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a b s t r a c t
In this study, the synthesized ZnO-scallop shell nanocomposite was applied as a catalyst in catalytic 
ozonation for removal of bentazon from aqueous solutions. Also, the impacts of key parameters 
(solution pH, catalyst dosage, initial bentazon concentration, oxygen and nitrogen gas, hydrogen 
peroxide, and organic compounds) on the removal efficiency were studied. It was found that under 
the optimum conditions: pH = 7, catalyst dose = 0.5 g/L, and initial bentazon concentration = 30 mg/L, 
the removal efficiency reached 76.86% after 60 min of ozonation; and, in the same conditions, in the 
presence of 50 mM hydrogen peroxide, the efficiency was 90.47%. Further, the kinetic results showed 
that the second-order model was more desirable for explaining bentazon degradation. Moreover, 
under the optimum conditions, the electrical energy per order (EEO) was 102.595 kWh/m3. In the case 
of actual drinking water, the removal efficiency of bentazon was 70%, and when synthetic water was 
tested, 55.56% of the herbicide was mineralized after 60 min. Besides, the reaction pathways of benta-
zon during ozonation were investigated.

Keywords:  Operating parameters; Catalytic ozonation; ZnO-scallop shell; Mineralization; Reaction 
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1. Introduction

Surface and groundwaters are mainly contaminated with 
herbicides through leachate, pouring chemicals, runoff from 
agriculture and herbicide-laden effluents discharged from 
different industries [1]. The herbicide of bentazon can control 
the growth of many sedges and broadleaf weeds [2]. The activ-
ity of this herbicide is selective and post-emergence. Also, if 
this herbicide is absorbed through the skin or swallowed, it 
can carry harmful effects on the body [2]. Eye irritation is also 
its another effect [2]. In many countries, strict rules have been 

made for the quality of drinking water due to the destructive 
effects of pesticides on human health and the environment 
[3]. According to the World Health Organization (WHO), 
0.03 mg/L of bentazon has been accepted as the maximum 
permissible concentration in drinking water [4]. Also, the 
WHO has placed bentazon in toxicity Class III [4].

Therefore, water sources and wastewaters containing 
these herbicides require treatment with an appropriate tech-
nology such as adsorption [5–7], photocatalytic degradation 
[2,8,9], ozonation [10], photo- and electro-Fenton [11], vac-
uum membrane distillation [12] and oxidation [13]. Advanced 
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oxidation processes (AOPs) have been developed for the 
treatment of wastewater, drinking water and industrial efflu-
ents; the processes of the photocatalytic, ozonation and Fenton 
are among these processes [14–16]. Ozone-based AOPs are 
more attractive than UV-based AOPs for wastewater treat-
ment because turbidity and color in the presence of ozone 
create less interference for the wastewater treatment process 
[16]. The catalytic ozonation process (COP) is a new form 
of AOPs. By adding a catalyst to ozonation, ozone begins 
to decompose and, in turn, reactive radicals are produced 
[17]. COPs are both homogeneous and heterogeneous [16]. 
The higher degradation efficiency and easier separation of 
the catalyst at the end of the reaction are the benefits of the 
heterogeneous COPs [18]. Accordingly, this study was car-
ried out to earn materials with appropriate catalytic activities 
that are also inexpensive and easy for synthesis. Therefore, 
in order to achieve an active and cheaper catalyst, the ZnO-
scallop shell nanocomposite was synthesized. Zinc oxide is 
used in various industries and its physical properties include 
conductivity, piezoelectric and magnetism; another import-
ant feature of this semiconductor is the broadband saturation 
energy [19–21]. Scallop shell (marine bivalve) is found abun-
dantly on the shores of the seas and is considered as waste in 
many restaurants [22].

