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a b s t r a c t
This study investigated the performance of photocatalytic and sonocatalytic processes using zinc 
oxide nanoparticles doped with copper and cerium for the degradation of 2,4-dichlorophenoxyacetic 
acid (2,4-D) as a commonly used herbicide in wheat and barley cultivation. The doped metal 
nanoparticles were synthesized by the thermal solvent method using zinc nitrate precursor and 
metal salts. The synthesized nanoparticles were characterized using scanning electron micros-
copy, X-ray diffraction, Fourier-transform infrared spectroscopy, atomic force microscopy, dynamic 
light scattering and zeta potential analyses. According to the results, the Ce.ZnO nanoparticles, in 
the presence of visible light, yielded the highest removal efficiency (87%) in removing herbicide. 
Therefore, in this study, the Ce.ZnO nanoparticles were used as the most effective nanoparticles in 
the next experiments. The results indicated that the photocatalytic process had the highest herbicide 
removal efficiency at neutral solution pH. Moreover, raising Ce.ZnO nanoparticle dose increased 
the photocatalytic removal efficiency of the herbicide. It was found that the photocatalytic efficiency 
increased with raising contact time. In contrast, increasing the initial 2,4-D concentration caused 
the efficiency to decline. It can be concluded that the Ce.ZnO nanoparticles, in the presence of 
visible light, can be efficiently utilized for the removal of 2,4-D herbicide from aqueous solutions.
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1. Introduction

Over the past few decades, the use of chemical pes-
ticides in agriculture has been on the rise dramatically 
and their residues in agricultural products have become a 
major concern worldwide [1,2]. This widespread applica-
tion of pesticides has resulted in an increase in the resid-
ual concentration of these toxic compounds in surface and 

groundwaters [3–5]. 2,4-dichlorophenoxyacetic acid (2,4-D), 
as one of the most widely employed herbicides is a selec-
tive herbicide to control broadleaf weeds, especially in 
wheat and barley cultivation. Due to the high water solu-
bility, high stability and low biological degradability, this 
compound has received much attention from research-
ers worldwide. It is generally formulated as in salt, amine 
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and ester formulations that are commercially available [4]. 
After application of 2,4-D in agriculture, owing to its high 
solubility in water (600 mg/L at 25°C), it can easily leach 
through the soil and potentially reach groundwater [6]. 
Therefore, after a prolonged period of inappropriate use 
of 2,4-D, it may be found in surface and groundwaters at 
different concentrations [7]. Previous studies in the US and 
European countries reported the presence of various contents 
of herbicides such as atrazine, cyanisine, simazine, alachlor, 
metolachlor and chlorophenoxy acids including 2,4-D in 
surface and groundwaters [8]. In a study, 17 types of herbi-
cides, which their concentrations were higher than the max-
imum allowable level recommended by the Environmental 
Protection Agency (EPA), were identified in drinking water 
in the US, [9]. Therefore, it is necessary to implement control 
and management programs for the use of these herbicides.

To date, several methods, such as ultrasonic waves 
[10], biodegradation [11], photodegradation, gamma radi-
ation, photocatalytic processes [12], have been applied for 
the degradation of agricultural herbicides. Most of these 
methods suffer from many drawbacks like complexity, 
low degradation rate, high cost and chemical need, sludge 
production, which limit their large-scale applications [13]. 
In recent decades, photocatalytic processes have received 
much interest for the degradation of persistent pollutants 
from water and wastewater [14]. In this regard, a variety 
of photocatalysts (e.g., SnO2, WO3, Fe2O, ZnO, CdS, SrTiO3, 
ZnS and TiO2) have been used in photocatalyst processes 
for the treatment of water and wastewater containing 
organic pollutants [15–19]. However, most of these mate-
rials are not applicable in the presence of ultraviolet (UV) 
irradiation, because it can lead to the agglomeration of their 
particles. Hence, doping has recently been introduced as 
an appropriate approach to solve this problem [16]. In this 
approach, dopants and surface modifiers are employed 
to reduce the energy gap, thereby enabling nanocrystal 
to be activated under visible light irradiation, which can 
prevent clogging and adhesion of nanocrystal structure 
[20]. The combination of metal oxides with nanoparti-
cles has attracted much interest from many researchers 
in various fields such as chemistry, physics, environmen-
tal and materials sciences [16]. One of the most important 
advantages of this technology is its high sensitivity due 
to the larger specific surface area of the crystals used. The 
quantum size effect is another plus factor of the doping 
technology, which decreases the particle size from a crit-
ical state and separates the valence layer and conduction 
layer. Therefore, in the doped catalyst, the electrical poten-
tial of the valence layer is more positive and the electrical 
potential of the conduction layer is negative, which causes 
an increase in the oxidation capacity of the catalyst [21]. 
Hence, in order to increase the adsorption of visible irra-
diation, ultrasonic waves and activation of the catalyst by 
power sources, the ZnO bandgap is divided into several 
sub-gaps by doping through metal or non-metallic ions, 
which results in easier activation with lower energy [22].

