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A B S T R A C T   

A novel sol-gel method was employed in this study to efficiently synthesize SnO2 nanoparticles to catalyze the 
ozonation of acetaminophen (ACT) from aqueous solutions. The influence of various parameters including Sn 
source, type of capping and alkaline agents, and calcination temperature on the catalytic activity of the SnO2 
preparations was investigated. The SnO2 nanoparticles prepared by tin tetrachloride as Sn source, NaOH as 
gelatin agent, CTAB as capping agent and at calcination temperature of 550 ◦C (SnNaC-550) exhibited the 
maximum performance in the catalysis of ACT. The optimized catalyst (SnNaC-550) had spherical-homogeneous 
and cubic-shaped nanocrystalline particles with 5.5 nm mean particle size and a BET surface area of 81 m2/g, 
which resulted in 98% degradation and 84% mineralization of 50 mg/L ACT at 20 and 30 min reaction time, 
respectively when combined with ozonation (COP). Based on the radical scavenger experiments, •OH was the 
major oxidizing agent involved in the removal of ACT. LC/MS analysis showed that short-chain carboxylic acids 
were the main intermediates. Furthermore, the SnNaC-550 catalytic activity was preserved after four successive 
cycles. Collectively, the new method has the potential to efficiently synthesize stable and reusable SnO2 nano-
particles to catalyze the ozonation of ACT from aquatic environments.   

1. Introduction 

In the last decades, the rapid global population growth, urbanization, 
industrialization, commercialization and several anthropogenic activ-
ities have resulted into the generation of a new category of micro-
pollutants known as emerging contaminants (ECs). These compounds 
have the potential to impose hazardous effects on both ecosystem and 
human health (Meffe and de Bustamante, 2014). A large body of evi-
dences highlights that different concentrations of ECs ranging from ng/L 
to mg/L are found in water sources and wastewater effluents (Petrie 
et al., 2015; Taheran et al., 2018; Shah et al., 2020; Ramírez-Malule 
et al., 2020; Hartmann et al., 2019; Luo et al., 2014; Hartmann et al., 
2020; Rout et al., 2021; Houtman et al., 2014). ECs can be subdivided 
into the different groups of contaminants including pesticides, endo-
crine disrupting compounds (EDCs), industrial compounds, cosmetics, 

and pharmaceutical compounds (PCs) (Gogoi et al., 2018). Among the 
mentioned agents, PCs are a diverse group of chemicals that are widely 
consumed throughout the world (Yang et al., 2017). These compounds 
are largely excreted non-metabolized into the urine and feces, and 
eventually end up in wastewaters (Esplugas et al., 2007). These claims 
are supported by the numerous evidences showing various amounts of 
PCs in water bodies worldwide (Ebele et al., 2017). Since the presence of 
PCs in water resources, even at trace amounts, could negatively impact 
the health of humans as well the wildlife and living microorganisms in 
aquatic environments, therefore these pollutants should appropriately 
be removed from waters and wastewaters (Nikolaou et al., 2007). 

The biorecalcitrant pollutants, such as PCs, are only removed 
partially by the conventional wastewater treatment processes (Kana-
karaju et al., 2018; Luján-Facundo et al., 2019), accordingly, advanced 
techniques are needed to achieve a complete degradation of these 
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persistent contaminants. Among the various new technologies have 
been developed (Mashayekh-Salehi and Moussavi, 2016; Ensano et al., 
2017; Radjenović et al., 2009; Shariati et al., 2010; Escolà Casas et al., 
2015; Tambosi et al., 2010), ozone based-advanced oxidation processes 
(AOPs) are recommended for water treatment in view of PCs removal 
(Klavarioti et al., 2009; Feng L., 2014). Previous studies have shown that 
the use of sole ozonation process (SOP) has great advantages in 
removing odor and color, however is not particularly effective in elim-
inating PCs (Saeid et al., 2018; Wang and Bai, 2017). Ozone reacts in 
two ways: 1) in its molecular form, which is selective, and 2) through the 
generation of radicals, which is highly dependent on the pH value of the 
medium. Moreover, several disadvantages including incomplete oxida-
tion of contaminants, low rate of mass transfer, high operational cost 
and low stability and solubility in aqueous environments have also been 
attributed to the individual ozonation process (Rivas et al., 2009). 

In this regards, it has been shown that the addition of a catalyst to the 
ozonation, catalytic ozonation processes (COP), could improve the 
process performance through converting O3 into very active hydroxyl 
radicals (•OH) that have an oxidation potential higher than the sole 
molecular ozone, thus increases the process capability in degradation 
and mineralization of pharmaceutical contaminants (Sui et al., 2012). 
According to the literature, several materials and metal oxides, 
including alumina-based catalysts (Co3O4/Al2O3) (Pocostales et al., 
2011), MgO (Mashayekh-Salehi et al., 2017; Moussavi and Mahmoudi, 
2009), SnO2 (Begum and Ahmaruzzaman, 2018; Zeng et al., 2009), 
Fe2+, Cu2+ (Skoumal et al., 2006), carbon materials (Sui et al., 2012; 
Gonçalves et al., 2012), TiO2 (Rosal et al., 2008), NCNs (Khataee et al., 
2017), TiO2 nanofibers (Gupta et al., 2018), iron-nickel foam (Huang 
et al., 2019), MnO2 (Nawaz et al., 2017), and ZnO-CN (Yuan et al., 
2018), have widely been investigated combined with ozonation (COP) 
for removing several types of water contaminants. However, due to 
different disadvantages, research for finding powerful and cost-effective 
catalysts for the COP to treat a wide range of pollutants is still a 
continuous process. Among the mentioned catalysts, SnO2 has unique 
electrical and catalytic characteristics and stability, which makes it 
suitable material for catalytic applications (Begum and Ahmaruzzaman, 
2018). It is a semiconductor material with a versatile large band gap 
energy (3.6 eV at 300 K), high donor concentration as well as large 
mobility (Zeng et al., 2009; Cao et al., 2013). Due to these properties, 
some recent studies have tested SnO2 as a catalyst in the ozonation of 
different ECs. In this regards, Yu-Feng Zeng et al. (Zeng et al., 2009) has 
shown that the implementation of SnO2 as a catalyst in the COP could 
result in the generation of higher amounts of •OH species, even when 
used at low dosages. However, more research on SnO2 nanoparticle 
synthesis is still required to evaluate the influence of various parameters, 
such as Sn source, type of capping and alkaline agent, temperature of 
calcination on the capability of this catalyst in the COP for ECs removal 
from water. 

Previous studies have mostly used hydrothermal methods, chemical 
precipitation, microwave and spray pyrolysis to synthesize SnO2 nano-
particles (Cao et al., 2013; Fu et al., 2011; Chang, 2019; Turgut and 
Sönmez, 2014). However, these techniques have some challenges of 
being high cost and harsh reaction conditions (Taghvaei et al., 2009; 
Gondal et al., 2010), thus new methods are required to efficiently syn-
thesize SnO2 nanoparticles. However, based on a literature survey, it has 
not been found any previous study related to the synthesis of SnO2 by 
sol-gel method in the synthesis of SnO2 nanocomposites. The sol-gel is a 
simple cost-effective method which could attain high purity nano-sized 
SnO2 catalyst (Aziz et al., 2013; Kumar et al., 2015). In spite of the 
source of the catalyst (Deng et al., 2003; Dimitrov et al., 2010), there are 
other critical parameters including calcination temperature (Zhong 
et al., 2012), type/amount of alkaline agent (Journal C., 2003) and type 
and the presence of capping agent (Begum and Ahmaruzzaman, 2018), 
which could impact on the potential activity of the prepared catalyst. 
Hence, all these parameters were put into the consideration in this study 
to obtain an optimized SnO2 catalyst using the sol-gel method. 