In this research, we studied the effects of different param-
eters: solution pH, catalyst dosage, initial bentazon concen-
tration, different purging gases, hydrogen peroxide (H2O2) 
concentration and organic compound type on the removal effi-
ciency of bentazon, by means of the synthesized ZnO-scallop 
shell nanocomposite. Besides, kinetic study was performed 
and simulated by the zero, first, second and Langmuir–
Hinshelwood kinetic models. And, in order to determine 
whether the ozone/ZnO-scallop shell process is an economic 
process or not, the EEO was computed. Also, the degradation 
rate of bentazon from drinking water was measured. Finally, 
the reaction pathways and mineralization rate of this herbicide 
were determined by gas chromatography–mass spectroscopy 
(GC–MS) and total organic carbon (TOC) analysis.

2. Materials and methods

2.1. Chemicals

All of the chemicals used in this study were 
applied without further purification and were obtained 
from Merc, Germany. Bentazon (3-isopropyl-1H-2,1,3-benzo-
thiadiazin-4[3H]-one-2,2-dioxide), as a model herbicide, was 
purchased from Chem-Service (USA). The characteristics of 
this herbicide have been specified in Table 1.

2.2. Synthesis of ZnO-scallop shell nanocomposites

In this research, scallop shells were collected from the 
coast of the Caspian Sea in Guilan Province (Iran) and washed 
several times with distilled water to remove dust. Next, they 
were dried in the sun. After milling at 1,000°C, they were cal-
cinated for 5 h and graded with American Standard Test Sieve 
Series (ASTM) 50. The ZnO-scallop shell nanocomposite was 
synthesized by a co-precipitation method in alkaline con-
ditions [23,24]. Zinc chloride solution (ZnCl2) was obtained 
by dissolving 13.63 g of zinc chloride in distilled water, the 

scallop shell powder prepared in the previous step, with a 
mass ratio of 1:1 (w:w), was added to the zinc chloride solu-
tion and then pH of solution was set at 12 using hydroxide 
sodium. The products in aqueous solution were mixed up for 
7 h and then centrifuged and washed with deionized water. 
Finally, the nanocomposite prepared in oven at 100°C for 3 h 
was dried.

The method used to determine pHpzc of the ZnO-scallop 
shell nanocomposite was obtained from the works of other 
researchers [22,25].

2.3. Characterization instruments

The crystalline structure, functional groups, surface 
morphology and elemental composition of zinc oxide and 
ZnO-scallop shell were determined by X-Ray diffractometry 
(XRD), Fourier-transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM) and energy-dispersive 
X-Ray spectroscopy (EDX) respectively. All models of these 
devices have been reported in our previous published article 
[26]. All ozonation experiments were performed with an 
ozone generator (model COG-1A, 5 g/h, ARDA, France) in 
a 1,000-mL ozonation reactor. It should be noted that the 
ozone dose was fixed at 1.720 mg/min over the experiments. 
To identify the reaction pathways of bentazon degradation, 
gas chromatography–mass spectrometry (model Varian 
GC-MS, USA) was used. In addition, the concentrations 
of TOC were obtained using a TOC analyzer (model TOC-
VCSH, Shimadzu, Kyoto, Japan).

2.4. Experimental procedure and analytical techniques

A stock solution (1,000 mg/L) of bentazon was pre-
pared. In this study, effects of parameters: pH (3, 5, 7, 9 
and 11), naonocatalyst dose (0.25, 0.5, 1, 2 and 3 g/L), ini-
tial bentazon concentration (10, 20, 30, 40 and 50 mg/L), 
oxygen and nitrogen gas rate (2 L/min), H2O2 concentra-
tion (2, 5, 10, 25 and 50 mM) and organic compound type 
(humic acid, oxalic acid, EDTA, phenol, folic acid and cit-
ric acid equal to 30 mg/L) on bentazon degradation by the 
COP were tested. Also, in the same reaction conditions, 
for the efficiency of each process: scallop shell, ZnO, ZnO-
scallop shell, ozone, ozone-ZnO, ozone/scallop shell and 
ozone/ZnO-scallop shell were surveyed. Further, under the 

