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Persistent organic chemicals (POPs) are highly hazardous to the ecosystem and living organisms. Their non-
biodegradability allows them to accumulate easily in the food chain, affecting both humans and wildlife. Pesticides
are one class of POPs with half-lives that can extend to years. They have been used abundantly to control the

growth of the crops by exterminating pests including insects, fungi, and microorganisms in agricultural farms.

metal oxide nanomaterials organic pesticides photocatalysis

| 1. Classification of Pesticides

The demand for categorizing pesticides has been raised significantly because of the increased number of
pesticides, along with the variation in physical and chemical properties (L. A considerable volume of literature has
been published in this field. Recently, scientists classified pesticides based on origin and on target. Pesticides
generally originate from organic, inorganic, and biological sources [2. Table 1 elaborates on the organic class of

pesticides. The pesticides’ chemical structures are shown in Figure 1.
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Figure 1. The chemical structures of some pesticides: (a) Pyrethroids, (b) Organophosphates, (c) Carbamates,
and (d) Organochlorines.

Table 1. Classification of organic pesticides based on origin.

Origin  Source Class Example Features Refs.
Organic Natural Plants Essential oil, plant Low Toxicity, limited persistence in (=214]
Phytochemicals extracts, and the environment, and complicated
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Origin  Source Class Example Features Refs.
leftover oilseed structures that prevent resistance
cakes. in pests.
. Effect the sodium channel in
Phenthion, : N .
- insects, resulting in paralysis of
Diazinon, . . .
. the organism; highly toxic to 58]
. Cypermethrin, . :
Pyrethroids . insects and fish but less to (7108l
Deltamethrin,
. mammals; unstable upon the
Cyfluthrin, and .
. exposure of light; and commonly
Cypermethrin .
used in food.
Aldrin, Dieldrin, Cause paralysis, resulting in 9]
Organophosphates Glyphosate, and death, and dominant for variety of [10]
Synthetic Chlorpyrifos. pests.
Fenvalerate, Effect the nerve system of the (L1
Carbamates Permethrin, pests, resulting in poisoning and (12
Cyhalothrin, and death, and low pollution is caused (sl
Carbofuran. upon degradation. (14)
Used for insects, long persistent in
Oraanochlorine Chlorothalonil and environment, affecting the nerve
9 Endrin Aldehyde. system and causing paralysis and

death of the pests.

| 2. Removal of Pesticides Using Functionalized Metal Oxide
Nanomaterials by Adsorption

The hazards and consequences resulting from the massive use of pesticides raised the demand for efficient
techniques to be employed for the removal of these contaminants. The adsorption technique has gained popularity
as a simple, effective, insensitive, and flexible method 13, It is a physiochemical method that occurs mostly in the

solid-liquid form, though liquid—liquid and liquid—gas forms are also known [L8IL7]I18]

In adsorption, the molecules of liquid or gases are bound to the surface of the solid. The material that provides the
surface is called the adsorbent. The contaminants in the liquid or the gaseous phase are called adsorbates. Among
the adsorbents reported in the literature, metal oxides have been proven as excellent adsorbents for the
remediation of pesticides because of the large surface area provided for the adsorption of the pollutant 2. The
active sites and the functional groups, such as -OH, -COOH, and -C=0H, have a great impact on the efficiency of
the adsorption process 2921 Moreover, metal oxides, having porous structures, thermal stability, low toxicity, and
easy recovery, are all important for a good adsorbent. Two types of interaction between the adsorbent and the
adsorbate are present: chemisorption and physisorption. Chemisorption is basically a chemical reaction between
the adsorbent and the adsorbate, and it is an irreversible process. It is controlled by chemical bonds such as
covalent, chelation, complex formation, proton displacement, and redox-reactions. On the other hand,
physisorption, which is more dominant, is a reversible process controlled by Van der Wal's bonds, dipole—dipole

attraction, and London force, etc. [22],
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The adsorption process depends on various parameters that need to be optimized, including pH, temperature,
time, concentration of contaminant, and sorbent dosage. Table 2 represents the adsorption capacity Q. (Mg/g)
and the percentage removal of targeted pesticides using metal oxide nanoparticles at different parameters. The

adsorption capacity is calculated in (mg/g) using the formula in Equation (1):

CH_CE.
m

QJJ:RI - xV (1]

where C, is the initial concentration of the pesticide (mg/L), C, is the pesticide concentration at equilibrium (mg/L),
m is the mass of adsorbent (g), and V is the volume of the solution (L).