Currently, there are few reports of copper doped and 
cerium doped ZnO nanocomposites for photocatalytic 
applications as well as 2,4-D decomposition by doped 
nano- catalysts in water. However, based on our compre-
hensive literature review, there are no research studies on 

the sono and photocatalytic degradation of 2,4-D by cerium 
and copper doped ZnO nanocatalysts synthesized by the 
hydrothermal method. In addition, the optimal values of 
the effective parameters in this process have been paid less. 
Therefore, in this study, two elements, copper and cerium, 
were selected because previous research has shown that 
cerium has a strong effect on the structural properties of 
ZnO nanorods, strong absorption and emission in a visible 
region of UV-vis and PL spectra [23]. In the same way, cop-
per is an inexpensive element and its size is close to Zn, so 
Cu2+ can be easily incorporated into the crystal structure of 
ZnO and shift the absorption and emission spectra to the 
visible light region [24]. Due to the importance of the sub-
ject, therefore, the present research focuses on the synthesis 
of Cu-doped and Ce-doped ZnO nanoparticles by hydro-
thermal method and aims to determine their efficacy in the 
degradation of 2,4-D under ultraviolet irradiation, ultra-
sound radiation and visible light illumination. The effect 
of solution pH, catalyst dose, initial concentration of 2,4-D, 
and contact time on the degradation process of 2,4-D and 
optical properties of nanoparticles was also investigated.

2. Materials and methods

2.1. Chemicals

In this study, 2,4-D was purchased from Meshkfam 
Chemical Co., (Iran). Other chemicals including zinc nitrate 
hexahydrate, oxalic acid, cerium salt, sulfuric acid and 
nitric acid were provided by Merck & Co., (Germany).

2.2. Preparation of zinc oxide nanoparticles doped with 
cerium and copper metals

To synthesize the nanoparticles, a certain amount of 
zinc nitrate hexahydrate solution (0.4 mM) and oxalic 
acid (0.6 mM) in ion-free water was separately heated to 
the boiling point and then mixed with zinc nitrate solu-
tion. The oxalic acid solution was added into this mixture 
to form an oxalate precipitate (as solution 1). Next, cerium 
salt was stirred and heated to 60°C–70°C for 1 h (as solu-
tion 2). The solutions were then cooled to room tempera-
ture. The Ce-Zinc crystals were washed several times with 
distilled water and then dried at 100°C for 5 h. Afterwards, 
the dried samples were calcined in a furnace at 450°C 
for 12 h [15]. Oxide and copper nano-catalysts were pre-
pared according to the described method. Pure ZnO was 
also prepared without adding contaminant salts.

2.3. Characterization of the prepared nanocatalyst

Fourier-transform infrared spectroscopy (FTIR; Tensor 
27 spectrophotometer, Bruker, Germany) was employed 
for the examination of chemical bonds and surficial func-
tional groups on the Cu-doped ZnO nanoparticles. The 
surface morphology of the catalyst samples was charac-
terized by scanning electron microscopy (SEM) (Zeiss, 
Germany). And, the X-ray diffraction (XRD) of Cu-doped 
ZnO was recorded using a powder diffractometer (Bruker 
ARSD8 Advance) equipped with a Cu K radiation source at 
a wavelength of 150 nm.



