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Abstract

Diazinon is an important organophosphorus pestigittle extensive use, which is considered to
be a major health hazard for humans due to itsradveffects on cholinesterase activity and
central nervous system. The entry of diazinon iméber resources affects a wide range of non-
target organisms, which highlights the importantdt® removal from water resources. The
present study aimed to synthesize and use; A@ped ZnO nanocatalyst to degrade diazinon.
Zinc oxide nanoparticles were synthesized usinghtitgothermal method and doped with 0.5%,
1%, and 2% M tungsten oxide. Moreover, the effexftslopant percentage, pH, the initial
concentration of diazinon, nanoparticle dosage, @rdact time were investigated. The results
of EDS revealed that W was doped into ZnO structlitee maximum diazinon degradation
(99%) was obtained using 10 mg/é2% WQsdoped ZnO, 10 mg/l diazinon, neutral pH value
and contact time of 180 min. Removal efficiency vaesreased by increasing pH and initial
diazinon concentration. The experimental kinetitad®llowed the pseudo-first order model.
The reaction rate constant.(8 was decreased from 0.0205 to 0.0034 1/min witlreiasing
initial diazinon concentration from 10 to 200 mgfespectively. The figures of merit based on
electric energy consumption (EEO) indicate thas kxsergy is consumed during the degradation
of diazinon in the presence of 2% \W@oped ZnO compared with other photocatalysts.
Therefore, it could be concluded that 2%W@oped ZnO is a promising material for
photocatalytic degradation of diazinon with higheaé¢ncy under optimal condition.
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1. Introduction
Although two-thirds of the Earth is covered withtera water crisis remains a major concern in
human communities. As predicted by the United Netjicabout 48 countries (approximately
32% of the world's population) will be faced withater scarcity by 2025 [1, 2]. Agricultural
wastewater is considered to be a major source eérwzollution. According to the national
standards for water in Iran, approximately 30-38doi cubic meters of agricultural wastewater
is generated annually, which contains various lieetis, pesticides, and herbicides, and its
release into the environment leads to the contaiomaf surface water and groundwater [2, 3].
Organophosphate pesticides are frequently usedaiimus regions across the world. Many
pesticides are typically found in aquatic systerasaaresult of activities such as chemical
deposition, industrial wastewater, and agricultuualoff [4, 5]. Organophosphate pesticides are
hazardous to human health due to their high stielfdtability, and toxicity [6, 7].
Diazinort is an organophosphorus pesticide, which has laen hutilized used as a miticide,
insecticide, and nematicide and is classified aslatively hazardous toxin (class II) by the
World Health Organization (WHO) [4, 7, 8]. Low camtrations of diazinon (even 350 ng/l)
could be highly toxic to aquatic organisms [9, 1@¢cording to the literature, lethal doses of
diazinon for humans are within the range of 90-4d¥j/kg [10]. The United States
Environmental Protection Agency (USEPA) has deteedithe level of diazinon in drinking
water to be 0.9/l so as to prevent the adverse effects of thiepmund on human health,
especially in elderly adults (aged 70 years) [3pZihon and its metabolites with widespread
agricultural and non-agricultural uses, have béentified in the environment worldwide [11]. It
enters the environment through human activity aimais, is most frequently detected in water as
a main synthetic emerging water contaminant [12yréMthan 13 million pounds of diazinon is
used in the United States annually [13]. Therefdiee release of this compound into
groundwater is a major concern [13]. Important esrvinental concerns associated with its use
include bird killing, surface water pollution antipacts on aquatic species [14]. Since diazinon
is the most widely used and most dangerous pesti@d the environment, thus, in order to
protect human health, diazinon should be removeah tontaminated water before consumption
[12, 13]. Therefore, using effective chemical amaldgical methods to eliminate these pesticides
from water and wastewater is very important [10].

! (0,0-diethyl-O-[6-methyl-2-(1-methylethyl)- 4-pyridinyl] phosphorothioate)
2



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

Several methods have been proposed for the renwdvdiazinon, including ultrafiltration,
reverse osmosis, photocatalytic processes and @solby magnetic nanoparticles, chemical
coagulation, membrane processes, and biologicahadst [2, 4, 10]. Among the available
methods for the removal of toxic compounds, advdnoeidation processes are considered
superior; such examples are ultraviolet radiatmrgne application, Fenton reaction, and use of
nanocatalysts [4, 15-18]. Photocatalytic degradahas attracted the attention of researchers
within the past two decades, which involves the w$esemiconductor metal oxides for
environmental protection [19].

Various metal oxides have been used as active phitalysts for the photocatalytic degradation
of organic and inorganic pollutants, such as titami tungsten oxide, zinc oxide, iron oxide,
cadmium sulfide, and zinc sulfide [19, 20]. Amohgde metal oxides, zinc oxide and titanium
dioxide have been extensively utilized as photdgsits for the removal of various contaminants
owing to their high light sensitivity and wide-bagap energy [21]. These remarkable properties
allow the enhancement of oxidation and reductiooc@sses more rapidly compared to other
metal oxide semiconductors. Zinc oxide is reportedoe an efficient photocatalyst for the
destruction of various contaminants with its splegisperties, such as chemical stability,
nontoxicity, significant optical and electrical pexties, and remarkable oxidizing properties.
However, the photocatalytic activity of zinc oxigelimited to the ultraviolet light range of the
solar energy spectrum due to its high bandgap gn8rg87 eV) [22]. Considering that only 5-7%
of the sunlight's energy is in the form of ultrdetolight, this small amount limits the use of
sunlight as a natural source of light. Another tation in this regard is the rapid recombination
of the electron/hole cavity generation, agglomeratiand poor dispersion [19, 23-25].
Therefore, these limitations should be overcomerder to improve the activity and efficiency
of zinc oxide by changing its structure using ddpaand surface modifiers. Use of surface
modifiers, surfactants or organic ligands has pmoe&ective in overcoming the mentioned
limitations. It is also notable that the doping r@noparticles causes changes in the bandgap
energy, and thus shifting the absorption band ¢ovikible region in semiconductor systems [26,
27]. Metal ions act as traps for the produced sbast through replacement in the structure of
zinc oxide and preventing the rapid recombinatibelectrons/hole cavities, thereby increasing
photocatalytic activity compared to pure zinc ox[@8]. Therefore, the doping of zinc oxide

