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Abstract  11 

Diazinon is an important organophosphorus pesticide with extensive use, which is considered to 12 

be a major health hazard for humans due to its adverse effects on cholinesterase activity and 13 

central nervous system. The entry of diazinon into water resources affects a wide range of non-14 

target organisms, which highlights the importance of its removal from water resources. The 15 

present study aimed to synthesize and use WO3 doped ZnO nanocatalyst to degrade diazinon. 16 

Zinc oxide nanoparticles were synthesized using the hydrothermal method and doped with 0.5%, 17 

1%, and 2% M tungsten oxide. Moreover, the effects of dopant percentage, pH, the initial 18 

concentration of diazinon, nanoparticle dosage, and contact time were investigated. The results 19 

of EDS revealed that W was doped into ZnO structure. The maximum diazinon degradation 20 

(99 %) was obtained using 10 mg/cm-2 2% WO3 doped ZnO, 10 mg/l diazinon, neutral pH value 21 

and contact time of 180 min. Removal efficiency was decreased by increasing pH and initial 22 

diazinon concentration. The experimental kinetic data followed the pseudo-first order model. 23 

The reaction rate constant (kobs) was decreased from 0.0205 to 0.0034 1/min with increasing 24 

initial diazinon concentration from 10 to 200 mg/L, respectively. The figures of merit based on 25 

electric energy consumption (EEO) indicate that less energy is consumed during the degradation 26 

of diazinon in the presence of 2% WO3 doped ZnO compared with other photocatalysts. 27 

Therefore, it could be concluded that 2%WO3 doped ZnO is a promising material for 28 

photocatalytic degradation of diazinon with high efficiency under optimal condition. 29 

Keywords: Pesticides, Zinc Oxide, Photocatalyst, Doping, Tungsten  30 
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1. Introduction 32 

Although two-thirds of the Earth is covered with water, water crisis remains a major concern in 33 

human communities. As predicted by the United Nations, about 48 countries (approximately 34 

32% of the world's population) will be faced with water scarcity by 2025 [1, 2]. Agricultural 35 

wastewater is considered to be a major source of water pollution. According to the national 36 

standards for water in Iran, approximately 30-35 billion cubic meters of agricultural wastewater 37 

is generated annually, which contains various fertilizers, pesticides, and herbicides, and its 38 

release into the environment leads to the contamination of surface water and groundwater [2, 3]. 39 

Organophosphate pesticides are frequently used in various regions across the world. Many 40 

pesticides are typically found in aquatic systems as a result of activities such as chemical 41 

deposition, industrial wastewater, and agricultural runoff [4, 5]. Organophosphate pesticides are 42 

hazardous to human health due to their high shelf life, stability, and toxicity [6, 7]. 43 

Diazinon1 is an organophosphorus pesticide, which has long been utilized used as a miticide, 44 

insecticide, and nematicide and is classified as a relatively hazardous toxin (class II) by the 45 

World Health Organization (WHO) [4, 7, 8]. Low concentrations of diazinon (even 350 ng/l) 46 

could be highly toxic to aquatic organisms [9, 10]. According to the literature, lethal doses of 47 

diazinon for humans are within the range of 90-444 mg/kg [10]. The United States 48 

Environmental Protection Agency (USEPA) has determined the level of diazinon in drinking 49 

water to be 0.6 µg/l so as to prevent the adverse effects of this compound on human health, 50 

especially in elderly adults (aged 70 years) [3]. Diazinon and its metabolites with widespread 51 

agricultural and non-agricultural uses, have been identified in the environment worldwide [11]. It 52 

enters the environment through human activity and, thus, is most frequently detected in water as 53 

a main synthetic emerging water contaminant [12]. More than 13 million pounds of diazinon is 54 

used in the United States annually [13]. Therefore, the release of this compound into 55 

groundwater is a major concern [13]. Important environmental concerns associated with its use 56 

include bird killing, surface water pollution and impacts on aquatic species [14]. Since diazinon 57 

is the most widely used and most dangerous pesticide for the environment, thus, in order to 58 

protect human health, diazinon should be removed from contaminated water before consumption 59 

[12, 13]. Therefore, using effective chemical and biological methods to eliminate these pesticides 60 

from water and wastewater is very important [10]. 61 

                                                           
1
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Several methods have been proposed for the removal of diazinon, including ultrafiltration, 62 

reverse osmosis, photocatalytic processes and adsorption by magnetic nanoparticles, chemical 63 

coagulation, membrane processes, and biological methods [2, 4, 10]. Among the available 64 

methods for the removal of toxic compounds, advanced oxidation processes are considered 65 

superior; such examples are ultraviolet radiation, ozone application, Fenton reaction, and use of 66 

nanocatalysts [4, 15-18]. Photocatalytic degradation has attracted the attention of researchers 67 

within the past two decades, which involves the use of semiconductor metal oxides for 68 

environmental protection [19].  69 

Various metal oxides have been used as active photocatalysts for the photocatalytic degradation 70 

of organic and inorganic pollutants, such as titanium, tungsten oxide, zinc oxide, iron oxide, 71 

cadmium sulfide, and zinc sulfide [19, 20]. Among these metal oxides, zinc oxide and titanium 72 

dioxide have been extensively utilized as photocatalysts for the removal of various contaminants 73 

owing to their high light sensitivity and wide-bandgap energy [21]. These remarkable properties 74 

allow the enhancement of oxidation and reduction processes more rapidly compared to other 75 

metal oxide semiconductors. Zinc oxide is reported to be an efficient photocatalyst for the 76 

destruction of various contaminants with its special properties, such as chemical stability, 77 

nontoxicity, significant optical and electrical properties, and remarkable oxidizing properties. 78 

However, the photocatalytic activity of zinc oxide is limited to the ultraviolet light range of the 79 

solar energy spectrum due to its high bandgap energy (3.37 eV) [22]. Considering that only 5-7% 80 

of the sunlight's energy is in the form of ultraviolet light, this small amount limits the use of 81 

sunlight as a natural source of light. Another limitation in this regard is the rapid recombination 82 

of the electron/hole cavity generation, agglomeration, and poor dispersion [19, 23-25]. 83 