Table 1
Structure and characteristics of bentazon
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optimum conditions, the effect of hydroxyl radical scaven-
ger on bentazon degradation was investigated. The pH of 
the solutions was adjusted using HCl and NaOH by using 
a pH meter (Metron, Switzerland). For the catalytic ozona-
tion of bentazon, a solution containing bentazon and the cat-
alyst was made and then 30 min was given to balance; next, 
the ozonation was carried out for 60 min, and the samples 
were taken during this time. In order to separate the cata-
lyst from the suspensions, they were centrifuged (Sigma-301, 
Germany) for 5 min at 4,000 rpm, and then the residual ben-
tazon contents in the suspensions were read by a spectro-
photometer device (UV/Vis spectrophotometer, Hach-DR 
5000, USA) at λmax = 335 nm [27]. Additionally, kinetic study 
was performed and simulated by the zero, first, second and 
Langmuir–Hinshelwood kinetic models. Each experiment 
was conducted in triplicate, and mean values of data were 
reported. Because standard deviations never exceeded ±1.5%, 
the error bars were not shown in the figures. And, in order to 
determine whether ozone/ZnO-scallop shell is an economic 
process, the EEO values were computed. Finally, the ability of 
the ozone/ZnO-scallop process in removing bentazon from 
drinking water (real water) was studied. Also, the reaction 
pathways of bentazon degradation during ozonation as well 
as mineralization rate of bentazon by the COP were deter-
mined under the optimum conditions.

3. Results and discussion

3.1. Characterization of the nanocomposite

3.1.1. XRD analysis

The crystal structure of the samples was determined by 
the XRD patterns (Figs. 1(a) and (b)). The dominant peaks of 
ZnO depicted as 2θ values are 31.68°, 34.32°, 36.13°, 47.48°, 
56.50°, 62.80°, 66.54°, 67.88° and 69.07° corresponding to the 
(100), (002), (101), (102), (110), (103), (200), (112) and (201) 
planes of hexagonal wurtzite ZnO (JCPDS card number of 
36-1451), respectively, (Fig. 1(a)) [28,29]. After the coating of 
the ZnO nanoparticles, the peak of zinc oxide was still visible; 

it illustrates that the zinc oxide nanoparticles have grown on 
the scallop shell (Fig. 1(b)). Using the Debye–Sherrer equa-
tion, the average crystallite size of the ZnO-scallop shell 
nanocomposites was estimated to be about 15 nm.

3.1.2. FTIR analysis

FTIR analysis was performed before and after the coat-
ing of ZnO on scallop shell in the range of 400–4,000 cm–1. 
The active functional groups on the surface of the ZnO 
nanoparticles and the ZnO-scallop shell nanocomposite 
have been shown in Figs. 2(a) and (b). The spectrum of 
this analysis related to the synthesized zinc oxide nanopar-
ticles shows significant absorption peaks at 458, 727, 913 
and 3,500 cm–1 (Fig. 2(a)). The band located at 458 cm–1 
corresponds to the ZnO nanoparticles; also, this peak is 
observed in the FTIR patterns of the coated ZnO nanopar-
ticles on scallop shell (Fig. 2(b)). Figs. 2(a) and (b) show a 
band at 700–900 cm–1, and a band at ~3,500 cm–1 is related 
to the presence of aromatic C–H stretching and hydroxyl 
groups, respectively [19].

3.1.3. SEM and EDX analysis

Figs. 3(a)–(c) show the SEM images of the scallop shell, 
ZnO nanoparticles and scallop shell after the coating of the 
ZnO nanoparticles. Before coating scallop shell with the ZnO 
nanoparticles, a flat surface was observed on the scallop shell, 
which was disappeared due to coating with ZnO. The EDX 
microanalysis was applied to characterize the elemental of 
the ZnO nanoparticles and ZnO-scallop shell nanocomposite 
(Figs. 4(a) and (b)). This analysis determined that weight per-
centages (wt%) of O and Zn on the zinc oxide nanoparticles 
were 42.72% and 57.28% and also weight percentages (wt%) 
of Ca, Zn and O in the ZnO-scallop shell nanocomposite were 
16.87%, 34.5% and 45.64%, respectively. Generally, there is a 
good hybridization between ZnO and scallop shell.

