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ABSTRACT

The purpose of this investigation was to study the applicability of ZnO–TiO2 composite as a
photocatalyst for degradation of Bentazon. Effects of various parameters such as catalyst dosage,
pH, initial Bentazon concentration, oxygen purging gas, hydrogen peroxide concentration and
type of organic compounds on the removal efficiency of Bentazon were studied. The results of
SEM and FT-IR analysis demonstrated favorable immobilization of zinc oxide nanoparticles
onto TiO2. The greatest removal of Bentazon was observed at neutral pH due to photo-corrosion
of ZnO on composite in acidic and basic conditions. The pseudo-first-order rate constant (kobs)
and electrical energy per order (EEo) were greatly dependent on the Bentazon concentration.
Removal efficiency of Bentazon was increased with O2 purging and addition of H2O2, while it
was decreased in the presence of organic compounds. Removal efficiency of Bentazon by
UV/ZnO/TiO2 process was greater than that by UV/TiO2 process, UV/ZnO, and UV alone.
Photocatalytic activity was maintained even after five successive cycles.
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1. Introduction

Major sources of herbicide contamination in sur-
face and groundwater are chemical spills, industrial
effluents, agricultural runoffs, and leaching [1].
Bentazon, also known as Basagran by the trade name,
is a selective post-emergence herbicide used to control
many broadleaf weeds and sedges primarily by con-
tact action in most gramineous and many large seeded
leguminous crops such as food and feed crops includ-
ing alfalfa, beans, corn, peanuts, peas, asparagus,

cereals, peppers, peppermint, rice, and sorghum [2–5].
Due to its persistence, stability and toxicity in the
environment, it causes much concern to regulation
authorities and environmental protection societies. It
is harmful to human when it is swallowed or
absorbed through the skin and sometimes causes
irritation to the eyes [2]. Thus, it is classified as toxi-
city class III, slightly toxic, and dangerous for the
environment. The maximum permissible concentration
of Bentazon in drinking water is known as 0.03 mg/L
[6]. Therefore, surface and groundwater contaminated
with persistent herbicide such as Bentazon should be
treated with suitable physicochemical and/or
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biological treatment processes. Advanced oxidation
processes are one of the plausible treatment processes
and have much attention to overcome these problems
[3,7–10]. Among several semiconductors, ZnO and
TiO2 have been proven to be promising photocatalysts
due to their intriguing optical and electric properties,
low cost, stability, nontoxicity, and ease of availability
[11–13]. Compared with single ZnO or TiO2, their
composite has a superior photocatalytic activity owing
to the extension of light absorption range and effective
charge transfer from ZnO to TiO2 [14]. Photocatalysis
using hybrid semiconductors is a novel approach to
achieve a more efficient charge separation, an
increased lifetime of the charge carriers, and an
enhanced interfacial charge transfer to adsorbed
substrates [15,16]. Several nanocomposites such as
TiO2–poly(vinylidenefluoride) [16], TiO2-graphene
[15], nanosized zinc oxide [17], Ca–Ce–W–TiO2 [11],
Fe3O4/hydroxyapatite [18], ZnS/TiO2 [19], and TiO2/
H-MOR [20] have been applied in the removal of
pesticides and herbicides. Also there are many reports
about photocatalytic degradation of Bentazon
with TiO2 or ZnO [4,8,21]. However, only limited
information is available for the removal efficiency and
removal kinetics of Bentazon with illuminated
ZnO/TiO2 nanocomposite.

Therefore, this study examined the degradation of
Bentazon in aqueous solution by ZnO/TiO2 nanocom-
posite under UV-C (247.3 nm) irradiation. The effect
of photocatalyst dosage, initial pH, and initial Benta-
zon concentration, type of purging gas, hydrogen
peroxide concentration, and type of organic com-
pounds on the photocatalytic degradation of Bentazon
was investigated. Additionally, kinetic study was con-
ducted by the application of zero, first, second, and
Langmuir–Hinshelwood kinetic model. The electrical
energy per order (EEo) was calculated to evaluate
cost-efficiency of the processes.