Therefore, these limitations should be overcome in order to improve the activity and efficiency 84 

of zinc oxide by changing its structure using dopants and surface modifiers. Use of surface 85 

modifiers, surfactants or organic ligands has proven effective in overcoming the mentioned 86 

limitations. It is also notable that the doping of nanoparticles causes changes in the bandgap 87 

energy, and thus shifting the absorption band to the visible region in semiconductor systems [26, 88 

27]. Metal ions act as traps for the produced electrons through replacement in the structure of 89 

zinc oxide and preventing the rapid recombination of electrons/hole cavities, thereby increasing 90 

photocatalytic activity compared to pure zinc oxide [28]. Therefore, the doping of zinc oxide 91 

nanoparticles using proper dopants with narrow bandgap energy could decrease the bandgap 92 
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energy, making it suitable for the optical analysis of organic and toxic pollutants [19, 29]. 93 

Tungsten oxide is considered to be a viable option for doping. The bandgap energy of tungsten 94 

oxide is 2.8 eV, which could activate the zinc oxide bed. Tungsten oxide is a new semiconductor 95 

with narrow bandgap energy, which is effectively activated with sunlight illumination and acts as 96 

a photocatalyst for active light [30]. In addition, it has high stability and efficacy in the 97 

destruction of natural and artificial contaminants. On the other hand, when tungsten oxide is used 98 

separately, its photocatalytic activity is weak compared to other metal oxides due of its relatively 99 

low conduction band level [31]. Therefore, if it is to be used as a photocatalyst, its activity 100 

should be enhanced. For instance, studies have indicated that tungsten oxide powder could be 101 

utilized as a photocatalyst with trivalent iron or silver in the presence of visible light in the 102 

oxidation process of pollutants [19, 32]. As a general conclusion and milestone of this study, it 103 

can be stated that although zinc oxide is a common photocatalyst with excellent photocatalytic 104 

activity and also high physical and chemical stability but it also has some drawbacks such as 105 

being activated by ultraviolet light due to its wide band gap [26]. Therefore, appropriate 106 

modifications to the structure of zinc oxide are necessary in order to be activated by visible light 107 

or a low-intensity source of UV light. In fact, ongoing research on photocatalysts are directed 108 

toward modifying the characteristics of ZnO to extend its light absorption edge to a higher 109 

wavelength and lower intensity and also in terms of lower energy consumption, easy production 110 

and high usage of light source [33]. Numerous methods and strategies have been employed to 111 

achieve this goal until now. However, the most effective and direct routes for improving the light 112 

absorption edge of ZnO is structure control especially band gap regulation through elemental 113 

doping [33]. There are various methods for ZnO doping, among them the hydrothermal method 114 

is noticeable due to its simple process, environmental compatibility and mild preparation 115 

conditions [34]. In addition, more attention has been paid recently to mixed oxide 116 

semiconductors because it has been found that an efficient charge separation will be achieved by 117 

coupling two semiconductor particles with different energy levels [35]. For this reason, WO3 118 

coupling is considered to improve the photocatalytic activity of ZnO in this study because WO3 119 

with an energy gap of 2.8 eV can function as an electron accepting species through a type II 120 

heterojunction [35]. Despite numerous studies about doped ZnO photocatalysts and also partly 121 

about W-doped ZnO, there has been little research exploring WO3-doped ZnO. Ramos-Delgado 122 

et al. [36] reported solar photocatalytic degradation of malathion pesticide with illuminated 123 
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WO3/TiO2 prepared by sol-gel method. To the best of our knowledge, there is no research study 124 

on the removal efficiency of diazinon with WO3 doped ZnO nanocatalysts synthesized by 125 

hydrothermal method. Moreover, optimal values of affecting parameters in this process have 126 

been paid less. Considering that photocatalysts are often used in the form of suspensions, their 127 

separation from aqueous suspensions is considered to be a hazardous operation in terms of 128 

health. On the other hand, the separation of nanocatalysts particles from the effluent is difficult 129 

and considered as a drawback especially in the practical photocatalytic process [37]. Therefore, 130 

there are ongoing efforts to find cost-effective ways to address this problem. So immobilization 131 

of the catalyst in the solid support (without the loss of their photocatalytic properties) to reduce 132 

the release of nanoparticles is another highlight of this study. Therefore, the WO3 doped ZnO 133 

nanoparticles were first synthesized via mild hydrothermal conditions method; then, in order to 134 

prevent the release of the nanoparticles in the effluent, immobilization of the nanoparticles on the 135 

glass was done. Effect of solution pH, catalyst dosage, initial diazinon concentration, Light 136 

Intensity, Dopant Percentage, and Contact Time on the photocatalytic degradation of diazinon 137 

was investigated. Finally, kinetic parameters for the photocatalytic degradation were obtained by 138 

application of the Langmuir–Hinshelwood (L–H) model. The electrical energy per order (EEo) 139 

was calculated to evaluate cost efficiency of the processes. 140 

 141 

2. Materials and Methods 142 

2.1. Chemicals 143 

This quasi-experimental study was conducted on a laboratory scale. All the chemicals were 144 

obtained from Merck Company (Germany), and tungsten oxide and standard diazinon were 145 

purchased from Sigma-Aldrich (USA). Table 1s (supplementary) shows the chemical and 146 

structural properties of diazinon. It is notable that all the utilized materials were of the laboratory 147 

grade. 148 

 149 

2.2. Applied Reactor  150 

In this study, a Plexiglas reactor (500 mL) was used as the batch system (Figure 1). In order to 151 

provide the required energy, five six-Watt ultraviolet lamps (Phlips Co., the Netherlands) with 152 

the length of 21 centimeters were used. The lamps were installed on the upper segment of the 153 

reactor, and the glass plate containing the nanoparticles (surface area: 200 cm2) was placed 154 
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horizontally inside the reactor in direct contact with the contaminant. The intensity of the 155 

ultraviolet lamps was measured using a UV meter. 156 

  157 

Fig. 1. Schematic representation of the reactor used in the photocatalytic degradation of diazinon 158 

