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Trifluralin is one of the most widely used herbicides, being accounted as the cause of cancer in human. In the present research, the
UV/S2O8

2− and ZnO/UV processes’ efficiency in the removal of trifluralin was investigated. A lab scale equipped with a UV lamp
was applied. (e parameters were studied, including initial trifluralin concentration (0.4–1.2mg/L), contact time (20–60min),
S2O8

2− concentration (20–60 μM), and ZnO concentration (50–150mg/L). (e remained trifluralin concentration was measured
by HPLC. (is study proved the trifluralin removal of 92.90± 1.6% and 87.91± 19.22% for UV/S2O8

2− and UV/ZnO processes in
the best operation conditions (contact time of 60min, the persulfate concentration of 40 μM, and the ZnO concentration of
100mg/L). (e optimal trifluraline concentrations were 1.2mg/L and 0.6mg/L for UV/S2O8

2− and UV/ZnO processes, re-
spectively. In both processes, the removal efficiency of trifluralin increased significantly with increasing contact time.(e findings
exhibited that both processes UV/S2O8

2− and UV/ZnO followed the zero-order kinetic. (e electrical energy consumed of UV/
S2O8

2 and UV/ZnO was about 43.95 and 20.41Kwh/kg, respectively. (e results show that UV/S2O8
2− and ZnO/UV processes

were appropriate as the effective treatment method for trifluralin removal. (erefore, it is proposed to study the performance of
these processes as an environmentally friendly practice in full scale with real wastewater.

1. Introduction

Pollution of the environment by pesticides has been proven
throughout the world. Runoff from urban areas, the return
of water to the mainstream, and the washing of agricultural
land are the major contributors to this pollution [1, 2].
Weeds have an adverse effect on yield and quality of agri-
cultural product [3]. (e most widely method to control
weeds and improve the priority growth of the desired crops
is application of herbicides. Recently, the application of
herbicide has been forbidden in world, but they are widely
used in developing countries [4]. Trifuralin (Treflan) is a

preemergence herbicide which is used in the farming to
control the insects in plantations [4]. (e chemical structure
of trifuralin is shown in Figure 1. In 2015, more than 4608
tons of trifuralin were used in America, and in 2010, 2540
tons were used in China [2]. (e major part of the used
trifuralin fails to reach the target site or runoff into the
environment, which leads to negative effects on the eco-
system [5]. In recent years, this toxin has become a major
environmental concern due to adverse effects on health,
including various physiological changes and effects on en-
docrine genes, kidney damage, fetal weight loss, and in-
creased abortion in animal studies. In addition to the toxicity
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in mammals, carcinogenicity in humans has been proven
due to exposure to this pesticide in the European Union
[6, 7]. (e United States has classified trifluralin in group C
of human carcinogenic substances [1]. According to the
WHO and Institute of Standard and Industrial Research of
Iran (ISIRI), the Maximum Contaminant Level (MCL) of
trifluralin is 0.02mg/L in drinking water [8], and based on
the European Environment Agency, the annual average
concentration of this herbicides is 0.03 µg/L [9, 10]. (ese
herbicides are added to soil to prevent their evaporation.
(erefore, groundwater contamination may be related to
agricultural drainage. Additionally, point sources, including
leakage or improper disposal, may cause groundwater
contamination. Pendimethalin and trifluralin were often
found in groundwater where the preparation, loading, and
mixing of herbicides were performed [11]. Among the
various technologies for pesticide treatment, advanced ox-
idation processes have been mainly used for trifluralin
degradation which include photolysis in presence of hy-
droxyl radicals, direct photolysis in presence of UV, and
hydrogen peroxide and ozonation [12–15]. Advanced oxi-
dation has high oxidizing properties due to producing free
radicals in an aquatic environment, leading to decomposi-
tion of pesticides in water [16, 17]. (e synthesis process of
persulfates (K2S2O8) and ultraviolet radiation has been
widely considered and is a very efficient technology for
eliminating organic pollutants [18]. Persulfate is a very
strong oxidant (E° � 2.1V), which is not selectively reactive
and is relatively stable at room temperature. Radicals can
oxidize toxic and resistant organic compounds, but at room
temperature, the decomposition rate is small and, therefore,
a catalyst is needed. An activation operation is carried out by
UV radiation, ions, electrolysis, and transition metals [6].
Under the activation of UV light, persulfate (PS, S2O8