2. Materials and methods

2.1. Chemicals

Zinc chloride (99.5%), sodium hydroxide, organic
compounds, and hydrochloric acid were purchased
from Merck Company (Germany) and used without
any purification. P-25 TiO2 (80/20 mixture of anatase
and rutile) was obtained from Degussa Corp. It had
approximately spherical shape and had greater than
99.5% purity. The specific surface area of the TiO2 parti-
cles was 50 ± 15 m2/g according to Evonik-Industrial
Co. The average size of the TiO2 particles was 21 nm.
The herbicide Bentazon was purchased from Chem-
service (USA). Its chemical structure and other

characteristics are listed in Table 1 [22]. The experimen-
tal reactor used for the photocatalytic degradation of
Bentazon is shown in Fig. 1. A 125 W medium-pressure
UVC lamp (Arda, France) emitting maximum
wavelength at 247.3 nm (1,020 μw/cm2) was applied as
a light source.

2.2. Preparation of ZnO/TiO2 nanocomposite

TiO2 was dried at 103˚C for 3 h in an oven. ZnCl2
and NaOH was used as a starting agent and as a pre-
cipitant, respectively. ZnO nanoparticles were synthe-
sized adopting the method that reported in the
previous work [23]. A stock solution (pH 6) of
0.1 mol/L zinc chloride (ZnCl2) was prepared by
dissolution of zinc chloride into distilled water. Then
an alkaline stock solution (pH 13.3) of 0.2 M NaOH
was prepared in deionized water. TiO2 was added to
the ZnCl2 solution at the ratio of 1:1 (w/w). Sodium
hydroxide solution was added dropwise to the precur-
sor solution to obtain an alkaline medium (pH 12)
producing a white, gelatinous ZnO/TiO2 product. The
synthetic reaction was fundamentally performed for
7 h with stirring. The products in aqueous solution
were centrifuged (Sigma-301, 4000 rpm, Germany),
washed with deionized water, and then dried at 100˚C
for 3 h [14]. Field emission scanning electron micro-
scopy (FE-SEM, MIRA3, Tescan, Czech Republic),
energy dispersive X-ray spectroscopy (EDX, TESCA
MIRA3, Czech Republic), X-ray diffraction (XRD, D8
Advance, Bruker, Germany), and Fourier transform
infrared spectroscopy (FT-IR,Tensor 27, Bruker,
Germany) techniques were used for characterization
of the prepared ZnO/TiO2 nanocomposite. The pHZPC

Table 1
Structure and characteristics of Bentazon
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Formula C10H12N2O3S
λmax (nm) 335
Mw (g/mol) 240.3
Solubility in water (g/L) 0.50
pKa (24˚) 3.3
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of ZnO/TiO2 nanocomposite was determined adopt-
ing the method previously reported [24–27].

2.3. Experimental procedure and analysis

Stock solution (1,000 ppm) of Bentazon was pre-
pared by dissolving Bentazon into distilled water. In
each experiment, a certain dosage of nanocatalyst
(0.25–2 g/L) was poured in 1 L of Bentazon solution
with a distinct concentration (5–50 mg/L) at a certain
pH (3–11). The initial pH of solution was adjusted by
adding NaOH or HCl(0.1 M) and measured by pH
meter (Metron, Switzerland). All runs were performed
under ambient conditions for 2 h. The solution in the
photo-reactor was kept at constant temperature
(25 ± 1˚C) and constantly stirred. The solution loaded
with nanocatalyst was equilibrated in the dark for
30 min. After the equilibration period, the UV-lamp
was switched on and 10 mL of solution was taken at
definite time intervals. The aqueous sample was cen-
trifuged (Sigma-301, Germany) at 4,000 revolution per
minute (rpm) for 10 min to eliminate nanocatalyst and
then residual Bentazon concentration in the suspen-
sion was analyzed. The concentration of the Bentazon
in each sample was measured using a spectropho-
tometer (UV/vis spectrophotometer, Hach-DR 5000,
USA) at λmax = 335 nm by a calibration curve based on
Beer–Lambert law [28].

