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ABSTRACT  

ZnO and SnO2-doped ZnO nanoparticles were prepared by a sol–gel method for the first time. X-ray diffraction (XRD) and 
scanning electron microscopy (SEM) were used to characterize the ZnO and SnO2-doped ZnO samples. Advanced oxidation 
processes (AOPs) have proved very effective in treatment of the various hazardous organic pollutants such as surfactants and 
pharmaceuticals in water. The photocatalytic degradation of drug phenylephrine hydrochloride (PHE) was studied as model 
organic pollutant. Under UV exposure the process was investigated with ZnO and SnO2-doped ZnO. The degradation was 
studied under different conditions including irradiation time, pH, catalyst concentration, phenylephrine hydrochloride 
concentration and potassium peroxydisulfate as an oxidant. The experimental results indicated that maximum degradation 
(99.4±1.0%) of drug occurred with SnO2-doped ZnO catalyst. The results demonstrated that photodegradation efficiency of 
SnO2-doped ZnO was significantly higher than that of undoped ZnO. 
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1. Introduction

Polluted water imposes a serious threat to the 
environment. Besides, water pollutants such as 
pesticides, dyes and surfactants and pharmaceuticals 
are among emerging class of aquatic contaminants. 
Both human and veterinary pharmaceuticals have been 
increasingly detected in sewage water, natural water, 
surface water and ground water [1–5]. Recently, 
considerable attention has been focused on the use of 
semiconductor as a mean to oxidize toxic organic 
chemicals [6–11]. Photocatalysis is a promising 
technique for the degradation of inorganic and organic 
pollutants in air and water [12]. Especially, 
Semiconductor oxides such as ZnO and TiO2 have 
been recognized to be preferable materials for 
photocatalytic processes, due to their high 
photosensitivity, non-toxic nature, low cost and 
chemical stability [13–15]. However, ZnO, and TiO2 
can only absorb a small portion of solar spectrum in 
the UV region, because of their wide band gaps [16]. 
On the other hand, ZnO is well known to semiconduct 
under solar irradiation, and its photocatalytic 
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mechanism has proved to be similar to that of TiO2, 
although it shows less vigorous oxidation states [17]. 
ZnO has sometimes been reported to be more efficient 
than TiO2. The biggest advantage of ZnO is that it 
absorbs over a larger fraction of the solar spectrum 
than TiO2 [18]. In such semiconductors, 
photogenerated carriers (electrons and holes) could 
tunnel to a reaction medium and participate in 
chemical reactions. The high degree of recombination 
of these carriers greatly decreases their photocatalytic 
efficiency. Clearly, a wider separation of the electron 
and the holes increases the efficiency of photocatalyst. 
Fortunately, utilizing coupled oxide semiconductors 
could increase the charge separation and extend the 
energy range of photooxidation. In the past several 
years, coupled semiconductors formed by ZnO and 
other metal oxides or sulfides such as TiO2, SnO2, 
Fe2O3, WO3, CdS, ZnS and so on have been reported 
[19-23]. Various semiconductor based heterostructure 
photocatalysts have been designed and investigated 
such as TiO2−ZnO [24], TiO2−WO3 [25], and ZnO-
WO3 [26]. Among the binary metal oxides, tetragonal 
tin dioxide, SnO2, is a well-known large band gap 
multifunctional material that found wide spread 
applications in the fields of Li-batteries [27], field 
emission [28], gas sensing [29], and photovoltaic 
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conversion [30]. Because of its more positive CB edge, 
SnO2 is a better electron acceptor than TiO2 and ZnO, 
which makes it a good candidate for the above-
mentioned heterostructures. As a consequence, 
associating SnO2 with ZnO has been the subject of 
several reports for achieving an efficient charge 
separation and improving the photocatalytic properties 
of both oxides [31-32]. The estimated band gap 
energies of the resulting samples were therefore about 
3.7, 3.23, and 3.2 eV for SnO2, SnO2−ZnO, and ZnO, 
respectively. The values for ZnO and SnO2 were in 
good agreement with those reported by others [33].  
In this paper, we prepared the ZnO and SnO2-doped 
ZnO photocatalysts by “sol-gel method”. The 
photocatalytic degradation of phenylephrine 
hydrochloride (PHE) in the presence of SnO2-doped 
ZnO nanopowder with UV light as the illuminate was 
then examined. The results showed that coupling of 
different semiconductor oxides could reduce its band 
gap, extend its absorption range to a visible light 
region, promote electron–hole pair separation under 
irradiation, consequently, achieve a higher 
photocatalytic activity [34]. 