Paracetamol (C8H9NO2; N-acetyl-4-aminophenol), commonly named 
Acetaminophen (ACT), is an example of pharmaceutical agent that has 
been extensively used with or without prescription mainly due to its 
analgesic and antipyretic properties. Previous studies have shown that 
about 58–68% of ACT at therapeutic dosage is excreted into the urine 
and feces (de Luna et al., 2013). This is in line with the numerous reports 
have detected ACT with concentration up to 0.38 µg/L in groundwater 
and 1.38–15.7 µg/L in surface waters (Meffe and de Bustamante, 2014; 
Petrie et al., 2015; Barnes et al., 2008; ). With regarding to these sub-
jects, ACT was selected as the model pollutant in this research to 
examine the effectiveness of the SnO2 nanocomposites prepared by the 
sol-gel method to remove pharmaceutical compounds from aquatic 
solutions. 

Taken together, the main objectives of this study were: (1) to syn-
thesize several preparations of SnO2 nanocomposites by employing a 
novel sol-gel method under different synthesis conditions, (2) to eval-
uate the efficacy of obtained SnO2 preparations as potential catalysts for 
the COP in removing ACT from highly polluted aquatic environments. It 
should be mentioned that, only a few studies have investigated the 
application of SnO2-based COP for catalytic oxidation of water pollut-
ants such as carbamazepine (Begum and Ahmaruzzaman, 2018) and 
decolonization molasses fermentation (Zeng et al., 2009) of wastewater, 
but no study has evaluated its effect in removing PCs from aqueous 
solutions. Of note, the degradation and mineralization ratio of ACT as 
well as its removal kinetics with different SnO2 preparations in the COP 
were also examined and compared with those results obtained in the 
SOP and adsorption onto catalysts. Moreover, the characteristics of the 
prepared catalysts including specific surface area, shape, crystallinity, 
particle size, pore volume, surface functional groups and active sites, 
morphological and structural properties as well as ACT mechanism of 
degradation via the catalytic ozonation process were investigated in this 
study. 

2. Materials and methods 

2.1. Chemicals 

The chemicals including Tin tetrachloride (SnCl4), Tin (II) Sulfate 
(SnSO4), Cetyltrimethylammonium bromide (CTAB), Sodium dodecyl 
sulfate (SDS), NaOH, NH4OH (25% solution in water), Acetaminophen 
(ACT), and ethanol were of analytical grade and all were purchased from 
Sigma-Aldrich Corporation (St. Louis, MO, USA). Double distilled water 
was used as the solvent in all the experiments. The mobile phase in HPLC 
analysis was a mixture of analytical grade Acetonitrile and ultrapure 
water. 

2.2. Catalyst preparation 

As previously mentioned, the sol–gel method employed in this study 
to synthesize SnO2 nanocomposite. To this end, several parameters 
including two types of tin sources (SnCl4 and SnSO4), presence or 
absence of capping agents (SDS and CTAB), type of alkaline and/or 
gelation substances (NaOH, NH4OH), and calcination temperatures 
(450–650 ◦C) were considered to synthesize different SnO2 prepara-
tions. Then, these catalysts were examined for the catalytic ozonation of 
ACT under different conditions given in Table 1. 

Briefly, in each run, 1 g of tin source was dissolved in 50 mL double 
distilled water and stirred magnetically at 100 rpm for 30 min at room 
temperature. Afterwards, 1 g capping agent (according to Table 1) was 
added to the obtained mixture and stirred for another 2 h. Thereafter, 
the solution pH was raised to 9 with the addition of an alkaline agent 
(NaOH/NH4OH), and stirred at 30 rpm for further 12 h until a yellow/ 
white gel was obtained. To concentrate the preparation, the obtained gel 
was centrifuged for 5 min at 5000 rpm. Subsequently, the prepared gel 
was washed three times by the use of distilled water/ethanol mixture 
(50:50, v-v) to remove non-dissolved particles/ impurities from the 
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preparation. At the end, the gel was dried in an oven under 80 ºC for 
24 h. Ultimately, the dried gel was powdered by Laboratory Porcelain 
Mortar with Pestle and then calcined by raising the temperature with 4 
ºC min− 1 to the predetermined level (450–650 ºC) under air atmosphere. 

2.3. COP experiments and catalytic activity of prepared SnO2 catalysts 

To examine the maximum catalytic activity of the synthesized SnO2 
nanocomposites and to select the optimized preparation of the catalysts, 
the removal efficiency of ACT in the COP and SOP experiments and 
adsorption onto SnO2 was calculated according to Eq. (1). 

Catalytic activity(%)=ACT degradation in COP − (ACT degradation in SOP
+ACT adsorption onto SnO2)

(1) 

Since the ACT degradation in SOP and ACT adsorption onto the 
catalyst are the same for all the experiments, thus to find the precise 
catalytic activity of each catalyst, these values must be subtracted from 
the value of ACT degradation in COP. Accordingly, based on the Eq. (1), 
the highest catalytic activity was attributed to the SnO2 preparation 
which had higher ACT degradation in COP by subtracting ACT degra-
dation in SOP and ACT adsorption onto catalyst. 

As shown in Fig. S1, a bench scale reactor was used to perform the 
experiments in batch mode. The pilot was consisted of a cylindrical 
Pyrex reactor with the total volume of 250 mL, a pure oxygen supply, an 
ozone generator, a catalytic ozone destructor and tubes, and fitting and 

valves. In order to improve the distribution of the ozone-containing gas 
stream entering the Pyrex-reactor, a sintered glass diffuser was 
embedded inside the reactor at the distance of 2 cm above the bottom 
the reactor (both in the SOP and COP experiments). To obtain a thor-
oughly mixed suspension, the reactor content was magnetically stirred 
at 100 rpm. Pure oxygen was fed into a ozone generator (HC4, Xylem 
Co. WEDECO brand, Netherlands), which produced ozone with a ca-
pacity of 0.4–4 g O3/h. The ozone dose was kept constant 1.6 mg O3/ 
min during the COP and SOP experiments by adjusting the inlet ozone at 
0.2 L/min and 8 mg/L for flow rate and concentration, respectively. The 
desired dosages of ozone was obtained by regulating the rate of airflow 
passing through the generator. The concentration of ozone in the feed 
gas and off gas streams was measured by an ozone analyzer (BMT 964 C, 
RMT MESSTECHIK, WEDECO company, BERLIN, Germany). 