 159 

 160 

2.3.Synthesis of Zinc Oxide and its Doping with WO3 161 

ZnO nanoparticles were synthesized using a very simple hydrothermal method. This method has 162 

no complexity and this simplicity is its major advantage. To this end, the initial zinc oxide was 2 163 

N ZnO, and the concentrations of 0.5%, 1%, and 2% of tungsten oxide (as a dopant) were poured 164 

into a Teflon liner (Vfill  = 10-mL). Following that, 10 milliliters of 1 N sodium hydroxide and 0.5 165 

milliliter of surfactant were added to the mixture, and the Teflon liner was placed in an autoclave 166 

at the temperature of 120°C for 12 hours. Because one of the drawbacks of nanoparticles is their 167 

agglomeration and low dispersion in the medium used. So to overcome these issues, surface 168 

modification has been introduced and applied as a novel approach in this case. Therefore, 169 

applying appropriate surface modifiers (such as surfactants) with the desired volume can 170 

alleviate such problems [38]. After the synthesis, the nanoparticles were washed several times 171 

with double distilled water and stored at the desiccator after drying at laboratory temperature 172 

[39]. In order to confirm the synthesis of the nanoparticles, the other properties of the 173 

nanoparticles were examined as well. 174 

 175 

2.4.Immobilization of the Nanoparticles on Sandblasted Glass 176 

The immobilization of the nanoparticle was carried out on sandblasted glass (thickness: 4 mm). 177 

To do so, the sandblasted glass was placed in 50% sodium hydroxide for 24 hours and washed 178 
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and dried afterwards. At the next stage, the zinc oxide nanoparticles that were doped with 179 

various concentrations of tungsten oxide were expanded on the glass. Afterwards, the glass was 180 

dried in an oven at the temperature of 100°C. It was then placed in the furnace at 500 °C for 2 h 181 

to stabilize the nanoparticles. [40, 41].  182 

 183 

2.5.Characterization of the Synthesized Nanoparticles  184 

Fourier transform- infrared (FTIR), Powdered X-ray diffraction (PXRD), scanning electron 185 

microscopy (SEM), atomic force microscopy (AFM), Energy-dispersive X-ray 186 

spectroscopy (EDS) and Zeta potential studies were used to determine the properties of tungsten 187 

oxide-doped zinc oxide nanoparticles. Accordingly, the Tsarn SEM (MIRA3, the Czech 188 

Republic) was applied to describe the morphology and size of the WO3-doped zinc oxide 189 

nanoparticles, and an Inel XRD (EQUINOX 3000, France) was used to assess the crystalline 190 

structure and crystalline nanoparticle lattice. In addition, the Bruker FTIR (Tensor 27, Germany) 191 

was employed to determine the functional groups that were generated at the nanoparticle level, 192 

and AFM (Advance, Iran) was used to determine the specifications of the nanoparticle surface. 193 

Finally, the particle size and distribution, as well as the electrical potential of the nanoparticle 194 

surface, were evaluated using dynamic light scattering (DLS) and a zeta potential analyzer 195 

(Nanobrook Omni, USA). 196 

 197 

2.6. Experiments  198 

To evaluate the operational parameters affecting the photocatalytic process of diazinon removal, 199 

the influential factors in the process were investigated, including the pH (3, 5, 7, 9, and 11), 200 

initial light intensity (6, 18, and 30 Watts), amount of nanoparticles per unit area of the glass (2, 201 

6, and 10 mg/cm2), diazinon concentration (10, 20, 50, 100, and 200 mg/l), and contact time (20, 202 

10, 30, 45, 60, 90, 120, and 180 minutes). Diazinon concentrations were also assessed using 203 

standard methods. To this end, gas chromatography (CP-3800 VARIAN) was used with an FID 204 

detector and CP-Sil8-CB column. Finally, the removal rate of diazinon was determined using 205 

Equation 1 [16], which was developed based on the samples before and after the removal 206 

efficiency [37], as follows:  207 

� = �1 − ���	�
� � × 100																		(1) 
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where R% is the removal rate of diazinon (%), Cin represents the initial concentration of diazinon 208 

(mg/l), and Cout
  shows the final concentration of diazinon (mg/l). The kinetics of the 209 

photocatalytic degradation of diazinon has been modeled using the equation of Langmuir-210 

Hinshelwood (L-H) and figure-of-merit (FOM) of the process was determined based on electric 211 

energy consumption according to the method introduced by the Photochemistry Commission of 212 

the International Union of Pure and Applied Chemistry (IUPAC) [42].  213 

 214 

3. Results and Discussion 215 

3.1. Characterization of the Undoped Zinc Oxide and WO3-doped Zinc Oxide 216 

Figure 2 shows the SEM images of the pure zinc oxide nanoparticles and those that were doped 217 

with various molar percentages of tungsten oxide. Evidently, the nanosized form was hexagonal, 218 

confirming the proper synthesis of zinc oxide. In terms of the morphology, the particles were 219 

almost separate with slight agglomeration. Figure 2e and f depict the mean particle size, which 220 

evidently reduced. Therefore, the mean particle size of the zinc oxide doped with 2% tungsten 221 

oxide was estimated at 48.49 and 27.911 nanometers, respectively, while the mean particle size 222 

of the pure zinc oxide was calculated to be 156.68 and 68.63 nanometers, respectively. The 223 

synthesis of WO3 doped ZnO nanocatalysts is confirmed by the EDS analysis. Figure 3a and 3b 224 

show the EDS spectra of pure ZnO and WO3 doped ZnO. According to Figure 3a, there are two 225 

elements, including Zn and O, in pure ZnO. But in the structure of zinc oxide there are three 226 

compounds, including oxygen, tungsten and zinc (Figure 3b).  227 

 228 
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 229 

Fig.2. SEM images and size distribution of the synthesized nanoparticles (a. 0.5 % WO3 doped 230 

