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Summary: Broad production, utilization, and scrapping of pesticides worldwide increase the health
concern of humans and animals, due to their bio-persistent and bio-accumulating nature. Among the
present treatment methods, metaloxide based photocatalysis is the emerging technology for pesticide
removal in aqueous medium, and has gained the interest of many researchers in the past years due to
its feasibility, cost efficiency and higher degradation rate. This review briefly discusses the
mechanism of metaloxide based photocatalytic degradation, reaction kinetics of pesticides
degradation, optimization of operational parameters to enhance the degradation process, and
different modifications such as binary, ternary or metal/non-metal dopped metaloxide photocatalysts
to improve the effectiveness of degradation has also been analyzed. The effect of operational
parameters like effect of catalyst dosage, pH, initial pesticide concentration, UV/sunlight, and
irradiation time on the photocatalytic degradation of pesticide has been reviewed. The comparison of
various photocatalysts for the degradation of diazinon from aqueous medium is summarized.
However additional research is required to achieve fast and maximum degradation to keep the
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environment safe.
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Introduction:

The population of the world is growing so & +2 ]
fast by every passing day and with it food demand is £
also increasing, so to improve the quality of food g * ]
products for increasing population and to prevent & ;. i
crop diseases pesticides are required. Large numbers &
of pesticides are formulated by researchers in large 'g 3 ]
quantity to meet the increasing world’s food demand. g
These organic chemical compounds are used for % 2.5 1
protecting agriculture and forests against pests and 3 ]
also prevents plant diseases [1]. To repel, Kill, E 21
prevent and lessen the damage caused by pests, 1988 1993 1998 2003 2008 2013 2018
Year

pesticides are used. The pests can be insects, worms,
birds, weeds, plant pathogens and microorganisms
that destroy the plants, fields and spread different

Fig. 1: Total global pesticide use measure in million
tons of pesticide consumption per year [4].

type of diseases [2]. 2.5x10° tons per year of = *° 73
pesticide is provided worldwide and its amount is S 25 ]
increasing with every passing day as shown in Figl. § a0 ]
In Pakistan, the pesticides were used from centuries = |
but from 1954, there is 254 metric tons usage of g 15
agrochemicals which is increased to 7000 tons/year § 10
by the mid of 1960’s and then to 16,226 metric tons 5 E
in 1977 [3]. From 1980-1990’s large amount of = i
pesticides are supplied to different areas of Punjab. § R e T e e

Fig 2 shows the consumption of pesticides per year in
Pakistan. Around 80 percent of the agrochemicals are
sprayed on cotton fields while the rest are used for
sugarcane, tobacco, maize, vegetables and fruits [3].
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Year

Total pesticide use in Pakistan measured in
thousand tons of pesticide consumption per
year [4].

Fig. 2:
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Pesticides are fatal to pests as well as have
harmful effects to the environment and consumers
(affects tissues and organs causing acute or chronic
diseases) but despite of its harmful effects its greater use
is because of its other benefits such as improving food
quality, prevent crop damage etc [1]. The harmful
effects of pesticides are observed after 20 years of use
[3]. During irrigation and heavy rainfall these organic
chemicals are released into the water bodies and causes
harmful effects to the aquatic life [1]. A report published
in 1990 by EPA shows that 50% of the water pollution
is caused by the chemicals used in agriculture [1]. Water
resources are very important natural resources on earth
and in 1980’s small amount of pesticides were found in
shallow water wells and surface water in Pakistan.
Those areas of Punjab are affected more where there are
cotton belts because of excessive use of pesticides.
Recently in Pakistan a fish killing incident occurs at
Rawal lake Islamabad, which supplies water for
drinking to Rawalpindi (1.5x10° population), after
filtration. In that incident, when researchers take the
water samples from the lake, found that there were
excessive pyrethroid pesticide, four times higher than
the European Economic Union (EEC) standard for
drinking water. The standard for pesticides in drinking
water according to EEC is 0.5ug/L [3].

Pesticides also have adverse health effects e.g.
can cause carcinogenesis, neurotoxicity, reproductive
and developmental effects [5]. These organic chemicals
also acts as a catalyst to the carcinogens [1]. 37000
cases of cancer are reported, three million people are
poisoned and two lac died yearly in the developing
countries due to the pesticides usage. Most of the
banned pesticides by the developing countries due to
their toxicity are still in use. In Pakistan the toxic effects
of pesticides are even greater than being reported
because of less data collection [3].

Pesticides

Out of twelve most toxic compounds on earth,
nine of them are the pesticides and their derivatives [6].
These are the synthetically manufactured organic
chemicals [7] used to prevent the damage caused by
small insects to the plants. They have complex structure,
and the intermediate formed from them are sometimes
even more toxic than the parent pesticide [8] Some
persistent pesticides don’t degrade easily and enters into
the environment through different routes and are fatal to
humans, animals and aquatic life. Pesticides are non-
biodegradable and have long lifetime in the
environment. Due to fat soluble nature they retain inside

the body of living organism and result in
biomagnifications.  Pesticides undergo  different
transformations into the environment through
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hydrolysis, oxidation, photolysis, biotransformation, and
photodegradation [9].

Contamination by pesticides
Contamination of surface/ground water

Water is essential for all living organisms, but
is highly polluted due to human activities and some
natural processes [10]. The amount of pesticides in
water reaches to dozens of mg/L [11]. Water pollution
by pesticides is caused by some natural sources like
erosion, runoff etc. and also by some human activities
[12]. The pesticide requirement increases because of the
vigorous growth of plants that attracts the competitors.
Pesticide pollutes the runoff, pond, cropland, ground,
river, deep ground, and sea water [13]. The level of
pesticide in ground and surface water can be determined
by (i) Pesticide’s soil mobility, (ii) Pesticide’s carrying
agent, (iii) Pesticide’s level and presence [10]. Due to
water pollution the aquatic food chain is also disturbed.
The contamination is accumulated in fish’s tissues and
cause adverse effects on human health when these
aquatic products are consumed by humans. The average
concentration of all organochlorines found in individual
sample of fish was about 0.03-0.180 ppm [14]. In Sindh
and Punjab the areas near cotton fields are more
affected. Pesticides enters into surface/ground water
through different routes as shown in Fig 3 [9].
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Fig. 3: Contamination of surface/ground water by

pesticides [9].
Contamination of soil

Soil is essential to humans and their health,
and provides resource that can be used for food
production. Transport of pesticides to food, air, plants
and water occurs through soil and affects the aquatic life
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and human beings. The contaminations (pesticides)
move into animals and plant body to become a part of
food chain through soil erosion, runoff, leaching,
interflowv and subsurface drainage etc [15]. The
pesticides are persistent in the soil and can cause soil
pollution due to slow rate of degradation [10]. Human
activities like use of chlorinated chemicals,
deforestation, domestic discharge and industrial
discharge increase the soil erosion and leads to
contamination [16]. Sail is a long- term storage space
for pesticides [17]. The persistence of pesticides in soil
depends upon soil humidity, temperature and microbial
activity [18]. Microorganism cause degradation of
pesticides and their intermediate products from soil and
provide organic/inorganic materials to plants [10].

Contamination of air

According to EPA, quality of air affects the
living organism and can be determined by the presence
of contaminants, their concentration and persistence. Air
humidity or radiations may degrade these pollutants or
they can be settled down to earth surface. Volatile
pesticide evaporates into air and can cause air pollution
mostly from the tropical and subtropical regions [19].
During application of pesticides about 2% volatilized to
the air. The size of the nozzle controls the droplet size
and prevents evaporation [20]. Volatilization of
pesticides depends upon the application method,
diluents, wind speed, temperature, radiation and
humidity. Pesticides can cause environmental pollution
and also undergoes transformation in the environment
like oxidation, photolysis and photodegradation etc [9].
The ultraviolet radiations from the sun have enough
energy to break the chemical bonds of the pesticides by

A
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free radical reaction or photochemical reaction.
Deposition of pesticides occurs due to the changing
environmental condition [10]. Wet and dry deposition of
pesticides causes there increased level in oceans, and
marine water is the source of pesticides due to air
exchange [21]. Recent studies showed the high
concentration of thiophosphate insecticide in the air of
arctic region [22]. Pesticides enter to the body through
long exposure to contaminated air and causes health
issues [10].

Contamination of food

People are becoming more concerned as
different technologies are utilized to assess the trace
amount of pesticides in food [23]. In developed
countries precise analysis has been performed to
determine the toxicity level of pesticides in food [10].
In Canada, researchers introduced pesticide free
production of crops with no use of pesticides from
sowing to harvesting, and the soil is also not treated with
any type of pesticide with exception to some fertilizers
[24]. In the developing countries about 80% (according
to FAQ) of the yield comes from the already cultivated
land, which increases the chances of exposure of food to
the pesticides. Pesticides in plants come from polluted
water and soil, plants by absorbing nutrients from the
soil transport them to the various parts of plant body
through water [10]. In Pakistan, pesticide residues are
investigated in fruits, cottonseeds, vegetables, milk, feed
[25] etc. In Pakistan, 105 food items are investigated to
have high level of pesticide residues. The maximum
residual limit (MRL) of pesticides in food is 0.01mg/Kg
[10]. Fig 4 shows various stages of pesticide entry into
the environment.

Deposition

Vaporization

Leaching

Soil profile

/// Precipitation
é jé F Wind erosion

Smface runoff

Fig. 4: Stages of pesticide entry into the environment [1, 9].



Fawad Ahmad et al.,

Classification of pesticides

On the basis of modes of entry, type of
pests, biodegradability and chemical composition etc.
pesticides are classified into following different
categories.