For each COP experiment, 1.30 g/L SnO2 powder was added to the 
reaction solution and the ozone generator was switched on for a pre-
determined time period (2, 5, 10, 15, 20 and 30 min). The concentration 
of 1.30 g/L SnO2 was chosen according to similar studies of AOPs with 
SnO2 as catalyst (Begum and Ahmaruzzaman, 2018; Zeng et al., 2009) 
and pre-test results. The same procedure was applied for the adsorption 
and SOP experiments except that the ozone generator was switched off 
in the adsorption tests and no catalyst was used in the SOP. During the 
experiments, the reactor content was stirred magnetically at 100 rpm to 
maintain a well-mixed suspension. The suspension in the reactor was 
filtered at the end of adsorption and COP experiments using a syringe 
filter (Macherey-Nagel GmbH & Co.KG Germany) with a pore size of 
0.45 µm and the filtrate was analysed for the remaining ACT concen-
tration. More details about COP experiments can be found in the SI (Text 
S1). 

2.4. Catalyst characterization 

The characteristics of some catalysts preparations (7 of 24 prepared 
catalysts) were studied based on their surface morphology, texture as 
well as particle size distribution with the use of different techniques 
including XRD, XRF, SEM, EDX, TEM, BET, BJH and FTIR. Details of the 
experimental techniques utilized for characterization of the selected 
synthesized catalysts are presented in Table S1. The selection of catalysts 
to characterize their physico-chemical properties was based on the re-
sults obtained from COP experiments, in which the optimized SnO2 and 
the catalyst with lowest efficiency were determined by considering 
various synthetic parameters including Tin source, type of gelation and 
capping agents as well as calcination temperature. 

2.5. Performance indices and analytical methods 

The concentrations of ACT in the filtered solution underwent SOP, 
COP and adsorption experiments were measured using a Phenomenex 
HPLC (Kinetex Core-shell C18 column; 2.6 µm, 4.6 ×100 mm) equipped 
with a UV detector (215 nm). Details of the HPLC experiments, along 
with the procedures employed for ACT degradation and mineralization 
are presented in SI (Text S2). The degradation efficiency was measured 
based on ACT removal, while mineralization efficiency obtained 
through the TOC analysis. 

The ACT degradation and mineralization kinetics for both SOP and 
COP processes were determined using pseudo-first-order (PFO) reaction 
model, as described by Eqs. (2) and (3) (Moussavi et al., 2012): 

ln
(

Ct

C0

)

= − kobst (2)  

r1 = −
dC
dt

= kobsC (3) 

In the above equations C0 and Ct refers to the initial ACT concen-
tration and its amount after reaction for time t, respectively, and kobs is 
the PFO constant. Moreover, r1 demonstrates the degradation rate of 

Table 1 
Different SnO2 nanoparticles and preparation conditions.  

Code of 
SnO2 

Tin 
Source 

Gelation 
agent 

Capping 
agents 

Calcination 
temperature (ºC) 

SnNa-450 SnCl4 NaOH (6 M) –  450 
SnNa-550 SnCl4 NaOH (6 M) –  550 
SnNa-650 SnCl4 NaOH 

(6 M); 
–  650 

SnNH-450 SnCl4 NH4OH 
(25%) 

–  450 

SnNH-550 SnCl4 NH4OH 
(25%) 

–  550 

SnNH-650 SnCl4 NH4OH 
(25%) 

–  650 

SnNaS-450 SnCl4 NaOH (6 M) SDS  450 
SnNaS-550 SnCl4 NaOH (6 M) SDS  550 
SnNaS-650 SnCl4 NaOH 

(6 M); 
SDS  650 

SnNaC-450 SnCl4 NaOH (6 M) CTAB  450 
SnNaC-550 SnCl4 NaOH (6 M) CTAB  550 
SnNaC-650 SnCl4 NaOH 

(6 M); 
CTAB  650 

SnNHS- 
450 

SnCl4 NH4OH 
(25%) 

SDS  450 

SnNHS- 
550 

SnCl4 NH4OH 
(25%) 

SDS  550 

SnNHS- 
650 

SnCl4 NH4OH 
(25%) 

SDS  650 

SnNHC- 
450 

SnCl4 NH4OH 
(25%) 

CTAB  450 

SnNHC- 
550 

SnCl4 NH4OH 
(25%) 

CTAB  550 

SnNHC- 
650 

SnCl4 NH4OH 
(25%) 

CTAB  650 

SONa-550 SnSO4 NaOH(6 M) –  550 
SONH-550 SnSO4 NH4OH 

(25%) 
–  550 

SONaS-550 SnSO4 NaOH(6 M) SDS  550 
SONHS- 

550 
SnSO4 NH4OH 

(25%) 
SDS  550 

SONaC- 
550 

SnSO4 NaOH(6 M) CTAB  550 

SONHC- 
550 

SnSO4 NH4OH 
(25%) 

CTAB  550  
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ACT. 
A liquid chromatography/mass spectrometry (LC/MS) was also used 

to examine the intermediate products generated during degradation of 
ACT in the COP. Details about the LC/MS performance are presented in 
SI (Text S3). 

The nitrate concentration was measured by using a spectrophotom-
eter (UV/Vis, Perkin-Elmer 550 SE, USA) according to the water and 
wastewater Standard methods (APHA, Standard Methods for the Ex-
amination of Water and Wastewater, 20th edn, American Public Health 
Association, American Water Works Association and Water Environ-
ment Federation, (1998) 1998.). 

2.6. Catalyst Reusability 

From a practical viewpoint, the reusability of catalysts is an impor-
tant feature that determines the cost-effectiveness of the process. In this 
regard, the catalytic performance as well as the reusability of synthe-
sized SnO2 nanoparticles was evaluated in COP through three successive 
experiments. In order to evaluate the reusability of the catalyst, 1.3 g/L 
of SnO2 was used at pH 7, an ACT concentration of 50 mg/L, an O3 
dosage of 1.6 mg O3/min, and at reaction time of 30 min. For this, the 
previously prepared catalyst suspension was centrifuged at 5000 rpm 
for 5 min. The c catalyst was collected and washed for several times with 
distilled water in order to remove any impurity and then dried for 1 h at 
105 ºC in a hot air oven, and used for the next COP experiment at the 
same conditions without any modification. 

3. Results and discussion 

3.1. Kinetics and catalytic activity of the synthesized nanoparticles 

The degradation kinetics of ACT using different preparations of SnO2 
composite were examined for both SOP and COP processes and are 
summarized in Table 2. We found that under the experimental condi-
tions only ˂ 2% of ACT removal was occurred through its adsorption onto 
the synthesized nanocatalysts. Moreover, at a contact time of 10 min, 
SOP was responsible for 30.55% ACT degradation. These findings 
indicate that the addition of SnO2 nanocomposite to ozonation process 
(COP) could efficiently enhance ACT degradation compared to indi-
vidual ozonation or adsorption onto catalyst. Since the removal of ACT 
by sole catalyst was negligible, hence we did not perform kinetic studies 
for the adsorption of ACT onto catalysts. 

According to the results presented in Table 2, the higher degradation 
of ACT was achieved when the catalysts were prepared with SnCl4, as tin 
source, compared to SnSO4. For example, under the same conditions, the 
degradation rate of ACT in the COP with SnNaC-550 (rCOP- SnNaC-550 
= 7.805 mg ACT /L. min) was about 2.5 times greater than that rate 
found for SONaC-550 (rCOP- SONaC-550 = 3.115 mg ACT /L. min). More-
over, regardless of the tin source, those catalysts which were prepared 
by NaOH as gelatine agent exhibited higher rCOP than the catalysts (with 
the same tin source) prepared by NH4OH. As shown in Table 2, ACT 
degradation rate was about 1.8 times higher for the COP with SnNaS- 
550 as catalyst (rCOP= 6.895 mg ACT /L. min) compared to SnNHS- 
550 (rCOP = 3.83 mg ACT /L. min). 

