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Abstract

In this study, the photocatalytic removal of acetamiprid (ACE) was investigated using ZnO and TiO,-doped ZnO photocata-
lysts. The effects of different light sources (simulated solar light, UV-A, and UV-C) were evaluated, with the highest perfor-
mance obtained under UV-C light. Parameters affecting the photocatalytic process, such as pH, catalyst amount, and initial
concentration, were examined, and the optimum catalyst amount was determined to be 1 g/L. Kinetic analyses showed that
the degradation rate of ACE followed a pseudo-first-order kinetic model. HPLC analyses revealed that ACE was completely
degraded (100% removal) after 120 min of reaction; however, UV spectrophotometer analyses identified a removal efficiency
of 79% for ZnO and 71% for TiO,-doped ZnO, due to the presence of intermediate products. LC-MS/MS analyses identified
the intermediate products formed during the photocatalytic degradation process of ACE, confirming effective mineraliza-
tion. The findings demonstrate that ZnO and TiO,-doped ZnO are effective photocatalysts for the removal of ACE and hold
significant potential for environmentally sustainable treatment technologies.
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Introduction

Pesticides are chemicals used during agricultural produc-
tion to minimize the damage caused by pests (such as
sinsects, viruses, bacteria, rodents, and unwanted plants)
(Aslan and I¢li 2022). Neonicotinoids are one of the most
important classes of insecticides worldwide due to their
high efficacy against a wide range of significant insect
pests and their diverse applications (Bass et al. 2015). Sin-
ceS their introduction in the 1990s, neonicotinoids have
been extensively used in agricultural production and for
the protection of landscape plants from pests, constituting
a significant portion of the global insecticide market (Cui
et al. 2024). Currently, neonicotinoids are licensed for use
in over 140 types of products across 120 countries. There
are seven main types of neonicotinoids, which are effective
against many sucking pests, as well as some coleopteran,
dipteran, and lepidopteran species, through foliar, soil, and
seed applications (Elbert et al. 2008). These include imida-
cloprid (IMI), thiamethoxam (THM), clothianidin (CLO),
dinotefuran (DIN), acetamiprid (ACE), thiacloprid (THI),
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and nitenpyram (NTP) (Bass et al. 2015). Neonicotinoids
have a wide range of applications due to their high toxicity
to insects and low toxicity to vertebrates, as well as their
high solubility in water (Zhang et al. 2024a). However,
they can easily enter aquatic environments through surface
runoff or infiltration into groundwater and be absorbed
by animals and plants. This is because only 20% of the
active chemicals are absorbed by plants, while the remain-
ing 80% is released into the environment (Tsegay et al.
2024). It has been reported that neonicotinoids have toxic
effects in aquatic ecosystems, particularly on fish, inver-
tebrates, and other aquatic organisms, leading to adverse
outcomes such as behavioral changes, reproductive issues,
and death. This situation can also affect the food chain,
causing ecosystem imbalances and a decline in biodiver-
sity (James et al. 2016). Global monitoring studies have
indicated that neonicotinoid residues exceeded this thresh-
old in 73.6% of surface water samples, with concentrations
reaching as high as 100.0-400.0 pg/L in some cases (Cui
et al. 2024). Morrissey et al. (2015) reported that neoni-
cotinoid concentrations in water exceeding 0.035 pg/L or
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short-term high exposures exceeding 0.2 pg/L could be
harmful to sensitive aquatic invertebrates. Additionally, it
has been suggested that these chemicals are persistently
transported into water bodies from agricultural areas and
urban environments, posing serious negative impacts on
aquatic ecosystems (Morrissey et al. 2015). The poten-
tial effects of neonicotinoids on human health have been
linked to neurological disorders and negative impacts on
the endocrine system. Moreover, the bioaccumulation of
these chemicals carries the risk of entering the food chain
through aquatic organisms, ultimately reaching humans
(James et al. 2016).

ACE is one of the most effective and widely used neo-
nicotinoid insecticides for controlling various insect pests
(Zbilji¢ et al. 2015). Unlike other neonicotinoids, ACE has
a unique mechanism of action that is effective against both
Hemiptera and Thysanoptera, as well as Lepidoptera, offer-
ing significant potential for managing resistance develop-
ment and providing environmental safety features, mak-
ing it an important alternative for agricultural pest control
(Yamada et al. 1999). ACE negatively affects the immune
system, ion balance, and behavior in mammals, leading to
organ system toxicity, oxidative stress, and DNA damage,
while also causing cytotoxicity and apoptosis in brain tissue
along with various physical symptoms, posing significant
risks to human health (Phogat et al. 2022). Due to its high
solubility and widespread use, it presents potential risks to
human health and aquatic organisms. The European Union
has included five neonicotinoid insecticides, including ACE,
in the Watch List of potential hazardous pollutants (Serrano
et al. 2020). Therefore, developing methods for the effec-
tive and environmentally friendly removal of ACE from the
environment is of great importance (Benhalima et al. 2024).

Various techniques are available for the removal of ACE
pesticide from aqueous solutions. These techniques include
photocatalytic degradation (Licht et al. 2023; Benhalima
et al. 2024; Liu et al. 2024), fungal bioremediation and
ozonation (Beltran-Flores et al. 2024), thermal degradation
(Popadic et al. 2023), adsorption (Sellaoui et al. 2023), pho-
tobioreactor (Avila et al. 2022), solar photo-Fenton (Sori-
ano-Molina et al. 2018), UV/hydrogen peroxide (UV/H,0,)
and UV/potassium persulfate (UV/PS) (Chen et al. 2018).
Among these methods, photocatalysis has been recognized
in recent years as a method aligned with the zero-waste prin-
ciple due to its sustainability, eco-friendly characteristics,
and high efficiency. This process provides an effective solu-
tion in water treatment applications, playing a critical role
in the removal of pollutants. Photocatalytic processes stand
out as an important strategy for cleaning water resources and
reducing environmental pollution (Licht et al. 2023).

While TiO, stands out as the most important metal
oxide semiconductor due to its unique photocatalytic
properties, ZnO nanoparticles also attract attention for
their low cost and high photocatalytic efficiency (Liu et al.
2023). However, the low natural light absorption efficiency
of TiO, limits its practical applications (Hashimoto et al.
2005). To enhance TiO,’s visible light absorption, various
modification techniques such as non-metal and metal dop-
ing, dye sensitization, and semiconductor combinations
are used (Pelaez et al. 2012). Metal ion doping improves
TiO,’s photocatalytic activity under visible light by nar-
rowing the energy band gap and preventing charge recom-
bination. In particular, doping with metal ions like Cu?",
Ni?*, Zn**, and Fe* significantly improves TiO,’s photo-
catalytic performance, while doping with non-metals such
as nitrogen or carbon can further enhance its visible light
absorption (Liu et al. 2024; Yang et al. 2024).