On the basis of mode of entry

The mode of interaction of pesticides with
pests are through body contact, respiratory tract, and
digestive tract. The systemic insecticides absorbed by
plant tissues and transported via the circulatory
system to kill the organism. Example includes 2,4-D
and N-(phosphonomethyl) [2]. Contact pesticide kills
the pest by entering through epidermis and kills the
targeted insect through poisoning. Example includes
paraquat and diquatdibromide [2]. Some pesticides
work by entering into the pest’s mouth and damaging
the digestive track e.g. Malathion. Fumigants produce
toxic vapors which enter through the respiratory tract
of the pest and damage it. It is usually used for
protecting fruits and vegetables. Repellents don’t kill
but makes the site or food unattractive for the pests

[2].
On the basis of targeted pests

On the basis of types of pests kill, pesticides
are classified as herbicides, rodenticides, fungicides
[2] etc. as shown in Fig 5.
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Fig. 5: Classification of pesticides on the basis of
target pests [1, 2].
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On the basis of range of pests kill

Pesticides are also classified into selective
and non-selective on the basis of range of pests it
kills. Selective pesticide Kkills the specific pests
whereas the non-selective kills all the pests which
comes in contact [2].

On the basis of physical state

Physical state can classify the pesticides as
liquid (oil solutions mixed with emulsifiers), powders
(finely ground), granules (active compounds mixed
with clay to form particles upto 80 mesh), baits
(mixed with the food for pests), and dust etc [2].

On the basis of biodegradability

On the basis of biodegradability pesticides
are classified into two types; biodegradable which
can be degraded by microbes into harmless
compounds and persistent which take long time in the
environment to break [26].

On the basis of toxicity

World Health  Organization  (WHO)
categorized pesticides into four classes based on
toxicity. Experiments were performed by WHO on
rats and other animals and give them pesticide dose
dermally and orally, and then introduce median lethal
dose. Pesticides are categorized as extremely
poisonous, highly poisonous, moderately poisonous,
slightly poisonous, and less poisonous [27].

On the basis of chemical structure

Chemical structure can classify the
pesticides into the following types e.g.
organophosphate  (malathion,  diazinon  etc),
organochlorines (DDT,BHC etc), carbamates

(carbaryl, bendiocarb etc), pyrethrins, pyrethroids etc
[2] are shown in Fig 6. The first pesticide synthesized
were organochlorines which were used as
insecticides and have harmful effects on the
environment. E.g. are DDT, aldrin and chlordane etc.
In most of the developing countries DDT is banned
due to its hazardous environmental effects.
Organophosphate  pesticides are derived from
phosphoric acid; it works by preventing the
transmission of nerve signals and causing death.
Carbamates are derived from carbamic acid, works
like organophosphorus pesticides and can be easily
degraded [2].
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ORGANO-
CHLORINES

ORGANO-
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Fig. 6: Classification of pesticides on the basis of chemical composition [2].

Organochlorine pesticides

Organochlorine insecticides remain in the
environment for longer time and intoxicate human
health and environment, thus many countries banned
organochlorine based insecticides. They enter into the
body of organism by absorption through skin,
inhaling its vapors, ingesting contaminated food or
water and due to their solubility and polarity they
retain into the body of the organism. Due to their
persistent nature they are banned by some developed
countries [28]. Exposure to organochlorines leads to
vomiting, headache, dizziness, nausea, dermatitis,
irritability, sweating, anxiety, spasm, weakness and
even lead to death. Their intermediates are even more
toxic than the parent organochlorine compounds [29].
Examples are DDT, aldrin, toxaphene and chlordane
etc [26] are shown in Fig 7.

Organophosphate pesticides

The commonly used pesticides for
agricultural purpose alternative to organochlorines
(because of their toxicity) are the organophosphorus
pesticides (OPs) [30]. Organophosphorus compounds
are derived from phosphorus compounds in which the
hydrogen atoms are replaced by organic groups. OPs
are included among those pesticides which are used

more than one third of the total pesticide worldwide.
There are approximately 250 organophosphorus
compounds prepared all over the world, among
which 140 are the pesticides and the rest are used in
industries for different purposes. They are less
persistent in the environment but are toxic to living
organisms [31]. Organophosphate pesticides are
resistant to natural decomposition in environment and
have high dissolution due to which can easily move
to the other places and penetrate deep into the soil
and can cause reproductive toxicity [30]. In late
1970’s the organochlorine compounds are replaced
by organophosphorus compounds because of their
less persistence in the environment [31]. Advanced
oxidation processes (AOPs) are used for the
photocatalytic degradation of organophosphate (OPs)
pesticides using hydroxyl radicals (OH") and convert
them into non-hazardous compounds [30].

Classification of organophosphate pesticides

Organophosphate pesticides are classified as
phosphates,  thiophosphates, dithiophosphates,
phosphonates, and phosphoramides on the basis of
their structure [30].

Phosphates

In phosphates, a phosphorus atom is
attached to four oxygen atoms [30]. Examples are;
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Chlorfenvinphos, Dichlorvos, Mevinphos,
Monocrotophos, Tetrachlorvinphos etc. are shown in
Fig 8.

(i) Chlorfenvinphos (CVP)

A colorless matter, sold as amber liquid
[32]. Degradation of chlorfenvinphos using titanium
dioxide, or photo-fenton or using both under sunlight
is studied [33]. The degradation of chlorfenvinphos
occurs by oxidation through highly reactive hydroxyl
radicals and follows first and zero-order kinetic [30].

(i) Dichlorvos (DDVP)

Dichlorvos is used to control parasites and
as a repellent against small insects in the form of
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aerosol spray. It is carcinogenic and highly toxic
placed in class | by EPA. Pt/TiO; and H,0O: is studied
for the photocatalytic degradation of dichlorvos. The
dichlorvos oxidation by TiO,-mediated photocatalyst
under sunlight irradiations show pseudo first-order
kinetics [34].

Dithiophosphates

Dithiophosphate ~ contains  phosphorus
sulphur double bond and phosphorus sulphur single
bond. Examples are malathion, phorate, terbufos,
azinphos-methyl and dimethoate etc. are shown in
Fig 9.

ORGANOCHLORINE
PESTICIDES
1
[ I I I I
DDT TOXAPHENE| |CHLORDANE LINDANE ENDRIN HEPTACHLOR
Fig. 7. Example of organochlorine pesticides [9].
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Cl H;CO
o CH; / T~ TTT~r—o0 H
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- P ~ \ /
07 N H;CO e c H
"CH;
Cl cl H;C C—N
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cl 0 CHj,
O
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Fig. 8: Chemical structure of organophosphate pesticides [30].
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Fig. 9: Chemical structure of dithiophosphate pesticide [30].
(i) Malathion trichlorfon. Trichlorfonis moderately toxic and
placed in class 11 by EPA [30].
This pesticide is used for pests on

vegetables, fruits, and also used for flies, mosquitoes
and head lice. It is slightly toxic compound and
placed in class 111 by EPA [30].

(i) Azinphos-Methyl

Azinphos-methyl is used as a miticide and
nematicide, kills pests by contact or stomach poison
and is used for vegetables, fruit trees, nuts, tobacco
and ornamental plants [30].

(iii) Phorate

Cotton, corn, coffee, pine trees and some
ornamental plants are sprayed with this pesticide. It is
highly toxic to humans and placed in class | by EPA
[30].

Phosphonates

Phosphonates contains phosphorus carbon
(P—C) bond and P=0O or P=S bond. Example is
trichlorfon etc. [30].

(i) Trichlorfon

Ticks, cockroaches, bedbugs, flies,
mosquitoes, and leaf-hoppers are controlled using

Phosphoramides

Phosphoramides  contains  phosphorus
nitrogen linkage P-NHR or P—NH,. Examples are
methamidophos, acephate, and fenamiphos etc. [30].

(i) Acephate

P—O, P—S, and P—N linkage is present in
acephate. Different ornamental plants, fruit trees,
vegetables and field crops are sprayed with this
pesticide [30].

(ii) Fenamiphos

Highly toxic compound placed in class | by
EPA, and used against roundworms and sprayed on
different fruit trees like banana, pineapple, citrus,
tobacco and crops [30].

Thiophosphates

In thiophosphates a phosphorus atom is
attached to a sulphur atom by double bond. Examples
are diazinon, chlorpyrifos, fenitrothion, parathion-
methyl and triazophos etc. [30] are shown in Fig 10.



Fawad Ahmad et al.,

Parathion

ON |
s
o™ o

Fenitrothion
H;(U

H,c0”” \
Thiophosphates

Triazophos
O/(HZ
S%P/ CH,CH
N o 8
N7 / o

e

doi.org/10.52568/001120/JCSP/44.05.2022 513

CH,

(0]

Cl
CH; Chlorpyrifos
Cl
I I S|
O—CH
/ \ | L _ .
O—CH,
\ Diazinon
H;C
= ﬁ
N y, 0O—P(OCH,CH;),
\ N

(H;C),HC

Fig. 10: Chemical structure of Thiophosphate pesticides [30].

(i) Chlorpyrifos

An insecticide used for various crops, but it
is mixed with oily liquid due to its partial miscibility
with water and then sprayed on crops. It is placed
into moderately poisonous class by EPA [30].

(ii) Parathion-Methyl

This pesticide is mostly used for cotton
fields, is a fumigant and miticide. It is placed into
highly toxic class by EPA. The degradation of
parathion-methyl by TiO2/SiO, beads at 650°C is
studied [30].

Carbamates

The structure of carbamates is similar to
organophosphorus compounds, but their origin is
different. They are derived from carbamic acid,
whereas the organophosphorus compounds are
derived from phosphoric acid. They affect the
nervous system of the pest, and sometimes used as
contact, fumigant or stomach poison [27].
Carbamates, just like organophosphorus pesticides
also manipulate the nervous system and cause
dysfunctioning of an enzyme that directs the
neurotransmitter. Carbofuran, aldicarb, and ziram are
those carbamates pesticides that affect the endocrine
activity [35], mitochondrial function, cellular
metabolism and also effects reproductive issues. It is
genotoxic and cytotoxic to ovarian cells and in T
lymphocytes cause apoptosis and also cause necrosis

and apoptosis to immune cells. Carbamate pesticides
also results in neurobehavioral issues and increases
the chance of dementia [26, 36, 37]. Examples of
carbamates pesticides are shown in Fig 11.

