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ABSTRACT

	 Conventional wastewater treatment is not able to effectively remove Aromatic hydrocarbons 
such as Naphthalene, so it is important to remove the remaining antibiotics from the environment. 
The aim of this study was to evaluate the efficiency of UV/ZnO photocatalytic process in removing 
naphthalene antibiotics from aqueous solutions. This was an experimental-applied study that was 
performed in a batch system on a laboratory scale. The variables studied in this study include the 
initial pH of the solution, the dose of ZnO, reaction time and initial concentration of Naphthalene were 
examined. The amount of naphthalene in the samples was measured using GC. The results showed 
that by decreasing the pH and decreasing the initial concentration of naphthalene and increasing 
the contact time, the efficiency of the process was developed. However, an increase in the dose of 
nanoparticles to 0.8 g/L had enhance the efficiency of the process was enhanced, while increasing 
its amount to values higher than 0.8 g/L has been associated with a decrease in removal efficiency. 
The results of this study showed that the use of UV/ZnO photocatalytic process can be addressed 
as a well-organized method to remove naphthalene from aqueous solutions.
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INTRODUCTION

	 Polycyclic aromatic hydrocarbons (PAHs), 
are in the category of hazardous and toxic substances 
and have recently been identified as carcinogenic 
compounds1. PAHs introduced into the water to 
some degree undergo physical, chemical and 
biological changes leading to their gradual, though 

slow, degradation. They are sorbed by suspended 
matter, aquatic organisms and bottom sediments2. 
Naphthalene as albocarbon, camphor tar, white tar, 
or naphthene, is made of two fused benzene rings 
and is obtained from coal2,3. naphthalene is widely 
used for disinfection and insecticides4. 

	 Pollution of water resources by naphthalene 
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has been reported in most industrialized countries 
and its permissible level in drinking water is 0.05 
mg/L according to the standard of the world health 
organization, so its removal from industrial effluents 
is important5,6. Among the methods of removing 
organic pollutants from water and wastewater, 
biodegradation of wastewater by microorganisms 
has been considered, but due to benzene rings 
in aromatic hydrocarbons, the biological removal 
efficiency is severely reduced and microorganisms 
are not able to break these structures7,8. Therefore, 
in recent years, many researchers have focused on 
the use of modern advanced oxidation processes 
(AOPs)9. Among the various methods of this 
technique, the photocatalytic oxidation method using 
the nanophotocatalyst is a very effective method10,11. 
This method is done by irradiating ultraviolet radiation 
to the surface of a semiconductor such as ZnO and 
TiO2

12,13. These materials are excited by radiation 
and produce hole-electron pairs in the surface 
layers14,15. The resulting holes have strong oxidizing 
properties and electron is a good reducing agent; 
by producing hydroxide radicals, the degradation of 
pollutant organic molecules occurs16,17. Regarding 
the research on the use of nanophotocatalysts in 
the removal of naphthol, the following studies can 
be mentioned: Luo et al., studied and evaluated the 
catalytic degradation of β-Naphthol using Degussa 
P25; in their study, the effect of factors, e.g., pH, 
concentration of the reactant and catalyst dosage 
was assessed18. Lee et al., by hydrolysis of tetra 
isopropoxide (TTIP) at 100-600oC, produced TiO2 

nanoparticle and investigated the catalytic activity 
of this catalyst with activated carbon for degradation 
of β-Naphthol; the removal efficiency in this pollutant 
has been reported to be more than 90%19.  

	 Although several experimental studies 
carried out in recent years regarding the Total 
pollutant removal by using nanoparticles from 
aquatic solution there is still a significant gap in the 
relevant literature with reference to the investigation 
adsorption capabilities of the UV/ZnO for the removal 
of naphthalene from aquatic solution. To the best of 
the authors’ knowledge, there are almost no papers 
in the literature specifically devoted to a study of 
the application UV/ZnO reactor for the adsorption 
of naphthalene and the implementation of the 
design optimum process conditions in the removal 
naphthalene from aquatic solution.

EXPERIMENTAL

	 This research is an experimental study 
that was performed in a batch system and on a 
laboratory scale on synthetic solutions. Naphthalene 
was prepared from Merck & Co. Company. To do 
this, the stock solution of Naphthalene (1000 mg/L) 
was prepared weekly and stored in the dark at 4°C. 
The solutions with the desired concentrations were 
then prepared using the stock solution. Effect of 
parameters was studied in the pH values of 3, 5, 7, 
9 and 11, naphthalene concentrations 5, 10, 25, 50 
and 100 mg/L, the dose of zinc oxide nanoparticles 
in the range of 0.1, 0.2, 0.4, 0.6, 0.8 and 1 g/L, and 
ultraviolet lamp power (15 watts). In order to adjust 
the pH of the solution, 0.1 N sulfuric acid and sodium 
hydroxide were utilized. The experiments were 
performed in a 2-liter glass reactor with dimensions 
of 30 x 12 x 9 cm. The irradiation source was a 15 
watts low-pressure UVc lamp. The lamp was inside 
a very transparent quartz coating with a diameter of 
two centimeters. The lamp was placed in the center 
of the container and the reactor was completely 
covered with aluminum foil so that the sample could 
be better irradiated and the radiated light would not 
be wasted. Inside the reactor, a magnetic stirrer was 
used to completely mix the sample for irradiation. 
To remove the nanoparticles, the samples were 
centrifuged at 3600 rpm for 10 minute. The remaining 
naphthalene in solution was measured using GC 
With Flame Ionization Detector (company: Agilent 
USA. Model: GC7890-MS5975).

