negative impact on soil
properties and enter food chains, leading to risks to
human health [23]. Pesticide cause critical toxic
effects and remain for a long time. The ecological
balance is disturbed by killing unharmed insects,
fishes, and animals. The pests have also modified
their genes by creating resistance against these
pesticides [25]. Additionally, pesticides have
negative effect on the environment. Soil, water and
air have been contaminated with pesticides to toxic
levels. Water contaminated with pesticides poses a
threat to aquatic life and ecosystems. Pesticides are
toxic to natural plants, neutral animals and aquatic
life. Bioaccumulation occurs due to prolonged use of
pesticides. Pesticides have serious effects on plant

remove
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and animal biodiversity [9]. Pesticide poisoning cases
are recorded every year. DDT
(dichlorodiphenyltrichloroethan) was used as a
chemical in agriculture but was banned in 1962 due
to its harmful effect. Also, the Environmental
Protection Agency (EPA) banned the use of EDB
(ethylene dibromide) in 1983 due to its carcinogenic
and mutagenic effects [25]. The effect of pesticides
may be acute or chronic on human health. Immediate
effect of pesticide exposure involve dizziness,
headache, nausea, diarrhoea, abdominal pain,
stinging of the skin and eyes, vomiting, irritation of
the throat and nose, blurred vision, skin itching,
blindness, blisters on the skin, appearance of the rash
and rarely death. long exposure to pesticides causes
serious diseases including brain cancer, asthma,
allergies, leukaemia, hypersensitivity, lymphoma, etc.
Fetuses and children are especially vulnerable to
pesticide  exposure [9].  Neurological and
neuropsychiatric effects have been on adults who
exposed to high rates of pesticides. Behavioural
problems of children related to organophosphates
[26].

2.2. Classification of pesticides

Pesticides are classified into the mode of entry,
target pest species, and their chemical composition.
Based on the mode of entry, the pesticides are
classified into fumigants, repellents, stomach poisons,
systemic and contact pesticides. Based on target pest
species, pesticides are classified into insecticides,
herbicides, fungicides, Bactericides, Acaricides,
Larvicides, etc. The class names of these pesticides
consist of the Latin word cide (meaning killer) after
the name of the target pest species. The physical and
chemical properties of pesticides differ from one
category to another. Therefore, pesticides are
classified based on their chemical structure and active
ingredients nature. This common classification gives
information about the chemical and physical
properties and efficacy of the respective pesticide.
pesticides are classified based on their chemical
composition into main classes, organiochlorine,
carbamate, organicphosphorous, pyrethrin, and
pyrethroid (Figure 1) [27].

Organochlorine acts as an obstruction of the
nervous system, leading to paralysis, convulsions,
and death. It has a long-term residual impact in the
environment and resists most degradation processes.
Lindane, DDT (dichlorodiphenyltrichloroethan), and
endosulfan are exmples on organochlorine pesticides.
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Carbamate ( carbofuran, carbaryl, and propoxur) acts
as inhibitor of cholinesterase. It is not persistent in
the environment and is subject to biodegradation.
Organophosphorous, such as malathion, parathion,
and diazinon, act as inhibitors of cholinesterase
causing a perpetual overlay of the neurotransmitter
acetylcholine across the synapse resulting in paralysis
and death. Pyrethrins (natural), Pyrethroids
(synthetic) work by disrupting the nervous system of
an insect, resulting in a weak condition followed by
death. It is not persistent in the environment, and is
subject to biodegradation. Pyrethroids are such as
cpermethrin, deltamethrin, and permethrin [28].

| Natural | l Synthetic I
(— T = ] 1
== == EBEE =
1- Pyrethrum
2- Azadirachtin
E | | [ | |
1-DDT 1- Malathion 1- Propoxur 1- Deltamethrin
2-BHC 2- Temephos 2- Bendiocarb 2- Cyfluthrin
3- Fenthion 3- Carbaryl 3- Bifenthrin
4- Dichlorvos 4- Lambda-
5- Fenitrothion cyhalothrin
6- Primiphos 5- Premethrin
methyl

Figure 1: Classification of insecticides [27]

2.3. Removal techniques of pesticides

Pesticides have a lethal nature, and it is difficult to
reduce them because pesticides have qualities such as
water solubility, heat stability, and polarity. The
pesticide residues remain in water and the
environment for a long time. The ecological balance
is disturbed by killing harmless insects, animals and
fish and pests modify their genes for pesticide
resistance [9,10]. Methods of removing pesticides
from water are one of the necessary research projects
to get rid of their harmful effects. Methods of treating
water from pesticides such as chemical, physical and
biological treatment techniques. Chemical methods
such as oxidation, precipitation, coagulation,
flocculation and hydrolysis are used to remove
pesticides from wastewater. Physical methods such as
distillation, filtration, and sedimentation are used to
remove pesticides from wastewater. Biological
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methods such as activated sludge, extended aeration,
anaerobic process, and rotating biological contractors
are used to remove pesticides from wastewater
(Figure 2). Each treatment method has its benefits
and drawbacks in terms of reliability, pre-treatment
requirements, environmental impact, operational and
capital costs, efficiency, the production of sludge,
operability, and production of toxic by-products [11].

Removal techniques

Biological
approaches

Activated sludge

Physical Chemical
approaches approaches

Adsorption Oxidation

Distillation Precipitation

i i Coagulation i
Filtration gt Extended aeration

- Flocculation Anaerobic process
Steam and stripping

Hydrolysis Rotating biological

Neutralization contractors

0il and grease
skimming

Dissolved air flotation Sequencing batch

OIVWater separatlon Electrochemical solvent extraction IS

Tracking filters

Sedimentation lon exchange

Figure 2: Different biological, chemical, and physical
treatment methods

2.3.1. Biological treatment

Biological treatment is another technique used to
remove pesticides from water and wastewater. The
biological process is characterized by biodegradation.
This process converts organic pollutants into less
harmful substances such as CO,, and H,O. Basically,
there are three types of biological treatment with
microorganisms: bioaugmentation, natural
attenuation, and biostimulation. Bioremediation can
use strains of fungi and bacteria that degrade the
pesticide [12]. Biological treatment is classified into
aerobic and anaerobic treatment. The combination of
aerobic and anaerobic condition increases the uptake
efficiency. A combination of aerobic and anaerobic
conditions is an effective strategy for the removal of
pesticides [11]. Aerobic processes including rotating
biological, lagoons, activated sludge, trickling filter,
and contactor are able to remove organics. Anaerobic
processes including anaerobic fluidized bed (AFB)
reactor, anaerobic filter (AF), and up flow anaerobic
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sludge blanket (UASB) reactor can remove organics
at high rate (80-90%) and produce biogas [29].

The biodegradation of methyl parathion using
P.Decaturense CBMAI 1234 and A. Sydowii CBMAI
935 was studied. A. Sydowii CBMAI 935 and P.
Decaturense CBMAI 1234 were able to degrade
pesticides in 20 day and 30 day, respectively [13]. In
another study, Atrazine was removed from aqueous
solutions by submerged biological aerated filter.
Microbial consortium was able to degrade atrazine in
the aquatic environment. The results indicated that
and soluble chemical oxygen demand (SCOD) and
the highest efficiencies removal for atrazine were
98.9% and 97.9%, respectively [30]. A membrane
bioreactor (MBR) was used to remove Ametryn, a
moderately persistent s-triazine herbicide. Within 15
h (hydraulic retention time (HRT)), MBR showed
65% removal of Ametryn from its influent at the
concentration of 1-2 mg/L. The biodegradation
process achieved 99%, 92% and 83% removal of
Ametryn if the MBR maintained a HRT of 7.5, 2.5
and 1.5 days respectively [31]. Furthermore, the
cooperative degradation capacities of Variovorax sp.
Strain SRS16 as mineralizing organism for linuron
and Arthrobacter globiformis strain D47 as degrading
organism for diuron were combined to constructe
two-member consortium that could mineralize
linuron and diuron (Figure 3). The results indicated
that the consortium composed of strains D47 and
SRS16 could remediate water and soil contaminated
with lenuron and diuron [32].

Although the bioremediation process is most
widely used for low cost and efficiency, it depends on
various factors, such as temperature, soil moisture
content, nutrient availability, oxygen level, and pH
[12]. It is noteworthy that microorganisms cannot
always get rid of pesticides because of their low
water solubility, recalcitrance, or toxicity [33].
Sometimes, pre-treatments are required as the
breakdown of some pesticides by enzymatic reactions
or photochemical degradation might ease their
biological digestion [11]. Coupling of heterogeneous
photocatalysis and aerobic biological process was
used to treat wastewater containing chlorpyrifos. The
degradation values, mineralization for the biological
process after the photocatalysis treatment increased to
88.24%, 67.78%, respectively [34].

Biosorption is the adhesion of pollutants to the cell
wall without the need for oxidation of aerobic or
anaerobic metabolism. Both live and dead biomass

Egypt. J. Chem. 66, No. SI: 13 (2023)

can be used as bio-sorbents in pesticides removal.
Bio-sorbents are microbial biomass such as bacteria,
fungi, yeast, algae, seaweed, and wastes from
agriculture wastes, industries wastes and by-products
such as fermentation residues, activated sludge and
food waste. However, it is difficult to keep the live
biomass viable during the process because it needs
nutrients constantly and pesticides are toxic to it.
Using dead biomass is more cost-effective because it
does not require a nutrient supply. The use of dead
biomass in the column faces problems such as the
difficulty of separating the biomass after adsorption
and mass loss after regeneration. These problems can
be solved by immobilizing of biomass, but this leads
to an increase in cost and immobilization negatively
affects transfer kinetics of mass and pollutants
removal [35].

Cl o] 1

L
\

Diuron Linuron

cl

Cl N, —> _ » (0,

Figure 3: diuron and linuron -mineralizing two-member
consortium [32]

Lievremont et al. used fungal mycelia to remove
pentachloronitrobenzene (PCNB) from aqueous
solutions. Dead biomass and cell walls of Sporothrix
cyanescens, Rhizopus arrhizus, and Mucor racemosus
were used for PCNB adsorption. The amount of
PCNB adsorbed on dead biomass of S. cyanescens,
R. arrhizus, and M. racemosus were 2.56, 4.62, and
5.10, respectively, at the PCNB concentration of 250
mg/L. Whereas, the amount of PCNB adsorbed on
isolated cell-walls of S. Cyanescens, R. Arrhizus, and
M. Racemosus, were 1.87, 3.49, and 4.17,
respectively, at the PCNB concentration of 250 mg/L
[36].

2.3.2. Chemical treatment

Unfortunately, most pollutants are chemically
stable and difficult to degrade by biotic or/and abiotic
processes. Hence, conventional wastewater treatment
plants (WWTP) are not effectively able to remove
them to the required level. Therefore, alternative
methods of wastewater treatment were needed.
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Chemical methods such as oxidation, precipitation,
coagulation, and etc., are used to treat water and
wastewater [11, 37].

An advanced oxidation process (AOPs) oxidizes
organic pollutants based on the in situ production of
highly reactive and oxidizing radical agents, such as
OH-. Hydroxyl radical, SO4- sulphate radical [11,
37]. In AOPs, pollutant degradation occurs due to the
reaction of radicals with organic pollutant molecules.
Where the oxidation of organic pollutants led to the
degradation of parent compounds into more benign
and biodegradable intermediate products, or to
complete mineralization into safe compounds such as
carbon dioxide, H20, and mineral acids under
optimal conditions [37]. AOPs has benefits such as
smaller processing space needed to process the
system’s required flow rate, environmentally friendly
technique, and rapid reaction rates that result in
lower retention time compared to other traditional
treatment methods. However, various disadvantages
can be mentioned, including maintenance costs, and
high operating [11].

/~ PHOTOCHEMICAL \\\
CHEMICAL AOPs ":h"s —
- Fenton's Reagent - Photolyisis of 1,0,
(Fez‘ /Hzoz) (UV/H:O'Z)'
- Peroxonation (Oy/H,0,) - Photolyisis of O (UV/O,)
- Photo-Fenton
(UV/Fe**/H,0,)
- Heterogeneus
photocatalysis (UV/TiO,)

" a0

{

SONOCHEMICAL AOPs | ELECTROCHEMICAL

; AOPs
-Hydrogen peroxide and : s
ultrasounds ~ (US/H,0,) - Electrochemical Oxidation

- Ozonation and ultrasounds | - Anodic Oxidation
(US/0y) - Electro-Fenton

\ 4

Figure 4: Classification of advanced oxidation processes
(AOPs) [37]

Hydroxyl radicals are produced from various
pathways using ultraviolet irradiation, catalysts,
combination of oxidants. Thus, the classification of
AOPs depends on the source production of hydroxyl
radicals (OH) [38]. Figure 4 shows different types of
electrochemical, chemical, sonochemical, and
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photochemical reactions of destruction and
degradation have been performed for organic
pollutants AOPs
categorized as photochemical ( such as direct
photolysis by UV light, UV/ TiO2, UV/ H202,
photo-Fenton and photo-Fenton-like processes) or
non-photochemical (such as ozonation,
process, hydrodynamic/ultrasonic cavitation,
electrochemical oxidation, and sub/super critical)
processes. AOPs can also be
homogeneous or heterogeneous [37].

Homogeneous AOPs can be divided into the

and non

in water treatment. can be

Fenton

classified as

energy-using
Homogeneous AOPs processes use energy such as
UV radiations, electrical energy or ultrasonic energy
to remove pesticides from water and wastewater [37].
Ultraviolet electromagnetic
radiations used in the photodegradation of pesticides
in water and wastewater, but ultraviolet radiations

energy-using processes.

radiations are the

alone are not enough to degrade organic pollutants,
so the combination of ultraviolet radiation and other
techniques to improve the performance of
photodegradation in removing pesticides [11]. UV
radiations have been applied in the presence of
oxidants such as UV/Os;, UV/H,0,, UV/Os;/ H,0,,
and UV/ Fe**/ H,0, (photo-Fenton) [37]. UV/Os
treatment was used to degrade carbamate insecticide,
Carbofuran, which achieved higher efficiency
compared to the direct UV photolysis and ozonation
process. Where 0.2 mM carbofuran was completely
removed and 24% mineralization was achieved in 30
minutes [39].

In the field of AOPs, Fenton reaction (Fe“/ H,0,),
and Fenton-like reactions (Fe**/ H,0,) have been
used to treat non biodegradable wastewater. The
Fenton method is considered one of the most
effective oxidation techniques for removing organic
contaminants. Due to their ability to completely
mineralize a wide range of organic compounds and
rapid rate of pollutant removal, Fenton reactions have
been widely used to treat the water contaminated with
pesticides. However, two limitations of Fenton
systems are the slow reduction of Fe** by H,0, and
the significant increase in iron sludge production in
their applications. To overcome these limitations, the
system was illuminated with UV irradiation, which is
termed as the photo-Fenton process. The combination
of Fenton reagent with UV visible irradiation
enhances the efficiency of process because of the
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photoreduction of Fe’* to Fe**and the ability to
produce another source of hydroxyl radicals via
photolysis of hydrogen peroxide. Consequently,
hydroxyl radicals yields increase and the required
amount of Fe” reduces in Fenton reaction. The
photo-assisted Fenton method as an oxidative pre-
treatment step has advantages, such as economics,
efficiency, less energy demand, harmless process
products, and low investment, over the dark Fenton
method. However, the Fenton Photo process has
drawbacks including the employ of UV light sources
and the periodic addition of OH- that raise the
operational cost. [11,38,40].

Different AOPs including UV, H,0,/Fe(Il), UV/
H,0,, UV/ H,0O,/Fe(Ill) and UV/ H,0,/Fe(Ill) were
used to degrade profenofos, fenitrothion, and
diazinon. Compared to other AOPs, the photo-Fenton
method, which uses either Fe(I) or Fe(III), reported
the best percentage of total organic carbon (TOC)
removal. After a 90-min reaction time, the Fenton
method achieved 46.2%, 54.2%, and12.9% of TOC
reduction of profenofos, fenitrothion, and diazinon,
respectively. While the photo-Fenton treatment
achieved a maximum TOC degradation of 89.7%,
86.9%, and 56.7% and for profenofos, fenitrothion,
and diazinon, respectively, within 30 min at pH 3
[40]. Ma et al. used an ultrasonic process and a
combination of Fenton and ultrasounic process to
degrade carbofuran. The ultrasonic method oxidised
more than 40% of the carbofuran in 120 min. The
mineralization of carbofuran was less than 15%
which was observed by the decrease in TOC. This
indicated to the oxidation of part of carbofuran to
intermediates. While the combination of Fenton
reagents with the ultrasonic process improved the
degradation efficiency of carbofuran to over 99%
with 40% mineralization within 30 min [41].Whereas
homogeneous AOPs that do not use energy include
ozonation with hydrogen peroxid and ozonation in
alkaline medium. Ozonation is the process of
removing pollutants using ozone. Ozone is generated
on-site due to its short life which leads to an increase
in treatment cost [11,37]. Ormad et al. used various
technique treatments to degrade 44 pesticides. The
results indicated that the oxidation by ozone removed
70% of the pesticides. However, the combination of
ozonation treatment with activated carbon increased
pesticides removal to 90% [42].

Heterogeneous AOPs involve the addition of
catalysts to occur the degradation reactions.
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Organometal or metal oxides of Ti, Al, Zn, V, Mn,
Cr, etc. have been used as catalysts in heterogeneous
AOPs. Heterogeneous AOPs include catalytic
(Fe*/0;,  Ti0,/05),  photocatalytic
ozonation  (UV/TiO,/O;) and  heterogeneous
photocatalysis (UV/TiO,) [37]. In another study by
Ormad, The influence of titanium dioxide and
hydrogen peroxide in the ozon-based treatment was
used to degrade 44 pesticides found in natural water.
The ozonation treatment removed about 23% of

ozonation

pesticides. While the average degradation yields from
03/ H,0, and O3/ TiO, treatments was less than that
from ozonation. However, using the O3/ H,O,/ TiO,
method significantly improved pesticide degradation,
yielding an average degradation rate of 36% [43].