nanoparticles using proper dopants with narrow fapdenergy could decrease the bandgap
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energy, making it suitable for the optical analysfsorganic and toxic pollutants [19, 29].
Tungsten oxide is considered to be a viable ogordoping. The bandgap energy of tungsten
oxide is 2.8 eV, which could activate the zinc @xlzed. Tungsten oxide is a new semiconductor
with narrow bandgap energy, which is effectivelyivated with sunlight illumination and acts as
a photocatalyst for active light [30]. In additioit, has high stability and efficacy in the
destruction of natural and artificial contaminar@s the other hand, when tungsten oxide is used
separately, its photocatalytic activity is weak gamed to other metal oxides due of its relatively
low conduction band level [31]. Therefore, if it ie be used as a photocatalyst, its activity
should be enhanced. For instance, studies haveatedi that tungsten oxide powder could be
utilized as a photocatalyst with trivalent iron gilver in the presence of visible light in the
oxidation process of pollutants [19, 32]. As a gaheonclusion and milestone of this study, it
can be stated that although zinc oxide is a comptmtocatalyst with excellent photocatalytic
activity and also high physical and chemical stgbiut it also has some drawbacks such as
being activated by ultraviolet light due to its wicband gap [26]. Therefore, appropriate
modifications to the structure of zinc oxide areassary in order to be activated by visible light
or a low-intensity source of UV light. In fact, arigg research on photocatalysts are directed
toward modifying the characteristics of ZnO to extdts light absorption edge to a higher
wavelength and lower intensity and also in termBwfer energy consumption, easy production
and high usage of light source [33]. Numerous ndthand strategies have been employed to
achieve this goal until now. However, the most@fte and direct routes for improving the light
absorption edge of ZnO is structure control esplgcieand gap regulation through elemental
doping [33]. There are various methods for ZnO dgpamong them the hydrothermal method
is noticeable due to its simple process, envirorialenompatibility and mild preparation
conditions [34]. In addition, more attention hasemepaid recently to mixed oxide
semiconductors because it has been found thaffiareef charge separation will be achieved by
coupling two semiconductor particles with differeamergy levels [35]. For this reason, WO
coupling is considered to improve the photocatalgttivity of ZnO in this study because WO
with an energy gap of 2.8 eV can function as actela accepting species through a type Il
heterojunction [35]. Despite numerous studies alloyted ZnO photocatalysts and also partly
about W-doped ZnO, there has been little reseaxptoeng WGO;-doped ZnO. Ramos-Delgado

et al. [36] reported solar photocatalytic degramtatof malathion pesticide with illuminated
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WO3/TiO2 prepared by sol-gel method. To the bestuwwfknowledge, there is no research study
on the removal efficiency of diazinon with WQloped ZnO nanocatalysts synthesized by
hydrothermal method. Moreover, optimal values dé&fng parameters in this process have
been paid less. Considering that photocatalystofe@ used in the form of suspensions, their
separation from aqueous suspensions is considerdx ta hazardous operation in terms of
health. On the other hand, the separation of naakysts particles from the effluent is difficult
and considered as a drawback especially in theipahphotocatalytic process [37]. Therefore,
there are ongoing efforts to find cost-effectiveys/éo address this problem. So immobilization
of the catalyst in the solid support (without tled of their photocatalytic properties) to reduce
the release of nanoparticles is another highlighthis study. Therefore, the WQloped ZnO
nanoparticles were first synthesized via mild hyldeomal conditions method; then, in order to
prevent the release of the nanoparticles in tHaesft, immobilization of the nanoparticles on the
glass was done. Effect of solution pH, catalystades initial diazinon concentration, Light
Intensity, Dopant Percentage, and Contact Timehenphotocatalytic degradation of diazinon
was investigated. Finally, kinetic parameters fa photocatalytic degradation were obtained by
application of the Langmuir—Hinshelwood (L—H) mad€&he electrical energy per order (EE0)

was calculated to evaluate cost efficiency of ttexpsses.

2. Materialsand M ethods

2.1. Chemicals
This quasi-experimental study was conducted onbarédory scale. All the chemicals were
obtained from Merck Company (Germany), and tungsieide and standard diazinon were
purchased from Sigma-Aldrich (USA). Table 1s (seppntary) shows the chemical and
structural properties of diazinon. It is notablatthll the utilized materials were of the laborgtor

grade.