3. Results and discussion

3.1. Characterization of nanocomposite

3.1.1. XRD analysis

The XRD patterns of TiO2, ZnO, and ZnO/TiO2

composite are illustrated in Fig. 2. The patterns

exhibit crystalline structure of both ZnO and TiO2

even after the immobilization of ZnO on TiO2. The
main peaks at 2θ values of 31.92, 34.6, and 36.48
correspond to the (1 0 0), (0 0 2), and (1 0 1) planes
of hexagonal wurtzite ZnO (JCPDS card No. 36-
1451). As illustrated in Fig. 2, after immobilization
of ZnO, the peaks related to the ZnO are still
observed, which indicates the growth of the ZnO
crystal on the TiO2 particles. The mean crystallite
size of the ZnO/TiO2 composite was estimated to be
about 10 nm using the Debye–Sherrer’s equation.

3.1.2. FT-IR analysis

The functional groups on the surface of photocata-
lyst can play a significant role in the photocatalytic
activity because photocatalytic reactions mostly occur
on the surface of photocatalyst. Thus, FT-IR analyses
of ZnO, TiO2, and ZnO/TiO2 composite were per-
formed in the range of 400–4,000 cm−1 (Fig. 3). FT-IR
spectrum of the synthesized ZnO nanorods showed
significant absorption peaks at 458, 727, 913, and
3,500 cm−1. The band observed between 400 and
500 cm−1 can be corresponding to stretching vibration
of ZnO. The weak band near 1,590 cm−1 is assigned to
H–O–H bending vibration mode due to the adsorption
of moisture when FT-IR sample disks were prepared
in an open air atmosphere [29]. The band at
3,500 cm−1 is corresponding to the presence of hydro-
xyl groups (−OH). As shown in Fig. 3, the band
located at 481 cm−1 can be attributed to ZnO which is
observable on the spectrum of both pure ZnO and its
immobilized form. For the case of TiO2 nanoparticles,
the peak at 438 and 620 cm−1 is attributed to the Eg

and A2g mode, respectively [30]. The results of FT-IR
analysis proved the hybridization of ZnO nanorods
with TiO2.

Fig. 1. A schematic flow diagram of the experimental reactor.
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3.1.3. SEM and EDX analysis

FE-SEM was carried out by a Mira microscope to
obtain the surface morphology of ZnO nanoparticles
and ZnO/TiO2 nanocomposite using an EDX. SEM
images of ZnO nanoparticles and ZnO/TiO2 nanocom-
posite are shown in Fig. 4(a) and (b), respectively. As
shown in Fig. 4(b), ZnO/TiO2 nanocomposite was com-
posed of TiO2 nanoparticles and ZnO nanorods. EDX
microanalysis was used to characterize the elemental
composition of the ZnO/TiO2 nanocomposite. EDX pat-
tern of the ZnO nanoparticles and ZnO/TiO2 nanocom-
posite is depicted in Fig. 5(a) and (b), respectively.
According to the results of EDX analysis, the major ele-
ments were Zn (31.54%), O (14.44%), and Ti (7.32%),
indicating good hybridization between ZnO and TiO2.

3.2. Effects of operational parameters

3.2.1. Effect of catalyst dosage

Effect of catalyst dosage on the degradation of
Bentazon by UV/ZnO/TiO2 process was investigated

by varying the catalyst dosage (0.25, 0.5, 1, 2 g/L)
at initial pH 7 and initial Bentazon concentration
(20 ppm) for different time interval. Fig. 6 shows the
degradation efficiency enhanced from 64.4 to 84.2% by
increasing the catalyst dosage from 0.25 to 5 g/L and
then decreased to 69.3% in catalyst dosage equal to
2 g/L. Without UV irradiation, the degradation effi-
ciency varied from 1.7 to 20.5% depending on the
photocatalyst dosage due to the adsorption of Benta-
zon. The most effective decomposition of Bentazon
was observed at 0.5 g/L of nanocatalyst (84.2%),
which was chosen as optimum amount. Total active
surface area can be enhanced with increasing photo-
catalyst dosage from 0.25 to 0.5 g/L, causing increased
degradation of Bentazon. But, further increase in
ZnO/TiO2 concentration above 0.5 g/L resulted in
lower degradation of Bentazon. This may be due to
the aggregation of ZnO/TiO2 under high particle con-
centration which reduces the interfacial area between
the reaction mixture and the photocatalyst, reducing
light penetration. This result agrees well with previous
studies for the degradation of herbicides [8,21]. Based
on the results, an optimum ZnO/TiO2 dosage for
degradation of the Bentazon in aqueous solution was
determined as 0.5 g/L.