Recently, heterogeneous photocatalysis has been
widely used especially in the case of organic
pollutants resistant to oxidation by other traditional
AOPs [37]. Heterogeneous photocatalysis involves
the direct or indirect absorption of UV or visible
radiant energy by a solid which, in its excited state,
acts as a catalyst for the organic pollutants
degradation. Photocatalysis on the semiconductor
surface provides an alternative to the production of
free radicals. According to the literature, studies of
photocatalysts  including TiO,, SnO,, ZnO,
Ce0,,WO0;, CdS, ZrO, and Fe oxides have all
demonstrated a good performance in removing a
variety of pollutants [44]. This process gradually
degrades the pollutants, avoiding the production of
sludge and residue, which reduces the probability of
secondary pollution. Additionally, there is no need
for consumable chemicals due to remaining catalyst
unchanged during  operation.Futhermore, the
pollutant is strongly adsorbed to the surface of
catalyst, enabling the photocatalytic process to
efficiently remove pollutants even at very low
concentrations of pollutants in solution, which saves
the cost of water production [38]. Titanium dioxide
(TiO,) has been most widely established material
among the semiconductor photocatalysts due to its
high stability, cost-effectiveness, abundance, non-
toxicity, and unique photocatalytic efficiency in
many degradation reactions [38,45]. Unfortunately,
the high charge carrier recombination rate of TiO2
generally limited the photocatalytic performance.
Therefore, TiOp;; has been modified to reduce these
recombinations [45].

Utrilla et al. used a UV/TiO,/activated carbon
system for the photocatalytic degradation of 2.4-
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dichlorophenoxyacetic acid (2,4-D). The results
showed that the percentage of 2,4-D removal
increased when the activated carbon was present
during the photocatalytic degradation (UV/TiO,). In
the presence of activated carbon, the maximum
percentage of 2,4-D degradation was obtained with
the highest content of carboxyl groups after 60 min of
treatment. 40% of the organic matter was mineralized
by UV/TiO2/AC-ozonated system. The degradation
by-products were less toxic compered to 2,4-D [44].
In another study, Fe,O;/ TiO, was used to degrade
2,4-D under UV light irradiation. The results
indicated that the activity of Fe,O;/ TiO,was higher
than that of TiO,. After 1 h of reaction, Fe,O5 (0.5)/
TiO2 achieved 18% degradation of 2,4-D which
corresponded to an activity three times higher than
that of TiO, .The Fe,O3 (0.5)/ TiO, material showed
reusability and excellent stability for 2,4-D removal
[45]. Based on prior studies, AOPs are suggested as
pre-treatment stages to degrade the pesticide into
more biodegradable intermediates, then a biological
treatment procedure is followed to convert them into
biogas, biomass, hydrochloric acid, carbon dioxide,
and water. This is mainly because AOPs do not
effectively remove the bulk chemical oxygen demand
(COD) to a level below the regulatory standard for
some refractory pesticide compounds [38].

2.3.3. Physical treatment (Adsorption)

Adsorption is the most widely used method of
physical treatment. Adsorption is a widely applied
rapid technology, used to remove soluble, insoluble
pollutants and biological pollutants, the removal
efficiency can reach 90-99% [14]. Adsorption has
advantages such as low cost, ease of operation,
simplicity, high efficiency, versatility, and no
harmful by-products. The adsorption effectiveness
depends on the surface area, porosity, number of sites
available and possible interactions with the pollutant
[11,15]. There are many adsorbents used in the
process of removing pesticides from water and
wastewater such as activated carbon, natural
materials, nanomaterials, agricultural = wastes,
industrial waste, miscellaneous, composite,
noncomposite, and bio- adsorbents [11]. Table (1)
shows removal of pesticides by different adsorbents.
Among the adsorbents, for a long time, carbonaceous
materials have occupied a special place as absorbent
materials [46]. Activated carbon (AC) has been
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successfully used as an effective adsorbent because
of its high surface area and high porosity [11]. The
waste rubber tire was used to prepare activated
carbon, which was used to remove methyl parathion,
methoxychlor, and atrazine. The results exhibited that
the highest absorption was 88.9 mg g g-1, 1049 mg g
g-1,and112.0 mg g g-1 for methyl parathion, atrazine
and, methoxychlor, respectively [47]. Picabiol AC
was used to remove Atrazine, Atrazine-desethyl, and
Triflusulfuron-methyl pesticides with adsorption
capacities of 22.6, 23.1, 19.7 mg g'l, respectively
[48]. Although active carbon is effective in removing
pesticides, its production cost is high. Therefore, the
trend has been to low-cost adsorbents from
agricultural and industrial wastes [11].

Table 1
Pesticides removal by different adsorbents
Adsorbent Pesticide Adsorption Reference
capacity
mg/g
Picabiol AC Atrazine 22.6 48
Picabiol AC Atrazine- 23.1 48
desethyl
Picabiol AC Triflusulfuron- 19.7 48
methyl
Fly ash atrazine, 0.38 49
metolachlor, 0.28
metribuzin, 0.20
Carbon 24-D 1529 -212.1 51
slurry Carbofuran 150.2-208.3
Blast furnace 24-D Negligible 51
slag Carbofuran Negligible
Blast furnace 24D 21.0 51
dust Carbofuran 13.0
Blast furnace 24D 30.0 51
sludge Carbofuran 23.0
Animal bone Carbofuran 18.5 52
meal
Orange peel Carbofuran 84.49 54

Fly ash is a cost effective adsorbent and has shown
significant ability to adsorb organic pollutants. Fly
ash had a maximum adsorption capacity of 0.38,
0.28, and 0.20 mg g'1 for atrazine, metolachlor, and
metribuzin, respectively [49]. Date stone, banana
peels, and orange were used to remove parathion and
diazinon. The reduction of parathion by date stones,
orange peels, and banana peels was 39.52%, 45.28%,
and 50.34%, respectively. Whereas the reduction of
diazinon by orange peels, banana, and date stones
was 43.42%, 63.86%, 81.18%, respectively [50].
Gupta et al. used steel industry wastes (blast furnace
slag, dust, and sludge) and fertilizer industry waste
(carbon slurry) as adsorbents to remove carbofuran
and 24-D from aqueous solution. The highest
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adsorption capacities of Blast furnace dust and Blast
furnace slag for removing carbofuran were 13 mg/g,
and negligible, respectively. The 2,4-D and
carbofuran were removed using carbon slurry with
adsorption capacities of 152.9-212.1, 150.2-208.3 mg
g-1, respectively [51]. Animal bone meal (ABM) was
used as an alternative low-cost adsorbent for the
adsorption of Carbofuran from an aqueous solution.
The method for preparing the ABM absorbent. It was
found that 25 mg of ABM removed a maximum of
98.3% of Carbofuran. ABM had the highest
adsorption capacity of 18.5 mg g'1 [52]. Two agro-
industrial wastes, peanut shell and sugarcane bagasse,
were used as support of magnetite nanoparticles to
prepare magnetic bio-composites: magnetic peanut
shell (MPSo) and magnetic sugarcane bagasse
(MBO). These magnetic bio-composites were used as
low-cost adsorbents for adsorptive removal of
carbofuran and iprodione. MBo and MPSo had the
highest adsorption capacities of 175 and 89.3 mg/g
for carbofuran, and 119 and 2.76 mg/g for iprodione,
respectively [53]. In another study, orange peel was
employed as low-cost adsorbent for adsorptive
removal of carbofuran from aqueous solution. At
30°C, the maximum adsorption capacity of orange
peel for carbofuran was found to be 84.49 mg/g [54].

3. Metal-organic frameworks (MOFs)

3.1.Definition of metal-organic frameworks
(MOFs)

MOFs are hybrid materials consisting of organic
and inorganic units, which are characterized by their
porosity and crystallinity [17,55]. The organic units
(bridging  ligands/linkers) are composed of
carboxylates, or including sulfonate,
phosphonate, and heterocyclic compounds. The
inorganic units are called secondary-building units
(SBUs), which are metal ions or clusters. MOFs are
obtained through a coordination bond between
organic linkers/ bridging ligands and metal ions or

anions,

clusters, resulting in open frameworks (Figure 5).
The diversity of organic linkers and metal ions leads
to a variety of MOFs [17]. Wherever most metals can
be used to construct MOFs. Organic linkers, such as
benzenedicarboxylates (BDCs),
benzenetricarboxylates (BTCs), Imidazoles, etc., are
used to form MOFs. Furthermore, the use of linkers
of various sizes can vary the pore size of MOFs such
as 1,4-benzenedicarboxylic acid (BDC),
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biphenyldicarboxylate and terphenyldicarboxylate for
Ui0-66, UiO-67 and UiO-68, respectively [56].

The geometry of MOFs depends on the nature of
the functional groups, coordination number, and
geometric coordination of metal ions [17]. Therefore,
MOFs have various geometries such as linear,
tetrahedral, T- or Y-shaped, square-pyramidal,
square-planar,  octahedral, trigonal-bipyramidal,
pentagonal-bipyramidal, trigonalprismatic, and the
corresponding distorted forms [57]. Different nods
and linear terephthalic acid linkers compose various
geometries of MOFs with their available surface area
and characteristic pore size (Figure 6) [55].

¢ +/—»@

Metal center ~ Organic linker Metal-Organic framework
(MOF)

Figure 5: Metal-organic frameworks (MOFs) structure [16]
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Figure 6: Various metal-organic framework with their
geometry [55]

3.2. Most common stable MOFs

Many MOFs are unstable in water or other hard
conditions, which has significantly impeded their
potential application and commercialization [58]. The
hydrothermal, chemical, and thermal stabilities of
MOFs are crucial for practical industrial applications
because the majority of chemical processes take place
at high temperatures (for gas-phase or vapour
reactions) or under basic or acidic conditions (for
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liquid-phase reactions) [59]. Multiple factors such as
organic  ligands, metal ions, ligand—metal
coordination geometry, the operating environment,
the pore surface hydrophobicity can influence the
stability of MOFs [58]. When the inertness of metal
ions increases, the chemical stabilities in water,
bases, and acids increase [59]. Stable MOFs are
generally formed from soft Lewis bases (azolate-
based ligands) and soft Lewis acids (low valence
state transition metal ions) or hard Lewis acids (high
valence state metal ions), hard Lewis bases
(carboxylate-based ligands), according to the hard
and soft acids and bases (HSAB) principle. Stable
MOFs were constructed by metal ions ( as Ag*, Ni**,
Cu®*, Mn*, and Zn®* ) and azolate ligands (as
tetrazolates imidazolates,triazolates, and pyrazolates).
The highly valent ions ( Al**, Fe’*, Ti*, Cr’*, and
Zr*") aggregate with carboxylate ligands to form the
stable MOFs. [58]. Stable MOFs (such as ZIF, UIO,
and MIL series materials) were successfully prepared
[60]. However, many so-called “stable MOFs” have
not yet achieved the same degree of stability as other
organic or inorganic porous materials including
porous carbons, mesoporous silica, and zeolites [58].

3.3. The most common synthetic procedures of
MOFs

MOFs have been frequently synthesized by the
hydro/ solvothermal method. Where metal salt and
organic linker are dissolved in a solvent. Then the
reaction mixture was heated to obtain MOFs. Crystals
obtained by this method are suitable for single crystal
X-ray diffraction (XRD) analysis [61]. MOF-5 was
prepared by solvothermal method with high quality
and high yield of MOF-5 [62]. Bhattacharjee et al.
synthesized Fe-MOF-74 by solvothermal processes
[63]. However, MOF synthesis using the
solvothermal method is slow (hours to weeks) [61].
Therefore, alternative methods for preparing MOFs
have been adopted.

Microwave (MW) irradiation can be used for the
synthesis of organic or inorganic solids. This
synthesis method has advantages such as mitigation
in crystallization times, particle size distribution, and
control of morphology and phase. MIL100 was
successfully prepared by MW irradiation. The
synthesis time for MIL-100 was reduced from 96 h
by the hydrothermal method to 4 h by microwave
method [64]. Microwave-assisted hydrothermal
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synthesis has been used to effectively and rapidly
prepare MIL-101(Cr) that showed a large surface
area and huge giant pores [65]

Sonochemical/ultrasonic  synthesis is another
method for preparing MOFs that is efficient, friendly
environment, facile, and low cost. [64]. MOF-5 was
prepared using a sonochemical method with high
quality .Sonochemical synthesis took a shorter
synthesis time (~30 min) than
solvothermal synthesis (24h) [66]. A sonochemical
method was used to successfully prepared high-
quality MOF-177 crystals in the 5-20 um size range
in the presence of NMP (1-methyl-2-pyrrolidone) as
a solvent with 40 min. MOF-177 was also prepared
by microwave heating in NMP under similar
conditions (35 min, 5-50 uM) with inferior
crystallinity. In contrast, a conventional solvothermal
method in DEF (diethylformamide) required 48 h to
yield MOF-177 crystals of 0.5 and 1.5 mm in size.

The sonochemical route produced MOF-177 with

traditional

product yield of 95.6% , which significantly higher
than these of other methods. [67].

Electrochemical synthesis (EC) is an alternative
method used to prepare MOFs. This method has
advantages such as viable, speed, simple, and precise
process controlled. The purity of EC synthesis is high
because of the absence of counter ions including
chloride, perchlorate, or nitrate from metal salts [64].
For the first time, MIL-100(Fe) was synthesized
through electrodeposition [68]. MIL-53 (Al) and
NH2-MIL-53 (Al) were successfully prepared by
electrochemical synthesis. Compared to Solvothermal
synthesized MIL-53 and NH,-MIL-53 samples, the
electrochemical  synthesized  samples
suppressed framework flexibility. Electrochemical
synthesis offers advantages including easy synthesis
of MOF nanoparticles, shorter synthesis time, milder
conditions, higher Faraday
morphology tuning [69].

Volatile organic solvents used in the synthesis of
MOFs have several effects as environmental
pollutants. A mechanochemical synthesis for the
preparation of MOFs has been proposed to overcome
problems related to solvents. The mechanochemical
synthesis provides a solvent-free preparation and a
short reaction time of about 10-60 min with high
quantitative yields [64]. Mechanochemical method
was used to obtain HKUST-1and MOF-14 with high
surface areas [70]. Without any applied heating,

showed

efficiencies and
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isonicotinic acid and copper acetate were grinded
together for 10 min to obtain microporous MOFs
[Cu(INA)2] [71]. The mechanochemical method was
effective in the MOF-5 synthesis within minutes [72].

3.4. Advantages and disadvantages of MOF's

Recently, MOFs attract the attention due to their
excellent properties such as ultra-low densities,
discrete ordered structure, ease of synthesis, and large
internal surface area exceeding 6000 m2/g [64].
MOFs properties
luminescence, high surface area,
mechanical and thermal stability, porosity, flexible
architecture, structure, and
magnetism [73,74]. The properties of MOFs can be
improved by using the post-synthetic modification
(PSM) technique. PSM approaches have been used to
improve the properties such as exchange/ adsorption
of guest species, modification of metal node or/and
ligand (linker) [73]. Methods can be used to
introduce functional groups onto MOFs such as post-
synthetic modification (PSM), using functional
linkers, linker replacement after synthesis, and easily
incorporating MOFs with other functional materials
[56]. Figure 7 shows various approaches of PSM
such as ligand exchange, metal exchange, and/or
guest replacement, etc. [73].

MOFs have drawbacks that should be mentioned.
The use of MOFs has been limited due to their
drawbacks such as low capacity, high fabrication
costs, difficulties in regeneration/recycling, and poor
selectivity [74]. Also, many MOFs suffer from
irreversible degradation during the
charge/discharge operations, low tap density, poor
electrical conductivity, which could restrict their
practical applications [75]. Additionally, the chemical
or thermal stability of MOFs is lower than that of
inorganic parts such as zeolite and carbon. Therefore,
operating conditions must be considered in terms of
recycling, toxicity (after degradation of MOFs), and
longevity, especially under hydrothermal conditions,
in a basic or acidic medium, or under high
temperature. Moreover, metals and linkers are not
cheap, especially when they are complex or complex
in structure [56].

also have several such as

excellent

tunable chemical

structural
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Figure 7: Possible routs of PSM in MOFs: a) metal exchange,
b) metal incorporation, c) ligand exchange, d) ligand installation,
e) ligand removal, and f) guest incorporation inside the pores [73]

3.5. Applications of MOFs

There are wide applications for MOFs including
optics, adsorption/ separation of gases, storage,
catalysis, drug delivery, sensing, microelectronics,
and bioreactors. etc [17]. MOFs have been applied as
heterogeneous catalysts in condensation reactions,
Friedel-Crafts  reactions,  coupling reactions,
oxidations, etc. because of their mentioned properties
[76]. Stable MOFs have wide applications in redox
catalysis, Lewis/Brgnsted acid catalysis,
electrocatalysis photocatalysis, and gas storage.
MOFs have demonstrated remarkable porosity and a
potential ability to store H2 and CH4 [58]. MOFs
have been used to design advanced -electrode
materials for diverse battery systems. The porous
structure of MOFs allows for an ion transportation
and easy electrolyte penetration [75]. In analytical
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chemistry, MOFs have been applied as sorbent
materials in microextraction and extraction methods,
as sensors. Additionally, MOFs have been used as
sorbent in the procedures of analytical sample
preparation, which act as stationary phases in
chromatographic systems [55]. MOFs can be used in
biomedical applications due to their high
biocompatibility, cytotoxicity, and high
biodegradability. MOFs can be usefully used in
cosmetics including caffeine storage and release,
control of fragrance release, skin disease treatments,
and parabens determination in cosmetic creams [77].
Nontoxic nano-MOFs with tailored surfaces and
cores can be used as anti-HIV drugs and nanodrug
carriers for antitumor [17].

3.6. Aluminium-based MOF [MIL-53]

3.6.1. Structure and importance

MIL-53 (Materials Institute of Lavoiser) is a well-
known MOF, which first synthesized and named by
Gérard Férey in 2002 [78]. To form MIL-53, corner-
sharing octahedral chains MO4(OH), (M = Al Fe, Cr,
Ga, In, Sc) are connected to an organic linker,
benzene-1,4-dicarboxylate (terephthalate or BDC)
[Figure 9]. The MO,(OH),octahedral chains and
terephthalate linkers are linked to form a three-
dimensional framework [79]. Aluminium-based
MOFs include MIL-53(Al), MIL-68(Al), MIL-
100(Al), and MIL-101(Al), in which MIL-53(Al) is
constructed of terephthalate ligands and trivalent
cation Al [80,81]. Compared to other MOFs, MIL-53
(Al) has distinctive features such as high thermal
stability, remarkable hydrothermal stability, available
and cheap raw materials, and distinct framework
flexibility [79,81]. It was found that the phenomenon
known as the breathing effect of MIL-53, which can
expand and contract the size of the pore to
different  particle sizes  with
maintaining its crystallinity [80]. Due to excellent
properties of MIL-53(Al), it has been used in diverse
applications such as gas storage, CO2 capture,
sensing, catalysis, separation, and wastewater
remediation [80]. MIL-53 has shown sufficient
ability to withstand soaking in water for extended
periods of time up to a week in 100 °C
aqueoussolution and wide pH ranges (2-12).
Therefore, MIL-53(Al) can be used in the purification
of water [81]. Moreover, MIL-53(Al) is an effective
option for the adsorption of toxic compounds

accommodate
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fromaqueoussolutions due to its high surface area,
moisture resistance, and flexibility framework
[20,79].

