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Water is the fundamental source of life on earth. Nowadays, the growth of urban
populations and industrial development have resulted in a continuous increase in sewage
discharge, which frequently contains pathogenic microorganisms, toxic chemicals, and
pharmaceutical pollutants [1,2]. Traditional treatment methods struggle to effectively
remove emerging organic micro-pollutants such as drug residues and pesticides [3,4].
When these harmful substances enter surface water and groundwater, they can cause
eutrophication, algal blooms, and fish death, ultimately threatening human health. In the
face of the urgent demand for safe water, advanced oxidation technologies are proving
promising due to their ability to mineralize organic pollutants into non-toxic products,
CO;y, and HO [5,6]. Among these technologies, photocatalysis—using solar energy as its
sole power source—is regarded as the “greenest” solution for treating water containing
organic micro-pollutants [7,8].

This Special Issue explores recent advancements in photocatalytic technology for
water treatment, featuring diverse perspectives, from material design to practical appli-
cations. Contribution 1 presents a “urea-dicyandiamide” copolymerization strategy to
synthesize porous V-doped g-C3Nj (V/CN), achieving a specific surface area of 64.6 m?/g
and improved catalyst yield. The combination of vanadium doping and nanosheet and
hollow tubular structures enhances the separation of photogenerated carriers, boosting the
photocatalytic activity of g-C3Ny in the peroxymonosulfate (PMS) system. Under simulated
sunlight using PMS as an oxidant, carbamazepine is completely degraded within 20 min,
effectively balancing the advantages of “high activity” and “low cost”. The results reveal
that this is an economical and efficient method for degrading pharmaceutical pollutants in
aquatic environments.

TiO; has emerged as one of the most promising materials for degrading organic pollu-
tants, offering multiple advantages, including non-toxicity, low cost, high photoreactivity,
and stability. When TiO; is irradiated by UV light, highly reactive oxygen species (ROS)
are produced and oxidize and mineralize organic pollutants into harmless products [9].
However, the low photocatalytic efficiency and wide bandgap of TiO; limit its practical
application [10]. To improve catalytic efficiency, contribution 2 introduces a modified
TiO, photocatalyst doped with bismuth (Bi) and fluorine (F), along with SnO, and SiO,.
This co-modification significantly enhances the photocatalytic degradation efficiency of
TiO,; specifically, RhB degradation efficiency reaches 100% within 20 min under simulated
sunlight. The reaction rate constant is 41 times greater than that of Bi/TiO, alone, demon-
strating that this synergistic strategy effectively improves light absorption and carrier
separation efficiency.

Catalysts 2025, 15, 1103 https://doi.org/10.3390/catal15121103
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To address the issue of the wide bandgap in TiO, (about 3.2 eV), which restricts its
degradation efficiency under visible light, in Contribution 3, Li et al. successfully extend
the light response of TiO; to the visible spectrum through interstitial nitrogen doping. Their
study compares two nitrogen sources, thiourea and ammonium bicarbonate, finding that
5%Nrt/TiO, prepared with thiourea exhibits superior degradation efficiency for methylene
blue (MB) compared to both pristine TiO, and substitutive N-doped TiO, (5%Nap/TiO»).
The benefit of interstitial doping over substitutional doping is that interstitial nitrogen
atoms distort the TiO, lattice, reduce interplanar spacing, and enhance electron transport.
For contribution 4, a triple-action effect was utilized to enhance the photocatalytic activity of
TiO,. TiO, nanoparticles were prepared and transformed into nanotubes during the doping
progress, supported by gold nanoparticles to increase charge carriers and active sites while
preventing recombination reactions. Consequently, the photocatalytic degradation rate of
acid green 1 reached 100% after 17 min of light radiation. This study demonstrated that
this triple-action effect addresses titanium oxide’s limitations by creating new photo-active
sites and pathways for charge carriers, in addition to inhibiting recombination reactions.
Contribution 5 introduces another material design concept by combining TiO, with phos-
phoric acid-treated peanut shell biochar (p-BC). The TiO,/p-BC composite reduces the
band gap to 2.73 eV, which significantly enhances tetracycline removal efficiency through
synergistic adsorption and photocatalysis. Under optimal conditions, the tetracycline
removal efficiency reaches 95.3%, remaining above 86% after five cycles, demonstrating
excellent stability and reusability. It represents an interesting approach to developing an
efficient TiO,-based photocatalyst, using low-cost agricultural waste as a catalyst precursor
while promoting resource utilization.

The support material is a critical component of the catalyst, significantly influencing
its activity, reusability, stability, and recovery. For Contribution 6, a TiO, /CdS nanocatalyst
was immobilized on flexible nickel foam to achieve efficient photocatalytic degradation of
antibiotic pollutants in water. Under optimal conditions determined based on response
surface methodology—specifically the Box-Behnken design (RSM-BBD)—which included
28 g of catalyst at a pH of 9.04 in 150 min, the removal rate for tetracycline hydrochloride
(TCH) reached 53.89% at a scale of 10 L, thereby providing direct parameters for process
scaling-up. Furthermore, five consecutive cycling experiments demonstrated remarkable
stability with only a minimal catalyst loss of 4.44%.

The practical applications of photocatalytic technology must consider environmental
influences; parameters optimized in the laboratory may require adjustment for actual water
bodies, which is an important consideration in the transition of photocatalytic technology
from the laboratory to engineering applications. Contribution 7 shifts the focus from
the material to the application environment, systematically investigating how inorganic
anions influence the UV /persulfate advanced oxidation process. This study shows that in
pure water, the UV /persulfate system can completely degrade herbicides (terbutylazine
and isoproturon) within 30 min. However, the presence of C1~ and HCO3™ significantly
reduces degradation efficiency. Notably, HCO3™ effectively scavenges HO- and SOy4-~,
producing CO3-~ with weaker oxidation capacity, thus inhibiting herbicide degradation.

With the widespread detection of organic pollutants such as neonicotinoid pesticides
in water bodies, there is an urgent need for the development of efficient photocatalyst.
Contribution 8 summarizes the research progress on various solid catalysts for degrading
the pesticide imidacloprid. Metal oxides such as nano-ZnO and black TiO, demonstrate
excellent degradation performance. Carbon-based materials (e.g., g-C3Ny and graphene)
and metal-organic frameworks enhance catalytic efficiency due to their high specific sur-
face area and superior photoelectric properties. Additionally, Z-scheme heterojunctions
have gained attention for their ability to broaden light response, improve redox capabilities,
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and reduce carrier recombination, which surpasses that of traditional type-I and type-II
heterojunctions. Zeolites possess a high specific surface area, tunable pore structures, and
excellent ion exchange capacity. Modified zeolite materials have shown great potential
as carriers or composite components of photocatalysts in the photocatalytic treatment of
pollutants [11]. Contribution 9 reports that their photocatalytic activity can be significantly
enhanced through doping with metals (such as Ag, Fe, or Cu) or combining them with
semiconductor materials (such as TiOp, ZnO, or g-C3Ny). These composite materials not
only extend light absorption into the visible light range but also enhance the degradation
efficiency of pollutants through the synergy of adsorption and photocatalysis. High-silica
zeolites, due to their hydrophobicity, have enhanced adsorption capacity for organic pollu-
tants. Although modified zeolites have achieved remarkable results at the laboratory stage,
their industrial application still poses challenges such as high synthesis costs, unstable
regeneration efficiency, and difficulties in large-scale production. Future research should
focus on precision material design and the optimization of regeneration technology to
promote the application of zeolite-based photocatalytic materials in actual water treatment.

Photocatalytic technology also shows great potential for water disinfection as an alter-
native to traditional chlorination and ultraviolet treatment. Contribution 10 systematically
reviews advancements in red phosphorus and black phosphorus for photocatalytic water
disinfection, emphasizing their benefits in visible light response, ROS generation, and
pathogen inactivation mechanisms. The authors report that both materials exhibit excellent
light absorption and biocompatibility while significantly enhancing the separation effi-
ciency of photogenerated carriers and antibacterial performance through heterostructures
with graphitic carbon nitride or TiO,. Current research primarily focuses on pure water
systems; future studies should enhance performance evaluation and long-term stability in
actual aquatic environments.