The adsorption isotherm and the adsorption kinetics are used to elucidate the adsorption process and to indicate
the type of mechanism. The adsorption isotherm is expressed by Langmuir, Freundlich, Sips, Temkin, Redlich
Peterson, Henry, and Dubinin—Astakhov (DA) models. Langmuir, Freundlich, and Dubinin—Astakhov models are
most frequently used. Langmuir isotherm investigates a monolayer adsorption onto a homogeneous adsorbent,
whereas Freundlich illustrates a multilayer adsorption onto a heterogeneous adsorbent. The Dubinin—Astakhov
model is used to calculate the mean free adsorption energy E (J/mol). The physisorption mechanism gives an E
value smaller than 8 J/mol. However, values of E from 16 J/mol to 40 J/mol indicate a chemisorption mechanism.
The adsorption kinetics are equations that indicate the type of interactions between the adsorbent and the
adsorbate (contaminant). Chemisorption interaction is described by a pseudo-second-order equation. The pseudo-
first-order equation is applied for the physisorption interaction [23124],

Despite the advantages of adsorption, there is one certain drawback associated with the use of this technique: it
produces secondary pollutants which require highly advanced procedures for recycling and decomposing for them

to be used in the industrial field 23],

Table 2. Adsorptive remediation of pesticides using metal oxides NPs.

Target Operation Parameters Adsorption Modelling
o Qmax (mglg) or
Adsorbent 2 fRigsied Eestlmdes Pes.ticide'l'\dsorbent Temp. Time KineticslsothermMechanism Percentag{e Ref.
Conc. Dosage pH (K)  (min) ¢ d e Removal
(g) or g/L (%)/Percentage
Recovery
. PFO, L, F 28]
C0304/G-MCM-41 Methyl parathion - - - - - PSO DA - 175.2
i [27]
NiG/Co@C Chlorothalonil Oé(;ﬁS 0.01g - - 15 PSO L m-CM, H 62.2
Tebuconazole O'gO/‘LIS 0.01g - - 15 PSO L T-CM, H 40.5
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Target Operation Parameters Adsorption Modelling
o Qmax (Mglg) or
Adsorbent 2 Targeted I;estlcldes PesticideAdsorbent Temp. Time KineticslsothermMechanism Percentagie Ref.
Conc. Dosage pH (K) (min) c d e Removal
(g) or g/iL (%)/Percentage
Recovery
Chlorpyrifos O;;ﬁs 0.01g - - 15 PSO L m-CM, H 60.3
Butralin 0'9%5 0.01g - - 15 PSO L T-CM, H 50.2
Deltamethrin O;ﬁS 0.01g - - 3 PSO L T-CM, H 54.1
Pyridaben O;ﬁs 0.01g - - 15 PSO L 1-CM, H 51.3
2,4-
CeO2 Dichlorophenoxyacetic  0.01 g/L 0.025 g - 308 120 PSO L,FS T, e~ 95.78 28
acid
Fe;0,@ZnAlI-LDH@MIL- - 5.0-600 -1, H, C, 129]
53(Al) Triadimefon mg kg’l 30 g/L 6 308.15 5 PSO L (T-CM), P 46.08
MgFe204 Chlorpyrifos 20mg/L  0.01g/L 10 295 360 PSO L - 4461 EY
Atrazine 50 mg/L 01g 2 298 55 PFO L - 77.5
Fe30q4 [31]
Methoxychlor 50 mg/L 0.1g 2 298 55} PFO L - 163.9
ZnO Naphthalene 25 mg/L 0.012¢g 4 298 40 PSO LLFET - 66.8
CTAB-ZnO Naphthalene 25 mg/L 0.08 g 4 298 40 PSO LLFT - 89.96 2
BMTF-IL-ZnO Naphthalene 25 mg/L 0.06 g 4 298 40 PSO LLFET o 148.3
S0 mk -1, H, h
ZnO/ZnFe04 Atrazine aq. 0.4 g/lL 7 298 4320 - D.A é_ Y - 23]
solution
Fe30,@Si0,@GO-2- 10 mL =
phenylethylamine Chlorpyrifos aq. 0.015¢g 7 298 15 PSO S T, H 88%
Solution
10 mL
Malathion ag. 0.015¢ 7 298 15 PSO S H 76%
Solution
Parathion 10 mL 0.015g 7 298 15 PSO S -1, H 85%
aq.
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Target Operation Parameters Adsorption Modelling
o Qmax (Mglg) or
Adsorbent 2 Targeted I;estlcldes PesticideAdsorbent Temp. Time KineticslsothermMechanism Percentagie Ref.
Conc. Dosage pH (K) (min) c d e Removal
(g) or g/iL (%)/Percentage
Recovery
Solution
Dinotefuran 0.3-1.5 0.015¢g - - 20 - - Tt 88-107%
ng/mL
Fe304/MOF-99 8]
) 0.3-1.5
Thiamethoxam 0.015¢ - - 20 - - T-TT 88-107%
ng/mL
- 0.001 298-
— - . . 0,
Triadimenol gl 0.04¢g 7 313.15 1-60 PSO Tt 90.2-104%
Fe304@SiO,@MOF/TiO, Hexaconazole 0‘9331 0.04 g 7 3219381_5 1-60  PSO - =T 90.2-104% 6]
. 0.001 298—
— - i _ 0,
Diniconazole glL 0.04¢g 7 313.15 1-60 PSO Tt 90.2-104%
Flusilazole 0.002 0029 - . 15 - - h, -1, H, 0.0356
g/L e
Fe;0,-GO@MOF-199. Fenbuconazole 0‘9(332 0029 - - 15 - - h. ”?' H, 0.0342 £l
Myclobutanil 0.002 0.02g ; . 15 ; - h, -1, H, 0.0324
g/L e
Fe30,~MWCNTs-ZIF-8 . 0.002— 28l
Triazophos 0.015¢g 0.08 gL 4 RT 15 F 3.12
. 0.002—
Diazinon 0.015¢g 0.08 gL 4 RT 15 = F = 2.59
0.002—
Phosalone 0.015¢g 0.08 gL 4 RT 5 - F - 3.80
0.002—
Profenofos 0.015¢g 0.08 g/L 4 RT 15 - F - 3.89
o 0.002—
Methidathion 0.015¢g 0.08 giL 4 RT 15 = E = 2.34
0.002—
Ethoprop 0.015¢g 0.08 gL 4 RT 15 - F - 2.18
0.002—
Sulfotep 0.015¢g 0.08 g/L 4 RT 15 - F - 2.84