ZnO, another widely studied n-type semiconductor,
combines a wide band gap, high electron mobility, and
transparency to visible light, making it a strong candidate
for photocatalytic applications (Berberidou et al. 2016;
Ganie et al. 2021; O’Neill et al. 2023; Wang et al. 2023).
In wastewater treatment, ZnO has shown high efficiency
in degrading organic pollutants and toxic metal ions, and
it has been reported to be more effective and cost-efficient
than TiO, in water disinfection processes (Ahmed and
Haider 2018). Its unique properties-such as direct band
gap, strong near-UV emission, transparent conductivity,
and piezoelectricity-further enhance its suitability for
environmental and energy-related applications (Sathish-
kumar et al. 2016). With these advantages, ZnO stands
out as a promising photocatalyst for sustainable and green
treatment technologies (Darvishi Cheshmeh Soltani et al.
2016; Tahoun et al. 2022).

There is limited information in the existing literature
regarding the removal of ACE from aqueous solutions. Most
reported studies have focused on conventional techniques
such as adsorption, ozonation, and biological treatments,
which often suffer from low efficiency or secondary pollu-
tion issues (Ahmed and Haider 2018; Beltran-Flores et al.
2024). Although photocatalytic processes have been applied
to degrade various pesticides, investigations specifically tar-
geting ACE removal remain scarce (Licht et al. 2023; Liu
et al. 2024). In this study, the effects of simulated solar light,
UV-A, and UV-C irradiation were examined separately, and
the impact of parameters such as photocatalyst amount,
initial ACE concentration, and initial pH on removal effi-
ciency was evaluated. The study also investigated the role of
ZnO and TiO,-doped ZnO photocatalysts in the degradation
mechanisms of ACE and its environmental implications. By
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addressing the current research gap, this work provides new
insights into the photocatalytic oxidation of ACE, offering a
scientific foundation for environmentally friendly treatment
technologies and significantly contributing to the existing
literature. Additionally, novel ZnO and TiO,-doped ZnO
photocatalysts were synthesized in this work and compre-
hensively characterized using FESEM, EDX, XRD, FT-IR,
and XPS techniques. The ACE degradation efficiency was
monitored using UV—Vis spectrophotometry, while interme-
diate and final degradation products were identified through
LC-MS/MS and HPLC analyses.

Materials and methods
Equipment and chemicals

Zinc Nitrate Hexahydrate (Zn(NO;),-6H,0), Tita-
nium Dioxide (TiO,), and Hexamethylenetetramine
(C¢H|,N,) were purchased from Sigma. ACE Hekplan
20 SP (C,,H,,CIN,) was purchased from Hektas. Sodium
Hydroxide (NaOH) and 98% Sulfuric Acid (H,SO,) were
purchased from Merck. Magnetic stirring processes were
carried out using a Heidolph MR Hei-TEC magnetic stir-
rer with heating plate. The quantities of chemicals were
determined using an A&D HR-250 precision balance.

Experimental

In the synthesis of ZnO and TiO,-doped ZnO photocata-
lysts and in the experiments for the removal of ACE from
aqueous solutions, a circular, high-light-transparency,
double-walled glass reactor was used. A refrigerated cir-
culator was employed to control the temperature within the
reactor. Stirring was carried out using a magnetic stirrer
positioned beneath the reactor. In the photocatalytic ACE
removal experiments, the simulated solar light lamp and
the UV-A and UV-C lamps were placed inside a quartz
tube and positioned within the reactor. To separate the
catalyst from the suspensions in the samples, the sam-
ples were centrifuged at 14,000 rpm for 15 min at 15 °C.
The light source was turned on about 15 min before being
placed into the reactor to reach a stable light intensity.
Additionally, the outer parts of the reactor were covered
with aluminum foil to prevent light loss. In the photocata-
lytic process for the removal of ACE, laboratory-prepared
aqueous solutions of ACE at defined concentrations were
used, and the effects of parameters such as initial solu-
tion pH (3—11), catalyst amount (0.25-1.5 g), and initial
ACE concentration (5-20 mg/L) on pollutant removal
were investigated. The reaction time for each experiment
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was 120 min, and samples were taken and immediately
analyzed at specified time intervals. A 0.1 M H,SO, or
NaOH solution was used to adjust the initial pH values.
The experimental setup for photocatalytic experiments and
synthesis is shown in Fig. 1.

During the experiments, ACE concentrations were deter-
mined immediately after sampling by measuring absorb-
ance values using a UV-Vis spectrophotometer (Shimadzu,
UV-1800) at the maximum wavelength (254 nm) with a cali-
bration curve prepared beforehand. The relative concentra-
tion (C/C,) of ACE was calculated using Eq. 1.

Relative concentration of ACE = C/C, = C,/C, (1)

Here, C, represents the initial concentration of ACE,
and C, represents the ACE concentration at any given time.

In the photocatalytic experiments, each test was repeated
three times under identical conditions, and mean values
with standard deviations (+SD) are reported in the tables
to ensure accuracy and reproducibility of the data.

Synthesis of ZnO and TiO,-doped ZnO

The synthesis of ZnO and TiO,-doped ZnO was carried out
using homogeneous hydrolysis through low-temperature
crystallization. A typical synthesis procedure for ZnO is
as follows: Zinc nitrate hexahydrate and hexamethylene-
tetramine solutions were prepared in equimolar amounts,
and the concentration was set to 0.03 M. These solutions
were mixed in the reactor, with the reaction time set to 2 h.
ZnO was synthesized using the chemicals according to the
reaction equations given in Eqgs. (2), (3), and (4) (Akin and
Oner 2012).

(CH,) Ny + 6H,0 — 6HCHO + 4NH, 2)
NH; + H,0 — NH; + OH~ 3)
Zn*?* + 20H™ — ZnO + H,0 “)

The overall reaction equation obtained by summing the
reactions is presented in Eq. (5).

