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Abstract 15 

Plants are rich sources of antioxidant compounds including phenols and flavonoids. These 16 

antioxidants are crucial elements in diet and protect the body against oxidative stress. In this 17 

study, antioxidant activity of the phenolic compounds and flavonoids of mistletoe (Viscum 18 

album), as a substituent for synthetic antioxidants, was quantitively investigated. The plant 19 

alcoholic (ethanol) extract was used for biosynthesis of the ZnO/SnO2 composite nanoparticles 20 

that were employed for photodegradation of three organic pollutants (Congo red (CR), Biphenyl 21 

A (BPA), and tetracycline (TC)) under solar light. The photodegradation tests were performed 22 

considering the effect of pH, photocatalyst dosage, temperature, and initial concentration of the 23 

pollutants. The obtained data were analyzed by a Pseudo-first-order kinetic model. The most 24 

optimum conditions for photodegradation of the organic pollutants were found to be: 5 mg/l 25 

initial pollutant concentration, 0.5 g/l photocatalyst dosage, and acidic pH. The reusability test 26 

implied that the nanoparticles remain stable and can perform well even after 4 cycles of reuse.     27 

Conclusively, Viscum album extract offers promising antioxidant properties and allows for 28 

biosynthesis of the composite nanoparticles that can optimally photodegrade organic pollutants 29 

of wastewater under solar light. 30 

31 

Keywords: antioxidants, Viscum album, photocatalytic degradation, biosynthesis, composite 32 

nanoparticles. 33 
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1. Introduction 35 

Rapid urbanization and industrialization across the world have led to vast environmental 36 

pollution, threatening the health of human kind. Human activities result in the release of over 37 

300 million tons of organic and toxic pollutants into water streams each year, thereby 38 

endangering the health of human being and other creatures [1]. Due to the growing concern 39 

about the presence of organic pollutants in water, quality control against hazardous pollutants has 40 

become more stringent in many countries [2]. In addition, many new uncontrollable organic 41 

pollutants are continuously discharged into the environment [3], and can be found even in the 42 

drinking water. Therefore, development of novel, environmentally friendly methods to eliminate 43 

such organic pollutants is of utmost importance. In this regard, advanced and cost-effective 44 

technologies are required to remove these contaminants from wastewater [4]. Advanced 45 

Oxidation Processes (AOPs) are of the recommended technologies for the removal of a wide 46 

range of resistant and non-biodegradable organic pollutants. These processes can be also used as 47 

a pre-treatment method to increase the biodegradability of wastewater pollutants. Organic 48 

pollutants are mainly degraded by the hydroxyl radicals generated during the AOPs, that are 49 

highly reactive and selectively degrade almost all organic matters in water [5, 6]. As a well-50 

known AOP, photodegradation involves the use of photocatalysts such as ZnO nanoparticles. 51 

This type of photocatalyst has been widely used for photodegradation of organic pollutants, 52 

mainly due to its non-toxicity, optimum electronic and catalytic properties, chemical stability, 53 

and the ability to transform solar energy to chemical energy for water treatment [7]. The use of 54 

ZnO nanoparticles has been widely reported due to its wide energy gap and higher efficiency in 55 

electron production, leading to photogeneration of holes for the efficient treatment of organic 56 

pollutants [8, 9]. However, due to rapid recombination of charge carriers, the photocatalytic 57 

activity of ZnO is limited. To address this problem, ZnO is typically coupled with other 58 

semiconductor materials, thereby lowering the electron-hole recombinant rate and increasing its 59 

photocatalytic efficiency [10]. The simultaneous use of two semiconductors such as TiO2 – ZnO 60 

[11], ZnO-CuS [12], ZnO -WO3 [13], and ZnO-CdS [14]  has been already studied. Among the 61 

studied metal oxides, tin dioxide (SnO2) has been shown to be a better electron receptor than 62 

ZnO due to its more positive conduction edge [15]. When coupled, it might reduce the electron-63 

hole recombination rate of ZnO and thus improve its photocatalytic activity [16, 17].  64 
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ZnO based photocatalytic nanocomposites have been traditionally produced through 65 

synthetic approaches involving the potentially hazardous chemicals. For instance, ZnO–Mg [18], 66 

Co3O4–ZnO [19], CuO/ZnO [20], CeO2–ZnO [21], ZnO–SnO2 [22], WO3/SnO2, TiO2/SnO2 [23], 67 

V2O5/ZnO, and ZnO/γ-Mn2O3 nanocomposites [24, 25] have been synthesized through thermal 68 

decomposition, sol-gel, and hydrothermal method. To avoid the adverse consequences of the use 69 

of chemicals, in the recent years, nanocomposite photocatalysts have been innovatively created 70 

by employing the environmentally friendly, green materials [26]. Particularly, ZnO nanoparticles 71 

have been recently biosynthesized by implementation of fungi, bacteria, plants, algae, among 72 

others. Among the mentioned bioreactors, plant extracts are highly favorable due to their 73 

negligible toxicity, low cost, and controllability of structural properties of the biosynthesized 74 

nanoparticles, thus assuring larger economic and ecological benefits [26]. Plant extracts contain 75 

various phytochemicals such as polyphenolic and flavonoids which can reduce metal cations to 76 

zerovalent metal nanoparticles and inhibit their agglomeration. In this regard, the extract of 77 

several plants such as Eucalyptus globulus [27], Carica papaya[28], Nephelium lappaceum L 78 