3. Removal of Pesticides Using Functionalized Metal Oxide
Nanomaterials by Photocatalytic Degradation

Photocatalytic degradation is an advanced oxidation process that destroys toxic substances into other harmless
products. Unlike other remediation techniques, photocatalytic degradation completely mineralizes the toxicant,
without the production of secondary waste BY. The mechanism of photocatalytic degradation starts when the
photocatalyst is irradiated under UV or visible light that has energy equal to or greater than its band gap BY. The

detailed mechanism of the reaction is shown in Equation (2) to Equation (8). Notably, photocatalytic degradation of
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Target OperatiopsParameters

Adsorption Modelling

X .
N Qmax (mglg) or > EXCited
Adsorbent 2 Targeted I;estlcldes PesticideAgsorbent H Temp. Time KineticslsothermMechanism P;rcentagie_ Réf. as seen
Conc. ,0sage p (K) (min) °© d @ emova
(g) or g/iL (%)/Percentage
Recovery
0.002—
Isazofos 0.015¢g 0.08 g/L RT 15 - F - 3
Caxunenn v ~< ‘he water
Thiophanate-methyl 0.1g/L 0.1g 7 RT 25 - L, F h 250
| that *X
Chitosan—CuO Methomyl 0.1g/L 0.19 7 RT 25 S L.F 20 o
oxidizing
Malathion 0.02 g/L 1g/L 2 303 960  PSO L F 322.6 122 )
e radical
Thiophanate-methyl 0.1g/L 0.1g 7 RT 25 - L, F h 100
d on the
S E Methomyl 0.1g/L 01g 7 RT 25 5 L, F 10 _
quations
Permethrin 0.05)01 05g 7 208 90 . 99% (40
gl hydroxyl
e i:%ﬁﬁ“"a'md Imidacloprid 001gl 0029 7 298 10  PSO F c 99% ul » type of
e [53]
. 0.01- 303- LFT, [42] '
ZnO-IPPs Chlorpyrifos 0.6 glL 0.03g 2 323 30 PSO D A 47.846
- 0.033- 303- a3 )
ZnO-CP Metribuzin 0.155 0.08 g 3 263 80 PSO F 200 )
4, 293, )
MOM-Fe304 Triclosan 0-005= 0.01- 7, 303, 600  PFO L 103.45 (44
02g/L  0.05g/L
10 313 :
|
N'N'O@g;]FOe3O“@N' Atrazine 0.04 g/L 01lg 5 . 80 PSO L 92% (48]
)
MgAI,0 Dimethomorph - 0.5-2 55 - 10 - % Recovery = g
gAI204 p . g . 90-94% J
Fes04 @PS 2,10, 1271
Lindane 50,200 0.02glL - RT <20  PSO L 10.2 )
pHo/L
2,10, )
Aldrin 50,200 0.02g/L - RT <20 PSO L 24.7
Ho/L
Dieldrin 210, 2x10°% - RT <20  PSO L 21.3
50, 200 giL
/ —5
D5 Degradation
€— €~ €~ ¢ € & H,0, CO,
. — % &
Light 0. Condyction band
source .
=
g E
= g
'S
=
m
v
hh b b
|
Valence band
Figure 2. A schematic mechanism for the photodegradation of a pesticide.
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Target Operation Parameters Adsorption Modelling