Fig. 1. XRD image of the samples: (a) ZnO nanoparticles and 
(b) ZnO-scallop shell nanocomposite.

Fig. 2. FTIR image of the samples: (a) ZnO nanoparticles and 
(b) ZnO-scallop shell nanocomposite.
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3.2. Effects of different parameters on the removal of bentazon by 
the COP

3.2.1. Effect of initial pH

The effect of the initial solution pH (3–11) on the degrada-
tion of bentazon by the COP was investigated, under the fol-
lowing conditions: initial bentazon concentration (30 mg/L) 
and catalyst dosage (0.5 g/L) for 60 min (Fig. 5). In this work, 
when the pH value ranged between 3 and 7 and 9 and 11, the 
decomposition efficiency increased from 65.17% and 76.86% 
and almost 75%. Moreover, the pHpzc of the ZnO-scallop shell 
nanocomposite was found to be approximately 11. And, the 
pHpzc of zinc oxide and pKa for bentazon were 9 and 3.3, 

Fig. 4. EDX image of the samples: (a) ZnO nanoparticles and 
(b) ZnO-scallop shell nanocomposite.
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Fig. 5. Effect of initial pH on the degradation of bentazon by the 
COP (dosage = 0.5 g/L and bentazon concentration = 30 mg/L).

Fig. 3. SEM image of the samples: (a) scallop shell, (b) ZnO 
nanoparticles and (c) ZnO-scallop shell nanocomposite.
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respectively [30,31]. The ZnO-scallop had a positive charge at 
pHs less than 11. According to electrostatic action and reac-
tion, when the catalyst has a positive charge and pollution 
has negative charge, they absorb each other. These conditions 
occur when pH pH< pHBentazon

PZC
ZnO-scallop shell

a < .  Also, there are two 
methods for destruction of organic pollutants with ozone. 
The first one is direct oxidation which ozone directly attacks 
organic pollutants (ozonolysis, electrophilic attack) [31,32]; 
compounds that have C=C double bonds in their structure 
and those that have functional groups such as H, CH3 and 
OCH3 are sensitive to ozonolysis [31,33]. It should be noted 
that, in acidic conditions, the process of direct oxidation 
occurs [31,34]. The second one is indirect oxidation by which 
hydroxyl radicals are produced, and these radicals attack 
organic pollutants. This process happens at alkaline pHs [31].

As stated, the removal of bentazon in neutral conditions 
was higher than that of alkaline conditions as well as in alka-
line conditions higher than acidic conditions. The maximum 
removal efficiency for bentazon under neutral conditions is 
probably due to the direct and indirect oxidation of ozone 
[35–37]. In this study, bentazon removal at pH = 7 was greater 
than the other pHs studied.

3.2.2. Effect of catalyst dosage

Fig. 6 shows the results of the impact of changing cata-
lyst dosage (0.25–3 g/L) on the degradation of bentazon by 
the COP, under the following conditions: initial bentazon 
concentration (30 mg/L) and initial pH (7) for 60 min. With 
increasing catalyst dosage from 0.25 to 0.5 g/L, the degrada-
tion rate increased from 67.87% to 76.86%. And, when the cat-
alyst dosage increased from 1 to 3 g/L, the removal efficiency 
decreased from 77.06% to 60.47%. The catalyst level and the 
number of active sites for ozone decomposition increased 
with increasing catalyst dosage; as a result, the degradation 
of bentazon increased with increasing dosage [38]. Also, the 
reduction in efficacy by increasing the dose may be due to the 

fact that the type of catalysts, contaminant combination, the 
intended performance level and the reaction conditions for 
destruction of target pollutants are involved in choosing the 
optimal catalyst dose for the COP [39,40]. Moreover, catalyst 
active sites are likely to be closed by increasing the catalyst 
dose [41]. In this study, bentazon removal at catalyst dosage = 
0.5 g/L was more suitable than that at the other doses studied.