2Zn(NOs), + C¢H ,N, + 8H,0 — 2Zn0O| + 4NH,NO; + 6HCHO
&)
The metal oxide TiO,, used as a dopant, is added to the
environment before the reaction begins, and the resulting
ZnO material accumulates on the TiO, surface during the
reaction. The solution was filtered using filter paper with a
pore size of 0.22 pum. The crystals obtained by filtration after
the reaction were dried under vacuum at 60 °C for approxi-
mately 24 h.
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Fig. 1 Photocatalytic experimental setup (a) and Experimental setup used for the synthesis of ZnO and TiO,-doped ZnO (b)
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Kinetic model

A pseudo-first-order kinetic model of photocatalytic degrada-
tion for different concentrations of ACE was used (Vasanth
Kumar et al. 2007). In the literature, it has been noted that the
linear forms of kinetic models can lead to erroneous results
and thus incorrect decisions, depending on the data used. In
contrast, non-linear forms are reported to provide a better fit
to experimental data (Lin and Wang 2009; Lima et al. 2015;
Simonin 2016). Therefore, a non-linear method was used in
the solution of the kinetic model (Tran et al. 2017). The coef-
ficients for the models used were calculated using the non-
linear method with the help of the Solver plug-in in Microsoft
Excel. The kinetic model, R2, and chi-square (Xz) values were
calculated using the Egs. (6-8) below.

Cexp
1n<co>=—k><t ©)
2
C. —C
X2 = Z (EXPC—M) 7)
) Z (Cexp - Cest)2
R=1- ®)

Z (Cexp - Cmean)2

In the equations, C, represents the initial concentration of
ACE before photocatalytic degradation, C,, represents the
concentration of ACE at time t after photocatalytic degra-
dation, C_ represents the concentration obtained using the
Microsoft Excel Solver plug-in, t is the reaction time, and k
is the reaction rate constant.

Characterization

The morphology of ZnO and TiO,-doped ZnO was ana-
lyzed using a scanning electron microscope (FESEM, model
Quanta FEG 250) operated at 15 kV. The elemental compo-
sition of the photocatalysts was determined by Energy Dis-
persive X-ray Spectroscopy (EDX) attached to the FESEM,
which confirmed the presence and distribution of Zn, Ti,
and O elements in the samples. The crystalline structure of
ZnO and TiO,-doped ZnO was analyzed using X-Ray Dif-
fraction (XRD). The measurements were performed using a
Bruker D8 Advance X-ray powder diffractometer with a Cu
Ka radiation source (A=0.154 nm). The scanning speed was
set at 2°/min, and the scan was performed with an increasing
20 angle between 5° and 90°.
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The surface functional groups of ZnO and TiO,-doped
ZnO were analyzed using an ATR-FTIR (Attenuated Total
Reflectance Fourier Transform Infrared) spectrometer in the
wavelength range of 400-4000 cm™! (resolution 4 cm™", 24
scans).

Identification of Degradation Products
and Quantitative Analysis of ACE Using LC-MS/MS
and HPLC

LC-MS/MS 8040 liquid chromatography-mass spectrom-
etry (LC-MS/MS) and HPLC analyses were conducted to
identify the products formed as a result of photocatalytic
degradation. In the experiments, ACE measurements were
performed using an HPLC Shimadzu LC-20A Prominence
device with an Agilent Eclipse XDB ODS-3 C18 (5 um,
4.6 X250 mm) column. A 9-point standard calibration curve
was prepared for the determination of ACE using HPLC.
Solutions containing initial concentrations of 0—10 mg/L
were used to create the calibration curve. HPLC measure-
ments were conducted at 248 nm. The following calibra-
tion curve and equation (Supplementary 1) were used in the
measurements (Mobile phase A: ddH,0, Mobile phase B:
ACN, Flow rate: 1 mL/min, Detector: SPD-M20A).

Results and discussion
Characterization

The particle size and morphology of pure ZnO were exam-
ined using FESEM imaging. As shown in Fig. 2(a), ZnO
crystallizes in two distinct morphological forms: (i) hex-
agonal rod-like structures and (ii) thinner needle-like struc-
tures. Particle dimensions were determined by manually
measuring the lengths and widths of crystals directly from
the FESEM micrographs using the scale bars provided. For
each morphology type, 10 randomly selected particles were
measured to obtain representative size distributions. Based
on these measurements, the hexagonal rod-shaped ZnO par-
ticles exhibited an average length of 3.57 +1.21 pm and an
average width of 0.72+0.28 pm. The needle-like ZnO struc-
tures displayed smaller dimensions, with an average length
of 1.12+0.18 pm and a width of 0.16 +£0.08 pm. These
well-defined crystal habits are consistent with the typical
morphologies reported for wurtzite-type ZnO (Baruah and
Dutta 2009; Ekthammathat et al. 2013). Although such
ordered crystal structures reflect well-developed crystal-
linity, morphology alone cannot be used to infer specific
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Fig.2 FESEM images and EDX spectra of ZnO (a) and TiO,-doped ZnO (b). Insets show the magnified FESEM images highlighting the parti-

cle morphology

surface area; therefore, no surface-area-related interpretation
is made here. Higher-magnification FESEM images further
revealed the characteristic flower-like assembly of ZnO rods,
consistent with previous literature.

In Fig. 2(b), the surface morphology of the TiO,-doped
ZnO sample was examined. The SEM images show that the
TiO,-doped ZnO crystals maintain a hexagonal rod-like
structure with a relatively uniform size distribution. In addi-
tion, the smaller TiO, particles deposited on the ZnO rods
can be clearly distinguished due to their spherical appear-
ance (Esfandian et al. 2024). Particle dimensions were deter-
mined by manually measuring 10 randomly selected crystals
directly from the FESEM micrographs using the scale bars
provided. Based on these measurements, the TiO,-doped
ZnO crystals exhibited an average particle length of
1.76 £0.44 pm and an average width of 0.30+0.11 pm. The
EDX spectra presented in Fig. 2(a—b) confirm the elemental
composition of the samples, showing clear signals corre-
sponding to Zn, Ti, and O.

XRD patterns were used to examine the crystal phases,
verify the structure, and determine the composition and
purity of the synthesized samples. The XRD analyses shown
in Fig. 3 reveal the characteristic 2Theta (20) peaks of the

crystal structure of ZnO in the Zincite phase, as listed in
JCPDS card 00-036-1451, at approximately 31.8° (100),
34.4° (002), 36.2° (101), 47.5° (102), 56.6° (110), 62.8°
(103), 66.4° (200), 67.9° (112), and 69.2° (201) (Scarano
et al. 2006; Asikuzun and Ozturk 2018). These diffraction
peaks and the corresponding crystal planes confirm the typi-
cal hexagonal wurtzite structure of ZnO (Akin and Oner
2012; Asikuzun and Ozturk 2019) and verify that the crystal
phase has been successfully formed (Ahmad et al. 2022).