2. Experimental 

2.1. Materials 

Phenylephrine hydrochloride powder (PHE: 
C9H13NO2.HCl, Molar mass: 203.67g/mol) was 
obtained from Behdasht Kar Pharmacy. Zinc nitrate 
hexahydrate (Zn(NO3)2·6H2O), Tin (II) chloride 
dihydrate (SnCl2.2H2O), ethylene glycol, citric acid, 
K2S2O8 were from Merck. All reagents were used 
without further treatment. 

2.2. Preparation of ZnO  

In a typical procedure, 25 mL ethylene glycol was 
mixed with 6g Zinc nitrate, 25mL H2O and 6.4 g citric 
acid under vigorous stirring for 4h. The prepared 
solution was kept at dark for 24h. Finally, the  
obtained gel was dried and calcined at 500◦C for  
3h. 

2.3. Preparation of SnO2 10% mol doped ZnO 

25 mL of ethylene glycol was mixed with 5.35g Zinc 
nitrate, 25ml distilled water and 6.3 g citric acid under 
vigorous stirring for 1h. After 15 min  
0.45 g SnCl2.2H2O was added to suspension under 
vigorous stirring at 60 ºC for 180 min. The prepared 
solution was kept at dark for one day. Finally,  
the obtained gel was dried and calcined at 500◦C  
for 3 h. 
The powder X-ray diffraction (XRD) patterns of the 
samples were recorded by a BRUKER D8 ADVANCE 
X-ray diffractometer using Cu-Kα radiation, 
morphologies and element content were investigated 
by a JSM-6700F scanning electron microscopy (SEM). 

2.4. Evaluation of photocatalytic activity 

Photocatalytic experiments were carried out in the UV 
reactor equipped with cooling feature, magnetic stirrer 
and UV lamp. 36-W mercury lamp was used as the UV 
light source. The contact time, PHE solution with an 
initial concentration, initial pH, catalyst amount and 
K2S2O8 concentration were selected as experimental 
parameters. The temperature was kept constant within 
(25±2) ◦C. In separate experiments, the suspension was 
magnetically stirred in the dark to reach a complete 
adsorption desorption equilibrium of PHE on the 
catalyst surface. The pH of the solution was adjusted 
by using a pH meter equipped with a combined 
electrode. The mixture was irradiated with the UV 
lamp. The aqueous suspension was magnetically stirred 
(at 64 rpm) throughout the experiment. Lastly, 5mL of 
the solution was centrifuged for15 min at 4000 rpm 
and then the concentration of PHE in the supernatant 
was determined with a 1.0 cm light path quartz cells 
using spectrophotometer (Model Jenway 6405). 
Absorbance of the supernatant solution was measured 
and returned to the reactor. The amount of degradation 
was calculated from the concentrations in the solution 
before and after the experiments. The rate of 
degradation was considered in terms of change in 
absorption spectra at λmax= 273 nm.  The photocatalytic 
degradation efficiency was calculated from the 
following relationship: X= (C0C C0. Where, C0 is the 
initial concentration of the pollutant, C the 
concentration of the pollutant and time t [35-37]. 

3. Results and Discussion 

3.1. Characterization of photocatalysts 

The XRD patterns of the as prepared pure ZnO and 
10% SnO2 doped ZnO are shown in Fig. 1. It can be 
seen from Fig. 1 that dominant structure in these 
samples is wurtzite ZnO (JCPDS CardNo.36-1451). 