3.2.3. Effect of initial bentazon concentration

Effect of initial bentazon concentration on the decom-
position rate by the COP was tested by different initial ben-
tazon concentrations (10–50 mg/L), under the following 
conditions: initial pH = 7, catalyst dosage = 0.5 g/L and con-
tact time = 10–60 min (Fig. 7). The bentazon removal by the 
COP declined (from 77.38% to 71.21%) when there was an 
increase in initial bentazon concentration (10–50 mg/L) after 
60 min. In this work, an increase in the initial concentration 
reduced the amount of pollutant oxidation. Other research-
ers have gained similar results [42]. Accordingly, the more 
molecules of bentazon in the reactor, the more concentration 
of by-products there will be [43,44]. Thus, the available ozone 
should be used to continue the destruction of the original 
bentazon as well as the oxidation of intermediates [45].

3.2.4. Kinetics and electrical energy per order (EEO) studies

The results of this work were studied with the zero-, 
first- and second-order equations. The relationship between 
initial reduction rate (r) and initial bentazon concentration 
can be described via the Langmuir–Hinshelwood model. The 
value of EEO, for the destruction of bentazon by the COP, was 
studied economically. Table 2 shows the formulas for kinetic 
studies and EEO.

[Bentazon]0–[Bentazon]t, ln
[ ]Bentazon
[Bentazon]

0

t

 and 1 1

0[Bentazon] [Bentazon]t

−  
vs. t were calculated to determine the kinetic data to obtain 
the bentazon degradation rate. Tables 3 and 4 show the kinetic 
parameters for bentazon degradation models at different 
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Fig. 6. Effect of initial catalyst dosage on the degradation of 
bentazon by the COP (pH = 7 and bentazon concentration = 
30 mg/L).
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initial concentrations and pH values, respectively. The results 
of the kinetic studies showed that the second-order model 
was more suitable for explaining this process; other research-
ers have reported similar findings [46]. With increasing the 
initial concentration (10–50 mg/L), the rate of reaction of the 
second order (k2) decreased (0.008–0.0009 L/mol min). Kbentazon 
and kc were 19.2621 (L/mg) and 3.158 (mg/L min), respectively. 
Table 3 shows that the value of EEO increased from 87.557 
to 123.871 kWh/m3 by increasing the initial concentration 
(10–50 mg/L). Also, the EEO values for the ozone/ZnO-scallop 

shell, ozone/scallop shell, ozone/ZnO and ozone processes 
were 102.595, 150.167, 253.585 and 340.253 kWh/m3, respec-
tively. The definitions of EEO, k2, Kbentazon and kc have been pre-
sented in the study by Gholami et al. [8].

3.2.5. Effect of different purging gases

Fig. 8 indicates the effect of oxygen and nitrogen gas on 
the degradation of bentazon by the COP, under the follow-
ing conditions: initial pH 7, catalyst dosage 0.5 g/L, initial 

Table 2
Kinetics models, electrical energy per order equations, and parameters for the catalytic ozonation of bentazon

Kinetic models Electrical energy per order Parameters

Zero order
[Bentazon]0–[Bentazon]t = k0t

E P
V kEO =

×
×

38 4.

obs

[Bentazon]0 (mg/L), [Bentazon]t (mg/L)
k0 (mol/L min), kobs (min–1)

First order

ln
[ ]
[ ]
Bentazon
Bentazon obs

0

t

k t=
E p t

V i

f

EO Bentazon
Bentazon

=
× ×

× ×

1000

60 log

k2 (L/mol min), t (min), kc 
(mg/L min), KBentazon (L/mg), P (kW), 
V (L), EEo (kWh/m3)

Second order

1 1

0
2[ ] [ ]Bentazon Bentazont

k t=

Langmuir–Hinshelwood

d Bentazon
d

Bentazon
Bentazon

Bentazon

Bentazon

[ ] [ ]
[ ]t

k K
K
c=
+

=
1 0

kkobs Bentazon[ ]

