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Abstract

:

The photocatalytic degradation of organic pollutants is an effective method of controlling environmental pollution. ZnO nanoparticles (ZnO NPs) were prepared by the solvothermal method and characterized by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and UV–visible diffuse reflectance spectroscopy (UV–Vis DRS). The results showed that the ZnO NPs had a uniform size of 25–40 nm, hexagonal wurtzite structure, and a band gap of 2.99 eV. The photocatalytic degradation of methyl orange (MO) and p-nitrophenol (PNP) was used as a model reaction to evaluate the photocatalytic activity of ZnO NPs. The photocatalytic degradation rates (pseudo-first-order kinetics) of MO and PNP were 92% (0.0128 min−1) and 56.2% (0.0042 min−1), respectively, with a 25 W ultraviolet lamp, MO/PNP concentration = 20 mg/L, ZnO NPs dose = 1.5 g/L, and time = 180 min. The photocatalytic mechanism of ZnO NPs and degradation pathways of MO and PNP were also proposed. The results provide valuable information and guidance for the treatment of wastewater via photocatalytic methods.
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1. Introduction


Energy and environmental issues are the two major limitations that restrict the sustainable development of humankind and have become a focus for all countries in the world. Photocatalytic technology has become an important technical means of solving energy and environmental problems worldwide because of its ability to directly use sunlight to drive the photolysis of water to produce hydrogen, perform organic synthesis, and degrade pollutants [1]. Photocatalytic technology has several advantages. Photocatalysis uses green solar energy and mild reaction conditions, it is easy to operate, it can effectively reduce the consumption of nonrenewable energy, and it generates less secondary pollution than traditional chemical processes. Additionally, the semiconductor catalyst itself is nontoxic and harmless, easy to obtain, and stable; it exhibits performance and recyclability and has other advantages [2].



At present, semiconductor photocatalysts mainly include TiO2, CdS, ZnS, and SiO2. Among them, TiO2 is the most widely used. However, traditional TiO2 photocatalysts have a very low sunlight utilization rate [2]. During photocatalysis, the electron–hole pair recombination rate generated by the representative TiO2 is high. The large-scale application of traditional photocatalysts in actual water treatment is uneconomical, and these disadvantages limit the development prospects of traditional TiO2 photocatalysts. However, ZnO, a new generation of direct band gap, wide-bandgap semiconductors, has a band gap of 3.37 eV, an exciton binding energy of 60 meV, and the advantages of simple preparation, high stability, and low cost [3]. ZnO is considered a suitable TiO2 substitute because its photodegradation mechanism has been proven to be similar to that of TiO2 [4]. According to reports, ZnO is sometimes more efficient than TiO2, and its effect on advanced oxidation of bleaching wastewater from pulp mills and photocatalytic oxidation of phenol is especially remarkable [5,6]. Moreover, ZnO has a direct band gap and band edge position similar to those of TiO2, and the electron mobility is 10–100 times higher than that of TiO2, thereby reducing the efficiency of electron transfer [7]. Therefore, ZnO has been indicated to have great potential in a wide range of photocatalysis and photoelectrochemical applications. The methods for regulating the growth of nanostructured ZnO mainly include hydrothermal synthesis, chemical vapour precipitation, and the sol-gel method [8,9,10]. Common methods of improving the photocatalytic activity of ZnO include doping metals and nonmetals, depositing precious metals, constructing heterojunctions, and coupling carbon materials [11]. Yunlong Zhou prepared nano-ZnO/bamboo charcoal composites, which had a photocatalytic activity of 92.3% for the degradation of methyl orange (MO) under UV light for 40 min [12]. Umar prepared ZnO balls that had a photocatalytic activity of 100% for the degradation of methylene blue (MB) under UV light over 70 min [13].