ZnO; b. 1 % WO3 doped ZnO; c & f 2 % WO3 doped ZnO; d & e pure ZnO) 231 

 232 

 233 
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 234 

Fig. 3. EDSspectra of (a) pureZnO and (b) %WO3 doped ZnO. 235 

 236 

Figure 4 shows the FTIR spectra of zinc oxide and WO3 doped ZnO nanoparticles. As can be 237 

seen, a strong bond was observed in the area of 469 cm-1, which was related to the Zn-O 238 

stretching frequency [43]. Moreover, the stretching bond of the C=O of the organic matter was 239 

observed at the wavelength of 1,730 cm-1. The stretching vibrations of the N-H observed at 3,448 240 

cm-1 were related to the N-H bond of the amine groups, which was obtained with the addition of 241 

the n-butyl amine surfactant. Overall, the wavelength range of 1600-400 cm-1 confirmed the Zn-242 

O stretching bond, while the range of 3600-3400 cm-1 was attributed to the presence of the N-H 243 

bond [44]. The absorption band observed at 870 cm-1 attributed to the W-O-W to the n(O–O) and 244 

n(W–O–W) stretching of the bridging oxygen in WO3. The band seen at ~965 cm-1 related to the 245 

W=O and W–O in WO3 [45, 46].  246 

 247 
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 248 

Fig.4. FTIR spectra of the synthesized nanoparticles  249 

 250 

The XRD pattern was used in order to assess the crystalline structure and purity of the 251 

nanoparticles (Figure 5). The investigation of the XRD patterns of the pure zinc oxide and zinc 252 

oxide nanoparticles doped with 0.5%, 1%, and 2% M of tungsten oxide indicated that the three 253 

peaks of the patterns were (100), (002), and (101), which corresponded to the zinc oxide 254 

crystalline structure on the Miller index. Based on this index and similar to the SEM images, the 255 

hexagonal nanoparticles were confirmed in the XRD analysis. The sharp edges represented the 256 

crystallization of fine zinc oxide nanoparticles. The maximum intensity of the pattern in the 257 

lattice (101) appeared at the angle of 2θ=36.045 [47]. In the XRD pattern of the doped 258 

specimens, no peak was added to the undoped samples, while the peak of the patterns had a 259 

slight displacement, indicating the presence of tungsten.  260 

 261 
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 262 

Fig.5. XRD pattern of the synthesized nanoparticles  263 

 264 

 265 

Table 1. Cell parameters of the synthesized nanoparticles 266 

Nanoparticles a(A
0
) c(A

0
) Density g/cm

3
 

Pure ZnO 3.2491 5.2071 5.6470 

0.5 % WO3 doped ZnO 3.2049 5.1216 5.9320 
1% WO3 doped ZnO 3.2190 5.1489 5.8490 

2% WO3 doped ZnO 3.1950 5.1027 5.9900 

 267 

Table 1 shows the cell parameters and density of the nanoparticles. According to the information 268 

in Table 1, the cell parameters of the zinc oxide nanoparticles doped with 2% tungsten oxide 269 

reduced compared to the molar percentages of 0.5% and 1% and the pure zinc oxide. The 270 

reduction could be attributed to the smaller ion radius of tungsten. In addition, the density of the 271 

doped samples was greater compared to the undoped zinc oxide nanoparticles, so that the 2% 272 

doped nanoparticles had higher molecular density compared to the other nanoparticles [48]. 273 

Similar results have been reported by other researchers. For example, Siriwong et al. reported 274 

that doping ZnO with WO3, the peaks intensity did not change after doping [49]. In addition, 275 

slight displacement of the peaks could be differentiated in the peaks, which could be attributed to 276 

the effect of WO3 as dopant. They also stated that the amorphous phase of ZnO and WO3 peaks 277 

was not found in the XRD patterns. Because WO3 concentration was too low and WO3 particle 278 

size was too small, therefore, it cannot affect the appearance of the peaks in the XRD patterns 279 

[50]. In other words, the intensity and sharpness of all diffraction patterns have not changed, and 280 
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this reflects the fact that ZnO crystallinity did not change before or after doping with WO3. 281 

Several methods have been proposed for the estimation of the mean size of crystals in XRD 282 

patterns, the simplest of which is the Scherrer equation [51], as follows:  283 

� = ��
� cos � 													(2) 

where τ is the mean size of the crystals (nm), K denotes the crystal shape factor (dimensionless), 284 

λ represents the XRD wavelength (nm) (with Cu radiation of 0.154 nm), and β shows the line 285 

broadening at half the maximum intensity (degree to be converted into the length unit).  286 

Considering the data insertion in Equation 2, the size of the 2% tungsten oxide-doped zinc oxide 287 

nanoparticles was 48.25 nanometers, and the maximum intensity of the patterns was observed at 288 

2θ=37.06 (101). A similar study conducted on manganese-doped zinc oxide indicated that the 289 

cell parameter increased in the doped samples, while the density decreased. Moreover, no new 290 

peaks were added to the XRD pattern of the doped zinc oxide nanoparticles compared to the 291 

pure nanoparticles in the mentioned research, while only the displacement of the peaks was 292 

reported, indicating the presence of manganese in the composition [52]. 293 

Figure 6 shows a three-dimensional AFM image of 2% tungsten oxide-doped zinc oxide 294 

nanoparticles at the contact and scan distance of 3×3 µm modes. In addition, the particle size 295 

and nanoparticle roughness analysis have been depicted in Figure 6. Accordingly, the diameter 296 

of the nanoparticles was 49 nanometers, which is consistent with the SEM and XRD results. 297 

 298 

 299 

Fig.6. AFM image of 2% WO3 doped ZnO nanoparticles 300 
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Table 2 shows the zeta potential of the undoped and tungsten oxide-doped zinc oxide 301 

nanoparticles. Accordingly, the doping of the zinc oxide nanoparticles with tungsten increased 302 

the zeta potential and mobility of the nanoparticles. According to the findings, the zeta potential 303 

of the undoped zinc oxide nanoparticles and 2% tungsten-doped zinc oxide nanoparticles was -304 