2−) is
most commonly used for the production of SO•−

4 . In ad-
dition, SO•−

4 has relatively lower reactivity with natural
organic matter and is, thus, considered more suitable for the
removal of organic contaminants in an aquatic environment
[19].(rough the recent two decades, a considerable amount
of attention has been paid to photocatalysis using semi-
conducting materials such as ZnO due to high optical
sensitivity, high stability, nontoxic nature, and higher effi-
ciency in electron production. ZnO with a 3.2 kV band gap
and wavelength of 387 nm can be excited under irradiation
in the UVA range of 320–380 nm [20, 21]. Previous studies
compared the catalytic activity of ZnO and TiO2 for the
degradation of sulfamethazine and chloramphenicol,

respectively, and reported that ZnO was slightly more ef-
fective than TiO2 [22, 23]. (e performance mechanism of
these processes is that the semiconductor material is irra-
diated with ultraviolet radiation which stimulates the elec-
tron from the valence band to the conduction band causing
the release of radical hydroxyl [24, 25]. According to the
studies conducted so far, no report on trifluralin removal
using two methods simultaneously including UV/S2O8

2−

and UV/ZnO processes have been reported. (is study
aimed to provide two methods for removing pollutants
without deteriorating the environmental safety of trifluralin,
to determine the association of initial trifluralin concen-
tration, contact time, S2O8

2− concentration for the UV/
S2O8

2− process, and ZnO dose for UV/ZnO processes. (e
main objective of this research is the photocatalytic deg-
radation of trifluralin in aqueous solutions by UV/S2O8

2−

and UV/ZnO processes and comparison of removal effi-
ciency and economical nature of these processes.

2. Experimental

2.1. Reagents and Supplies. Trifluralin (α, α, α-trifluoro-2, 6-
dinitro-N, N-dipropyl-p-toluidine, C13H16F3N3O4) herbi-
cide standard was purchased from Sigma-Aldrich Company.
ZnO with a purity of 99% (BET:12m2/g), hydrochloric acid
and sodium hydroxide, sodium sulfate 99%, N-hexane,
acetonitrile, and 99.8% ethanol were purchased from Merck
Company, Germany. Figure 2 illustrates the SEM of ZnO
nanoparticles. (e SEM images of ZnO nanoparticles sug-
gest its particle size as <0.1 µm.

2.2. Experiment. All experiments were carried out in a
quartz reactor with a diameter of 5 cm and a 25 cm height
with a capacity of 250ml, equipped with a UV lamp with a
wavelength of 254 nm and a power of 6 watts. A magnetic
stirrer was used at 150 rpm to mix the reactor contents. In
order to prevent the temperature increase, the chemical
reactor was placed in a cylindrical container equipped with
an inlet and outlet water flow, and the use of an aluminum
foil prevented the permeation of ambient light into the
reactor. (e parameters were studied, including initial tri-
fluralin concentration (0.4, 0.6, 0.8, 1, and 1.2mg/L), contact
time (20, 40, and 60min), S2O8

2− concentration for UV/
S2O8

2− processes (20, 40, and 60 μM), and ZnO concen-
tration for UV/ZnO processes (50, 100, and 150mg/L). (e
optimal pH was obtained from other studies [26, 27]. (e
optimal pH of the samples was adjusted at 9 using
0.1NH2SO4 or 0.1N NaOH. (e effect of these parameters
on trifluralin removal was investigated by UV/S2O8

2- and
UV/ZnO processes.