Although there are many methods of synthesizing ZnO nanomaterials, most of the synthesis methods have complicated steps, and some require surfactants or structure-directing agents to control the morphology during synthesis. Moreover, the photocatalytic performance of ZnO and its relationships to size and morphology are not very clear thus far. Pengfei Cheng synthesized sea urchin-like layered ZnO-TiO2 photocatalysts by a hydrothermal method. The ZnO-TiO2 photocatalyst is a 3D urchin-shaped TiO2 nanosphere with 1D ZnO nanospindles (UTZ) on the surface, ranging in diameter from 1.5 mm to 2.5 mm. The degradation rate of MO by the ZnO-TiO2 photocatalyst was up to 100% under UV lamp irradiation for 30 min [14]. Peng Zhang synthesized ZnO@C gemel hexagonal microrods with thin hydrothermal carbon (HTC) layers by a hydrothermal method. The rate of degradation of ZnO@C to MB was close to 100% within 40 min under UV lamp irradiation [15]. Rashidi synthesized ZnO nanostructures by a solvothermal (ethanol) method using molybdate phosphoric acid. When the conditions were changed, 100 nm nanoparticles and 250 nm microrod structures were synthesized. These particles showed high performance in the photocatalytic degradation of MO and decolorized by almost 100% in only 20 min [16,17].



Therefore, in this work, a simple solvothermal synthesis method without the introduction of surfactants and agents was used to prepare small ZnO NPs with a sphere-like morphology and a large visible response edge of 415 nm. The specific objectives were (1) to prepare ZnO NPs via a solvothermal method, (2) to evaluate the photocatalytic activity of ZnO NPs by degradation of MO and p-nitrophenol (PNP), and (3) to propose the photocatalytic mechanism of ZnO NPs and degradation pathways of MO and PNP.




2. Experimental


2.1. Reagents and Materials


Dihydrate and zinc acetate (Zn(AC)2·2H2O), sodium hydroxide (NaOH), ethanol (C2H6O), and methyl orange (C14H14N3NaO3S, MO) were purchased from Sinopharm Chemical Reagent Co., Ltd. P-nitrophenol (PNP) was purchased from Tianjin Damao Chemical Reagent Co., Ltd. All of these reagents were of AR grade and used without further purification. Deionized water was used to prepare all the solutions.




2.2. Preparation of ZnO NPs


ZnO NPs were prepared by the solvothermal method as follows: 0.22 g Zn(AC)2·2H2O and 0.064 g NaOH were added to 80 mL ethanol, and the mixture was magnetically stirred at 80 °C for 2 h. A white precipitate gradually formed. The mixture was directly transferred to a 100 mL Teflon autoclave, sealed and stored at 180 °C for 12 h. After the reaction, the autoclave was cooled naturally to room temperature. The mixture was centrifuged and washed with deionized water and ethanol for more than 5 times. The solid precipitates were dried for 3 h in a high-temperature oven at 80 °C, calcined for 2 h in a muffle furnace at 400 °C, cooled to room temperature, and ground to obtain ZnO NPs. Figure 1 shows the preparation process of ZnO NPs.




2.3. Characterization of ZnO NPs


Scanning electron microscopy (SEM) images with energy dispersive spectroscopy (EDS) were obtained on a QUANTA Q400 thermal-field emission scanning electron microscope and used to determine the morphology and aggregation status of the prepared ZnO NPs.



X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) and used to determine the crystal structure and phase composition of the prepared ZnO NPs.



X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo ESCALAB 250Xi system with an Al Kα X-ray source. All of the binding energies were referenced to the C 1s peak at 284.8 eV, which corresponded to the surface adventitious carbon.



Absorption spectra were obtained by UV–visible diffuse reflectance spectroscopy (UV-3600) using BaSO4 as a reference.