The XRD analysis of TiO, was conducted to examine the
crystal phases and verify the structure, and the diffraction
pattern obtained revealed that all the peaks correspond to the
characteristic peaks of TiO, in the Anatase phase, as listed
in JCPDS card 01-086-1157. The diffraction peaks observed
in this analysis were identified at approximately 26 =25.3°
(101), 37.8° (004), 48.1° (200), 53.9° (105), 55.1° (211), and
62.8° (204) (Hamdani et al. 2022). The successful match-
ing of these peaks with the corresponding tetragonal crystal
planes confirms the presence of the anatase phase of TiO,
and indicates that the crystal structure has been successfully
formed (Esfandian et al. 2024).

When examining the XRD patterns of TiO,-doped ZnO
photocatalysts, it was found that the ZnO phase aligns with
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Fig. 3 XRD diffraction pattern
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Fig. 5 High-resolution XPS spectra of a Survey spectra, b O 1's, ¢ Zn 2p, and d Ti 2p for the ZnO and TiO,-doped ZnO

the Zincite pattern, while the TiO, phase aligns with the
Anatase pattern. This indicates that the TiO, doping main-
tains the crystal structure of ZnO while also contributing
with the presence of the anatase phase of TiO,. This struc-
tural alignment shows a reduction in peak intensities when
comparing TiO,-doped ZnO with pure ZnO, suggesting the
formation of smaller crystallite sizes. This structure points to
improved photodegradation efficiency (Shathy et al. 2022).

Figure 4 shows the ATR-FTIR spectra of pure ZnO and
TiO,-doped ZnO photocatalysts. In the spectrum of pure
7ZnO, characteristic bands at 542 cm™! and 420 cm™! cor-
respond to Zn—O stretching vibrations, consistent with
the wurtzite ZnO structure (Al-Gaashani et al. 2013). In
TiO,-doped ZnO, additional features in the 500-700 cm™!
region were observed, which can be assigned to Ti—O-Ti and

Zn—0-Ti linkages (Mazabuel-Collazos and Rodriguez-Paez
2018). A broad absorption between 3200-3500 cm™! was
attributed to hydrogen-bonded hydroxyl groups or adsorbed
water molecules on the surface. In addition, a sharp band
at~3700 cm~! was observed, which is characteristic of iso-
lated, non-hydrogen-bonded hydroxyl groups on the ZnO
surface. This assignment is in agreement with (Viiies et al.
2014), who demonstrated that such free OH species on
ZnO surfaces give rise to distinct sharp absorptions in the
3600-3700 cm™! region. These results indicate that both
ZnO and TiO,-doped ZnO retain surface hydroxyl function-
alities, which serve as crucial active sites for the generation
of reactive oxygen species (ROS), such as -OH, -O, and
H,0,, during photocatalysis. These ROS play a central role
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Fig.6 Effect of different light sources on the removal of ACE by ZnO and TiO,-doped ZnO photocatalysts (Cy: 5 mg/L, catalyst amount: 1 g/L,

T: 20 °C, pH: 6.2, and stirring speed: 650 rpm)

in pollutant degradation by attacking and oxidizing organic
molecules.

The elemental composition and valence states of ZnO
and TiO,-doped ZnO photocatalysts were investigated using
X-ray photoelectron spectroscopy (XPS). The survey spec-
trum showed characteristic peaks of O 1 s, C 1 s, Zn 2p,
and Ti 2p (Fig. 5), confirming the presence of these ele-
ments. Zn 2p core levels displayed two peaks at~1021 eV
and ~ 1044 eV corresponding to Zn 2ps,, and Zn 2p,,, (Al-
Gaashani et al. 2013). Ti 2p peaks were observed at 458 eV
and 464 eV, confirming Ti** oxidation state (Papitha et al.
2024). O 1 s peaks at 529 and 530 eV indicated oxygen in
metal oxides (Wu et al. 2018). The C 1 s peak at 284 eV was
attributed to surface carbon contamination (Ibrahim et al.
2020).

Photocatalytic degradation of ACE
Effect of light source on photocatalytic performance

In this study, the removal of the ACE pollutant using the
produced catalysts was investigated, focusing on the param-
eters affecting oxidation performance. Initially, the catalyst
efficiency was examined in a dark environment, followed by
investigating the effects of simulated solar light, UV-A, and
UV-C on oxidation performance. The impact of the light
source over time was studied in solutions with a pollutant
concentration of 5 mg/L, a catalyst amount of 1 g/L, a tem-
perature of 20 °C, a stirring speed of 650 rpm, and at their
natural pH. The photocatalytic oxidation performance of
ACE under dark conditions and different light sources using
various photocatalysts is shown in Fig. 6. When evaluating
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oxidation performance, UV-C light was preferred for both
catalysts.

When the adsorption effect of both photocatalysts
was examined in a dark environment, no change was
observed over 120 min. For the degradation of ACE using
ZnO, a removal efficiency of 18% was achieved after
120 min under simulated solar light, 71% under UV-A,
and 79% under UV-C. For the degradation of ACE using
TiO,-doped ZnO photocatalyst, the removal efficiency
was 10% under simulated solar light, 55% under UV-A,
and 71% under UV-C after 120 min. Upon reviewing the
results, the photocatalytic degradation performance of
ACE with different catalysts under various light sources
was found to be UV-C > UV-A > simulated solar light.
The obtained performance order is attributed to the wide
band gap and high electron mobility of ZnO, together with
the UV absorption properties of TiO,; in this context, the
higher photon energy of UV-C leads to more effective e’/
h* excitation and ROS generation compared to UV-A and
simulated solar light (Gongalves et al. 2021).