Furthermore, according to Table 2, it is obvious that the use of 
capping agent has also influenced the catalytic performance of SnO2 
nanoparticles in removing ACT. According to the results a superior 
catalytic activity was observed for those catalysts capped with a capping 
agent (CTAB and/or SDS), compared to those preparations were not 
capped. This phenomenon was more pronounced for the SnO2 prepa-
rations capped with CTAB compared to SDS (SnNaC-550 > SnNaS- 
550 > SnNa-550). Our results are in line with the findings of Begum 
et al. (Begum and Ahmaruzzaman, 2018) who showed higher degrada-
tion capacity for CTAB capped SnO2 nanoparticles in removing carba-
mazepine from aqueous solutions compared to those SnO2 nanoparticles 
capped with SDS. 

Calcination temperature is another parameter has been shown can 
affect the performance of nanocatalysts (Zhong et al., 2012). In this 
regards, we found that (Table 2), the catalysts those prepared at a 
calcination temperature of 550 ◦C had higher rCOP than the catalysts 
were prepared at other calcination temperatures. The trend for catalysts 
rCOP based on the calcination temperature were SnNaC-550 > SnNaC- 
450 > SnNaC-650 and/or SnNaS-550 > SnNaS-650 > SnNaS-450. 

Taken together, we observed higher efficiency in the ACT degrada-
tion for the catalysts prepared with SnCl4 as tin source, NaOH as alkaline 
agent, CTAB as capping agent and the calcination temperature of 550 ◦C 
compared to those preparations obtained at the other conditions. 
Therefore, according to these preliminary results, SnNaC-550 and 
SONH-550 were the catalysts which had higher and lower rCOP, 
respectively. 

In the next experiments, the degradation and mineralization rates of 
ACT in the integrated SnO2-based COP were examined to find the op-
timum reaction time and the obtained results were compared with those 
values in the sole ozonation process (SOP). 

The mineralization kinetics of ACT in the COP experiments con-
ducted by SnNaC-550, SONH-550 were compared to the results obtained 
from SOP and are presented in Table 3. These results showed that, the 
ACT mineralization rate in the SOP, SONH-550-based COP, and SnNaC- 
550-based COP was 0.78, 0.93 and 3.74 mg ACT /L. min, respectively. 
Accordingly, a rCOP/SOP ratio of 4.7 was obtained for SnNaC-550, as the 
catalyst with the optimum performance, while the rCOP/SOP ratio was 

Table 2 
Degradation kinetics of ACT in the COP and SOP experiments.  

Type of 
catalysts 

Maximum ACT 
removal percentage 
(10 min) 

R2 kobs (1/ 
min) 

r (mg 
ACT /L. 
min) 

r COP/ 

SOP 

SnNaC- 
550 

95.4 0.5306 0.1561 7.805 2.90 

SnNaC- 
450 

94.9 0.5456 0.1506 7.53 2.80 

SnNaS-550 90.6 0.8606 0.1379 6.895 2.56 
SnNa-550 89.3 0.5277 0.1203 6.015 2.24 
SnNaC- 

650 
84.1 0.595 0.1167 5.835 2.17 

SnNa-450 82.9 0.7326 0.1084 5.42 2.01 
SnNa-650 82.4 0.8046 0.0954 4.77 1.77 
SnNaS-650 73.9 0,6252 0.0914 4.57 1.70 
SnNHS- 

450 
59.0 0.9258 0.0885 4.425 1.64 

SONaS- 
550 

58.2 0.9559 0.0785 3.925 1.46 

SnNHS- 
650 

55.8 0.9563 0.077 3.85 1.43 

SnNHS- 
550 

52.5 0.955 0.0766 3.83 1.42 

SnNaS-450 49.4 0.9967 0.0741 3.705 1.38 
SnNH-450 49.0 0.9971 0.0732 3.66 1.36 
SnNHC- 

550 
46.0 0.9982 0.0678 3.39 1.26 

SONHS- 
550 

41.0 0.9912 0.064 3.2 1.19 

SnNH-650 38.9 0.9872 0.0636 3.18 1.18 
SnNHC- 

450 
37.6 0.893 0.063 3.15 1.17 

SnNH-550 36.9 0.9761 0.0625 3.125 1.16 
SONaC- 

550 
35.1 0.9494 0.0623 3.115 1.16 

SONHC- 
550 

34.0 0.9593 0.062 3.1 1.15 

SnNHC- 
650 

33.1 0.9499 0.0618 3.09 1.15 

SONa-550 32.9 0.9533 0.0616 3.08 1.14 
SONH-550 23.4 0.9228 0.0614 3.07 1.14 
Process Maximum ACT 

removal percentage 
(10 min) 

R2 kobs (1/ 
min) 

r (mg 
ACT /L. 
min) 

r COP/ 

SOP 

SOP 30.55 0.9366 0.0538 2.69 –  
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calculated 1.5 for SONH-550, as the preparation with the least catalytic 
performance. These findings indicate that SnO2 catalysts prepared by 
the new sol-gel method have remarkable catalytic potential for the ACT 
degradation and mineralization. 

As previously mentioned, in this step, the effect of reaction time on 
the performance of prepared catalysts in the COP was examined. To this 
end, the degradation and mineralization of ACT (50 mg/L) by SnNaC- 
550 (high performance catalyst) and SONH-550 (low performance 
catalyst) integrated with ozonation (COP) were examined at different 
reaction times and compared to those results obtained in SOP. As 
depicted in Fig. 1a, the efficiency of ACT degradation in the SOP was 
improved approximately from 5.3% to 61.2% by increasing the contact 
time from 2 to 20 min, respectively. However, we observed that the 
degradation of ACT was considerably increased by 40.5% when 1.3 g/L 

of SnNaC-550 was added into the ozonation process (COP) at the reac-
tion time of 2 min. As expected, the results obtained for SONH-550- 
based COP (low performance catalyst) was somehow similar to the 
SOP results. In addition, the ACT degradation efficiency in the SnNaC- 
550-based COP was increased from 40.5% to 95.4%, by increasing the 
contact time from 2 to 10 min. However, negligible improvement 
(0.1%) was observed by further increasing the reaction time (up to 
20 min). Therefore, according to Eq. (1), the catalytic activity of SnNaC- 
550-based COP was enhanced from 34.6% to a maximum of 64.8%, 
when the reaction time increased from 2 min to 10 min. The minerali-
zation efficiency of ACT based on TOC reduction as a function of reac-
tion time is shown in Fig. 1b. As it is obvious, the ACT mineralization in 
the SOP was increased from 4.6% to 34.7% by increasing the reaction 
time from 2 to 30 min. A similar trend was also detected for the SONH- 
550-based COP, demonstrating that SONH-550 cannot be considered as 
a capable catalyst for ACT degradation and mineralization. However, 
when SnNaC-550 used as catalyst in the COP, the ACT mineralization 
was improved from 32% to 84%, by increasing the contact time from 2 
to 30 min. Furthermore, the catalytic potential of about 56% was 
attained for the mineralization of ACT by adding SnNaC-550 into the 
ozonation reactor at 10 min reaction time. Collectively, the results show 
that SnNaC-550, as the optimized SnO2 nanoparticles, had a desirable 
catalytic performance in degradation and mineralization of ACT when 
added to the ozonation process. Additionally, since the maximum 
degradation and mineralization of ACT as well as the optimum perfor-
mance of the COP was achieved at 10 min reaction time, the next COP 
experiments were set at this reaction time. 