Fig. 2. Typical XRD patterns of samples.

Fig 3. FT-IR spectra of samples.
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3.2.2. Effect of initial pH

Effect of initial pH on the degradation of Bentazon
by UV/ZnO/TiO2 process was investigated by vary-
ing the initial pH from 3 to 11 at initial Bentazon con-
centration (20 ppm) and catalyst dosage of 0.5 g/L for

different time interval. Fig. 7 shows the effect of initial
pH on the degradation of Bentazon. Fig. 7 shows that
the degradation efficiency enhanced from 45.43 to
84.2% by increasing the initial pH from 3 to 7 and
then decreased to 19.8% in pH equal to 11. In our
previous work, the pHpzc of ZnO/TiO2 nanocomposite
was about 6 [14]. The pHpzc of ZnO is known as 9,

Fig. 4. SEM image of samples (a) ZnO nanoparticles
and (b) ZnO/TiO2 nanocomposite.

Fig. 5. EDX image of samples (a) ZnO nanoparticles and
(b) ZnO/TiO2 nanocomposite.

Fig. 6. The effect of catalyst dosage on the photocatalytic
degradation of Bentazon (pH 7, [Bentazon]0 = 20 ppm).
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from previous studies [31]. The ZnO/TiO2 nanocom-
posite surface will be positively charged in acidic
medium (pH < 6) as described in Eq. (1), whereas it
will be negatively charged in alkaline medium
(pH > 6) as described in Eq. (2). Also, stability of
ZnO–TiO2 nanocomposite has been assessed at differ-
ent solution pH values. According to the pHpzc data,
the results showed that ZnO–TiO2 nanocomposite is
stable in acidic solutions (pH > 2).

pH\pHPZC : [Ti�OH or[Zn�OHþHþ

$ [Ti�OHþ
2 or[Zn�OHþ

2 (1)

pH[pHPZC : [Ti�OH or[Zn�OHþOH�

$ [Ti�O� or[Zn�O� þH2O (2)

Effect of pH on the photocatalytic activity can be
explained by electrostatic interaction between the cata-
lyst surface and the target compound, chemical stabil-
ity of ZnO–TiO2 in addition to variation of redox
potential of photocatalyst at different pH. The given
pKa for Bentazon is 3.3 [3,21]. Only considering elec-
trostatic interaction, an optimal condition is regarded
as pKBentazon

a < pH < pHZnO�TiO2
PZC at which the

positively charged ZnO/TiO2 and negatively charged
Bentazon should readily attract each other. The
increased degradation with increasing pH from 3 to 7
may be attributed to an efficient adsorption of sub-
strate on the catalyst surface due to attraction between
positively charged ZnO–TiO2 nanocomposite surface

and negatively charged Bentazon molecules. However,
ZnO becomes unstable at low and at high pH [4,8,21].
Generally photocatalysts have greater redox potential
at low pH. Therefore, the greatest removal of Benta-
zon observed at pH 7 can be explained by combined
effect of different trend of adsorption, chemical stabil-
ity of ZnO–TiO2 in addition to variation of redox
potential of photocatalyst at different pH. From this
study, pH 7 was identified as an optimum condition
for the removal of Bentazon using ZnO/TiO2

nanocomposite.

3.2.3. Effect of initial Bentazon concentration

Effect of initial Bentazon concentration on the
degradation of Bentazon by UV/ZnO/TiO2 process
was investigated with variation of initial Bentazon
concentration (5,10, 20, 30, 40, 50 ppm) at initial pH 7
and at constant catalyst dosage (0.5 g/L) for different
time interval. Fig. 8 shows the effect of initial Benta-
zon concentration on the degradation of Bentazon.
Fig. 8 shows that the photocatalytic degradation of
Bentazon was decreased from 99.9 to 29.1% with
increasing the initial Bentazon concentration from 5 to
50 ppm after 2 h. The presumed reason is that when
the concentration of Bentazon increased, adsorbed
fraction of Bentazon on the surface of ZnO/TiO2

nanocomposite increased. The large amount of
adsorbed Bentazon can cause inhibitive effect on the
reaction of Bentazon molecules with photogenerated
holes or hydroxyl radicals because of the lack of any
direct contact between them. As the concentration of
herbicide increase, it also absorbs much fraction of
light, causing little utilization of photons by the photo-
catalyst surface [11,31]. Similar results have been
reported by other researchers [1,7,32–36].