Pyrethroid

It is a naturally existing pesticide, present in
a flower named as chrysanthemums. Pyrethroids are
synthesized in such a way to have greater
environmental stability. Pyrethroids have surfactants
in them called pyrethrins (I-1V), among them the
most active are pyrethrins | and |[l. Their
decomposition takes place under intense light and so
they are non-persistent [26, 29]. They have less
toxicity towards birds and mammals but are more
toxic to fish and insects. Among the other pesticides,
pyrethroids are considered to be safe for their use in
food [27]. Fig 12. show some common examples of
pyrethroid pesticides.

Experimental
Degradation of pesticide
Conventional treatment technologies

Different technologies were used for the
degradation of pesticide contaminated water and soil,
but choosing any one most suitable among them is

hard. Many processes were introduced from years
and are currently use for the removal of toxic
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pollutants. The conventional method includes surface
adsorption [30], membrane filtration [38], air
stripping, and biological degradation [10]. In
coagulation the pollutant is transferred from one
phase to another instead of degradation [39].
Methods like ion exchange resins, reverse 0smosis,
filtration, and adsorption are used these days, but the
membranes can be deformed and difficult to handle
[10]. Biological degradation is environment friendly
but is time consuming and really ineffective [40].
Filtration and sedimentation produce toxic secondary
products for the ecosystem. All these methods are
effective but have some drawbacks like time, cost,
ineffectiveness, and applicability [10].

Physical method for pesticide remediation

Different physical methods are used as a
remediation for pesticides e.g. adsorption, settling,
membrane, filtration, and air stripping as shown in
Fig 13. These methods are rapid but there will be no
degradation of pesticides [10]. Different material
used for the removal of pesticides includes;

(i) Clays

Natural clay is negatively charged,
hydrophilic, and is modified to improve the retention
of pesticides on its surface. Clay is modified to
improve its sorption capacity for polar and non-polar
pollutants [41, 42]. The adsorption depends upon
pesticide amount, quantity of adsorbent (clay), pH,
time of contact of pesticide with adsorbent, and
temperature. But the drawback is that it is difficult to
separate out the adsorbent from the water [26, 43].
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(i) Charcoal

Activated charcoal has high ability to adsorb
organic contaminant on its surface due to its porosity
and surface area. Contaminants adsorption also
depends upon the surface chemistry, structure, and
adsorbate nature [44]. Charcoal can be in the form of
granular active carbon, black electrode, powdered
form, fiber and carbon. Due to cost effectiveness the
powdered active form is best for the treatment of
drinking water [26, 45, 46].

(iii) Polymeric membranes

Polymeric membranes are used for water
purification because it adsorbs the impurities at its
surface. The advantages are low energy, low cost and
regeneration of adsorbents. Examples are
cyclodextrins, dendrimers, and hyper cross-linked
polymers [26, 47, 48].

Chemical method for pesticide remediation

Oxidation, reduction, hydrolysis, catalysis,
photo-fenton, ozonation and coagulation are some
chemical ways for the degradation of pesticides as
shown in Fig 14. These methods are complex and
highly expensive with the formation of toxic
byproducts [10].

Thermal method for pesticide remediation

Thermal method of degradation of pesticide
includes combustion that is highly expensive and
unsuitable for recalcitrant compounds with no by-
product formed [10].

CARBAMATES
|
[ | I | |
CARBARYL CARBOFURAN PROPOXUR AMINOCARB BENDIOCARB
Fig. 11: Example of carbamate pesticides [27].
PYRETHROID
]
[ [ I I |
LAMBDA-
BIFENTHRIN PERMETHRIN CYHALOTHRIN DELTAMETHRIN CYFLUTHRIN

Fig. 12: Examples of pyrethroid pesticides [27].
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Fig. 13: Physical method for pesticide remediation [10].
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Fig. 14: Chemical method for pesticide remediation [10].

Biological method for pesticide remediation

Degradation using microbes is less effective
and very slow. The pesticides are degraded and toxic
by-products are formed by biological method [10].

Advanced oxidation process (AOPs) is
introduced to overcome the limitations of conventional
treatment methods to completely degrade the pesticides
into less hazardous products [49].

Advanced oxidation processes (AOPS)

Degradation of pesticides by conventional
treatment methods are costly, time taking and also
produces secondary pollutants, so advanced oxidation
processes is used, which produces reactive hydroxyl
species (OH") to degrade pesticides [50]. The oxidation
potential of OH" is 2.8eV, highest after fluorine [51]. At
the surface of the photocatalyst, these highly reactive
radicals reacts with the pesticides by initiating different
reactions and results in the degradation of pesticides.
There are two types of AOPs discussed below [9].

(i) Homogeneous advanced oxidation processes (AOPS)

The targeted pesticide absorbs the photon and
the bond is cleaved or rearranged to form new stable
product, but this mechanism is shown by those
compounds which absorbs photons in solar spectrum
[5]. H:02, Os, and Fenton reagent alone or with light is
used for degradation process [30]. The energy used can
be UV rays, electrical energy, microwave irradiation
and sonolysis. It can further be categorized like photo-
fenton, and UV/H,0O; etc. [9, 52].

(ii) Heterogeneous advanced oxidation processes
(AOPs)

Heterogeneous means two phases, one is the
photocatalyst in the solid form and the other is the
aqueous solution of pesticides. Photocatalysts are used
to degrade the pesticides into biodegradable products,
and then mineralize to CO; and H,O [53]. The holes and
electrons generated leads to chain of redox reactions
which degrade the pesticide at the surface of the
photocatalyst [9]. Semiconductor catalysts are used in
heterogeneous process such as ZnO, TiO,, ZnS etc. [54,
55].

Results & discussion
Photocatalysis

Photocatalysis means using catalyst to
accelerate a photoreaction [56]. In photoreaction, photon
of light (sunlight or artificial) whose energy is
equivalent to or higher than the band gap energy of
catalyst generates the e+h* pair at the catalyst surface
and produce OH' (hydroxide) radicals and other highly
reactive radicals, which degrade the poisonous organic
pollutants [57]. The catalyst activity is based on its
ability to produce e+h* pairs. The advantages of
photocatalysis are that, in other advance oxidation
processes hydrogen peroxide and ozone are used as an
oxidizing agent, which are quite expensive; where as in
photocatalysis atmospheric oxygen is used as an
oxidant. But using hydrogen peroxide and ozone the
photocatalytic activity is enhanced [58]. This method is
non-toxic and economical, but there are also some
disadvantages related to photocatalysis such as CdS and
PbS are highly toxic catalysts, sometime toxic
intermediates are formed, regeneration of catalyst, and
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recombination of electron hole pair which can be
reduced by dopping metaloxide nanoparticles. The
lifetime of electron-hole pair is femtosecond that is
enough to carry out a redox reaction [59].

Fig 15. represents the principle of
photocatalysis that includes the generation of electron
hole pairs when the UV light is illuminated at the
catalyst surface and the reactive hydroxyl (OH") and
other radicals are formed which degrade the non-
biodegradable contaminants into less hazardous forms
such as HO, CO, and other compounds [53]. The
highest occupied is the valence band containing holes,
whereas the lowest unoccupied is the conduction band
containing electrons, both are distanced by energy
bandgap [60]. When the photon falls at the surface of
semiconductor photocatalyst the electron excites from
the valence energy band (VB) to the conduction energy
band (CB) and results in the generation of e+h* pair. In
the conduction band, electrons react with the O
(oxygen) to form O, (superoxide anion radicals) [61].

Energy

Photocatalyst

CO;+ H,O <+—— Intermediate products €=

—
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The valence band hole generates the hydroxide radical
which degrades the toxic organic pollutants into COp,
H,0, and other minerals. Both the oxygen reduction and
the oxidation of pollutants takes place simultaneously

[9].

Mechanism of photocatalysis

Heterogeneous photocatalysis occurs in the
following steps [62, 63];

1. Transfer of pollutants at the surface of
photocatalyst.

2. Adsorption of the toxic contaminants.

3. Reaction of the toxic pollutant in the adsorbed
phase.

4. Product desorption.

5. Product diffusion from the surface.

The process of photocatalysis starts with the
generation of electron-hole pair as oxidizing and
reducing agent.

a >

1 ¢ (CB) +0,—» 0,
—
Conduction Band (CB) ¢ Photo-Reduction
hv
|:> Excitatio Recombination
v Photo-Oxidation
Valence Band(VB) h h* (VB)+H,O~> H-+ OH"

h*(VB) + OH =mp OH"

\J?

Pesticides

Fig. 15: Mechanism of degradation of pesticides at the surface of photocatalyst [30].
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Photocatalyst + hv

Oxidation:
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— 3 Photocatalyst (CB + VB™)

Photocatalyst (VB*") + H,O ———— OH" + Photocatalyst + H-

Photocatalyst (VB*M) + OH- ————— OH" + Photocatalyst

Pesticide + ht ——»

Reduction:

Photocatalyst (CB™) + O,

02-0 + H+ >

Photocatalyst (CB) + H" + HO,*
OH* + Pesticide

Kinetics of photocatalytic degradation

The reaction kinetics and the photocatalytic
mechanism depends on pH, dose and type of the
catalyst, quantity of pesticide, amount of formed
intermediates, temperature, and the quantity of
dissolved oxygen [64]. The kinetics of heterogeneous
photocatalysis can be explained by L-H (Langmuir-
Hinshelwood) model [65]. According to this model
the rate of heterogeneous photocatalytic reaction
depends on the fraction of surface area cover by the
pesticide.

r (rate of oxidation of pesticide) = dC/dt =
kKC/(1+KC)

C = Pesticide concentration in ppm.

r = Pesticide oxidation rate in ppm/min.

t = irradiation time.

k = rate constant in ppm/min.

K = Langmuir adsorption coefficient of the pesticide
at the catalyst surface in ppm [9].

The pseudo-first order kinetics is followed
by the organic compounds at low substrate
concentration during photocatalytic degradation [66].
The substrate concentration and the time is related as;

In C/Co= K (obs)t
Co= Initial pollutant concentration in solution.

C = Residual pollutant concentration.
Kobs= Reaction rate constant at reaction time.

D EE——

—_—

Final degradation product

O, + Photocatalyst

HO,*

Photocatalyst + H,O,

——» Final degradation Product

The rate determining step is the reaction of
hydroxide radical with the pollutant at the surface of
the catalyst [67].