7.34 and -14.45 mV, respectively. Therefore, it seems that doping results in increasing the 305 

surface charge of ZnO nanoparticles. Zeta potential is considered to be a fundamental element in 306 

the recognition and control of the properties of colloidal suspensions. In general, the properties 307 

of suspensions could be identified by determining the interactions of the colloids. In the current 308 

research, DLS was used to verify the size distribution of the particles in the solutions. DLS was 309 

performed on the pure zinc oxide and 2% tungsten oxide-doped zinc oxide nanoparticles. The 310 

obtained results are shown in Figure 7, which are consistent with the SEM images and AFM.  311 

Table 2. Zeta potential of the synthesized nanoparticles 312 

Nanoparticles Zeta Potential 

(mV) 

Zeta Potential Model Mobility 

(μ/s)/(V/cm) 

Undoped ZnO - 11.65 Smoluchowski - 0.91 

0.5 % WO3 doped ZnO - 14.88 Smoluchowski - 1.16 

1% WO3 doped ZnO - 14.45 Smoluchowski - 1.13 

2% WO3 doped ZnO - 7.34 Smoluchowski - 0.57 

 313 

Fig. 7. DLS of the synthesized nanoparticles a) pure ZnO; b) 2 % WO3 doped ZnO) 314 

 315 

3.2. Effect of Dopant Percentage on the Photocatalytic Degradation Efficacy of Diazinon 316 

In order to determine the effect of the weight percentage of tungsten oxide as the dopant for zinc 317 

oxide, the samples containing the diazinon toxin with the concentration of 20 mg/l were exposed 318 

to 30 W-UV light lamps. After 60-120 minutes, sampling was performed, followed by 319 
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centrifugation, and the residual concentration of the toxin was determined (Figure 8). As is 320 

depicted in Figure 8, the doped nanoparticles had higher efficiency in the removal of diazinon 321 

compared to the pure (undoped) zinc oxide nanoparticles. In addition, the percentage of 322 

nanoparticle doping affected the process efficiency, so that the 2% dopant exhibited the highest 323 

efficiency in diazinon removal. This superiority could be attributed to the reduction of the 324 

bandgap energy of the nanoparticles, higher activation to light, and increased photocatalytic 325 

activity of the doped nanoparticles. In a study in this regard, Maleki (2015) reported that 326 

increasing the concentration of copper as the dopant in the zinc oxide lattice enhanced its 327 

photocatalytic activity [16]. Moreover, Khataei (2015) demonstrated that zinc oxide doping was 328 

associated with the reduction of the bandgap energy, as well as a gradual increase in 329 

photocatalytic activity [53]. 330 

 331 

 332 

Fig.8. Effect of different dopant percentage on the photodegradation efficiency of Diazinon 333 

(diazinon concentration = 20 mg/l, pH = 7, concentration of nanoparticle = 3%, UV intensity = 334 

30 W) 335 

 336 

3.3. Effect of pH on the Photodegradation Efficiency of Diazinon 337 

Figure 9 shows the results of the present study regarding the effect of the solution pH on the 338 

photocatalytic degradation efficiency of 2% tungsten-doped zinc oxide. Accordingly, the 339 

efficiency of toxin degradation was higher in relatively acidic environments compared to neutral 340 

and alkaline environments, which could be due to the effect of pH on the dominant electrical 341 

charge variation in the surface of the zinc oxide nanoparticles. It is notable that pH is an 342 
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important influential factor in the removal efficiency of pollutants due to its impact on the 343 

pollutant ionization state and surface properties of the nanoparticles in the solution [54]. 344 

Nevertheless, the isoelectric pH obtained in the previous studies in this regard have indicated that 345 

in acidic environments, the surface of zinc oxide is positively charged, resulting in the higher 346 

adsorption of negative-charge pollutants. Since hydroxyl free radical production is caused 347 

through the induction of the surface of zinc oxide, higher pollutant adsorption at the surface 348 

affects the pollutant molecules more rapidly, thereby leading to their damage and destruction 349 

[55]. This condition can be explained by electrostatic interaction between the WO3 doped ZnO 350 

surface and diazinon. The pHzpc of ZnO is reported around 9 and thus the surface of ZnO is 351 

positive below pH 9.0 [14]. In this study, the pHzpc of WO3-doped ZnO was about 8.4. Therefore, 352 

the surface of the synthetized photocatalysts is positively charged at a low pH (<pHzpc), and 353 

negatively charged at a higher pH (> pHzpc). On the other hand, the pKa value for diazinon is 2.6 354 

and it will be negatively charged above pH 2.6. Therefore, the optimal condition for removal of 355 

diazinon was occurred at ����
��
���  < pH < � �!"#$%&'�!('	)�$  (between 2.6 < pH < 8.4) at 356 

which the positively charged WO3 -doped ZnO and negatively charged diazinon molecules easily 357 

and quickly absorb each other and ultimately, it increases the photodegradation of diazinon. 358 

Based on the results, pH 7 was determined as an optimum condition for the degradation of 359 

diazinon using WO3-doped ZnO nanoparticle. It should be noted that the main reason for the 360 

highest percentage of diazinon degradation in pH 7 is due to photo-corrosion of ZnO in acidic 361 

and basic solutions [56].  362 

 363 

 364 
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 365 

Fig. 9. Effect of pH on the photodegradation efficiency of diazinon using 2% WO3 doped ZnO 366 

nanoparticles (diazinon concentration = 20 mg/l, nanoparticle suspension concentration = 3%, 367 

light intensity = 30 W) 368 

 369 

3.4.Effect of Nanoparticle Dosage on Diazinon Photodegradation Efficiency  370 

Figure 10 depicts the findings of the current research regarding the effect of various dosages of 371 