In a study from the literature, it was reported that the
photocatalytic reaction mechanisms and charge transfer
of TiO,-ZnO photocatalysts begin during the irradiation
of the target compound with visible light. In this process,
electrons in the valence band (VB) are excited to the con-
duction band (CB), and an equal number of holes (h*) are
created. Electrons transfer from ZnO to TiO,, while holes
transfer from TiO, to ZnO. These electrons and holes
participate in chemical reactions, facilitating the separa-
tion of photo-induced electron—hole pairs and reducing
the recombination rate. As a result, it has been noted that
the photocatalytic properties of TiO,-ZnO composite
photocatalysts are enhanced (Qin et al. 2019). TiO,-ZnO
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heterojunctions significantly enhance photocatalytic activ-
ity due to extended visible light absorption and efficient
charge separation, thereby enabling high efficiency in
the degradation of various pollutants under visible light
(Zhang et al. 2024b). However, our findings indicate that
under high-energy UV irradiation, TiO, doping in the pro-
duced photocatalysts has only a limited effect on improv-
ing performance, and pure ZnO performs equally well or
even better. This result shows that TiO, doping does not
always guarantee higher photocatalytic efficiency, which
is in line with the findings of (Nawaz et al. 2023), who
also reported that doping ZnO or TiO, with metals or non-
metals is not necessarily favorable for tuning their opti-
cal characteristics (such as band gap and light absorption
behavior).

The efficiency of TiO,-doped ZnO under low-energy light
conditions is quite limited; only 10% efficiency was achieved
under simulated solar light. In a dark environment, neither
catalyst showed almost any activity, clearly demonstrating
that sufficient light energy is necessary for effective pho-
tocatalytic reactions. Under UV-A light, TiO,-doped ZnO
achieved 55% efficiency, while pure ZnO showed 71% effi-
ciency, indicating that TiO,-doped ZnO is effective only
under certain light conditions. In a study investigating the
photocatalytic performance of the TiO, and ZnO dual sys-
tem in the degradation of humic substances, it was observed
that TiO, did not provide the expected level of efficiency
increase in the photocatalytic removal of environmental pol-
lutants and, in some cases, fell below the natural efficiency
of ZnO. It has been noted that the electron mobility of ZnO
(200 — 300 cm?/Vs) is significantly higher than that of TiO,
(0.1-4.0 cm?/Vs), which allows ZnO to have higher quantum
efficiency and better photocatalytic performance. Further-
more, since the valence band of ZnO (VB-ZnO) is located
lower than that of TiO, (VB-Ti0,), the oxidation potential
of the hydroxyl radical produced by ZnO is higher compared
to that produced by TiO,, which enhances ZnO’s photocata-
lytic efficiency (Turkten and Bekbolet 2020). Discrepancies
between our results and previously published studies can
be attributed to differences in synthesis procedures (e.g.,
sol-gel vs. hydrothermal), TiO, loading ratios, crystallin-
ity, and surface morphology, all of which critically govern
interfacial charge-transfer processes and ROS-generation
pathways and, in turn, determine the overall photocatalytic
efficiency (Akhter et al. 2023). Consistent with previous
studies, ZnO frequently demonstrates superior photocata-
lytic performance compared to TiO,, attributable to phys-
icochemical factors including crystallinity, particle size,
specific surface area, impurity concentration, and optical
characteristics (Fenoll et al. 2015).

To further clarify the photocatalytic behavior, the deg-
radation mechanism of ACE in the presence of ZnO and
TiO,-doped ZnO was also considered (Guzsvany et al. 2009,

2012). Based on LC-MS/MS analysis and supporting litera-
ture, it is proposed that ACE degradation proceeds through
the generation of reactive oxygen species (ROS), includ-
ing hydroxyl radicals (OH®), superoxide radicals (O,*"),
and photogenerated holes (h*). For pure ZnO, hydroxyl
radicals are important species that promote hydroxylation
of the aromatic ring and dealkylation of side chains (Say-
ury Miyashiro and Hamoudi 2021; Zeli¢ et al. 2022). In the
case of TiO,-doped ZnO, TiO, improves charge separation
and reduces electron—hole recombination, increasing ROS
production (Prabhu et al. 2024; Zhang et al. 2024b). As a
result, additional degradation pathways-such as cyano-group
cleavage and (more tentatively) N-oxidation are observed
(Guzsvany et al. 2009, 2012). These results suggest that
TiO, doping modifies ZnO’s surface/electronic properties,
leading to a slightly altered route compared to pure ZnO
(Zhang et al. 2024b).

Effect of pH on photocatalytic performance

pH plays a critical role in photocatalytic reactions in water
treatment. The surface charge of the photocatalyst changes
depending on the pH level. The optimal pH for the photo-
degradation process is related to the point of zero charge
(pHpzc) of the photocatalyst. In this context, the effects of
pH on photocatalytic efficiency vary depending on the type
of photocatalyst used and the target pollutant (AlMohamadi
et al. 2024).

In this study, the effect of pH on the photocatalytic deg-
radation of ACE was investigated at pH levels of 3,7, 9, 11,
and 6.2 (solution pH). As seen in Fig. 7, pH had a significant
impact on the photocatalytic degradation of ACE when differ-
ent catalysts were used. For each catalyst used in the experi-
ments, the most effective pH was found to be the natural pH of
the pollutant’s water solution, which is 6.2. In photocatalytic
degradation experiments conducted at this natural pH of 6.2
over 120 min, a removal efficiency of 79% was achieved with
the ZnO catalyst, and 71% with the ZnO-TiO, catalyst.

Due to the nonionic structure of ACE, it cannot bind to the
photocatalyst through protonation or deprotonation processes
(Wang et al. 2016). The point of zero charge (PZC) of ZnO
is around pH 9; below pH 9, the ZnO surface is positively
charged, and above pH 9, it is negatively charged (Vidya et al.
2020). The PZC range of TiO, typically varies between 4.5
and 7. The surface charge of TiO, also changes depending on
the pH: when the pH is above the PZC, the surface is nega-
tively charged, and when it is below, it is positively charged
(AlMohamadi et al. 2024). Considering the surface properties
of ZnO and TiO,, it is understood that at pH 6.2, nonionic ACE
reacts effectively with reactive oxygen species, independently
of electrostatic interactions with the photocatalyst surface
(Kosmulski 2002, 2020; Garber and Steeger 2008; Nosaka
and Nosaka 2017). In particular, hydroxyl radicals formed at
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Fig. 7 Photocatalytic degradation of ACE by ZnO and TiO,-doped ZnO at different pH levels (Cy: 5 mg/L, catalyst amount: 1 g/L, T: 20 °C,
UV-C, and stirring speed: 650 rpm)
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Fig.8 Photocatalytic degradation of ACE by ZnO and TiO,-doped ZnO at different catalyst dosages (Cy: 5 mg/L, pH: 6.2, T: 20 °C, UV-C, and
stirring speed: 650 rpm)

pH 6.2 are thought to play a key role in this high degrada-  Effect of ZnO and TiO,-doped ZnO catalyst amount
tion efficiency. The photocatalytic reactions of the ZnO/TiO,  on photocatalytic performance

suspension system in an aqueous medium can be described as

follows (Anil and Surenjan 2024). In photocatalytic processes, catalyst dosage is a critical
parameter that determines the degradation efficiency of