139R. Ebrahimi et al. / Desalination and Water Treatment 226 (2021) 137–146

2.4. Photocatalyst experiments

In this study, a batch flow reactor was used for the pho-
tocatalytic experiments. The reactor was made up of glass 
with a cylindrical shape. Three 6-W low-pressure UVC lamps 
were applied as UV irradiation. The lumps were embedded 
on the top of the reactor. The distance between the UV lamps 
and the surface of the immobilized synthesized nanocata-
lyst was 1 cm. Moreover, in order to mix the solution in the 
reactor, a magnetic stirrer (Heidolph, Germany) was used. 
In the next step, the experiments were conducted under 
visible light. For this reason, the reactor containing 2,4-D 
and the prepared nanocatalyst was exposed to sunlight to 
provide visible irradiation. At this stage, the experiments 
were performed on sunny days during the August month 
of 2019 in the city of Sanandaj, Iran (35°20′N 46°50′E). In this 
study, in order to determine the efficacy of the synthesized 
nanoparticles for degradation of 2,4-D in the presence of 
ultraviolet irradiation, visible light and ultrasound waves, 
the experiments were conducted at an initial 2,4-D concen-
tration of 10 mg/L, nanoparticle dose of 0.15 g/L and natural 
solution pH. Next, the effect of different pH values of 3, 5, 
7, 9 and 11 was investigated on the removal of the herbi-
cide in the presence of visible light. Afterward, to investi-
gate the effect of the synthesized nanoparticles on herbicide 
removal efficiency, the experiments were conducted at five 
nanoparticle doses of 0.05, 0.1, 0.15, 0.2 and 0.25 g/L in the 
presence of visible light. Moreover, the effect of contact 
time in the photocatalytic process in the presence of visible 
light was studied at various contact times (30–150 min).

2.5. Sonocatalytic experiments and analysis

In this step, the ultrasonic bath was used for the sonocat-
alytic experiments. In this regard, 100-mL flasks were placed 
in an ultrasonic bath. After adjusting pH, the synthesized 

nanoparticles were added and irradiated with ultrasonic 
waves. After sonocatalytic reaction, the residual concentra-
tions of 2,4-D were determined at different times. The sono-
catalytic process was performed at a frequency of 37 kHz.

In the present research, the concentrations of the her-
bicide in the samples were measured using a spectropho-
tometer (DR5000-HACH) at a 280-nm wavelength after the 
reaction.

3. Results and discussion

3.1. Characterization of the prepared nanocatalyst

Fig. 1 presents the SEM images of the zinc oxide nanopar-
ticles doped with cerium and copper metals with a magnifi-
cation of 500 nm. As observed, the size of the nanoparticles 
was determined using SEM by Digimizer software. In the 
SEM mages, the nanoparticles on the catalyst surface may 
appear bulky due to their small size. The SEM images 
showed that the appearance of the nanoparticles was 
hexagonal, indicating the presence of zinc oxide [25].

XRD spectroscopy provides information on the struc-
tures, phases and preferred crystal orientations of the pre-
pared nanocatalyst. As shown in Fig. 2, the XRD spectra of 
the synthesized ZnO, Ce.ZnO and Cu.ZnO nanoparticles 
illustrate that there were three main peaks of (100), (002) 
and (101), respectively, which are consistent with the posi-
tion of the zinc oxide peaks, corresponding to the standard 
JCPDS card (No. 800075). These patterns represent that the 
synthesized nanocatalyst had a hexagonal crystal structure. 
It was also observed that doping zinc oxide with the cerium 
and copper metals did not produce any additional peak and 
other reaction phases of the copper and cerium impurities. 
Doping with the mentioned metals and increasing their 
concentration caused a partial displacement of the diffrac-
tion peaks, which may be due to the larger ionic radius of 

Fig. 1. SEM image of nanoparticles (a) Cu.ZnO and (b) Ce.ZnO.
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these metals than Zn2+. These doping metals are substituted 
at the zinc oxide crystal lattice sites and subsequently extend 
the crystalline lattice. The maximum intensities of the spectra 
were appeared at (101) at an angle of 2θ = 36.045 [26].