-~ »
)

[M;(115-0)(CO0)g] cluster

MIL-100 MIL-101

Figure 8: Structure of various MIL-MOFs [58]

3.6.2. Post-synthetic modification of MIL-53-

NH,
Enormous efforts have been dedicated to the
functionalization of MOFs to improve the

performance of adsorption. In order to design MOFs
with demand properties, diverse functional groups are
MOFs. MOF
chemically modified using a variety of means that are
provided by post-synthetic

introduced into structures  are
modification. The
functional groups are directly grafted on organic
linkers of the MOFs. Which are considered effective
and widely used. The post-synthetic modification of
amine-contained MOFs attracted attention, in which
amine groups provide linking sites to accept
functional groups. Consequently, a variety of
chemical moieties such as halo-functional groups,
photo-switchable functional groups, and azo dye-
functional groups have been successfully integrated
into MOFs through amine groups [82].

The AI-MIL-53-RSO;H was synthesized from the
incorporation of 1,3-propane sulphonate in Al-MIL-
53-NH,; by post-synthetic modification in chloroform
solution. Al-MIL-53-ArSOs;H was synthesized from
the incorporation of an aromatic sulfonic acid group
into Al-MIL-53-NH, by post-synthetic modification
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in chloroform solution. AI-MIL-53-RSO;H and Al-
MIL-53-ArSO;H were applied as catalysts in [4 + 2]
cycloaddition with high selectivity, high activity, and
loading of only 1 mol% of the catalyst [83].
Amidoxime groups were incorporated into MIL-
53(Al)- NH, to prepare MIL-53(Al)-AO. The
prepared MIL-53(Al)-AO was
uranium [U(VI)] from an aqueous solution. The
results showed that the adsorption capacity of MIL-
53(Al1)-AO for U(VI) was 2.36 times more than that
of MIL-53(Al)-NH2 at pH 6.0 [84].

MIL-53-NH, was functionalized with amino
acids, such as L-glutamic acid (L-Glu) and
L-histidine (L-His) to prepare MIL-53-NH-L-Glu and
MIL-53-NH-L-His nanocrystals, respectively. Then,
MIL-53-NH-L-Glu and MIL-53NH-L-His
nanocrystals were embedded in a polyethersulfone
(PES) matrix to create homochiral mixed matrix
membranes (MMMs). MMMs showed excellent
selectivity for racemic 1-phenylethanol with the
highest value up to 100% [85]. Kalhor et al.
synthesized  MIL-53-NH,
electrosynthesis, which was then functionalized with
phosphorus acid tags via the post-synthetic
modification process. MIL-53(Al)-N(CH,PO;H,), as
an effective catalyst was applied to prepare the novel
(N-methyl-pyrrol)-pyrazolo[3,4-b] pyridines. This
catalyst was recyclable and reusable with a minimum
degree of catalytic activity [86]. Huang et al. used
NH2-MIL-53 (Al), pyridine-2-formaldehyde, and
transition metal Cu** to synthesis Cu@ Al-MIL-53-
P21. Cu@AI-MIL-53-P21 was applied as a catalyst
for the oxidation of styrene with the improved
formation of yield [87].

used to adsorb

based on anodic
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Figure 9: modification of MIL-53(Al)-NH, with

salicylaldehyde and Cu (II) ions [88]
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In another study, MIL-53(Al)-NH, was
with copper (II)  Schiff-base
complexes by one-pot post-synthetic modification.
MIL-Sal-OAc, MIL-Sal-Cl, and MIL-Sal-OTF were
prepared from functionalization of MIL-53(Al)-NH,
with salicylaldehyde and copper (1) acetate, copper
(I) chloride and copper (II) triflate, respectively
(Figure 9). The Schiff base reaction between the
amino group in MIL-53(Al)-NH, and salicylate
aldehyde provided coordination sites for copper (II)
by microwave irradiation. An imine bond was formed
between the copper complexes and the amino group
of the MOF. The functionalized materials were
applied in catalysis. MIL-Sal-OAc served as an
effective catalyst,
cyclohexene and styrene with values of TOF of 73
and 88 h-1, respectively [88]. Gotthardt et al. used
maleic anhydride and palladium (II) acetate to
modify MIL-53- NH, (Al) by post synthesis reaction
in two steps. The modified material as a catalyst
showed high selectivity and conversion in Heck-type
C-C coupling reactions [89].

functionalized

which was used to oxidize

4. Metal-organic frameworks and pesticides

4.1. MOF:s as sensors for the pesticides

Human health is negatively affected by food risk
factors such as pesticide residues, mycotoxins,
veterinary drugs, heavy metals, pathogens, etc.
Recently, foodborne illnesses have increased. So food
safety has attracted attention all over the world [18].
The analytical methods, such as high performance
liquid chromatography (HPLC), gas chromatography
(GC), and mass spectrometry (MS), have been used
to detect pesticides due to their sensitivity and
reliability. However, these methods have some
limitations such as requirements of large set-ups,
highly skilled manpower and expensive equipment
[90]. The selectivity, sensitivity, cost, and stability of
the sensor depend on the selection and design of the
sensor materials used in the sensor. Recently, to
improve the performance of the sensors, new
materials quantum dots,
materials, magnetic nanoparticles, metal-organic
framework, etc. have been used (Figure 10) [18].

The primary drivers promoting the use of MOFs in
chemical and bio-sensing are a number of their
excellent biodegradability,
luminescence, non-toxicity, and availability of
redundant functional groups. The applications of
MOFs can be expanded to include detection of

such as carbon-based

features such as
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pesticides, small molecules, gases, explosives,
solvents, biological markers, aromatic compounds
[91]. MOFs are applied as sensing materials to
produce sensing methods such as surface enhanced
Raman scattering, colorimetric, electrochemical,
luminescent, and electrochemiluminescence. These
methods provide advantages such as fast, accurate,
and sensitive, easy of use to monitor harmful
compounds in food online [18]. Table 2 shows MOF-
based different sensors for the detection of pesticides.

Luminescence-based sensing technique has been
used in various applications due to its simple
operation, quick response, and high sensitivity.
Luminescent MOFs have been applied as ideal
sensing material in the fabrication of fluorescent
sensors due to their excellent properties such as the
intrinsic luminescence, desirable adsorption capacity,
easy-to-functionalize surface, and tunable pore size.
Sensor-analyte interactions result in a change in
fluorescence, which is exploited in luminescence-
based sensing. The mechanisms for fluorescence
quenching of the MOF-based
photoinduced electron transfer (PET), Forster
resonance energy transfer (FRET), the excitation
light competition between analyte and MOF and
inner filter effect (IFE) [18].

Enhancing
Sensor type Major limitations mechanisms by
MOFS

SE€nsors are

Easy-t
surface, low toxicity, both

Limited adsorption
.| capacity and toxicity of |- Adsorption performance
traditional organic dyes and luminescence
response
Provide more Binding

sites to immobilize
biomolecules and
electrocatalytical sites

Poor specificity and low
b sensitivity

Offer an appropriate
| matrix for catalytic and
loading properties

Loss of expensive
. reagents that respond to
ESL

Figure 10: Limitations of various sensors and the potential for
using MOFs to solve these problems

Among the 15 different types of organophosphates
(OPPs), the Zn-MOF demonstrated a selective
response to parathion by quenching the fluorescence
intensity. Zn-MOF was used as luminescent sensor to
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detect parathion with wide linear range from 5 ugL™
to 1 mg L' and low limit of detection (LOD) of
1.950 pgL™". The luminescent Zn-MOF has selective
and rapid detection of parathion and a sensor
repeatability of 97.23% [92]. Rhodamine B (RhB),
luminescent dye molecule, and Zr-MOF were used to
construct a RhB@Zr-MOF composite through the
encapsulation method. RhB@Zr-MOF as built-in
self-calibrating luminescence sensor was used to
detect nitenpyram with LOD of 0.2 pM and stability
after 5 detection cycles [93]. Lanthanide metal-
organic frameworks (Ln-MOFs) have excellent
fluorescence properties with long lifetime, visible
light emission and pure color, so they are used as
effective sensing materials. Eu-MOF was used for
rapid detection of 2,6-dichloro-4-nitroaniline (DCN)
pesticide in water by a fluorescence quenching
fashion with low detection limit and good
recyclability [94].

Electrochemical method is an alternative
technique for food safety sensing due to its
advantages including short response time, low cost,
easy miniaturization, and convenient operation.
However, the specificity and sensitivity of
sensors are usually
Improving conductivity by modifying the electrode
surface, introducing more electrocatalytic sites, or
providing more binding sites to immobilize
biomolecules is required to improve the specificity
and sensitivity of the electrochemical sensor. MOFs

electrochemical limited.

have large surface that facilitates nanoparticles
loading, which helps to improve amplify the
electrical signals and improve conductivity [18].
However, the insulating property of organic ligand
leads to poor electrical conductivity of MOFs.
Modification of MOF with certain materials, such as
nanotubes, nanoparticles, and ionic species, induce
the electronic properties in MOFs [91].
CO;0,@MOF-74 nanocomposite was used as an
electrochemical electrode to detect the Phenamiphos
insecticide with high sensitivity and selectivity. The
results showed that this sensor exhibited the LOD
(3.0 x 107> M), and quantification limit (LOQ) 1.0 x
107" M. It has a high sensing property due to the
synergistic effect between MOF-74 and CO3;0,
nanowire and the large surface area [95]. The
electrochemical sensor Zr-BDC-rGO achieved rapid
and sensitive detection of methyl parathion with the
low detection limit 0.5 ng mL™" and wide linear range
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from 0.001 to 3.0 pg mL™" [96]. The electrochemical
sensor based on Cu-BTC MOF material was used to
determine glyphosate in soybean. Cu-BTC MOF
sensor exhibited ultralow detection limit (1.4 x 10713
mol L") and wide detection range (1.0x 10" to
1.0x 10” mol L and 1.0x 10® to 1.0x 10”° mol L’

". Cu-BTC MOF material has a large surface area
that can enhance adsorption capacity, improve
detection performance, improve detection limit, and
increase electrode reaction site. Morever, thissensor
showed stability, good selectivity, and acceptable
reproducibility [97].

Table 2

MOF- based various sensors for pesticides detection

Sensing materials Sensor type Target analytes Application Analytical Advantages Reference
performance
Zn-MOF luminescent sensor  Parathion Irrigation water  Linear range Selective rapid 92
from5 pg L' repeatability, and
to 1 mg L' wide linear
LODof 1.950 response
pgL!
RhB@Zr-MOF Luminescent Nitenpyram Water source LOD of 0.2 Recyclability 93
sensor uM
Eu-MOF Fluorescence 2,6-dichloro-4- Water - Good 94
sensor nitroaniline recyclability,low
(DCN) detection  limit,
and  sensitivity
detection
Ui0-66-NH, Luminescent Methyl parathion Tomato and Wide range Reusableuptoat 99
(Zr) sensor orange of 10— least eight times,
10° ng/mL and stable on
long-term
storage (at least
60 days).
CO;0,@MOF-74 Electrochemical Phenamiphos Orange juice LOD (3.0 x High sensitivity, 95
sensors 1072 M) and high
selectivity
Zr-BDC-rGO Electrochemical Methyl parathion Chinese LOD 0.5 ng Rapid detection, 96
Sensors cabbage mL™ , wide sensitivity, and
linear range wide linear range
from 0.001 to
3.0 ug mL™'
Cu-BTC MOF Electrochemical Glyphosate Soybean LOD Stability, 97
Sensors 1.4x107" ultralow
mol L', wide detection limit,
detection good selectivity,
range wide linear
(1.0x10" to  range, and
1.0x 10 mol  acceptable
L' and  reproducibility
1.0x107 to
1.0 x 10”° mol
LY
BCL@MOF Electrochemical Methyl parathion Vegetables Linear low limit of 100
nanofibers/chitosan  sensor range: 0.1- detection, wide
38 UM linear range,
LOD: high sensitivity,
0.067 1 excellent
stability,  good
recovery  rates
and good
reusability
Cu/Co-MOF Electrochemilumin ~ Acetamiprid and  Apple and linear range Stability, 98
escence malathion tomato of 0.1 uM to reasonable
0.1 pM, LOD  specificity, good
of 0.015 pM, sensitivity, and
and 0.018 pM  repeatability
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Electrochemiluminescence (ECL) is
chemiluminescence resulting from electrochemical
techniques. The combination of electrochemistry and
chemiluminescence endows electroluminescence
(ECL) with various advantages including wide linear
range, low detection limit, and high sensitivity [18].
Due to their advantages such as low background
signal, simple equipment, low detection cost, and fast
detection speed, ECL sensors have been used in the
detection of pesticide residues. Lui et al. constructed
a dual-signal ECL aptasensor based on graphite-like

carbon nitride nanosheet (g-C3N4) and the ECL

4.2. MOF:s as stationary phase extraction

Purification and extraction of pesticides from food
and water samples require several stages due to their
complex matrices. The analyses of component
depend on several factors such as the nature of the
samples and their matrix, instrumental detection
process, and sample preparation procedures [101].
various Instrumental techniques, such as gas
chromatography (GC), spectrophotometry, and high-
performance liquid chromatography (HPLC), have
been applied in the determination of pesticides. These
techniques provide a precision and high sensitivity.
However, these techniques suffer from limitations,
such as expensive equipment, matrix interference,
complicated operating, and relatively high detection
limits. The purification and extraction of sample have
been applied to solve these limitations. Common
analyte extraction methods involve dispersive liquid—
liquid microextraction, solid-phase extraction, etc.
[101,102].

Recently, MOFs have been used as a novel and
reliable sorbent material in the sample preparations,
including contaminants, heavy metals, large
molecules, and others. Several MOF materials have
been employed in various extraction modes, such as
solid-phase (SPE), solid-phase
microextraction (SPME), dispersive-micro solid
phase extraction (D-pSPE), stir-bar solid-phase
microextraction (sb- SPME), in-tube solid-phase

extraction

FeCly | » NH, HO - o
FeCl, R
GO Fe,0,-GO
<
HyBTC ~ = o

L S Sa O O 4

M-MOFs-199

Figure 11: Synthesis of M-MOF-199 [106]
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signal of luminol. To load the luminol, a hollow
Cu/Co-MOF, containing cobalt and copper metal
sites was used to stimulate the luminescence
performance of the Iluminol resulting in the
enhancement of the ECL signal of the luminol. The
dual-signal ECL  aptasensor was used to
simultaneously detect acetamiprid and malathion
with a linear range of 0.1 uM to 0.1 pM, LOD of
0.015 pM, and 0.018 pM, respectively. Furthermore,
the aptasensor stability,
specificity, good sensitivity, and repeatability [98].

showed reasonable

microextraction (it-SPME), thin-film solid-phase
microextraction (tfSPME), and needle trap device.
Different types of MOFs , such as MOF family,
isoreticular metal-organic framework (IRMOF),
University of Oslo (UiO), MIL,
imidazolate frameworks (ZIF), have been employed
in diverse sample preparation strategies [103]. Table
3 shows the determination and extraction methods of

and zeolite

pesticides in the environmental.

The solid phase extraction (SPE) procedure has
been widely used for extraction and concentration of
pesticide residues due to its advantages, such as high
extraction efficiency, low organic waste, simplicity,
solvent consumption and sensitivity [103,104].
Pipette tip solid phase extraction (PT-SPE) was
coupled to HPLC for the detection of phenoxy
herbicides in tap water, cucumber and soil samples.
Cotton@UiO-66 was packed as an absorbent into the
pipette tip for the fabrication of the extraction device.
Cotton@UiO-66 showed excellent properties in the
phenoxy herbicides extraction. Linear ranges of 2-
(2,4-dichlorophenoxy) propionic acid, dicamba, 4-
chlorophenoxyacetic acid, and 2,4-
dichlorophenoxyacetic acid were 3.2-160 pg/L, 5.6—
280 pg/L, 1.4-72 pg/L, and 2.8-140 pg/L,
respectively. The results showed the detection limit
range (0.1 pg L-1 to 0.3 pg L-1), recovery between
(83.3 and 100.8 %) with relative standard deviations
RSDs < 6.7 % [104].
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Magnetic SPE (MSPE) is a relatively new form of
SPE, in which a small amount of magnetic
nanoparticles are dispersed to absorb and release
target analytes. The typical SPE technique is not
suitable for many MOFs because of high column
resistance caused by the fine particle of MOFs.
MSPE and MOFs are combined to solve this problem
[105]. Magnetic Solid Phase Extraction (MSPE) is
environmentally friendly, filter/centrifugal free,
rapid, and simple method for the pre-treatment of
pesticides by the mechanical separation. A magnetic
sorbent is added to the solution for fast adsorption of
the analyte and then extracted from the magnetic
sorbent for more analysis [106].
Fe;0,@Si0,—MIL-101 was used as MSPE sorbents
and coupled with high performance liquid
chromatography-diode-array detector (HPLC-DAD)
to determine four pyrazole/pyrrole pesticides
(fenpyroximate, chlorfenapyr  flusilazole, and
fipronil) in environmental water samples.The results
exhibited excellent linearity in the range of 2.0-200.0
png/L for chlorfenapyr and fenpyroximate, and 5.0—
200.0 pg/L for flusilazole and fipronil, with
correlation coefficients r>0.9911. Quantification and
limits of detection were 1.0-5.0 pg/L, and 0.3-1.5
ng/L respectively. Since the Fe;0,@SiO,-MIL-101
could be quickly extracted from solutions using an
external magnet, there was no need for complicated
devices for the analysis [105]. In another study, a
magnetic Copper-based metal-organic framework
(M-MOF-199) has been synthesized using
Nanocomposite (Fe;O,-graphene oxide)(Figure 11)
that was used for magnetic solid-phase extraction
(MSPE) of Flusilazole, fenbuconazole, myclobutanil,
penconazole, and epoxiconazole (five triazole)
pesticides from water samples. The benefits of
combining MOFs and M-GO are the highly selective
adsorption and rapid separation of triazole pesticides.
High performance liquid chromatography (HPLC)
coupled with tandem mass spectrometry was applied
for sample determination and quantification. The
limit of detection was 0.05-0.1 pg L™, the recovery
range was 72.3%-91.53% with the relative standard
deviations (RSD)ranging from 1.5% to 9.1 %). The
mechanism may be the hydrogen bonding, m-n
stacking/interactions,  hydrophobic  interactions,
electrostatic interactions between the five membered
heterocycles and the benzene rings in the triazole
pesticides with GO-MOFs. Researchers have
established technique of the combining HPLC/MS
with M-MOF-199 that is a sensitive detection,
simple, and rapid method for triazole pesticides
[106].