[29], Lycopersicon esculentum [30], and Corymbia citriodora [31] has been already studied for 79 

the purpose of biosynthesis of ZnO nanoparticles. 80 

For the first time, in the current study, we employ the extract of a particular species of 81 

mistletoe called as Viscum album L for biosynthesis of the ZnO-SnO2 nanocomposite 82 

nanoparticles. Viscum album L, is one of the evergreen and semi-parasitic plants that grows on 83 

different host trees, especially on deciduous trees [32]. This plant is used to treat and prevent 84 

various diseases such as diabetes, atherosclerosis, stroke, and hypertension [33]. It shows 85 

antiviral, antibacterial, and anti-cancer activities, and thus is widely used as an antioxidant and 86 

an immune system regulator [34]. The Viscum album extract has been utilized to lower the 87 

harmful, mutagenic effects of the radiation-induced oxygen free radicals produced during 88 

radiotherapy and chemotherapy [34]. Originating from its phenolic compounds and flavonoids, 89 

in this study, the antioxidant activity of Viscum album’s alcoholic extracts will be quantified. 90 

Subsequently, the alcoholic extracts will be used in the biosynthesis of the ZnO/SnO2 composite 91 

nanoparticles that will be later employed for the purpose of photodegradation of Congo red (CR), 92 

Biphenyl A (BPA), and tetracycline (TC). 93 

 94 

2. Materials and methods 95 
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2.1.Preparation of plant samples 96 

Vegetative tissues of Viscum album were collected from adult stands of different hosts in 97 

Birjand, Iran. The samples were dried and ground, and their extracts were obtained using a 98 

soxhlet extraction apparatus (Electro Thermal, UK). To do so, 50 g of the Viscum album powder 99 

was placed in the soxhlet extraction device and then 500 ml of ethanol, methanol, and acetone 100 

were added separately. After 2 h, the extracts corresponding to each alcoholic solvent were 101 

separated by centrifugation at 1500 rpm for 15 min and kept in a fridge at 4 ° C. 102 

 103 

2.2. Measurement of the phenol content 104 

The Folin-Ciocalteu reagent was applied to evaluate the total amount of phenol. To do so, 105 

5 ml of the Folin-Ciocalteu reagent was added to the extract and the obtained solution was 106 

diluted with distilled water and stored in the dark. In the next step, 4 ml of sodium carbonate 107 

(Na2CO3) was added to the solution and placed in a bain-marie bath in the dark. The phenol 108 

concentration was measured by a spectrophotometer at the wavelength of 760 nm. To prepare the 109 

standard calibration curve, different concentrations of gallic acid (0, 50, 100, 150, 200, and 250 110 

mg/l) were prepared and their corresponding light absorption intensity was determined [35].  111 

 112 

2.3. Measurement of the flavonoid content 113 

Initially, 0.1 ml of aluminum chloride (AlCl₃) (10%) and potassium acetate (CH3CO2K 114 

1M) were mixed with 2.8 ml of deionized water. In the next step, 0.5 ml of each extract solution 115 

was mixed with 1.5 ml of ethanol (96%) and kept at the ambient  temperature for 30 min. Then, 116 

the absorbance of each compound was calculated at the wavelength of 415 nm by a 117 

spectrophotometer. The standard calibration curve was plotted based on different concentrations 118 

of quercetin and the amount of flavonoids equivalent to quercetin per mg of each extract was 119 

measured. 120 

 121 

2.4. Measurement of antioxidant activity 122 

First, 3×10-4 DPPH (diphenylpicrylic hydrazyl, 95%) was added to 2.5 ml of the extract 123 

ethanol solution. The as-prepared solution was then shaken vigorously for 30 min in the dark at 124 

room temperature. Eventually, the absorption intensities were measured at the wavelength of 515 125 
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nm. The percentage of the entrapped DPPH free radicals, representing antioxidant activity, was 126 

calculated using the following equation (1): 127 

                                       𝐼% = [(𝐴𝑏𝑙𝑎𝑛𝑘 − 𝐴𝑠𝑎𝑚𝑝𝑙𝑒) 𝐴𝑏𝑙𝑎𝑛𝑘⁄ ] × 100                                     (1) 128 

A blank: Absorption of the control sample (without the plant extract) 129 

A sample: Sample absorption 130 

 131 

2.5. Synthesis of the ZnO nanoparticles 132 

To prepare the ZnO nanoparticles, first, 1 mM zinc nitrate [Zn (NO3)2.6H2O] (with chemical 133 

purity of 98%) was dissolved in 50 ml of distilled water and stirred for 1 h. Afterwards, 20 ml of 134 

NaOH (96%) solution was added dropwise to the zinc nitrate solution. Eventually, 26 ml of the 135 

Viscum album extract was included in the final solution that was later stirred for 3 h until it 136 

turned yellowish, indicating the formation of the ZnO nanoparticles. The resulting precipitate 137 

was centrifuged at 8000 rpm for 15 min and then dried at 70 ° C for 4 h [36].  138 

 139 

2.6. Synthesis of the SnO2 nanoparticles 140 

For the preparation of the SnO2 nanoparticles, 2 g of tin chloride (SnCl2 2H2O, 98%) was 141 

added to 43 ml of the Viscum album extract solution. The as-prepared solutions were placed in a 142 

water bath at 60 ° C, and subsequently calcined for 60 min at 400 ° C. At the end, a dark gray 143 

material remained which was eventually pulverized [37].  144 

  145 

2.7. Synthesis of the ZnO/SnO2 nanoparticles 146 

To prepare the ZnO-SnO2 composite nanoparticles  with a 1:1 molar ratio, 0.1 ml of zinc 147 

nitrate [Zn(NO3) 2.6H2O, 98%] was mixed with 50 ml of the Viscum album alcoholic extract and 148 

then 1 ml of NaOH was added dropwise to the solution to adjust the pH at 7. After stirring for 2 149 

h, 100 ml of 0.02 M tin chloride [SnCl2. 2H2O, 98%] was added to the solution and stirred for 150 

another 2 h at 80 °C. The final solution was then centrifuged and the washed with distilled water 151 

and ethanol, and dried in an oven at 80 °C for 4 h. Eventually, the nanoparticles were calcined at 152 

800 °C for 1 h [22].  153 

 154 

2.8. Characterization of the composite nanoparticles 155 
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The crystalline structure of the nanoparticles was determined by X-ray diffraction Rigaku 156 