The FTIR spectra of the synthesized ZnO, Ce.ZnO, 
and Cu.ZnO nanoparticles indicate that a broad peak was 
observed at 469 cm–1 corresponding to the tensile frequency 
of Zn–O [22]. At 11,730 cm–1, there was a C=O tensile bond 
that may be assigned to the presence of organic matter 
(Fig. 3). A peak at 13,000 cm–1 corresponds to C–H tensile 
bond that belongs to the amines group. Also, N–H tensile 
vibrations were shown at 3,448 cm–1, which are assigned to 
the N–H tensile bond corresponding to the amines group 
[27]. These results are in agreement with the findings docu-
mented in a similar study on doping zinc oxide by means of 
chromium oxide. The appearance of peaks at 1,600–400 and 
3,600–3,400 cm–2 confirms the existence of Zn–O tensile bond 
and N–H bond, respectively [28].

Atomic force microscopy detects near field forces 
between probe tip atoms and sample surface atoms rather 
than tunneling current. Fig. 4 shows the atomic force 
microscopy (AFM) analysis of the Ce.ZnO and Cu.ZnO 
nanoparticles. The surface topography images indicated the 
presence of the nanoparticles on the nanocatalyst surfaces. 
Moreover, dx shows the size of the nanoparticles, which 
were 46 and 78 nm for the Ce.ZnO and Cu.ZnO nanopar-
ticles, respectively. Furthermore, Rq expresses the relative 
roughness of the Ce.ZnO and Cu.ZnO nanoparticles, which 
were 1.0623 and 1696 nm, respectively.

Zeta potential can be used as a strong tool to study the 
potential distribution at the interface of colloids precisely. 
This experiment can also be conducted in the presence of 
simple ions and more complex systems such as surfactants, 
multivalent ions, polymers and even proteins. The zeta 
potential of the sample is commonly used to determine 
the tendency of the particles in the liquid to bond to each 
other. Fig. 5 shows the electrical potential of the synthesized 
nanocomposite. The results implied that doping of oxide 
nanoparticles increased the zeta potential and mobility of 
the nanoparticles. Thus, the zeta potential for the Cu.ZnO, 
Ce.ZnO and ZnO were –9.71, –11.75 and –10.66 mV, 
respectively.

Dynamic light scattering as a physical method is used 
to determine the distribution of particles in solutions and 
suspensions. Dynamic light scattering as a fast and non-de-
structive measure is also applied to detect particle sizes in 
the range of a few micrometers to nanometers. In the cur-
rent research, it was found that the cerium and copper 
doped ZnO nanoparticles had a smaller size and more 
uniform distribution than the pure zinc oxide.

3.2. Effect of the synthesized nanoparticles for removal of 2,4-D in 
the presence of ultraviolet irradiation, visible light and ultrasound

To determine the efficacy of the synthesized nanopar-
ticles in degradation of 2,4-D in the presence of ultravio-
let irradiation, visible light and ultrasound waves, the 
experiments were conducted at an initial 2,4-D concentra-
tion of 2.5 mg/L, nanoparticle dose of 0.15 g/L and natural 
solution pH. The results have been presented in Fig. 7. 
As can be seen, the highest removal efficiency in the pho-
tocatalytic process in the presence of visible light was 
achieved using the Ce.ZnO nanoparticles, which was 85%. 
Hence, the Ce.ZnO nanoparticles were used as the most 
effective nanoparticles in the next experiments. The higher 
efficiency of the Ce.ZnO nanoparticles may be attributed 
to the functional groups on the surface and the high rela-
tive roughness as presented in the AFM analysis. These 
characteristics improve the dispersion and absorption of 
the pollutants on the catalyst surface and subsequently 
cause an increase in the process efficiency [29]. In a similar 
study by Yıldırım et al. [30], the survey of the photocata-
lytic properties of the silver-doped ZnO showed that the 
optical and photocatalytic properties of the silver-doped 
ZnO were enhanced and more than the pure zinc oxide.