Dispersive solid-phase extraction (DSPE) is another
sample preparation method, which is considered as
safe, quick, effective, easy, cheap, and rugged. This
technique involves dispersing the adsorbent into a
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sample solution, then collecting it by centrifugation
to extract the analytes. The primary advantage of
DSPE method is the promotion of the contact area
between the analytes and sorbent [107]. Amiri et al.
Prepared Zn-based MOF from histamine as an
organic linker and zinc as the metal ion under
solvothermal conditions. Zinc-based MOF was used
as sorbent for DSPE of organophosphorous pesticides
(OPPs) in water and fruit juice samples. The
instrument  detection ~was used the gas
chromatography-flame ionization detector (GC-FID).
Good linearity exhibited in the rang of 0.1-100 ng
mL™" for the target analytes. The DSPE-GC-FID
procedure indicated the detection limit (0.03-0.21 ng
ml™) and the recovery range (91.9-99.5%) [107].
MIL-101 was used in dispersed solid micro-phase
extraction (DMSPE) to extract phenylurea and
triazine herbicides in vegetable oils. Herbicides were
determined and separated using HPLC. The results
showed that limits of detection were in the range of
0.585 - 1.04 pg/L for the herbicides and the
recoveries were of the herbicides in the range of 87.3
- 107% [108]. A 100 Al-based MOF was applied as
adsorbent for pre-concentration and extraction of
carbaryl from fruit, vegetables, and water samples.
DSPME was coupled with ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-
TMS) for high sensitive detection of carbaryl. The
limit of quantification (LOQ), LOD, RSD was 0.03
mg L7, 0. Olmg L', and 0.8-1.9 %, respectively
101].

Solid phase microextraction (SPME) is another mode
of sample preparation, which can be combined with
HPLC, and GC. SPME has been widely used in food,
biological and environmental analysis, which has the
advantages of low cost, time and labor-saving,
simplicity, environmental friendly, and high
extraction efficiency [103,109]. In a study, templated
MOF composite,C;N,@MOF, was prepared by
introducing g-C;Ny as a template during the synthesis
process of NH,-MIL-125. Then, C-(C;N,@MOF)
was synthesized by the carbonization of the
C:N4@MOF [Figure 12]. The C-(C3N4@MOF)
showed high mechanical stability, large surface area,
good thermal stability and high adsorption capacity.
A sol-gel technique was used to coat C-
(C3N4@MOF) on a stainless steel wire, that serve as
SPME fiber coating. The coated fiber was used to
extract fourteen organophosphorous pesticides,
phorate,diazinon, dimethoate, disulfoton, iprobenfos,
malathion, parathion methyl,
chlorpyrifos,isocarbophos, parathion, phenthoate,
profenofos, triazophos, and ethion, from different
vegetable (baby cabbage, chinese cabbage, oilseed
rape, pakchoi and lettuce) and fruit (apple, plum,
peach, nectarine and pear) samples. Gas
chromatography-mass spectrometric (GC-MS) was
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used for the detection of pesticides. The linear
response was in the range from 0.69 to 3000 ng g™'for
the fourteen OPPs. LODs and coefficients of
determination (r2) ranged from 0.23 to 7.5ng g and
from 0.9981 to 0.9998, respectively. The method

recoveries (R) ranged from 82.6% to 118%, with
RSDs in the range of 2.8% - 11.7%. The coated fiber
can be recycled more than 100 times without greatly
reducing the extraction efficiency [109].

Table 3
The determination and extraction methods of pesticides in the environmental samples
Method Matrix Adsorbent Pesticides Analytical Reference
performance
PT-SPE-HPLC tap water, Cotton@ UiO-66 Phenoxy herbicides LOD: 0.1 pug LT to 104
cucumber and soil 0.3 pg L™).recovery :
833 - 100.8 %),
RSDs <6.7 %
MSPE-HPLC- Environmental Fe;0,@Si0,-MIL-10 Pyrazole/pyrrole LOD: 0.3-1.5 pg/L 105
DAD water r>0.9911
MSPE-HPLC Water M-MOF-199 Triazole Recovery  72.3%- 106
91.53%, RSD: 1.5%
- 9.1 %, LOD: 0.05-
0.1 pg L
MSPE-GC- Agricultural M-M-ZIF-67 Nine organochlorine Recoveries 74.9- 112
MS/MS irrigation water 116.3% and 75.1-
112.7%, LOD : 0.07-
1.03 ug L
DSPE-GC-FID water and fruit Zinc-based MOF Organophosphorous Recovery (91.9- 107
juice 99.5%), LOD:0.03-
0.21 ng ml"
DSPME-UPLC-  Fruit, vegetables, 100 Al-based MOF Carbaryl LOQ:0.03 mg L7, 101
TMS and water RSD :0.8-1.9 %,
LOD: 0.0lmgL"
DSPME/GM- Rice, cucumber, Magnetic NH,-MIL-  Diazinon Linear range of 0.23— 113
FID tomato, and mice 53(Al)@ Chitosan 220 ugL™
liver ,LOD: 0.07 ug L™
Ethion Linear range: 0.13—
200 pug L™
,LOD:0.04 ug L™
RSD: (£6.45%), and
recovery range:
91.25-104.35 %
DMSPE-HPLC Vegetable oils MIL-101 Phenylurea and triazine Recoveries: 87.3 - 108
107% LOD: 0.585 -
1.04 pg L'
SPME-GC-MS Vegetables and C-( C:Ns@MOF) Fourteen Recoveries R): 109
fruits organophosphorous 82.6% - 118%,
RSDs : 28% -
11.7%. LOD: 0.23 to
7.5ng g
SPME-GC/ECD water convolvulus, MOF-199/GO eight organochlorine LODs: 2.3-6.9 ng/L, 110
river water, soil RSD: 5.3% - 8.8%
and longan
TFME-SESI- Agricultural ZIF-67 Ethion Recoveries: 91 - 111
IMS wastewaters  and 107%, detection limit

underground water

:0.1pgL™
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In another study, MOF-199/GO were fabricated by
combination of graphite oxide (GO) and MOF-199 at
room temperature, which was used as SPME coating.
MOF-199/GO SPME fibers were wused to
simultaneously  extract  eight  organochlorine
pesticides [hexachlorobenzene (HCB), heptachlor
epoxide, aldrin, p-p-
dichlorodiphenyldichloroethylene (p.p-DDE),
dieldrin, p,p’-dichlorodiphenyldichloroethane (p,p’-
DDD), trans-chlordane, and o-endosulfan] from
water convolvulus, river water, soil and longan
followed by gas chromatography/electron capture
detector (GC/ECD) analysis. This fiber has high
porosity, long lifespan (more than 140 extractions),
and good thermal stability (above 300°C). The results
exhibited that adsorption affinity of MOF-199/GO to
OCPs was much higher than that of MOFs and GO,
respectively. The method recoveries of eight
organochlorine pesticides for longan, river water,
water convolvulus, and soil were in the range of
82.8-94.3%, 90.6-104.4%, 72.2-107.7%, and 82.7—
96.8%, respectively. The LODs were 2.3-6.9 ng/L,
with RSD ranging from 5.3% to 8.8% [110].

°
> & C« %

Solvothermal

150°C, 12 h

2-C;N,@NH,-MIL-125

8-CN,
g-C3N, suspension

GC-MS analyam

L

The chromatogram of the 14 OPPs

Figure 12: Synthesis of C-( C3Ns@MOF) and extraction of OPPs [109]

4.3. MOFs as adsorbent for pesticides

Various methods, such as chlorination, oxidation, ion
exchange, neutralization, filtration, activated carbon,
and membrane filtration, have been reported in
literature for removing organic pollutants from
environment. However, these methods are limited in
their application due to high prices, low
effectiveness, the production of harmful by-products,
and high concentration requirements of pesticides,
which complicate their removal. The adsorption
approach has been used as an alternative wastewater
treatment method and proposed a solution to the
difficult problem of insufficient removal of pollutants
during wastewater treatment [21]. Adsorption has
been widely used to remove pollutants due to its ease
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C-(C;N,@MOF)

Mohammadi et al. prepared flexible/self-supported
ZIF-67 film that was used as a sorbent in the thin-
film microextraction ((TFME) method. This film was
used to extract ethion from agricultural wastewaters
and underground water. Secondary electrospray
ionization source with ion mobility spectrometry
equipped (SESI-IMS ) was used to detect the analyte.
The linear dynamic ranged between 0.5 and
100 pg L. the method recoveries ranged from 91 to
107% for spiked samples, with a detection limit of
0.1pg L™'. This method showed the appropriate
reproducibility, the good sensitivity, and the
satisfactory recoveries [111].

QPMI

of operation, no sludge formation, simplicity,
versatility, and harmless by-product. The efficiency
of adsorption is based on the possible interactions
with pollutants, surface area, available sites, and
porosity [11,15].

MOFs applications are effective in the removal of
toxic compounds due to its surfaces and high
porosity, the cability to purposefully control the size
and shape of pores in the meso- and micro-ranges,
and the chemical features of pore surfaces. The
breathing effect, known a phenomenon to MOFs, as
an external influence increasing the pore size,
facilitates the adsorption [20]. Additionally, the
flexibility to form diversity frameworks from organic
linkers with many clusters of metal ions, allowing for
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the existence of many MOFs with mesoporous or
microporous structures. Moreover, the functional
groups are varied in the organic linkers and the metal
node that act as adsorption centers of various
organic pollutants. MOFs are used as adsorbents in

removing contaminants from wastewater such as
MIL-53 (Cr), MIL-101(Cr), ZIF-8 (Zn), ZIF-67 (Co),
UiO-67 (Zr), Cu-BTC, etc. [21]. Various MOFs were
used as adsorbents materials for different pesticides
as shown in Table 4.

Adsorptive removal of 2. 34-D with MOFs

Water + <

- -

P
> ma— >
-

’@- Purified

ey

R water
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Cr-benzencdicarboxylate
(MIL-53)

Figure 13: Removal of 2,4-D by MIL-53 (Cr) [114]

Cr-based MIL-53 was first applied for the uptake of
2,4-dichlorophenoxyacetic ~ acid  (2,4-D)  from
contaminated water by Jung et al.(Figure 13). MIL-
53 (Cr) showed much higher uptake capacity and
much faster uptake within 1 hour, compared with
activated carbon (AC) or zeolite (USY). The
adsorption of 2,4-D by MIL-53 (Cr) was highly
effective, especially at low concentrations of 2,4-D in
the solution, with a high adsorption capacity (556
mg/g). The adsorbent was still effective after being
used in four cycles. The potential for the adsorption
process is due to m-m stacking and electrostatic
interactions between 2,4-D and MIL-53 (Cr)
[114].Either MIL-101 (Cr) succeeded in adsorbing
diazinon from aqueous

solutions in a fixed-bed system with maximum
adsorption efficiency (92.5%). Reports were obtained
that the thermal stability was up to 550 °C, the
surface area was 2600 m > / g, and the crystallinity
was 96% for MIL-101(Cr) [115]. De Smedt et al.
used Fe-based MOF-235 to remove isoproturon,
clopyralid, and bentazon from water. MOFs
performed well due to their rapid adsorption of
pesticides in large quantities. However, the
reusability of MOF-235 (Fe) was poor due to its
unstable[116].
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Figure 14: Synthesis of NU-1000 (Zr) and UiO-67 (Zr) [120]
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According to the presence of Zr-OH group, high
surface area, high water stability, and suitable pore
size, Zr-based MOFs have been largely used in the
removal of different pesticides by adsorption [21].
The researchers successfully synthesized Zr-based
UiO-67 with properties such as appropriate pore
size,and strong affinity. UiO-67 (Zr) was applied to
remove glyphosate (GP) and glyphosinate (GF) with
high adsorption capacity of 537 mg/g and 360 mg/g,
respectively[117]. Zr-based UiO-66, Zr-BDC, was
studied to uptake methylchlorophenoxypropionic acid
(MCPP) from contaminated water. the adsorption
capacity and the kinetic constant  were
~7.5(particularly at low concentrations of MCPP of 1
mg/L) and ~ 30 times that of AC, respectively. The
adsorption mechanism was attributed to n-m
interactions (at high pH) and electrostatic interactions
(at low pH). The performance of UiO-66, after
washing with water/ethanol for MCPP adsorption,
did not significantly reduce with 3 recycles [118]. In
other study, UIO-66 and UIO-67 were studied in
removal, dichlorvos and metrifonate, two
organophosphorus ~ (OPPs)  insecticides. = The
adsorption capacities of UIO-67 approached 378.78
mg/g for metrifonate and 571.43 mg/g for dichlorvos.
Whereas the adsorption capacities of UIO-66 were
90.49 mg/gand 172.40 mg/g for metrifonate, and
dichlorvos, respectively. According to their
adsorption capabilities, UIO-67 exhibited greater
performance for the efficient removal of dichlorvos
and metrifonate, due to abundant Zr-OH groubs and
larger pore size. The computed removals for the
samples are between 97.8 and 99%, which indicated
that the UIO-67 can be used to remove of Metrifonate
and Dichlorvos in real samples[119]. Pancajakchan
prepared two Zr-based MOFs, NU-1000 and UiO-67
in various sizes (100 - 2000 nm) to remove
glyphosate from aqueous media (Figure 15). NU-
1000 composed of 1,3,6,8 (p-benzoate) pyrene
(TBAPy") linkers and Zre(13-0)4(s-
OH),(H20),(OH), nodes, whereas UiO-67 composed
of 4,4-biphenyl dicarboxylic acid (BPDC) ligands
and ZrsO,(OH), clusters nodes. Although both MOFs
contained the same metal node, the efficiency and
reusability of NU-1000 (Zr) were higher than that of
UiO-67(Zr). Compared with UiO-67 (Zr), NU-1000
(Zr) had the larger pore diameter, and the interaction
energy of metal nodes of NU-1000 with glyphosate
was higher (-37.63 KJ mol™) than that of UiO-67
(-17.37 KJ mol’l), which were the reason of the
higher efficiency of NU-1000(Zr) [120].

Three water stable MOFs, ZIF-8 (Zn), UiO-66 (Zr),
UiO-67 (Zr), and commercial activated carbon
(CACQ), F400, were used to adsorb atrazine (ATZ), an
agricultural herbicide, from water. Up to 98% of
atrazine was removed from water by ZIF-8, UiO-67,
and F400, but UiO-66 was found to be ineffective.
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UiO-67 removed 98% of atrazine from the
contaminated water in just 2 minutes, while ZIF-8
and F400 took more than 40 and 50 minutes,
respectively, to remove the same concentration of
atrazine [121]. NU-1000 (Zr) among the eight Zre-
based removed nearly 100% of atrazine within 5
min.This study also showed that the linker structure
could remarkably affect the adsorption properties of
MOFs. Their performance was developed with the
number of aromatic rings and groups of carboxylic
acid in the linker. The results showed the adsorption
of atrazine by NU-1000(Zr) due to the presence of
pyrene-based linker in the structure of MOF
providing suitable sites for n—x interactions [122].
Abdelhamid et al. compared the use of ZIF-67 (Co)
and ZIF-8 (Zn) in the removal of two greatly used
pesticides, ethion and prothiofos. It was found that
the high adsorption capacities of ethion over ZIF-67
(Co) and ZIF-8 (Zn) were 210.8 and 279.3 mg/g,
respectively, while that of prothiofos were 261.1 and
366.7 mg/g over ZIF-67 (Co) and ZIF-8 (Zn),
respectively. The difference in absorption capabilities
occurred due to the coordination of ethion and
prothiofons with zinc metal ion, which was stronger
than that of with Co metal ion [123]. In another study
by Abdelhamed et al., Cu-based MOF, Cu-BTC, was
used in the adsorptive removal of toxic and
carcinogenic  insecticide,'*C-ethion.The ~adsorption
capacity of Cu-based MOF was approximately 122
mg/g at pH 7, 150 min and 75 mgL" of "*C-ethion
concentration. Cu-BTC showed stability for up to six
adsorption cycles. The adsorption might occur due to
the coordination of ethion molecule to copper (|)
atom of MOF via phosphoryl group (P-O) [124].
MILs are very attractive for practical environmental
remediation applications due to their physiochemical
characteristics and multifunctionality [125]. Al-based
MIL-53 was used to remove metolachlor (MET)
herbicide from an aqueous solution. Due to high
surface area (1104 m2/g) of MIL-53 (Al), the
maximum adsorption capacity of MET was 241.62
mg/g with a rapid equilibrium time of about 25 min
[126].

4.3.1. Functional MOF:s for pesticides removal

The functionalization or post-synthesis modification
of MOFs and the synthesis of MOFs with the other
active components have increased the adsorption
properties of MOFs. Modified MOFs and composites
of MOFs were also used in removal of pesticides
from water [127]. Yang et al. studied the modified
Cr-based MOF, MIL-101 (Cr), with groups of urea
(UR,) and amino (NH,) for removing glyphosate
(GP) and compared them to (CAC). The amino - and
urea-functionalized MOFs showed good adsorption
performance due to electrostatic interactions (ESI)
between MOFs and GP. At pH 3, the highest
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adsorption capacity for NH,-MIL-101 (Cr) was 64.25
mg/g. The adsorption performance of urea-modified
MIL-101 (Cr) was lower compared to that of NH,-
MIL-101 (Cr) due to steric hindrance [128]. UiO-66
was functionalized with cationic sites NMe;", which
applied in removing a common toxicherbicide2,4-
dichlorophenoxyacetic acid (2,4-D). UiO-66(Zr)-
NMe;* exhibited a maximum adsorption capacity
(279 mg/g), which was the highest compared to both
the pristine UiO-66 and aminated UiO-66. The
mechanism of adsorption was ascribed to electrostatic
interactions (ESI), the ion exchange sites on UiO-66-
NMe;", and n—n conjugation between the linkers in

Cr-MiL-101

2,4-D molecules and MOFs, which enhanced the
adsorption performance of UiO-66-NMes*. The UiO-
66- NMe;" MOFspossessed shorter equilibrium time,
higher adsorption capacity, as well as practicality and
good reusability compared with resin materials and
activated carbon[129].Cr-MIL-101 (Cr)-C (1-5)
samples were obtained from the modification of
MIL-101(Cr) with thiophene or furan(Figure 15),
which used to remove gramoxone, diuron (DUR),
alachlor (ALA),and tebuthiuron. The MOF samples
were able to remove up to 96.9% of herbicides from
solution even at very low herbicide concentrations of
30 ppm [130].