Table 3 
Kinetics of ACT mineralization in the COP experiments based on SnNaC-550, 
SONH-550 and in the SOP experiments.  

Type of 
process 

Maximum ACT 
removal percentage 
(10 min) 

R2 kobs (1/ 
min) 

r (mg 
ACT /L. 
min) 

r COP/ 

SOP 

SnNaC-550- 
based 
COP  

72.0  0.7105  0.0747  3.74 4.79 

SONH-550- 
based 
COP  

20.6  0.9328  0.0185  0.93 1.50 

SOP  15.9  0.9748  0.0156  0.78 –  

0 5 10 15 20 25
0

20

40

60

80

100

C
at

al
yt

ic
 a

ct
iv

ity
 (%

)

A
C

T
 d

eg
ra

da
tio

n 
(%

)

Time (min)

 COP Based SnNaC-550

 COP Based SONH-550

 SOP

 Catalytic activity of SnNaC-550

 Catalytic activity of SONH-550

(a)

0

20

40

60

80

100

0 5 10 15 20 25 30 35
0

20

40

60

80

100
 Catalytic activity of SnNaC-550

 Catalytic activity of SONH-550

C
at

al
yt

ic
 a

ct
iv

ity
 (%

)

A
C

T 
m

in
er

al
iz

at
io

n 
(%

)

Time (min)

 COP Based SnNaC-550

 COP Based SONH-550

 SOP

(b)

0

20

40

60

80

100

0 5 10 15 20 25
-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

L
n(

c/
c 0)

Time (min)

 COP Based SnNaC-550

 COP Based SONH-550

 SOP

(c)

0 5 10 15 20 25 30 35
-2.0

-1.5

-1.0

-0.5

0.0

L
n(

c/
c 0

)

Time (min)

COP Based SnNaC-550

COP Based SONH-550

SOP

(d)

Fig. 1. ACT degradation (a) and mineralization (b) trend as a function of reaction time with the adjusted line equations for ACT degradation (c) and ACT miner-
alization (d) in the investigated processes (conditions: pH: 7; ACT concentration: 50 mg/L; SnO2 dosage: 1.3 g/L and O3 dosage: 1.6 mg O3/min). 
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As mentioned earlier, there are no previous studies which have 
investigated the effect of the integrated SnO2-based COP in the degra-
dation of ACT. However, a broad spectrum of nanomaterials have been 
evaluated combined with the ozonation process for ACT removal from 
aquatic environments (Mashayekh-Salehi et al., 2017). Mashayekh et al. 
(Mashayekh-Salehi et al., 2017) showed that the SOP could remove ACT 
by the half (48%) in a 50 mg/L solution, while the addition of MgO 
(adding 2 g/L MgO into the ozone reactor (1.8 mg O3/min)) consider-
ably increased the ACT degradation from 14.8% to 99.9%, by increasing 
the reaction time from 1 to 15 min. Moreover, in the mentioned study 
(Mashayekh-Salehi et al., 2017), the maximum ACT mineralization for 
O3/MgO process was found 94% at a reaction time of 30 min. In another 
study, Lin et al. (Lin et al., 2016) have studied the ACT degradation by 
the UV/TiO2 process. According to their findings, the sole UV process 
removed only 12% of ACT, however when combined with TiO2 (UV/ 
TiO2 process), it removed 94% of the ACT. The kobs values of ACT 
degradation for sole UV and UV/TiO2 processes were 0.009 and 
0.043 min− 1, respectively, while at the present work the kbos of SnNaC- 
550-based COP was 0.353 min− 1. There are also few studies have 
examined the catalytic removal of other PCs by SnO2 nanoparticles. In 
this regard, Begum and Ahmaruzzaman (Begum and Ahmaruzzaman, 
2018) have investigated the catalytic degradation of 5 ppm carbamaz-
epine by SnO2 as catalyst. They found that at a concentration of 0.6 g/L 
of SnO2, solution pH of 5 and reaction time of 90 min, the SnO2 nano-
particles capped with CTAB and SDS, were able to degrade 97% and 95% 
of carbamazepine, respectively when combined with UV irradiation 
(UV-C/SnO2 process). 

3.2. Characteristics of the SnO2 nanoparticles 

3.2.1. Crystalline phase identification 
The XRD patterns of the selected synthetized SnO2 nanoparticles are 

shown in Fig. 2. Accordingly, the peak patterns are relatively the same 
for all the SnO2 preparations which are also in accordance with the 
major peaks of SnO2 particles regarding to the Joint Committee on 
Powder Diffraction Standards (41–1445) (Zeng et al., 2009). As the re-
sults show, three clear peaks were observed at 2θ of 26.44◦, 33.8◦ and 
51.74◦, which were attributed to the (110), (101) and (211) planes, 
respectively, and are related to the tetragonal rutile SnO2 crystal in its 
pure phase (Begum and Ahmaruzzaman, 2018). The other obvious peaks 
positioned at 2θ of 37.87◦, 54.61◦, 57.89◦, 61.9◦, 64.92◦, 65.91◦, 71.31◦

and 78.69◦ were related to (200), (220), (002), (310), (112), (301), 
(202) and (321) crystal planes, respectively, which are also fit well with 
the standard tetragonal structured SnO2 nanoparticles. Furthermore, 
when SnSO4 used as tin source (SONH-550), an orthorhombic SnO2 
phase was observed at the peak position around 29.64◦ (210). Based on 

these XRD results, no peaks were found to be related to the impurities in 
any of the catalyst preparations. 

The mean particle size (D) of the selected synthetized SnO2 nano-
particles was determined using the Debye-Scherrer equation (Begum 
and Ahmaruzzaman, 2018) according to the XRD data by the full width 
at half maximum (FWHM) of the diffraction peak: 

D =
Kλ

βCosθ
(4)  

Where k is the shape coefficient (0.9), β is the full width at half 
maximum (FWHM), λ is the wavelength of Co kα radiation and θ is the 
reflection angel in degree (◦). Based on the above equation, the average 
crystallite size of the prepared SnO2 nanoparticles was ranged from 3 to 
13.2 nm as shown in Table S2. Our findings showed that the catalysts 
prepared by NaOH as alkaline agent (SnNaS-550 and/or SnNaC-550) 
had smaller crystalline size than those preparations obtained by 
NH4OH (SnNHC-550 and/or SnNH-550). Similarly, the use of SnCl4 as 
tin source in preparation of SnO2 nanoparticles resulted in smaller 
crystalline size compared to SnSO4. The average crystalline size of the 
synthetized SnO2 nanoparticles in the present work are close to those 
reported in the literature (Begum and Ahmaruzzaman, 2018; Zeng et al., 
2009; Cao et al., 2013; Chang, 2019; Aziz et al., 2013). For example, the 
average crystalline size of SnO2 nanoparticles prepared with the pre-
cipitation methods for decolorization of molasses fermentation waste-
water was obtained 7–11 nm (Zeng et al., 2009), and for degradation of 
carbamazepine from aqueous phase was reported 8–16 nm (Begum and 
Ahmaruzzaman, 2018). 