 
Fig. 1. XRD patterns of ZnO and 10%SnO2/ZnO. 
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The distinguished peaks of the hexagonal Wurtzite 
ZnO structure with the angles of 2Ө= 31.8 (direction of 
(100)), 2Ө= 34.5 (preferable direction of (002)), and 
2Ө= 36.3 (direction of (101)) can be observed in this 
figure. Fig. 1b. shows that one probable reason is that 
the formula of nanoparticle (Zn2SnO4), which showed 
Sn doped in ZnO.  It is worth noting that tin oxide 
related peaks were observed in the XRD spectra, 2Ө = 
27.3 (direction of (110)) and 2Ө = 51.7 (direction of 
(211)). In addition, the diffraction peaks of ZnO and 
SnO2 become sharper, indicating the increase of crystal 
size and improvement of crystallinity. By using the 
Debye–Scherrer equation, the crystallite sizes of ZnO 
and 10% SnO2/ZnO were calculated to be 61.1 and 
70.1 nm. The increase in the particle size of 10% 
SnO2/ZnO is mainly attributed to the formation of Sn–
O–Zn on the surface of the doped samples.  
Fig. 2 shows the SEM images of the pure ZnO and 
10% SnO2 doped ZnO nanopowders prepared by sol-
gel method. It was observed that in the case of 10% 
SnO2 the grain size was bigger than the undoped ZnO. 
The SEM investigations of all samples revealed that 
the crystallites are of nanometer size. The SEM image 
showed that the average grain size was increased with 
increasing Sn doping. Therefore, it can be concluded 
that there is a good agreement between SEM and XRD 
pattern.  

3.2. Degradation of PHE using synthesized 
nanopowders 

Fig. 3 shows comparison of the activities of ZnO and 
10% SnO2 doped ZnO nanopowders. The experimental 
results showed that the 10% SnO2 doped ZnO had high 

photocatalytic activity and its photocatalytic efficiency 
was higher than pure ZnO. Thus, subsequent 
experiments were carried out with 10% SnO2 doped 
ZnO. 

3.3. Effect of irradiation time 

The required duration for the complete photocatalytic 
degradation of PHE was studied based on the duration 
of the catalyst irradiation to the UV source. Catalyst 
irradiation time was from 30 min to 120 min. The 
results indicated that the highest degradation efficiency 
was obtained when the irradiation of photocatalyst 
continued up to 120 min for PHE under UV light 
source. The photodegradation efficiency increased with 
respect to irradiation time of photocatalyst and the 
results obtained are shown in Fig. 4.  

3.4. Photocatalytic activity 

Photo-catalyzed degradation of a pollutant in solution 
is initiated by the photoexcitation of the semi-
conductor, followed by the formation of electron-hole 
pair on the surface of (ZnO/SnO2) catalyst  
(Eq. (1)). The high oxidative potential of the hole 
(h+

VB) in the catalyst permits direct oxidation of the 
pollutant to reactive intermediates (Eq. (2)): 

(ZnO/SnO2) + hν → (ZnO/SnO2)(e−
CB + h+

VB) (1) 

h+
VB+ pollutant → pollutant•+ → oxidation of the 

pollutant     (2) 

Another reactive intermediate, which is responsible for 
the degradation, is hydroxyl radical (OH•). It is either 
formed by decomposition of water (Eq. (3)) or by 
reaction of the hole with OH− (Eq. (4)). 

 
Fig. 2. SEM image of: (a) ZnO, (b) 10%SnO2/ZnO. 
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Fig. 3. comparison of the activities of ZnO and  
SnO2/ZnO. 
Conditions: PHE=20mg/L, ZnO and SnO2/ZnO= 0.28 g/L, 
K2S2O8=3 mM, pH=7.0, irradiation time=90 min, Vt=25 mL. 