0 NBS, DMF
Bromination

Cr-MIL-101-C5

Conversion: up to 83%

Figure 15: Synthesis of Cr-MIL-101 (Cr)-C5 [130]

MIL-53 (Al) was functionalized with amine group, in
which an organic linker was 2-aminobenzene-1,4-
dicarboxylic acid (NH,-BDC or aBDC). The formula
of NH,-MIL-53 (Al), amino- functionalized MIL-53
(Al), is Al (OH)[O,C-NH,(C¢H3)-CO,]. This
material showed noticeable breathing effects with
various morphologies.NH,-MIL-53 (Al) had a very
high surface area in the rang from 180 to 1934 m2/g.
The reports showed that NH,-MIL-53(Al) had great
potential in the field of environmental remediation,
which could be used to detect and remove hazardous
pollutants  including insecticides, herbicides,
pharmaceuticals, organic dyes, fluorides, phenols,
and heavy metals [131].

Abdelhamed prepared MIL-53(Al) with different
ratio amino-group (Al-(BDC),(BDC-NH,);,, x =
0.00, 0.25, 0.50, 0.75 and 1.00). [Al-(BDC) (75(BDC-
NHa)o2sl, [Al-(BDC) s5(BDC-NHa)os], [Al-(BDC)
0A25(BDC—NH2)0‘75] and AI—BDC—NHQ showed the
surface areas (SBET = 866, 1105, 1260, 1100 and
1060 mZg_l), respectively. These materials were
employed to remove dimethoate, organophosphorus
insecticides, from an aqueous solution. Al-BDC, [Al-
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(BDC)  75(BDC-NHy)25], [Al-(BDC) s(BDC-
NH2)y5], [Al-(BDC) (25(BDC-NH)75] and Al-
BDC-NH, exhibited adsorption capacities of
dimethoate insecticide, which were 154.8, 267.2,
513.4, 3447 and 2669 mg/g, respectively. The
results indicated that the amino group affected the
adsorption performance as it improved the ability to
adsorb the pesticide. Al-(BDC) 0.5(BDC-NH,)s
showed the highest adsorption capacity, thus it was
the best absorbent AI-MOF ratio for removing the
dimethoate pesticide from an aqueous solution. The
mechanism of dimethoate uptake was attributed to
electrostatic interactions (ESI) and hydrogen bonding
(HB) [132]. MIL-53-NH, was post-synthetic
modified by a diazotization-coupling reaction with
anthranilic acid to form MIL-53-AZA. MIL-53-AZA-
La and MIL-53-AZA-Ce were synthesized from the
incorporation of La®* and Ce’* into the MIL-53-AZA
framework. The as-prepared MOFs were used to
adsorb and remove carbofuran from aqueous
solution. The highest adsorption capacities for MIL-
53-NH,, MIL-53-AZA, MIL-53-AZA-Ce, and MIL-
53-AZA-La were 367.87, 433.50, 610.23, and 635.05
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mg g, respectively. MIL-53-AZA-La showed
excellent reusability and good stability. The
adsorption mechanism of carbofuran on MIL-53-
MOFs attributed to m—m stacking interaction,
hydrogen bonding, and coordination bonding [[133].

4.3.2. Composites based MOFs for pesticides
removal

UiO-66(Zr) was deposited on ionic liquid-modified
chitoson (ILCS), which obtained a powder material,
ILCS/U-X. ILCS/U-X materials were used to remove
organic herbicides (2,4-D) from the aqueous solution.
The results exhibited that the large adsorption
capacity of ILCS/U-10 was 893 mg/g with fast
complete adsorption within 60 min due to the
existence of O-containing groups in MOF.A powder
adsorbent, ILCS/U-10, had good stability and
reusability. Adsorption was ascribed to electrostatic
interactions (ESI) and hydrogen bonding (HB) [134].
The UiO-67/GO nanocomposite was prepared by
combining UiO-67 (Zr) and graphene oxide, which
was used for glyphosate (GP) adsorption. At pH 4,
the highest adsorption capacity of GP on UiO-67/GO
was 482.69 mg/g, which exceeds that of other GO-
based adsorbents. UiO-67/GO composites showed
improved adsorption capacity for glyphosate due to
the large surface of available GO and the abundant Zr
single bondOH groups on the GO surface [135].

Q,,.,=207.8 mg/s

o
~N
I

Dimethoate

Various proportions (20-60%) of Cu-BTC were
incorporated into cellulose acetate (AC), which
obtained Cu-BTC @ cellulose acetate compounds.
The authors applied Cu-BTC@Ac in the uptake
removal of dimethoate. Cu-BTC@AC showed a
higher adsorption capacity (282.3 - 321.9 mg/g)
compared to the CA membrane (207.8 mg/g)(Figure
17). 40% Cu-BTCAC accelerated adsorption by a
factor of 2.1. After 5 cycles, the efficiency of
adsorption was reduced by 22.5, so the composite
membrane had a good reusability. Adsorption might
occur due to HB, ESI, and coordination bonding
between dimethoate molecules and Cu-BTC@AC
active sites [136]. Abdelhamed et al. prepared Cu-
BTC@cotton composite and applied this composite
to adsorbe ethion from water with removal 97 %. Cu—
BTC@cotton composite showed the maximum
sorption capacity of 182 mg/g. The adsorption
process remained virtually unchanged for up to five
cycles of reusability. The adsorption performance of
composite was demonstrated by the coordination
bond between sulfur atom in ethion and cupper atom
in MOF and HB by available cellulose functional
groups [137]. Su et al. prepared and used
cotton@UiO-66 to extract some phenoxy herbicides
such as 4-chlorophenoxyacetic acid, dicamba, 2,4-
dichlorophenoxyacetic acid (2,4-D), and 2-(2,4-
dichlorophenoxy) propionic acid [138].

Q,..=321.9 mg/g

X
L

Cu-BTC@&CA

Water free

pesticide

Figure 16: Removal of dimethoate by Cu-BTC@ Ac [136]

Recently, magnetic separation approach has been
widely used in the fields of separations and
adsorptions  [139]. The M-MOF  magnetic
nanocomposite was synthesized from Fe,O;-graphene
(GO)-cyclodextrin oxide (B-CD) as the magnetic
core and support, and copper-based MOF. This
nanocomposite had a high Brunauer-Emmett-Teller
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(BET) surface area (250.33 m’ g_l) and thus
enhanced its the adsorption performance. The M-
MOF was used to adsorb and remove neonicotinoid
insecticide such as clothianidin, thiamethoxam,
nitenpyram, acetamiprid, imidacloprid, thiacloprid,
and dinotefuran from aqueous solution. M-MOF was
able to quickly separate from water samples due to its
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large BET surface area and high super-
paramagnetism. Additionally, the rate and adsorption
capacity of M-MOFs for neonicotinoid insecticides
were significantly improved by supramolecular
recognition of Fe4O3-GO-B-CD and hydrophobic
inner cavities. M-MOF exhibited a significant
capability for adsorbing neonicotinoid pesticides,
according to the adsorption experiments [140]. ZIF-
8(Zn) was deposited on magnetic multiwalled carbon
nanotubes (MWCNTs)  through  coordination
polymerisation, which produced the functional
magnetic composite (M-M-ZIF-8). ZIF-8 particles
coated on the surface of the magnetic MWCNTS
caused M-M-ZIF-8 to exhibit super-paramagnetism,
porous structure, and a high specific surface area. The
hybrid composite (M-M-ZIF-8) was effective in the

adsorption and removal of eight
organophosphrous(OPPs) pesticides (i.e;
isazofos,phosalone, triazophos, ethoprop R

methidathion, diazinon, profenofos,and sulfotepfrom)
from soil and environmental water samples. In
particular, the use of M-M-ZIF-8 (15 mg) as an
adsorbent achieved a removal efficiency of 96%. M-
M-ZIF-8 had large uptake capacity of eight OPPs due
to its large surface area and porosity. Moreover, five
cycles of absorption-desorption could be performed
using M-M-ZIF-8, indicating that it has good
performance and stability. The researchers claimed
that the potantial machanism of organophosphorous
adsorption was valence-electron-driven, where the
electrons shared or exchanged between the vacent
active sites of the M-M-ZIF-8 composite and the
molecules of organophosphorous (OPPs) pesticides
[141].

The magnetic hybrid adsorbent [Fe;O, @SiO,
@UiO-67 (Zr)] was prepared by applying the method

Ft et Nt 0 I ) Met hyhmldazole

magne Ic st 1rrmg
Fe304

Figure 17: Synthesis of M-ZIF-8 @ZIF-67 [143]

MOFs nanoparticles are effective in removing
pesticides from the environment. However, the use of
MOFs as adsorbents poses environmental risks such
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—

FQ304'ZIF'8

of layer-by-layer assembly, which was used to
recognise, detect and remove glyphosate. This
adsorbent showed significant detection and
adsorption performance with maximum adsorption
capacity (256.54 mg g™'), a LOD (0.093 mg L™") and
good recyclable for glyphosate. The produced
adsorbent has Zr—OH groups with strong affinity for
phosphate groups, which gave it higher adsorption
capacity and selective recognition for glyphosate.
Additionally, the use of Fe;0O, as the magnetic core of
this adsorbent facilitated the removal and separation
process using an external magnetic field [142]. Lie et
al. prepared double magnetic layer metal-organic
framework (M-ZIF-8@ZIF-67) from single layer
Fe;0,-ZIF-8 as magnetic core and covered by an
outer layer of ZIF-67 (Figure 17). M-ZIF-8@ZIF-67
was used as an adsorbent to adsorb and remove
fipronil, fipronil sulfide, fipronil desulfiny, and
fipronil sulfonefrom cucumber and environmental
water samples. The adsorption experiments showed
that the adsorption capacity of M-ZIF-8 @ZIF-67 was
high for fipronil and its metabolites, while more than
95% of the target was adsorbed and removed in
cucumber and water samples. [143]. CaF MOF was
prepared and used to remove the highly used
pesticide, imidacloprid, by Singh et al. This adsorbent
exhibited the high adsorption capacity of
imidacloprid (467.23 mg/g) and reusability for 5
cycles without noticeably loss in adsorption capacity.
The results indicated that the CaF MOF removal
efficiency of imidacloprid reached 98.3% in 70
minutes. CaFu MOFs showed excellent ability for the
removal of toxic pollutants due to its properties such
as better surface area, stability, high porosity, and
easily accessible active functional sites [144].

(o) Methyhmldazole
epitaxial growth
Fe,0, ZIF-S@LIF-67

as their leakage into the environment and their
accumulation in living organisms. In which, direct
exposure to the environment by MOFs nanoparticles
may contaminate drinking water. Additionally,
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accumulation of MOFs or their dissociated metal ions
(Cr*, Zr*, etc.) in organisms lead to affect human
health, long-term environmental nano-toxicity, and
heavy metal pollution problems. Therefore, Liang et
al. proposed a novel idea to mitigate the risks of
using MOFs, which involved incorporating two
MOFs (UiO-66-NH, or ZIF-8) with nano-carbon
aerogels (MPCA) wvia in situ nucleation.
MOFs@MPCA aerogels were applied in removing
herbicides, alachlor and chipton, with stronger
adsorption capacity than that of MOF. the UiO-66—
NH, @MPCA composite exhibited the equilibrium
chipton adsorption capacity (227.3 mg/g) and was
reusable for five cycles without significant loss of
adsorption performance. The adsorption of chipton
might be explained by electrostatic interactions (ESI),
hydrogen bonding (HB), and n—=n stacking, whereas
that of alachlor explained by hydrogen bonding (HB),
and n—x stacking [145].

Bhadra et al. prepared MOF-74(Zn)-derived carbon
(CDM-74) from pyrolysis of Zn-based MOF-74.
CDM-74 was used to absorb and remove N, N-
diethyl-3-methylbenzamide (DEET) insecticide and
the other four contaminants. This adsorbent exhibited
the highest adsorption capacity (340 mg/g) of DEET
insecticide from water because of its large mesopore
volume and density of acidic sites. Furthermore,
CDM-74 was reused for 4 cycles without any change
in the adsorption performance, which confirmed its
efficacy in desorption of pesticides from water [146].
BLiu et al. used P-cyclodextrin MOF ($-CD MOF),
that served both as precursor and potassium source,
to synthesize a multifunctional porous carbon. The
prepared B-CD MOF-NPC was equipped with
microporous structure, rich potassium content, and
high surface areas, which applied in removing amide
herbicides. The results indicated that B-CD MOF-
NPC possesses effective ability to remove four amide
herbicides from water. The adsorption might occur
through hydrogen bonding (HB), electrostatic
interaction (ESI), and n—m interactions [147].

The Fe (III) modified-MOF-5 was pyrolyzed to
obtain MOF-derived magnetic porous carbon with
core-shell structure. The obtained Magnetic porous
carbon sorbent (MPCs) was used to remove atrazine
(ATZ) from water [148]. Ahmed et al. prepared two
porous carbons materials from high temperature
pyrolysis of ZIF-8 with or without modification. The
MOF-derived carbon (MDC) was synthesized from
carbonization of ZIF-8, whereas the IL@MOF-
derived carbon (IMDC) was synthesized from
carbonization of IL@MOF, where ZIF-8 was
introduced into ionic liquid (IL). The authors used
MOFEF-derived carbons (MDCs), IL@MOF-derived
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carbons (IMDCs) and activated carbon to remove
atrazine (ATZ). The modification or conversion of
metal-organic frameworks (MOFS) to MOF-derived
carbons (MDCs) or IL@MOF-derived carbons
(IMDCs) enhanced the performance of adsorption for
removal atrazine (ATZ) and diuron (DUR). IMDC
showed the highest absorption capacity of atrazine
(208 mg/g), compared to MDC (173 mg/g) and
activated carbon (60 mg/g). Therefore, IL@MOF-
derived IMDCs could have different applications
based on mesoporosity, high porosity, functional
groups, and high nitrogen content [149]. In another
study, IL@ZIF-8-derived carbon (IMDC) was also
used for removing toxic herbicides, 2,4-
dichlorophenoxyacetic acid (2,4-D) and diuron [3-
(3,4 dichlorophenyl)-1,1-dimethylurea), DUR], from
water. The highest adsorption capacities of IMDC for
24-D and DUR were 448 and 284 mg/g,
respectively. The efficiency of IMDC adsorption
might be because of its relatively high porosity and
many active sites on its surface due to nitrogen
doping. The authors proposed the adsorption
mechanism of IMDC attributed to HBI, HB, and n-n
interactions [150]. ZIF-67 (Co) was carbonized to
obtain magnetic nanoporous carbon (MNPC) with
super paramagnetism, large pore volume and high
surface area. The cobalt-based magnetic nanoporous
carbon (Co-MNPC) was applied to eliminate some
neonicotinoid insecticidesfrom water and watermelon
samples. The results showed that Co-MNPC has a
good adsorption capability [151].

Fe,O; nanoparticles was added into a reaction
solution containing MIL-53 (Al) to obtain MIL-
53(Al)/Fe,O; nanocomposite. This nanocomposite
was used to extract six organophosphorus compounds
(i.e:  disulfoton, diazinon, malathion, parathion,
chlorofenvinphos, and phorate) from grape juice, tea,
and river water samples. The results indicated that the
ability of the MIL-53(Al)/Fe,O; nanocomposite to
extract OPPS was high [152].Lu et al. synthesized
Fe;0,@ZnAl-LDH@MIL-53(Al) composite through
three-step process, which was used to adsorb and
remove azole fungicides (i.e: triadimefon and
epoxiconazole) from  environmental water.
Fe;0,@ZnAl-LDH@MIL-53(Al) composite showed
the maximum adsorption capacity for triadimefon
(43.54 mg/g) and  epoxiconazole  (71.79
mg/g).Furthermore, the adsorption process of azole
fungicides reached equilibrium within 5 minutes,
which was exothermic and spontaneous. The
mechanism of adsorption for azole fungicides
ascribed  chemisorption,  hydrogen  bonding
interaction, and m—7 interaction [153].
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Figure 18: The synthesis of MIL-53-NH,@CA [154]
To remove Chlorpyrifos organophosphorus pesticide, benzene-1,4-dicarboxylic acid (bdc) and 2-
different ratio of MIL-53-NH, (20-60 %) was aminobenzene- 1,4-dicarboxylic acid (abdc) in three
incorporated with porous cellulose acetate (CA) different proportions. The ratios of bdc and abdc
memberen (Figure 19). The adsorption capabilities of linkers used in synthesis of MixL1, MixL2, and
20% MIL-53-NH,@CA, 40% MIL-53 NH,@CA, MixL3, were 1:1, 1:3, and 3:1, respectively. All MIL-
and 60% MIL-53- NH,@CA were 207.62, 285.37, 53 (Al) type materials were applied in adsorptive
and 356.34 mg/g, respectively, which were higher removal of 2,4-D herbicide. Compared with matrix
than those of CA (160.36 mg/g) (Figure 20). The activated carbon (CSAC), the MIL-53(Al)-type
results indicated that the adsorptive removal rate of materials exhibited much high 2,4-D adsorption rates.
chlorpyrifos fastened by factor of 2.2 in case of NH,-MIL-53(Al) showed an adsorption -capacity
Impregnation of 60% MIL-53-NH,. MIL-53- (~250-240 mg/g) lower than that of the MIL-53(Al)
NH, @CA showed good recoverability and reusability and MixLR materials (over 300 mg/g) due to
due to only 27.9% reduced adsorption capacity after differences in the porous structures. In particular, the
5 cycles. The adsorptive removal of chlorpyrifos mesopore fraction in NH,-MIL-53(Al) sample was
pesticides might occur via coordination, hydrogen order lesser than mesopore content in the samples of
bonding, and =m-m interactions [154].Isaeva et al. MIL-53(Al) and MixLR. The as-prepared MIL-53
synthesized MIL-53 (Al), NH,-MIL-53, and three (Al) type materials were tested for a long time of up
MIL-53 (Al) types of materials under microwave to 225 hours without any loss in adsorption capacity.
(MW) irradiation. The three MIL-53 (Al) types of Moreover, the MIL-53(Al) framework was more
materials MixL1, MixL2 and MixL3, were prepared flexible than the NH,-MIL-53(Al) network [155].
from Al* ions and mixed linkers (MixLR) of
0 Q. =356.3mg/g
- v 6% mL-'swu,gcA

5 20 : p k2

=) Q,=160.3mg/ e

€] Rl o

g@ ")i - CA

——————t——— |20
Ce (mall)

Figure 19: The maximum adsorption capacity of chlorpyrifos onto MIL-53-NH,@CA [154]

MIL-53- NH, was functionalized with phthalic
anhydride to form the modified material, MIL-53-
NH-ph. Then, MIL-53-NH-ph was reacted with iron,
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zinc, and copper salts to form the complexes, MIL-
53-NH-ph-Fe, MIL-53-NH-ph-Zn, and MIL-53-NH-
ph-Cu, respectively. The modified materials, MIL-
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53-MOFs, were used to adsorb and remove
carbofuran from wastewater. The adsorption
capacities of MIL-53- NH,, MIL-53-NH-Ph, MIL-
53-NH-Ph-Fe, MIL-53-NH-Ph-Zn, and MIL-53-NH-
Ph-Cu were 367.8, 462.1, 662.94, 717.6, and 978.6
mg g'l, respectively. The results showed that the
ability of the adsorbent to remove the carbofuran
increased after the modification (Figure 20). This
confirms that the post-synthetic modification
improved the adsorption properties. The adsorption
mechanism of carbofuran on MIL-53-MOFs might be
ascribed to m-m stacking interaction, hydrogen
bonding, and coordination bonding [156].Njaramba
et al. prepared MOF-alginate composite beads (CA-
MIL-53-AC) from calcium chloride (complexing
agent) and sodium alginate (gelling agent). CA-MIL-
53-AC was used to remove
dichlorodiphenyltrichloroethane (DDT) in aqueous
solution. This adsorbent exhibited superior adsorption
performance for DDT (5.29 mg/g), compared with
pristine CA, granular AC, CA-AC, and CA-MIL-53.