3.3. Effect of solution pH on the process efficiency

In this step, the effect of different pH values of 3, 5, 7, 
9 and 11 was investigated on the removal of 2,4-D herbi-
cide in the presence of visible light. The results showed 

Fig. 2. X-ray diffraction spectra of the synthesized nanoparticles.
Fig. 3. Fourier transform infrared spectroscopy of the synthe-
sized nanoparticles.
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that the photocatalytic process efficiency in the presence 
of visible light at pH values of 3, 5, 7, 9 and 11 were 46%, 
69%, 87%, 62% and 57%, respectively (Fig. 8). It was illus-
trated that the highest removal efficiency was obtained at 
the natural pH. For this reason, the optimum pH in this pro-
cess was considered the natural value of the herbicide as the 
optimum pH. The reason for the increase in efficiency under 
these conditions can be stated that under these conditions 
the superoxide radical produced reacts with the hydrogen 
ion and produces hydroxyl radical. However, it is under-
standable that in alkaline conditions the rate of degradation 
is lower than that of acidic and neutral conditions, which can 
be attributed to the rapid decomposition of hydroxyl radicals 
[31]. Another factor affecting the solution pH can be assigned 
to the presence of higher levels of H+ ions in the acidic 
medium followed by the formation of OH• radicals [32].

3.4. Effect of synthesized nanoparticle dose on herbicide 
removal efficiency in the presence of visible light

To investigate the impact of the synthesized nanopar-
ticle dose on herbicide removal efficiency, the experiments 

were conducted at five nanoparticle doses of 0.05, 0.1, 0.15, 
0.2 and 0.25 g/L in the presence of visible light (Fig. 9). 
The results implied that raising the number of nanoparti-
cles increased the herbicide removal efficiencies of 2,4-D, 
which were 18%, 39%, 85%, 88% and 95% at 0.05, 0.1, 0.15, 
0.2 and 0.25 g/L of the nanoparticles, respectively, after 
150 min of contact time. As observed in Fig. 8, with increas-
ing the dosage of nanoparticle dose from 0.05 to 0.15 g/L, 
the process efficiency increased with a steep slope, but 
with further increasing dose from 0.15 to 0.25 g/L, it had a 
slight increase. Therefore, according to the results obtained, 
the optimum dose of the nanoparticles in photocatalytic 
of 2,4-D was considered to be 0.15 g/L. Previous studies 
have also reported that increasing the number of nanopar-
ticles to a certain amount has a direct relationship with an 
increase in removal efficiency. It should be pointed out that 
further increase does not affect process efficiency and may 
even decrease the process efficiency because the suspended 
particles block the passage of light [33]. As previously 
mentioned, increasing the number of the nanoparti-
cles increased the activation rate of the catalyst, thereby 
increasing the production rate of hydroxyl radicals and 

Fig. 4. AFM of (a) Cu.ZnO and (b) Ce.ZnO nanocomposite.
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Fig. 5. Electrical potential of zeta nanoparticles (a) Cu.ZnO and (b) Ce.ZnO.

Fig. 6. DLS spectra of nanoparticles (a) Cu.ZnO and (b) Ce.ZnO.
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other oxidizing radicals [34]. Therefore, it can be concluded 
that an increase in nanoparticle dose has some positive 
effects on the photocatalytic process, while further increase 
can decrease the decomposition rate of the pollutant as a 
result of increasing the opacity and the scattering effect of 
light, which prevents the penetration of the visible light 
[35]. In the sonocatalytic process, ultrasonic waves gen-
erally act as an energy source for nanoparticle activation. 
Nanoparticles tend to aggregate due to their high surface 
area and high surface energy, but ultrasonic waves cause 
the nanoparticles to diffuse and not aggregate. However, 
when the number of nanoparticles exceeds a certain dose, 
the energy of ultrasonic waves is not sufficient to disperse 
them and therefore the removal efficiency remains con-
stant as the concentration of nanoparticles increases [36].