It should be emphasized that hydroxyl radical is an 
extremely strong, non-selective oxidant (E0 = +3.06 
V), which leads to the partial or complete 
mineralization of several organic chemicals [34]: 

h+
VB + H2O → H+ + •OH   (3) 

h+
VB + OH− → •OH    (4) 

•OH + pollutant → degradation of the   (5) 

3.5. Effect of catalyst concentration 

In order to determine the effect of catalyst loading, the 
experiments were performed by varying catalyst 
concentration from 0.04 to 0.52 g/L solutions of 20 
mg/L at natural pH and 3m M K2S2O8. The degradation 
efficiency for catalysts loading for PHE is depicted in 
Fig. 5. This Figure reveals that initial slopes of the 
curves increase greatly by increasing catalyst loading 
from 0.04 to 0.12 g/L for PHE. The rate of degradation 
remains then almost constant. In case of PHE 
maximum degradation, it was observed that with 0.28 
g/L, and thereafter, increase in the dose of catalyst had 
no effect.  

 
Fig. 4. Effect of irradiation time on the photodegradation 
efficiency. 
Conditions: PHE =20 mg/L, SnO2/ZnO= 0.28 g/L, K2S2O8=3 mM, 
pH=7.0, Vt=25 mL.  

 
Fig. 5. Effect of catalyst concentration on the 
photodegradation efficiency. 
Conditions: PHE =20 mg/L, K2S2O8=3 mM, pH=7.0, irradiation 
time=120 min, Vt=25 mL.  

The photocatalytic destruction of other organic 
pollutants has also been reported to exhibit a similar 
dependency on the catalyst dose [38]. This can be 
explained by considering that the optimum catalyst 
loading is dependent on the initial solute concentration. 
It has been reported that an increase in the catalyst 
dosage leads to an increase in the total active surface 
area, hence availability of more active sites on the 
catalyst surface [39]. At the same time, due to an 
increase in turbidity of the suspension with a high dose 
of photocatalyst, there will be a decrease in the 
penetration of UV light, and hence, the photoactivated 
volume of suspension decreases [40]. Thus, it can be 
concluded that a higher dose of catalyst may not be 
useful both in view of aggregation and as reduced 
irradiation field due to light scattering. Therefore, the 
catalyst doses of 0.28 and 0.12 g/L were fixed for PHE 
respectively in the course of further studies. 

3.6. Effect of pH 

Fig. 6 shows the degradation efficiency of PHE as a 
function of pH. The maximum degradation efficiency 
was obtained in pH 7.0.  

 
Fig. 6. Effect of pH on the photodegradation  
efficiency.  
Conditions: PHE =20 mg/L, SnO2/ZnO= 0.28 g/L, K2S2O8=3 mM, 
irradiation, time=120 min, Vt=25 mL. 
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Wastewater containing pharmaceuticals is discharged 
at different pH; therefore, it is important to study the 
role of pH on degradation of PHE. To study the effect 
of pH on the degradation efficiency, experiments were 
carried out at various pH values, ranging from 2.0 to 
11.0 for constant drug concentration (20 mg/L) and 
catalyst loading (0.28 and 0.12 g/L, respectively, for 
PHE). The interpretation of pH effects on the 
efficiency of the photocatalytic degradation process is 
a very difficult task because of its multiple roles [39]. 
In acidic and neutral solutions photodegradation 
efficiency was more than in alkaline solutions. The pKa 
phenylephrine hydrochloride is 8.97. In the pH less 
than 9 the concentration of cationic form is more than 
molecular form and solubility of PEH increased, so the 
degradation by photocatalyst was done as well. But, in 
the basic media (pH more than 9), the concentration of 
cationic form is less than the molecular form and 
solubility PEH decreased, so the degradation of PEH 
by photocatalyst stopped. Meanwhile, it was found that 
the zinc oxide suspension could not be electrostatically 
stabilized in the preset pH range between 7.2 and 12 
due to the transformation of colloidal Zn(OH)2(S) 
particles to Zn(OH)2(aq) [41]. This result was obtained 
according to experiment data, because we obtained the 
maximum degradation of PEH in pH 7.0.  