Overall, photocatalytic water treatment technology, a key branch of advanced oxida-
tion processes, shows significant potential in the treatment of emerging pollutants and
in disinfecting water. There have been notable advances in two key areas: improving
photocatalytic efficiency through novel materials and optimizing processes for complex
aquatic environments. However, challenges remain regarding large-scale application, such
as the low utilization of visible light and unresolved issues relating to material stability over
prolonged use. Additionally, the influence of diverse components in real water bodies on
the photocatalytic process requires systematic investigation and effective solutions. In the
future, with further integration of materials science, catalytic chemistry, and environmental
engineering, it is expected that efficient, cost-effective, and stable photocatalytic water
treatment technologies will play a crucial role in the purification of water environments.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Pollution caused by antibiotics has brought significant challenges to the ecological envi-
ronment. To improve the efficiency of the removal of tetracycline (TC) from aqueous solutions, a
composite material consisting of TiO, and phosphoric acid-treated peanut shell biochar (p-BC) has
been successfully synthesized in the present study by the sol-gel method. In addition, the composite
material was characterized using various techniques, including scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) spectroscopy, X-ray photo-
electron spectroscopy (XPS), photoluminescence (PL) spectroscopy, and ultraviolet-visible diffuse
reflectance spectroscopy (UV-vis DRS). The XPS and FTIR analyses revealed the formation of a new
Ti-O-C bond, while the XRD analysis confirmed the presence of TiO, (with an anatase phase) in the
composite material. Also, the PL analyses showed a notable decrease in the recombination efficiency
of electrons and holes, which was due to the formation of a composite. This was further supported by
the UV-vis DRS analyses, which revealed a decrease in bandgap (to 2.73 eV) of the composite material
and led to enhanced light utilization and improved photocatalytic activity. Furthermore, the effects
of pH, composite dosage, and initial concentration on the removal of TC were thoroughly examined,
which resulted in a maximum removal efficiency of 95.3% under optimal conditions. Additionally,
five consecutive cycle tests demonstrated an exceptional reusability and stability of the composite
material. As a result of the experiments, the active species verified that -O, ™ played a key role in
the photodegradation of TC. Four possible degradation pathways of TC were then proposed. As a
general conclusion, the TiO, ,p—BC composite can be used as an efficient photocatalyst in the removal
of TC from aqueous solutions.

Keywords: TiO,; biochar; tetracycline; photocatalytic; removal

1. Introduction

Antibiotics have been widely used to treat various bacterial diseases in humans and
livestock all over the world [1]. However, only a small portion of the antibiotics can be
absorbed and utilized in the body, and a high portion of antibiotics is discharged into the
in vitro environment in the form of original drugs or primary metabolites [2]. Furthermore,
residual antibiotics can cause antibiotic resistance bacteria (ARB) and antibiotic resistance
genes (ARGs) [3], which threaten human health and ecosystem security. As one of the
major broad-spectrum antibiotics, tetracycline (TC) is widely used for the treatment of
human and animal infection diseases [4], especially in the livestock industry. In recent
years, the abuse and wanton discharge of TC has led to its detection in surface water [5],
groundwater [6], and sediment [7]. The physicochemical properties and structure of TC

Catalysts 2024, 14, 357. https:/ /doi.org/10.3390/ catal14060357 5 https://www.mdpi.com/journal/catalysts
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have difficulties regarding their degradation in the environment [8]. The environmental
accumulation of TC has aroused widespread concern [9]. It is necessary to remove TC from
contaminated water to minimize the environmental and ecological risks.

Up to now, researchers have developed a variety of technologies for the removal of TC
from contaminated water. They include microbial degradation [10], chemical oxidation [11],
physical adsorption [12], and membrane separation [13]. Among these, adsorption was
a preferred method for the removal of various pollutants, which was due to its low cost
and easy operation. Biochar is the material created by pyrolysis of available waste biomass
under the condition of limiting oxygen, which usually has a high specific surface area and
rich functional groups. Biochar or modified biochar, as an adsorbent by which it has been
possible to remove TC from contaminated water, has received extensive attention. Chen
et al. [14] reported on the adsorption capacity of TC, which increased from 150.2 mg g~!
to 166.3 mg g~ ! when using the phosphoric acid-modified biochar. However, the main
disadvantage of the adsorption technology was that TC was only transferred from one
phase to the other, and it was not destroyed or disappeared [15].

As an environmentally friendly technology, photocatalysis has been used for the
degradation of a variety of organic pollutants [16]. TiO; is a photocatalyst that is most
widely studied for water purification [17,18], which has here been used due to its low cost,
high stability, minimum photo-corrosion, high photo-activity, and low toxicity. Zhang
et al. [19] found that TiO, can be removed by approximately 55% of TC in an aqueous
solution. However, TiO; also has some disadvantages, such as small surface area, low
light utilization, quick recombination of electron-hole pairs, easy agglomeration, low re-
activity for low concentrations of contaminants, and difficulties in recovering in aqueous
solutions. All these disadvantages limit the use of TiO, for contaminated water treat-
ments. Researchers have used various methods to modify TiO, for the improvement of
its photocatalytic removal of pollutants and its wide applicability. Xu et al. [20] reported
on P-doped TiO,, which had a smaller band gap value and could use more light energy
than pure TiO; for a red shift of the absorption spectrum. Some studies have also loaded
TiO, onto various materials, such as carbon nanotubes [21] and graphene [22]. Although
the photocatalytic effect has been improved, the cost was high, and there was a lack of
practical applications. Due to its high adsorption capacity and economic performance,
biochar has received large attention as an excellent support material for TiO;. Lu et al. [23]
prepared a TiOp-biochar composite catalyst and used it for the photocatalytic degradation
of methyl orange. The modification by phosphoric acid may increase the specific surface
area of biochar [24], which is beneficial for the adsorption of pollutants and the loading
of TiO,. Also, the combination of biochar and TiO, can reduce the band gap value and
enhance the use of visible light [25], which is due to the formation of new states above the
VB of the composite [26]. In fact, the adsorption of pollutants from the liquid phase to the
solid surface of biochar is more conducive to photocatalytic degradation [27].

In the present study, phosphoric acid-treated peanut shell biochar (p-BC) has been
used as a support material in the preparation of the TiO, /p-BC composite, which has been
characterized by SEM, FTIR, XRD, XPS, PL, and UV-vis DRS. The adsorption and photo-
catalytic performance have been evaluated by the removal efficiency of TC. The reusability
of the composite was also studied by a recyclability experiment, and the photocatalytic
degradation mechanism and the degradation pathways of TC were finally proposed.

2. Results and Discussion
2.1. Characterization
2.1.1. SEM

The surface morphologies of p-BC, TiO,, and TiO,/p-BC were examined by SEM
analyses. The results showed a smooth and porous structure of p-BC (Figure 1a). As
can be seen in Figure 1b, the TiO, particles showed irregular agglomerated morphologies
with random shapes. As compared with the p-BC, the surface morphology of TiO, /p-BC
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(Figure 1c) was much rougher, with an accumulation of many TiO, particles. Thus, the
pore structure of TiO, /p-BC was severely blocked.

Figure 1. SEM images of (a) p-BC, (b) TiO,, and (c) TiO, /p-BC.

2.1.2. XPS Analyses

The survey spectrum of TiO,/p-BC is presented in Figure 2a. According to the
five peaks that are related to Cls, N1s, Ols, P2p, and Ti2p core levels, this spectrum
clearly shows that the composite material mainly contains C, N, O, P, and Ti elements,
respectively. As can be seen in Figure 2b, the Cls spectrum was deconvoluted into three
peaks at 284.68 eV, 286.08 eV, and 289.48 eV, which corresponded to C-C, C-O, and C=0
bonds, respectively. The high-resolution N1s spectrum in Figure 2c shows two peaks at
400.01 eV and 401.38 eV, which correspond to C=N-C and C-NHx bonds, respectively.
Furthermore, the Ols spectrum was divided into two peaks at 530.68 eV and 531.98 eV,
which corresponded to the O-Ti and O-H bonds (Figure 2d). Also, Figure 2e shows the
high-resolution P2p spectrum with peaks at 134.20 and 135.15 eV, representing C-O-P and
O=P-O, respectively. This spectrum indicated that the preparation of biochar by phosphoric
acid-modified peanut shell was successful and that the phosphorus element was present in
the prepared composite material. The fitting of the Ti2p spectrum is shown in Figure 2f,
with characteristic peaks of Ti 2p?/3 and Ti 2p'/? at 459.26 eV and 464.94 eV, respectively.
This result indicated that the titanium element in the composite mainly existed in the
form of Ti** [28]. Also, the binding energies of Ti 2p1/ 2and Ti 2p3/ 2 were higher than the
corresponding ones in pure TiO, (458.5 eV and 464.3 eV, respectively), which was due to
the fact that the C atoms in the composite affected the electron cloud density around the Ti
and O atoms, thereby forming Ti-O-C bonds [19].