2.4. Photocatalytic Activity Test


The photocatalytic activity of ZnO NPs was monitored by the degradation of MO/PNP in aqueous solution. In all photocatalytic experiments, an appropriate amount of photocatalyst was added to 50 mL of MO/PNP solution at a concentration of 20 mg/L. The samples were placed in a photocatalytic reaction apparatus and stirred magnetically in a dark room for 30 min to ensure adsorption balance. A 25 W ultraviolet lamp was used as the light source, and 1.5 mL equal samples were taken every 30 min to remove the particles by centrifugation. The absorbance of the filtrate was recorded on a TU-1900 ultraviolet spectrophotometer, on which the absorbance of MO was recorded at λ = 464 nm and that of PNP was recorded at λ = 317 nm. Finally, the filtrate was analysed. According to the relationship between the absorbance and concentration, the concentration of MO was calculated according to the Beer–Lambert Law, and the removal rate (RR) was calculated as follows:


RR = (C0 − Ct)/C0 × 100%








where C0 is the initial concentration of MO/PNP in water in mg/L, and Ct is the mass concentration of MO/PNP in water when the reaction time is t (min) in mg/L.





3. Results and Discussion


3.1. Characterization of ZnO NPs


Morphology analysis: the morphology and structure of the obtained ZnO were characterized by SEM. Figure 2 shows that the diameter of ZnO NPs was approximately 25–40 nm. The grown nanoparticles were almost spherical. The particle size was relatively uniform, while the structure between the particles was loose, and there were many voids. This loose structure composed of nanoparticles is conducive to improving the photocatalytic performance of the material [18].



XRD pattern analysis: Figure 3a shows the XRD patterns of the ZnO NPs, which are consistent with the data in PDF no. 01-070-8070. The crystal structure and phase purity of the sample are demonstrated. The diffraction peaks at 2θ = 31.8°, 34.4°, 36.3°, 47.6°, 56.6°, 62.9°, 66.4°, 68.0°, 69.1°, and 72.6° correspond to the (100), (002), (101), (102), (110), (103), (200), (112), (201), and (004) crystallographic planes, respectively. The sharp peaks imply a well-crystallized ZnO material. No additional impurity peaks were detected, indicating the high purity of the ZnO NPs. In this pattern, all the detectable peaks can be attributed to the hexagonal wurtzite structure. The grain size of ZnO NPs can be calculated by the Scherrer equation:


D = Kλ/(cosθ·B1/2)








where D is the grain size of the nanomaterial; K is the Scherrer constant of the diffraction peak; the value of ZnO was equal to 0.89; λ is the wavelength of X-ray, 0.15418 nm; θ is Bragg diffraction Angle; and B1/2 is half the width of the diffraction peak [19]. According to the crystal plane of anatase (101) corresponding to ZnO NPs at 36.3°, the grain size of ZnO NPs is calculated as 0.1696 nm. The grain size of 0.1696 nm is too small compared with the ZnO NPs particles obtained by SEM image (25–40 nm). This is due to the size of ZnO NPs from the SEM images being the agglomerates of unit cells (0.1696 nm from XRD).



Element composition: the EDS analysis results are shown in Figure 3b and Table 1. The ZnO NPs prepared by the solvothermal synthesis method only contained Zn and O and did not contain other impurities. The relative weight percentages of Zn and O in the ZnO NPs were 84.27% and 15.73%, respectively, and the atomic percentages were 56.74 and 43.26%, respectively. XPS was used to analyse the chemical state and elemental composition of the ZnO NPs, and the results are shown in Figure 4. The percentages of O and Zn atoms in the ZnO NPs were 39.16% and 41.28%, respectively, which is close to a 1:1 ratio. As shown in Figure 4b, the Zn 2p spectrum of ZnO has two peaks at 1044.7 and 1021.5 eV, and the binding energy interval between these two lines is 23.2 eV, which is within the standard reference value range of the ZnO wurtzite structure. This result indicates that Zn ions are present in the normal Zn2+ valence state in the nanocomposites [20]. As shown in Figure 4c, the O 1s spectrum of ZnO has two peaks at 531.4 and 529.9 eV. The main peak at 529.9 eV is related to the lattice oxygen species (O2−) in the Zn-O bond of the wurtzite structure, while the main peak at 531.4 eV is related to the chemically adsorbed oxygen species (OH−). The relative surface hydroxyl content is 1.07. The C 1s spectrum of ZnO in Figure 4d has three peaks at 284.6 eV, 286.2 eV, and 288.6 eV, as does the standard C 1s spectrum that shows (C-C), (C=O), and (O-C=O) bonds. There is no XPS signal corresponding to the Zn-C bond in the Zn 2p orbital or the C 1s orbital (approximately 281 eV), indicating that carbon is not doped in the ZnO NPs [21,22].