1 1 0

k k K kc cobs Bentazon

Bentazon
= +

[ ]

Table 3
Kinetic parameters for the catalytic ozonation of bentazon at different initial Bentazon concentrations (ZnO-scallop shell dosage = 0.5 g/L 
and pH = 7)

[bentazon] 
(mg/L)

Zero order First order Second order
k0 (mol/L min) R2 kobs min–1 1/kobs min R2 EEO (kWh/m3) k2 (L/mol min) R2

10 0.1402 0.8343 0.0307 32.573 0.9276 87.557 0.008 0.9626
20 0.2393 0.785 0.0266 37.893 0.9007 101.0526 0.0035 0.9594
30 0.3539 0.7722 0.0262 38.167 0.8889 102.5954 0.0023 0.9604
40 0.4741 0.8236 0.0247 40.485 0. 9315 108.8259 0.0015 0.987
50 0.5609 0.8328 0.0217 46.082 0.9221 123.871 0.0009 0.9762

Table 4
Kinetic parameters for the catalytic ozonation of bentazon at different initial pHs (ZnO-scallop shell dosage = 0.5 g/L, [bentazon]0 =7)

pH Zero order First order Second order
k0 (mol/L min) R2 kobs min–1 R2 k2 R2 (L/mol min)

3 0.2313 0.6852 0.0165 07976 0.0013 0.8745
5 0.2443 0.6223 0.0165 0.7809 0.0012 0.899
7 0.3539 0.7722 0.0262 0.889 0.0023 0.9604
9 0.2591 0.7986 0.022 0.9286 0.0021 0.9797
11 0.3009 0.6751 0.1024 0.1224 0.0014 0.9855
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bentazon concentration 30 mg/L, gas flow rate 2 L/min and 
contact time 10–60 min. The decomposition of bentazon 
by the COP in the presence of oxygen and nitrogen gases 
increased from 27.48% to 52.63% and 41.97% to 71.78% with 
an increasing in reaction time from 10 to 60 min, respectively. 
Generally, the decomposition of bentazon in the presence of 
oxygen and nitrogen gases was lower than the ambient con-
ditions. In many studies, dissolved oxygen and nitrogen gas 
were introduced as an electron scavenger and superoxide 
radical scavenger, respectively [26,47].

Hydroxyl radicals are formed according to Eqs. (1)–(8) 
[48] and degradation occurs based on Eq. (9). These radicals 
are not likely to be produced in the presence of electron and 
superoxide radical scavengers; consequently, in the presence 
of these two gases, the removal efficiency goes down.

BTZ + ZSS → BTZ – ZSS (1)

O3 + ZSS → O3 – ZSS (2)

O3 − ZSS + OH− − ZSS → HO2
− + O2 (3)

O3 + HO2
− → O3

•− + HO2
• (4)

HO2
• → H+ + O2

•− (5)

O3 + O2
•− → O3

•− + O2 (6)

H+ + O3
•− → HO3

• (7)

HO3
• → O2 + OH• (8)

BTZ + •OH → degradation of the BTZ + by-product (9)

where, BTZ and ZSS depict bentazon and the ZnO-scallop 
shell catalyst, respectively.

3.2.6. Effect of the hydrogen peroxide

The effect of adding hydrogen peroxide on the 
decomposition of bentazon by the COP was measured under 
the following conditions: hydrogen peroxide concentration 
(2–50 mM), initial bentazon concentration (30 mg/L), 
catalyst dosage (0.5 g/L) and initial pH (7) for 60 min. When 
the concentration of H2O2 was raised from 2 to 50 mM, the 
decomposition efficiency increased from 77.52% to 90.47% 
(see Fig. 9), while the efficiency without using hydrogen 
peroxide was 76.86%. Hydroxyl radicals are produced from 
ozone reaction with hydrogen peroxide [49], and this leads to 
an increase in the degradation rate . In the study by Mortazavi 
et al., the removal efficiency of TOC by the COP in the 
presence of hydrogen peroxide was more than the removal 
efficiency by the COP alone [50]. The results reported in both 
studies by Mortazavi et al. and the current research showed 
that the removal efficiency by the COP in the presence of H2O2 
was more than that by the COP without using H2O2.