MiniFlex 600 (XRD) using Cu-Kα radiation (λ = 0.15418 nm). Fourier transform infrared 157 

(FTIR) spectra of the composite nanoparticles were determined by scanning at 400–4000 cm−1 158 

(Shimadzo, FT_IR1650 spectrophotometer, Japan). Elemental analysis was carried out using an 159 

energy dispersive X-ray spectrometer (EDS) coupled with FESEM. The UV-Vis (DRS) spectra 160 

of the samples were determined by a UV-Vis spectrophotometer (Shimadzu, UV-2550, Japan). 161 

The morphology of the nanoparticles was monitored using a Field Emission Scanning Electron 162 

Microscopy (FESEM) (TE-SCAN, MIRA3 FESEM model). Particle size distribution of the 163 

nanoparticles was determined via Dynamic Light Scattering (DLS) using Zetasizer 3000HS. X-164 

ray photoelectron spectroscopy was performed using (XPS VG, Esca Microprob 2000 quantum 165 

physical electrons, using Al Ka radiation) to chemically analyze the samples. The size and 166 

structure of the nanoparticles were precisely characterized via the TEM analysis (Philips 167 

EM208S 100KV).  168 

 169 

2.9. Photocatalytic degradation experiments 170 

Photocatalytic activity the composite nanoparticles was employed for the purpose of 171 

degradation of Congo red (CR), Bisphenol A (BPA), and tetracycline (TC). To do so, a 350 W 172 

xenon lamp (λ> 420 nm) with the intensity of 34.8mW cm−2 was used as the solar light simulator 173 

source and placed 15 cm away from the reactor. 15 mg of the photocatalyst was mixed with 30 174 

ml of the aqueous solutions containing the mentioned pollutants (20 mg/l). The pH of the 175 

solutions was adjusted by adding HCl and NaOH (0.1 mM). In this experiment, an aeration pump 176 

and magnetic stirrer were used to supply oxygen in the solution. Prior to irradiation, the solution 177 

was homogenized in the dark for 30 min to obtain a stable suspension (achieving a balance 178 

between the pollutant solution and the photocatalyst). The effect of temperature (15, 25, 35 and 179 

45 °C), pH (2, 6, 4, 7, 9 and 11), catalyst dosages (0.1, 0.3, 0.5, and 1 g/l), and initial 180 

concentrations of pollutants (5, 10, 20, 30, and 40 mg/l) was evaluated. After irradiation for a 181 

given time (5, 10, 15, 30, 60, 90, and 120 min), 5 ml of the suspension was removed from the 182 

reactor and centrifuged at 4500 rpm for 15 min to separate the catalyst. The final concentration 183 

of the pollutants was analyzed by a spectrophotometer at the wavelengths of 502, 227 and 357 184 

nm for CR, BPA and TC, respectively. The photodegradation efficiency of the composite 185 

nanoparticles for CR, BPA and TC was calculated using the following equation (2) [38]:   186 
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𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) = (
𝐶0− 𝐶𝑡

𝐶0
) × 100                                                      (2) 187 

Where, C0 and Ct are the initial and momentary concentration of CR, BPA and TC, 188 

respectively. The amount of total organic carbon (TOC) was also measured by a Schimadzu 189 

TOC-Total Organic Carbon Analyzer [39].  190 

 191 

2.10.Statistical analysis 192 

Three replicas were used for each measurement to evaluate the reproducibility of the 193 

obtained data that were subsequently analyzed using the SPSS software. Statistical differences 194 

between the control and treated samples were identified via the one-way analysis of variance 195 

(ANOVA) and the Student-Newman-Keuls test. The difference was statistically meaningful 196 

when p <0.05. 197 

 198 

3. Results and discussion 199 

3.1 Antioxidant activities 200 

The phenolic compounds of a series of plants (such as Plums, kiwi, Black grapes, 201 

Artemisia leaves, Rhubarb, Parsley, among others) show antioxidant effect and thus are vital for 202 

diet and medicine [40]. Such pharmaceutically active compounds include caffeic, ferulic, 203 

chlorogenic acid, and coumarin acid [41, 42]. The phenolic content of the Viscum album  204 

alcoholic extracts is shown in Table 1. 205 

 206 

Table 1. The amount of the phenolic and flavonoid compounds in the alcoholic extracts of Viscum album  207 

flavonoid compounds (mg QE /g dry 

sample) 

phenolic compounds (mg GAE/g dry 

sample) 

The extract 

solvent 

22.36 ±0.45 21.26 ±0.003 ethanol 

19.38 ±0.35 23.51 ±0.002 methanol 

15.79 ±0.5 18.79 ±0.002 acetone 

 208 

As can be seen in table 1, the largest amount of phenolic compounds belongs to the 209 

Viscum album methanol extract (23.51 ±0 0.002 mg/g extract), followed by the ethanol (21.26  ± 210 

0.003 mg/g) and acetone extract (18.79 ± 0.002 mg/g). As a fact, alcoholic solvents are able to 211 
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extract the largest amount of phenolic compounds from the plant extracts [43]. For instance, 212 

Katalinic et al. reported that the highest total phenol content of T. argentea was found in the 213 

acetone extract, followed by methanol extract and then pure water extract [44]. There is also a 214 

direct relationship between the amount of the phenolic compounds of the plant extracts and their 215 

antioxidant properties. Considering the abundance of the phenol compounds in plants and their 216 

notable antioxidant potential, efficient production of plant extracts has been extensively studied 217 

[45]. The phenolic compounds of a mistletoe plant act as a hydrogen donor, thereby offering 218 

outstanding antioxidant activity [45, 46]. 219 

Alike phenolic compounds, flavonoids are one of the most abundant natural compounds 220 

that are capable of absorbing free radicals [47]. Table 1 shows the total content of flavonoid 221 

available in the Viscum album alcoholic extracts. According to this table, the highest amount of 222 

flavonoid (22.36 ± 0.45 mg QE/g) is found in the ethanol extract, followed by the methanol 223 