2.2. Applied Reactor
In this study, a Plexiglas reactor (500 mL) wasduae the batch system (Figure 1). In order to
provide the required energy, five six-Watt ultrdetdamps (Phlips Co., the Netherlands) with
the length of 21 centimeters were used. The lamg® wistalled on the upper segment of the
reactor, and the glass plate containing the natiofesr (surface area: 200 &mwas placed
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horizontally inside the reactor in direct contadthwthe contaminant. The intensity of the

ultraviolet lamps was measured using a UV meter.
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Fig. 1. Schematic representation of the reactod uséhe photocatalytic degradation of diazinon

2.3.Synthesis of Zinc Oxide and its Doping with WO3

ZnO nanoparticles were synthesized using a verplsitmydrothermal method. This method has
no complexity and this simplicity is its major adwvage. To this end, the initial zinc oxide was 2
N ZnO, and the concentrations of 0.5%, 1%, and R%rmsten oxide (as a dopant) were poured
into a Teflon linenVy = 10-mL) Following that, 10 milliliters of 1 N sodium hyakide and 0.5
milliliter of surfactant were added to the mixtuagd the Teflon liner was placed in an autoclave
at the temperature of 120°C for 12 hours. Becangeod the drawbacks of nanopatrticles is their
agglomeration and low dispersion in the medium u&ml to overcome these issues, surface
modification has been introduced and applied asoweelnapproach in this case. Therefore,
applying appropriate surface modifiers (such adastants) with the desired volume can
alleviate such problems [38]. After the synthe#ii® nanoparticles were washed several times
with double distilled water and stored at the demtior after drying at laboratory temperature
[39]. In order to confirm the synthesis of the naaicles, the other properties of the

nanoparticles were examined as well.

2.4.1mmobilization of the Nanoparticles on Sandblasted Glass
The immobilization of the nanoparticle was carreed on sandblasted glass (thickness: 4 mm).

To do so, the sandblasted glass was placed in ®@f#are hydroxide for 24 hours and washed
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and dried afterwards. At the next stage, the zirideo nanoparticles that were doped with
various concentrations of tungsten oxide were eaedron the glass. Afterwards, the glass was
dried in an oven at the temperature of 100°C. K wen placed in the furnace at 500 °C for 2 h

to stabilize the nanoparticles. [40, 41].

2.5.Characterization of the Synthesized Nanoparticles
Fourier transform- infrared (FTIR), Powdered X-rdiffraction (PXRD), scanning electron
microscopy (SEM), atomic force microscopy (AFM), deEgy-dispersive X-ray
spectroscopy (EDS) and Zeta potential studies weseel to determine the properties of tungsten
oxide-doped zinc oxide nanoparticles. Accordinglye Tsarn SEM (MIRA3, the Czech
Republic) was applied to describe the morphology aize of the W@doped zinc oxide
nanopatrticles, and an Inel XRD (EQUINOX 3000, Fgnwas used to assess the crystalline
structure and crystalline nanoparticle latticeattition, the Bruker FTIR (Tensor 27, Germany)
was employed to determine the functional groups \Weae generated at the nanoparticle level,
and AFM (Advance, Iran) was used to determine gexifications of the nanoparticle surface.
Finally, the particle size and distribution, as asd the electrical potential of the nanoparticle
surface, were evaluated using dynamic light sdatie(DLS) and a zeta potential analyzer
(Nanobrook Omni, USA).

2.6. Experiments
To evaluate the operational parameters affectiegptiotocatalytic process of diazinon removal,
the influential factors in the process were ingeed, including the pH (3, 5, 7, 9, and 11),
initial light intensity (6, 18, and 30 Watts), anmbwf nanoparticles per unit area of the glass (2,
6, and 10 mg/cA), diazinon concentration (10, 20, 50, 100, and @@@l), and contact time (20,
10, 30, 45, 60, 90, 120, and 180 minutes). Diaziooncentrations were also assessed using
standard methods. To this end, gas chromatograpRy3800 VARIAN) was used with an FID
detector and CP-Sil8-CB column. Finally, the remawede of diazinon was determined using
Equation 1 [16], which was developed based on traptes before and after the removal
efficiency [37], as follows:

Cout
Cin

R=[1— ]x100 (1)
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whereR% is the removal rate of diazinon (%), represents the initial concentration of diazinon
(mg/l), and C,; shows the final concentration of diazinon (mg/he kinetics of the
photocatalytic degradation of diazinon has been elsob using the equation of Langmuir-
Hinshelwood (L-H) and figure-of-merit (FOM) of thprocess was determined based on electric
energy consumption according to the method intreduzy the Photochemistry Commission of
the International Union of Pure and Applied ChemigtUPAC) [42].

3. Resultsand Discussion

3.1. Characterization of the Undoped Zinc Oxide and WO3-doped Zinc Oxide
Figure 2 shows the SEM images of the pure zinceoxighoparticles and those that were doped
with various molar percentages of tungsten oxidedéntly, the nanosized form was hexagonal,
confirming the proper synthesis of zinc oxide. énnts of the morphology, the particles were
almost separate with slight agglomeration. Figuread f depict the mean particle size, which
evidently reduced. Therefore, the mean patrticle sizthe zinc oxide doped with 2% tungsten
oxide was estimated at 48.49 and 27.911 nanomeéssectively, while the mean particle size
of the pure zinc oxide was calculated to be 15&68 68.63 nanometers, respectively. The
synthesis of W@doped ZnO nanocatalysts is confirmed by the ED8yars. Figure 3a and 3b
show the EDS spectra of pure ZnO and 3d0ped ZnO. According to Figure 3a, there are two
elements, including Zn and O, in pure ZnO. Buthe structure of zinc oxide there are three

compounds, including oxygen, tungsten and zincuile@gb).
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Figure 4 shows the FTIR spectra of zinc oxide ands;\Woped ZnO nanoparticles. As can be
seen, a strong bond was observed in the area ofcAf9 which was related to the zZn-O
stretching frequency [43]. Moreover, the stretchiomnd of the C=0 of the organic matter was
observed at the wavelength of 1,730%fhe stretching vibrations of the N-H observe8,448
cm’ were related to the N-H bond of the amine growssch was obtained with the addition of
the n-butyl amine surfactant. Overall, the wavelengthgeaof 1600-400 cihconfirmed the Zn-