Zn0 + hv(< 380nm) — h* + e ©) organic pollutants. An increase in catalyst dosage enhances
the production of reactive radicals by creating more active
TiO, + hv(< 380nm) — h* + e~ (10)  surface area, thereby accelerating photodegradation. How-
ever, when a certain optimal dosage is exceeded, light scat-
ht+ OH(:Wﬁm) - OH' (11 tering and agglomeration of catalyst particles occur, which

reduces photocatalytic efficiency. Therefore, determining
the optimal catalyst concentration is important to maximize

+ . +
h™+H,0 > OH" + H (12) photocatalytic efficiency (AlMohamadi et al. 2024).
In our study, UV-C light was used as the ultraviolet light
OH" + ACE — degradation products (13)  source for the removal of ACE, and experiments were car-

ried out under fixed conditions with an initial concentration
of 5 mg/L, temperature of 20 °C, stirring speed of 650 rpm,

w @ Springer



International Journal of Environmental Science and Technology (2026) 23:191 Page 130f20 191
10 s Zno| |, TiO, doped ZnO
0.8 0.8
0.6 - 0.6

] S
o o
0.4 1 a5 mg/L 04 1 a5 mg/L
-©-10 mg/L -©-10 mg/L
02 1m15 mg/L 021 @15 mg/L
--20 mg/L --20 mg/L
0.0 T T T T T T 0.0 T T T T T -
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time (minute)

Time (minute)

Fig. 9 Photocatalytic degradation of ACE by ZnO and TiO,-doped ZnO at different catalyst dosages (catalyst dosage: 1 g/L, pH: 6.2, T: 20 °C,

UV-C, and stirring speed: 650 rpm)

and natural pH conditions (pH =6.2). The effects of pho-
tocatalytic degradation were examined by adding different
amounts of catalyst (0.25, 0.5, 1, and 1.5 g/L). As seen in
Fig. 8, the photocatalytic degradation of ACE increased
with the addition of ZnO and TiO,-doped ZnO catalysts, but
this increase remained constant after 1 g/L.. Therefore, the
optimal catalyst amount for both photocatalysts was deter-
mined to be 1 g/L. Increasing the catalyst loading causes
an increase in solution turbidity, leading to light scatter-
ing and reducing the photoactivated volume. Additionally,
high catalyst concentrations lead to particle agglomeration,
disrupting the homogeneity of the solution and reducing
the number of active sites. This results in decreased photo-
catalytic efficiency and a reduction in process performance
(Taie et al. 2021). Other studies in the literature support
these findings. Sawunyama et al. (2023) reported that using
a catalyst dosage of 0.1 and 0.125 g/L, the UV/B TiO,-ZnO
process removed 63% to 74% of tetracycline (TC) in 120 min
(Sawunyama et al. 2023). Habib et al. (2013) also reported
that they achieved approximately 98% removal of the azo
dye brilliant golden yellow at around pH 7 using 6 g/L of
ZnO-TiO, nanocomposite in 120 min (Habib et al. 2013). In
another study, a maximum efficiency of 92.3% was obtained
for chlorpyrifos removal within 140 min using a nanocom-
posite dosage of 4 g/L. (Esfandian et al. 2024). In a different
study, a maximum efficiency of 98.7% was achieved for acid
blue 25 removal in 150 min with a catalyst dosage of 2 g/L
(Yusuff et al. 2024).

Effect of initial ACE concentration on photocatalytic
performance

The effect of ACE concentration on removal efficiency was
studied by adding 1 g/L of ZnO and TiO,-doped ZnO to

ACE solutions of 5, 10, 15, and 20 mg/L, using UV-C light
as the light source at a constant pH of 7 for 120 min. As
seen in Fig. 9, the removal efficiency decreased as the ACE
concentration increased. Therefore, an initial concentration
of 5 mg/L was selected as optimal. Photocatalytic removal
efficiency increases with the pollutant’s initial concentration
up to a certain level, after which the efficiency decreases
with further concentration increases. For instance, as seen
in the graph in Fig. 9, the degradation efficiency of ACE
at a concentration of 5 mg/L approaches 80% in 120 min,
while at 20 mg/L, the efficiency falls below 50%. This obser-
vation indicates that photocatalytic efficiency significantly
decreases at higher concentrations. This decline can be
explained by several factors: (1) At higher concentrations,
pollutant molecules saturate the active sites of the photocata-
lyst, keeping the production of reactive species (OH® and
0,°7) constant, thereby slowing the degradation rate. (2) The
formation of intermediate products, which adsorb onto the
active sites, competes with pollutant molecules and reduces
the effectiveness of the photocatalyst. (3) A high concentra-
tion of pollutants reduces the number of photons absorbed
by the photocatalyst surface, leading to a decrease in reactive
species production (Mohsenzadeh et al. 2019). Similarly,
Mohsenzadeh et al. (2019) reported that high pollutant con-
centrations reduce the efficiency of the photocatalyst as pol-
lutants occupy the active sites. Another study reported that
the occupation of active sites by tetracycline ions reduces
the number of hydroxyl radicals formed on the catalyst sur-
face, thus decreasing photocatalytic activity (Sawunyama
et al. 2023). As a result, 5 mg/L was chosen as the optimal
initial concentration because it offers higher photocatalytic
degradation efficiency. At higher initial concentrations, the
efficiency decreases due to limitations in photocatalytic reac-
tion mechanisms.
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Table 1 Kinetic constants (k) and correlation coefficients (R?) for
the photocatalytic degradation of ACE using synthesized ZnO and
TiO,-doped ZnO catalysts, calculated according to the pseudo-first-
order kinetic model (In(Cy/C) vs. t)

Concentration  Synthesized ZnO TiO,-doped ZnO
mg/L

(mg/L) K (min—) R? k (min~) R?

5 0.0171 0.988 0.0118 0.994
10 0.0068 0.972 0.0063 0.990
15 0.0048 0.976 0.0037 0.983
20 0.0027 0.970 0.0020 0.988

Kinetic calculations

Kinetic models are commonly applied to describe the pho-
tocatalytic degradation process, relating the degradation
rate of the pollutant to the presence and activity of the
catalyst (Murugesan et al. 2021). In this study, the photo-
catalytic degradation of ACE under UV-C light using ZnO
and TiO,-doped ZnO catalysts, synthesized at different ini-
tial concentrations (catalyst amount: 1 g/L, stirring speed:
650 rpm, pH 6.2, temperature: 20 °C), was found to follow
a pseudo-first-order kinetic model due to the high R? val-
ues (R?>0.97). This model is used to explain reactions that
occur at a constant rate, independent of the reactant concen-
tration. The experimental results fit this model, allowing for
the calculation of kinetic constants.