2% tungsten oxide-doped zinc oxide nanoparticles on its photocatalytic properties. As is evident, 372 

the increased dosage of the nanoparticles from 2 to 10 mg/cm2 was associated with the higher 373 

efficiency of the process at a slight gradient, so that at the contact time of 60 minutes, 374 

degradation efficiency was recorded within the range of 70.5-80%.  375 

One of the most important issues in this system is determining the amount of the catalyst due to 376 

economic considerations. Increasing the dosage of the catalyst could results in the higher 377 

efficiency of the photocatalytic process through making the surface more accessible to 378 

absorption, thereby increasing the contact between the pollutant and catalyst [57]. In a research 379 

in this regard, Ba-Abbad et al. (2010) reported that nanocatalysts increased the process efficiency 380 

to a certain value, while this was follows by the reduced decomposition efficiency through 381 

causing turbidity in the solution and diminishing light penetration [58, 59]. 382 

 383 
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 385 

Fig. 10. Effect of 2% WO3 doped ZnO dosage on the photodegradation efficiency of diazinon 386 

(Diazinon concentration = 20 mg/l, nanoparticle suspension concentration =3%, light intensity = 387 

30 W) 388 

 389 

 390 

3.5. Effect of the Initial Concentration of Diazinon on Its Photodegradation Efficiency  391 

Figure 11 shows the results of the present study regarding the effects of various concentrations of 392 

diazinon on its photocatalytic degradation using 2% tungsten oxide-doped zinc oxide 393 

nanoparticles. As can be seen, the increased initial concentration of diazinon was associated with 394 

decreased degradation efficiency, so that after 60 minutes, increasing the concentration of 395 

diazinon from 10 to 200 mg/l caused the removal efficiency to decrease from 88.6% to 44.4%. 396 

This could be due to the fact that the higher concentration of diazinon causes more active surface 397 

catalyst sites to be covered, which in turn reduces the production of oxidizing radicals and 398 

ultimately the decomposition rate. In addition, high concentrations of pollutants absorb more 399 

photons from ultraviolet radiation, thereby decreasing the flux of ultraviolet photons for catalytic 400 

activation. Meanwhile, the lack of active surface catalyst sites reduces oxidative production, as 401 

well as the decomposition rate of toxins. Several studies regarding the treatment of various 402 

pollutants through the photocatalytic processes of zinc oxide have indicated that degradation 403 

efficiency decreases with the increased initial concentration of the pollutant [60-63].  404 
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 406 

Fig. 11. Effect of initial concentration of diazinon on its photodegradation efficiency using 2% 407 

WO3 doped ZnO nanoparticles (nanoparticles suspension concentration = 3%, light intensity = 408 

30 W) 409 

 410 

 411 

 412 

 413 

 414 

3.6.Effect of the Contact Time on the Photodegradation Efficiency of Diazinon 415 

Figure 12 shows the results of the present study regarding the effect of the contact time on the 416 

photocatalytic degradation of diazinon using 2% tungsten oxide-doped zinc oxide nanoparticles. 417 

Accordingly, the efficiency of diazinon degradation increased with a relatively linear, steep slope 418 

within 10-30 minutes, while the efficiency partially increased within 30-180 minutes, 419 

particularly at 45-120 minutes, when the process efficiency was almost unmatched. Therefore, it 420 

could be concluded that at the outset of the process, the available catalyst surfaces are completely 421 

free, and as a result, the entire catalyst surface is at the disposal of the diazinon, resulting in the 422 

removal efficiency with a steep increase; however, available surfaces and degradation efficiency 423 

decrease over time . 424 
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 426 

Fig. 12. Effect of contact time on the photodegradation efficiency of diazinon using 2% WO3 427 

doped ZnO nanoparticles (Diazinon concentration = 20 mg/l, nanoparticle suspension 428 

concentration =3%, light intensity = 30 W) 429 

 430 

3.7. Effects of Light Intensity and Source and Nanoparticle Dispersion on the 431 

Photodegradation of Diazinon 432 

In order to investigate the effects of ultraviolet light on the photocatalytic degradation of 433 

diazinon, specimens containing 20 mg/l of diazinon were prepared and exposed to ultraviolet 434 

light with the intensities of 6, 18, and 30 Watts. According to the obtained results, the increasing 435 

of the ultraviolet light was associated with significantly higher degradation efficiency. After 60 436 

minutes, the increasing of light intensity from 6 to 30 Watts caused the damage removal 437 

efficiency to increase from 22% to 83% (Figure 13a). This could be attributed to the increased 438 

radiation in the zinc oxide nanoparticles that were immobilized on the glass; as such, the 439 

increased intensity of ultraviolet radiation led to the increased excitation of the electrons, as well 440 

as the degradation efficiency. Similar findings have been proposed in the literature in this regard 441 

[64]. For instance, Kamat et al. reported that the removal efficiency of 4-chlorocatechol 442 

increased at the higher intensity and duration of irradiation [65]. To assess the effect of radiation 443 

source on the process efficiency, we investigated the rate of diazinon degradation in the presence 444 

of light (visible and ultraviolet) and absence of light with slurry and immobilized nanoparticles 445 

placed on the glass. As is depicted in Figure 12b, ultraviolet light exhibited higher efficacy in 60 446 

minutes compared to visible light, so that the efficiency of the former was approximately 18% 447 
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higher than the latter in diazinon degradation. However, at the contact time of 120 minutes, the 448 

difference in this regard reduced, and the efficiency of both light sources only had a slight 449 

difference, in which case almost 83 and 87% of the destruction occurred (Figure 13b). Another 450 

notable point is the method of using the nanoparticles. In the case of slurry nanoparticles, 451 

degradation efficiency was significantly lower compared to the immobilized nanoparticles 452 

(Figure 13c). Therefore, the immobilization of the nanoparticles reduced the application of the 453 

nanoparticles, thereby preventing its release into the environment. In order to evaluate the effect 454 

of different processes on the photocatalytic degradation of diazinon by using different 455 

photocatalysts, the results of this study was compared with other reported data and summarized 456 

in Table 3. This comparison shows that the WO3-doped ZnO is an effective photocatalyst for the 457 

degradation of diazinon compared to other photocatalysts. 458 

 459 

Table 3. Comparison of photocatalytic degradation of diazinon. 460 

 461 

Photocatalyst dosage Light source 
Time 
(min) 