2.3. AnalyticalMethods. At the end of each step, the residual
concentration of trifluralin was measured using HPLC (LC-
10AT VP) Shimadzu equipped with Phenomenex Gemini 5
lm C18 110A (250–4.6mm). Trifluralin was identified using
the isocratic method with acetonitrile and deionized water
(75%: 25% v/v). (e injection volume into the system was

F3C N(CH2CH2CH3)2

NO2

NO2

Figure 1: Chemical structures of trifluralin [5].
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2ml. (en, the percentage of trifluralin removal was cal-
culated by the following equation:

E(%) �
C0 − Ct( 

C0
, (1)

where C0 and Ct are the initial and final concentrations of
trifluralin, respectively.

3. Results and Discussion

3.1. Effect of Persulfate and ZnO Concentration. In advanced
oxidation processes, one of the effective factors in the re-
moval of organic compounds is the concentration of oxi-
dizing matter [28]. In this study, the effect of persulfate and
ZnO concentration in UV/S2O8

2- and UV/ZnO processes
was investigated. Figure 3 indicates the change in removal
efficiency of trifuralin for UV/S2O8

2- and UV/ZnO pro-
cesses. In the UV/S2O8

2− process, the radical sulfate is
produced by the anion persulfate according to the following
equations [29]:

S2O
2−
8 + hv⟶ 2SO•−

4 ,

SO•−
4 + pollutant⟶ degradation of pollutant,

SO•−
4 + H2O⟶ HO + HSO2−

4 .

(2)

In this research, the range of persulfate concentrations
from 20 to 60 μM was investigated to determine removal
efficiency of trifuralin. (e results showed that by adding 20,
40, and 60 μM of persulfate to the trifluralin solution
(concentration of trifuralin� 1.2mg/L), the removal effi-
ciency of trifluralin was 84.35± 15.9%, 89.091± 10.61%, and
92.87± 5.63%, respectively.

Although this trend was not significant, experiments
showed that changes in the concentration of persulfate were
not significantly affected to the removal efficiency. Gener-
ally, by increasing the concentration of persulfate, the
amount of sulfate radicals increases as a result of ultraviolet
radiation, leading to the further removal of trifluralin.
However, increasing the concentration of the oxidizing

agent to a certain extent can increase the reaction speed, and
by increasing the concentration of oxidizing material to over
optimum, the radical sulfate acts as a corrosive agent and is
converted into a process for converting radical sulfate to
persulfate. On the other hand, radical sulfate reacts with
persulfate and produces anion sulfate, which in both cases
causes the loss of radical sulfate and reduces the efficiency of
removal [30].

SO•−
4 + SO•−

4 ⟶ S2O
2−
8 , (3)

SO•−
4 + S2O

2−
8 ⟶ SO−2

4 + S2O
•−
8 . (4)

In a study by Hori et al., the increase in persulfate
concentrations up to a certain level reduced the release of
organic pollutants due to the reaction of SO•−

4 produced by
persulfate ions and the formation of SO4

2- [31]. In a study by
Lee et al., the effect of persulfate doses on the oxidation of
diphenylamine was investigated; with the increase in the
dose of persulfate up to 9mg/L, the oxidation efficiency
increased, but by increasing the dosage of persulfate to
12mg/L sulfate did not show an increase in the oxidation
process efficiency [32]. (e result of Almasi et al.’s study
showed that, with increasing concentrations of persulfate
from 0.001 to 0.003mol/L, the removal efficiency has in-
creased from 53.86 to 91.17%. However, increasing con-
centrations of persulfate more than 0.004mol/L did not have
much effect on the removal of phenol, and the amount of
organic matter removal decreased to 86.31% [33] which is
similar to the results obtained in this study.