2.1.3. XRD Analyses

The XRD patterns of p-BC, TiO,, and TiO,/p-BC are displayed in Figure 3a. For
p-BC, the broad peak at about 25 degrees is the characteristic diffraction peak of p-BC.
For TiO,, the peaks at about 25.26, 28.61, 37.79, 48.04, 54.02, 55.01, 62.65, 68.73, 70.51,
and 75.15 degrees corresponded to the 101, 110, 004, 200, 105, 211, 204, 116, 220, and
215 crystalline planes, respectively, of anatase TiO, (JCPDS No. 21-1272) [29]. Furthermore,
the XRD pattern of TiO, /p-BC lacked the characteristic diffraction peak of p-BC, which
might be due to the overlap of characteristic peaks of TiO, at similar positions. Also, the
characteristic diffraction peaks of anatase TiO, were present in the TiO,/p-BC pattern,
which indicated that the anatase phase of TiO, was successfully synthesized to p-BC, and
the crystalline form of TiO; was not affected in this process. These results are consistent
with previous reports [29,30].
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Figure 3. (a) XRD and (b) FTIR patterns of p-BC, TiO,, and TiO, /pBC. (c¢) PL emission spectra of
TiO, and TiO, /pBC.

2.1.4. FTIR Analyses

The FTIR results of p-BC, TiO,, and TiO, /p-BC are shown in Figure 3b. The character-
istic peaks at about 3415 cm ! were assigned to ~OH stretching vibrations and the peaks at
about 1627 cm ™! corresponded to stretching vibrations of C=0 and C=C [31]. Furthermore,
the characteristic Ti-O peak of TiO; (at about 473 cm~ 1) was observed in the spectrum of
TiO, /p-BC [32]. Also, the peak at 1066 cm ™! was assigned to Ti-O-C stretching vibration,
which suggested that new chemical bonds were formed between TiO; and p-BC [33]. These
results indicated that TiO, /p-BC was successfully prepared, and it was consistent with the
SEM and XRD results.

2.1.5. PL Analyses

PL spectra have been used to evaluate the electron and hole recombination efficiency
of different photocatalytic materials [34]. In general, the low and high PL intensities of the
PL spectra indicated low and high recombination rates, respectively, of TiO, and TiO, /p-
BC (Figure 3c). However, the PL intensity of TiO, /p-BC was much lower than that of TiO,,
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which indicated that TiO, /p-BC had low recombination efficiency of electrons and holes.
In addition, this indicated a high photocatalytic activity of TiO,/p-BC. As an explanation
of these results, the conducting p-BC can assist in the transfer of photogenerated electrons,
thereby preventing the recombination of electrons and holes [35].

2.1.6. UV-Vis DRS Analyses

The UV-vis DRS spectra of TiO, and TiO, /p-BC are presented in Figure 4a. For TiO,,
the strong adsorption was obtained for a wavelength less than 400 nm, which indicates that
they had no obvious absorption in the visible light. However, TiO, /p-BC showed obvious
absorption above the wavelength of 400 nm. This indicated that TiO, /p-BC had improved
light utilization and higher photocatalytic activity as compared with TiO,. Furthermore, the
bandgaps (Eg) of TiO; and TiO, /p-BC were 3.21 eV and 2.73 eV, respectively (Figure 4b),
which were calculated by using the Kubelka-Munk equation [36]. This result indicated that
the addition of p-BC contributed to the reduction of the Eg of the composite. According
to the Mott—Schottky equation [37], the flat band potential (Epp) of TiO, and TiO, /p-BC
were determined as —0.50 eV and —0.83 eV, respectively (Figure 4c). Generally, the lower
conduction band potential (Ecg) of n-type semiconductors was approximately equal to
Erp [38]. Based on the above analyses, the upper valence band potentials (Eyg) of TiO;
(2.71 eV) and TiO, /p-BC (1.90 eV) could be estimated.
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Figure 4. (a) UV-vis DRS spectra of TiO, and TiO, /p-BC, (b) calculated corresponding bandgaps,
and (c) corresponding Mott-Schottky curves.

2.2. Effect of Solution pH
2.2.1. Comparison of Removal Efficiency

Figure 5 shows the removal efficiency for three different samples on TC. The data
show that p-BC can achieve a high removal efficiency of about 75.8% on TC. However,
adsorption played a major role in this process, and light hardly contributed to the removal
of TC. The adsorption only transfers TC from solution to p-BC, which may cause secondary
pollution to the environment. The removal efficiency of TC by TiO, alone was 24.4 %. The
adsorption of TiO, was weak, and photocatalytic was mainly responsible for the removal
of TC. TiO, /p-BC composite has excellent adsorption and photocatalytic effects on TC at
the same time, and the removal efficiency was 94.5%. Compared with p-BC and TiO; alone,
the removal efficiency of TC was increased by 18.7% and 70.1%, respectively. The recovered
TiO, /p-BC was sonicated in 30 ml deionized water for 30 min, and no TC was detected
in the solution by the ultraviolet spectrophotometer, indicating that the adsorbed TC has
been photocatalytically degraded. The synergistic effect of adsorption and photocatalysis
was beneficial in improving the removal efficiency of TC by the TiO, /p-BC composite.

0.2

0.0
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Figure 5. TC removal performance of different samples.

2.2.2. Effect of Solution pH

The initial pH value of the solution was a key parameter in the process of photocataly-
sis, which influenced the adsorption and photodegradation removal of pollutants. The zeta
charge (pHpyzc) of TiO, /p-BC was determined, as can be seen in Figure 6a. Also, at pH 4.23,
the surface charge of TiO, /p-BC was neutral. However, the surface charge was positive at
pH values less than 4.23 and negative for pH values larger than 4.23. Also, the TC molecules
had three different forms at different pH values: TC* (pH < 3.3), TC (3.3 < pH < 7.7), and
TC~ and TC?~ (pH > 7.7) [39]. The effects of pH on the removal of the TC are shown in
Figure 6b. For the initial pH value of the solution, there were repulsive forces between the
positive charges on the surface, which resulted in a low removal efficiency. Furthermore,
the interactions between the charges on the surface were weak.
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Figure 6. (a) Point of zeta charge of TiO,/p-BC. (b) Removal efficiency of TC by TiO,/p-BC at
different pH values.
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(2)

2.2.3. Effect of the TiO, /p-BC Dosage

The effects of TiO,/p-BC on the removal of TC are shown in Figure 7a. As can be
seen in Figure 7a, with an increase in composite dosage from 0.025 g L=! to 0.1 g L1,
the removal efficiency increased from 47.4% to 96%. It thereafter increased with a further
increase in the composite dosage (at a minor level). The removal of TC by the composite
mainly included two processes: the adsorption of p-BC (dark stage) and the photocatalytic
degradation of TiO; (light stage). Figure 7b shows the contribution of adsorption and
photocatalytic degradation to the TC removal for different composite dosages. The results
showed that the removal of TC by the removal of adsorption increased with an increase in
composite dosage. With the dosage increase from 0.025 g L~! to 0.1 g L1, the removal of
TC by photocatalytic degradation increased from 27.3% to 50.7%. For a further increase
in the composite dosage, the removal of photocatalytic degradation diminished further.
The reason for this observation was that the high composite concentration blocked the
penetration of light, thereby reducing the utilization of light [40]. Therefore, the composite
dosage was selected as 0.1 g L. At this dosage, the composite showed a high adsorption
capacity and photocatalytic removal of TC and also ensured a high total removal efficiency.
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Figure 7. (a) Removal efficiency of TC at different dosages of TiO, /p-BC. (b) Proportion of photocat-
alytic oxidation and adsorption at different dosages.