Concentration 
(mg/l) 

pH 
Removal 
(%) 

Reference 

Fe-TiO2/Bent-
Fe 

0.5 g/l 
visible light (36 
W compact bulb) 

- 25  5.6 58.3  [66] 

WO3 0.5 g/l 

UV light 
(125- W medium-
pressure UVC 
lamp) 

120 20  3 99.88 [31] 

Fe-TiO2 
 

0.1 g/l 

UV light 
(125- W medium-
pressure UVC 
lamp) 

60 50  7 98.53 [13] 

MgO  0.1 g/l 
UV light 
(5 lamps) 

120 5  7 99.46 [67] 

Iron doped TiO2 0.4 g/l 

UV light 
(15-W low 
pressure UV 
lamp) 

100 30  5.5 76 [68] 

FeFNS-doped 
TiO2 

0.25 g/l UV-LEDs 100 1.3  7 44.8 [12] 

Fe3O4/HAP 4 g/l 
UV light 
(30 W low-
pressure lamp) 

60 10  5.5 75 [69] 

WO3-doped 
ZnO 

10 
mg/cm2 

UV light 
(five (6 W) low-
pressure lamp)  

120 20  7 89 
This 
study 

WO3-doped 
ZnO 

10 
mg/cm2 

Sunlight 120 20 7 83 
This 
study 

 462 
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 463 
Fig. 13. Effect of (a) light intensity, (b) light source for immobilized and (c) light source for 464 

slurry 2% WO3 doped ZnO nanoparticles on the photodegradation efficiency of diazinon 465 

(Diazinon concentration = 20 mg/l, nanoparticle suspension concentration =3%)  466 

 467 

 468 

 469 

 470 

 471 
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3.8. Kinetic Study and Electrical Energy Determination    472 

The kinetics of the photocatalytic decomposition of many organic pollutants is described by 473 

pseudo-first order kinetics and the rate expression is given by Eq. (3). [70]: 474 

*+ �,� = -�./0											(3) 
where kobs (1/min) is the pseudo-first order rate constant, C and C0 are the concentration at time 475 

‘t’ and ‘t=0’, respectively. Plotting ln(C0/C) versus time base on equation 3 is presented in Figure 476 

14a  and Kobs (equation 3), according to calculating slope and intercept of the line. 477 

In this study, the kinetics of diazinon degradation was examined for at optimum conditions 478 

according to the first order model and its results are presented in Table 4. As can be seen from 479 

the table, kobs decreases as the initial diazinon concentration increases. This is due to the decrease 480 

in the number of active sites on the catalyst surface due to its surface being coated with diazinon 481 

molecules, which ultimately reduces the rate of production of oxidizing radicals and holes [14]. 482 

However, in most previous studies the relationship between the initial photocatalytic degradation 483 

rate and the initial concentration of organic substrate for a heterogeneous photocatalytic process 484 

has been analyzed with the Langmuir-Hinshelwood (L-H) model [14, 71, 72]. This model 485 

considers that the rate of oxidation of substrate at surface reaction is proportional to the surface 486 

coverage of diazinon on the WO3 doped ZnO photocatalyst assuming that substrate is adsorbed 487 

on the catalyst surface than the intermediate products [14]. Eqs. (4) and (5) are used to describe 488 

this model [14]:  489 

 490 

2 = -"�3&4(�)
1 + �3&4(�,) = -�./(�)										(4) 
1
-�./ =

1
-"�3&4 +

�,
-" 											(5) 

where C0 is the initial concentration of diazinon (mg L-1), kc (mg L-1 min-1) is the kinetic rate 491 

constant of surface reaction and KL-H (L/mg) is the Langmuir adsorption constant. The values of 492 

kc and KL-H were obtained as 0.67 (mg L-1 min-1) and 0.023 (L/mg), respectively, for the 493 

photodegradation of diazinon using 2% WO3 doped ZnO. This L–H kinetic model has been used 494 

by several authors to analyze heterogeneous photocatalytic reactions (Figure 14b). According to 495 

Daneshvar et al. the values of KL-H and kc for degradation of diazinon by UV/ZnO were 0.124 496 

L/mg and 0.209 mg L-1 min-1, respectively [14].  497 
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 498 

Fig. 14. (a) The plots of ln(C0/C) versus irradiation time at different initial diazinon 499 

concentrations and (b) the plot of 1/kobs versus different diazinon concertation for different as 500 

prepared WO3 doped ZnO nanoparticles (Diazinon concentration = 10 mg/l, nanoparticle 501 

suspension concentration =3%, light intensity = 30 W, and pH=7) 502 

Table 4. Pseudo-first order kinetics (kobs), half-life times and EEO values for diazinon degradation 503 

using 2% WO3 doped ZnO nanoparticles at different initial concentrations  504 

Concentration (mg/L) Kobs (min 
-1

) t1/2 (min) r
2
 EEO (kWh/m

3
) 

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 

 505 

There are different parameters such as economics, economy of scale, regulations, effluent quality 506 

goals, operation (maintenance, control, safety) to evaluate a wastewater treatment method and 507 

finally to select a suitable method [71, 72]. Since economics is recognized as the most important 508 

factor, process optimization is important in order to minimize the cost of operating wastewater 509 

treatment processes in Advanced Oxidation Technologies (AOTs) because photocatalysis is an 510 

electric energy intensive process and electrical energy is responsible for many operating costs 511 

[42, 73]. For this reason, the evaluation of electrical energy is necessary and should be provided, 512 

especially for the real application [71]. Accordingly, a figure-of-merit (FOM) of the process 513 

based on electric energy consumption is useful and informative. Recently, the Photochemistry 514 

