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ABSTRACT

The aim of this study was to investigate the photocatalytic decomposition of disinfection by-prod-
ucts using zinc oxide nanoparticles doped with zirconium (Zr:ZnO NPs). Zr:ZnO NPs were syn-
thesized through mild hydrothermal method. The characterization of Zr:ZnO NPs was performed
using X-ray diffraction, SEM, Fourier-transform infrared spectroscopy, dynamic light scattering, and
zeta potential. Photodegradation of trihalomethanes was investigated as a disinfection by-product
of chlorinated water under sunlight and UV light illumination. The optimum conditions for removal
of trihalomethanes under UV irradiation was 2 h contact time, 1% Zr:ZnO NPs and nanoparticles
dosage of 1.5 g/L so that the removal percentages for bromoform, bromomethane chloride, dichlo-
robromomethane, and total trihalomethane were 79.25%, 96.5%, 65% and 52%, respectively. No
chloroform was degraded under this condition. The optimum conditions under sunlight illumina-
tion occurred at 2 h contact time, 1.5% Zr:ZnO NPs and nanoparticles dosage of 2.0 g/L occurred
so that the removal percentages for chloroform, bromoform, bromomethane chloride, dichloro-
bromomethane, and total trihalomethane were 20%, 88.5%, 99.75%, 65%, and 67%, respectively.
Investigation of the photocatalytic properties of the samples showed the positive presence of a metal
as dopant to improve the photocatalytic properties of the samples, so that Zr:ZnO showed 42%
higher efficiency compared with bare ZnO in photocatalytic decomposition of trihalomethanes.

Keywords: Zr:ZnO  nanoparticles; Photocatalyst; Disinfection by-products; Hydrothermal;
Characterization

1. Introduction

acute and complicated due to the entry of various pollut-
ants and the pollution of existing water resources and the

Water is one of the basic human needs. Water pollution
is a growing issue nowadays. The problem has become more

* Corresponding authors.

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.

decline of water quality. Today, these water sources are usu-
ally exposed to various pollutants [1]. The most important
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pollutants are turbidity, natural organic compounds (NOM),
different types of insecticides used in agriculture, and chem-
ical compounds excreted by effluents of various industries
[2]. Water treatment plants apply different chemicals and
technologies developed to make water safe for drinking.
Due to lots of technical, cultural, and operational issues,
the most common method of drinking water disinfec-
tion in developing countries is chlorination [3]. Although
the use of chlorine as an oxidizer and destroyer of micro-
organisms has many advantages, but its use also has cer-
tain disadvantages. It has one of the most important chlo-
rine disinfectants (DBPs) such as trihalomethanes (THMs)
and halostatic acids (HAAs), generated due to the combi-
nation and reaction of chlorine and its compounds with
surface and groundwater precursors, that is, NOM [4].

The World Health Organization (WHO) reports that
THMs have the highest concentrations of DBPs [5]. The
EPA has also reported that THMs include four groups of
compounds, including chloroform, bromodichloromethane,
dibromochloromethane, and bromoform [6]. The formation
of THMs depends on many factors such as pH, chlorine con-
tact time, chlorine concentration and properties, residual
chlorine, temperature, amount of NOM and bromine con-
centration [7]. Increasing the pH and contact time increases
the production of trihalomethanes [8].

There are several methods for removing disinfection
by-products, including adsorption, activated carbon [9], ion
exchange [10], coagulation and flocculation by polymeric
materials [11], alum [12], iron and sulfate [13], membrane
processes [14] and photocatalytic processes [15].

The photocatalytic method is a subset of advanced oxi-
dation processes (AOPs) in which organic or toxic con-
taminants are eliminated by light degradation. The use of
photocatalytic methods has advantages over other meth-
ods of treatment of organic pollutants, including the com-
plete destruction of chemicals and their conversion into
low-harmful chemicals, degradation of highly stable com-
pounds, very good performance at ambient temperature
and pressure, no need to inject oxygen, no pollution in the
final product, as well as economics and advanced technology
[16,17].

Among the photocatalytic materials used to eliminate
organic and inorganic contaminants are TiO, MoS, WO,
Fe,O,, ZnO and CdS [18]. ZnO has been considered by
researchers due to its high volume to surface ratio as well as
optical, photochemical, catalytic properties, long service life
and more reasonable cost-effectiveness [19]. In the advanced
oxidation process, the compounds can be completely min-
eralized and converted to carbon dioxide and water by
the hydroxyl radical, which is a strong oxidizing agent [20].