UV–Vis DRS: Figure 5 shows the UV–Vis absorption spectra of the prepared ZnO NPs. ZnO has a strong response to UV light at wavelengths of less than 390 nm but has a low response in the visible light range at wavelengths of more than 390 nm. The spectra display sharp, fundamental absorption in the ultraviolet–visible region with a band-gap absorption edge of 415 nm, which can be assigned to the intrinsic band-gap absorption of ZnO due to the electronic transition from the valance band to the conduction band. According to the equation Eg = hc/λ = 1240/λ (where h is the Planck constant (4.13566743 × 10−15 eV·s), c is the light velocity (3 × 108 m/s) and λ is the wavelength), the energy gap of ZnO NPs is 2.99 eV [23].




3.2. Photocatalytic Activity and Degradation Kinetics of ZnO NPs


The photocatalytic activity of ZnO NPs was evaluated by detecting the degradation of MO and PNP in aqueous solution under UV lamp irradiation. Figure 6a shows the photocatalytic degradation results of MO in the presence of ZnO. The amount of catalyst is a very important factor in photocatalytic oxidation [24]. The mass concentration of MO was fixed at 20 mg/L, and the dose of ZnO was changed to compare the influence on the degradation rate of MO after 180 min, as shown in Figure 6a. The blank experiment without added catalyst showed that the degradation rate had no obvious change after reaction for 180 min. The photodegradation rate of MO increased with an increasing ZnO dose in the range of 0.2–1.5 g/L. When the catalyst concentration was 2.0 g/L, the photodegradation rate of MO decreased with an increasing catalyst amount. Figure 6b shows the photocatalytic degradation of PNP in the presence of ZnO. The mass concentration of PNP was fixed at 20 mg/L, and the dose of ZnO was changed to compare the influence of the ZnO dose on the degradation rate of PNP after 180 min, as shown in Figure 6b. The blank experiment without catalyst showed that the degradation rate had no obvious change after reaction for 180 min. The photodegradation rate of PNP increased with an increasing ZnO dose in the range of 0.2–1.5 g/L. When the catalyst dose was 2.0 g/L, the photodegradation rate of PNP decreased with an increasing catalyst amount.



These results indicate that when the amount of catalyst is small, the concentration of catalyst in the reaction system is small, the adsorption capacity of the degraded material is weak, and the ultraviolet light of the system cannot be fully utilized. Therefore, the photocatalytic activity is poor, and the rate of pollutant degradation is low. With the increase in the amount of catalyst, the amount of adsorption on the degraded materials increases, and the number of electron–hole pairs generated by ZnO increases, which is beneficial for improving the photocatalytic activity of ZnO in the photocatalytic reaction — and the degradation rate of pollutants increases. However, when there is too much catalyst, the turbidity of the solution increases and the transmittance decreases, and the ZnO NPs cause the reflection of incident light, which affects the utilization rate of the light source; the number of electron–hole pairs decrease, leading to the photocatalytic activity of the catalyst and the degradation rate of pollutants.



In this paper, the pseudo-first-order and pseudo-second-order kinetics models were used to evaluate the degradation kinetics of MO and PNP with different doses of ZnO NPs [25]. The kinetics equations were as follows:


ln(Ct/C0) = −k1′appt + b1










1/Ct = −k2′appt + b2








where k1′app and k2′app are the degradation kinetic constants of the pseudo-first-order kinetics model and pseudo-second-order kinetics model, C0 is the initial concentration of MP and PNP (mg/L), Ct is the actual concentration of MO and PNP (mg/L) at a certain reaction time t (min), b1 and b2 are the constants for the pseudo-first-order kinetics model and pseudo-second-order kinetics model.