1000 ~

Q. (mgg)

Figure 20: The adsorption capacity increased after the modification [156]
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The behaviour of adsorption for DDT was very
favorable, exothermic, and spontaneous based on
thermodynamics calculations. The mechanisms of
DDT removal by CA-MIL-53-AC were attributed to
hydrogen bonding, ion exchange, hydrophobic, n—=n
interactions, and surface complexation [157-158].

In summary, functionalized MOFs and composites of
MOFs have effective ability to remove pesticides
from water because of their sufficient adsorption
sites. Especially, MOFs synthesized with cationic or
anionic active sites can be suitable for removing
cationic or anionic, respectively, pesticides from
water due to electrostatic interactions (ESI). As well,
the reports indicated that MOFs composite are
effective in the removal non-ionic pesticides due to
hydrogen bonding interaction, m—m stacking, and
active sites for coordination. Furthermore, MOFs
comprising magnetic materials showed good
reusability as the adsorbents can be easily separated
from the solution using a magnetic field [127].

Cu
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Table 4

Removal of pesticides by MOFs

MOF Pesticide Adsorption capacity mg/g Reference
MIL-53 (Cr) 24-D 556 114
Ui0-67 (Zr) Glyphosate 537 117
Glyphosinate 360

UIO-67 Metrifonate 378.78 119
Dichlorvos 571.43

ZIF-67 (Co) Ethion 210.8 123
Prothiofos 261.1

ZIF-8 (Zn) Ethion 279.3 123
Prothiofos 366.7

Cu-BTC "C-ethion 122 124

MIL-53(Al) Metolachlor 241.62 126

NH2-MIL-101 (Cr) Glyphosate 64.25 128

Ui0-66(Zr) NMe™* 24-D 279 129

Ui0-67/GO Glyphosate 482.69 135

Cu-BTC@Ac Dimethoate 282.3-321.9 136

Cu-BTC@cotton Ethion 182 137

Fe;0, @SiO, @UiO-67 (Zr) Glyphosate 256.54 142

CaF MOF Imidacloprid 467.2 144

UiO-66-NH, @MPCA chipton 2273 145

IL@ZIF-8-derived carbon 24-D 448 150

Diuron 284
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5. Comparison between MOF- based materials
and other adsorbents for the adsorption of
pesticides

Various MOFs and activated carbon (AC) were used
to remove pesticides. The adsorption capacity of both
was compared. The results showed that MOFs have
higher adsorption capacity than AC [127]. As shown
in Table 5, MOFs performed much better than
conventional adsorbents in adsorbing various
pesticides. For example, different functional Cr-based
MOFs, MIL-101(Cr), NH,-MIL-101(Cr), UR,-MIL-
101(Cr), were used as adsorbents materials for
glyphosate and compared with CAC. All MOFs

exhibited the highest adsorption capacities compared
to CAC [128].Similarly, the 2,4-D adsorption
capacity of MIL-53(Cr) was about twice that of AC
[114]. The adsorption rate of UiO-66 for MCPP was
a very high, in which the kinetic constant was ~30
times that of AC. The adsorption capacity over UiO-
66 was 7.5 times that of AC at 1 ppm of MCPP [118].
Moreover, CDM-74 showed good performance to
remove DEET from water with adsorption capacity
around 4 times that of AC [146].The
photodegradation of pesticides with MOFs was
investigated [159-162].

gz;l;:rison between activated carbon and various MOF-based adsorbents for pesticides removal

MOF based Pesticide Maximum Maximum Ratio of Q° Reference
adsorbents adsorption adsorption

capacity mg g' of capacity mg g’ of

MOF (Q°) AC(Q°)
MIL-53 (Cr) 24-D 556 286 1.9 114
Ui0-66 MCPP 370 303 1.2 118
(Zr)
MIL-101(Cr), Glyphosate 33.81 16.91 1.99 128
NH, -MIL101 (Cr), 37 mmol/g 22
and 25.36 1.5
UR,-MIL-101(Cr) mmol/g
Ui0-66(Zr)- NMes* 24-D 279 182 1.53 129
, UiO-66(Zr)- NH,, 222 1.2
and 179 0.98
UiO-66(Zr)
MDC Atrazine 173 60 2.88 149
IMDC 208 34

6. Conclusion

Pesticides cause pollution of water, soil and plants,
which negatively affects living organisms. Hence,
removal of pesticides is essential. Various methods
such as biological, chemical and physical treatment
are used to remove pesticides. MOFs have excellent
properties that allow them to be used in many
applications. They are widely used to remove
pesticides. The applications of MOFs as sensors and
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as stationary phase extraction for the detection and
removal of pesticides are described in this review.
MOFs have shown improved performance for sensors
and extraction modes. Moreover, the use of MOFs as
adsorbents in the removal of pesticides. The
modification of MOFs improved the adsorptive
removal of pesticides. Compared with other
adsorbents, MOFs showed superiority in removal.



68 Marwa Nabil et.al.

7. References

1- Henny Patel, Shreya Shakhreliya, Rupesh Maurya,
Vimal Chandra Pandey, Nisarg Gohil, Gargi
Bhattacharjee, Khalid J Alzahrani, Vijai Singh,
CRISPRassisted  strategies  for  futuristic
phytoremediation, Assisted Phytoremediation,
203-220, 2022

2- AM Shackira, K Jazeel, Jos T Puthur,
Phycoremediation and phytoremediation:
Promising tools of green remediation, Sustainable
Environmental Clean-up, 273-293, 2021

3- Mohammad Zakir Hossain, Water: The most
precious resource of our life, Global Journal of
Advanced Research 2 (9), 1-11, 2015

4- Alec Rolston, Social changes affect water quality
too, Nature 536 (7617), 396396, 2016 5- Jianteng
Sun, Lili Pan, Daniel CW Tsang, Yu Zhan,
Lizhong Zhu, Xiangdong Li, Organic
contamination and remediation in the agricultural
soils of China: A critical review, Science of the
Total Environment 615, 724-740, 2018

5- Marco Maroni, Anna Clara Fanetti, Francesca
Metruccio, Risk assessment and management of
occupational  exposure to  pesticides in
agriculture, La Medicina del lavoro 97 (2), 430-
437, 2006

6- Lata Rani, Komal Thapa, Neha Kanojia, Neelam
Sharma, Sukhbir Singh, Ajmer Singh Grewal,
Arun Lal Srivastav, Jyotsna Kaushal, an
extensive review on the consequences of
chemical pesticides on human health and
environment, Journal of Cleaner Production 283,
124657, 2021

7- Amin Mojiri, John L Zhou, Brett Robinson,
Akiyoshi Ohashi, Noriatsu Ozaki, Tomonori
Kindaichi, Hossein Farraji, Mohammadtaghi
Vakili, pesticides in aquatic environments and
their removal by adsorption methods,
Chemosphere 253, 126646, 2020

8- Leena Lakhani, How to reduce impact of
pesticides in aquatic environment, Soc Issues
Environ Probl 3 (9), 29-38, 2015

9- Isra Mahmood, Sameen Rugia Imadi, Kanwal
Shazadi, Alvina Gul, Khalid Rehman Hakeem,
effects of pesticides on environment (plant, soil
and microbes), Plant, soil and microbes: volume
1: implications in crop science, 253-269, 2016

10-Damian Tago, Henrik Andersson, and Nicolas
Treich, pesticides and health: A review of
evidence on health effects valuation of risks and
benefit-cost analysis, Preference measurement in
health, 201

11-Iman A Saleh, Nabil Zouari, Mohammad A Al-
Ghouti, removal of pesticides from water and
wastewater: chemical, physical and biological
treatment approaches, Environmental Technology
& Innovation 19, 101026, 2020

12- Adolfo Marican, Esteban F Durdn-Lara, A review
on pesticide removal through different processes,
Environmental Science and Pollution Research
25, 2051-2064, 2018

13-Natélia Alvarenga, Willian G Birolli, Mirna HR
Seleghim, André LM Porto, Biodegradation of
methyl parathion by whole cells of marine-

Egypt. J. Chem. 66, No. SI: 13 (2023)

derived fungi  Aspergillus sydowii and
Penicillium decaturense, Chemosphere 117, 47-
52,2014

14- Imran Ali, VK Gupta, Advances in water
treatment by adsorption teconology, Nature
protocols 1 (6), 2661-2667, 2006

15- Muthamilselvi Ponnuchamy, Ashish Kapoor,
Ponnusamy Senthil Kumar, Dai-Viet N Vo,
Akash Balakrishnan, Meenu Mariam Jacob,
Prabhakar Sivaraman, Sustainable adsorbents for
the removal of pesticides from water: a review,
Environmental Chemistry Letters 19, 2425-2463,
2021

16-Jing Zhang, Zhi Li, Xiao-Lin Qi, De-Yi Wang,
Recent Progress on Metal-Organic Framework
and Its Derivatives as Novel Fire Retardants to
Polymeric Materials, Nano-Micro Letters 12, 1-
21, 2020

17-Eram Sharmin and Fahmina Zafar «<introductory
chapter: Metal organic framework (MOFs),
October 12th, 2016, DOI: 10.5772/64797

18- Weiwei Cheng, Xiaozhi Tang, Yan Zhang, Di
Wu, Wenjian Yang, Applications of metal-
organic framework (MOF)-based sensors for food
safety: Enhancing mechanisms and recent
advances, Trends in Food Science & Technology
112, 268-282, 2021

19- Jing-Hua Yang, Xiao-Mao Zhou, Yu-Ping Zhang,
Jun Chen, Hai-Weng Ma,A novel method for the
determination of trace sulfonylurea herbicides by
introducing a hybrid stationary phase to common
capillary, Adsorption Science & Technology 35
(3-4), 372-385, 2017

20- Isaeva, SA Kulaishin, MD Vedenyapina, VV
Chernyshev, GI Kapustin, VV Vergun, LM
Kustov, Influence of the porous structure and
functionality of the MIL type metal-organic
frameworks and carbon matrices on the
adsorption of 24-dichlorophenoxyacetic acid,
Russian Chemical Bulletin 70, 67-74, 2021

21-Shaghayegh  Naghdi, = Masoumeh  Moheb
Shahrestani, Mohammad Zendehbad, Hoorieh
Djahaniani, Hossein Kazemian, Dominik Eder,
recent advances in application of metal-organic
framework (MOFs) as adsorbent and catalyst in
removal of persistent organic pollutants (POPs),
Journal of Hazardous Materials, 130127, 2022

22- OA Alalade, BM Matanmi, 1J Olaoye, BJ
Adegoke, TR Olaitan, Assessment of pests
control methods and its perceived effect on
agricultural production among farmers in Kwara
State, Nigeria, Agro-Science 16 (1), 42-47, 2017

23-Jianteng Sun, Lili Pan, Daniel CW Tsang, Yu
Zhan, Lizhong Zhu, Xiangdong Li, Organic
contamination and remediation in the agricultural
soils of China: A critical review. Science of the
Total Environment 615, 724-740, 2018

24-Marta Wojciechowska, Piotr Stepnowski, Marek
Golebiowski, the use of insecticides to control
insect pests. Invertebrate Survival Journal 13 (1),
210-220, 2016

25- U Asghar, MF Malik, A Javed, pesticide
exposure and human health: a review, J Ecosys
Ecograph S 5, 2, 2016



REMOVAL METHODS OF PESTICIDES AND THEIR IMPROVEMENT USING.. 69

26-Leslie London, Cheryl Beseler, Maryse F
Bouchard, David C Bellinger, Claudio Colosio,
Philippe Grandjean, Raul Harari, Tahira
Kootbodien, Hans Kromhout, Francesca Little,
Tim Meijster, Angelo Moretto, Diane S Rohlman,
Lorann Stallones, neurobehavioral and
neuroolevelopmental  effects of  pesticide
exposures, Neurotoxicology. 2012 Aug. 2012;
33(4):887-896

27-Mohamed A. Hassaan, Ahmed El Nemr,
Pesticides  pollution: Classifications, human
health impact, extraction and treatment
techniques, National Institute of Oceanography
and Fisheries, NIOF, Egypt

28- Magdalena Andrunik and Tomasz Bajda, removal
of pesticides from waters by adsorption:
comparison between synthetic zeolites and
mesoporous silica materials a review, Materials
2021, 14(13), 3532.

29- Pankaj Chowdhury, T Viraraghavan, A
Srinivasan, Biological treatment processes for
fish processing wastewater—A review,
Bioresource technology 101 (2), 439-449, 2010

30- Mohammad Ali Baghapour, Simin Nasseri, Zahra
Derakhshan, Atrazine removal from aqueous
solutions using submerged biological aerated
filter, Journal of Environmental Health Science
and Engineering 11, 1-9, 2013

31-Dimuth Navaratna, Li Shu, Veeriah Jegatheesan,
Evaluation of herbicide (persistent pollutant)
removal mechanisms through hybrid membrane
bioreactors, Bioresource Technology 200, 795-
803, 2016

32-Sebastian R Sgrensen, Christian N Albers, Jens
Aamand, Rapid Mineralization of the Phenylurea
Herbicide Diuron by Variovorax sp. Strain
SRS16 in Pure Culture and within a Two-
Member Consortium, Applied and Environmental
Microbiology 74 (8), 2332-2340, 2008

33-Lindsey Goodwin, Irene Carra, Pablo Campo,
Aana Soares, Treatment options for reclaiming
wastewater produced by the pesticide industry,
Int J] Water Wastewater Treat 4 (1), 2017

34- Dorancé Becerra, Brenda L Arteaga, Yuriney E
Ochoa, Andres F Barajas-Solano, Janet B Garcia-
Martinez, Luisa F Ramirez, Coupling of
heterogeneous  photocatalysis and  aerobic
biological process of activated sludge to treat
wastewater containing Chlorpyrifos, Ingenieria y
competitividad 22 (1), 2020

35- Zimriye Aksu, Application of biosorption for the
removal of organic pollutants: a review, Process
biochemistry 40 (3-4), 997-1026, 2005

36- Didier Lievremont, Francoise Seigle-Murandi,
Jean-Louis Benoit-Guyod, Removal of PCNB
from aqueous solution by a fungal adsorption
process, Water Research 32 (12), 3601 -3606,
1998

37-M Vagi, A Petsas, Advanced oxidation processes
for the removal of pesticides from wastewater:
recent review and trends, 15 international
conference on environmental science and
technology CEST2017, Rhodes, Greece, 2017

38-Muhammad Syafrudin, Risky Ayu Kristanti,
Adhi Yuniarto, Tony Hadibarata, Jongtae Rhee,
Wedad A. Al-onazi, Tahani Saad Algarni,

Egypt. J. Chem. 66, No. SI: 13 (2023)

Abdulhadi H. Almarri, and Amal M. Al-
Mohaimeed, Pesticides in Drinking Water-A
Review, Int J Environ Res Public Health. 2021
Jan; 18(2): 468. Published online 2021 Jan 8.
Doi: 10.3390/ijerph18020468,PMCID:
PMC7826868PMID: 33430077

39-TK Lau, Wei Chu, N Graham, Degradation of the
endocrine disruptor carbofuran by UV, O3 and
03/UV, Water Science and Technology 55 (12),
275-280, 2007

40-Mohamed Ismail Badawy, Montaser Y Ghaly,
Tarek A Gad-Allah, advanced oxidation
processes for the removal of organophosphorous
pesticides from wastewater, Desalination 194 (1-
3), 166-175, 2006

41- Ying-Shih Ma, Chi-Fang Sung, Investigation of
carbofuran decomposition by a combination of
ultrasound and Fenton process, Journal of
Environmental Engineering and Management 20
4), 213-219, 2010

42-Maria P Ormad, Natividad Miguel, Ana Claver,
Jose M Matesanz, JL Ovelleiro, Pesticides
removal in the process of drinking water
production, Chemosphere 71 (1), 97-106, 2008

43- Maria P Ormad, Natividad Miguel, Munia Lanao,
Rosa Mosteo, Jose L Ovelleiro, Effect of
application of ozone and ozone combined with
hydrogen peroxide and titanium dioxide in the
removal of pesticides from water, Ozone: Science
& Engineering 32 (1), 25-32, 2010

44-J Rivera-Utrilla, M Sanchez-Polo, R Ocampo-
Pérez, Role of activated carbon in the

photocatalytic degradation of 2, 4-
dichlorophenoxyacetic acid by the
UV/TiO,/activated  carbon system, Applied

Catalysis B: Environmental 126, 100-107, 2012

45- Shu Chin Lee, Hendrik O Lintang, Leny Yuliati,
High photocatalytic activity of Fe,O3/TiO,
nanocomposites prepared by photodeposition for
degradation of 2, 4-dichlorophenoxyacetic acid,
Beilstein Journal of Nanotechnology 8 (1), 915-
926, 2017

46-Grigorios  Kyriakopoulos, = Danae  Doulia,
Adsorption of pesticides on carrbonaceous and
polymeric materials from aqueous solutions: A
Review, Separation & Purification Reviews 35
(3), 97-191, 2006

47- VK Gupta, Bina Gupta, Arshi Rastogi, Shilpi
Agarwal, Arunima Nayak, Pesticides removal
from waste water by activated carbon prepared
from waste rubber tire, Water research 45 (13),
4047-4055, 2011