(19.38 ± 0.35 mg QE/g) and acetone extract (15.79 ± 0.5 mg QE/g), respectively.  224 

The antioxidant compounds of plants such as flavonoids protect their cells against oxidative 225 

stress. Flavonoids also show anti-inflammatory, anti-diabetic, and anti-viral properties [48]. 226 

Under oxidative stress, these compounds attach to membrane phospholipids via hydrogen 227 

bonding and accumulate on the internal and external areas of the membrane and protect it [49].  228 

Figure 1 shows the scavenging activity of the extracts reflected in their DPPH free 229 

radicals inhibition degree. In these measurements, ascorbic acid was used as the control. As can 230 

be seen in this Figure, the density of free radicals declines with increasing the concentration of 231 

the extract. The highest free radical scavenging activity was achieved by the ethanol extract 232 

(83%) and the lowest by the acetone (64%). The free radical scavenging activity of the methanol 233 

extract was 75%. Among the alcoholic extracts, the ethanol extract with the concentration of 50 234 

μg/ml showed the best results, therefore it was based for the main experiments. 235 
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 236 

Fig 1. a) DPPH scavenging activity of the alcoholic extracts of Viscum album, Particle size 237 

distribution of the ZnO/SnO2 nanoparticles synthesized using: b) ethanol, c) methanol, and d) 238 

acetone extracts of Viscum album.  239 

 240 

To calculate the extract concentration providing 50% inhibition (IC50), the inhibition 241 

power calibration curve (I%) versus the extract concentration (μg/ml) was constructed. 242 

According to this curve, IC50 for the ethanol extract was determined to be 154.64 μg/ml. Larger 243 

extract concentrations provide a higher number of electrons for inactivation of free radicals and 244 

thus a more profound inhibitory effect [50].  245 

 246 

Table 2. Mean absorbance and IC50 values of free radicals in the alcoholic extracts of Viscum album  247 

The value of F 

test 

Average of 

squares 

Sum of squares Degrees of 

freedom 

Variables 

84.71 0.179 0.895 5 The amount of extract 

consumed 
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0.0025 0.0304 12 Error 
 

0.9254 17 Total 

 248 

3.2.Characterization of the ZnO/SnO2 nanoparticles 249 

3.2.1. Particle size distribution 250 

The DLS analysis indicated that among the nanoparticles synthesized using the three 251 

alcoholic extracts, those biosynthesized using the ethanol extract were smallest and almost 252 

monodisperse (a low polydispersity index) (Fig. 1b-c). The smaller the particle size, the higher 253 

the photoabsorption intensity and thus the photodegradation efficiency is. As seen in Fig. 1a, the 254 

nanoparticles derived from the ethanol extract are as small as less than 100 nm and relatively 255 

monodisperse, thereby providing uniform photocatalytic properties with high efficiency [3]. 256 

Recalling the most optimum scavenging activity of the ethanol extract and also the uniform small 257 

size of the nanoparticles biosynthesized using this type of extract, the photodegradation 258 

efficiency tests were conducted using these nanoparticles. It is worthy to note that ethanol is one 259 

of the most widely used organic solvents for the preparation of plant extracts. It dissolves a wide 260 

range of materials, is low cost and eco-friendly, and shows relatively low toxicity [50].  261 

 262 

3.2.2. Crystallinity 263 

The XRD patterns of ZnO, SnO2 and ZnO/SnO2 nanoparticles are shown in Fig. 2a. 264 

According to these spectra, the crystalline structure of ZnO is hexagonal with characteristic 265 

peaks at 2Ɵ of 31.81°, 34.63°, 36.35°, 47.52°, 56.74°, 62.55°, and 68.10° which correspond to 266 

the crystalline planes of (100), (002), (102), (110), (103), (112) and (201), respectively (JCPDS # 267 

00-036- 1451) [22]. With respect to the ZnO/SnO2 nanoparticles, additional peaks appear at 2Ɵ 268 

of 26.65°, 34.62°, 37.90°, 51.37°, 53.55°, 57.82°, 65.78° and 78.85°, which are attributed to the 269 

SnO2 crystalline planes of (110), (002), (111), (211), (220), (002), (301) and (321), respectively 270 

(JCPDS # 00-041-1445). The diffraction patterns of both ZnO and SnO2 notably changed in the 271 

composite nanoparticles in terms of phases and peak positions. However, co-existence of the 272 

XRD peaks related to ZnO and SnO2, though with a minor loss of intensity, confirmed the 273 

successful formation of a heterojunction between the two metal oxides.  274 

Comparing the full-width half-maximum of the characteristic peaks of SnO2 in the pure 275 

and composite form, it can be concluded that the mean grain size of SnO2 declines after 276 
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hybridization. On the other hand, the diffraction peaks of ZnO nanocrystals in the ZnO/SnO2 277 

sample remain intact, though with a lower intensity, implying the presence of highly crystalline 278 

ZnO in the nanocomposite nanoparticles. 279 

Crystallite size generally correlates with the coherent volume in the material for the 280 

respective diffraction peak. Scherrer's equation is applied for determination of the crystallite size, 281 

as following: 282 

𝐷 =
0.98𝜆

𝛽𝑐𝑜𝑠Ɵ
                                                 (3) 283 

Where D is the crystallite size, λ is the X-ray wavelength, B is the full width at half the 284 

maximum (FWHM) and θ is in accordance with peak position. According to the above 285 

mentioned equation, the crystallite size of the biosynthesized nanocomposite nanoparticles was 286 

calculated to be 48.15 nm. 287 

 288 

 289 
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Fig 2. a) XRD, b) FTIR, and c) UV-Vis (DRS) absorption spectra for the photocatalytic 290 

nanoparticles made of ZnO, SnO2, and ZnO/SnO2 291 

 292 

3.2.3. Surface Chemistry 293 

The FTIR spectra of the biosynthesized ZnO, SnO2, and ZnO/SnO2 nanoparticles are 294 

shown in Fig. 2b. With respect to ZnO, tensile vibration of the Zn-O bond is reflected at the peak 295 

located at 555 cm-1 [51]. The absorption peak at 3431 cm-1 is attributed to the OH tensile 296 

vibration mode. The absorption peaks located below 2000 cm-1 including the one at 1634 cm-1 297 

emerge due to the bending vibrations of molecular water adsorption. Regarding SnO2, the peak at 298 