Figure 7 and Table 2 showed the photocatalytic degradation kinetics results of MO and PNP using ZnO NPs as a photocatalyst. The results indicated both the pseudo-first-order kinetics model and pseudo-second-order kinetics model were not represented in the photocatalytic degradation behaviours of MO and PNP using ZnO NPs as a photocatalyst. The maximum values of kinetics were 0.0128 min−1 (MO, pseudo-first-order kinetics, ZnO dose = 1.5 g/L), 0.0049 (mg/L)−1·min−1 (MO, pseudo-second-order kinetics, ZnO dose = 1.5 g/L), 0.0042 min−1 (PNP, pseudo-first-order kinetics, ZnO dose = 1.5 g/L), and 0.0004 (mg/L)−1·min−1 (PNP, pseudo-second-order kinetics, ZnO dose = 1.5 g/L), respectively.



In this experiment, the ZnO NPs showed good photocatalytic stability. The photocatalytic degradation rate of MO decreased from 92% to >80%, and the degradation rate of PNP decreased from 56.2% to >50% after 5 times of reuse, with ZnO dose = 1.5 g/L.




3.3. Photocatalytic Mechanism of ZnO NPs


The band structure of the ZnO NPs consists of a low-energy valence band filled with electrons and a high-energy conduction band not filled with electrons, and there are gaps between the valence band and conduction band. When the ZnO photocatalyst is irradiated by light with an energy greater than or equal to the band gap, the electron absorption energy in the valence band is excited to transition to the conduction band, and the corresponding holes are generated in the valence band, forming electron–hole pairs [26,27,28]. The electron–hole pair migrates to the particle surface under the action of a space electric field. The hole can react with H2O and OH- to generate the hydroxyl radical ·OH, and the electron can react with O2 to generate the superoxide radical ·O2−. ·OH and ·O2− are the key reactive oxygen species (ROS) in the photocatalytic progress of ZnO NPs. These ROS (·OH and O2−) have strong oxidation abilities and can react with organic pollutants. The pollutant then degrades into CO2, H2O, and other substances [29]. Figure 8 illustrates the entire process clearly. The specific reaction process is shown in the following equations:


ZnO + Irradiation → ZnO (e− + h+)










H2O/OH− + h+ → ·OH










O2 + e− → ·O2−










MO/PNP + ROS → H2O + CO2












3.4. Degradation Pathways of MO and PNP


The MO oxidation reaction is divided into three stages: the first is the cleavage of the azo bond, which leads to the formation of aromatic intermediate products with conjugated structures, such as 2,5-nitrophenol, PNP, hydroquinone, and quinone. The sulfonic acid is simultaneously reduced to sulfinic acid. This process can be summarized as bond-breaking oxidation. The second stage is the ring-opening of the aromatic intermediates, which produces various short-chain carboxylic acids, and some intermediates lose amine groups and add a hydroxyl group to the benzene ring [30]. The final stage is the complete oxidation process, where organic matter is completely oxidized to CO2, H2O, and other small molecules by superoxide radicals [31]. Figure 9 shows the possible degradation pathway of MO. In the first stage, the N=N azo bond is broken to form an HN-NH single bond. The second stage is demethylation, in which a -CH3 group is removed from the N. The third stage is the breaking of the HN-NH single bond, and all the methyl groups on the right side of the molecule fall off and become phenolic organic compounds. Finally, all of these small organic acids are mineralized into H2O and CO2 under the action of superoxide free radicals.