2.2.4. Effect of Initial TC Concentration

The effects of the initial concentration on the removal of TC are shown in Figure 8a.
With the increase in initial TC concentration from 20 mg L~! to 50 mg !, the removal effi-
ciency decreased from 95.5% to 75.8%. Also, Figure 8b shows the contribution of adsorption
and photocatalytic degradation to the TC removal under different initial concentrations.
The results showed that adsorption played a key role in the removal of TC at the initial
concentration of 20 mg L~!, while the photocatalytic degradation contributed with a lesser
degree to the removal. When the initial concentration was 30 mg L !, the composite had
considerable adsorption and photocatalytic removal effect on TC, and the total removal
efficiency was larger than 95%. Thereafter, with an increase in the initial concentration, the
total removal efficiency of TC was less than 90%. One of the reasons was that the adsorption
site of the composite was unchanged, and the increase in TC concentration led to a decrease
in adsorption removal efficiency. In addition, the increase in TC concentration reduced
the penetration of light and prevented light from reaching the surface of the composite,
thereby reducing the utilization of light [41].
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2.3. Reusability Test of TiO,/p-BC

The reusability of the photocatalyst is related to the economic feasibility of the photo-
catalytic process, and it can also indicate the stability of the photocatalyst. In the present
study, the reusability of TiO, /p-BC has been evaluated by five successive photocatalysis
experiments for the removal of TC. As can be seen in Figure 9, the removal efficiencies were
95.3%, 93.5%, 89.9%, 87.8%, and 86.5% after five cycles. Although the removal efficiency
decreased slightly after each cycle, the removal efficiency of TC by TiO, /p-BC remained
above 86% after five cycles, indicating that it had excellent reusability and stability. The
decrease in removal efficiency could be attributed to the accumulation of intermediates on
the TiO, /p-BC surface [30,42] and the detachment of a small amount of TiO, [43].
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Figure 9. Cycles for the photodegradation of TC in the presence of TiO, /p-BC.

2.4. Photocatalytic Removal Mechanism

Based on the above analysis results, a possible photocatalytic degradation mechanism
of TC by TiO,/p-BC has been proposed (Figure 10). It was found that p-BC, with an
abundant porous structure and rich in functional groups, was an excellent carrier of TiO,
and an adsorbent for the adsorption of TC. It, thereby, provided more contact opportunities
for TiO, and TC. In addition, studies have confirmed that the combination with biochar
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was beneficial for the reduction of the bandgap energy of the photocatalyst. Compared
with TiO, (3.21 eV), the bandgap of TiO, /p-BC was 2.73 eV. In addition, the potentials of
the conduction band (CB) and valence band (VB) were —0.83 eV and 1.90 eV, respectively.
For sunlight excitation, the TiO, /p-BC could generate electrons (e ™) from the valence band
to the conduction band, with resulting holes (h*) in the valence band. Acting as both
an electron donor and acceptor, p-BC inhibited the recombination of electron-hole pairs
through electron transport. The e~ could react with O, to generate -O, ™, and the h* could
react with H,O to generate -OH [4]. Therefore, -O,~, -OH, and h* were all involved in the
photocatalytic degradation of TC and eventually converted to CO, and H,O.

E(Ag/AgCl) V
4 CO,+H,0,
2
-1
0 CO,+H,0
1
-OH
2 |- s
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Figure 10. Schematic illustration of the TiO, /p-BC photocatalytic enhancement mechanism in the
TC degradation.

To explore the photocatalytic degradation mechanism of TC by TiO, /p-BC, an active
species capturing experiment was designed. BQ, IPA, and EDTA-2Na were then added to
the reaction system as quenchers for -O, ", -OH, and h*, respectively. The results (Figure 11)
showed that the removal efficiency of TC decreased from 95.3% to 59.1%, 88.2%, and 74.7%
in the presence of BQ, IPA, and EDTA-2Na, respectively. This indicated that -O, ™ made an
important contribution to the photocatalytic degradation of TC, which was not the case for

-OH and h*.
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Figure 11. Quenching experiments of active species during the photocatalytic degradation of TC by
TiO, /p-BC (scavenger dosage: 0.1 mmol L™1).

13



Catalysts 2024, 14, 357

The intermediate products of TC photodegradation were analyzed by LCMS. The
samples were detected after 15 min of illumination. The characteristic peak at m/z = 445
corresponded to the TC molecule. Also, the O, 7, -OH and h* that were generated in the
reaction attacked the TC molecules, resulting in a C-C, C=C, C-N, and C-O cleavage in
generating various intermediates. The became eventually degraded into CO,, H,O, and
other small molecules. Based on the m/z value in the LCMS results (Figure S1 Supporting
Information), four possible pathways for the photocatalytic degradation of TC have then
been proposed (Figure 12).
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Figure 12. Possible degradation pathways of TC.

3. Materials and Methods
3.1. Materials

The peanut shell was obtained from a local market in Jinan, Shandong, China. Also,
tetrabutyl titanate (99%), TC (99%), benzoquinone (BQ; 97%), ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na; 99%), and isopropyl alcohol (IPA; 99%) were purchased
from Shanghai Macklin Biochemical Co. Ltd., Shanghai, China. In addition, anhydrous
ethanol, glacial acetic acid, phosphoric acid, NaOH, and hydrochloric acid were purchased
from Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin, China. Furthermore, nitric acid was
purchased from Shanghai Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. All
chemical reagents were analytically pure and without the need for further purification.
Also, deionized water was used throughout all experiments.

3.2. Preparation of Modified Biochar (p-BC) and Composite Photocatalyst (TiO,/p-BC)

The peanut shell was first cleaned with deionized water and then dried in an oven
at 75 °C. Thereafter, it was crushed through a 100-mesh sieve. The method used for the
following activation by the phosphoric acid was based on the previous work by Zhao
et al. [44]. Briefly, 10 g of the peanut shell was impregnated with 30 mL of 50% Hz POy for
24 h at room temperature. After filtration, the impregnated sample was dried in an oven at
110 °C for 5 h. Thereafter, the sample was placed in a crucible and pyrolyzed in a furnace
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at 500 °C for 2 h, with a slow rate of 5 °C min~! in an N; atmosphere. As the next step, the
sample was washed with deionized water until the filtrate had a neutral pH value. In the
following step, the sample was dried in an oven at 110 °C and ground through a 100-mesh
sieve to obtain a phosphoric acid-modified biochar (p-BC).

The TiO, /p-BC composite was prepared through a modified sol-gel method [32]. The
specific steps are as follows: (1) 6 mL of tetrabutyl titanate was added dropwise to 16 mL of
anhydrous ethanol. Thereafter, the solution was stirred for 20 min to obtain a homogeneous
solution, which was labeled as A. (2) Ten mL of anhydrous ethanol, 1.3 mL of deionized
water, 0.7 mL of glacial acetic acid, and 0.7 mL of nitric acid (40 wt.%) were mixed into a
homogeneous solution, and was labeled as B. (3) B was added dropwise to the A solution
to obtain a mixed solution. Two grams of p-BC were added to this solution and stirred
for 4 h before a static aging for 48 h. After 48 h, the gel was dried in an oven at 80 °C for
24 h and ground through a 100 mesh sieve. Finally, the solid was pyrolyzed in a furnace at
500 °C for 2 h, with a slow rate of 5 °C min~! in an N atmosphere. Thereby, the TiO, /p-BC
composite was obtained. The preparation process of the TiO, /p-BC composite is displayed
in Figure 13. Pure TiO, was prepared by the same method as above, except for the omission
of p-BC.
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TiO,/p-BC
Figure 13. Schematic for the preparation of TiO, /p-BC.

3.3. Characterizations

The surface morphologies and structures of the samples were characterized by scan-
ning electron microscopy (SEM) (MIRA LMS, TESCAN, Brno, Czech Republic) with the
working test parameters at 0.2-30 kV acceleration voltage. In addition, the surface chemical
compositions and element-binding states of TiO, /p-BC were analyzed by X-ray photo-
electron spectroscopy (XPS) (K-Alpha, Thermo Scientific, Norristown, PA, USA) with Al
Ko X-ray excitation source. Also, the crystalline phase of TiO, /p-BC was examined by
X-ray diffraction spectroscopy (XRD) (MiniFlex600, Rigaku, Tokyo, Japan) with Cu K«
radiation. Fourier-transform infrared spectroscopy (FTIR) (Nicolet iS20, Thermo Scientific,
Norristown, PA, USA) was used to analyze the surface functional groups of the samples
using KBr pellets in the range of 4004000 cm~!. Furthermore, the migration efficiency of
the photoinduced electrons and holes was evaluated by photoluminescence spectroscopy
(PL) at the excitation wavelength of 355 nm. (FLS1000, Edinburgh, UK). Ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis-DRS) (UV-3600, Shimadzu, Kyoto, Japan) was
used to evaluate the optical absorption performance of TiO, /p-BC. The zeta potential of the
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TiO, /p-BC was analyzed by nanoparticle size and zeta potential analyzer (DLS) (Zetasizer
Nano Z590, Malvern, UK). Finally, the TC concentration in the solutions was determined by
an ultraviolet spectrophotometer at 356 nm, and a liquid chromatograph mass spectrometer
(LCMS) (Ultimate 3000 UHPLC-Q, Thermo Scientific, Norristown, PA, USA) was used for
the analyses of the intermediate products in the photodegradation process.