3.5. Effect of initial 2,4-D concentration on the process perfor-
mance in the presence of visible light

To investigate the effect of the initial concentration 
of herbicide on removal efficiency, the concentration of 
the herbicide at four levels of 2.5, 5, 7.5 and 500 mg/L in 
the presence of visible light was tested. In all the stud-
ied processes, increasing herbicide concentration caused 
the removal efficiency to decrease; the removal efficien-
cies of the process at 2,4-D concentrations of 2.5, 5, 7.5 
and 500 mg/L were 83%, 72%, 68% and 63%, respectively, 
after 150 min of contact time in the presence of visible 
light (Fig. 10). This phenomenon may be attributed to the 
fact that by increasing the initial concentration of the con-
taminant, more catalyst surfactants are occupied, which 
causes a decrease in the production of oxidizing radicals 
and eventually results in a lower degradation rate of the 
target pollutant. High concentrations of pollutants absorb 
more UV photons, thereby declining the flux of UV pho-
tons for catalyst activation. Moreover, the lack of catalyst 
vacant sites reduces oxidant production and degradation 
rate [37]. Another probable reason for the decrease in the 
process efficiency with increasing 2,4-D may be owing 
to the occupation of vacant sites on the surface of the 
Ce.ZnO nanoparticles at high concentrations. According 
to Beer–Lambert’s law, by increasing initial pollutant con-
centration, the pass rate of visible light and UV irradiation 

through the solution decreases, and by trapping and 
adsorbing on the dye particles, it reduces the absorption of 
photons by the photocatalyst, which results in a decrease 
in the production of the amount of active hydroxyl radi-
cals, and hence the rate of decomposition decreases [38]. 
In many studies regarding the treatment of various pollut-
ants by the ZnO photocatalytic process, it has been reported 
that the degradation efficiency decreases with increasing 
initial pollutant concentration [39]. It is worth noting that 
the photocatalyst performance and its degradation effect 
are directly related to the production of active hydroxyl 
radicals, which participate in the decomposition of the  
pollutants [40].

Fig. 7. Performance of the synthesized nanoparticles in 2,4-D 
removal.

Fig. 8. Effect of pH on the process performance (initial 2,4-D 
concentration = 2.5 mg/L; Ce.ZnO dose = 0.15 g/L; time = 90 min; 
sunlight).

Fig. 9. Effect of nanoparticle dose on the process performance 
(initial 2,4-D concentration = 2.5 mg/L; Ce.ZnO dose = 0.15 g/L; 
time = 90 min; sunlight).
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3.6. Effect of contact time on herbicide removal efficiency in the 
presence of visible light

The contact time in the photocatalytic process in the 
presence of visible light was studied at various contact 
times (30–150 min). The results showed that increasing 
time increased the herbicide removal efficiency. As can 
be seen, the removal efficiencies in the presence of visi-
ble light were 37%, 50%, 67%, 73%, 87%, 95%, 99%, 100% 
and 100%, respectively. Due to the fact that the collision 
of UV light with the catalyst surface leads to releasing 
the electron pair, and subsequently higher the number of 
electrons and thus the more hydroxyl radicals produced 
at higher contact item. Hence, the high concentrations of 
active hydroxyl radicals participate directly in the decom-
position of herbicide molecules. As a result, the process 
efficiency increases with increasing reaction time. It should 
be noted that these observations are consistent with those 
of Ebrahimi et al. [27], on the removal of 2,4-D using the 
Mn-doped ZnO/graphene nanocomposite under LED radi-
ation. In Table 1, the optimum conditions of the current 
research have been compared with other related studies.