659 cm-1 is attributed to the Sn-O tensile vibration [52]. On the other hand, the peaks appearing 299 

at 1105 and 1462 cm-1 are assigned to the tensile vibration of O–C due to the presence of Viscum 300 

album extracts [52, 53]. The peaks at 2347, 1380, and 875 cm-1 are attributed to the symmetrical 301 

tensile vibrations of C=O and C-H [54]. The peaks at 2934 and 3740 cm-1 are related to the O-H 302 

tensile vibration. These results imply the presence of the organic phase of the Viscum album 303 

extract as well as successful biosynthesis of ZnO and SnO2 for samples. 304 

3.2.4. Optical properties 305 

The optical properties of the biosynthesized nanoparticles were characterized via UV-306 

Vis spectroscopy. Fig. 2c displays the UV-Vis (DRS) absorption spectra for the ZnO, SnO2, 307 

ZnO/SnO2 nanoparticles. As can be seen in the figure, ZnO nanoparticles show a sharp increase 308 

in the absorption intensity within the UV region. In the case of SnO2, increase in the UV 309 

absorption intensity is correlated to electron transition between the valence band (VB) and the 310 

conduction band (CB), and is known as the optical absorption edge. The highest UV light 311 

absorption intensity belonged to ZnO nanoparticles. The UV absorption edge of the ZnO/SnO2 312 

nanoparticles gradually declined and shifted to the visible light area due to the insignificant 313 

crystallization of these nanoparticles. The occurrence of the absorption edge at higher 314 

wavelengths implies that these heterogeneous composite nanoparticles can offer an improved 315 

photocatalytic activity when excited by visible light [5, 55].  316 

 317 

3.2.5. Surface chemical composition 318 

The surface chemistry of the ZnO/SnO2 composite nanoparticles was studied by XPS 319 

analysis. The XPS spectra validated the presence of O, C, Sn, and Zn. According to Fig. 3a, the 320 
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Zn and Sn peaks are evident in the high- resolution spectrum of the composite nanoparticles. The 321 

peaks emerging at 1020.6 eV and 1044 eV, Fig. 3b, correspond to Zn 2p3/2 and Zn 2p1/2 [3, 51].  322 

The peaks seen at 486.3 eV and 494.4 eV, Fig. 3c, can be assigned to Sn3d5/2 and Sn3d3/2 Sn 323 

(IV), respectively, which point out to the coupling energy of Sn4 + ion in SnO2 [56]. The O1 324 

spectrum is characterized by the energy coupling peaks at 530.2, 530.7 and 531.5 eV, Fig. 3d. In 325 

this spectrum, the coupling peaks appearing at 530.2 eV and 530.7 eV are attributed to oxygen at 326 

the Sn-O and Zn-O bonds, respectively [57, 58].  327 

 328 

 329 

 330 
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Fig 3. XPS analysis of the ZnO/SnO2 biosynthesized nanoparticles: (a) general XPS spectrum, 331 

(b) Zn2p, (c) Sn3d, and (d) O1s spectrum of the composite nanoparticles.  332 

 333 

3.2.6. Morphological characteristics 334 

Fig. 4a-c shows the FESEM images of the ZnO/SnO2 biosynthesized nanoparticles. The 335 

nanoparticles are uniform and spherical. These images show that using the extract as a surfactant 336 

leads to formation of the nanoparticles with larger sizes in an almost monodisperse manner. The 337 

nanoparticles are aggregated most likely due to heterogeneity of the their suspensions before 338 

imaging [5, 59].  339 

 340 

 nanoparticles at different2 the biosynthesized ZnO/SnO FESEM images show Fig 4.341 

magnifications (scale bars represent 1µ (a), 500 nm (b) and 200 nm (c), respectively). 342 

 343 

Energy dispersive spectroscopy (EDS) analysis was successful in validation of the presence 344 

of Zn, Sn, O, and C in the ZnO/SnO2 nanoparticles. The carbon and oxygen originate from 345 

the phenolic compounds of the remaining Viscum album extract, Fig. 5a. Fig. 5b and c show 346 

TEM images of the ZnO/SnO2 nanoparticles at different magnifications. As seen in the 347 

TEM images, spherical nanoparticles are fused to each other, forming clusters made of 348 

ZnO/SnO2.  349 



15 
 

 350 

Fig 5. a) EDS spectrum and (b) TEM images of the biosynthesized ZnO/SnO2 composite 351 

nanoparticles. 352 

 353 

3.3. Photodegradation of the organic pollutants 354 

3.3.1. Photolysis and adsorption 355 

To conduct the photolysis experiments, the pollutant (CR, BPA, and TC) containing 356 

aqueous solutions (10 mg/l and pH7) were irradiated with a Xenon lamp for 1 hr. In the case of 357 

adsorption measurements, the above conditions were repeated, while adding the composite 358 

nanoparticles. The adsorption extent of the ZnO/SnO2 nanoparticles (qt) was determined at 359 

various time intervals through the following equation (4) [60]:  360 

𝑞𝑡 =
(𝐶𝑂 − 𝐶𝑡)𝑉

𝑚
                 (4) 361 

Where C0 is the initial concentration of the pollutant and Ct is the concentration of the 362 

pollutant at time t (mg/l). V is the volume of the CR, BPA and TC pollutants containing solutions 363 