One of the excellent methods for synthesizing doped
ZnO nanoparticles is mild hydrothermal technique [21]. In
general, metal nanoparticles in aqueous solutions tend to
accumulate and form agglomeration, so they may be hydro-
phobic. In the case of nanoparticles, various surface modifi-
cations were performed on them to prevent agglomeration.
These techniques prevent nanoparticles from clumping.
In this method, by adding surfactant, not only agglomer-
ation but also surface oxidation can be prevented [22].

One of the goals in improving the performance of nano-
catalysts is to shift the response range of UV wavelengths

to the visible light region. There are several ways to achieve
this goal. One of these methods is doping nanostructures
with other elements, which changes the electronic proper-
ties of the nanocatalyst and ultimately changes its optical
response through changing band gap energy [23]. Doping
has been considered as an effective method to improve and
enhance the properties and characteristics of ZnO for vari-
ous applications [24]. Suitable doping can result in acti-
vating ZnO under visible light as a driven energy [25,26].

Many intermediate metals including Fe, Co, Ni, Mn,
Cu and Zr are used as dopant [27,28]. Doped photocata-
lyst activity is a function of doping percentage and dop-
ing energy levels, electronic configuration, doping distri-
bution, electron concentrating and light intensity [29,30].
Zirconium is a non-toxic, low cast material with a band gap
energy of 5 eV, such properties would make it a suitable ele-
ment to be considered as dopant for ZnO [31]. Therefore,
it can reduce the band gap energy of ZnO, so that the final
product could be active under sunlight illumination. Thus,
the aim of this study was to determine the photocatalytic
decomposition of disinfection by-products using zinc oxide
nanoparticles doped with zirconium (Zr:ZnO NPs) under
different light sources and intensities.

2. Materials and methods
2.1. Synthesis of Zr:ZnO NPs

Synthesis of Zr:ZnO NPs was performed under mild
hydrothermal conditions. In brief, 1 g of 2 M zinc nitrate
(Merck, Germany) was poured in a Teflon liner and zirco-
nium acetate (Sigma-Aldrich, USA) with different weight
percentages (0.5%, 1.0%, and 1.5%) was added as the dop-
ant precursor. Then 10 mL of 1 M sodium hydroxide (Merck,
Germany) as a solvent and1 mL of n-butylamine, as surface
modifier, was added to it and mixed gently for a few min-
utes using a glass rod to obtain a homogeneous mixture.
Finally, the Teflon liner was sealed and placed in a General-
Purpose autoclave. The assembled was kept in an oven at
120°C for 12 h. After the reaction time, the Teflon liner was
removed from the autoclave and its content was poured into
a falcon tube by adding distilled water; it was centrifuged
at 4,000 rpm until the pH became neutral. Then the product
was dried at room temperature (40°C). The final nanopar-
ticles fabricated were kept in desiccator until characteri-
zation and systematic photodegradation studies.

2.2. Characterization of Zr:ZnO NPs

The instruments used for characterization of Zr:ZnO
NPs X-ray diffraction (XRD) analysis (PANalytical, Model
X'Pert PROMPD; Netherland). Field-emission scanning elec-
tron microscopy (FE-SEM) images (Model FE-SEM SU-70,
Hitachi, Japan), Fourier-transform infrared (FTIR) spectro-
photometer (Model ALPHA, USA), X-ray photoelectron
spectroscopy (XPS), dynamic light scattering (DLS) (DLS
Omni model made by Brook Haven, USA) and zeta potential
(DLS Omni made by Brook Haven, USA).