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

This section will deal with finding the suitable
chemical degradation model that can describe the
experimental kinetic data. In order to obtain the
kinetic information, the experimental results were
fitted with zero, first- and second-order equations
(Eqs. (3–5)) [31,37–40]:

C0 � Ct ¼ k0t (3)

ln
C0

Ct
¼ kobs t (4)Fig. 7. The effect of initial pH on the photocatalytic

degradation of Bentazon (catalyst dosage = 0.5 g/L,
[Bentazon]0 = 20 ppm).

M. Gholami et al. / Desalination and Water Treatment 57 (2016) 13632–13644 13637



1

C0
� 1

Ct
¼ k2t (5)

where C0 and Ct are the concentration of Bentazon (ppm)
at initial and time t, respectively. k0 (mol/L/min),
kobs (min−1), and k2 (L/mol/min) are the zero-, first-, and
second-order rate constants, respectively. To obtain the
kinetic data of the photocatalytic degradation of Benta-

zon, C0 � Ct, ln[C0/C] and
1
C0
� 1

Ct
vs. t was plotted. The

zero, first, and second kinetic parameters for the photo-
catalytic degradation of Bentazon at different initial
Bentazon concentrations are given in Table 2. The kinetic
data for photocatalytic degradation of Bentazon showed
the best fitting with the first-order model. As can be seen
from Table 2, the pseudo-first-order rate constant (kobs)
and R2 were decreased from 0.0649 to 0.0032 min−1 and
0.9987–0.9315 with increasing the initial Bentazon
concentration from 5 to 50 ppm, respectively. The
relationship between initial degradation rate (r) and
initial concentration of Bentazon for a heterogeneous
photocatalytic degradation process can be described
by Langmuir–Hinshelwood model (Eqs. (6 and 7))
[4,31,37]:

�d½Bentazon�
dt

¼ kcKBentazon½Bentazon�
1þ KBentazon½Bentazon�0

¼ kobs Bentazon½ � (6)

1

kobs
¼ 1

kcKBentazon
þ Bentazon½ �0

kc
(7)

where [Bentazon]0 is the initial concentration of
Bentazon in ppm, kc (mg/L/min) is the kinetic rate
constant of surface reaction, and KBentazon (L/mg) is
the Langmuir adsorption constant.

Therefore, kobs values for each initial concentra-
tion (Table 2) were found from the slope of straight
line of ln ([Bentazon]0/[Bentazon]) vs. reaction time
plot. The values of KBentazon and kc were calculated
as 0.162 (L/mg) and 0.154 (mg/L/min) by plotting
1/kobs vs. initial Bentazon concentration, respectively.
Pourata et al. [4] reported a Langmuir–Hinshelwood
equation constant of 0.0517 (mg/L/min) for the
photocatalytic degradation of Bentazon(15 ppm) in
the presence of synthesized nanocrystalline TiO2

powders as a photocatalyst [4]. Devipriy and
Yesodharan [32] reported a Langmuir–Hinshelwood
equation constant of 0.075 (mg/L/min) for the
photocatalytic degradation of Bentazon (0.1325 mM)
with solar/TiO2 [32].

The zero, first, and second kinetic parameters for
the photocatalytic degradation of Bentazon at different
pHs are given in Table 3. Photocatalytic degradation
of Bentazon at different pHs was better fitted with the
second-order model than the zero- and first-order
model.