Operational  variables
pesticide degeneration

affecting  photocatalytic

The outcome of initial concentration on pesticide
degeneration

Literature  studies  show that the
effectiveness of pesticide degradation is affected by
its concentration. The rate of pesticide degeneration
is improved with the increase in its amount, but upto
an optimum level. If the pesticide concentration is
lower, the hydroxyl radicals formed during
photocatalysis attack the pesticides and the remaining
OH-' radicals combine together and H,O; is formed,
but if the amount of pesticide is high the rate of
recombination decreases and the rate of degeneration
of pesticide molecule increases. At very high quantity
of pesticide the rate of degeneration decreases
because the competition for the reaction between
hydroxyl radicals and pesticide molecules increases.
Thus the optimized concentration of pesticide is
considered. The rate of degradation of diazinon
decreases from 51.3-10.8%, when its concentration is
increased from 7.82-65.19uM [68].

The outcome of catalyst dosage on pesticide
degeneration

Increase in photocatalyst concentration,
increases the catalyst surface area so light penetrated
easily and large amount of photons are absorbed at
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the catalyst surface and more reactive hydroxyl
radicals are formed and thus the rate of degradation
of pesticide increases [69]. A very high concentration
of photocatalyst decreases the effectiveness of
degradation, due to higher cloudiness, which prevents
the light perforation into the active sites [70]. Also,
the accumulation of excess of catalyst deactivates the
active surfaces [71]. So optimum amount of
photocatalyst is preferred for effective degradation of
pesticides.

The outcome of pH on pesticide degeneration

Literature review shows that the solutions
pH is another significant factor that decides the rate
of decomposition of poisonous contaminants. The
rate of generation of reactive hydroxyl radicals
during photocatalytic degradation is controlled by
solutions pH and thus affects the owverall rate of
degeneration. In acidic environment, the rate of
generation of OH" increases because their rate of
recombination to form H;O decreases. Whereas at
higher pH of the solution the hydroxyl radicals
recombine to form H,O,, as a result degradation
reaction ceases. At neutral and basic medium the
reactivity of hydroxyl radicals decreases as compared
to the acidic medium. The nature of the organic
pollutant i-e ionic or molecular also affects the pH of
pesticide degradation. Thus the pKa value of the
toxic pollutant determines the pH of the degradation.
Those pollutants having no ionizable groups at their
surface show less degradation variance in observed
pH range. The degradation of pesticide chlorpyrifos
increased by increasing the pH from 5-7, whereas
decreases after pH 7. Similarly dichlorvos show
maximum rate of degradation at pH 3, due to the
generation of greater OH" in acidic medium [68].

The outcome of oxidizing species on pesticide
degeneration

H,O; is a source of generation of additional
hydroxyl radicals (OH") to enhance that rate of
degradation of toxic organic pollutants. Higher
degradation is achieved by combining UV light and
H,O, as compare to both the methods operated
separately due to increase in the generation of
reactive OH" by the decomposition of H,O, Higher
rate of degradation is achieved at optimum
concentration of hydrogen peroxide, whereas at
higher concentration the additional H,O, prevent the
generation of reactive OH'. The optimum
concentration of H.O, depends upon the working
circumstances. The rate of degradation of a pesticide
methyl parathion increased by adding hydrogen
peroxide in 10:1 ratio of H;O, to pesticide, whereas
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the decrease in the rate of degradation is observed at
20:1 ratio of H,O; to pesticide [68].

The outcome of
degeneration

irradiation time on pesticide

The rate of degeneration of pesticide also
depends upon irradiation time. With increase in time
the rate of degradation increases because at longer
time, contact between the catalyst and the photon
increases, and greater reactive radicals are produced
[72]. Also, pesticide molecules and reactive radicals
reacts completely at longer irradiation time [73].

Nano-based approach for pesticide degradation

Contamination of water by pesticides has
attracted the scientist’s attention towards this
problem due to excessive pollution. Nanomaterials
due to their small size and good activity are used as a
remediation for environmental pollutants including
pesticides [74]. Metaloxide  nanocomposites,
bimetallic nanoparticles, metal nanoparticles and
adsorbents have been used as a remediation for
pesticides [75, 76]. Metaloxide nanoparticles are
efficient photocatalyst towards the degradation of
different types of pollutants [77]. For remediation of
pesticides and other organic pollutants, nanomaterials
as photocatalyst are successful advanced oxidation
technology; Photocatalytic technology is successful
for degrading the hazardous contaminants such as
pesticides, dyes, pharmaceuticals from waste water
[78]. Nano-based photocatalyst degrade the
pollutants into non-toxic intermediates. Several nano-
based materials like metals, metaloxide and
nanocomposites are used as a photocatalyst to
generate electron-hole pair for redox process. In
heterogeneous catalysis, nano-based semiconductors
are mostly investigated because of their capacity to
degrade pollutants in gaseous or aqueous medium
[79]. Semiconductor nanomaterials also have wide
applications in electronic devices, photocatalysis and
solar cells [80]. The catalytic properties of
semiconductors are due to their band gap, charge
transport, light absorption, electronic structure, and
long life of electron-hole pair [81]. Semiconductors
are economical, less toxic (except PbS and CdS etc.)
and have high surface to volume ratio etc [10].

Metaloxide semiconductors
TiO,, Fe,03, CdS, ZnS, WOs, and ZnO are

used as a semiconductor photocatalyst for pesticides
degradation but TiO, and ZnO are used commonly.
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(i) Titania (TiOy)

The most effective photocatalyst is TiO;
[82] because it is easily synthesized, has high
activity, chemical stability, less cost, and non-
toxicity, but its disadvantage is not activated by
visible light but by ultraviolet (UV) light. The
molecular structure of titanium dioxide is very stable
and it is biocompatible. It has four forms that are
anatase, TiO,, rutile and brookite. Anatase has
tetragonal structure with bipyramidal habit and under
UV irradiation used as a photocatalyst. TiO, has
monoclinic crystalline structure and is used as a paint
pigments, in solar cells, electrochemical electrodes,
capacitors etc. Rutile has tetragonal structure with
prismatic habit and is used in paints as white
pigment. Brookite has orthorhombic crystal structure.
TiO, is the effectively used photocatalyst for the
pesticide degradation because its photocatalytic
reaction takes place at room temperature and it can be
easily loaded on the supports such as activated
carbons, stainless steel, glass, sand, fibers and can be
reused. The photogenerated electrons reduce to form
superoxides from dioxygens. Metal or non-metal
dopping improves the photocatalytic activity of TiO;
[83, 84]. The most commonly used photocatalyst for
degrading dyes, pesticides and other toxic organic
pollutants is TiO but due to some drawbacks ZnO is
introduced.

(i) Zinc oxide (ZnO)

ZnO is not a threat to the environment nor to
the human health. The energy gap of zinc oxide
(Zn0) is 3.2eV [85] almost equivalent to TiO, and
also shows similar photocatalytic activity to that of
TiO,, A wide bandgap is shown by ZnO and absorbs
higher solar radiations. The surface of catalyst acts as
a lewis base and acid and adsorbs the toxic organic
pollutants at its surface. The drawbacks of ZnO are
photocorrosion and large bandgap which result in low
photocatalytic efficiency of ZnO [9]. Sol gel method
is used to synthesize zinc oxide using poly vinyl
alcohol (PVA) as surfactant and annealing at 500°C.
It can also be synthesized without surfactant by
precipitation method using zinc acetate dehydrates.
ZnO nanoparticles can be synthesize using zinc
nitrate hexahydrate by hydrothermal method [86].

Dopped metal oxide semiconductor

By dopping, the absorption of light by
semiconductor is shifted towards the visible region of
electromagnetic spectrum and can also increase the
life span of electron hole pair [87]. Dopping
introduce new energy levels to the energy gap
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between conduction energy band and valence energy
band and decreases the energy band and also
minimize the recombination rate of e+h* pair. If
metal is used as a dopant than it attracts the electron
from the conduction energy band and reduces the
recombination rate of e+h* pair. Photocatalytic
activity of TiO, can be improved by metal dopping
such as Pt, Pd, Ag, V and Mo etc. and codopping
metal and nonmetals like N, S, F and C [9]. Dopping
can be positive-type and negative-type. In negative-
type dopping the dopant donate the electrons or
negative charge to the conduction band of
semiconductor or in positive-type dopping the dopant
as acceptor can accept electrons from the surrounding
atoms leaving a hole or positive charge in
semiconductor valence band [9].

Metaloxide Nanocomposites (NCs)

Two or more pure materials having different
mechanical, electrical, magnetic, optical, and
chemical properties combine to give a new material
with improved properties. In the last two decades, the
entire synthesis of nanomaterials was focused on
single material. Since 2009, to improve the magnetic,
electrical, optical and chemical properties
nanomaterials are synthesized by using two or more
materials [88]. Due to the quantum yield and
photoluminescence properties [89] of inorganic
hetero-nanoparticles they are mostly used as a
photocatalyst and in solar cells [90]. Due to the
enhanced chemical and electronic properties, metal
oxide nanoparticles such as ZnO, TiO,, CuO, Fe;0s,
NiO, and Al,O3 have become popular [91]. Lifetime
of electron-hole pair enhance the photocatalytic
activity. In binary nanocomposites the electron
moves from the conduction energy band (CB) of one
metal oxide to the other under irradiation of light,
whereas the hole transfers from the valence energy
band (VB) of the other to the first, as a result the
lifetime of e+h* pair increases [88].