As the initial pollutant concentration increased, the k
values were observed to decrease from 0.0171 to 0.0027
for ZnO and from 0.0118 to 0.0020 for TiO,-doped ZnO.
This decrease is attributed to the saturation of active sites
on the catalyst surface as the initial pollutant concentration
increases in experiments conducted with a constant catalyst
amount. Similarly, the literature indicates that increasing

1.0 -@-ZnO (Spectrophotometer)
0.8 -A-ZnO (HPLC)
_ 0.6 1
S
S}
0.4 -
0.2 A
0.0 T T T T T h—
0 20 40 60 80 100 120
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pollutant concentration reduces the reaction rate (Hashemi
Monfared and Jamshidi 2019). In the study by Murugesan
et al. (2021), a similar decrease in k values was observed
with an increase in initial pollutant concentration, and this
decrease was explained by the need for more catalytic sur-
face in the solution.

Additives can affect the reaction rate by altering the sur-
face area, active sites, and electronic properties of ZnO. A
higher kinetic constant indicates a faster reaction and thus a
more efficient catalyst (Premalatha and Rex 2024). Table 1
shows the kinetic constants and R? values for the photocata-
lytic degradation of ACE at different initial concentrations.
In both ZnO and TiO,-doped ZnO catalysts, a decrease in
k values and a reduction in photocatalytic degradation rate
were observed as the initial concentration increased. This
result can be explained by the decrease in light penetration
at higher concentrations and the limited availability of active
sites on the catalyst surface. The fact that TiO,-doped ZnO
has lower k values compared to pure ZnO demonstrates the
effect of TiO, on ZnO’s photocatalytic efficiency. However,
this does not always translate to an increase in reaction rate.
This situation may be due to excessive amounts of dopant
ions triggering intrinsic point defects that can act as recom-
bination centers, thereby reducing photocatalytic activity
(Pan et al. 2020).

Photocatalytic oxidation of ACE with ZnO

and TiO,-doped ZnO photocatalysts: investigation
of degradation mechanisms over time using HPLC
and LC-MS/MS

In this study, the photocatalytic oxidation process of ACE
with ZnO and TiO,-doped ZnO photocatalysts was investi-
gated. HPLC analyses were conducted to determine the rate

1.0 42 TiO2 doped ZnO
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08 - -0-TiO2 doped ZnO (HPLC)
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S
Q
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0.2 A
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Fig. 10 Comparison of ACE removal with ZnO and TiO,-doped ZnO catalysts under optimal conditions using HPLC and spectrophotometric
analysis (Cq: 5 mg/L, catalyst dosage: 1 g/L, pH: 6.2, T: 20 °C, UV-C, and stirring speed: 650 rpm)
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and efficiency of ACE’s photocatalytic degradation. In the
HPLC analyses performed under optimal experimental con-
ditions, the theoretical retention time of ACE was found to
be between 2.773 and 2.778 min. Observations over a period
of 120 min revealed that ACE was completely degraded, and
the photocatalysts exhibited high efficiency.

As shown in Fig. 10, when comparing the HPLC results
with UV spectrophotometer results, it was found that HPLC
showed 100% removal, while the UV spectrophotometer
results indicated a removal efficiency of 79% for ZnO and
71% for TiO,-doped ZnO. This difference is thought to be
due to the UV spectrophotometer detecting intermediate
products formed during the photocatalytic process. The fact
that HPLC detects only the main compound may explain
the higher efficiency. When comparing the removal rates
of ACE, TiO,-doped ZnO exhibited a slower removal rate
compared to pure ZnO.

LC-MS/MS analyses were conducted to identify the
intermediate products formed as a result of the photocata-
lytic oxidation of ACE with ZnO and TiO,-doped ZnO pho-
tocatalysts. In this study, which comparatively examined
ZnO and TiO,-doped ZnO photocatalysts, various by-prod-
ucts emerged over time during the photocatalytic oxidation
process of ACE.

The photocatalytic oxidation of ACE under the ZnO
catalyst was monitored in detail using mass spectrometry
(LC-MS/MS), and intermediate products and final miner-
alization products formed during the process were identi-
fied. Initially, the m/z =223 peak, corresponding to the main
molecule of ACE (Cruz-Alcalde et al. 2017), was observed
at the highest intensity, indicating that the photocatalytic
reaction had not yet started at this stage. At 15 min, while
the peak of the main compound was still present, the appear-
ance of the m/z =173 peak showed that intermediate prod-
ucts had started to form and the photocatalytic oxidation
process had begun. The m/z=173 peak is likely associated
with N-(6-chloropyridin-3-yl) formamide. At 30 min, as the
degradation progressed, the formation of larger intermedi-
ate products, such as m/z=164.90 and m/z=205.05 (ACE-
N-desmethyl) (Cruz-Alcalde et al. 2017) was observed,
indicating the presence of more complex oxidation inter-
mediates. By 60 min, the main peak of ACE had almost
completely disappeared, leaving only the peaks of degrada-
tion products. The intensities of peaks like m/z 173, 205, and
248 showed that the reaction had progressed significantly
and that ACE had largely degraded. This indicates that
the structure of ACE had broken down into smaller frag-
ments and the mineralization process had accelerated. At
120 min, as the photocatalytic reaction progressed, smaller
final products with lower toxicity potential were detected.
The m/z=102.90 peak was associated with the presence of
TP158, corresponding to 6-chloronicotinic acid. This com-
pound has previously been reported in the literature as a

typical intermediate product in the oxidation processes of
neonicotinoid insecticides (Carra et al. 2015). These findings
demonstrate that ACE was effectively degraded during the
photocatalytic oxidation process, and the organic pollutant
was transformed into environmentally benign products.

The photocatalytic oxidation of ACE under the
TiO,-doped ZnO photocatalyst was monitored using mass
spectrometry (LC-MS/MS), and the formation of inter-
mediate products was observed throughout the process. At
0 min, the m/z=223 and m/z =244 peaks corresponding to
the main molecule of ACE were detected at high intensity,
indicating that the photocatalytic reaction had not yet begun.
At 15 min, as the degradation process of ACE started, a
decrease in the m/z=223 and m/z =244 peaks was observed,
and peaks corresponding to intermediate products, such as
m/z =205, m/z=245, and m/z=248.90, began to appear.
These peaks indicate that the photocatalytic degradation of
ACE was progressing.