3.2.7. Effect of the organic compounds

In the present work, the effect of humic acid, oxalic acid, 
EDTA, phenol, folic acid and citric acid (30 mg/L) on the decom-
position of bentazon by the COP was investigated under the 
following conditions: initial pH = 7, catalyst dosage = 0.5 g/L 
and initial bentazon concentration = 30 mg/L within 60 min 
(Fig. 10). The addition of organic compounds decreased 
the removal efficiency. Generally, organic compounds are 
adsorbed into the active catalyst sites through competitive 
adsorption, thereby decreasing the degradation efficiency [8]. 
Also, folic acid as a superoxide scavenger and humic acid as a 
reactive oxygen species (ROS) scavenger can reduce the effi-
ciency removal of bentazon in this process [51,52].

3.2.8. The comparison of each process and the mechanism of 
the reaction

In order to investigate the effects of different processes 
on the bentazon degradation, the performances of scallop 
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shell, ZnO, ZnO-scallop shell, ozone, ozone-ZnO, ozone/
scallop shell and ozone/ZnO-scallop shell were measured 
in the same reaction conditions as follows: initial pH = 7, 
catalyst dosage = 0.5 g/L, bentazon concentration = 30 mg/L 
and contact time = 10–60 min. The removal efficiencies for 
the mentioned processes above were 2.59%, 5.60%, 7.86%, 
37.67%, 45.88%, 63.61% and 76.86%, respectively, (Fig. 11). In 
the study by Gholami et al. [8], the removal of bentazon using 
zinc oxide was 9%, which accords with our study’s observa-
tion. In this study, the adsorption of bentazon by the scallop 
shell, ZnO and ZnO-scallop shell processes was very low, 
and the maximum efficiency was for ozone/ZnO-scallop shell 
(76.86%). This result indicates the ability of the COP for the 
elimination of bentazon in less time with a suitable efficiency. 
Moreover, the ZnO-scallop shell nanocomposite is a cheap 
and environmentally friendly catalyst. Also, in this process, 
ozone was used less.

In this study, to investigate the role of hydroxyl radicals 
in the degradation of bentazon by the COP, methanol was 
used as a scavenger to remove OH•. Fig. 12 shows the effect 
of methanol (10 mM) on the degradation of bentazon by the 
COP, under the following conditions: initial pH = 7, catalyst 
dosage = 0.5 g/L and initial bentazon concentration = 30 mg/L 
for different contact times 10–60 min. The removal of benta-
zon in the presence of methanol reached 60.76% after 60 min; 
this illustrates that hydroxyl radicals alone did not play a 
major role in the degradation. Therefore, hydroxyl radicals 
alongside other mechanisms and radicals caused the deg-
radation of bentazon. Based on the pH results, these mech-
anisms and radicals include direct and indirect oxidation. 
Hence, both direct and indirect oxidation are effective in 
degradation of bentazon [Eqs. (10)-(11)]:

BTZ +ZSS → BTZ –ZSS (10)

O3 + BTZ –ZSS → BTZ degradation + by-product (11)

3.2.9. Removal of bentazon from real water

So as to study the ability of the ozone/ZnO-scallop shell 
process in the removal of bentazon from drinking water (real 
water), a sample of water was collected from drinking water 
in Rasht, Iran; then, 30 mg/L of bentazon and 0.5 g/L of ZnO-
scallop shell were added to the water sample. Next, up to 
60 min, the percentage of bentazon removal was calculated. 
As shown in Fig. 13, the removal efficiency of bentazon by 
the COP from drinking water was 70%, which was very close 
to the removal efficiency of bentazon from the synthetic 
water. Table 5 shows the characteristics of the real water; as 
shown in this table, the real water contains materials such as 
bicarbonate, chloride, sulfate and nitrate. This material with 
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sitting on active catalyst sites can lead to the closure of these 
sites. As a result, catalyst activity is reduced and, in turn, the 
removal efficiency of bentazon is reduced [26].