Commission of the International Union of Pure and Applied Chemistry (IUPAC) introduced two 515 

figures-of-merit (for low and high concentration of pollutants) to evaluate UV-based AOTs 516 
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based on electrical energy [42, 73]. The suitable figure of merit in the case of low pollutant 517 

concentration is the electrical energy per order (EEO). It is defined as the number of kWh of 518 

electrical energy required to reduce the concentration of a contaminant by one order of 519 

magnitude (90%) in 1000 L of contaminated water [73]. The EEO (kWh/m3/order) can be 520 

calculated from the following equations (Eq 6) for a batch type reactor [42]:  521 

89$ = : × 0 × 1000
; × 60 × log �, �⁄ 											(6) 

where P is the lamp power (kW), V is the treated volume (L) of water in the reactor, Co and C 522 

are the initial and final concentrations of pollutant and t is the time of irradiation (min). This 523 

equation for a pseudo-first-order reaction in a batch reactor can be written as follows (Eq 7) [42]:  524 

89$ = 38.4 × :; × ��./ 												(7) 
 525 

where kobs is the pseudo-first-order reaction rate constant (min-1). The EEO values for 526 

photocatalytic degradation of diazinon in the presence of synthesized nanocatalysts have been 527 

given in Table 5. These results show that the EEO values for degradation of 10 mg/L diazinon by 528 

2% WO3 doped ZnO, 1% WO3 doped ZnO, 0.5% WO3 doped ZnO and pure ZnO catalysts were 529 

112, 166, 562 and 242 kWh/m3, respectively and the photocatalysis process in presence of 2% 530 

WO3 doped ZnO offered the best energy efficiency. The EEO value for 2% WO3 doped ZnO 531 

photocatalyst was lower than other photocatalysts and EEO amount for the photodegradation of 532 

diazinon in the presence of 2% WO3 doped ZnO is 5 times more than 0.5% WO3 doped ZnO. 533 

Therefore, the EEO decreases with increasing kobs. Daneshvar et al. reported EEO values of 20000, 534 

1388.8 and 1075.3 kWh/m3 for photodegradation of diazinon (20 mg/L) by photolysis, UV/ZnO 535 

(33nm) and UV/ZnO (14nm) processes, respectively [14]. These results also show that the 536 

electrical energy consumption is directly proportional to the photocatalytic activity of the 537 

photocatalyst. In fact, 2% WO3 doped ZnO photocatalyst with high activity needs less energy 538 

consumption in comparison to other synthesised photocatalyst [72]. The higher electrical energy 539 

consumption means lower process efficiency [74]. So the EEO can be considered as an important 540 

factor in assessing the treatment costs [72].  541 

 542 

 543 
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Table 5. Langmuir-Hinshelwood (L-H) model kinetics (kc and KL-H) and EEO values for 544 

photocatalytic degradation of diazinon using different as prepared WO3 doped ZnO (Diazinon 545 

concentration = 10 mg/l, nanoparticle suspension concentration =3%, light intensity = 30 W, and 546 

pH=7) 547 

Catalyst kc (mg L
-1

 min
-1

) KL-H (L/mg) r
2
 EEO (kWh/m

3
) 

2%WO3 doped ZnO 0.67 0.023 0.97 112 

1%WO3 doped ZnO 0.82 0.0158 0.96 166 

0.5%WO3 doped ZnO 0.391 0.0084 0.93 562 

Pure ZnO 0.844 0.0103 0.92 242 

 548 

3.9. Optical absorption and UV-Vis spectra 549 

UV-Vis spectroscopy is an efficient way to determine the ability of a semiconductor to absorb 550 

light at different wavelengths. Figure 15 shows the results of the UV–Vis spectra of different 551 

synthesized nanoparticles. The results showed that the optical absorption band of pure ZnO is in 552 

380 nm with band gap of 3.25 eV. Thus pure ZnO absorbs up to 380 nm of light and has no 553 

absorption in the visible light range. But after doping with WO3, the range of light absorption 554 

shifts to longer wavelengths. This is attributed to the formation of the energy level of vacancy 555 

oxygen, since the WO3 contained in the zinc oxide crystal lattice can cause the formation a 556 

vacancy oxygen [75]. According to the results, the optical absorption band of 0.5% WO3-doped 557 

ZnO, 1% WO3-doped ZnO and 2% WO3-doped ZnO is 439 (2.81 eV), 440 (2.8 eV), and 441 558 

(2.80 eV), respectively. Thus, compared to pure ZnO, the absorption edge of the WO3-doped 559 

ZnO nanoparticles shows red shift. Similar results have been reported for the effect of dopant on 560 

the absorption edge change by Xie et al. [76]. 561 

 562 
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 563 

Fig 15. UV–Vis absorbance spectra of pure ZnO and WO3-doped ZnO nanoparticles  564 

Conclusion  565 

The present study aimed to evaluate the efficiency of the photocatalytic degradation of diazinon 566 

in aqueous media using tungsten-doped zinc oxide nanoparticles. According to the obtained 567 

results, the addition of tungsten oxide to the zinc oxide nanoparticles reduced the network 568 

constant and increased its density, which in turn improved its efficacy in the photocatalytic 569 

process. Furthermore, the findings indicated that the increased nanoparticle size distribution, 570 

nanoparticle dosage, light intensity, and contact time were associated with the higher efficiency 571 

of the photocatalytic process in diazinon degradation and vice versa. On the other hand, the 572 

increased pH of the environment and initial concentration of diazinon were observed to 573 

decrease the degradation process efficiency. Therefore, it could be concluded that the process of 574 

photocatalytic degradation using tungsten-doped zinc oxide nanoparticles could positively 575 

affect the removal of organic pollutants, including diazinon, from aqueous media. In addition, 576 

the surface immobilization of the nanoparticles reduced their consumption, thereby preventing 577 

their release into the environment. 578 
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Fig. 3. EDS spectra of (a) pure ZnO and (b) %WO3 doped ZnO. 

 



Highlights 

• WO3 doped ZnO NPs was used for photocatalytic 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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