3.4. Photocatalytic Experiments

The photocatalytic experiments were conducted in a photochemical reactor (CME-PC4,
microenerg, Beijing, China) with a 500 W xenon lamp as the sunlight source. For these
experiments, 0.03 g of a photocatalyst and 30 mL of a 30 mg L~! TC solution were evenly
mixed in a quartz tube. Thereafter, this tube was placed in a dark environment for 1 h to
ensure an adsorption/desorption equilibrium. As the next step, the photocatalytic reaction
was conducted for a duration of 1 h. Three milliliters of the reaction solution was, thereafter,
filtered through a 0.45 pym membrane, and the concentration of the residual TC in the
solution was measured by a UV spectrophotometer. Magnetic stirrers were then used to
ensure a uniform mixing of the solution during adsorption and photocatalytic degradation
under dark conditions. Finally, the effective factors, with their ranges, for the removal
of TC were especially investigated, including pH value (3-11), TC initial concentration
(20 mg L~1-50 mg L~'), and photocatalyst dosage (0.025 g L~1-0.15 ¢ L™!). The reusability
of the photocatalyst was also evaluated by performing five repetitive cycles. After the
photocatalytic experiment, the photocatalyst was recovered by filtration and washed several
times. Thereafter, it was dried at 75 °C for the next coming use. The condition for each
photocatalytic operation was identical to the one used for a fresh photocatalyst.

4. Conclusions

In the present study, the TiO,/p-BC composite photocatalytic material has been
prepared for the removal of TC. The characterization showed that the TiO; (with an anatase
phase) was successfully synthesized to p-BC, and the crystalline form of TiO, was not
affected in this process. Compared with TiO,, the TiO, /p-BC had a lower bandgap (2.73 eV)
and recombination rates of electrons and holes. Thus, the TiO, /p-BC demonstrated a higher
light utilization and photocatalytic activity. Under the optimum conditions of an initial pH
value of 5 in the solution, a composite dosage of 0.1 g L~!, and an initial TC concentration of
30 mg ~!, the removal efficiency of TC by TiO, /p-BC reached 95.3%. The removal efficiency
remained above 86% after five consecutive cycles, which indicated that TiO, /p-BC had
excellent reusability and stability. Furthermore, the active species capturing experiment
verified that -O,~ made an important contribution to the photocatalytic degradation of
TC, which was not the case with -OH and h*. At a low cost, the environmentally friendly,
recyclable, and reusable photocatalytic material TiO, /p-BC can be used for the efficient
removal of TC and other organic pollutants.
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mdpi.com/article/10.3390/ catal14060357 /s1. Figure S1: m/z of degrading TC over TiO, /p-BC com-
posite photocatalyst in different pathways (a—d) and #1/z of the degraded small molecular fragments.
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Abstract: The removal of pesticides and other organic pollutants from water through advanced
oxidation processes (AOPs) holds great promise. The main advantage of these technologies is
that they remove, or at least reduce, pesticide levels by mineralization rather than transfer, as in
conventional processes. This study first evaluated the effectiveness of UV/S,0g~ compared to
heterogeneous photocatalysis using UV /TiO, processes on the degradation of two commonly used
herbicides (terbuthylazine and isoproturon) in aqueous solutions using a laboratory photoreactor.
In addition, the effect of the UV wavelength on the degradation efficiency of both herbicides was
investigated. Although the degradation rate was greater under UV(254)/S,0g~ nm than under
UV(365)/5,08~ nm, complete degradation of the herbicides (0.2 mg L~1) was achieved within
30 min under UV-366 nm using a Na,S,0g dose of 250 mg L~ in the absence of inorganic anions.
To assess the impact of the water matrix, the individual and combined effects of sulfate (SO57),
bicarbonate (HCO3 ™), and chloride (C1~) were evaluated. These can react with hydroxyl (HO®) and
sulfate (5O, °7) radicals generated during AOPs to form new radicals with a lower redox potential.
The results showed negligible effects of SO,~, while the combination of HCO3;~ and Cl~ seemed
to be the key to the decrease in herbicide removal efficiency found when working with complex
matrices. Finally, the main intermediates detected during the photodegradation process are identified,
and the likely pathways involving dealkylation, dechlorination, and hydroxylation are proposed
and discussed.

Keywords: matrix effect; herbicides; water treatment; persulfate; titanium dioxide; photooxidation

1. Introduction

Pesticides constitute an issue of considerable political interest in the fields of environ-
ment, agriculture, and human health under European legislation. The Directive on the
Sustainable Use of Pesticides (2009/128/EC) [1] aims to reduce the risks and impacts of
pesticide use on human health and the environment and to promote the use of integrated
pest management and alternatives such as nonchemical approaches. In this context, water
quality legislation is key to protecting public health and the environment in the European
Union (EU). The Green Deal [2] and its associated strategies aim to reduce pesticide use and
risks by 50% by 2030, with a focus on protecting ecosystems and enhancing biodiversity. For
this purpose, the Water Framework Directive (WFD) 2000/60/EC [3] and its “daughter direc-
tives”, such as the Groundwater Directive (GWD) 2006/118/EC [4] and the Environmental
Quality Standard Directive (EQSD) 2013/39/EU [5], help to protect European waters from
pesticide and chemical pollution. In line with advances in science and technology over the
past decades, on 26 October 2022, the EU Commission published its proposal to amend
the WFD and EQSD [6]. These directives focus largely on so-called priority substances. In
addition, the new Drinking Water Directive (DWD) 2020/2184 [7] sets quality objectives
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for pesticides at the tap and includes a “risk-based approach”, provisions for the protection of
raw water, and the consideration of pesticide metabolites.

However, since the adoption of the EU Urban Wastewater Treatment Directive (UWWTD)
91/271/EEC [8] in 1991, the quality of Europe’s rivers, lakes, and seas has improved dra-
matically. EU countries have used EU funding to build collection systems and wastewater
treatment plants. However, there is still pollution that needs to be addressed and is not
covered by current legislation. According to the European Environment Agency (EEA),
a report based on data from Member States shows that only 38% of EU surface water
bodies are in good chemical status, 46% are not in good chemical status, and 16% are in an
unknown chemical status [9]. Another recent EEA technical report provides an overview of
the occurrence of pesticides and their main metabolites (breakdown or reaction products) in
surface water (lakes and rivers, 180 pesticides) and groundwater (159 pesticides), focusing
on the European level (up to 39 European countries) from 2007 to 2017 [10]. This report
shows exceedance rates of 5 to 15% for herbicides and 3 to 8% for insecticides in surface
water, while in groundwater, the percentages were approximately 7% for herbicides and
less than 1% for insecticides. Fungicides appeared to occur less frequently in both surface
water and groundwater. To achieve maximum crop yields, herbicides are widely used.
Agricultural activities, the cleaning of herbicide containers and equipment, and agricultural
and herbicide manufacturing effluents are the main sources of herbicide water pollution.
Two herbicides, isoproturon (ISP) and terbuthylazine (TBZ), are among the most frequently
reported pesticides in surface water and groundwater in Europe. More recently, another
study proposed a protocol for a systematic review and meta-analysis to determine the
prevalence of pesticides in European water resources (watersheds, aquifers, rivers, the sea,
and springs), wastewater (influent and effluent), and drinking water [11].

To address water pollution, the Commission has proposed an update to the Directive
to enable a significant reduction in the discharge of pollutants into the EU’s lakes, rivers,
and seas [12]. In this sense, for some of the most persistent pollutants, such as recalcitrant
pesticides, the polluted water (from urban, agricultural, and industrial sources) treated by
conventional wastewater treatment plants (WWTPs) is in some cases insufficient to achieve
the legally required level of purity [13]. This issue is of particular concern in areas where
low rainfall does not provide sufficient water resources to meet the needs of agriculture,
which requires increased reuse of effluents coming from WWTPs. Water scarcity and
the uneven geographical distribution of rainfall are concerns in arid and semiarid areas
where water management strategies advocate the reuse of treated wastewater in agriculture
due to climate change. The EU has also addressed this issue by revising the minimum
requirements for water reuse in the context of integrated management under Regulation
2020/741/EU on minimum requirements for water reuse [14]. The aim of this regulation is
to ensure the safety of recycled water for agricultural irrigation, promote circularity, support
resilience to climate change, and contribute to the objectives of the WFD by addressing
water scarcity and related pressures on water resources. Growing public concern about the
presence of pesticides in both wastewater and drinking water is leading to the development
of new regulations that will undoubtedly have an impact on the design and operation of
wastewater treatment plants in the coming years.