Considering the economic point of view, EEo of
the photocatalytic degradation of Bentazon, defined
as the number of kWh of electrical energy required
to reduce the concentration of a pollutant by one
order of magnitude (90%) in 1 m3 of contaminated
water, was applied to evaluate cost-efficiency of the
process. The EEo (kWh/m3) can be calculated via
Eq. (8) [4,31]:

EEO ¼ 38:4� P

V � kobs
(8)

EEO ¼ p� t� 1000

V � 60� log Ci=Cfð Þ (9)

where P is the rated power (kW) of the process, kobs is
the pseudo-first-order rate constant (min−1), and V is
the volume (L) of the solution in the reactor. EEo of
the process at different initial Bentazon concentration
are summarized in Table 2. Table 2 presents that EEO

value was increased from 73.96 to 1,500 (kWh/m3)
with increasing initial Bentazon concentration from 5
to 50 ppm. Also electrical energy per order (EEo) for
any process is calculated. The result presents that the
EEO value for UV/ZnO/TiO2 (312.19) process is lower
than that for UV/TiO2 (550.04), UV/ZnO (1418.84),
and UV (14101.38) process.

Fig. 8. The effect of initial Bentazon concentration on the
photocatalytic degradation of Bentazon (catalyst
dosage = 0.5 g/L, pH 7).
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3.2.5. Effect of purging of oxygen gas

Effect of purging of oxygen gas and variation of
DO concentration during O2 purging on the
degradation of Bentazon by UV/ZnO/TiO2 process
was investigated at initial pH 7, catalyst dosage
(0.5 g/L), initial concentration of Bentazon (20 ppm),
and gas flow rate was 2 L/min for different time
interval. Fig. 9 shows the effect of purging of oxygen
gas and variation of DO concentration. As shown in
Fig. 9, photocatalytic degradation of Bentazon was
enhanced with purging of oxygen gas when compared
to that without purging of oxygen gas. The degrada-
tion efficiency with purging of oxygen gas increased
from 44.4 to 99.9% by increasing time from 15 to
120 min, while it was ranged from 30.1 to 84.2% with-
out purging of oxygen gas. As exhibited in Fig. 8, the
DO concentration decreased from 19.5 to 9.9 ppm by
increasing time from 15 to 120 min. In the purging of
oxygen gas, electron scavenging can be increased.
Electrons generated in conduction band are effectively
consumed by increased dissolved oxygen and inhibit
recombination between positive hole and electron [41].

Table 2
Kinetic parameters for the photocatalytic degradation of Bentazon at different initial concentrations (catalyst
dosage =0.5 g/L and pH 7)

[Bentazon]0 (ppm)
Zero-order First-order Second-order

k0 R2 kobs 1/kobs R2 EEo (kWh/m3) k2 R2

(mol L−1 min−1) (min−1) (min) (L mol−1 min−1)

5 0.0298 0.5384 0.0649 15.4 0.9987 73.96 0.2473 0.6808
10 0.0673 0.7234 0.0346 28.9 0.9903 138.73 0.0125 0.9343
20 0.1281 0.8712 0.0154 64.9 0.9844 311.69 0.0022 0.9807
30 0.1435 0.916 0.0071 140.84 0.9697 676.06 0.0004 0.9939
40 0.135 0.9155 0.0049 204.08 0.9557 979.59 0.0002 0.9825
50 0.108 0.9694 0.0032 312.5 0.9315 1,500 0.0001 0.9315

Table 3
Kinetic parameters for the photocatalytic degradation of Bentazon at different initial pH ([Bentazon]0 = 20 ppm, catalyst
dosage = 0.5 g/L)

pH
Zero-order First-order Second-order

k0 R2 k1 R2 k2 R2

(mol L−1 min−1) (min−1) (L mol−1 min−1)

3 0.0709 0.9645 0.0009 0.9873 0.0003 0.9948
5 0.1031 0.9394 0.005 0.9861 0.0008 0.9942
7 0.1281 0.8712 0.0154 0.9844 0.0023 0.9848
9 0.0395 0.9881 0.0022 0.9766 0.0001 0.9755
11 0.0014 0.4807 0.0001 0.5299 0.0001 0.4875

Fig. 9. The effect of purging of oxygen gas and variation of
DO concentration during O2 purging on the photocatalytic
degradation of Bentazon (catalyst dosage = 0.5 g/L, pH 7,
[Bentazon]0 = 20 ppm).
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3.2.6. Effect of the hydrogen peroxide