In the UV/ZnO process, the range of ZnO concentra-
tions (50, 100, and 150mg/L) was investigated to determine
the removal efficiency of trifuralin. Increase of ZnO dose up
to 50mg/L improved the removal efficiency, but 150mg/l of
nanoparticles reduced the degradation efficiency
(Figure 3(b)); also, results of the comparison of the different
ZnO concentrations (initial trifluralin concen-
tration� 0.6mg/L) values of the removal efficiency in
Figure 3(b) show that increasing the dose of the catalyst lead
to higher destruction rates and higher overall decomposition
of trifuralin. (us, the efficiency of removal was
68.90± 10.35%, when 50mg/l of ZnO was used, where
92.1± 15.58% was achieved by increasing the dose catalysts
to 100mg/l and 89.60± 5.63% when 150mg/l of catalyst was
used. One study reported similar results, illustrating that the
excess dosage of catalyst could cause a light-screening effect
that decreases the surface area of the catalyst being exposed
to light irradiation and eventually decreases the photo-
catalytic efficiency [34]. Hoffman et al. reported that the
reason for decrease in the efficiency with increasing ZnO
nanoparticle concentration was the phenomenon of nano-
particle dispersion and the lack of ZnO chain production on
the catalyst surface [35]. Muruganandham et al. applied ZnO
nanoparticles for removing food color and found that ZnO
concentration did not affect the process efficiency [36].

3.2. Effect of Trifluoralin Concentration. (e effect of change
in trifluralin initial concentration on trifluralin removal
effciency is illustrated in Figures 4 and 5(a). As seen, the

Figure 2: Typical SEM image of ZnO of approx. 10×10−2 µm-size
particles.
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mean removal percentage increased from 71.68% to 95.92%.
As the trifluralin concentration increased, the removal ef-
ficiency increased because the higher concentrations of
trifluralin cause the collision with radicals to increase. In this
study, the initial concentrations of trifluralin in five con-
centrations (0.4, 0.6, 0.8, 1, and 1.2mg/L) were studied. As
shown in Figures 4 and 5(a), the highest removal efficiency
in the UV/S2O8

2− process was 95.92%± 1.6 in 1.2mg/L of
trifluralin.

In UV/ZnO processes (Figures 6 and 5(b)), the highest
trifluralin removal concentration is obtained in 0.6mg/L
(87.39± 19.22%). Increasing trifluralin concentration in the
UV/ZnO process not had a constant trend in removal ef-
ficiency. In fact, ZnO has higher ability to oxidize at 0.6mg/L
trifluralin concentration compared to higher concentrations
of this pesticide. UV photon absorption by ZnO nano-
particles is higher at this concentration [37]. (is leads to
increase in electron excitation from the valence band to
conduction band [35] which will result in higher hydrox-
ylation radical production that increases more toxicant
removal. (ese efficiency variations are because of the
formation and conversion of intermediate compounds
which result in changes in UV absorption and dispersion.
(e increase in pesticide concentration decreases solution
transparency, and consequently, the path length of the
photon entering into the pesticide solution also decreases. At
higher pesticide concentration, a significant amount of UV
light may be absorbed by the pesticide molecule rather than
the catalyst, and this may also reduce the catalytic efficiency.
(e rate of photodegradation is related to the formation of
OH radicals which are formed through the reaction of va-
lence band holes with adsorbed H2O and OH−. At high
concentration of pesticides, adsorbed OH− ions would have
been replaced by pesticides which would have reduced the
production of OH radicals. (is maybe the reason for the
reduction in reaction rate with increase in concentration of

pesticides. In Pulmakulama et al.’s study, the highest re-
moval efficiency in the UV/H2O2 method was obtained to be
6 µM between three trifluralin concentrations of 1.5, 3, and
6 µM [26]. Amit-Kumar Sharma et al. reported similar
findings too [38]. Dehghani et al. studied organophosphate
toxicant removal using the UV/ZnO process and reported
that removal efficiency was reduced by increase of con-
centration [39]. Shafiei et al. worked on photocatalytic
degradation of terephthalic using the UV/ZnO process and
found that removal efficiency was reduced with increase of
concentration due to completion of the catalyst surface [37].
As stated in these studies, due to decrease in UV penetration
to the catalyst surface, removal efficiency reduced.