Binary Nanocomposite

Intermetallic oxides are the hot discussion
and research topic among the researchers because of
its high activity and variety of application. Some
semiconductors don’t absorb higher solar radiations
because there energy gap energy lies within the UV
region. It is no need to synthesize a new material
which can absorbs maximum sunlight in the visible
region, because the structural and electronic
properties of semiconductor metal oxides are
enhanced by synthesizing mixed metal oxide
nanocomposites [92]. Metal-oxygen-metal or metal-
metal interaction improves the properties of
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composite material such as charge parting efficiency,
enhance charge carrier life time and charge carrier is
also increased. For photocatalysis, two metal oxides
containing composite is formed such as TiO,-WOQs3,
CuO-ZnO0O, Zn0-Ces04, ZnO-NiO and ZnO-MgO. As
compare to single metal oxide the binary metal oxide
composite has enhanced charge separation efficiency.
NiO is a positive-type semiconductor compound with
energy gap 3.5-4 eV, ZnO is negative-type
semiconductor compound with energy gap of 3.37eV,
and CuO is positive-type semiconductor compound
with a low energy gap 1.2 eV, cheaper and nontoxic
[93], all these metal oxides have applications in
photocatalysis, batteries, and gas sensing etc. Fe;Os is
positive-type semiconductor compound with energy
gap 2.2 eV and have excellent magnetic properties,
CdO is negative-type semiconductor compound with
energy gap 2.5 eV [92]. Composites with mixed
metal oxides are formed by using these metal oxides.
When an  negative-type and  positive-type
semiconductors are mixed together p-n junction is
formed and it results in improving the properties of
material [86]. As compare to single phase metal
oxides, binary and ternary metal oxides are proved to
be more useful for photocatalytic and other
applications [94].

Ternary Nanocomposite

The coupling of more than two
photocatalytic compounds improves the
photocatalytic efficacy because of more efficient
separation of e+h* pair. Composites like
Sm2W05/ZHO/GO [95], ZnO—WOe,—ZnW03,
Ga,03/ZnO/WO0O3, and CaO-CoO-SiO; etc. are also
reported in different research works and prove to
have higher efficiency towards degradation of
organic pollutants [94]. The tungstate compounds are
drawing researchers because of their unique structure
and tremendous potential for commercial uses such
as catalyst etc. Furthermore, Graphene oxide (GO), a
carbon based material also have novel structure, large
surface area and excellent charge transfer capacity. It
has been regarded as a promising platform to make
nanocomposites that boost the photocatalytic
efficiency [95]. Sm,WOe/ZnO/GO nanocomposite
have very effective degradation of a textile dye
methylene blue and a pollutant ciprofloxacin under
UV light irradiation. Ga;Os is a semiconductor with a
large band gap that is commonly employed in high
temperature electrical devices, photodetectors and
gas sensors etc. It is well known photocatalyst that
can significantly boost photocatalytic efficiency due
to its morphological flexibility. Ga,03/ZnO/WO;
composite show improved degradation of rhodamine
B dye due to high redox capacity of Ga,Os; [96].
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Among various methods used for the preparation of
mixed metaloxide composites, co-precipitation
method is cheaper, easier, efficient, and requires low
temperature [92].

Comparison of different catalysts for the degradation
of diazinon

Diazinon

Molecular formula C12H21N20O3PS

Chemical Name:

O, O diethylO-2-isopropyl-6-methylpyrimidin-4-yl
phosphorothioate

Diazinon was first used as an insect
repellent in 1952 for crops like fruit trees, tobacco,
palm, corn, sugar cane, rice and horticultural plants.
It is categorized in class Il (moderately hazardous) by
EPA [50]. It is non-polar, having vapour pressure
0.00014 mmHg at 20°C. It don’t volatilize from soil
and water and its henry’s law constant is
0.0000014atmm3mol* [97] as represented in Table—I.
Diazinon is non-systemic, digestible, and contact
pesticide [98]. It has low persistence in the
environment, but is highly toxic e.g. cytotoxic,
neurotoxic, cardiotoxic [99] and genotoxic. It inhibits
acetylcholinesterase and affect the nervous system
[99]. AOPs is used for the degradation of diazinon
using light and semiconductor catalyst as a source of
OH and Oy radicals. The photocatalytic
degeneration of diazinon by ZnO nanocrystals under
ultraviolet light is studied and with respect to
diazinon concentration follows pseudo first order
kinetics [50].

Table—I: Characteristics of diazinon.

Amax (nm) 274
Density g per ml at 20°C 111
Molecular weight (g/mol) 304.3
Vapour pressure (mmHg at 20°C) 0.00014
Henry’s law constant (atmm®mol™) 0.0000014

WHO class 11

Toxicity of diazinon

The main issue of using diazinon as a
pesticide includes surface water contamination and it
affects the aquatic life and Kills birds. The amount of
diazinon is increasing in sewerage and urban
waterways. The toxicity of diazinon is due to the
reason that it inhibits the enzyme
acetylcholinesterase. It overstimulate nicotinic and
muscarinic receptors [50, 100]. Due to the exposure
to diazinon human health and environment is at risk
and the European environmental committees have
investigated its applications. Due to its toxicity to
humans and animals, EPA prohibits the indoor use of
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diazinon. It also affects the human nervous system.
The standard of drinking water for diazinon is
0.001mg/L set by EPA [100]. The fatal dose of
diazinon for aquatic organisms and humans is 350
ppt and 90-444 ppm [97]. Due to its continuous use,
diazinon residues are found in food crops, soil and
waterways. Therefore, to protect human health
treatment of contaminated water systems are required
[50].

Different studies show the degradation of
diazinon using different semiconductor photocatalyst.
ZnO powder was synthesized and used as a
photocatalyst to degrade diazinon under UV-C light,
and in 80min 80% activity is achieved. Diazinon is
also degraded using TiO,-ZnO binary metaloxide
photocatalyst under UV-C light, and the degradation
efficiency is increased at neutral pH and by adding
H.O,. Platinized TiO, is also used to degrade
diazinon and 88% activity was observed under UV
light after 30h [101].

Comparison of removal efficiency of diazinon by
various photocatalysts
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The degeneration efficiency of diazinon by
various photocatalyst is compared by maintaining the
exact reaction conditions. Initial amount of diazinon
was 20mg/L, concentration of catalyst 0.5g/L and pH
maintained at 7. The degeneration efficiency of
pesticide diazinon under ultraviolet light alone was
57.98%, TiOz-alone 17.66%, ZnO alone 20.89%,
UV-TiO; 74%, UV/ ZnO-TiO, 87.26%, UV-ZnO
78%, and ZnO-TiO, 28.21% using parameters from
Table-11 is shown in Fig 16. This comparison shows
that the % degeneration of diazinon in the present of
binary composite ZnO-TiO; is greater as compare to
ZnO alone and TiO, alone. 87.26% degeneration of
diazinon was observed by illuminated ZnO-TiO,
photocatalyst. The greater degradation of diazinon by
binary composite is due to the transfer of electron
from the conduction energy band of zinc oxide to the
conduction energy band of titania and hole from the
valence energy band of titania to the valence energy
band of zinc oxide. This increases the life time of
electron-hole pair, that’s why has improved
photocatalytic degradation as compare to zinc oxide
alone and titania alone [102].

Table-lII: Comparison of different photocatalysts for diazinon degradation.
Photocatalysts pH Catalyst Dose Diazinon concentration (ppm) Time % Removal Reference
(min)
Nano-TiO2 6 2x10"ppm 40 120 99.64 [103]
C, N-TiOz 5 12mg 18 30 86.93 [104]
US/UV/ Fe-TiO; 55 4x10-ppm 30 100 85 [105]
TiOa/Fe,03 - 1x10*ppm 10 45 88.93 [101]
ZnO-TiO; 7 5x10-4ppm 20 120 28.21 [102]
UV/TiO-ZnO 7 5x10-4ppm 20 120 87.26 [102]
UV/H20,/TiOz-Zn0 7 5x10-4ppm 20 120 100 [102]
100
00 87.26%
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70 4
§ &0
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.g 50 -
Eh
@
a 40 A
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1 0 -‘ .
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Comparison of degradation efficiencies of different photocatalysts for degrading
diazinon

Fig. 16: Comparison of different photocatalysts for degrading diazinon [102].
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Fig. 17: Evaluation of photocatalytic degeneration of diazinon by various photocatalysts [102].

The degeneration of diazinon by nano-
titania was studied with irradiation time 120min, at
different pH values 4, 6, 7, 8, and 10. At pH 6 there
was maximum degradation achieved. The pHp. of
TiO, was reported 6.3-6.9. When the pHpz is less
than pH the TiO; surface becomes negatively charged
and if pH is less than pHy. the surface becomes
positively charged, and if pH is equals to pHp. the
surface becomes neutral. Diazinon has pKa value 2.6
and above pH 2.6 its surface becomes negative,
whereas at pH below 6.5 the titania surface becomes
positive. At this condition diazinon is attracted and
adsorbed at nano-titania surface. After optimizing pH
the concentration of nano-TiO; is varied from 0.2-
0.6¢g/L. The photocatalytic degeneration improved
with increase in catalyst dose due to enhancement in
surface area and active sites. When the concentration
of catalyst is very high then turbidity prevents the
ultraviolet light penetration and the rate of the
reaction slow down. Thus 0.2g/L is the optimum dose
of catalyst for the degradation. The initial amount of
diazinon is varied from 12-450mg/L. With increase
in concentration of diazinon the degradation
decreases because the intermediates formed are
adsorb at the surface of the photocatalyst and
deactivates its active sites. 99.64% removal of

diazinon was observed with nano-TiO, at pH 6 with
catalyst dose 0.2g/L [103] as shown in Fig 17.
Comparison of removal efficiency of parathion by
various photocatalysts

The highest degradation efficiency was less
than 70% because parathion methyl was not degraded
on surface of pure oxides. Mixed metal oxides
possess high surface area and chemical stability, with
reasonable cost of production and less toxicity.
Ce;0s/Fe;0O3  composite  decompose  dangerous
organophosphorus pesticide parathion and the degree
of conversion approaches to 100%. It is also noticed
that cerium oxides prepared through wet synthetic
route do not exhibit degradation efficiency towards
hazardous pollutants. ZnO/CuO nano photocatalyst
were prepared by sono-precipitation method and
degraded the parathion 100% after 60 min of sono-
photoirradiation in the optimal experimental
conditions.