Method of analysis
	 The concentration of naphthalene was 
determined by gas chromatography (GC). To inject 
the sample into the GC, it is necessary to transfer 
the sample from the aqueous phase to the organic 
phase. For this purpose, 10 mL of the sample was 
first mixed with 2 mL of dichloromethane and the 
mixture was put on a stirrer. After half an hour, 
dichloromethane, which was heavier than the 
aqueous sample, was separated and this process 
was repeated 2 more times and finally, 6 mL of 
naphthalene-containing dichloromethane was gently 
heated to bring the volume to 1 mL (it should be 
noted that due to the high solubility of naphthalene 
in dichloromethane, it remains in the organic phase 
and does not transfer into the gaseous phase). 
Finally, the temperature setting of the device was 
as follows: the initial temperature of the oven stays 
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at 65oC for one minute; the injector temperature in 
the splitless mode is set at 200oC, and the detector 
temperature is set at 210oC. Finally, after preparing 
the sample and adjusting the device, one microliter 
of the sample was injected into the device.

RESULTS AND DISCUSSION

	 Scanning electron microscopy (SEM) and 
transmitting electron microscopy (TEM) have been 
employed for studying the phase and crystalline 
structure and determining the size and shape of 
zinc oxide nanoparticles. Fig. 1a shows the SEM 
image and Fig. 1b shows the TEM image of the 
zinc oxide nanoparticles used in this study. The 
results showed that zinc oxide particles have a 
diameter of 50 nm and the particles used are nano 
in size and crystalline. 

	 Figure 2 represents the X-ray diffraction 
pattern of ZnO. The diffraction peaks located at 
31.84o, 34.52o, 36.33o, 47.63o, 56.71o, 62.96o, 68.13o, 
and 69.18o have been keenly indexed as hexagonal 
wurtzite phase of ZnO.

	 The effect of contact time was shown in  
Fig. 3. As can be seen in this figure, with increasing 
the contact time, the removal percentage of 
naphthalene has enhanced, so that, for example, for 
the power of 15 watts, the removal efficiency was 
reached from 53% in 10 min to 96% in 60 minute. 
In this study, the removal efficiency was amplified 
with increasing contact time. However, the removal 
efficiency had the highest increase in the first 10 min 
of the process, and over time, the increasing trend 
of naphthalene removal efficiency was diminished. 
The rapid degradation of naphthalene contaminants 
in the first 10 min of the process can be attributed to 
free radicals generated by the electron excitation of 
zinc oxide nanoparticles20,21. Although the excitation 
process of zinc oxide nanoparticles and the 
production of hydroxyl free radicals did not decrease 
with increasing contact time, due to the formation 
of intermediate organic compounds caused by the 
degradation of naphthalene contaminants, some 
of the hydroxyl radicals produced were used to 
degrade these compounds22,23. As a result, the 
removal of naphthalene contaminants is reduced. 
These results are consistent with the research of 
other researchers24.

Effect of ZnO nanoparticle concentration
	 Figure 4 shows the effect of different 
concentrations of ZnO catalysts on the removal 
efficiency of naphthalene at pH = 3 and a 
concentration of 5 mg/L of naphthalene at irradiation 
time of 60 min for 15 watts. As can be seen in this 
figure, with increasing the dose of zinc oxide 
nanoparticles up to 0.8 g/L, the removal efficiency 
of naphthalene was enhanced and at higher doses, 
the efficiency was diminished. Initially, increasing 
the nanoparticle dose is led to an increase in the 
naphthalene removal efficiency, but the removal 
efficiency then decreased with increasing this 
amount. Therefore, the optimal value of 0.8 g/L 
was selected. The causes of this phenomenon 
are attributed to the increase in solution turbidity, 
reduction in UV-penetration, increase in path 
traveled by optical photons and decrease in the 
total excitable surface due to the contamination of 
the contaminant on the catalyst surface25,26.