As stated in the EQSD, the sources of pollution must be identified, and the emissions
of pollutants must be treated at the source in the most economical, environmental, and
sustainable way. Concerns have increased, as has the need to identify them and apply
new and effective techniques for their reduction and elimination. Conventional water
treatment processes and technologies reduce pollution significantly but not as much as the
current regulations require. The refractory nature of some pesticides, which can be toxic to
the microorganisms used, often renders biological treatments ineffective [15]. In addition,
approaches based on adsorption, flocculation, and ion exchange are not fully effective
because they do not destroy contaminants but rather transfer contaminants to a solid phase
that requires subsequent treatment. Membrane technology has been used extensively in
recent years to remove micropollutants from wastewater, but during long-term processes,
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pollutants gradually accumulate in adsorbed materials until they reach saturation, after
which they become inactive, and consequently, pollutant removal and membrane filtration
efficiency decrease [16]; therefore, membrane technology is usually combined with other
techniques, such as ozonation, activated carbon, or photooxidation [17].

Advanced oxidation processes (AOPs) have been the most studied in recent years for
the removal of pesticides and other micropollutants from wastewater [18-20]. Pesticides are
oxidized by highly reactive oxygen species (ROS), mainly hydroxyl radicals (HO®*/OH™,
EY =1.9-2.7 V vs. NHE) and others such as superoxide anion (O,*~) and hydridodioxygen
(HO,*®). The main advantage of these technologies is that they achieve the removal, or
at least the reduction, of pesticide levels by mineralization rather than by transfer, as
occurs in conventional processes [21]. These technologies are particularly useful in areas
characterized by intensive agriculture and specific climatic patterns, where annual solar
radiation is very high and water is scarce.

Among them, chemical reactions induced by a semiconductor photocatalyst that
absorbs suitable radiation and remains unaffected during the process (heterogeneous
photocatalysis) are of particular interest for water detoxification [22]. Semiconductors such
as TiO,, ZnO, Fe; O3, CdS, ZnS, and others can act as sensitizers for light-induced redox
processes due to their electronic structure, which is characterized by a filled valence band
(Vp) and an empty conduction band (Cg). The absorption of a photon with energy greater
than the bandgap energy (E;) leads to the formation of an electron (e~)/hole (h*) pair. In
the absence of a suitable scavenger, the stored energy is dissipated by recombination within
a few nanoseconds. If a suitable scavenger or surface defect is present to trap e~ or h+,
recombination is prevented, and subsequent redox reactions can occur. The valence band
h* is a strong oxidant (E® = 1.0-3.5 V vs. NHE) depending on the semiconductor and pH,
while the conduction band e~ is a good reductant (E° = 0.5 to —1.5 V vs. NHE). Among
the various semiconductor materials, TiO; (Eg = 3.1 eV) has been the most widely studied
for environmental applications, mainly due to its nontoxicity, photostability, biological
and chemical inertness, corrosion resistance, and chemical and thermal stability (over a
wide pH range and at ambient pressure and temperature), among other properties. The
photodegradation of pesticides in the presence of UV light and TiO; via redox reactions
can be summarized according to the following mechanism [22]:

TiOy +h — ey + hirg (1)

e~ +h" — heat ()

h™ +OH or H,O — HO® 3)

e +0,— 05 (4)

O3 +H' — HOS (5)

HOS — O, + Hy0 (6)

O3 +H0, - HO®*+OH +0, (7)

HO®* + 035" + HO3 + Pesticides — Intermediates + CO + HyO + Mineral salts ~ (8)

More recently, AOPs based on sulfate radical anions (504°~) have received increasing
attention as alternatives to conventional HO®-based AOPs [23-25]. SO4°~ has a similar
redox potential (5O04°~ /SO4~, E® =2.6-3.1 V vs. NHE) to that of HO®, higher selectivity,
and, in some cases, longer half-lives (t; , = 30—40 us) than HO® (t;,, < 1 ps), allowing
more contact and transfer of mass between radical and organic compounds [26]. SO4°~
is typically generated from peroxydisulfate (5,057, PDS), henceforth persulfate (PS) or
peroxymonosulfate (HSO5~, PMS), which can be activated by energy (photochemical,
sonochemical, and thermal), carbonaceous materials, electrochemical activation, alkaline
conditions, transition metal ions, and various other oxidants such as ozone, hydrogen
peroxide, and calcium peroxide [27,28]. PMS has a shorter bond length (1.460 A) than PS
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(1.497 A), which explains its higher dissociation energy of the O-O bond (377 k] mol~?)
compared to that of PS (92 kJ mol 1) [23]. In most cases, UV /PS showed a better ability
to oxidize organic pollutants than UV /PMS did. This can be attributed to the quantum
yield of radical formation, as the quantum yield of PS,s4 is approximately 1.8 M Einstein !,
which is much greater than that of PMSys4 (0.5 M Einstein 1) [23]. As a result, more
energy is required for PMS to generate a radical during the homolytic cleavage of the
peroxide bond [29]. In the thermal/photochemical decomposition pathway of PS, two
moles of SO4°~ are formed per mole of S,0Og~ as a result of the cleavage of the peroxide
bond (Equation (9)). SO4°~ reacts with H,O at all pH values to form HO® (Equation (10)),
which is the primary reactive species under alkaline conditions (Equation (11)). At acidic
(pH < 7) and alkaline (pH > 9) pH values, SO4*~ and HO® are the dominant reactive
species, respectively, while both radicals participate similarly in reactions at circumneutral
pH [23,30]. Finally, SO4°~ promotes the mineralization of pesticides to CO, and H,O
(Equation (12)) according to the following reactions:

S,02” +h (UV) =280 k = 58x10°M s} €
SO}~ + H,O — HO®* +SO; +H" k = 200M ™ 's™! (10)
SO}~ + HO™ — HO® +S07~ k = 65x10" M ' s™! (11)

SO3~ + Pesticides — Intermediates — SOZf—FCOz + H,O (12)

However, both SO4°*~ and HO® undergo rapid and unwanted reactions
(Equations (13)-(15)) where they are consumed, which may limit their effectiveness [31]:

2505 — 503 k= 81x10°M's! (13)
SO + HO® — HSO; k = 1.0 x101°M1s™! (14)
SO3™ + 5108 =+ S0 + 5,05 k = 61x10°M ! 15

In general, SO4°~ is more susceptible to electron transfer reactions than is HO®.
In contrast to SO4°*~, HO® is more prone to hydrogen abstraction or addition [26,32].
Thus, SO4°~-based oxidation is an alternative oxidative treatment to AOPs based on HO®
generation. SO4°~ has several unique properties, such as being a very strong electron
acceptor, which allows the degradation of persistent pesticides refractory to HO®. In
addition, 5,0g~, an environmentally friendly nontoxic oxidizer, avoids the problem of
transport limitations because it is relatively stable and can be produced in high quantities.

Overall, the elimination of pesticides and other micropollutants by HO® and SO4°~
based AOPs is largely influenced by the quality of the water matrix (dissolved constituents),
which can be neutral, inhibitory, or promoting, depending on the process and the mecha-
nism by which these water constituents react [23,33]. As with the experimental parameters,
inorganic anions have an important influence on the performance of AOPs, although the in-
fluencing mechanisms of inorganic anions on their performance remain unclear. In general,
inorganic anions can react with free radicals (usually called quenching effects), which af-
fects the type and concentration of radicals, resulting in variations in the removal efficiency
of the targeted organic pollutants. In addition to organic species, inorganic species such
as C1~, HCO;~ /CO32~,NO;~ /NO,~, PO4H3~, and/or SO,2~, among others, can also
act as inhibitors either by scavenging and generating radicals such as CIOH®*~, C1°, Cl,*~,
CO3*~, HCOs®, Br®, Br,*~, NO®, and/or H,PO,*, which have a lower E° than HO® and
SO4°~ or by promoting the formation of ROS, as in the case of NO3~, which is capable of
generating HO® and NO,* radical species that promote the photodegradation of pesticides,
especially those for which indirect photolysis is the main reactive pathway. In summary,
the effect of inorganic anions on the performance of AOPs is complex. It is related to
the type of inorganic anion, the type of oxidant, the types of organic pollutants targeted,
and the surface physicochemical properties of the catalysts in heterogeneous catalysis. To
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accurately analyze the effect of inorganic anions on the performance of AOPs, it is necessary
to understand their underlying influence mechanisms. Overall, the aim of this work was
to evaluate the impact of inorganic ions on the removal of two herbicides (isoproturon
and terbuthylazine) commonly found in wastewater using UV /persulfate-based advanced
oxidation under laboratory conditions.