3.2.10. Identification of reaction pathways of bentazon and 
mineralization of bentazon in the COP

Probable degradation pathways of bentazon during 
the COP, at initial pH = 7, catalyst dosage = 0.5 g/L and ini-
tial bentazon concentration = 30 mg/L for 60 min, were 
identified by GC–MS. Fig. 14 shows the bentazon decom-
position pathways. 2-Amino-N-isopropyl-benzamide is cre-
ated by the desulfuration of bentazon and then by adding 
hydroxyl radicals to bentazon and the loss of bentazon iso-
propyl amine, 2-amino benzoic acid is formed; in the next 
step, the oxidation of amino groups in 2-amino-N-isopropyl 
benzamide leads to the production of hydroxyamino-N-iso-
propyl-benzamide. The degradation pathways of bentazon 
in this study partly agree with the study by Mir et al [9]. The 
reason for the lack of complete agreement in the pathways of 
bentazon degradation in these two studies is that in the study 
by Mir et al. [9] the removal efficiency of bentazon was 100%, 
but in this study, it was 76.86%.

In order to investigate the mineralization rate of bentazon 
by the different processes, the performances of ozone, 
ozone-ZnO, ozone/scallop shell, ozone/ZnO-scallop shell, 
ozone/ZnO-scallop shell-N2, ozone/ZnO-scallop shell-O2 
and ozone/ZnO-scallop shell-H2O2 were measured in the 
same reaction conditions. The removal efficiencies for the 
mentioned processes above were 34.67%, 45.88%, 63.61%, 
76.86%, 71.78%, 52.63% and 90.47%, respectively. Also, the 
mineralization rates for the mentioned processes above were 
19.85%, 28.36%, 49.32%, 55.56%, 48.69%, 51.23%, 85.69%, 
respectively. The mineralization rate of bentazon by the 
COP (in the conditions mentioned for the reaction path-
ways), was 55.56%. The concentrations of TOC before and 
after degradation of bentazon by the COP were 110.3 and 
49.01 mg/L, respectively. In general, the mineralization rate 
in this study was similar to that of some catalytic ozonation 
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Table 5
Characteristics of the real water of Rasht, Iran

Parameters Value

pH 7.8
Sulfate concentration (mg/L SO4

2−) 190.5
Chloride concentration (mg/L Cl−) 202
Specific conductivity (mS/cm) 0.91
Total hardness (mg/LCaCO3

−) 297
Calcium hardness (mg/LCaCO3

−) 190
Carbonate hardness (mg/LCaCO3

−) 98
Nitrate concentration (mg/L NO3

−) 33.2
Nitrite concentration (mg l/L NO2

−) 0
Total dissolved solids (TDS) (mg/L) 775
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studies [53]. In some studies, the rate of mineralization of 
bentazon was very low relative to the removal efficiency of 
bentazon [13]; this difference indicates that most of bentazon 
had been decomposed to by-products, but, in this study, the 
mineralization rate (55.56%) was acceptable relative to the 
removal efficiency (76.86%).

4. Conclusion

In this study, by pHpzc, XRD, FTIR, SEM and EDX char-
acterization of the catalyst were studied, and results showed 
that the ZnO-scallop shell nanocomposite had been properly 
synthesized. The removal of bentazon in ozone/ZnO-scallop 
shell process was more than that of the ozone, ZnO, scallop 
shell, ZnO/ozone, ozone/scallop shell and ZnO-scallop shell 
processes. In addition, when hydrogen peroxide was added 
to the ozone/ZnO-scallop shell process, the removal efficiency 
increased. And, in the presence of organic compounds, lower 
bentazon was degraded. The degradation mechanism in this 
study was based on direct and indirect oxidation. Also, under 
the optimum conditions, the removal efficiency of bentazon 
from drinking water and mineralization rate of bentazon 
from synthetic water were 70% and 55.56%, respectively.
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