Effect of the initial hydrogen peroxide concentra-
tion (2, 5, 10, 25, 50 mM) on the photocatalytic
degradation of Bentazon by UV/ZnO/TiO2 process
was investigated at initial pH 7, catalyst dosage
(0.5 g/L), and initial concentration of Bentazon
(20 ppm) for different time intervals. Fig. 10 shows the
effect of the hydrogen peroxide concentration on
photocatalytic degradation of Bentazon. Fig. 10 shows
the degradation efficiency enhanced from 86.3 to
99.9% by increasing the initial hydrogen peroxide con-
centration from 2 to 10 mM. The increased photocat-
alytic degradation efficiency of Bentazon after the
addition of hydrogen peroxide can be explained by
the increased reaction between hydrogen peroxide
and electron in the conduction band of Bentazon.
According to Eq. (10), hydrogen peroxide can effec-
tively inhibit the electron–hole recombination. Since
hydrogen peroxide is a better electron acceptor than
dissolved oxygen, it could act as an alternative elec-
tron acceptor to oxygen [37]. At low concentration of
hydrogen peroxide, inhibition of the electron–hole
recombination is effectively contributed to the photo-
catalytic degradation of Bentazon. However, further
increase in hydrogen peroxide concentration above
10 mM caused lower degradation of Bentazon due to
an inhibitive effect on the reaction between Bentazon
and electron in the conduction band of ZnO/TiO2

nanocomposite (Eq. 11) [21]. The other reason for the
inhibition effect can also be explained in terms of
scavenging of positive holes by adsorbed H2O2 on the
surface of ZnO/TiO2 nanocomposite (Eq. 12) [21,42].

H2O2 þ e�CB ! OH� þHO� (10)

H2O2 þOH� ! HO�
2 þH2O (11)

H2O2 þ 2hþ ! O2 þ 2Hþ (12)

3.2.7. Effect of the organic compounds

Effect of the presence of different types of organic
compounds such as (humic acid, oxalate acid, EDTA,
phenol, folic acid, citric acid) (20 ppm) on the photo-
catalytic degradation of Bentazon by UV/ZnO/TiO2

process was investigated at initial pH 7, catalyst
dosage (0.5 g/L), and initial concentration of Bentazon
(20 ppm) for different time intervals. As shown in
Fig. 11, any type of organic compounds showed
inhibition effect on the photocatalytic degradation of
Bentazon. One role of added organic compound is
blocking of active sites on the photocatalysts by com-
petitive adsorption. The other role of added organic
compound is decreasing of electron–hole recombina-
tion due to scavenging of positive holes in valence
band by organic compounds. Considering the
observed results, second role was not greater than
the first role [43–45].

3.2.8. The comparison of each process

To evaluate the effect of various processes
involved in the photocatalytic degradation of Benta-
zon, removal of Bentazon by ZnO-alone, UV-alone,
ZnO/TiO2 alone, TiO2-alone, UV/ZnO, UV/TiO2, and
UV/ZnO/TiO2 process was evaluated at pH 7, photo-
catalyst dosage of 0.5 g/L, and 20 ppm Bentazon con-
centration (Fig. 12). The result showed that the
removal efficiency by each process was 0.9, 3.4, 4.4,
5.47, 33.3, 64.9, and 84.2%. The photocatalytic degrada-
tion of Bentazon through just adsorption process was
insignificant. As can be seen from Fig. 12, the photo-
catalytic degradation efficiency of Bentazon by UV/
ZnO/TiO2 process was about 84.2%, which was
greater than that by UV/TiO2 (64.9%) and UV/ZnO
(33.3%) processes. In agreement with our study, Mir
et al. reported removal efficiency of Bentazon by
UVC-125 W-alone was 9.5% [21]. Near complete
removal of Bentazon by UV/ZnO–TiO2/H2O2 and