2.3. Photodegradation experiments

The photodegradation efficacy of the nanoparti-
cles synthesized was investigated using a solution of
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trihalomethanes. Stoke solution was initially made from
trihalomethane compounds. Due to the fact that these tri-
halomethanes include four substances, chloroform, bromo-
form, dibromomethane and dichloromethane, to prepare a
solution of 1,000 ppm as a stock solution, the density of
each material was considered and a solution of 1,000 ppm
of each analyte was made. For example, considering that
the density of chloroform (p =1.48 g/mL), a value of 0.67 mL
of chloroform, 0.34 mL of bromoform, 0.4 mL of dibermo-
methane, and 0.75 mL of dichloromethane was taken and
poured into a 1000 mL conical flask and made to volume
using distilled water. Operating concentrations were then
prepared from the stock solution to which a certain amount
of synthesized nanoparticles was added to the trihalometh-
ane solution, and after a certain period of time intervals,
the efficiency of the nanoparticles was investigated. Before
photodegradation studies under light illumination, each
sample was kept in darkness for 1 h under continuous
shaking (w = 100 rpm) to ensure adsorption—desorption
equilibrium. At each step, by changing one parameter and
keeping the other parameters constant, the removal effi-
ciency of trihalomethanes using Zr:ZnO NPs, the effect of
existing parameters was investigated. The studied parame-
ters were the dosage of Zr:ZnO NPs (0.5, 1, 1.5, and 2 g/L),
contact time (30, 60, 90, and 120 min), and light source (UV
and sunlight) at fixed concentration of trihalomethane
(40 ppb); this concentration was the maximum concentra-
tion level of trihalomethane reported in the study area. In
order to check adsorption/desorption equilibrium, a sam-
ple containing 40 ppb trihalomethanes and Zr:ZnO NPs
was kept in darkness over a shaker (w = 120 rpm) for 1 hr.
Then, by concentrating the specified light source, each sam-
ple was exposed to sunlight and UV lamp (2 lamps 15 W,
45 cm UV lamps made by Philips Netherlands), separately.
The samples were exposed to sunlight at 12:00 to 14:00,
when the intensity of the sunlight was the highest and were
sampled at different time intervals. The UV intensity was
measured using UVA meter (CHY, Taiwan) and sunlight
intensity was measured using LUX meter (Lutron, Taiwan).
The mean intensity of sunlight and ultraviolet intensity
were +20000 LUX and 1.5 w/m?, respectively. Finally, the
concentration of the trihalomethane was recorded fol-
lowing the EPA method study 23B, Method 501.2, triha-
lomethanes by Liquid/Liquid extraction [32].

3. Results and discussion
3.1. Characterization results of Zr:ZnO NPs

FE-SEM images of Zr:ZnO NPs are shown in Fig. 1. It
was found applying n-butylamine as surface modifier could
control crystal growth as well as particle size. The modi-
fier can also not only affect the dispersion of Zr:ZnO NPs,
but can also change the shape and size of their particles
[33]. However, the morphology of the particles was inde-
pendent from the dopant weight percentage. The resulting
morphology is well suited for photodegradation purposes
because Zr:ZnO nanoparticles are small and well dispersed
in the medium applied for photodegradation [30].

The XRD patterns show that the crystalline phase is hex-
agonal (Wurtzite) and has no impurities. The sharp peaks
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Fig. 1. FE-SEM image of Zr:ZnO nanoparticles with different
percentages of dopant: (a) 0.5%, (b) 1.0%, and (c) 1.5%.