Effect of naphthalene concentration
	 As shown in Fig. 5, the removal efficiency 
drops with increasing naphthalene concentration. 
This can be explained by the fact that increasing the 

Fig. 1. micrographs of ZnO nanoparticles (a) SEM (b) TEM

Fig. 2. XRD pattern of prepared ZnO nanoparticles
Effect of contact time 
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concentration of naphthalene reduces the number of 
active sites on the catalyst surface (due to their high 
concentration of contaminant molecules) and thus 
the rate of production of oxidants such as hydroxyl 
free radicals due to receiving UV-rays is reduced 
and therefore the reaction rate is also reduced27,28. 
As shown in the figure, at a concentration of 100 
mg/L, the amount of naphthalene removal after 60 
min is equal to 87%, while at a concentration of 25 
mg/L, this pollutant is completely eliminated after 
almost 30 hours.

research more than any other material due to 
its very good properties and is one of the most 
active catalysts. It can be said that only TiO2 can 
compete with it in terms of activity29. Some of 
the important properties that have caused this 
are chemical resistance, non-toxicity, cheapness 
and stability. Moreover, the energy gap between 
its levels is 3 to 3.2 electron volts, which can be 
excited by light with a wavelength shorter than 385 
nm. Unlike metals, which have a continuous space 
for moving because of free unbound electrons, 
semiconductors have an energy-free region, in 
which no energy levels are created to facilitate the 
recombination of the electron-hole pair created 
by light activation in semiconductor solids. This 
energy-free region, which must extend from the 
top of the valence band and the bottom of the 
conduction band (which contains the vacancies 
of the electrons), is called the band gap30,31.  

	 If the energy of an optical photon is 
equal to or greater than the band gap of a 
semiconductor, the absorption of this photon by 
the semiconductor solids will excite an electron 
(e-) from its valence band and transfer it to the 
conduction band. At this time, an electron vacancy 
or positive charge called a hole (h+) also occurs at 
the valence band. The pair of electrons and holes 
formed either recombine to produce heat energy 
or participate in redox reactions with compounds 
adsorbed on semiconductor surfaces.  Due to the 
need for UV-light to perform, this catalytic role 
refers to that photocatalyst32.

	 The wavelength of 380 nm causes the 
electron to be excited, and the oxygen in the 
solution accepts the excited electron. A positively 
charged holes remain and produce an OH0 radical 
by adsorbing OH- ions in the environment. The 
following reactions describe the production of 
hydroxyl radicals in titanium dioxide33:

ZnO → h+ + e-		  (1)
h+ + e- → heat		  (2)
H+ + OH- → OHo		  (3)  
          hv

H2O2 → 2OHo                 	 (4)

Reaction kinetics
	 Several factors may affect the quality of the 
reactions. Depending on the concentration of the 

Fig. 3. Effect of contact time (pH: 7, C0: 50 ppm, Dose: 0.8 g/L)

Fig. 4. Effect of ZnO dose (pH: 7, C0: 50 ppm, time: 60 min)

Fig. 5. Effect of concentration (pH: 7, ZnO dose: 50 ppm, 
time: 60 min)

Mechanisms of photocatalytic reactions
	 ZnO has been used for photocatalytic 
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CONCLUSION

	 To remove non-biodegradable contaminants, 
instead of employing conventional biological processes, 
high efficient and faster photocatalytic process can be 
used. The percentage of naphthalene removal with 
a concentration of 100 ppm at pH 0.1, 0.2, 0.4, 0.6 
and 0.8 after 60 min was obtained to be 76.1, 83.9, 
89.2, 92.1% and 93.8 respectively. By reducing the 
concentration of contaminants, the removal efficiency 
increases so that for a concentration of 25 ppm 
naphthalene, the complete removal of naphthalene 
was acquired after 60 minute. As the concentration of 
ZnO nanoparticles (established on it) increases, the 
percentage of contaminant removal increases. The 
rate constants at concentrations of 25, 50, 100 ppm 
were equal to 0.0289, 0.0257, 0.0174; it is observed 
that with decreasing concentration, the reaction rate 
also increases.
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Fig. 6. Schematic of photocatalytic degradation of 
naphthalene

contaminant on the reaction rate, a reaction can be 
zero, first and second order. Based on the kinetic 
models of photocatalytic processes, it is determined 
that this process is the first order, and the Langmuir-
Hinshelwood model is a kinetic model that is used to 
describe first order reactions at the interface between 
solid-liquid phases and its equation is as follows31:

R= dc/dt = Kr Ka C/(1+ Ka C)

	 In this regard, C, Ka, and Kr represents 
the initial concentration, adsorption constant and 
rate constant, respectively28. Kr in all concentrations 
examined is between zero and one. In concentrations 
of 25, 50 and 100 mg/L is equal to 0.0272, 0.0214 
and 0.0157 1/minute.

	 If the graph of (Ln (C0/Ce)) against time 
and changes of these parameters is displayed as 
a straight line, the slope of the line is equivalent 
to a constant rate of the first-order reaction. Fig.7 
shows the values of K and R2 for the photocatalytic 
degradation reaction of naphthalene under optimal 
conditions. As can be seen, the trend of concentration 
changes with time follows a first-order kinetic model 
and the effect of the concentration on the rate 
constant of reaction can be seen (increasing the 
initial concentration decreases the rate constant 
values of reaction).

Fig. 7. Langmuir-Hinshelwood model for degradation of 
naphthalene
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