3.3. Effect of Contact Time. One of the effective factors in
advanced oxidation processes is reaction time [40]. Time is
important because reducing contact time can lead to an
increase in chemical consumption. On the other hand,
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increasing the oxidation time will increase the reactor
volume and cost of construction and operation that will not
be economically feasible [41]. In this study, the effect of
different contact times (20, 40, and 60min) in UV/S2O8

2−

and UV/ZnO processes was investigated. Trifuralin removal
rate as a function of contact time is shown in Figure 5.
According to this figure, in both processes, with an increase
in time, the rate of photocatalytic degradation of trifuralin
increases and higher effciency is obtained in higher contact
times. (is is due to increased interaction between hydroxyl
radicals and trifuralin. Anissa Dhaouadi et al., Sergio et al.,
and shahsavan et al. reported similar findings. (ey have
associated this with higher production of hydroxyl radicals
by increasing the reaction time [42].

Moradi et al. worked on permethrin pesticide removal
from water using chitosan/ZnO and found that increase in
contact time increased the percentage of pesticides removal.
(is occurred due to the availability of many empty surfaces
for absorption at the initial stage, and subsequently, ad-
sorption rates reached a constant value [43] because the
absorbent surface was filled after the contact time of 90min.
Daneshvar et al. studied combination of advanced oxidation
and biological purification processes for pesticide removal
from aqueous solutions. (ey reported that, with increasing
contact time in the UV/ZnO process, diazinon removal
increased. However, after 1.5-hour contact time, removal
percentage was slightly increased [44].

3.4. Kinetic Study of UV/S2O8
2− and UV/ZnO Processes.

In this study, according to the optimal conditions, zero-,
first-, and second-order kinetic equations (equations
(5)–(7)) were used for data analysis in UV/S2O8

2− and UV/
ZnO processes, which are shown in Figures 7 and 8 and
Table 1 summarizes the results of kinetic studies at optimal
concentration of UV/S2O8

2- and UV/ZnO processes. (e
findings exhibited that both UV/S2O8

2− and UV/ZnO
processes followed the zero-order kinetics.

Ct � kt + C0 zero − order equation, (5)

Ln Ct(  � −kt + Ln C0(  first − order equation, (6)

1
Ct

�
1

C0
+ kt second − order equation. (7)

In Azizi et al.’s study on the photocatalytic removal of
pentachlorophenol from aqueous solutions with ZnO in the
presence of UV radiation, a pseudo-first-order kinetic model
was used and R2 was found to be about 0.97 [45]. Another
study reported on the O3/UV/H2O2 process degradation of
trifluralin followed the pseudo-first-order kinetics [46].

3.5. Chemicals. (e results of the SEM image showed that
the Zn nanoparticle size in this study was less than 100 nm,
and the SEM technique showed no impurity in the zinc
oxide nanoparticle used in this study (Figure 2).
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3.6. Cost Estimation of the UV/S2O8
2 and UV/ZnO Processes.

AOP process is an electric-energy-intensive process, and
electric energy has a major fraction of the operating costs.
Study of electric energy consumption in AOP processes can
be very useful. (e Photochemistry Commission of the
International Union of Pure and Applied Chemistry
(IUPAC) has proposed an efficiency index for different AOP
processes with based on UV. Electrical energy per order (EE/
O) compares the electrical efficiency of different UV-based
AOPs and is a measure of the electrical efficiency of an AOP
system. Electric energy per order (EE/O) is defined as the

electric energy in kilowatt hours (kWh) required to degrade
a contaminant by one order of magnitude in a unit volume
(1m3 or 1000 L) of contaminated water. It should be noted
that EE/O was only for first-order and second-order reac-
tions and EE/M was applied for zero-order reactions. If the
degree of reaction changes, the energy equation changes
[47]. In fact, the lower the EE/M, the higher the energy
efficiency of the AOP process. In this study, for comparative
between UV/S2O8

2 and UV/ZnO processes, the EE/M value
was calculated.