3.2.2. Structural and elemental composition 
The chemical composition of the synthesized catalysts was also 

investigated by the XRF technique and the results are given in Table S2. 
These results show that SnO2 (>93%) is the main compound in the all 
synthesized catalysts, which is in agreement with the XRD results. In the 
catalysts capped with SDS (SnNaS-550 and SnNHS-550), SO3 was also 
detected in the XRF spectra. The weight percentage of other chemical 
compounds including SiO2, Nb2O5, Fe2O3, PbO, Al2O3, NiO, Cr2O3, P2O5 
and K2O in all synthesized catalysts was negligible (smaller than 1%). In 
addition, the elemental concentrations in the synthesized catalysts was 
measured by EAX technique and reported in Fig. S2. According to EAX 
results, tin (Sn) and oxygen (O) were the main elements present in the 
SnO2 structure. Weight and atomic percentages of other detected ele-
ments including calcium (Ca), sulfur (S), sodium (Na), chloride (Cl) and 
silica (Si) were not considerable (smaller than 3%). The elemental 
analysis showed the high purity of synthesized SnO2 nanoparticles and 
approved the XRD and XRF results. 

3.2.3. Pore properties and specific surface area 
N2 adsorption/desorption isotherms were used to determine total 

pore volume, average pore size and specific surface area of the selected 
synthetized SnO2 preparations (Fig. S3 and Table 4). Fig. S3 shows the 
pore size distributions of each selected catalyst. The attained isotherms 
could be considered as type IV based on the IUPAC classification and 
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Fig. 2. The XRD patterns of the selected synthesized SnO2 nanoparticles.  

Table 4 
Pore properties and specific surface area of selected catalysts.  

Type of catalyst BETa (m2/g) dpore
b (nm) Vtot

c (cm3/g) 

SnNa-550  32  4.5  0.055 
SnNH-550  18  12.2  0.055 
SnNaS-550  38  5.9  0.086 
SnNaC-550  81  6.8  0.138 
SnNHS-550  21  10  0.053 
SnNHC-550  36  9.8  0.071 
SONH-550  9.9  15  0.035  

a BET specific surface area. 
b Average pore size. 
c Total pore volume. 
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Brunauer-Demining-Demining-Teller (BDDT) model (Dimitrov et al., 
2010). The isotherm loops of most selected catalysts (SnNaC-550, SnNH- 
550, SnNaS-550, SnNHS-550, SONH-550) fall in p/p0 = 0. 50–0.90 and 
exhibit a type H1 hysteresis indicating the porosity of the examined 
material which consists of agglomerates of somehow uniform particles 
with cylindrical mesoporous (Thommes, 2010). A very high 
p/p0 = 0.8–1 was observed for the SnNHC-550 catalyst which indicates 
a H3 hysteresis loop that may be due to the existence of narrow slit-like 
mesoporous and macrospores (Mashayekh-Salehi et al., 2017). The 

p/p0 = 0.45–0.70 for SnNa-550 catalyst, prepared without capping 
agent, exhibits a H2 type hysteresis loop defined as “ink bottle pores” 
which potentially might be due to the presence of some non- 
homogeneous particles (Ravikovitch and Neimark, 2001). 

According to the Table 4, among the prepared catalysts, SnNaC-550 
had the highest specific surface area and large total pore volume based 
on the rCOP: about 81 m2/g and 0.138 cm3 /g, respectively, with an 
average pore size of 6.8 nm. However, SONH-550 (low performance 
catalyst) had the least specific surface area as well as low total pore 
volume indicated by the rCOP, about 9.9 m2/g and 0.035 cm3 /g, 
respectively, with an average pore size of 15 nm. These findings are in 
accordance with the catalytic activity experiments of these preparations. 
It has been demonstrated that the catalytic performance of a certain 
catalyst depends on its specific surface area (Pocostales et al., 2011; Lin 
et al., 2016). A high specific surface area can provide more available 
sites for generation of reaction species. 

Based on the literature review, the specific surface area of the opti-
mized catalyst (SnNaC-550) in the present study was somewhat larger 
than those catalysts have been reported previously (Dimitrov et al., 
2010). 

3.2.4. Surface properties and particles size distribution 
The surface functional groups of the selected synthetized SnO2 

nanocomposites are given in Fig. 3 as a typical FTIR spectrum. The FTIR 
spectra of the all selected SnO2 preparations are very similar. A strong 
bond at around 620–671 cm− 1 was detected which can be attributed to 
the anti-symmetric vibrations of Sn-O-Sn band (Begum and Ahmar-
uzzaman, 2018; Begum et al., 2016). A broad bond at the 
3399–3442 cm− 1 and moderate bond at 1637–1657 cm− 1 might be 

Fig. 3. The FTIR spectra of the selected synthesized SnO2 nanoparticles.  

(b)(a) (c) (d)

(b)(a) (c) (d)

(b)(a) (c) (d)

SnNa-550

SnNH-550

SnNaS-550

Fig. 4. TEM images (a), histogram of particle size distribution (b), SAED patterns (c) and HRTEM images (d) of the selected synthesized SnO2 nanoparticles .  
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related to stretching vibration and bending vibration of hydroxyl groups 
(-OH), respectively, which exists on the surface of SnO2 preparations due 
to the physical adsorption of H2O molecules (Begum and Ahmaruzza-
man, 2018; Das and Roy, 2019; Jahnavi et al., 2019; Luque et al., 2020). 
The peak at 2923–2925 cm− 1 detected in all selected SnO2 preparations 
can be related to the C-H asymmetric stretching (Begum and Ahmar-
uzzaman, 2018). The surface morphology of the synthetized SnO2 
preparations were also characterized using SEM (Fig. S4). From the SEM 
micrographs, it is evident that the SnO2 nano powder morphology is 
almost spherical in shape and forms agglomerates. The agglomeration 
might be resulted from strong hydrogen bonding in the gelatine step 
(Reddy et al., 2016). Furthermore, the observed similarity in shape and 
small particle size of SnNa-550, SnNaS-550 and SnNaC-550 catalysts 
compared to SnNH-550, SnNHS-550, SnNHC-550 and SONH-550 was 
assumed to be due to NaOH as alkaline agents. 

To size distribution, morphological structure and microstructure of 
the selected SnO2 preparations, were scrutinized by using TEM, HRTEM 

images and SAED patterns. The TEM images (Fig. 4a) and the size dis-
tribution histograms (Fig. 4b) indicated that the particles are spherical 
in shape with sizes between 2 and 40 nm. The average particle sizes for 
the SnNa-550, SnNH-550, SnNaS-550, SnNaC-550, SnNHS-550, SnNHC- 
550 and SONH-550 catalysts were about 4.2, 10.5, 5.2, 5.5, 8.0, 8.3 and 
21.9 nm, respectively, as shown in Fig. 4b. These findings are a prove 
that the synthesized SnO2 preparations have nano-size structures. The 
average particle size of SnO2 nanomaterials prepared by other methods 
has been reported between 3 and 50 nm (Cao et al., 2013; Chang, 2019; 
Turgut and Sönmez, 2014; Gharibi et al., 2016).. 