(ml) and m is the mass of the ZnO/SnO2 nanoparticles (mg). The equilibrium adsorption capacity 364 

of the ZnO/SnO2 nanoparticles, qe (mg/g) was measured via the following equation (5) [60]:  365 

𝑞𝑒 =
(𝐶𝑂 − 𝐶𝑒)𝑉

𝑚
                 (5) 366 

 367 

Where C0 and Ce are the initial and equilibrium concentration of the pollutant (mg/l), 368 

respectively. V is the bulk volume of the pollutant containing aqueous solution (ml) and m is the 369 

mass of the ZnO/SnO2 nanoparticles (mg). As shown in Fig. 6a, degradation percentage of the 370 

organic pollutants, i.e., CR, BPA, and TC, due to photolysis was 13.08%, 10.61%, and 8.4%, 371 

respectively.  These results match well with those reported by Rosenfeldt et al. [61] and Garg et 372 
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al. [60] implying that photolysis of BPA by short time light irradiation was negligible. On the 373 

other hand, removal percentage of the organic pollutants by the ZnO/SnO2 nanoparticles in the 374 

dark solely due to adsorption was 26.55%, 23.64%, and 20.87%, for CR, BPA, and TC, 375 

respectively. 376 

 377 

Fig 6. (a) Photolysis and (b) adsorption behavior of CR, BPA, and TC on the ZnO/SnO2 378 

nanoparticles. 379 

 380 

3.3.2. Photodegradation analysis 381 

The solar light induced photocatalytic activity of the biosynthesized nanoparticles of 382 

ZnO, SnO2 and ZnO/SnO2 in the presence of the studied organic pollutants is demonstrated in 383 

Fig. 7. As shown in this figure, photodegradation percentage of CR, BPA, and TC by the 384 

ZnO/SnO2 nanoparticles is significantly higher compared to that by the ZnO and SnO2 385 

nanoparticles alone. SnO2 possesses electrons with higher mobility away from the valence band 386 

towards the entrapping surfaces, thus can act as electron storage and create more electron and 387 

hole pairs to produce hydroxyl radicals [3].  In other words, coupling of ZnO and SnO2 leads to 388 

an increase in the electron transfer rate through the interface and prevents the recombination of 389 

electrons and holes, thereby enhancing the photocatalytic activity of the ZnO/SnO2 nanoparticles. 390 
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 391 

Fig 7. Comparison of the photodegradation efficiency of the ZnO, SnO2 and ZnO/SnO2 392 

biosynthesized nanoparticles for: a) CR, b) BPA and c) TC. 393 

 394 

3.3.3. The effect of the photocatalyst dosage  395 

To determine the effect of the photocatalyst dosage on photodegradation of the organic 396 

pollutants, different dosages of photocatalysts (0.1, 0.3, 0.5, 0.7 and 1 g/l) were employed and 397 

their contribution to removal of CR, BPA and TC was explored. The other experimental 398 

conditions included: pH7, 10 mg/l initial concentration of the pollutants and temperature of 399 

25°C. As shown in Fig. 8, after 2 hr (120 min) irradiation, based on the photocatalyst dosage of 400 

0.5 g/l, the highest photodegradation efficiency for CR, BPA, and TC was measured to be as 401 

large as 88.14%, 85.82%, and 81.39%, respectively. There is an increasing trend for the 402 

photodegradation efficiency with the photocatalyst dosage up to 0.5 g/l. The larger the 403 

photocatalyst dosage, the higher the light absorption intensity and the number of active sites and 404 

thus the higher pollutant removal rate will be [62-64]. However, over this critical dosage, 405 
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photodegradation efficiency drops, most likely due to turbidity of the solution being treated. 406 

Turbidity hampers light penetration into the solution and thereby hinders the generation of 407 

reactive OH radicals that are responsible for photodegradation of the organic pollutants. The 408 

other reason for loss of the photodegradation efficiency at high photocatalyst dosages could be 409 

aggregation of the nanoparticles that reduces the number of the available active sites.  410 

 411 

 412 

Fig 8. The relationship between the photocatalyst dosage and photodegradation efficiency for: a) 413 

CR, b) BPA and c) TC. 414 

 415 

3.3.4. The effect of pH 416 

The photocatalytic reactions are mediated by pH, organic pollutant content, and 417 

adsorption capacity of the photocatalyst surface [62]. Therefore, pH plays a vital role for 418 

efficient photodegradation of organic pollutants. In order to determine the optimum pH required 419 
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for removal of CR, BPA, and TC, the photodegradation experiments were performed under a 420 

fixed concentration of the pollutants (10 mg/l) and the photocatalyst (0.5 g/l), but at different pH 421 

values of 2, 4, 6, 7, 9, and 11. As shown in Fig. 9, the highest degradation rate for the three 422 

pollutants was achieved under mild acidic conditions and was recorded as 94.25% (for CR at pH 423 

6), 87.36% (for BPA at pH4), and 83.76% (for TC at pH4). As verified earlier, pH is the most 424 

influential parameter in the degradation process of many biological and chemical substances 425 

[65]. Our study showed that the most efficient degradation takes place at the acidic pHs of 4 and 426 

6, due to the high concentration of hydroxyl radicals in the solution, which play a significant role 427 

in the oxidation of organic pollutants [66]. Also, at acidic pHs, the surface of the biosynthesized 428 

nanoparticles (ZnO/SnO2) gets protonated, thus driving an electrostatic interaction with CR, 429 

BPA, and TC anionic pollutants [64]. In contrary, at alkaline pHs, anionic CR, BPA and TC are 430 

repelled from the hydroxylated surface of the nanoparticles and thus adsorption level remains 431 

insignificant. Under acidic conditions, the adsorbed CR, BPA and TC molecules can be readily 432 

oxidized by OH radicals created upon light irradiation, leading to their further removal [3].  433 