indicate good crystallization of Zr:ZnO NPs matches well
with JCPDS No. 00-036-1451 of ZnO (Fig. 2). Doping ZnO
with Zr did not lead to the formation of additional peaks
as well as other reaction phases in the structure of ZnO
lattice, which indicates that Zr is substituted in the hexag-
onal lattice structure. Due to the fact that zirconium has a
larger ionic radius (0.82 A) than Zn (0.74 A), doping usu-
ally increases the lattice parameters and thus the atomic
volume of the nanoparticle. X-ray diffraction results for
three types of nanoparticles (different weight percentages)
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showed that the crystal properties of these nanoparticles are
preserved and zirconium is well doped in ZnO [34,35].
X-ray photoelectron (XPS) spectroscopy is usually per-
formed to investigate the electron energy of the emitted
photoelectrons in order to study the atomic core levels and
subsequently to study the atomic compositions and their
valence states in the sample [36]. Because each element
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possesses specific binding energy for each atomic orbital,
each of these elements gives rise to a particular set of peaks.
Therefore, the presence of peaks indicates the presence of a
specific element in the study sample. In this result, the peaks
of Zn 2p, Zr 3d, O 1s and C 1s were observed in wide-scale
XPS spectra of 1.0% Zr:ZnO NPs, as shown in Fig. 3a. In
addition, the contaminated C level (284.6 eV) was used to
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Fig. 2. X-ray diffraction patterns of Zr:ZnO nanoparticles with different percentages of dopant: (a) 0.5%, (b) 1.0%, and (c) 1.5%.
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Fig. 3. Wide-survey XPS spectra (a), the high-resolution XPS scan Zn 2p (b), O 1s (c) and Zr 3d (d) of 1.0% Zr:ZnO nanoparticles.
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standardize the electron binding energies of all elements.
In this sample (1.0% Zr:ZnO NPs), the concentration of Zn
showed the highest amount, whereas the Zr bond energy
demonstrated the lowest content. As known, the peak inten-
sities were related to the concentration of the element
within the surface of the sample. Fig. 3b displays the bind-
ing energies of 1,021.0 and 1,044.0 eV, demonstrating Zn 2p,,
and Zn 2p,, with Zn* in the ZnO lattice [36]. At the same
time, Fig. 3c) shows the O 1s XPS spectrum of Zr:ZnO NPs.
The O 1s spectra can be separated into two peaks as follows.
The first peak at 529.8 eV was referred to O* in the ZnO
lattice, while the second peak at 530.8 eV can be assigned
to —-OH group owing to chemisorption of H,O [37]. Fig. 3d
depicts the binding energies at 181.8 and 184.2 eV, repre-
senting Zr 3d,, and Zr 3d,, with Zr*, which corresponded
to Zr-O bonds in the ZrO, [38,39]. Thus, the obtained result
can be implied that the Zr atom might not substitute Zn
atom in ZnO lattices, only incorporated with the interstitial
site.

The FTIR spectra of Zr:ZnO NPs are shown in Fig. 4.
The peak in the 450 cm™ is related to Zr-O-Zr, which has
also increased slightly with the increase in the amount of
dopant. The peak of 620 cm™ is related to Zr-OH and the
bending vibration of O-Zn-O [40]. The peak in the 870 cm™
is related to O-Zr—O, which has also changed slightly with
the increase of dopant. The peak in 1,383 cm™ is related to
the Zn-O vibration [41]. The peak in 1,617 cm™ is related
to the tensile vibration of the OH group, which is physi-
cally adsorbed. The available peaks of 3,500-3,400 cm™ are
related to OH-Zn-OH vibration [31]. Moreover, the pres-
ence of n-butylamine surfactant has caused peaks in the
area of 630, 870, and 1,380 cm™ [42].

Size distribution of the nanoparticles synthesized was
determined using DLS. As can be seen from Fig. 5, the dis-
tribution curve is skewed to the right, which has occurred
due to the great abundance of fine particles compared to
larger particles. According to Fig. 5, the particle size was
between 1-600 nm, while higher portion had size of 50 nm,
which could indicate the appropriate amount of surfactant
added to the nanoparticles and the formation of smaller
particles. The addition of surfactant prevents the growth of

35 4

particles and ultimately better stability and prevents agglom-
eration and the formation of larger particles [43,44].

3.2. Photodegradation of disinfection by-products
using Zr:ZnO NPs

3.2.1. Effect of dopant weight percentage

In order to determine the effect of dopant weight per-
centage on the photodegradation efficiency, samples with
40 ppb THMs concentration, nanoparticle dosage of 1.0 g/L,
dopant percentages (0, 0.5, 1.0 and 1.5) and contact time of
120 min were exposed to UV light with 30 W intensity and
sunlight illumination. In the reactor under UV irradiation,
optimal removal achieved using 1.0% Zr:ZnO NPs whereas,
under sunlight illumination, it was achieved using 1.5%
Zr:ZnO NPs. It was found that the removal percentage
increases with increasing dopant percentage because dop-
ing causes lattice defects and defects prevent electron-hole
pair recombination and ultimately increased photocata-
lytic activity and the removal efficiency increases due to
the reduction of the nanoparticle size, the effective separa-
tion of the electrons of the holes and the reduction of their
recombination in the charge transfer path (Fig. 6). In UV
samples, increasing the percentage of dopant to an optimal
value can increase the efficiency, and when the percentage
of dopant exceeds the optimal value, the presence of dop-
ant in the particle surface prevents the adsorption of the
reactant on the activated centers and the electron on the
other hand. The cavities produced are unstable and may
return to their stable state quickly, reducing photocatalytic
activity and reducing removal efficiency [45,46].