To determine the optimal amount of CuO in
the composite oxides a series of experiments are
performed with different ratio of ZnO/CuO. About
88.42%, 100%, 86%, and 72.58% of the parathion
was photo degraded by pure ZnO, ZnO/CuO (90:10),
ZnO/CuO (80:20), and ZnO/ CuO (70:30),
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respectively. When the ZnO/CuO molar ratio was
increased from 100:0 to 90:10, the efficiency of
photocatalytic reaction under solar light irradiation
increased. This is due to the reduction of the bandgap
energy (<3.2 eV) by coupling the ZnO/CuO that was
activated in the visible light region, which results in
e+h* pair separation. A decrease was observed in the
photocatalytic activity at a higher percentage of CuO
(20% and 30%), because of decrease in the specific
surface area [106, 107].

Degradation pathway of diazinon

Mass spectrometry investigations were
carried out to study the degradation mechanism of
diazinon on the basis of species formed. Diazinon
with the molecular mass of 304 loses two methyl
group in the first step, yielding a molecule with a
molecular mass of 276. The removal of methyl and

248

DEGRADATION

A PATHWAY OF
\]/ | DIAZINON 108
T

doi.org/10.52568/001120/JCSP/44.05.2022 523

ethyl group from pyrimidine bonded to oxygen forms
a compound with a molecular mass 205, followed by
the removal of phosphorothioate group with the
formation of a compound with a molecular mass 96,
and at last the 1, 3-dioxan-2-ol is converted into
carbondioxide and water [108].

Stability and reuse of photocatalyst

Mixed metaloxide photocatalysts are highly
stable and reusable, because they are easy to recycle.
The recycling and reuse of photocatalyst is important
because it lowers the overall cost of waste
management, so efficient engineering is essential for
developing photocatalyst that can be readily reused
and recycled. Mixed metaloxide photocatalyst
degrade the pollutants at its surface into eco-friendly
products [109].

CO,+H,0

e

OH

62

e

Fig. 18: Proposed pathway for the degradation of diazinon [108].
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Conclusion

Aquatic pollution caused by pesticides is the
biggest problem that requires effective solutions. To
sort out this issue various initiatives have been taken.
For the removal of pesticides by photocatalytic
degradation various nanoparticles, binary and ternary
nanocomposites have been widely explored.
Photocatalytic degradation involves the excitation of
molecules by absorbing the solar radiations and
resulting in the formation of highly reactive peroxide
and oxide radicals that oxidizes the functional groups
present in a pesticide molecule. Instead of
transforming the pesticides into other intermediates,
photocatalytic degradation mineralizes them into
water, carbondioxide and other less hazardous
products. From literature review it is observed that
binary and ternary nanocomposites act as potential
photocatalysts as compare to other semiconductor
based photocatalysts. Degradation efficiencies of
different photocatalysts are compared for diazinon at
the same reaction conditions. Photocatalytic
degradation is also effected by pH, irradiation time,
concentration of pesticides and catalyst dosage. Wide
research has been performed for the pesticide
degeneration however to evaluate the detrimental
effects of agrochemicals on environment further
research is required.

Conflict of interest

The authors declare no conflict of interest in
the present study.

Acknowledgements

This work is financially supported by
Chemistry Department, University of Wah.

References

1. K. S. Rajmohan, R. Chandrasekaran and S.
Varjani, A Review on Occurrence of Pesticides
in Environment and Current Technologies for
Their Remediation and Management, Indian
Journal of Microbiology, 60, 125 (2020).

2. R. Kaur, G. Mavi, S. Raghav and I. Khan,
Pesticides Classification and its Impact on
Environment, International Journal of Current
Microbiology and Applied Sciences, 8, 1889
(2019).

3. M. I Tarig, S. Afzal, I. Hussain and N. Sultana,
Pesticides exposure in Pakistan: A review,
Environment International, 33, 1107 (2007).

4. https://ourworldindata.org/grapher/pesticide-use-
tonnes?tab=chart&country=~PAK,

doi.org/10.52568/001120/JCSP/44.05.2022 524

5. C. Remucal, The role of indirect photochemical
degradation in the environmental fate of
pesticides: A review, Environmental science.
Processes & impacts, 16, 628 (2014).

6. S. Devipriya and S. Yesodharan, Photocatalytic
degradation of pesticide contaminants in water,
Solar Energy Materials and Solar Cells, 86, 309
(2005).

7. S. Ahmed, M. G. Rasul, W. N. Martens, R.
Brown and M. A. Hashib, Advances in
Heterogeneous Photocatalytic Degradation of
Phenols and Dyes in Wastewater: A Review,
Water, Air, & Soil Pollution, 215, 3 (2011).

8. D. Hamilton, R. Dieterle, A. Felsot, C. Harris, P.
Holland, A. Katayama, N. Kurihara, J. Linders,
J. Unsworth and S.-S. Wong, Regulatory limits
for pesticide residues in water (IUPAC Technical
Report), Pure and Applied Chemistry - PURE
APPL CHEM, 75, 1123 (2003).

9. S. H. Khan and B. Pathak, Zinc oxide based
photocatalytic ~ degradation  of  persistent
pesticides: A comprehensive review,
Environmental Nanotechnology, Monitoring &
Management, 13, 100290 (2020).

10. M. I. Khan, M. Shoukat, S. Alam, H. Arif, N.
Niazi, M. Azam, S. Bashir, I. Ashraf and R.
Qadri, Use, Contamination and Exposure of
Pesticides in Pakistan: A Review, Pakistan
Journal of Agricultural Sciences, 57, 131
(2020).

11. G. M. Gurr, J. Liu, A. C. Johnson, D. N.
Woruba, G. Kirchhof, R. Fujinuma, W. Sirabis,
Y. Jeffery and R. Akkinapally, Pests, diseases
and crop protection practices in the smallholder
sweetpotato production system of the highlands
of Papua New Guinea, PeerJ, 4, e2703 (2016).

12. M. Tankiewicz, J. Fenik and M. Biziuk,
Determination  of  organophosphorus  and
organonitrogen pesticides in water samples,
TrAC Trends in Analytical Chemistry, 29, 1050
(2010).

13. W. Zhang, F. Jiang and J. Ou, Global pesticide
consumption and pollution: With China as a
focus, Proceedings of the International Academy
of Ecology and Environmental Sciences, 1, 125
(2011).

14. S.-H. Leg, J.-S. Ra, J.-W. Choi, B.-J. Yim, M.-S.
Jung and S.-D. Kim, Human health risks
associated with dietary exposure to persistent
organic pollutants (POPs) in river water in
Korea, Science of The Total Environment, 470-
471, 1362 (2014).

15. P. W. Abrahams, Soils: their implications to
human health, The Science of the total
environment, 291, 1 (2002).


https://ourworldindata.org/grapher/pesticide-use-tonnes?tab=chart&country=~PAK
https://ourworldindata.org/grapher/pesticide-use-tonnes?tab=chart&country=~PAK

Fawad Ahmad et al.,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

B. Bhattacharya, S. K. Sarkar and N. Mukherjee,
Organochlorine pesticide residues in sediments
of a tropical mangrove estuary, India:
implications for monitoring, Environment
International, 29, 587 (2003).

P. Burauel and F. Ballmann, Soils as filter and
buffer for pesticides—experimental concepts to
understand  soil  functions,  Environmental
Pollution, 133, 11 (2005).

M. I. Tariq, S. Afzal and I. Hussain, Degradation
and persistence of cotton pesticides in sandy
loam soils from Punjab, Pakistan, Environmental
research, 100, 184 (2006).

F. Wania and D. Mackay, A global distribution
model for persistent organic chemicals, Science
of The Total Environment, 160-161, 211 (1995).
Berg, v. den, R. Kubiak, W. Benjey, M.
Majewski, S. Yates, G. Reeves, J. Smelt and T.
van der Linden, Emission of Pesticides into the
Air, Water Air Soil Pollut., 115, 195 (1999).

R. Lohmann, E. Jurado, M. E. Q. Pilson and J.
Dachs, Oceanic deep water formation as a sink
of persistent organic pollutants, Geophysical
Research Letters, 33, (2006).

M. mehran anjum, Pesticides and Environmental
Health; A Review, Agricultural Research &

Technology: Open Access Journal, 5, 555671
(2017).
A. J. Tucker, Pesticide residues in food -

Quantifying risk and protecting the consumer,
Trends in Food Science & Technology, 19, S49
(2008).

E. Magnusson and J. A. L. Cranfield, Consumer
Demand for Pesticide Free Food Products in
Canada: A Probit Analysis, Canadian Journal of
Agricultural  Economics/Revue  canadienne
d'agroeconomie, 53, 67 (2005).

G. Yaqub, K. Ighal, Z. Sadiq and A. Hamid,
Rapid determination of residual pesticides and
polyaromatic  hydrocarbons in  different
environmental samples by HPLC, Pakistan

Journal of Agricultural Sciences, 54, 355
(2017).
D. Pathania, M. Thakur and A. Sharma,

Photocatalytical degradation of pesticides,p. 153
(2020).

I. Yadav and N. Devi, Pesticides Classification
and Its Impact on Human and Environment,p.
140 (2017).

L. G. Devi, B. N. Murthy and S. G. Kumar,
Photocatalytic activity of V5+, Mo6+ and Th4+
doped polycrystalline TiO2 for the degradation
of chlorpyrifos under UV/solar light, Journal of
Molecular Catalysis A: Chemical, 308, 174
(2009).

doi.org/10.52568/001120/JCSP/44.05.2022 525

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M. S. Hossain, A. N. M. Fakhruddin, M. A. Z.
Chowdhury and M. K. Alam, Degradation of
chlorpyrifos, an organophosphorus insecticide in
aqueous solution with gamma irradiation and
natural sunlight, Journal of Environmental
Chemical Engineering, 1, 270 (2013).

D. Sud and P. Sidhu, Heterogeneous
Photocatalytic =~ Degradation ~ of  Selected
Organophosphate Pesticides: A Review, Crit.
Rev. Environ. Sci. Technol., 42, 2365 (2011).

F. Malhat, N. Loutfy, G. M and M. Tawfic
Ahmed, A Review of Environmental
Contamination by  Organochlorine  and
Organophosphorus  Pesticides in  Egypt, J.
Toxicol Risk Assess., 4,013 (2018).