The degradation path of PNP is as follows: the electron–hole pair generated by the excitation of ZnO has a strong oxidizing effect on free radicals. The initial step of degradation is the electrophilic addition of hydroxyl radicals to the matrix to generate p-nitrogen. The catechol, benzoquinone, and nitrogen-containing compounds, and some of the nitro groups (-NO2) in PNP are reduced to amino groups (-NH2). The subsequent hydroxylation of the oxidation byproducts produces polyhydroxy cyclic compounds, such as pyrogallol and 2,3-dihydroxy-1,4-benzoquinone. These compounds have low stability and therefore undergo oxidative ring-opening reactions to form unsaturated dibasic acids. A further decarboxylation reaction leads to the release of carbon dioxide and shortens the carbon chain, and finally, these small acidic molecules are converted into CO2 and H2O [32]. Figure 10 shows three possible degradation pathways of PNP. First, PNP loses nitro groups (-NO3) to form phenol, which then undergoes ring-opening to form oxalic acid under the action of superoxide radicals. In the second pathway, hydroxyl groups replace the nitro groups (-NO3) on the PNP to form hydroquinone, which is then oxidized by carbonylation under the action of superoxide radicals to form p-benzoquinone, and finally, the ring is opened to form oxalic acid. The third pathway is the addition of -OH to the hydroxyl ortho of PNP and subsequent removal of the nitro groups (-NO3) under the action of superoxide radicals; finally, the ring is opened to form oxalic acid. Eventually, oxalic acid is completely mineralized into H2O and CO2 by the superoxide radicals.




3.5. Environmental Impact


As a semiconductor photocatalyst with excellent properties, nano-ZnO has been widely studied by researchers in the fields of materials, catalysis, energy environment, and optics. Moreover, ZnO nanostructures with different morphologies have different physical and chemical properties, and the effects of applying them to photocatalytic degradation of pollutants are also different. The ZnO NPs prepared in this article are simple to prepare, and it is also easy to obtain the materials used in preparation. No surfactant or structure-directing agent is introduced, and the whole preparation process is relatively environmentally friendly. The ZnO NPs prepared in this paper have high photocatalytic performance. The photocatalytic degradation rates of MO and PNP can reach 96% and 60.9% in 180 min, respectively, and have good degradation effects. Table 3 and Table 4 summarize the degradation effects of the different photocatalysts on MO and PNP.





4. Conclusions


In summary, this article describes a simple solvothermal method of preparing ZnO NP photocatalysts with spherical morphology and excellent performance. The preparation method is simple, the materials used for preparation are easy to obtain, no surfactant or structure directing agent is introduced, and the whole preparation process is relatively environmentally friendly. According to the SEM images, the size of the ZnO NPs was uniform, with a diameter of approximately 25–40 nm. Under ultraviolet light irradiation, both MO and PNP showed higher degradation efficiency in aqueous solution. This study also investigated the effects of different doses on the photocatalytic activity and explained the photocatalytic mechanism of ZnO and the degradation pathways of two organic pollutants. The maximum values of kinetics were 0.0128 min−1 (MO, pseudo-first-order kinetics, ZnO dose = 1.5 g/L), 0.0049 (mg/L)−1·min−1 (MO, pseudo-second-order kinetics, ZnO dose = 1.5 g/L), 0.0042 min−1 (PNP, pseudo-first-order kinetics, ZnO dose = 1.5 g/L) and 0.0004 (mg/L)−1·min−1 (PNP, pseudo-second-order kinetics, ZnO dose = 1.5 g/L), respectively. Therefore, ZnO NPs have great potential in the field of wastewater treatment. They can be used as photocatalysts to remove MO and PNP and solve environmental problems.
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Figure 1. Preparation of ZnO NPs. 
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Figure 2. SEM images of ZnO NPs. (a) agglomeration, (b) nano-particles. 
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Figure 3. XRD patterns (a) and EDS (b) of ZnO NPs. 
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Figure 4. XPS spectra of ZnO NPs (a), Zn 2p (b), O 1s (c) and C 1s (d). 
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Figure 5. UV–Vis DRS of ZnO NPs. 
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Figure 6. Effect of ZnO NPs dose on the photocatalytic degradation of MO (a) and PNP (b). 
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Figure 7. Pseudo-first-order kinetics model and pseudo-second-order kinetics model of MO (a,b) and PNP (c,d) using ZnO NPs. 
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Figure 8. Photocatalytic mechanism of ZnO NPs. 
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Figure 9. Degradation pathway of MO. 