2. Results and Discussion
2.1. Photodegradation of Herbicides by UV, NaS,Og and UV/Na»S,0g

The degradation efficiency of the herbicides was defined according to the following
equation (Equation (16)):

Hy

where R, is the removal efficiency, Hy is the initial concentration of herbicide and H; is the
concentration of herbicide at time ¢.

UV radiation has been proposed as an effective method for removing herbicides from
water [34]. Most herbicides are photoactive because their structure generally contains
aromatic rings, heteroatoms, and other functional groups that make them susceptible to
absorbing UV-Vis radiation (direct photolysis) or reacting with photosensitive species
capable of inducing the photodegradation of herbicides in water (indirect photolysis).
The results of herbicide degradation using UV (254/366 nm), UV (366 nm), PS alone, UV
(254/366 nm)/PS, and UV (366 nm)/PS combined (trials 1-5) are shown in Figure 1.

Re(%) = (M) x 100 (16)
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Figure 1. Evolution of herbicide residues over time in photolytic, PS, and UV /PS tests.

Minimal degradation (approximately 2% R.) was observed for both herbicides when
PS was used in the dark. When UV irradiation (254 or 366 nm) was used, the R, of
ISP increased to 16% (254 nm + 366 nm) and 10% (366 nm only), while TBZ removal
was 15% (254 nm + 366 nm) and 7% (366 nm only) after a 120 min photoperiod. Some
studies have shown that TBZ undergoes limited photodegradation and is considered
photolytically and hydrolytically stable under environmentally relevant temperature and
pH conditions [35]. However, photodegradation drastically increased in both cases when
PS was activated with UV, either at a combined wavelength (254 + 366 nm) or at 366 nm
only. After 5 min of irradiation (254 + 366 nm), the levels of both herbicides in the absence
of inorganic anions were below LOD, whereas after 30 min of irradiation with 366 nm
only, both herbicides practically disappeared. Similar results were obtained by Lin and
Wu [36], who compared the effectiveness of PS activation at two wavelengths (254 nm and
365 nm) on the photodegradation of polyvinyl alcohol. PS activation by UV light might
not be a promising method for industrial applications because of its high cost and complex
equipment requirements. Although the activation of PS by UV /254 nm light improves
the efficiency of the process, it is important to note that of the total radiant energy emitted
by the Sun, only the part with a wavelength between 280-3000 nm, known as shortwave
radiation, reaches the surface of our planet. This includes UVB (280-315 nm) and UVA
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(315-400 nm) but not UVC (100-280 nm). Therefore, considering that the UVC fraction
does not reach the Earth’s surface, this fraction cannot be used in solar treatments for water
purification because the spectrum of sunlight at the Earth’s surface begins at approximately
300 nm. UV-366 nm/PS irradiation can therefore be considered an economical and effective
process for the degradation of herbicides using natural sunlight. For this reason, the UVA
fraction (366 nm) was used in subsequent tests because of the satisfactory results obtained.

2.2. Comparing UV/TiO;, and UV/Na,S,0Og Efficiencies

To compare the effectiveness of the two herbicides in degradation, UV /PS (test 5) and
heterogeneous photocatalysis using UV /TiO; as a catalyst (test 6) were compared. Figure 2
shows the kinetic plots of both herbicides under these conditions. As seen, in both cases, a
greater efficacy was observed for UV/PS than for UV/TiO,, which is more notorious in the
case of TBZ.

ISP/UV/PS
ISP/UV/TIO,
TBZ/UV/PS

TBZ/UVITIO,

1.0 4

bdqao00

[Hl/[Hl,

80 100 120

0 20 40 60
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Figure 2. Degradation kinetics of herbicides in UV /PS and UV /TiO, systems.

According to the law of mass action, the photodegradation of herbicides can be mod-
eled by assuming pseudo-first-order kinetics [37]. A kinetic study of the experimental
results showed that the degradation process of both herbicides under UV basically con-
formed to the single first-order (SFO) kinetic model according to the following equations
(Equations (17)-(19)):

d[H]

—— =kt (17)
[H], = [H]ye ™ (18)
In[H|, = In[H], — kt (19)

where [H]; is the concentration of herbicide in solution at time ¢, [H] is the initial herbicide
concentration in solution, t is the time (min), and k is the apparent reaction rate constant
(min~1). The slope of In(H,/H;) plotted against time gives the value of k. From the above
equation, the time required for X% disappearance of herbicides (disappearance time) from
the water can be calculated according to Equation (20):

DTx:ln< 100 ) /k (20)

100 — x

Consistent with the data obtained, the SFO model realistically fits the exponential
decay curve with R? > 0.97 in all cases and a standard error of estimation (Sy/x) <0.05. The
ratio between the apparent rate constants (kps/krio2) was > 1 in both cases, 1.1 for ISP and
3.3 for TBZ, indicating a higher reaction rate for both herbicides using UV /PS compared to
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UV/TiO,. For this reason, UV /PS was used to study the impact of inorganic anions on the
photodegradation of the herbicides studied.

2.3. Effect of Inorganic Anion Content on Herbicide Photodegradation Using UV/Na»S,0Og

The effect of the composition of water on the photodegradation process is critical
to assessing its suitability for real wastewater treatment, and its impact can be complex
in some cases. In addition to dissolved organic matter, the unfavorable effects of some
inorganic ions (mainly anions), such as Cl~, HCO3;~/CO32~, NO3~/NO,~, PO,H?,
and/or SO42~, can be explained by the fact that they reduce the oxidizing power of the
solution. The scavenging of HO® and SO4°~ by various anions generates corresponding
radicals such as CIOH®*~, Cl°, Cl,*—, CO3°*~, HCO3®, Br®, Br,*~, NO®, and/or H,PO,°®,
which have a lower E? than HO® and SO4*~ or promote the formation of ROS, as in
the case of NO3 ™, which is capable of generating HO® and NO,*® radical species, which
promote the photodegradation of pesticides, especially those for which indirect photolysis
is the main reaction pathway [23,33,38]. Some anions and cations present in water are
transparent to solar radiation, while nitrate (A = 303 nm) and nitrite (A = 355 nm) can
absorb some of the radiation. Both absorb light and undergo homolysis to form HO® and
reactive nitrogen species such as NO®, NO;*, N»,O3, and/or N»Oy, leading to herbicide
degradation, although HO® can be further scavenged by NO, ™ to form NO,* [39]. However,
the concentrations of NO3 ™~ /NO; in real wastewater are usually low (<5 mg L~1). For this
reason, we assessed the influence of SO42~, C1~, and HCO3~, which are present at much
higher concentrations.

As shown in Figure 3, the removal efficiency of the herbicides was not affected by the
presence of sulfate at the concentration studied (250 mg L~1!). Even the presence of SO42~
in the solution (test 7) had a positive effect on the photodegradation of both herbicides,
especially for ISP, because higher values of k were obtained according to the results shown

in Table 1.
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Figure 3. Anion-influenced UV /PS herbicide degradation.

Table 1. Kinetic parameters obtained following the SFO model for the photocatalytic degradation of

herbicides in saline water.

. Terbuthylazine (TBZ) Isoproturon (ISP)
Anion
R Tk 2 Sy 3 DTs R Tk 2 Sy 3 DTs

Uv/Ps 0.9952 0.1257 0.03 5.5 0.9953 0.1267 0.03 55
UV/PS/SO4~ 0.9755 0.1287 0.08 54 0.9917 0.1672 0.04 4.1
UV/PS/HCO;™ 0.9963 0.0175 0.02 40 0.9875 0.0844 0.05 8.2
UV/PS/Cl~ 0.9829 0.0307 0.06 23 0.9961 0.1284 0.03 5.4
UV/PS/SO4~ + HCO3™ + Cl™ 0.9755 0.0054 0.03 128 0.9979 0.0849 0.03 8.2

T (min~1); 2 Standard Error of Estimation; 3 (min).