M. J. Farré, M. I. Franch, S. Malato, J. A.
Ayllon, J. Peral and X. Doménech, Degradation
of some  biorecalcitrant  pesticides by
homogeneous and heterogeneous photocatalytic
ozonation, Chemosphere, 58, 1127 (2005).

M. I. Maldonado, P. C. Passarinho, I. Oller, W.
Gernjak, P. Ferndndez, J. Blanco and S. Malato,
Photocatalytic degradation of EU priority
substances: A comparison between TiO2 and
Fenton plus photo-Fenton in a solar pilot plant,
Journal of Photochemistry and Photobiology A:
Chemistry, 185, 354 (2007).

P. Oancea and T. Oncescu, The photocatalytic
degradation of dichlorvos under solar irradiation,
Journal of Photochemistry and Photobiology A:
Chemistry, 199, 8 (2008).

R. Goad, J. Goad, B. Atieh and R. Gupta,
Carbofuran-Induced Endocrine Disruption in
Adult Male Rats, Toxicology mechanisms and
methods, 14, 233 (2004).

M. S. Denison, D. Phelan, G. M. Winter and M.
H. Ziccardi, Carbaryl, a Carbamate Insecticide,
Is a Ligand for the Hepatic Ah (Dioxin)
Receptor, Toxicology and Applied
Pharmacology, 152, 406 (1998).

M. Lifshitz, E. Shahak, A. Bolotin and S. Sofer,
Carbamate Poisoning in Early Childhood and in
Adults, Journal of Toxicology: Clinical
Toxicology, 35, 25 (1997).

N. M. Islam, M. Chatterjee, Y. Ikushima, T.
Yokoyama and H. Kawanami, Development of a
novel catalytic membrane reactor  for
heterogeneous catalysis in supercritical CO,, Int
J Mol Sci, 11, 164 (2010).

G. R. M. Echavia, F. Matzusawa and N. Negishi,
Photocatalytic degradation of organophosphate
and phosphonoglycine pesticides using TiO2
immobilized on silica gel, Chemosphere, 76,
595 (2009).

Z. Di-shun, W. Jia-lei, Z. Xue-heng and Z. Juan,
TiO2/NaY composite as photocatalyst for



Fawad Ahmad et al.,

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

degradation of omethoate, Chemical Research in
Chinese Universities, 25, 543 (2009).

S. B. Haderlein, K. W. Weissmahr and R. P.
Schwarzenbach,  Specific ~ Adsorption  of
Nitroaromatic Explosives and Pesticides to Clay
Minerals, Environmental Science & Technology,
30, 612 (1996).

H. Li, G. Sheng, B. J. Teppen, C. T. Johnston
and S. A. Boyd, Sorption and Desorption of
Pesticides by Clay Minerals and Humic Acid-
Clay Complexes, Soil Science Society of America
Journal, 67,122 (2003).

M. J. Sanchez-Martin, M. S. Rodriguez-Cruz, M.
S. Andrades and M. Sanchez-Camazano,
Efficiency of different clay minerals modified
with a cationic surfactant in the adsorption of
pesticides: Influence of clay type and pesticide
hydrophobicity, Applied Clay Science, 31, 216
(2006).

J. M. Salman, V. O. Njoku and B. H. Hameed,
Adsorption of pesticides from aqueous solution
onto banana stalk activated carbon, Chemical
Engineering Journal, 174, 41 (2011).

H. Humbert, H. Gallard, H. Suty and J.-P. Croué,
Natural organic matter (NOM) and pesticides
removal using a combination of ion exchange
resin and powdered activated carbon (PAC),
Water Research, 42, 1635 (2008).

S. Zhang, Q. Yang, X. Yang, W. Wang, Z. Li, L.
Zhang, C. Wang and Z. Wang, A zeolitic
imidazolate framework based nanoporous carbon
as a novel fiber coating for solid-phase
microextraction of  pyrethroid pesticides,
Talanta, 166, 46 (2017).

M. I. Badawy, M. Y. Ghaly and T. A. Gad-
Allah, Advanced oxidation processes for the
removal of organophosphorus pesticides from
wastewater, Desalination, 194, 166 (2006).

A. Roy, S. Singh, J. Bajpai and A. Bajpai,
Controlled pesticide release from biodegradable
polymers, Open Chemistry, 12, 453 (2014).

E. Evgenidou, K. Fytianos and 1. Poulios,
Semiconductor-sensitized photodegradation of
dichlorvos in water using TiO2 and ZnO as
catalysts, Applied Catalysis B: Environmental,
59, 81 (2005).

K. Khaoiriah, D. V. Wellia, J. Gunlazuardi and S.
Safni, Photocatalytic Degradation of Commercial
Diazinon Pesticide Using C,N-codoped TiO 2 as
Photocatalyst, Indonesian Journal of Chemistry;
Vol 20, No 3 (2020)DO - 10.22146/ijc.43982,
(2020).

M. Haque, D. Bahnemann and M. Muneer,
Photocatalytic ~ Degradation  of  Organic
Pollutants: Mechanisms and Kinetics,p. (2012).

doi.org/10.52568/001120/JCSP/44.05.2022 526

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

. M. R. Hoffmann, S. T. Martin, W. Choi and D.
W. Bahnemann, Environmental Applications of
Semiconductor Photocatalysis, Chemical
Reviews, 95, 69 (1995).

C. S. Turchi and D. F. Ollis, Photocatalytic
degradation of organic water contaminants:
Mechanisms involving hydroxyl radical attack,
Journal of Catalysis, 122, 178 (1990).

A. O. Ibhadon and P. Fitzpatrick, Heterogeneous
Photocatalysis: Recent  Advances and
Applications, Catalysts, 3, 1 (2013).

A. Fujishima, X. Zhang and D. A. Tryk,
Heterogeneous photocatalysis:  From  water
photolysis to applications in environmental
cleanup, International Journal of Hydrogen
Energy, 32, 2664 (2007).

S. Lacombe and N. Keller, Photocatalysis:
fundamentals and applications in JEP 2011,
Environmental Science and Pollution Research,
19, 3651 (2012).

D. Beydoun, R. Amal, G. Low and S. McEvoy,
Role of nanoparticles in photocatalysis, Journal
of Nanoparticle Research, 1, 439 (1999).

J. J. Vora, S. K. Chauhan, K. C. Parmar, S. B.
Vasava, S. Sharma and L. S. Bhutadiya, Kinetic
Study of Application of ZnO as a Photocatalyst
in  Heterogeneous Medium, E-Journal of
Chemistry, 6, 139753 (2009).

M. R. D. Khaki, M. S. Shafeeyan, A. A. A.
Raman and W. M. A. W. Daud, Application of
doped photocatalysts for organic pollutant
degradation-A review, Journal of environmental
management, 198, 78 (2017).

M. Gratzel, Heterogenous photochemical
electron transfer, CRC press,p. (2018).

T. E. Agustina, H. M. Ang and V. K. Vareek, A
review of synergistic effect of photocatalysis and
ozonation on wastewater treatment, Journal of
Photochemistry and Photobiology C:
Photochemistry Reviews, 6, 264 (2005).

J.-M. Herrmann, Heterogeneous photocatalysis:
fundamentals and applications to the removal of
various types of aqueous pollutants, Catalysis
Today, 53, 115 (1999).

D. Chatterjee and S. Dasgupta, Visible light
induced photocatalytic degradation of organic
pollutants, Journal of Photochemistry and
Photobiology C: Photochemistry Reviews, 6,
186 (2005).

B. Ohtani, Revisiting the fundamental physical
chemistry in heterogeneous photocatalysis: its
thermodynamics  and  Kkinetics,  Physical
Chemistry Chemical Physics, 16, 1788 (2014).
V. G. G. Kanmoni, S. Daniel and G. A. G. Raj,
Photocatalytic degradation of chlorpyrifos in
aqueous suspensions using nanocrystals of ZnO



Fawad Ahmad et al.,

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

and TiOy, React. Kinet. Mech. Catal., 106, 325
(2012).

I. K. Konstantinou and T. A. Albanis, TiO2-
assisted photocatalytic degradation of azo dyes
in aqueous solution: kinetic and mechanistic
investigations: A review, Applied Catalysis B:
Environmental, 49, 1 (2004).

Y. Qingshan, L. Yongjin and M. Lingling,
Kinetics of photocatalytic degradation of gaseous
organic compounds on modified TiO2/AC
composite photocatalyst, Chinese Journal of
Chemical Engineering, 20, 572 (2012).

M. Pirsaheb and N. Moradi, Sonochemical
degradation of pesticides in aqueous solution:
investigation on the influence of operating

parameters and degradation pathway - a
systematic review, RSC Advances, 10, 7396
(2020).

A. Kumar, A Review on the Factors Affecting
the Photocatalytic Degradation of Hazardous
Materials, Material Science & Engineering
International Journal, 1, (2017).

Y. Nakaoka, H. Katsumata, S. Kaneco, T. Suzuki
and K. Ohta, Photocatalytic degradation of
diazinon in aqueous solution by platinized TiO2,
Desalination and Water Treatment, 13, 427
(2010).

A. Jonidi-Jafari, M. Gholami, M. Farzadkia, A.
Esrafili and M. Shirzad-Siboni, Application of
Ni-doped ZnO nanorods for degradation of
diazinon: Kinetics and by-products, Separation
Science and Technology, 52, 2395 (2017).

L. Yang, L. Yu and M. Ray, Degradation of
Paracetamol in Aqueous Solutions by TiO2
Photocatalysis, Water research, 42, 3480
(2008).

M. H. Farzana and S. Meenakshi, Synergistic
Effect of Chitosan and Titanium Dioxide on the
Removal of Toxic Dyes by the Photodegradation
Technique, Industrial & Engineering Chemistry
Research, 53, 55 (2014).

K. Maeda, Photocatalytic water splitting using
semiconductor particles: History and recent
developments, Journal of Photochemistry and
Photobiology C: Photochemistry Reviews, 12,
237 (2011).

S. H. Khan, Green Nanotechnology for the
Environment and Sustainable Development,
Springer International Publishing, Cham,p. 13
(2020).