Figure 9. Degradation pathway of MO.



[image: Water 13 03224 g009]







[image: Water 13 03224 g010 550] 





Figure 10. Degradation pathway of MO. 
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Table 1. Elementary composition of ZnO NPs according to EDS and XPS.
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	ZnO NPs
	At% from EDS
	At% from XPS





	Zn
	56.74
	41.28



	O
	43.26
	39.16



	C
	
	19.55



	Zn/O atomic ratio
	1.31
	1.05
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Table 2. Pseudo-first-order and pseudo-second-order kinetics of MO and PNP using ZnO NPs.
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Pollutant

	
ZnO NPs Dose

(g/L)

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
k1′app

(min−1)

	
R2

	
k2′app

((mg/L)−1·min−1)

	
R2






	
MO

	
0

	
0.0005

	
0.8131

	
0.00003

	
0.8129




	
0.2

	
0.0077

	
0.9454

	
0.0010

	
0.8935




	
0.5

	
0.0070

	
0.9444

	
0.0009

	
0.9028




	
1.0

	
0.0082

	
0.9688

	
0.0017

	
0.9268




	
1.5

	
0.0128

	
0.8966

	
0.0049

	
0.6219




	
2.0

	
0.0096

	
0.8109

	
0.0026

	
0.5965




	
PNP

	
0

	
0.0001

	
0.6120

	
0.000006

	
0.6114




	
0.5

	
0.0033

	
0.9218

	
0.0003

	
0.9206




	
0.7

	
0.0028

	
0.9838

	
0.0002

	
0.9889




	
1.0

	
0.0029

	
0.9230

	
0.0002

	
0.9206




	
1.5

	
0.0042

	
0.9788

	
0.0004

	
0.9534




	
2.0

	
0.0029

	
0.9804

	
0.0002

	
0.9575
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Table 3. Summary of the degradation of MO by different photocatalysts.
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	Catalysts
	Preparation
	Light
	Time
	Photocatalytic Activity
	References





	ZnO NPs
	solvothermal
	UV
	180 min
	92%
	This work



	ZnO balls
	biosynthesis
	solar irradiation
	100 min
	100%
	[33]



	leaf-like ZnO
	microwave heating
	1000 W, Xe lamp
	60 min
	69.5%
	[34]



	pseudo-spherical ZnO
	precipitation
	300 W, mercury lamp
	120 min
	50%
	[35]



	ZnO/bamboo charcoal
	precipitation
	UV
	40 min
	92.3%
	[12]



	Fe3O4/ZnO-GO
	chemical
	300 W,

Xe lamp
	30 min
	93%
	[36]



	TiO2/g-C3N4/MoS2
	solvothermal
	Xe lamp
	60 min
	96.5%
	[37]



	TiO2/biochar composite
	hydrolysis
	500 W,

Hg lamp
	160 min
	96.88%
	[38]



	Cd-doped WO3@g-C3N4
	metal-doped
	300 W,

Xe lamp
	80 min
	42.90%
	[39]



	Au/TiO2 nanoparticles
	microwave-polyol
	UV
	20 min
	96%
	[40]
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Table 4. Summary of the degradation of PNP with different photocatalysts.
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	Catalysts
	Preparation
	Light
	Time
	Photocatalytic Activity
	References





	ZnO NPs
	solvothermal
	UV
	180 min
	56.2%
	This work



	ZnO
	biologically
	UV
	480 min
	82.5%
	[41]



	TiO2-hydroxyapatite
	reflux method
	UV
	660 min
	100%
	[42]



	SnO2-rGO
	photochemical
	UV
	80 min
	95.6%
	[43]



	La-ZnO
	hydrothermal
	UV
	150 min
	92%
	[44]



	Self-assembled carbon nitride
	template-free
	500 W,

Hg lamp
	80 min
	90%
	[45]



	g-C3N4@H/SMOF NCs
	sonochemical
	Visible light
	120 min
	75%
	[46]
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