 434 
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Fig 9. The effect of pH on photocatalytic degradation of: a) CR, b) BPA and c) TC, over a 120 435 

min light irradiation cycle. 436 

 437 

3.3.5. The effect of temperature 438 

The effect of different temperatures (15, 25, 35, and 45 °C) on the degradation level of 439 

CR, BPA and TC catalyzed by the composite nanoparticles was investigated. For this 440 

experiment, the testing conditions included: catalyst dosage of 0.5 g/l, pollutant concentration of 441 

10 mg/l, and optimal pH of 4 for BPA and TC, and of 6 for CR. As shown in Fig. 10, the higher 442 

the temperature, the larger the photodegradation efficiency is. Raising the temperature from 15 to 443 

45 °C, degradation efficiency increases up to 90.43%, 83.22%, and 85% for CR, BPA and TC, 444 

respectively. This improvement stems from this fact that at higher temperatures, a larger number 445 

of OH radicals are generated that can notably degrade the organic pollutants.  446 

 447 

 448 
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Fig 10. The effect of temperature on photodegradation efficiency of the biosynthesized 449 

composite nanoparticles for: a) CR, b) BPA, and c) TC. 450 

 451 

3.3.6. The effect of initial pollutant concentration 452 

As shown in Fig. 11, photodegradation efficiency for CR, BPA and TC declines with 453 

increasing their initial concentration. Regardless of the pollutant type, the highest 454 

photodegradation efficiency was obtained at the initial concentration of 5 mg/l and with further 455 

increase of the initial concentration, photodegradation efficiency declined. It is assumed that with 456 

enhancement of the initial concentration, a larger number of the pollutant molecules sticks on the 457 

surface of the photocatalyst, thereby reducing the production of hydroxyl radicals (OH) [59, 67, 458 

68]. This loss in the photodegradation efficiency might be also related to blockage of light 459 

penetration at higher concentrations of the pollutants and thus generation of a lower density of 460 

the reactive radicals [69].  461 

 462 

 463 
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Fig 11. The effect of the initial pollutant concentration on photodegradation efficiency of the 464 

biosynthesized composite nanoparticles for: a) CR, b) BPA, and c) TC. 465 

 466 

3.4. Photodegradation kinetics 467 

The photocatalytic degradation of CR, BPA, and TC by the biosynthesized nanoparticles 468 

(ZnO/SnO2) was consistent with the pseudo-first-order kinetic model. The rate constant (Kapp) of 469 

the reactions was determined through the pseudo-first order kinetic equation (6)[5]:  470 

𝑑𝐶

𝑑𝑡
= −𝐾𝑎𝑝𝑝𝐶                           (6) 471 

Where C is the pollutant concentration and t is the reaction time. The equation 5 can be 472 

converted to the following equation (7): 473 

𝐿𝑛(
𝐶0

𝐶𝑡
) = 𝐾𝑎𝑝𝑝 × 𝑡                      (7) 474 

 475 

Here C0 and Ct are the initial concentration and momentary concentration of the 476 

pollutant, respectively. As shown in Fig. 12a-c, there is a linear relationship between C0/Ct and 477 

irradiation time, implying that degradation of the pollutants (CR, BPA, and TC) follows the 478 

pseudo-first-order kinetic model. On the other hand, the regression coefficient and the degree of 479 

correlation obtained from Fig. 12a-c confirm that the degradation behavior complies well with 480 

the L-H model. The initial reaction rates and constants for photodegradation of CR, BPA, and 481 

TC are tabulated in Table 3. As seen in this table, R2 values were close to 1 but declined with 482 

increasing the pollutants rate [5]. In fact, the photodegradation rate decreased with rising the 483 

pollutants concentration. As shown in Table 3, it turns out that the photodegradation rate 484 

constant reduces with increment of the pollutants concentration, most likely due to formation of 485 

intermediate products that neutralize the hydroxyl radicals. 486 
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 487 

Fig 12. Kinetic plots of the photodegradation process of: a) CR, b) BPA, and c) TC, in the 488 

presence of the biosynthesized composite nanoparticles with varying dosages. 489 

 490 

Table 3. The first-order kinetic model parameters for the photocatalytic degradation process of 491 

the organic pollutants 492 

CR Concentration (mg/L) Reaction Rate (k) 

(min-1) 

Correlation Coefficient 

(R2) 

Fitting Equation 

5 0.0228 0.09891 Y=0.0228x+1.7363 

10 0.0189 0.996 Y=0.0189x+1.4455 

20 0.0145 0.9848 Y=0.0145x+1.0745 

30 0.0078 0.9824 Y=0.0078x+0.9006 

40 0.0067 0.9865 Y=0.0067x+0.6009 

BPA Concentration (mg/L) Reaction Rate (k) 

(min-1) 

Correlation Coefficient 

(R2) 

Fitting Equation 
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5 0.0223 0.9831 Y=0.0223x+1.4658 

10 0.0192 0.9907 Y=0.0192x+1.1183 

20 0.014 0.9762 Y=0.014x+01.9466 

30 0.0091 0.9694 Y=0.0091x+0.6376 

40 0.0071 0.963 Y=0.0071x+0.4652 

TC Concentration (mg/L) Reaction Rate (k) 

(min-1) 

Correlation Coefficient 

(R2) 

Fitting Equation 

5 0.0139 0.978 Y=0.0139x+1.6725 

10 0.0124 0.9766 Y=0.0124x+1.2975 

20 0.01 0.9640 Y=0.01x+1.0327 

30 0.0093 0.958 Y=0.0093x+0.6076 

40 0.0006 0.9197 Y=0.0006x+0.2358 

 493 

To investigate the mineralization of CR, BPA, and TC pollutants and their optimum 494 

photodegradation by the composite nanoparticles, total organic carbon (TOC) value was 495 

quantified, Fig. 13. The degradation (removal) of TOC can properly indicate the mineralization 496 

of the organic pollutants. The TOC removal in the first 30 minutes of the reaction was about 497 