Fig. 10. The effect of hydrogen peroxide on the photocat-
alytic degradation of Bentazon (catalyst dosage = 0.5 g/L,
pH 7, [Bentazon]0 = 20 ppm).
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UV/ZnO–TiO2/O2 was reported. This comparison
shows that the ZnO/TiO2 composite is an effective
catalyst for the photocatalytic degradation of Bentazon

from aqueous solution compared to ZnO-alone or
TiO2-alone. The plausible reason for the enhanced
removal of Bentazon by ZnO/TiO2 nanocomposites
may be due to an electron transfer from the conduc-
tion band of ZnO to the conduction band of TiO2 as
well as a hole transfer from the valence band of TiO2

to the valance band of ZnO. This efficient charge sep-
aration can increase the lifetime of the charge carriers
and enhance the photocatalytic efficiency of ZnO/TiO2

composites compared to ZnO-alone or TiO2-alone
[14,19,46]. Based on the above experiments and
analysis, mechanism of the photocatalysis could be
proposed as the following reactions [3,7,8]:

ZnO=TiO2 þ htð\390 nmÞ ! ZnO=TiO2 e�CB þ hþVB
� �

(13)

hþVB þ herbicide ! herbicide�þ

! oxidation of the herbicide (14)

hþVB þH2O ! Hþ þHO� (15)

hþVB þOH� ! HO (16)

hþVB þH2O ! Hþ þHO� (17)

HO� þ herbicide ! degradation of the herbicide (18)

The temporal distribution of species of the decomposi-
tion of Bentazon in aqueous solution by advance
oxidation process was reported by authors. Possible
route for the photocatalytic degradation of Bentazone
in the presence of TiO2 was reported by Seck et al. [8].
It was found that the hydroxylation of isopropyl
group in bentazone is the main pathway, and then
formation of sulfate ions was stoichiometrically
detected and was accomplished at a very early period
of the decomposition of Bentazon, and then the forma-
tion of the nitrate ions was to be proceeded. Finally
nitrate ions conversion indicating the mineralization of
one atom of the organic nitrogen of the Bentazon.
These findings can be explained by observing the
structure of Bentazon. Similar results and the complete
decomposition pathways of Bentazon in aqueous solu-
tions by advance oxidation process have been reported
by Mir et al. [21].

The ability of a photocatalyst for continuous
removal of organic contaminants is a significant crite-
rion. Hence, the photocatalytic degradation of Benta-
zon was performed by ZnO/TiO2 nanocomposite for
five repeated runs. As can be seen in Fig. 13, the syn-
thesized photocatalyst showed quite similar photocat-
alytic activity even after five repeated runs.

Fig. 11. The effect of different organic compounds on the
photocatalytic degradation of Bentazon (catalyst
dosage = 0.5 g/L, pH 7, [Bentazon]0 = 20 ppm, organic
compounds = 20 ppm).

Fig. 12. The contribution of each process involved in the
photocatalytic degradation of Bentazon (catalyst dosa-
ge = 0.5 g/L, pH 7, [Bentazon]0 = 20 ppm).
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4. Conclusion

In the present research, the application of
ZnO/TiO2 nanocomposites for photocatalytic degrada-
tion of Bentazon in aqueous solutions was studied.
The prepared sample was characterized by of SEM,
EDX, XRD, and FT-IR. The results indicated more
photocatalytic activity of the ZnO/TiO2 nanocompos-
ite in comparison with any processes. As the
nanocatalyst dosage increased, the photocatalytic
degradation of the Bentazon was continuously
enhanced, but was gradually decreased above 0.5 g/L.
Maximum degradation efficiency was observed at
neutral pH because the reduced photocatalytic activity
of nanocatalyst at exceedingly low and high pH
values originates from photo-corrosion of ZnO. By
first-order kinetic assumption, the values of the kinetic
rate and the L–H adsorption constants were
determined as 0.1621 L/mg and 0.154 mg/L/min,
respectively. The electrical energy consumption per
order of magnitude for photocatalytic degradation of
Bentazon by UV/ZnO/TiO2 process was lower than
that by UV/TiO2, UV/ZnO, and UV process, which
confirmed the better performance of ZnO/TiO2 com-
posite due to an enhanced charge separation. The
removal efficiency of Bentazon increased with purging
of oxygen gas and hydrogen peroxide (up to 10 mM)
compared to that of without them. Organic com-
pounds showed inhibition effect on the degradation of
Bentazon.
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