Diameter diffraction rings and lattice fringes were calculated from 
the SAED patterns (Fig. 4c) and HRTEM images (Fig. 4d). The bright 
concentric circles observed in the SAED patterns are indicative of 
polycrystalline nature of the analysed catalysts. According to the D- 
spacing value calculated based on the SAED patterns, all the plane (110), 
(101) and (211) obviously matched well with the lattice plane of rutile 
SnO2 (JCPDS 41–1445) (Begum and Ahmaruzzaman, 2018). Moreover, 

(b)(a) (c) (d)

(b)
(a) (c) (d)

(b)(a) (c) (d)

SnNaC-550

SnNHS-550

SnNHC-550

(b)(a) (c) (d)SONH-550

Fig. 4. (continued). 
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Fig. 4d depicts the HRTEM images of the selected synthetized SnO2 
nanoparticles. Accordingly, the lattice spacings were calculated 
0.33 nm, 0.26 nm 0.176 nm, which matched to the (110), (101) and 
(211) planes of rutile SnO2. 

3.3. Mechanism of ACT degradation in COP 

In general, two main mechanisms underlie the ACT degradation in 
the heterogeneous COP (1) direct oxidation by ozone molecules, and (2) 
indirect oxidation by the reactive species produced from the interaction 
between dissolved ozone and catalyst surface. These possible reactions 
might be occurring simultaneously in the solution and/or on the surface 
of catalyst (Aramendía et al., 2003). 

To examine which of the above mentioned mechanisms mainly 
involved in the ACT degradation in the SnO2-based COP, a set of ex-
periments were done with and without several radical scavengers and 
inhibitors. The related ACT degradation efficiency is shown in Fig. 5. It 
should be mentioned that these experiments were carried out by the 

SnNaC-550 catalyst, which was proven has the maximum catalytic ac-
tivity. The initial solution pH was set at 7, as the maximum catalytic 
activity of SnNaC-550 in removing ACT was found to be take placed at 
this value. Fig. S5 compares the final solution pH values in the SOP and 
COP experiments. As shown in Fig. S5, the pH of the solution at the end 
of the experiments considerably dropped in the SOP experiments, indi-
cating that some acidic intermediates may be formed through the 
degradation of ACT. On the contrast, by adding SnNaC-550 catalyst to 
the ozonation process, the solution pH was remained constant at neutral 
value during the experiments. It can be explained by the presence of an 
alkaline agent (NaOH) in the SnNaC-550 structure. The pHzpc of SnNaC- 
550 was measured 7.8 (Fig. S6). 

Fig. 5 shows that by the addition of tert-butanol, as a most common 
•OH scavenger, the ACT degradation did not change considerably 
(Moussavi et al., 2018), while the addition of salicylic acid reduced the 
ACT degradation efficiency to 41.6%. This can be explained by the re-
action rate constant which has been reported 1.7 × 109 M− 1 s− 1 for ACT 
reaction with •OH (Yang et al., 2009), while the reaction rate constants 
for the reaction of •OH with the tert-butanol, and salicylic acid have 
been reported 6 × 108 and 2.2 × 1010 M− 1 s− 1, respectively (Crittenden 
et al., 2012). Collectively, the remarkable reduction observed in ACT 
removal efficiency by salicylic acid, as a super •OH scavenger, highlights 
that •OH species generated in the COP using SnNaC-550 as catalyst are 
responsible for the main part of ACT degradation. 

The generation of •OH species in the heterogeneous COP could be 
explained by the interaction between basic functional groups on the 
surface of SnNaC-550 and ozone molecules (Mashayekh-Salehi et al., 
2017). As dissolved ozone has electrophilic characteristics, the basic 
functional groups of the catalyst surface such as OH- play major roles in 
transforming O3 molecules into the •OH radicals (Sánchez-Polo et al., 
2005). This explanation is in line with our results presented in Fig. 3, 
where a broad band density of -OH groups (strong broad band at 
3433 cm− 1) was detected on the surface of SnNaC-550 nanoparticles. 
Since ozone molecules have both nucleophilic and electrophilic sites, it 
could be expected that the dissolved ozone molecules interact with the 
both H (as electrophilic) and O (as nucleophilic) atoms of -OH groups 
exist on the surface of SnNaC-550 nanoparticles. Thus, it can be assumed 
that the -OH groups may initiate the ozone decomposition and thereby 
accelerate the production of •OH (Zhang et al., 2008), and subsequently 
increase ACT degradation. In order to confirm the hypothesis that ozone 
is decomposed in the presence of SnO2, we performed mass balance 
analysis with measuring the concentration of ozone in the feed gas and 
off-gas streams in the SOP and COP (under the conditions of 1.3 g/L of 
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SnO2 was used at pH 7, an ACT concentration of 50 mg/L, an O3 dosage 
of 1.6 mg O3/min and a reaction time of 10 min), and compared the 
results. The ozone concentration in the inlet gas and outlet gas streams 
was measured by an ozone analyzer (BMT 964 C, RMT MESSTECHIK, 
WEDECO company, BERLIN, Germany). The percentage of ozone 
decomposition was calculated from the ratio of the concentration of 
outlet ozone to the inlet one. Based on the results, the ozone decom-
position of 18.75% and 77.5% was observed for the SOP and COP, 
respectively operated under similar O3 dosage. These findings approve 
the above mentioned hypothesis and indicate considerable ozone 
decomposition in the integrated SnO2-ozonation process. Moreover, 
•OH species produced in the COP are also responsible for the O3 

decomposition as well as the improved ACT degradation efficiency. 
Previous studies has shown that hard-base anions such as carbonate/ 
bicarbonate, sulfate and phosphate are dependent to the Lewis acids and 
thus can capture the active sites of the catalysts surface, causing a 
reduction in decomposition of ozone and in turn a decrease in catalytic 
activity (Joseph et al., 2000; Ma and Graham, 1999; Schmitt and 
Pietrzyk, 1985). In contrast, as shown in Fig. 5, the degradation of ACT 
was not considerably affected in the presence of tested inorganic radical 
inhibitors in the COP. It is possible that the generated •OH was trans-
ferred into the bulk solution and then reacted with ACT molecules 
mostly in the bulk solution rather than on the catalyst surface. Accord-
ingly, the four following mechanisms may be hypothesized for ACT 

c 3

Fig. 7. The proposed pathway of ACT degradation in the COP experiment using SnNaC-550 as catalyst (1–acetaminophen, 2–2-hydroxy-4-(Nacetyl) aminophenol 
3–hydroquinone, 4–acetamide, 5–hydroxy-acetic acid, 6–oxamic acid, 7–glycolic acid, 8–tartronic acid, 9–malic acid, 10-nitrate, 11–glyoxylic acid, 12 ketomalonic 
acid, 13–oxalic acid, 14-acetic acid, 15-formic acid). 
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degradation in the COP:  