EE/M (kWh/Kg) �
Pelec × t × 1000

V × M × 60 × CA0
− CA 

, (8)

EE/M (kWh/Kg) �
0.006 × 60 × 1000

0.25 × 60 ×(1.2 − 0.02448)
� 20.41 kWh/Kg, (9)

EE/M (kWh/Kg) �
0.006 × 60 × 1000

0.25 × 60 ×(0.6 − 0.054)
� 43.95 kWh/Kg, (10)

where EE/O is the electric energy per order (kWh/m3), EE/
M is the electrical energy per unit mass (kWh/Kg), Pelec is the
power consumption (kW), V is the volume of water in liters
in the reactor, t is the irradiation time (min), CA0 is the initial
concentration of trifluralin (mol/L), and CA is the final
concentration of trifluralin at the end of the purification time
(mol/L). According to the calculations, EE/M of UV/S2O8

2

and UV/ZnO were about 43.95 and 20.41 kWh/kg, respec-
tively. (e result of daneshvar et al.’s study showed that the
photocatalysis process in the presence of ZnO offered the

best energy efficiency (1075.3 kWh/m3) for diazinon removal
[46].

3.7. Real-ScaleMeasurements. If this system is implemented
at the beginning of the drinking water well and the water of
the respective well is 30 L/s and a 24W lamp is used for
purification, then calculations are made as equation (8) for
both UV/S2O2

8
− and UV/ZnO processes.

EE/M (kWh/Kg) �
0.024 × 60 × 1000

30 × 3600 × 60 ×(1.2 − 0.02448) × 0.001
� 0.189 kWh/Kg. (11)

As it was observed, the energy consumed per Kg of
contaminated water was estimated to be 0.189 kW/h, which
is economically optimal.

EE/M (kWh/Kg) �
0.024 × 60 × 1000

30 × 3600 × 60 ×(0.6 − 0.054) × 0.001
� 3.703 kWh/Kg. (12)

Table 1: Summary of the kinetic analysis results of trifluralin removal in optimal condition.

Kinetics
K

Unit
R2

UV/S2O8
2− UV/ZnO UV/S2O8

2− UV/ZnO
Zero order −0.0009 −0.0024 mg/L.min 0.9768 0.9940
First order −0.0219 −0.0294 1/min 0.9367 0.9506
Second order 0.5972 0.4057 L/mg.min 0.8893 0.8869
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As it was observed, the energy consumed per Kg of
contaminated water was estimated to be 3.703 kW/h, which
is economically optimal.

4. Conclusions

In this study, the comparison between UV/S2O8
2− and UV/

ZnO processes on trifluralin removal in optimal conditions
(contact time of 60min, the persulfate concentration of
40 μm, and ZnO concentration of 100mg/L) was made. (e
optimal trifluraline concentrations were 1.2mg/L and
0.6mg/L for UV/S2O8

2− and UV/ZnO processes, respec-
tively. (is study proved the trifluralin removal of
92.90± 1.6% and 87.91± 19.22% for UV/S2O8

2− and UV/
ZnO processes in the best operation conditions. In both
processes, the removal efficiency of trifluralin increased
significantly with increase in contact time. However, in this
process, changes in the persulfate concentration did not have
much effect on the removal efficiency. In the UV/ZnO
process, increasing trifluraline and ZnO concentrations did
not affect trifluralin removal efficiency. (e findings
exhibited that both processes UV/S2O8

2− and UV/ZnO
followed the zero-order kinetics. (e electrical energy
consumed of UV/S2O8

2 and UV/ZnO was about 43.95 and
20.41 kWh/kg, respectively. In general, it can be said that,
with considering the purification targets and standards for
wastewater disposal, this process can be used as the final
treatment of wastewater or pretreatment on a wider scale.
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