48-Catherine Faur, A Cougnaud, G Dreyfus, P Le
Cloirec, modelling the breakthrough of activated
carbon filters by pesticides in surface waters with
static and recurrent neutral networks, Chemical
Engineering Journal 145 (1), 7-15, 2008

49-Neera Singh, Adsorption of herbicides on coal fly
ash from aqueous solutions, Journal of Hazardous
Materials 168 (1), 233-237, 2009

50-Omaima A Hussain, Emam A Abdel Rahim,
Ahmed N Badr, Amal S Hathout, Magdy M
Rashed, Ahmed SM Fouzy, Total phenolics,
flavonoids, and antioxidant activity of
agricultural wastes, and their ability to remove



70 Marwa Nabil et.al.

some pesticide residues, Toxicology Reports 9,
628-635, 2022

51-Vinod K Gupta, Imran Ali, Vipin K Saini,
adsorption of 2,4-D and carbofuran pesticides
using fertilizer and steel industry wastes, Journal
of Colloid and Interface Science 299 (2), 556-
563, 2006

52-Aziza Roudani, Rachid Mamouni, Nabil Saffaj, A
Laknifli, S Gharby, A Faouzi, Removal of
carbofuran pesticide from aqueous solution by
adsorption onto animal bone meal as new low
cost adsorbent, Chemical and Process
Engineering Research 28, 2014, 2014

53-Helen Paola Toledo-Jaldin, Victor Sanchez-
Mendieta, Alien Blanco-Flores, Gustavo Lopez-
Téllez, Alfredo Rafael Vilchis-Nestor, Osnieski
Martin-Herndndez, Low-cost sugarcane bagasse
and peanut shell magnetic-composites applied in
the removal of carbofuran and iprodione
pesticides, Environmental Science and Pollution
Research 27, 7872-7885, 2020

54- Jian-qiu Chen, Zhi-jun Hu, Rong Ji, Removal of
carbofuran from aqueous solution by orange peel,
Desalination and Water Treatment 49 (1-3), 106-
114, 2012

55- Priscilla Rocio-Bautista, Ivan Taima-Mancera,
Jorge Pasdn, Verdénica Pino, Metal-Organic
Frameworks in Green Analytical Chemistry,
Separations 6 (3), 33, 2019

56- Imteaz Ahmed, Md Mahmudul Hassan Mondol,
Hye Jin Lee, Sung Hwa Jhung, Application of
metal-organic frameworks in adsorptive removal
of organic contaminants from water, fuel and air,
Chemistry—An Asian Journal 16 (3), 185-196,
2021

57-Susumu Kitagawa, Ryo Kitaura, Shin-ichiro Noro,
Functional porous coordination polymers,
Angewandte Chemie International Edition 43
(18), 2334-2375, 2004

58- Shuai Yuan, Liang Feng, Kecheng Wang,
Jiandong Pang, Matheiu Bosch, Christina Lollar,
Yujia Sun, Junsheng Qin, Xinyu Yang, Peng
Zhang, Qi Wang, Lanfang Zou, Yingmu Zhang,
Liangliang Zhang, Yu Fang, Jialuo Li, Hong-Cai
Zhou, Stable metal-organic frameworks: design,
synthesis, and applications, Advanced Materials
30 (37), 1704303, 2018

59-In Joong Kang, Nazmul Abedin Khan, Enamul
Haque, Sung Hwa Jhung, Chemical and Thermal
Stability of Isotypic Metal-Organic Frameworks:
Effect of Metal Ions, Chemistry—A European
Journal 17 (23), 6437-6442, 2011

60-Shu Zhang, Jiaqi Wang, Yue Zhang, Junzhou Ma,
Lintianyang Huang, Shujun Yu, Lan Chen, Gang
Song, Mugqing Qiu, Xiangxue Wang,
Applications of water-stable metal-organic
frameworks in the removal of water pollutants: A
review, Environmental Pollution 291, 118076,
2021

61- David J Tranchemontagne, Joseph R Hunt, Omar
M Yaghi, Room temperature synthesis of metal-
organic frameworks: MOF-5, MOF-74, MOF-
177, MOF-199, and IRMOF-0, Tetrahedron 64
(36), 8553-8557, 2008

Egypt. J. Chem. 66, No. SI: 13 (2023)

62-Colin McKinstry, Russell J Cathcart, Edmund J
Cussen, Ashleigh J Fletcher, Siddharth V
Patwardhan, Jan Sefcik, Scalable continuous
solvothermal synthesis of metal organic
framework  (MOF-5)  crystals,  Chemical
Engineering Journal 285, 718-725, 2016

63- Samiran Bhattacharjee, Jung-Sik Choi, Seung-
Tae Yang, Sang Beom Choi, Jaheon Kim, Wha-
Seung AhnSolvothermal synthesis of Fe-MOF-74
and its catalytic properties in  phenol
hydroxylation, Journal of nanoscience and
nanotechnology 10 (1), 135-141, 2010

64-Kranthi Kumar Gangu, Suresh Maddila,
Saratchandra Babu Mukkamala, Sreekantha B
Jonnalagadda, A review on contemporary metal—
organic framework materials, Inorganica Chimica
Acta 446, 61-74, 2016

65-Sung Hwa Jhung, J-H Lee, Ji Woong Yoon,
Christian Serre, Gérard Férey, J-S Chang,
Microwave synthesis of chromium terephthalate
MIL-101 and its benzene sorption ability,
Advanced Materials 19 (1), 121-124, 2007

66- Won-Jin Son, Jun Kim, Jaheon Kim, Wha-Seung
Ahn, Sonochemical synthesis of MOF-5,
Chemical Communications, 6336-6338, 2008

67-Da-Won Jung, Da-Ae Yang, Jun Kim, Jaheon
Kim, Wha-Seung Ahn, Facile synthesis of MOF-
177 by a sonochemical method using 1-methyl-2-
pyrrolidinone as a solvent, Dalton Transactions
39 (11), 2883-2887, 2010

68-Nicold Campagnol, Tom Van Assche, Tom
Boudewijns, Joeri Denayer, Koen Binnemans,
Dirk De Vos, Jan Fransaer, High pressure, high
temperature electrochemical synthesis of metal—
organic frameworks: films of MIL-100 (Fe) and
HKUST-1 in different morphologies, Journal of
Materials Chemistry A 1 (19), 5827-5830, 2013

69-Alberto Martinez Joaristi, Jana Juan-Alcadiz,
Pablo Serra-Crespo, Freek Kapteijn, Jorge
Gascon, Electrochemical Synthesis of Some
Archetypical Zn**, Cu**, and AI** Metal Organic
Frameworks Crystal Growth & Design 12 (7),
3489-3498, 2012

70- Maria Klimakow, Peter Klobes, Andreas F
Thunemann, Klaus Rademann, Franziska
Emmerling , Mechanochemical synthesis of
metal- organic frameworks: a fast and facile
approach toward quantitative yields and high
specific surface areas, Chemistry of Materials 22
(18), 5216-5221, 2010

71-Anne Pichon, Ana Lazuen-Garay, Stuart L James,
Solvent-free synthesis of a microporous metal—
organic framework, CrystEngComm 8 (3), 211-
214, 2006

72-Daofei Lv, Yongwei Chen, Yujie Li, Renfeng Shi,
Houxiao Wu, Xuejiao Sun, Jing Xiao, Hongxia
Xi, Qibin Xia, Zhong Li Efficient
mechanochemical synthesis of MOF-5 for linear
alkanes adsorption, Journal of Chemical &
Engineering Data 62 (7), 2030-2036, 2017

73- Sukhendu Mandal, Srinivasan Natarajan, Prabu
Mani, Asha Pankajakshan, post-synthetic
modification of metal-organic frameworks
toward applications, Advanced Functional
Materials 31 (4), 2006291, 2021



REMOVAL METHODS OF PESTICIDES AND THEIR IMPROVEMENT USING.. 71

74- Kumar Vikrant, Vanish Kumar, Ki-Hyun Kim,
Deepak Kukkar = Metal-organic frameworks
(MOFs): potential and challenges for capture and
abatement of ammonia, Journal of Materials
Chemistry A 5 (44), 22877-22896, 2017

75-Ruo Zhao, Zibin Liang, Ruqiang Zou, Qiang Xu,
Metal-organic frameworks for batteries, Joule 2
(11), 2235-2259, 2018

76- V. R. Remya & Manju Kurian, Synthesis and
catalytic ~ applications  of  metal-organic
frameworks: a review on recent literature
International Nano Letters volume 9, pages17-29
(2019)

77- Shadpour Mallakpour, FElham Nikkhoo,
Chaudhery Mustansar Hussain, Application of
MOF materials as drug delivery systems for
cancer therapy and dermal treatment,
Coordination Chemistry Reviews 451, 214262,
2022

78-Franck Millange, Christian Serre, Gérard Férey,
Synthesis, structure determination and properties
of MIL-53as and MIL-53ht: the first CrIII hybrid
inorganic—organic microporous
CrIII(OH)*{ O2C-C¢Hs,—CO, } *{HO,C-CcH4—
CO2H}xf, solids: ChemicalCommunications,
822-823, 2002

79- Armin Taheri, Ensieh Ganji Babakhani, Jafar
Towfighi, study of synthesis parameters of MIL-
53(Al) using experimental design methodology
for CO2/CH4 separation, Adsorption Science &
Technology 36 (1-2), 247-269, 2018

80-Hamza Ahmad Isiyaka, Khairulazhar Jumbri,
Nonni Soraya Sambudi, Zakariyya Uba Zango,
Nor Ain Fathihah Abdullah, Bahruddin Saad,
Adamu Mustapha, adsorption of dicamba and
MCPA onto  MIL-53(Al) Metal-organic
framework: response surface methodology and
artificial neutral network model studies, RSC
advances 10 (70), 43213-43224, 2020

81-Rongni Dou, Junya Zhang, Yuancai Chen, Siyuan
Feng, high efficiency removal of triclosan by
structure directing agent modified mesoporous
MIL-53 (Al), Environmental Science and
Pollution Research 24, 8778-8789, 2017

82-Feng Zhou, Jingjing Zhou, Xuechao Gao,
Chunlong Kong, Liang Chen, Facile synthesis of
MOFs with uncoordinated carboxyl groups for
selective CO2 capture via postsynthetic covalent
modification, RSC advances 7 (7), 3713-3719,
2017

83- Ruilian Li, Yi Jiang, Jian Zhao, Daniele
Ramella, Yu Peng, Yi Luan, Development of a
Brgnsted acid AI-MIL-53  metal-organic
framework catalyst and its application in [4 + 2]
cycloadditionsf, RSC advances 7 (55),
3459134597, 2017

84- Jian-ming Liu, Tong Liu, Chen-chen Wang,
Xiao-hui Yin, Zhen-hu Xiong, Introduction of
amidoxime groups into metal-organic
frameworks to synthesizeMIL-53(Al)-AO for
enhanced U(VI) sorption, Journal of Molecular
Liquids 242,531-536, 2017

85- Yizhihao Lu, Huacheng Zhang, Jun Yong Chan,
Ranwen Ou, Haijin Zhu, Maria Forsyth, Emilia
M Marijanovic, Cara M Doherty, Philip J
Marriott, Mark M Banaszak Holl, Huanting

Egypt. J. Chem. 66, No. SI: 13 (2023)

Wang, Homochiral MOF—polymer mixed matrix
membranes for efficient separation of chiral
molecules, Angewandte Chemie 131 (47), 17084-
17091, 2019
86- Sima Kalhor, Mahmoud Zarei, Mohammad Ali
Zolfigol, Hassan Sepehrmansourie, Davood
Nematollahi, Saber Alizadeh, Hu Shi, Jalal
Arjomandi, Anodic -electrosynthesis of MIL-
53(Al)-N(CH,PO;H,), as a mesoporous catalyst
for synthesis of novel (N-methylpyrrol)-pyrazolo
[3.,4- b] pyridines via a cooperative vinylogous
anomeric based oxidation, Scientific reports 11
(1), 19370, 2021
87- Kai Huang, Lin Lin Guo, Dong Fang Wu,
Synthesis of nanorod MOF catalyst containing
Cu* and its selective oxidation of styrene,
Materials Research Express 6 (12), 125101, 2019
88-T Bunchuay, R Ketkaew, P Chotmongkolsap, T
Chutimasakul, J Kanarat, Y Tantirungrotechai, J
Tantirungrotechai, Microwave-assisted one-pot
functionalization of metal-organic framework
MIL-53(Al)-NH, with copper (II) complexes and
its application in olefin oxidation, Catalysis
Science & Technology 7 (24), 6069-6079, 2017
Meike A Gotthardt, Angela Beilmann, Roland
Schoch, Julia Engelke, Wolfgang Kleist, Post-
synthetic immobilization of palladium complexes
on metal-organic frameworks — a new concept
for the design of heterogeneous catalysts for
Heck reactionst, RSC advances 3 (27), 10676-
10679, 2013
Pawan Kumar, AK Paul, Akash Deep, Sensitive
chemosensing of nitro group containing
organophosphate  pesticides ~with  MOF-5,
Microporous and mesoporous materials 195, 60-
66, 2014
91-Pawan Kumar, Akash Deep, Ki-Hyun Kim, Metal
organic frameworks for sensing applications,
TrAC Trends in Analytical Chemistry 73, 39-53,
2015
92-Liu Wang, Kaiyu He, Haoran Quan, Xinquan
Wang, Qiang Wang, Xiahong Xu, A luminescent
method for detection of parathion based on zinc
incorporated metal-organic framework,
Microchemical Journal 153, 104441, 2020
93- Liu Yang, Yu-Long Liu, Cheng-Guo Liu, Ying
Fu, Fei Ye, A  built-in self-calibrating
luminescence sensor based on RhB@Zr-MOF for
detection of cations, nitro explosives and
pesticides, RSC advances 10 (33), 19149-19156,
2020
94-Gang-Ding Wang, Yong-Zhi Li, Wen-Juan Shi,
Bin Zhang, Lei Hou, YaoYu Wang, A robust
cluster-based Eu-MOF as multi-functional
fluorescence sensor for detection of detection of
antibiotic and pesticides in water, Sensors and
Actuators B: Chemical 331, 129377, 2021
95-Hassan Karimi-Maleh, Mehmet Liitfi Yola, Necip
Atar, Yasin Orooji, Fatemeh Karimi, P Senthil
Kumar, Jalal Rouhi, Mehdi Baghayeri, A noval
detection method for organophosphorous
insecticide fenamiphos: molecularly imprinted
electrochemical sensor based on core-shell
C0;0,@MOF-74 nanocomposite, Journal of
colloid and interface science 592, 174-185, 2021

89

90



72 Marwa Nabil et.al.

96-Nan Gao, Runan Tan, Zhiwei Cai, Hui Zhao,
Gang Chang, Yunbin He, A novel
electrochemical sensor via Zr-based metal
organic framework—graphene for pesticide
detection, Journal of Materials Science 56 (34),
19060-19074, 2021

97-Yu Cao, Luona Wang, Chao Shen, Chengyin
Wang, Xiaoya Hu, Guoxiu Wang, An
electrochemical sensor on the hierarchically
porous Cu-BTC MOF platform for glyphosate
determination, Sensors and Actuators B:
Chemical 283, 487-494, 2019

98- Hanbiao Liu, Zhen Liu, Jiangle Yi, Dongxiao
Ma, Fangquan Xia, Dong Tian, Changli Zhou, a
dual-signal electroluminescence aptasensor based
on hollow Cu/Co-MOF-luminol and g-C3N4 for
simultaneous detection of acetamiprid, malathion,
Sensors and Actuators B: Chemical 331, 129412,
2021

99- Jyotsana Mehta, Sarita Dhaka, Ashok K Paul,
Siddavattam Dayananda, Akash Deep,
Organophosphate hydrolase conjugated UiO-66-
NH2 MOF based highly sensitive optical
detection of methyl parathion, Environmental
research 174, 46-53, 2019

100- Zhipan Wang, Baokai Ma, Cai Shen, Ling-Zhi
Cheong, Direct, selective and ultrasensitive
electrochemical biosensing of methyl parathion in
vegetables using Burkholderia cepacia lipase@
MOF nanofibers-based biosensor, Talanta 197,
356-362, 2019

101- Mohamed A Habila, Bushra Alhenaki, Adel El-
Marghany, Mohamed Sheikh, Ayman A Ghfar,
Zeid A ALOthman, Mustafa Soylak, metal
organic framework-based dispersive solid-phase
microextraction on carbaryl from food and water
prior to detection by ultra-performance liquid

chromatography-tandem mass sepectrometry,
Separations 9 (2), 32, 2022
102-Jirasak Gamonchuang, Yanawath

Santaladchaiyakit, Rodjana Burakham, Magnetic
Solid-Phase Extraction of Carbamate Pesticides
Using Magnetic Metal-Organic Frameworks
Derived from Benzoate Ligands, Followed by
Digital Image Colorimetric Screening, ACS
omega 7 (14), 12202-12211, 2022

103-Siti  Sufiana Kamni, Karimah Kassim, Nur
Sofiah Abu Kassim, Nurul Auni Zainal Abidin,
metal-organic frameworks as sorbent-based
extraction: a review, Malaysian Journal of
Analytical Sciences 25 (5), 791-807, 2021

104-Ying Su, Sicen Wang, Nan Zhang, Ping Cui,
Yan Gao, Tao Bao, Zr-MOF modified cotton
fiber for pipette tip solid-phase extraction of four
phenoxy herbicides in complex samples,
Ecotoxicology and Environmental Safety 201,
110764, 2020

105-Jiping Ma, Zhidan Yao, Liwei Hou, Wenhui Lu,
Qipeng Yang, Jinhua Li, Lingxin Chen, Metal
organic frameworks (MOFs) for magnetic solid-
phase extraction of pyrazole/pyrrole pesticides in
environmental water samples followed by HPLC-
DAD determination, Talanta 161, 686-692, 2016

106-Guangyang Liu, Lingyun Li, Xiaodong Huang,
Shuning Zheng, Donghui Xu, Xiaomin Xu,

Egypt. J. Chem. 66, No. SI: 13 (2023)

Yanguo Zhang, Huan Lin, determination of
triazole pesticides in aqueous solution based on
magnetic graphene oxide functionalized MOF-
199 as solid phase extraction sorbents,
Microporous and Mesoporous Materials 270,
258-264, 2018

107- Amirhassan Amiri, Reza Tayebee, Abbas
Abdar, Fatemeh Narenji Sani, synthesis of zinc
based metal-organic framework with histamine as
an organic linker for the dispersive solid phase
extraction of organophosphorous pesticides in
water and fruit juice samples, Journal of
Chromatography A 1597, 39-45, 2019