O stretching bond, while the range of 3600-3400"wras attributed to the presence of the N-H
bond [44]. The absorption band observed at 870 atmibuted to the W-O-W to the n(O-0) and
n(W-O-W) stretching of the bridging oxygen in W@he band seen at ~965 ¢mrelated to the
W=0 and W-0 in WQ[45, 486].
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The XRD pattern was used in order to assess thstatlige structure and purity of the
nanoparticles (Figure 5). The investigation of ¥XiRD patterns of the pure zinc oxide and zinc
oxide nanoparticles doped with 0.5%, 1%, and 2%fNungsten oxide indicated that the three
peaks of the patterns were (100), (002), and (1@hjch corresponded to the zinc oxide
crystalline structure on the Miller index. Basedtbis index and similar to the SEM images, the
hexagonal nanoparticles were confirmed in the XRBIysis. The sharp edges represented the
crystallization of fine zinc oxide nanoparticleshel maximum intensity of the pattern in the
lattice (101) appeared at the angle @&=26.045 [47]. In the XRD pattern of the doped
specimens, no peak was added to the undoped samidgs the peak of the patterns had a
slight displacement, indicating the presence ofjsten.

11
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Table 1. Cell parameters of the synthesized natiofees

Nanoparticles a(A%) c(A%) Density g/cm’
Pure ZnO 3.2491 5.2071 5.6470
0.5 % WO; doped ZnO 3.2049 5.1216 5.9320
1% WO; doped ZnO 3.2190 5.1489 5.8490
2% WO; doped ZnO 3.1950 5.1027 5.9900

Table 1 shows the cell parameters and densityeoh#imoparticles. According to the information
in Table 1, the cell parameters of the zinc oxideaparticles doped with 2% tungsten oxide
reduced compared to the molar percentages of 0/5861& and the pure zinc oxide. The
reduction could be attributed to the smaller iodiua of tungsten. In addition, the density of the
doped samples was greater compared to the undapedxde nanoparticles, so that the 2%
doped nanoparticles had higher molecular densitypewed to the other nanoparticles [48].
Similar results have been reported by other rebeasc For example, Siriwong et al. reported
that doping ZnO with Wg) the peaks intensity did not change after dop#®].[In addition,
slight displacement of the peaks could be diffeatad in the peaks, which could be attributed to
the effect of W@ as dopant. They also stated that the amorphousepfaznO and W@peaks
was not found in the XRD patterns. Because j\d@ncentration was too low and W@article
size was too small, therefore, it cannot affectdppearance of the peaks in the XRD patterns
[50]. In other words, the intensity and sharpndsallaiffraction patterns have not changed, and

12
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this reflects the fact that ZnO crystallinity distnchange before or after doping with WO
Several methods have been proposed for the estimafi the mean size of crystals in XRD
patterns, the simplest of which is the Scherreagqno [51], as follows:

KA
T_ﬁcose

wherer is the mean size of the crystals (ni)lenotes the crystal shape factor (dimensionless),

(2)

A represents the XRD wavelength (nm) (with Cu raollabdf 0.154 nm), an@ shows the line
broadening at half the maximum intensity (degrelbe@onverted into the length unit).
Considering the data insertion in Equation 2, fhe ef the 2% tungsten oxide-doped zinc oxide
nanoparticles was 48.25 nanometers, and the maximemsity of the patterns was observed at
20=37.06 (101). A similar study conducted on mangestesped zinc oxide indicated that the
cell parameter increased in the doped samplesewid density decreased. Moreover, no new
peaks were added to the XRD pattern of the doped axide nanoparticles compared to the
pure nanoparticles in the mentioned research, wdnlg the displacement of the peaks was
reported, indicating the presence of manganedeicdmposition [52].

Figure 6 shows a three-dimensional AFM image of &%gsten oxide-doped zinc oxide
nanoparticles at the contact and scan distance<®fufh modes. In addition, the particle size
and nanopatrticle roughness analysis have beentdépit Figure 6. Accordingly, the diameter

of the nanoparticles was 49 nanometers, whichnsistent with the SEM and XRD results.

Analyse
X1 1.33 nm
Y1 1.15 e
Z1 32.66 nm
X2 1.39 nm
Y2 1.15 nm

z2 37.5 nm
dx 0.06 nm

dy 0 nm
dz 5.16 nm
dxy 0.06 nm
dxyz | 5.16 nm
Roughness
Ra [28966 |° Ara Research
Rq 4.1683 ° 11/5/2018 9:02:08 AM