54.23%, 56.78%, and 55.14% for CR, BPA, and TC, respectively. After 120 minutes, the TOC 498 

degradation percentage raised up to 78.26%, 80.15%, and 75% for CR, BPA, and TC, 499 

respectively. 500 
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 501 

Fig 13. The TOC degradation percentage over the irradiation time for: a) CR, b) BPA, and c) 502 

TC. 503 

 504 

3.5. Stability and recyclability of the photocatalyst nanoparticles 505 

The recyclability and stability of photocatalysts are crucial for their industrial 506 

applications and for wastewater treatment [59]. To determine the reusability of the photocatalyst 507 

(ZnO/SnO2), the photodegradation process was repeated for four successive cycles. To do so, 508 

after each cycle, the nanoparticles were collected via filtration and used for a new 509 

photodegradation process. As shown in Fig. 14, photodegradation efficiency after four 510 

successive cycles declined from 93.44% to 85.36% (CR), from 90.12% to 82.49% (BPA), and 511 

from 85.5% to 73.51% (TC). Therefore, it can be confidently stated that the biosynthesized 512 

nanoparticles are sufficiently stable and recyclable. The insignificant loss in the 513 

photodegradation efficiency might originate from occupation of the surface active sites of the 514 
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photocatalyst by CR, BPA, and TC molecules, reducing the photogeneration of holes and 515 

electrons.  516 

 517 

Fig 14. Stability and reusability of the biosynthesized nanoparticles for photodegradation of: a) 518 

CR, b) BPA, and c) TC. 519 

 520 

3.6. Photodegradation mechanism 521 

Fig. 15 schematically demonstrates the charge transfer process by the ZnO and SnO2 522 

nanoparticles. When the biosynthesized ZnO-SnO2 nanoparticles are irradiated, electrons (e-) are 523 

transferred from the ZnO conduction band (CB) to the SnO2 valence band (VB). The holes also 524 

simultaneously shift from the VB of SnO2 to the VB of ZnO. In other words, supposing that the 525 

diversity between the conduction band edge and the flat band potential is insignificant, the ZnO 526 

and SnO2 valence band edges can be found by adding more band gap energy to the flat band 527 

potential rate. And since the ZnO band gap energy is lower than that of SnO2, electrons are 528 

shifted from the ZnO’s CB to the SnO2‘s VB. The photogenerated electrons can react with the 529 

molecule of oxygen, and the holes are trapped by OH, resulting in the formation of a •OH radical 530 
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and a superoxide anion radical (O2
-). In other words, electrons (e-) can reduce the molecular 531 

oxygen adsorbed on the surface of the photocatalyst creating a superoxide anion (O2 
-•) and this 532 

superoxide anion can further produce •OH radicals through the formation of HOO• radicals and 533 

H2O2. These radicals are able to oxidize CR, BPA, and TC molecules and thus photodegrade the 534 

organic pollutants [70]. Accordingly, effective charge segregation enhances the longevity of 535 

charge carriers and decreases the recombination rate of the electron-hole pairs by formation of 536 

the Schottky barriers conduction band for trapping electrons and thus improves the 537 

photocatalytic potential. 538 

The outstanding photocatalytic activity of the ZnO-SnO2 nanoparticles compared to the 539 

pure oxides can be attributed to co-existence of two semiconductors with different CB and VB 540 

energy levels. Depending on the potentials of the photogenerated electrons (e-) and holes (h+),  541 

vectorial transfer of charge carriers from a semiconductor to another is realized. As a result, 542 

electrons and holes are more efficiently separated and a higher photocatalytic activity is achieved 543 

[71]. The ZnO and SnO2 nanoparticles are n-type semiconductors and the difference between the 544 

CB edge and the flat band potential is negligible. Therefore, it can be determined the valence 545 

band edge of ZnO and SnO2 by adding the bandgap energy to the flat band potential value [22]. 546 

The VB of the ZnO nanoparticles (EVB = 2.84 eV) is less than that of the SnO2 nanoparticles 547 

(EVB = 3.44eV). Similarly, the CB of the ZnO nanoparticles (ECB = -0.36 eV) is inferior to that of 548 

the SnO2 nanoparticles (ECB = -0.11 eV), Fig.15. When the ZnO/SnO2 nanocomposites are 549 

irradiated by the solar light, electrons (e-) can shift from the more cathodic CB of ZnO to the 550 

more anodic CB of SnO2. Similarly, holes can move from the VB of SnO2 to the VB of ZnO. 551 

The effective charge separation can increase the lifetime of the charge carriers and thus promote 552 

the interfacial charge transfer to the adsorbed substrates. 553 

 554 

 555 
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 556 

Fig 15. Schematic diagram of the charge transfer routes between the ZnO/SnO2 phases 557 

 558 

4. Conclusion 559 

In this study, we experimentally validated that the Viscum album extract offers outstanding 560 

antioxidant properties, thanks to its abundant phenolic and flavonoid compounds. We benefitted 561 

from the Viscum album alcoholic extract to synthesize the ZnO/SnO2 composite nanoparticles 562 

in an eco-friendly manner. The as-synthesized nanoparticles (ZnO/SnO2) were subsequently 563 

used for photodegradation of three organic pollutants commonly found in wastewater streams 564 

including CR, BPA, and TC. Thanks to exceptional optical properties of the nanocomposite 565 

nanoparticles, a high photodegradation efficiency of 93.44% (CR), 90.12% (BPA), and 85.5% 566 

(TC) under solar light was achieved. The biosynthesized nanoparticles showed promising 567 

stability after 4 reuse cycles and were able to still optimally photodegrade the organic 568 

pollutants. Conclusively, the biosynthesized photocatalytic nanoparticles can be used as a 569 

promising material that can remove organic pollutants from wastewater in a sustainable and 570 

energy efficient way. 571 
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