• Oxidation via direct reaction of ACT molecules with ozone on the 
catalyst surface: 

SnO2
− O3 +ACT→intermediates+H2O+CO2 (5)  

SnO2
− ACT +O3→intermediates+H2O + CO2 (6)    

• ACT oxidation with generated radicals on the catalyst surface: 

SnO2 − s+O3→SnO2 − so=O− O→SnO2
− so∙

+O2 (7)  

SnO2
− so∙

+ 2H2O+O3→SnO2 − S(OH•)2 + 3 ȮH+ 2O2 (8)  

SnO2 − S ( ȮH)2 +ACT→intermediates+H2O + CO2 (9)  

SnO2
− ACT + ȮH → intermediates+H2O + CO2 (10)    

• Direct oxidation of ACT molecules with ozone in the bulk solution: 

O3 +ACT→intermediates+H2O + CO2 (11)    

• ACT oxidation with generated radical in the bulk solution: 

ȮH+ACT → intermediates+H2O + CO2 (12) 

The sites of Lewis acid on the surface of SnO2 nanoparticles are 
illustrated with the suffix S and are accessible to react with ozone. Ac-
cording to the above hypothesis mechanisms and the results obtained by 
testing the radical scavengers, the ACT most probably is degraded 
through the reaction proposed in Eq. (12). However other mentioned 
mechanisms might be also involved partially. 

3.4. Identification of intermediates and proposed pathways of ACT 
degradation in COP 

Fig. 6 illustrates the LC/MS spectra of ACT degradation by-products 
and related signals and abundance at m/z of 50–200 in [M + H+]. 
Moreover, the molecular weight and molecular structure of each iden-
tified intermediate is summarized in Table S3. According to Fig. 5, no 
ACT signal (m/z = 152) was detected and the spectrum mainly contains 
short signals (except m/z = 117.9) indicating effective ACT degradation 
in the COP under the operating conditions (Fig. 1) (Skoumal et al., 
2006). As shown in Fig. 6, the m/z = 117.9 was the most abundant 
identified signal was related to the fragmentation of ACT into tartronic 
acid and ketomalonic acid. Abundance of these linear structures iden-
tified in the treated ACT solution demonstrates the breakage of the 
benzene ring by the •OH radicals. Other m/z signals of 55.94, 60.95, 
77.95, 84.77, 113.84, 125.72, 141.92 and 183.06, corresponding to 
acetamide, tartronic acid, glycolic acid, oxamic acid, oxalic acid, 
hydroxy-acetic acid, formic acid and malic acid, respectively, reconfirm 
the high degree of aromatic ring decomposition (Skoumal et al., 2006; 
Andreozzi et al., 2003) Presence of moderate m/z = 101.9 in the LC/MS 
chromatogram corresponds to the reaction of •OH with linear in-
termediates which result in the generation of simple and final products 
such as nitrate (Mashayekh-Salehi et al., 2017). The stoichiometric level 
of N in the 50 mg/L ACT solution was calculated to be 20 mg/L. The 
concentration of nitrate in the COP treated solution was measured 
around 17.6 mg N/L, implying that N in the ACT is well mineralized to 
nitrate. With the presence of a benzene ring structure, the presence of 
hydroquinone (at m/z = 122.85) may be due to single attack of ozone 
molecules to ACT and insufficient energy to cleave the aromatic ring at 
initial stages of ACT degradation (Skoumal et al., 2006). 

Based on identified intermediates derived from LC/MS analysis 
(Table S3) and related studies (Skoumal et al., 2006; Andreozzi et al., 
2003; Neamţu et al., 2013), a proposed pathway for degradation of ACT 
in the SnNaC-550-based COP is shown in Fig. 7. Accordingly, two main 
routes can be considered for ACT degradation: (1) O3 molecules that 
directly attack the benzene ring of ACT leading to hydroquinone gen-
eration and (2) •OH attack in parallel to the C (2) and C (4) position 
causing generation of saturated and mineral compounds. The second 
route is most dominant. 

3.5. Catalyst reusability 

Stability and reusability of catalysts throughout their successive 
usage is one of the most important properties from a practical point of 
view. The reusability of SnNaC-500 (optimized catalyst) was evaluated 
for four repetitive COP experiments under optimum experimental con-
ditions. Although the optimum catalytic activity of ACT degradation in 
the present study was attained at a reaction time of 10 min, to confirm 
the reusability and stability of the catalyst, it was extended to 30 min. 
The ACT degradation efficiency after each cycle was measured accord-
ing to the reaction time and results are shown in Fig. 8. The percentage 
of ACT degradation was not significantly influenced after four repetitive 
times of reusing SnNaC-500 and remained higher than 95%, while ACT 
degradation percentage was about 97% for the fresh SnNaC-500. 
Moreover, at the end of COP tests, the concentration of dissolved Sn 
was measured 50 μg/L (ICP-MS, Alanlytik Jena model PlasmaQuant 
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Fig. 8. The reusability of SnNaC-550 during oxidation of ACT as a function of 
reaction time in the COP (a) with the with the adjusted line equation (b) 
(conditions: pH: 7; ACT concentration: 50 mg/L; SnO2 dosage: 1.3 g/L and O3 
dosage: 1.6 mg O3/min). . 
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MS), which did not exceed the standard limits (World Health Organi-
zation, 2004). Accordingly, it can be concluded that optimized SnO2 
preparation produced in this study maintains its catalytic potential even 
after four successive usages and could be considered as a stable and 
reusable nanocatalyst for the degradation of ACT. Moreover, the reus-
ability of this catalyst confirms again that the principal mechanism 
underlying the ACT degradation in this study was catalytic reaction 
rather than other mechanisms including adsorption. 

4. Conclusions 

In the present study, a novel sol-gel method was employed to pro-
duce several nano-SnO2 preparations and combined with the ozonation 
process (COP) to remove ACT from aqueous solution, as a model of re-
fractory water pollutants. The maximum catalytic activity of ACT 
degradation was obtained by SnO2 prepared with SnCl4 as Sn source, 
NaOH as alkaline agent, CTAB as capping agent and at calcination 
temperature of 550 ◦C (SnNaC-550). In contrast, the minimum catalytic 
activity was for the catalyst synthesized with SnSO4 as Sn source, 
NH4OH as alkaline agent and without capping agent (SONH-550). The 
optimized catalyst had a nanocrystalline structure with a specific surface 
area of 81 m2/g, and was cubic in shape and had an average particle size 
of 5.5 nm. The degradation and mineralization rates of ACT in the COP 
(when SnNaC-550 was used as catalyst) were 7.805 and 4.7 times 
greater than those values obtained in the SOP, respectively. Mechanis-
tically, we showed that SnNaC-550 could decompose O3 which in turn 
increases •OH generation and is responsible for the ACT degradation in 
the COP. Based on the TOC reduction results, SnNaC-550-based ozona-
tion was able to mineralize ACT for 84% at a reaction time of 30 min. 
Our findings show that short-chain carboxylic acids were the major 
oxidation by-products of ACT degradation by SnNaC-550-based COP. 
Collectively, according to the findings of present study; the sol-gel 
method has the potential to be considered as a practical technique to 
synthesize stable and reusable SnO2 nanoparticles to catalyse the 
removal of ACT from water environments. 
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