3.7. Optical absorption and UV-Vis spectra

UV-Vis spectroscopy is a beneficial measure to display 
the potential of a semiconductor in absorbing light in a 
range of different wavelengths. Fig. 12 depicts the findings 
of the UV-Vis spectra of the pure ZnO nanoparticle and syn-
thesized nanoparticles. The observations indicated that the 
optical absorption band of the pure ZnO was 380 nm with 
a bandgap of 3.25 eV. Hence, the pure ZnO could absorb 
light until 380 nm and any absorption did not happen in 
the visible light. However, the doping of the pure nanopar-
ticle caused a change in the range of light absorption to 
longer and shorter wavelengths. It is because of the forma-
tion of the energy level of vacancy oxygen, as Ce and Cu 
contained in the zinc oxide crystal lattice can cause form 
vacancy oxygen [44,45]. The bottom line is that, in com-
parison with the pure ZnO, the synthesized nanoparti-
cles of Ce.Cu-doped ZnO indicates redshift and is capable 
of absorbing longer wavelength. In accordance with our 
observations, Bharathi et al. [45] reported similar results.

3.8. Mineralization of 2,4-D

Regarding the chemical mechanisms of 2,4-D degra-
dation, it is clear that the addition of Ce.ZnO strongly 
enhances the degradation of 2,4-D. The illumination of 

ZnO by sunlight excites electrons from the valence band 
and transfers them to the conduction band to generate 
electron–hole pairs [46]. Then the holes at the Ce.ZnO 
valence band can oxidize water or hydroxide to produce 
hydroxyl radicals. The hydroxyl radical is a strong oxi-
dizing agent and therefore the photocatalytic degradation 
of 2,4-D produces various reaction intermediates under 
the influences of strong oxidants (mostly OH radicals) 
and electrons produced during photocatalysis reactions 
[46]. According to the available findings, 2,4-dichlorophe-
nol, chlorophenol, phenol, hydroquinone, chlorohydro-
quinone, catechol, and maleic acid are the most import-
ant intermediates in the photocatalytic decomposition of 
2,4-D. These intermediates react with hydroxyl radicals 
to produce final products (CO2, H2O and Cl) [47].

4. Conclusion

In this study, the efficiency of photocatalytic removal 
of 2,4-D herbicide in the presence of visible light and UV 
irradiation and ultrasound waves was investigated using 
zinc oxide nanoparticles doped with cerium and copper met-
als. For this reason, ZnO nanoparticles were first synthesized 
and then doped with cerium (Ce.ZnO) and copper metals 
(Cu.ZnO). The synthesized nanocatalyst was characterized 

Table 1
Comparison of different systems of photocatalytic degradation of 2,4-D

Process Photocatalyst Time (min) pH Removal (%) Reference

Visible light photocatalytic decomposition 20% ZnIn2S4/g-C3N4 100 3–4 90 [41]
Visible light–induced photocatalytic degradation WO3 (95%)/NaNbO3 90 – 67 [42]
Photocatalytic degradation TiO2/BiOBr/Bi2S3/AC 90 3 98 [43]
Photocatalytic degradation Mn-doped ZnO/GO 120 5 65 [27]
Photocatalytic degradation under ultrasonic 
waves, UV and visible light

Ce.ZnO 90 7 87 This study

Fig. 10. Effect of initial herbicide concentration on the process 
performance (Ce.ZnO dose = 0.15 g/L; time = 90 min; sunlight).
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using SEM, XRD, FTIR, AFM, dynamic light scattering 
(DLS) and zeta potential analyses. According to the results, 
the Ce.ZnO nanoparticles showed the highest removal 
efficiency in the presence of visible light for removing her-
bicides. Therefore, in this study, the Ce.ZnO nanoparticles 
were used as the most effective nanoparticles in the next 
experiments. The results indicated that the photocatalytic 
process showed the highest herbicide removal efficiency at 
neutral solution pH. Moreover, increasing Ce.ZnO nanopar-
ticle dose increased the photocatalytic removal of 2,4-D her-
bicide. The results implied that the photocatalytic efficiency 
increased over contact time. While increasing the initial 
concentration of 2,4-D herbicide decreased the efficiency 
of the efficiency. We have found that Ce.ZnO nanoparticles 
in the presence of visible light yielded a suitable degrada-
tion of 2,4-D and therefore, it can be used for the removal 
of a wide range of herbicides from agricultural wastewater.
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