N Quax (mgig)or  1€NCY OF
Adsorbent 2 Targeted I;estlcldes PesticideAgiZ;bzm H Temp. Time KineticslsothermMechanism P;Lcn‘::ﬁﬂe Ref. tal oxide
Conc. 9¢ PR (k) (min) °© d e
(g) or g/iL (%)/Percentage .
Recovery 1aximum
Mg/L
210, 55108
Endrin 50, 200 s RT <20  PSO L 5 335
hglL L [54]
Several parameter: 2 and type of
Diazinon 0.30 g/L %Ol%(;r . . <5 . - - 21-37% on time.
) 18]
Moo 005 01 process.
Fenitrothion 0.28 g/L 0 10 - - 5-60 - - 27-47%
-0e [55] ; a result
) ) 0.0015 . 14 -
Fe304@nSi0,@mSiO; DDT " 0.05g - - 15 PSO - - 94% irs and,

consequently, more hydroxyl radicals. However, it is worth mentioning that after very high dosages of the
photocatalyst, the efficiency of the reaction decreases due to the blockage of light penetration B8, Concerning the
concentration of the pesticide, at high dosages of the pollutant, most studies reported a decrease in the efficiency
of degradation, as reported in Table 2. Increasing the dosage of the pesticide allows for the adsorption of the
pesticide on the active sites of the catalyst, preventing the generation of hydroxyl radicals 7. Depending on the
structure of both pesticide and the nano-photocatalyst, the pH can affect the reaction behavior between them. The
repctaR Wil enisueiaipie M AR dibchat aloneforpibe attyastiakpithruRbpirtaidlysh gig Magcaepbiaideeds; Wathes
the, @ celaiatesorenguatin ook omih spaicrie L3hithhmeiiess didradiatiam tireeiss direstty, REPSTtiondatiatie
pHicieprert degiagatiomyl heBigsaaenef iMadELop tinne pPEFBits sRAfe exgitatioseuraBer apdeensequenthsmore
t@ﬂ@@iméfﬁ)ﬂ@ﬁmﬂﬁ% bromide functionalized zinc oxide; BMTF-IL-ZnO = 1-Butyl-3-methylimidazolium
tetrafluoroborate functionalized zinc oxide; Hr-MgO = hierarchical magnesium oxide; o targeted pesticides
MRIRLANSE SRNG5S M- 353 BnBREX) 1R CREARIMESE DI I REABRIMHRLR RHERRIRSAIRML:
B aistion-CRRIR R TS BppitEbURsipI e R Y FaN S sHGE HsRIRMOIR RalS (€l dnorBeten
HatiatedenBhd g sk B SAIRIYSIR JES AR REHRER PR JIQe IR MOMRIGHAR T, B = FreUIRIRRPIEM Wi ZpQ
MBS At SEEAMRIARIM B e eRRLART & SR ER: Pt QB ke e S RY Yo SRR PR A SiseRv g d st
ARBIASH0S IRMIGO USRS M RINEH R Ritn CLdHERE" (HARHARG RIS &S AT G HGRAFNARS' ERAEARS

63
Wdrogen bond interaction (H), coordination or covalent bond (C).
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