Rv 27.7618 106PhaseBwd.int

Rp 8.5822

Fig.6. AFM image of 2% We@doped ZnO nanoparticles
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Table 2 shows the zeta potential of the undoped twmgisten oxide-doped zinc oxide
nanoparticles. Accordingly, the doping of the zoxdde nanoparticles with tungsten increased
the zeta potential and mobility of the nanoparsicleccording to the findings, the zeta potential
of the undoped zinc oxide nanoparticles and 2%diemgdoped zinc oxide nanoparticles was -
7.34 and -14.45 mV, respectively. Therefore, itns®dhat doping results in increasing the
surface charge of ZnO nanoparticles. Zeta poteistiebnsidered to be a fundamental element in
the recognition and control of the properties dfaidal suspensions. In general, the properties
of suspensions could be identified by determinhmg ihteractions of the colloids. In the current
research, DLS was used to verify the size distiioudf the particles in the solutions. DLS was
performed on the pure zinc oxide and 2% tungstedeestoped zinc oxide nanoparticles. The
obtained results are shown in Figure 7, which aresistent with the SEM images and AFM.
Table 2. Zeta potential of the synthesized nanagpest

Nanoparticles Zeta Potential Zeta Potential Model Mobility
(mV) (W/s)/(V/cm)
Undoped ZnO -11.65 Smoluchowski -0.91
0.5 % WO; doped ZnO -14.88 Smoluchowski -1.16
1% WO; doped ZnO -14.45 Smoluchowski -1.13
2% WO; doped ZnO -7.34 Smoluchowski -0.57
100 = 100
a b(\
— &0 80 | |
2 I I
5w 3w
= 5
= 40 ! ;.? a0
20 20 |
0 1 : .J'I o |
o 10 100 1000 W] 50 100 150 200
Size (nm) Size (nm)

Fig. 7. DLS of the synthesized nanopatrticles agnO; b) 2 % W@doped ZnO)

3.2. Effect of Dopant Percentage on the Photocatal ytic Degradation Efficacy of Diazinon
In order to determine the effect of the weight patage of tungsten oxide as the dopant for zinc
oxide, the samples containing the diazinon toxithwhe concentration of 20 mg/lI were exposed

to 30 W-UV light lamps. After 60-120 minutes, samgl was performed, followed by
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centrifugation, and the residual concentration had toxin was determined (Figure 8). As is
depicted in Figure 8, the doped nanoparticles hglen efficiency in the removal of diazinon

compared to the pure (undoped) zinc oxide nanapesti In addition, the percentage of
nanoparticle doping affected the process efficiesoythat the 2% dopant exhibited the highest
efficiency in diazinon removal. This superiorityutd be attributed to the reduction of the
bandgap energy of the nanoparticles, higher aaivatio light, and increased photocatalytic
activity of the doped nanoparticles. In a studythis regard, Maleki (2015) reported that

increasing the concentration of copper as the doparthe zinc oxide lattice enhanced its
photocatalytic activity [16]. Moreover, Khataei () demonstrated that zinc oxide doping was
associated with the reduction of the bandgap eneagy well as a gradual increase in

photocatalytic activity [53].

100 -
W 60 min 120 min

80 ~

60 -
40 ~
20 I
0 T . T .

PureZnO  0.5% WO03/ZnO 1% WO03/ZnO 2% WO03/Zn0O

Degradation Efficiency (%)

|Type of nanocatalyst |

Fig.8. Effect of different dopant percentage on piwtodegradation efficiency of Diazinon
(diazinon concentration = 20 mg/l, pH = 7, concatidn of nanoparticle = 3%, UV intensity =
30 W)

3.3. Effect of pH on the Photodegradation Efficiency of Diazinon
Figure 9 shows the results of the present studgrdigg the effect of the solution pH on the
photocatalytic degradation efficiency of 2% tungstiwped zinc oxide. Accordingly, the
efficiency of toxin degradation was higher in ralaly acidic environments compared to neutral
and alkaline environments, which could be due ® dffect of pH on the dominant electrical

charge variation in the surface of the zinc oxidgmaparticles. It is notable that pH is an
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important influential factor in the removal efficey of pollutants due to its impact on the
pollutant ionization state and surface propertiésthe nanoparticles in the solution [54].
Nevertheless, the isoelectric pH obtained in tleipus studies in this regard have indicated that
in acidic environments, the surface of zinc oxigdeositively charged, resulting in the higher
adsorption of negative-charge pollutants. Sincerdwyl free radical production is caused
through the induction of the surface of zinc oxitieggher pollutant adsorption at the surface
affects the pollutant molecules more rapidly, thgréeading to their damage and destruction
[55]. This condition can be explained by electrbstanteraction between the W@oped ZnO
surface and diazinon. The gidof ZnO is reported around 9 and thus the surfdcEn® is
positive below pH 9.0 [14]. In this study, the gkbf WOs-doped ZnO was about 8.4. Therefore,
the surface of the synthetized photocatalysts stipely charged at a low pH (<pk), and
negatively charged at a higher pH (>4 On the other hand, the pKa value for diazino®.&

and it will be negatively charged above pH 2.6.r€fa@e, the optimal condition for removal of

diazinon was occurred pkpPi@#mon < pH <pH, 73" %Pe420 (hetween 2.6 < pH < 8.4) at
which the positively charged WQdoped ZnO and negatively charged diazinon moéscehsily
and quickly absorb each other and ultimately, dréases the photodegradation of diazinon.
Based on the results, pH 7 was determined as amwpt condition for the degradation of
diazinon using W@doped ZnO nanoparticle. It should be noted thatrttain reason for the
highest percentage of diazinon degradation in pbl due to photo-corrosion of ZnO in acidic

and basic solutions [56].
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Fig. 9. Effect of pH on the photodegradation effiaty of diazinon using 2% W@oped ZnO
nanoparticles (diazinon concentration = 20 mg/haparticle suspension concentration = 3%,
light intensity = 30 W)