108-Na Li, Liyuan Zhang, Li Nian, Bocheng Cao,
Zhibing Wang, Lei Lei, Xiao Yang, Jiagi Sui,
Hangi Zhang, Aimin Yu, dispersive micro-solid-
phase extraction of herbicides in vegetable oil
with metal-organic framework MIL-101, Journal
of agricultural and food chemistry 63 (8), 2154-
2161, 2015

109-Yachao Pang, Xiaohuan Zang, Hongda Li,
Jinyuan Liu, Qingyun Chang, Shuaihua Zhang,
Chun  Wang, Zhi Wang,  Solid-phase
microextraction of organophosphorous pesticides
from food samples with a nitrogen-doped porous
carbon derived from g-C3N4 templated MOF as
the fiber coating, Journal of Hazardous Materials
384, 121430, 2020

110-Suling Zhang, Zhuo Du, Gongke Li, Metal-
organic framework-199/graphite oxide hybrid
composites coated solid-phase microextraction
fibers coupled with gas chromatography for
determination of organochlorine pesticides from
complicated samples, Talanta 115, 32-39, 2013

111-panelVajihe Mohammadi, Mohammad T. Jafari,
Mohammad  Saraji,  Flexible/self-supported
zeolitic imidazolate framework-67 film as an
adsorbent for  thin-film microextraction,
Microchemical Journal 146, 98-105, 2019

112- Xiaodong Huang, Guangyang Liu, Donghui Xu,
Xiaomin Xu, Lingyun Li, Shuning Zheng, Huan
Lin, Haixiang Gao, novel zeolitic imidazolate
frameworks based on magnetic multiwalled
carbon nanotubes for magnetic solid-phase
extraction of organochlorine pesticides from
agricultural irrigation water samples, Applied
Sciences 8 (6), 959, 2018

113- Parisa Mohammadi, Mahdi Ghorbani, Parinaz
Mohammadi, Majid Keshavarzi, Ayoob Rastegar,
Mohsen Aghamohammadhassan, Ava Saghafi,
Dispersive micro solid-phase extraction with gas
chromatography for determination of Diazinon
and Ethion residues in biological, vegetables and
cereal grain samples, employing D-optimal
mixture design, Microchemical Journal 160,
105680, 2021

114- Beom K Jung, Zubair Hasan, Sung Hwa Jhung,
Adsorptive removal of 2, 4-
dichlorophenoxyacetic acid (2, 4-D) from water
with a metal-organic framework, Chemical
engineering journal 234, 99-105, 2013

115-Seyed Mohammad Mirsoleimani-azizi, Payam
Setoodeh, Fereshteh Samimi, Jafar Shadmehr,
Nazanin Hamedi, Mohammad Reza Rahimpour,
Diazinon removal from aqueous media by



REMOVAL METHODS OF PESTICIDES AND THEIR IMPROVEMENT USING.. 73

mesoporous MIL-101(Cr) in a continuous
fixedbed system, Journal of environmental
chemical engineering 6 (4), 4653-4664, 2018

116-Caroline De Smedt, Pieter Spanoghe, Shyam
Biswas, Karen Leus, Pascal Van Der Voort,
Comparison of different solid adsorbents for the
removal of mobile pesticides from aqueous
solutions, Adsorption 21, 243-254, 2015

117- Xiangyang Zhu, Bing Li, Jian Yang, Yongsheng
Li, Wenru Zhao, Jianlin Shi, Jinlou Gu, Effective
adsorption and  enhanced removal of
organophosphorus pesticides from aqueous
solution by Zr-based MOFs of UiO-67, ACS
applied materials & interfaces 7 (1), 223231,
2015

118-Yeo S Seo, Nazmul Abedin Khan, Sung Hwa
Jhung, Adsorptive removal of
methylchlorophenoxypropionic acid from water
with a metal-organic framework, Chemical
Engineering Journal 270, 22-27, 2015

119-Yeo S Seo, Nazmul Abedin Khan, Sung Hwa
Jhung, A comparative study of adsorption and
removal of organophosphorus insecticides from
aqueous solution by Zr-based MOFs, Chemical
Engineering Journal 270, 22-27, 2015

120- Asha Pankajakshan, Mekhola Sinha, Anupam
Anand Ojha, Sukhendu Mandal, Waterstable
nanoscale zirconium-based metal—-organic
frameworks for the effective removal of
glyphosate from aqueous media, ACS omega 3
(7), 7832- 7839, 2018

121-Isil Akpinar, A Ozgur Yazaydin, Adsorption of
atrazine from water in metal-organic framework
materials, Journal of Chemical & Engineering
Data 63 (7), 2368-2375, 2018

122- Isil Akpinar, Riki J Drout, Timur Islamoglu,
Satoshi Kato, Jiafei Lyu, Omar K Farha,
exploiting m—m interactions to design an efficient
sorbent for atrazine removal from water, ACS
applied materials & interfaces 11 (6), 6097-6103,
2019

123-Reda M Abdelhameed, Mohamed Taha, Hassan
Abdel-Gawad, Fathia Mahdy, Bahira Hegazi,
Zeolitic imidazolate frameworks: Experimental
and molecular simulation studies for efficient
capture of pesticides from wastewater, Journal of
Environmental Chemical Engineering 7 (6),
103499, 2019

124-RM Abdelhameed, H Abdel-Gawad, CM Silva,
J Rocha, B Hegazi, AMS Silva, Kinetic and
equilibrium studies on the removal of 14C-ethion
residues from wastewater by copperbased metal—
organic framework, International Journal of
Environmental Science and Technology 15,
2283-2294,2018

125-Sara Khan, Qing Guan, Qian Liu, Zewan Qin,
Bilal Rasheed, Xiaoxia Liang, Xia Yang,
synthesis, modification and applications of MILs
Metal-organic frameworks for environmental
remediation: the catting-edge review, Science of
the Total Environment 810, 152279, 2022

126-Hamza Ahmad Isiyaka, Khairulazhar Jumbri,
Nonni Soraya Sambudi, Zakariyya Uba Zango,
Nor Ain Fathihah Binti Abdullah, Bahruddin
Saad, Effective adsorption of metolachlor
herbicide = by  MIL-53(Al)  metal-organic

Egypt. J. Chem. 66, No. SI: 13 (2023)

framework:  Optimization, validation and
molecular docking simulation studies,
Environmental Nanotechnology, Monitoring &
Management 18, 100663, 2022

127- Md Mahmudul Hassan Mondol, Sung Hwa
Jhung, adsorptive removal of pesticides from
water with metal-organic framework-based
materials, Chemical Engineering Journal 421,
129688, 2021

128-Dan Feng, Yan Xia, Comparisons of glyphosate
adsorption properties of different functional
Cr-based metal-organic frameworks, Journal of
separation science 41 (3), 732739, 2018

129- Gege Wu, Jiping Ma, Shuang Li, Shasha Wang,
Bo Jiang, Siyi Luo, Jinhua Li, Xiaoyan Wang,
Yafeng Guan, Lingxin Chen, cationic metal-
organic frameworks as an efficient adsorbent for
the removal of 2, 4-dichlorophenoxyacetic acid
from aqueous solutions, Environmental research
186, 109542, 2020

130-Yong Yang, Jinxin Che, Biao Wang, Yizhe Wu,
Binhui Chen, Liang Gao, Xiaowu Dong, Jinhao,
Visible-light-mediated guest trapping in a
photosensitizing porous coordination network:
metalfree C—-C bond-forming modification of
metal-organic frameworks for aqueous -phase
herbicide adsorption, Chemical Communications
55 (37), 5383-5386, 2019

131-Thuan Van Tran, AA Jalil, Duyen Thi Cam
Nguyen, Mansur Alhassan, Walid Nabgan, Anh
Ngoc T Cao, Tung M Nguyen, Dai-Viet N Vo, A
critical review on the synthesis of NH2MIL-
53(Al) based materials for detection and removal
of hazardous pollutants, Environmental Research,
114422, 2022

132-Reda M Abdelhameed, Mohamed Taha, Hassan
Abdel-Gawad, Bahira Hegazi,
Aminofunctionalized AI-MIL-53 for dimethoate
pesticide removal from wastewater and their
intermolecular interactions, Journal of Molecular
Liquids 327, 114852, 2021

133-Reda M Abdelhameed, Marwa Nabil, Samir M
El-Medani, Fatma M Elantabli, Diazotization-
coupling reaction on aluminum-based metal-
organic framework for efficient purification of
wastewater from carbofuran pesticide,
Environmental Nanotechnology, Monitoring &
Management, 100858, 2023

134- Xianglin Huang, Sheng Feng, Guiliang Zhu,
Wei Zheng, Cong Shao, Ning Zhou, Qi Meng,
removal of organic herbicides from aqueous

solution by ionic liquid modified
chitosan/metalorganic ~ framework composite,
international journal of biological

macromolecules 149, 882-892, 2020

135- Qingfeng Yang, Jing Wang, Wentao Zhang,
Fangbing Liu, Xiaoyue Yue, Yingnan Liu, Mei
Yang, Zhonghong Li, Jianlong Wang, Interface
engineering of metal organic framework on
graphene oxide with enhanced adsorption
capacity for  organophosphorus  pesticide,
Chemical Engineering Journal 313, 1926, 2017

136-Reda M Abdelhameed, Hassan Abdel-Gawad,
Hossam E Emam, Macroporous
CuMOF@cellulose acetate membrane
serviceable in selective removal of dimethoate



74 Marwa Nabil et.al.

pesticide  from  wastewater, Journal of
Environmental Chemical Engineering 9 (2),
105121, 2021

137-Reda M Abdelhameed, Hassan Abdel-Gawad,
Mahmoud Elshahat, Hossam E Emam, Cu-
BTC@ cotton composite: design and removal of
ethion insecticide from water, Rsc Advances 6
(48), 42324-42333, 2016

138-Ying Su, Sicen Wang, Nan Zhang, Ping Cui,
Yan Gao, Tao Bao, Zr-MOF modified cotton
fiber for pipette tip solid-phase extraction of four
phenoxy herbicides in complex samples,
Ecotoxicology and Environmental Safety 201,
110764, 2020

139-Vinod Kumar Gupta, Shilpi Agarwal,
Mohammad Asif, Ali Fakhri, Nima Sadeghi,
Application of response surface methodology to
optimize the adsorption performance of a
magnetic  graphene oxide nanocomposite
adsorbent for removal of methadone from the
environment, Journal of colloid and interface
science 497, 193-200, 2017

140-Guangyang Liu, Lingyun Li, Donghui Xu,
Xiaodong Huang, Xiaomin Xu, Shuning Zheng,
Yanguo Zhang, Huan Lin, Metal-organic
framework preparation using magnetic graphene
oxide—B-cyclodextrin for neonicotinoid pesticide
adsorption and removal, Carbohydrate polymers
175, 584-591, 2017

141-Guangyang Liu, Lingyun Li, Xiaodong Huang,
Shuning Zheng, Xiaomin Xu, Zhongxiao Liu,
Yanguo Zhang, Jing Wang, Huan Lin, Donghui
Xu, Adsorption and removal of
organophosphorus pesticides from environmental
water and soil samples by using magnetic multi-
walled carbon nanotubes@ organic framework
ZIF-8, Journal of Materials Science 53, 10772-
10783, 2018

142- Qingfeng Yang, Jing Wang, Xinyu Chen,
Weixia Yang, Hanna Pei, Na Hu, Zhonghong Li,
Yourui Suo, Tao Li, Jianlong Wang, the
simultaneous  detection and removal of
organophosphorus pesticides by a novel Zr-MOF
based smart adsorbent, Journal of Materials
Chemistry A 6 (5), 2184-2192, 2018

143-Tengfei Li, Meng Lu, Yuhang Gao, Xiaodong
Huang, Guangyang Liu, Donghui Xu, Double
layer MOFs M-ZIF-8@ ZIF-67: The adsorption
capacity and removal mechanism of fipronil and
its metabolites from environmental water and
cucumber samples, Journal of Advanced
Research 24, 159-166, 2020

144-Sandeep Singh, Sandeep Kaushal, Jasmeen Kaur,
Gurmeet Kaur, Susheel Kumar Mittal, Prit Pal
Singh, cafu mof as an efficient adsorbent for
simultaneous removal of imidacloprid pesticide
and cadmium ions from wastewater,
Chemosphere 272, 129648, 2021

145-Wenlong Liang, Biao Wang, Jingli Cheng,
Douxin Xiao, Zhengang Xie, Jinhao Zhao, 3D,
eco-friendly metal-organic frameworks@ carbon
nanotube aerogels composite materials for
removal of pesticides in water, Journal of
Hazardous Materials 401, 123718, 2021

Egypt. J. Chem. 66, No. SI: 13 (2023)

146-Biswa Nath Bhadra, Dong Kyu Yoo, Sung Hwa
Jhung, Carbon-derived from a framework MOF-
74: a remarkable adsorbent to remove a wide
range of contaminants of emerging concern from
water, Applied Surface Science 504, 144348,
2020

147-Chang Liu, Peng Wang, Xueke Liu, Xiaotong
Yi, Zhigiang Zhou, Donghui Liu, Multifunctional
B-cyclodextrin MOF-derived porous carbon as
efficient herbicides adsorbent and potassium
fertilizer, ACS Sustainable Chemistry &
Engineering 7 (17), 14479-14489, 2019

148- Dezhi Chen, Caiqin Chen, Weisong Shen,
Hongying Quan, Shasha Chen, Shasha Xie,
Xubiao Luo, Lin Guo, MOF-derived magnetic
porous  carbon-based  sorbent:  Synthesis,
characterization, and adsorption behavior of
organic micropollutants, Advanced Powder
Technology 28 (7), 1769-1779, 2017

149- Imteaz Ahmed, Tandra Panja, Nazmul Abedin
Khan, Mithun Sarker, Jong- Sung Yu, Sung Hwa
Jhung, Nitrogen-doped porous carbons from ionic
liquids@ MOF: remarkable adsorbents for both
aqueous and nonaqueous media, ACS Applied
Materials & Interfaces 9 (11), 1027610285, 2017

150- Mithun Sarker, Imteaz Ahmed, Sung Hwa
Jhung, adsorptive removal of herbicides from
water over nitrogen-doped carbon obtained from
ionic liquid@ ZIF-8, Chemical
EngineeringJournal 323, 203-211, 2017

151-Lin Hao, Chun Wang, Qiuhua Wu, Zhi Li,
Xiaohuan Zang, Zhi Wang, Metal-organic
framework derived magnetic nanoporous carbon:
novel adsorbent for magnetic solid-phase
extraction, Analytical chemistry 86 (24), 12199-
12205, 2014

152-Soleyman Moinfar, Ali Khodayari, Shabnam
Sohrabnezhad, Ali Aghaei, Lazgin Abdi Jamil,
MIL-53 (Al)/Fe203 nanocomposite for solid-
phase microextraction of organophosphorus
pesticides followed by GC-MS analysis,
Microchimica Acta 187, 1-10, 2020

153-Zhi-Heng Lu, Ibrahim Abdelhai Senosy, Dong-
Dong Zhou, Zhong-Hua Yang, Hao-Ming Guo,
Xiao Liu, Synthesis and adsorption properties
investigation of Fe304@ ZnAl-LDH@ MIL-53
(Al) for azole fungicides removal from
environmental water, Separation and Purification
Technology 276, 119282, 2021

154- Reda M Abdelhameed, Abdallah A Shaltout,
Mohamed HH Mahmoud, Hossam E Emam,
Efficient elimination of chlorpyrifos via tailored
microporous membrane based on AIMOF,
Sustainable Materials and Technologies 29,
e00326, 2021

155- Vera I Isaeva, Marina D Vedenyapina, Stanislav
A Kulaishin, Anna A Lobova, Vladimir V
Chernyshev, Gennady I Kapustin, Olga P
Tkachenko, Vadim V Vergun, Danil A Arkhipov,
Vera D Nissenbaum, Leonid M Kustov,
Adsorption of 2,4-dichlorophenoxyacetic acid in
an aqueous medium nanoscale MIL-53(Al) type
materials{, Dalton Transactions 48 (40), 15091-
15104, 2019



REMOVAL METHODS OF PESTICIDES AND THEIR IMPROVEMENT USING..

75

156-Marwa Nabil, Fatma M Elantabli, Samir M El-
Medani, Reda M Abdelhameed, Remarkable
Separation of Carbofuran Pesticide from Aqueous
Solution Using Free Metal Ion Variation on
Aluminum-Based Metal-Organic Framework,
Colloids and Interfaces 6 (4), 73, 2022

157- Lewis Kamande Njaramba, Sewoon Kim, Yejin
Kim, Byungjun Cha, Nahyun Kim, Yeomin
Yoon, Chang Min Park, Remarkable adsorption
for hazardous organic and inorganic contaminants
by  multifunctional amorphous core—shell
structures of metal-organic framework-alginate
composites, Chemical Engineering Journal 431,
133415, 2022

158-Jiping Ma, Shuang Li, Gege Wu, Shasha Wang,
Xiaotong Guo, Liyan Wang, Xiaoyan Wang,
Jinhua Li, Lingxin Chen, Preparation of mixed-
matrix membranes from metal organic framework
(MIL-53) and poly (vinylidene fluoride) for use
in determination of sulfonylurea herbicides in
aqueous environments by high performance
liquid chromatography, Journal of colloid and
interface science 553, 834-844, 2019

159-Abdelhameed, R.M., Darwesh, O.M., El-Shahat,
M.; Titanium-based metal-organic framework
capsulated ~ with  magnetic = nanoparticles:
Antimicrobial and photocatalytic degradation of
pesticides;  Microporous and  Mesoporous
Materials, 2023, 354, 112543

160- Abdelhameed, R.M., Abdel-Gawad, H.,
Elshahat, M., Emam, H.E.; Cu-BTC@cotton
composite: Design and removal of ethion
insecticide from water; RSC Advances, 2016,
6(48), pp. 42324-42333

161-Abdel-Gawad, H., Afifi, L.M., Abdel-Hameed,
R.M., Hegazi, B.; Distribution and degradation of
C-ethyl prothiofos in a potato plant and the
effect of processing; Phosphorus, Sulfur and
Silicon and the Related Elements, 2008, 183(11),
pp- 2734-2751

162-Abdelhameed, R.M., Abdel-Gawad, H., Hegazi,
B.; Effective adsorption of prothiofos (O-2,4-
dichlorophenyl O-ethyl S-propyl
phosphorodithioate) from water using activated
agricultural waste microstructure; Journal of
Environmental Chemical Engineering, 2020,
8(3), 103768

Egypt. J. Chem. 66, No. SI: 13 (2023)