J. C. Garcia and K. Takashima, Photocatalytic
degradation of imazaquin in an aqueous
suspension of titanium dioxide, Journal of
Photochemistry and Photobiology A: Chemistry,
155, 215 (2003).

doi.org/10.52568/001120/JCSP/44.05.2022 527

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

. S. H. Khan, Green Nanotechnology for the
Environment and Sustainable Development,
Springer, Cham, p. 13 (2020).

S. Ahmed, M. Rasul, W. Martens, R. Brown and
M. A. Hashib, Advances in Heterogeneous
Photocatalytic Degradation of Phenols and Dyes
in Wastewater: A Review, Water, Air, & Soil
Pollution, 215, 3 (2011).

Y. Lin, G. Yuan, R. Liu, S. Zhou, S. W. Sheehan
and D. Wang, Semiconductor nanostructure-
based photoelectrochemical water splitting: A
brief review, Chemical Physics Letters, 507, 209
(2011).

J. Ligiang, Q. Yichun, W. Baiqi, L. Shudan, J.
Baojiang, Y. Libin, F. Wei, F. Honggang and S.

Jiazhong, Review of photoluminescence
performance of nano-sized semiconductor
materials and  its  relationships  with

photocatalytic activity, Solar Energy Materials
and Solar Cells, 90, 1773 (2006).

A. Mills and S. Le Hunte, An overview of
semiconductor  photocatalysis, Journal of
Photochemistry and Photobiology A: Chemistry,
108, 1 (1997).

J. You, Y. Guo, R. Guo and X. Liu, A review of
visible light-active photocatalysts for water
disinfection: features and prospects, Chemical
engineering journal, 373, 624 (2019).

U. G. Akpan and B. H. Hameed, Parameters
affecting the photocatalytic degradation of dyes
using TiO2-based photocatalysts: A review,

Journal of Hazardous Materials, 170, 520
(2009).

N. Daneshvar, S. Aber, M. S. Seyed Dorraji, A.
R. Khataee and M. H. Rasoulifard,

Photocatalytic degradation of the insecticide
diazinon in the presence of prepared
nanocrystalline ZnO powders under irradiation
of UV-C light, Separation and Purification
Technology, 58, 91 (2007).

P. N. V. K. Pallela, L. K. Ruddaraju, S. C.
Veerla, R. Matangi, P. Kollu, S. Ummey and S.
Pammi, Synergetic antibacterial potential, dye
degrading capability and biocompatibility of
Asperagus racemosus root assisted ZnO
nanoparticles, Materials Today Communications,
25, 101574 (2020).

S. Yasmeen, F. Igbal, T. Munawar, M. A.
Nawaz, M. Asghar and A. Hussain, Synthesis,
structural and optical analysis of surfactant
assisted ZnO-NiO nanocomposites prepared by
homogeneous precipitation method, Ceramics
International, 45, 17859 (2019).

G. Kasi and J. Seo, Influence of Mg doping on
the structural, morphological, optical, thermal,
and visible-light  responsive  antibacterial



Fawad Ahmad et al.,

88.

89.

90.

91.

92.

93.

94.

95.

96.

properties of ZnO nanoparticles synthesized via
co-precipitation,  Materials  Science  and
Engineering: C, 98, 717 (2019).

E. Fakoori, H. Karami and A. Nezhadali,
Synthesis and characterization of binary and
ternary nanocomposites based on TiO2, SiO2
and ZnO with PVA based template-free gel
combustion method, Materials Science-Poland,
37,426 (2019).

S. Kim, B. Fisher, H.-J. Eisler and M. Bawendi,
Type-II Quantum Dots: CdTe/CdSe(Core/Shell)
and CdSe/ZnTe(Core/Shell) Heterostructures,
Journal of the American Chemical Society, 125,
11466 (2003).

J. Joo, D. Kim, D.-J. Yun, H. Jun, S.-W. Rhee, J.
S. Lee, K. Yong, S. Kim and S. Jeon, The
fabrication of highly uniform ZnO/CdS
core/shell structures using a spin-coating-based
successive ion layer adsorption and reaction
method, Nanotechnology, 21, 325604 (2010).

I. A. Rahman and V. Padavettan, Synthesis of
Silica Nanoparticles by Sol-Gel: Size-Dependent
Properties, Surface Modification, and
Applications in Silica-Polymer
Nanocomposites—A  Review, Journal of
Nanomaterials, 2012, 132424 (2012).

F. Mukhtar, T. Munawar, M. Nadeem, M.
Hasan, F. Hussain, M. Nawaz and F. Igbal, Multi
metal oxide NiO-Fe;O3-CdO nanocomposite-
synthesis, photocatalytic and antibacterial
properties, Applied Physics A, 126, 1 (2020).

R. K. Sharma and R. Ghose, Synthesis of
nanocrystalline CuO-ZnO mixed metal oxide
powder by a homogeneous precipitation method,
Ceramics International, 40, 10919 (2014).

A. O. Juma, E. A. A. Arbab, C. M. Muiva, L. M.
Lepodise and G. T. Mola, Synthesis and
characterization of CuO-NiO-ZnO mixed metal
oxide nanocomposite, Journal of Alloys and
Compounds, 723, 866 (2017).

M. Arunpandian, K. Selvakumar, A. Raja, P.
Rajasekaran, C. Ramalingan, E. Nagarajan, A.
Pandikumar and S. Arunachalam, Rational
design of novel ternary Smy;WOQOs/ZnO/GO
nanocomposites: An affordable photocatalyst for
the mitigation of carcinogenic organic pollutants,
Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 596, 124721 (2020).

G. Zhang, H. Zhang, R. Wang, H. Liu, Q. He, X.

Zhang and Y. Li, Preparation of
Ga,04/Zn0O/WO3 double S-scheme
heterojunction ~ composite  nanofibers by
electrospinning  method  for  enhancing

photocatalytic activity, Journal of Materials
Science: Materials in Electronics, 32, 7307
(2021).

doi.org/10.52568/001120/JCSP/44.05.2022 528

97. G. Asgari, A. Seidmohammadi, A. Esrafili, J.
Faradmal, M. Noori Sepehr and M. Jafarinia,
The catalytic ozonation of diazinon using nano-
MgO@CNT@Gr as a new heterogenous
catalyst: the optimization of effective factors by
response surface methodology, RSC Advances,
10, 7718 (2020).

98. S. Sajjadi, A. Khataee, N. Bagheri, M. Kobya, A.
Senocak, E. Demirbas and A. G. Karaoglu,
Degradation of diazinon pesticide using
catalyzed persulfate with Fe304@MOF-2
nanocomposite under ultrasound irradiation,
Journal of Industrial and Engineering
Chemistry, 77, 280 (2019).

99. M. Boussabbeh, I. Ben Salem, M. Hamdi, S. Ben
Fradj, S. Abid-Essefi and H. Bacha, Diazinon, an
organophosphate pesticide, induces oxidative
stress and genotoxicity in cells deriving from
large intestine, Environmental science and
pollution research international, 23, 2882
(2016).

100.M. Behbahani, A. Veisi, F. Omidi, M. Yeganeh
Badi, A. Noghrehabadi, A. Esrafili and H. R.
Sobhi, The conjunction of a new ultrasonic-
assisted dispersive solid-phase extraction method
with HPLC-DAD for the trace determination of
diazinon in biological and water media, New
Journal of Chemistry, 42, 4289 (2018).

101.S. R. Mirmasoomi, M. Mehdipour Ghazi and M.
Galedari, Photocatalytic degradation of diazinon
under visible light using TiO2/Fe203
nanocomposite  synthesized by ultrasonic-
assisted impregnation method, Separation and
Purification Technology, 175, 418 (2017).

102.A. Jonidi-Jafari, M. Shirzad-Siboni, J.-K. Yang,
M.  Naimi-Joubani and M.  Farrokhi,
Photocatalytic degradation of diazinon with
illuminated ZnO-TiO2 composite, Journal of the
Taiwan Institute of Chemical Engineers, 50, 100

(2015).
103.R. Rezaei Kalantary, Y. Shahamat, M.
Farzadkia, A. Esrafili and H. Asgharnia,

Photocatalytic degradation and mineralization of
diazinon in aqueous solution using nano-TiO 2
(Degussa, P25): kinetic and statistical analysis,
Desalination and Water Treatment, 55, 1
(2014).

104.K. Khoiriah, D. Wellia, J. Gunlazuardi and S.
Safni, Photocatalytic Degradation of Commercial
Diazinon Pesticide Using C,N-codoped TiO2 as
Photocatalyst, Indonesian Journal of Chemistry,
20, 587 (2020).

105.S. Tabasideh, A. Maleki, B. Shahmoradi, E.
Ghahremani and G. McKay, Sonophotocatalytic
degradation of diazinon in aqueous solution



Fawad Ahmad et al.,

using iron-doped TiO2 nanoparticles, Separation
and Purification Technology, 189, 186 (2017).

106.M. Aghaei, S. Sajjadi and A. H. Keihan, Sono-
coprecipitation  synthesis  of  ZnO/CuO
nanophotocatalyst for removal of parathion from
wastewater,  Environmental  Science  and
Pollution Research, 1 (2020).

107.J. Henych, V. Stengl, M. Slusna, T. M. Grygar,
P. Janos, P. Kuran and M. Stastny, Degradation
of organophosphorus pesticide parathion methyl
on nanostructured titania-iron mixed oxides,
Applied Surface Science, 344, 9 (2015).

doi.org/10.52568/001120/JCSP/44.05.2022 529

108.M. Molla Mahmoudi, R. Khaghani, A. Dargahi
and G. Monazami Tehrani, Electrochemical
degradation of diazinon from aqueous media
using graphite anode: Effect of parameters,
mineralisation, reaction Kkinetic, degradation
pathway and optimisation using central
composite design, International Journal of
Environmental Analytical Chemistry, 1 (2020).

109.K. Mondal, Recent advances in the synthesis of
metal oxide nanofibers and their environmental
remediation applications, Inventions, 2, 9
(2017).



	Introduction:
	Experimental
	Results & discussion
	Conclusion
	Conflict of interest
	Acknowledgements
	References