3.4.Effect of Nanoparticle Dosage on Diazinon Photodegradation Efficiency
Figure 10 depicts the findings of the current rese@aegarding the effect of various dosages of
2% tungsten oxide-doped zinc oxide nanoparticlegsophotocatalytic properties. As is evident,
the increased dosage of the nanoparticles from tmg/cm was associated with the higher
efficiency of the process at a slight gradient, teat at the contact time of 60 minutes,
degradation efficiency was recorded within the gafj70.5-80%.
One of the most important issues in this systedetermining the amount of the catalyst due to
economic considerations. Increasing the dosagehefcatalyst could results in the higher
efficiency of the photocatalytic process throughkmg the surface more accessible to
absorption, thereby increasing the contact betwierpollutant and catalyst [57]. In a research
in this regard, Ba-Abbad et al. (2010) reported ttzanocatalysts increased the process efficiency
to a certain value, while this was follows by theduced decomposition efficiency through
causing turbidity in the solution and diminishingfit penetration [58, 59].
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3.5. Effect of the I nitial Concentration of Diazinon on Its Photodegradation Efficiency
Figure 11 shows the results of the present stuglgrding the effects of various concentrations of
diazinon on its photocatalytic degradation using 2%mgsten oxide-doped zinc oxide
nanoparticles. As can be seen, the increased iottrecentration of diazinon was associated with
decreased degradation efficiency, so that aftermi@utes, increasing the concentration of
diazinon from 10 to 200 mg/l caused the removatiefficy to decrease from 88.6% to 44.4%.
This could be due to the fact that the higher cotreéion of diazinon causes more active surface
catalyst sites to be covered, which in turn redutes production of oxidizing radicals and
ultimately the decomposition rate. In addition, thigoncentrations of pollutants absorb more
photons from ultraviolet radiation, thereby decnegshe flux of ultraviolet photons for catalytic
activation. Meanwhile, the lack of active surfa@datyst sites reduces oxidative production, as
well as the decomposition rate of toxins. Sevetadiss regarding the treatment of various
pollutants through the photocatalytic processezint¢ oxide have indicated that degradation

efficiency decreases with the increased initialoamtration of the pollutant [60-63].
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Fig. 11. Effect of initial concentration of diazim@n its photodegradation efficiency using 2%
WO3;doped ZnO nanoparticles (nanoparticles suspensincentration = 3%, light intensity =
30 W)

3.6.Effect of the Contact Time on the Photodegradation Efficiency of Diazinon

Figure 12 shows the results of the present studgrding the effect of the contact time on the
photocatalytic degradation of diazinon using 2%ggian oxide-doped zinc oxide nanopatrticles.
Accordingly, the efficiency of diazinon degradatiomereased with a relatively linear, steep slope
within 10-30 minutes, while the efficiency partiallincreased within 30-180 minutes,
particularly at 45-120 minutes, when the procefisieficy was almost unmatched. Therefore, it
could be concluded that at the outset of the pmydhe available catalyst surfaces are completely
free, and as a result, the entire catalyst suifae¢ the disposal of the diazinon, resulting ia th
removal efficiency with a steep increase; howeseailable surfaces and degradation efficiency

decrease over time .

19



426

427
428
429
430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

100 -

80 -
60
40
20 ~
10 20 30 45 60 90 120 180

Time (min)

Degradation Efficiency (%)

Fig. 12. Effect of contact time on the photodegtiataefficiency of diazinon using 2% WO
doped ZnO nanoparticles (Diazinon concentration & Rg/l, nanoparticle suspension
concentration =3%, light intensity = 30 W)

3.7. Effects of Light Intensity and Source and Nanoparticle Disperson on the
Photodegradation of Diazinon

In order to investigate the effects of ultraviolgght on the photocatalytic degradation of
diazinon, specimens containing 20 mg/l of diazimeere prepared and exposed to ultraviolet
light with the intensities of 6, 18, and 30 Wa#iscording to the obtained results, the increasing
of the ultraviolet light was associated with sigzahtly higher degradation efficiency. After 60
minutes, the increasing of light intensity from & 30 Watts caused the damage removal
efficiency to increase from 22% to 83% (Figure 13d)is could be attributed to the increased
radiation in the zinc oxide nanoparticles that werenobilized on the glass; as such, the
increased intensity of ultraviolet radiation ledthe increased excitation of the electrons, as well
as the degradation efficiency. Similar findings é&een proposed in the literature in this regard
[64]. For instance, Kamat et al. reported that tkenoval efficiency of 4-chlorocatechol
increased at the higher intensity and durationrafliation [65]. To assess the effect of radiation
source on the process efficiency, we investigdtedate of diazinon degradation in the presence
of light (visible and ultraviolet) and absence ight with slurry and immobilized nanoparticles
placed on the glass. As is depicted in Figure witbaviolet light exhibited higher efficacy in 60

minutes compared to visible light, so that theosfficy of the former was approximately 18%
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higher than the latter in diazinon degradation. Eeev, at the contact time of 120 minutes, the
difference in this regard reduced, and the efficyenf both light sources only had a slight

difference, in which case almost 83 and 87% ofdéstruction occurred (Figure 13b). Another
notable point is the method of using the nanogagicin the case of slurry nanoparticles,
degradation efficiency was significantly lower caangd to the immobilized nanoparticles

(Figure 13c). Therefore, the immobilization of thanoparticles reduced the application of the
nanoparticles, thereby preventing its releasetimoenvironment. In order to evaluate the effect
of different processes on the photocatalytic degfiad of diazinon by using different

photocatalysts, the results of this study was coetpavith other reported data and summarized
in Table 3. This comparison shows that the ¥d0ped ZnO is an effective photocatalyst for the

degradation of diazinon compared to other photbystta

Table 3. Comparison of photocatalytic degradatibdiazinon.