3.2.2. Effect of contact time

To determine the effect of contact time on the photodeg-
radation efficiency, samples with a concentration of 40 ppb
from trihalomethanes were prepared by adding 1.0 g/L of
1.0 wt.% Zr:ZnO NPs and then each sample was exposed
to light illumination for different time intervals (30, 60, 90
and 120 min). After the desired time, the removal efficiency
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Fig. 4. FTIR spectra of Zr:ZnO nanoparticles with different percentages of dopant: (a) 0.5%, (b) 1.0%, and (c) 1.5%.



344

120

100

80

60

Count

40

20

200 600 800

S. Dadvar et al. / Desalination and Water Treatment 252 (2022) 339-347

120

(b)

80

Count

60

40

20

200 400 600 800

Count

20

200 400

600 800

D, nm

Fig. 5. DLS of Zr:ZnO nanoparticles with different percentages of dopant: (a) 0.5%, (b) 1%, and (c) 1.5 %.
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ciency of THMs using Zr:ZnO NPs under (a) UV and (b) sunlight
illumination.

of each sample was determined (56%, 57%, 58% and 65%
for sunlight and 40%, 45%, 47%, and 52% for UV light illu-
mination, respectively (Fig. 7). With increasing time, the
removal rate decreases due to the increase in the amount
of electron excitation and thus increases the electron-hole
pair produced, and as the irradiation time increases, more
electrons and more hydroxyl radicals are produced, which
cause oxidation and increased degradation of trihalometh-
anes with increasing time [26,47].

3.2.3. Effect of Zr:ZnO NPs dosage

In order to determine the effect of nanoparticle dos-
age on the photodegradation efficiency, samples with a
concentration of 40 ppb were prepared by adding differ-
ent nanoparticle dosage (0.5, 1.0, 1.5, and 2 g/L) and each
sample was exposed to light source for 120 min. After the
desired time, the removal efficiency of each sample was
determined (51%, 56%, 60%, and 67% for sunlight and 46%,
48%, 53%, and 51% for UV light illumination, respectively).
As Fig. 8 shows, in the samples irradiated with sunlight,
with increasing the dosage of nanoparticles, the removal
efficiency increased, which can be attributed to the increase
in the production of electron-hole pairs and consequently
the oxidizing radicals produced due to increasing the con-
centration of nanoparticles [48]. In UV-irradiated samples,
increasing the dosage to an optimal level can increase the
rate of degradation; by increasing the dosage of nanoparti-
cles more than the optimum amount, the removal efficiency
decreases slightly, which can be attributed to the turbidity
created by the nanoparticle, reducing the penetration of UV
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light and the competition for reaction with hydroxyl radi- was 79.25%, 96.5%, 65%, and 52%, respectively. Whereas,

cals at high concentrations [49]. it was found that the optimum condition under sunlight
Finally, optimum conditions for the photodegradation illumination was contact time of 120 min and 2.0 g/L 1.5%

of trihalomethanes under UV irradiation was contact time Zr:ZnO NPs; under such condition, the removal percent-

of 120 min and 1.5 g/L 1% Zr:ZnO NPs; under such condi- age of chloroform, bromoform, bromomethane chloride,

tion, the removal percentage of bromoform, bromomethane

chloride, dichlorobromomethane, and total trihalomethane
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dichlorobromomethane, and total trihalomethane was 20%,
88.5%, 99.75%, 65%, and 67%, respectively (Fig. 9).

4. Conclusion

In this research, zirconium doped zinc oxide nanoparti-
cles (Zr:ZnO NPs) were prepared by hydrothermal method.
The structure, morphology and optical properties of the
synthesized zinc oxide nanoparticles were investigated by
different techniques. It was found that the dopant percent-
age does not change the particles’ structure but it could con-
trol the morphology. Moreover, the application of surface
modifier could help in controlling particle size distribu-
tion. FTIR showed certain functional group on the particles
synthesized, as the effect of n-butylamine added as surface
modifier. Chloroform could be slightly degraded under
sunlight illumination but UV had no effect on its photodeg-
radation. The dopant weight percentage play a crucial role
on the photodegradation efficiency depending on the light
source; in our study, 1.0% and 1.5% showed the highest
photodegradation efficiency of THMs under UV and sun-
light illumination, respectively. One of the limitations of this
work was studying on only one concentration of THMs. It
is suggested to study this parameter in depth as the condi-
tion of each treatment plant and water quality differs.
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