At 30 min, the main peaks of ACE, m/z=223 and
m/z =244, had further weakened, while more complex
intermediate products, such as m/z =230, m/z=246, and
m/z =249, had formed. Among these intermediate prod-
ucts, the m/z =205 peak can be associated with ACE-N-
desmethyl (Cruz-Alcalde et al. 2017). This product is a
typical intermediate formed during the photocatalytic oxi-
dation of ACE. By 60 min, the m/z=223 and m/z =244
peaks had almost completely disappeared, replaced by larger
degradation products such as m/z =230.85, m/z =248.85,
and m/z=266.80. At 120 min, the characteristic peaks of
ACE had completely vanished, and peaks corresponding to
smaller molecules, such as m/z=98 (N'-cyano-N-methyl
acetamidine), m/z=128, and m/z=158 (6-Chloronicotinic
acid), were detected (Cruz-Alcalde et al. 2017). This indi-
cates that ACE was successfully mineralized and demon-
strates the high photocatalytic efficiency of TiO,-doped
ZnO.

Comparison with other photocatalytic findings
on ACE degradation

Table 2 summarizes recent photocatalytic studies on ACE
degradation using different catalysts and irradiation sources.
Overall, the literature indicates that TiO,-based systems
under UVA or UV-C commonly yield moderate removal effi-
ciencies, often requiring long reaction times or higher initial
ACE concentrations. ZnO and ZnO-based composites, par-
ticularly those modified with graphene oxide or noble met-
als, demonstrate significantly enhanced activity under visible
light or solar irradiation, in some cases achieving complete
degradation within shorter treatment periods. Compared
to these findings, the present study shows that ZnO-based
catalysts under UV-C irradiation can achieve complete ACE
removal rapidly at low pollutant concentrations without

a
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Table 2 Photocatalytic degradation performance of ACE using various photocatalysts and light sources reported in the literature

Photocatalyst Light Source Initial pH Catalyst Dosage Time (min) Removal Efficiency Reference
Conc. (Cp) (%) and Analytical
mg/L Method
TiO, (Degussa UVA (400-320 nm) 500 5.0 - 420 > %90 (HPLC/ (Guzsvany et al.
P-25) DAD, UV spec- 2009)
trophotometry)
TiO, (Degussa UV (366 nm) 2000 ~5.2-5.8 2.0 mg/mL 300 100% (HPLC/DAD) (Guzsvany et al.
P-25) 2012)
UV-C pretreated UV-A (365 nm) 10 6.5 160 cm? 240 %56 (HPLC-UV) (Zelié et al. 2022)
TiO,
Perlite-supported UVA-LED 10 6.5 - 240 %48.49 (HPLC) (Kosar et al. 2023)
TiO, catalyst (365 nm)
UV-C pretreated UV-A lamp 2 8 60 mg/0.6 dm> 120 ~%50 (HPLC) (Licht et al. 2023)
TiO, P25
ZnO Visible light 15 - 0.2 g/L 300 ~ %40 Gas Chroma- (Miyashiro and
tography (GC) Hamoudi 2022a)
N-GO-ZnO* and Visible light 15 - 0.2 g/L 180 % 100 (GC) (Miyashiro and
Pd-GO-ZnO** Hamoudi 2022b)
composites
ZnO Solar irradiation 0.1 ~7.1 0.2 g/L 120 %85 (HPLC) (Fenoll et al. 2015)
TiO, Solar irradiation 0.1 ~7.1 0.2 g/L 120 %30 (HPLC) (Fenoll et al. 2015)
ZnO UV-C 5 6.2 0.1 ¢g/L 120 %79 (UV-Vis); This study
%100 (HPLC)
TiO,-doped ZnO UVv-C 5 6.2 0.1 g/lL 120 %71 (UV-Vis); This study
%100 (HPLC)

“nitrogen-doped graphene oxide zinc oxide; ** palladium-graphene oxide zinc oxide

additives, highlighting their practical potential for efficient
and scalable water treatment applications.

Conclusion

In this study, the efficiency of ZnO and TiO,-doped ZnO
photocatalysts for the photocatalytic removal of ACE from
aqueous solutions was investigated. In experiments con-
ducted under UV-C light, ZnO exhibited the highest perfor-
mance with a removal efficiency of 79%, while TiO,-doped
Zn0O achieved a removal efficiency of 71%. Kinetic analyses
revealed that the degradation rate of ACE followed a pseudo-
first-order kinetic model, and ZnO had a higher rate con-
stant. HPLC analyses confirmed that ACE was completely
removed (100%) after a reaction time of 120 min; however,
due to the presence of intermediate products, UV spectro-
photometer analyses showed removal efficiencies of 79%
for ZnO and 71% for TiO,-doped ZnO. It was determined
that ZnO exhibited higher photocatalytic activity compared
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to TiO,-doped ZnO and was more effective in the rapid oxi-
dation and degradation of ACE. ZnQO’s ability to generate
more photoexcited electron—hole pairs than TiO,-doped ZnO
enhanced its photocatalytic performance. The intermediate
products formed during the photocatalytic process were
identified using LC-MS/MS, and ACE was transformed
into smaller compounds such as hydroxylated derivatives,
demethylated fragments, nitrile-containing intermediates,
and low-molecular-weight carboxylic acids (e.g., formic
and acetic acids) through mechanisms such as C-N bond
cleavage, hydroxylation, demethylation, and ring opening.
Future studies should include a more detailed toxicological
evaluation of these intermediates to better assess the envi-
ronmental risks of the process.

Future studies could investigate the modification of
ZnO and TiO, with different additives to enhance the effi-
ciency of the photocatalytic process. In particular, methods
that improve photocatalytic activity under visible light are
important for energy savings and broader application areas.
Additionally, a more detailed examination of the toxicologi-
cal effects of intermediate products is critical for evaluating
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the environmental impacts and potential risks of the process.
Developing nano-structures with an expanded surface area
for ZnO and exploring ways to increase the reusability of
photocatalysts could offer new perspectives for sustainable
water treatment technologies. For the industrial application
of photocatalytic processes, in addition to scaling-up studies,
innovative reactor designs that improve energy efficiency
should also be examined.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-025-06984-3.
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