: Time Concentration Removal
Photocatalyst | dosage | Light source (min) (mg/l pH (%) Reference
Fe-TiO/Bent- visible light (36
Fe 0.5 g/l W compact bulb)| - 25 5.6 | 58.3 [66]
UV light
(125- W medium-
WO, 0.5 g/l pressure UVC 120 20 3 99.88 [31]
lamp)
UV light
Fe-TiG, (125- W medium-
0.1 g/l pressure UVC 60 50 7 98.53 [13]
lamp)
UV light
MgO 0.1 g/l (5 lamps) 120 5 7 99.46 [67]
UV light
: (15-W low
Iron doped TiQ | 0.4 g/l pressure UV 100 30 55 |76 [68]
lamp)
_FrieOFNS'd"ped 0259/l | UV-LEDs 100 |13 7 |48 | [12]
2
UV light
Fe;O/HAP 4.9/l (30 W low- 60 10 5,5 |75 [69]
pressure lamp)
UV light .
\é\:%‘d"ped rlno o | e @W)low- 120 | 20 7 |89 ;1'3
9 pressure lamp) y
WOs-doped 10 : This
7n0 malcn? Sunlight 120 20 7 83 study
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slurry 2% WQ doped ZnO nanoparticles on the photodegradatificiexfcy of diazinon
(Diazinon concentration = 20 mg/l, nanoparticlepgmsion concentration =3%)
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3.8. Kinetic Study and Electrical Energy Determination
The kinetics of the photocatalytic decompositionnedny organic pollutants is described by
pseudo-first order kinetics and the rate expressigiven by Eq. (3). [70]:

Co
L= = Kopst (3)

where kps (1/min) is the pseudo-first order rate constangn@d G are the concentration at time
‘t" and ‘t=0’, respectively. Plotting In(gC) versus time base on equation 3 is presentEdyure

14a and Kps(equation 3), according to calculating slope artdrcept of the line.

In this study, the kinetics of diazinon degradatiwas examined for at optimum conditions
according to the first order model and its resatts presented in Table 4. As can be seen from
the table, ksdecreases as the initial diazinon concentratioreases. This is due to the decrease
in the number of active sites on the catalyst serfdue to its surface being coated with diazinon
molecules, which ultimately reduces the rate ofdpation of oxidizing radicals and holes [14].
However, in most previous studies the relationg@pveen the initial photocatalytic degradation
rate and the initial concentration of organic stdistfor a heterogeneous photocatalytic process
has been analyzed with the Langmuir-HinshelwoodHjLmodel [14, 71, 72]. This model
considers that the rate of oxidation of substrateugface reaction is proportional to the surface
coverage of diazinon on the W@oped ZnO photocatalyst assuming that substraaddgerbed

on the catalyst surface than the intermediate ptsdd4]. Egs. (4) and (5) are used to describe
this model [14]:

kcKp-n(C)
1+ K;_u(Co) obs )
11 N Co 5
kobs chL—H kc

where G is the initial concentration of diazinon (mg'). k. (mg L* min™) is the kinetic rate
constant of surface reaction and(L/mg) is the Langmuir adsorption constant. Thriea of

kc and K. were obtained as 0.67 (mg"'Lmin®) and 0.023 (L/mg), respectively, for the
photodegradation of diazinon using 2% YwW®ped ZnO. This L—H kinetic model has been used
by several authors to analyze heterogeneous phalgita reactions (Figure 14b). According to
Daneshvaet al. the values of Ky and kc for degradation of diazinon by UV/ZnO wéré24
L/mg and 0.209 mg T min™, respectively [14].
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Fig. 14. (a) The plots of In@C) versus irradiation time at different initial adinon
concentrations and (b) the plot of &ikversus different diazinon concertation for differas
prepared W@ doped ZnO nanoparticles (Diazinon concentratiorlG= mg/l, nanoparticle
suspension concentration =3%, light intensity 2A80and pH=7)

Table 4 Pseudo-first order kinetics k), half-life times and Eo values for diazinon degradation
using 2% WQ doped ZnO nanoparticles different initial concentrations

Concentration (mg/L) | Kops (Min ™) | ty2 (min) r’ Eco (kWh/m?)
10 0.0205 33.8 0.98 112.4

20 0.0098 70.7 0.99 235

50 0.0068 102 0.99 339

100 0.0042 165 0.95 548

200 0.0034 204 0.93 677

There are different parameters such as econonaoapay of scale, regulations, effluent quality

goals, operation (maintenance, control, safetygvaluate a wastewater treatment method and
finally to select a suitable method [71, 72]. Siecenomics is recognized as the most important
factor, process optimization is important in ortlemminimize the cost of operating wastewater
treatment processes in Advanced Oxidation Techiedo@\OTs) because photocatalysis is an
electric energy intensive process and electricargnis responsible for many operating costs
[42, 73]. For this reason, the evaluation of eleatrenergy is necessary and should be provided,
especially for the real application [71]. Accordinga figure-of-merit (FOM) of the process
based on electric energy consumption is usefuliafudmative. Recently, the Photochemistry
Commission of the International Union of Pure armpked Chemistry (IUPAC) introduced two

figures-of-merit (for low and high concentration pbllutants) to evaluate UV-based AOTs
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based on electrical energy [42, 73]. The suitalaré of merit in the case of low pollutant
concentration is the electrical energy per ordef)Elt is defined as the number of kWh of
electrical energy required to reduce the conceatrabf a contaminant by one order of
magnitude (90%) in 1000 L of contaminated water].[7Bhe Eo (kWh/m/order) can be
calculated from the following equations (Eq 6) édpatch type reactor [42]:

_ P xtx1000
"~V x60xlogC,/C

where P is the lamp power (kW), V is the treatetlne (L) of water in the reactor, Co and C

Ego (6)

are the initial and final concentrations of polhitand t is the time of irradiation (min). This

equation for a pseudo-first-order reaction in a&baeactor can be written as follows (Eq 7) [42]:

z _384xP
OV X K, ps

(7)

where kps is the pseudo-first-order reaction rate constaminf). The Eo values for
photocatalytic degradation of diazinon in the preseof synthesized nanocatalysts have been
given in Table 5. These results show that the \Ralues for degradation of 10 mg/L diazinon by
2% WQ; doped Zn0O, 1% Wedoped ZnO, 0.5% Widoped ZnO and pure ZnO catalysts were
112, 166, 562 and 242 kWhinrespectively and the photocatalysis process éseprce of 2%
WO; doped ZnO offered the best energy efficiency. Hag value for 2% WQ doped ZnO
photocatalyst was lower than other photocatalysts B.o amount for the photodegradation of
diazinon in the presence of 2% \W@oped ZnO is 5 times more than 0.5% Y\@ped ZnO.
Therefore, the & decreases with increasing,k Daneshvar et al. reportegd=values of 20000,
1388.8 and 1075.3 kWhfhior photodegradation of diazinon (20 mg/L) by migsis, UV/ZnO
(33nm) and UV/ZnO (14nm) processes, respectivell].[These results also show that the
electrical energy consumption is directly proparéib to the photocatalytic activity of the
photocatalyst. In fact, 2% WQdoped ZnO photocatalyst with high activity neeésslenergy
consumption in comparison to other synthesisedqaabalyst [72]. The higher electrical energy
consumption means lower process efficiency [74]tH&oEc can be considered as an important

factor in assessing the treatment costs [72].
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Table 5 Langmuir-Hinshelwood (L-H) model kinetics ((end K.4) and Eo values for
photocatalytic degradation of diazinon using défaras prepared WQloped ZnO (Diazinon
concentration = 10 mg/l, nanopatrticle suspensiarcentration =3%, light intensity = 30 W, and
pH=7)

Catalyst ke (mg L min™) K.t (L/mg) r’ Eeo (KWh/m?)
2%WO; doped ZnO 0.67 0.023 0.97 112
1%WO; doped ZnO 0.82 0.0158 0.96 166
0.5%WO; doped ZnO | 0.391 0.0084 0.93 562
Pure ZnO 0.844 0.0103 0.92 242

3.9. Optical absorption and UV-Vis spectra

UV-Vis spectroscopy is an efficient way to deterenthe ability of a semiconductor to absorb
light at different wavelengths. Figure 15 shows tesults of the UV-Vis spectra of different
synthesized nanoparticles. The results showedltbabptical absorption band of pure ZnO is in
380 nm with band gap of 3.25 eWhus pure ZnO absorbs up to 380 nm of light andrwas
absorption in the visible light range. But aftempdw with WG;, the range of light absorption
shifts to longer wavelengths. This is attributedhe formation of the energy level of vacancy
oxygen, since the W{contained in the zinc oxide crystal lattice camssathe formation a
vacancy oxygen [75]. According to the results, dipéical absorption band of 0.5% W@oped
Zn0O, 1% WQ-doped ZnO and 2% Wgloped ZnO is 439 (2.81 eV), 440 (2.8 eV), and 441
(2.80 eV), respectivelyThus, compared to pure ZnO, the absorption edgheoW-doped
ZnO nanoparticles shows red shift. Similar reskiétge been reported for the effect of dopant on

the absorption edge change by Xie et al. [76].
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Fig 15. UV-Vis absorbance spectra of pure ZnO\wag-doped ZnO nanoparticles

Conclusion
The present study aimed to evaluate the efficieridiie photocatalytic degradation of diazinon

in aqueous media using tungsten-doped zinc oxig®pwticles. According to the obtained
results, the addition of tungsten oxide to the zmxide nanoparticles reduced the network
constant and increased its density, which in tunproved its efficacy in the photocatalytic
process. Furthermore, the findings indicated thatibhcreased nanoparticle size distribution,
nanoparticle dosage, light intensity, and contaee twere associated with the higher efficiency
of the photocatalytic process in diazinon degrasatnd vice versa. On the other hand, the
increased pH of the environment and initial conadidn of diazinon were observed to
decrease the degradation process efficiency. Tovexgf could be concluded that the process of
photocatalytic degradation using tungsten-dopea zride nanoparticles could positively
affect the removal of organic pollutants, includitigzinon, from aqueous media. In addition,
the surface immobilization of the nanoparticlesuest their consumption, thereby preventing

their release into the environment.
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Fig. 3. EDS spectra of (a) pure ZnO and (b) %WO3 doped ZnO.




Highlights
*  WO;3doped ZnO NPs was used for photocata ytic degradation of diazinon under UV light

irradiation.

» Photocatalytic activity of ZnO NPs was improved after doping with tungsten oxide.

» The photocatalysis process in presence of 2% WO3; doped ZnO offered the best energy

efficiency

* The stabilization of the nanoparticle was done to reduce the amount of nanocatalysts

consumption and its release rate.
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