3.7. Effect of concentration of PHE  

After optimizing the pH conditions and the catalyst 
amount (pH=7.0 and catalyst amount 0.28 g/L for 
PHE), the photocatalytic degradation of PHE was 
carried out by varying the initial concentrations of the 
PHE from 10 to 60 mg/L. As the concentration of the 
drug increased, the rate of photodegradation decreased 
indicating either an increase in the catalyst dose or in 
the time span for the complete removal. Fig. 7 depicts 
the time dependent graph of degradation of PHE (10-
60 mg/L). In the case of PHE, for drug solution of 20 
mg/L, almost 99.4% degradation occurred within 120 
min. The possible explanation for this behavior is that 
as the initial concentration of the drug increases, the 
 

 
Fig. 7. Effect of concentration of PHE.  
Conditions: SnO2/ZnO= 0.28 g/L, K2S2O8=3 mM, pH=7.0, 
irradiation time=120 min, Vt=25 mL. 

path length of the photonsentering the solution 
decreases and in low concentration the reverse effect is 
observed, thereby, increasing the number of photon 
absorption by the catalyst in lower concentration [42]. 

3.8. Effect of Effect of K2S2O8 

In this study, the effect of persulfate ion on the 
photocatalytic degradation of the PHE was investigated 
(concentration of K2S2O8: 1 to 7mM). The data are 
presented in Fig. 8. The percentage of PHE 
degradation increased with increasing the amount of 
persulfate ion concentration and achieved 99.4% 
within 120 min irradiation time at 3mM persulfate ion 
concentration. It is a beneficial oxidizing agent in 
photocatalytic detoxification because SO4

−• is formed 
from the oxidant by reaction (eqs. (6) and (7)) with the 
semiconductor generated electrons (e−

CB). 

S2O8
2− + e−

CB→ SO4
−• + SO4

2−   (6) 

S2O8
2− + e− CB → SO4−• + SO4

2−   (7) 

The sulfate radical anion (SO4−•) is a strong oxidant 
(E0 = 2.6 eV) and engages in the following three 
possible modes of reactions with organic compounds. 
(i) by abstracting a hydrogen atom from saturated 
carbon. (ii) by adding to unsaturated or aromatic 
carbon and (iii) by removing one electron from the 
carboxylate anion and from certain neutral molecules 
[43]. In addition, it can trap the photogenerated 
electrons and or generate hydroxyl radical [43–45]. 
Hydroxyl and sulfate radical anions (eqs (8) and (9)) 
are powerful oxidants that can degrade the pollutant 
molecules at higher rate. The SO4−• has the unique 
nature of attacking the pollutant molecule at various 
positions and hence the fragmentation of the pollutant 
molecules is rapid [13]. 

SO4
−• + pollutant → SO4

2− + pollutant+• 
(intermediate)     (8) 

SO4
−• + pollutant+• (intermediate) → SO4

2−+ CO2+ 
other inorganics     (9) 

 
Fig. 8. Effect of K2S2O8 on the photodegradation efficiency. 
Conditions: PHE =20 mg/L, SnO2/ZnO= 0.28 g/L, pH=7.0, 
irradiation time=120 min, Vt=25 mL. 
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4. Conclusions 

ZnO and 10 %SnO2 doped ZnO powders were 
prepared by the sol-gel method. Comparison of 
photocatalytic activity of ZnO and 10 % SnO2 doped 
ZnO clearly indicated that 10 %SnO2 doped ZnO is the 
most active photocatalyst for degradation of PHE. 
Experimental results also indicated that degradation of 
drug was facilitated in the presence of the catalyst and 
favored the basic region. The initial rate of 
photodegradation increased with an increase in the 
catalyst dose up to an optimum loading. However, 
further increase in the catalyst dose showed no effect. 
As the initial concentration of PHE increased, the rate 
of degradation decreased in each pollutant. The 
optimal degradation conditions of 20 ppm PHE were: 
0.28 g/L catalyst, pH 7.0, 3mM K2S2O8 and irradiation 
time of 120 min. Under optimal degradation 
conditions, the photodegradation of PHE was obtained 
to be (99.4 ± 1.0) %. 
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