25



Catalysts 2024, 14, 376

SO4~ is not a strong scavenger of HO®, such as C17, HCO3 ™, and CO32~. In contrast,
it has been shown to promote the oxidative degradation of the antibiotics chlorampheni-
col [40] and ciprofloxacin [41] or polyvinyl alcohol [36], as occurs in our case. According to
Cabrera-Reina et al. [42], the removal efficiency of acetamiprid, carbamazepine, and caffeine
was also unaffected by the sulfate concentration in the range of 0-550 mg L~!. Therefore,
the impact of SO4~ on activated PS processes, as summarized in Equations (21) and (22), is
very low.

SO2~ + HO® — SO, +OH~ 1)

SO} +80; —S,03 +e (22)

Chloride ions (Cl™) are major inorganic anions in natural water. The adverse effect
of Cl17, especially at high concentrations, on the degradation of many organic micropol-
lutants has been reported by some authors [23]. In the case of ISP, a minimal influence
was observed when chloride ions (150 mg L~!) were present in the solution because
kps/Kps,c is 0.98 (Table 1). However, a significant influence was observed for TBZ, where
the kps/Kpg /) ratio was 4.1, as shown in Figure 3. The adverse effects of high CI™ concen-
trations could favor the scavenging of HO® and SO4°~ according to the following reactions
(Equations (23)—(26)):

ClI™ + SO}~ — SO~ +cCI’ (23)
Cl~ + HO®* — CIOH®~ (24)
CIOH*” +H" — H,O+CI* (25)
CI~ +CI* — CI3™ (26)

Compared to that of HO®-based AOPs, radical scavenging by C1~ in SO4°~-based AOPs
is a major challenge. The reaction between CI™ and HO® gives CIOH®~ (Equation (24)), but
this is a reversible reaction that mostly returns to HO® [43]. In contrast, SO4°*~ produces CI®
(E°=2.4V) by one-electron abstraction from C1~ (Equation (23)), which is often reflected
in lower efficiencies in organic pollutant removal as well as greater generation of reactive
chlorine species such as Cl,*~ (E? = 2.1 V), ClIO,* (E° = 0.9 V), (CIO® E° = 1.4 V), and
CIOH*~ (E° =1.9) V, all of which have lower E? than HO® and SO,*~ [44].

An overall negative effect of HCO3~ and CO32~ anions on SO,*~-based AOPs has
traditionally been assumed [45]. The alkalinity of a water body is mainly influenced by
CO;2~ and HCO; ™~ ions, which are generally present in natural waters at concentrations
ranging from 50-250 mg L~!. Both CO32~ and HCO;~ are known to be radical scavengers
in AOPs [23]. Among them, the radical scavenging ability of CO32~ is stronger than
that of HCO;~ due to its higher reaction rate constant with HO® (3.9 x 108 M1 s7! vs
8.5 x 106 M~ 1 s~ 1) [46].

However, depending on the chemical structure of the pesticide, the effect of HCO;~ /CO3?
on the degradation rate can be neutral, positive, or negative, which is very difficult to predict
because complex mixtures of pollutants are always present in wastewater [47,48]. Although
CO3°™ has a lower redox potential than HO®, it could exhibit better removal performance
in degrading organic micropollutants, which could be due to its high selectivity and longer
survival time in solution [49].

When HCO3™ was added, the initial pH of the aqueous solution changed to approxi-
mately 8.3 rather than 6.7 without the addition of any anions, and the alkaline conditions
reduced the degradation efficiency of both herbicides, as discussed by some authors [50].
CO,, CO3%2~, and HCO; ™ are present in aqueous media at pH > 4. CO3%~ and HCO3 ™,
which are responsible for water alkalinity, can compete with herbicides for HO® and SO4°*~
to generate other weaker radicals, such as CO3°*~ and/or HCO3°. Above pH = 10.3, CO3%~
is the prevalent species, but at pH values below 8.3, all CO32~ is converted to HCO; ™~ [51].
As the pH decreases, the HCO3;~ concentration also decreases, and the dissolved CO,
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concentration increases (Figure 4). The relationship between CO32~ /HCO;5~ and solution
pH is represented as follows (Equation (27)):

Relative concentration

[HCO5 |
pH = pK, — log-——= pK, = 10.3
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Figure 4. Speciation of carbonate species in water as a function of pH. Adapted from Manaham [51].

A high concentration (125 mg L~!) of HCO;~ strongly scavenges HO® and SO,°~,
generating electrophilic CO3°~, a more selective and less reactive reaction radical with
a lower electrode potential (E0 = 1.6 V) than HO® and SO,°*~ [52]. The detailed reaction
mechanisms between CO3°~ and micropollutants are still largely unclear. In previous
studies, the single electron transfer pathway was determined to be the dominant path-
way [46]. The nature of CO3°~ makes it more selective toward electron-rich moieties such
as -NHj, -OH, and aromatic rings. HCO3*® has a lower reaction rate with organic pollu-
tants than HO® does. Compared with HO®, SO4*~ has a lower reaction rate with CO3%~
(6.1 x 10° M1 s71) and a similar reaction rate to CO32~ (9.1 x 10° M—! s71) [53]. Never-
theless, the presence of CO32~ /HCO3~ can cause the transformation of HO® and SO4°*~,
which can further affect the performance of AOPs. In radical-based treatment processes,
CO3°*~ and HCO;3® can be formed by the oxidation of CO3%>~ and HCO;~ with highly
reactive radical species, such as HO® and SO4°~ (Equations (28)—(31)) [54]:

CO%}™ + HO® — CO3™ +OH™

CO3 + SO;~ — CO3™ +5S0;~
HCO; + HO* — H,0+ COS~

HCO; + SO~ — SO2™ + HCO3 — SO +H +CO,

(28)

(29)
(30)

(31)

In addition, carbonate precipitation can result in fouling of the membrane surface,
which further affects the removal efficiency of micropollutants [55].
After studying the individual effects of SO4~, C17, and HCO3™ on the UV/PS process,
their combined effect was then assessed (test 10). The R, of both herbicides is presented
in Figure 3. C1~ (150 mg L~1) and HCO3~ (125 mg L~!) generally had a negative effect
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on the herbicide R,, although the magnitude depended on the chemical structure of each
herbicide. As shown in Table 1, the R values ranged from 0.976 to 0.996 for TBZ and from
0.988 to 0.998 for ISP, with standard errors of estimation less than 0.08 and 0.05, respectively,
indicating a good fit. The time to 50% disappearance (DTsp) for ISP was slightly greater in
the presence of anions (8.2 min) than in the corresponding experiment carried out in the
absence of anions (5.5 min). However, a substantial effect was observed for TBZ, as the
DT5y was approximately 23 times greater than that in the absence of anions, mainly due to
the impact of HCO3 ™.

The initial pH of the aqueous solution of herbicides in the absence/presence of inor-
ganic anions decreased in all cases during the photoperiod (Table 2). This decrease is less
pronounced in the presence of HCO3; ™, the predominant species at pH < 8.3. Acidification
may be caused by the formation of acidic products as a consequence of herbicide degrada-
tion and acidic photoproducts derived from S,0g~, such as HSO4~, with the release of H*
(Equations (32) and (33)), as reported by Yang et al. [23]:

SO~ + HyO — HO® + HSO; (32)

HSO, — SO* +H* (33)

Table 2. Changes in pH during the different tests.

pH
Time (min) Trial
1 2 3 4 5 6 7 8 9 10
0 6.70 6.74 5.09 5.11 5.04 5.33 4.69 8.29 5.20 8.39
5 6.53 6.56 4.97 5.02 5.00 5.15 4.60 8.20 4.79 8.36
15 6.42 6.41 4.81 4.88 4.84 493 4.46 8.23 4.46 8.39
30 6.29 6.33 4.58 4.60 4.64 4.84 4.29 8.24 4.20 8.40
60 6.15 6.19 4.23 4.34 4.38 4.75 4.01 8.21 3.93 8.35
120 6.07 6.14 3.86 3.88 3.95 4.61 3.77 8.07 3.66 8.25
In addition, the concentration of SO4~ increased significantly throughout the process
(Equation (25)), as seen from the EC values shown in Table 3, due to the transformation of
the initially added S,0g%~ into SO4~. Various methods have been proposed to remove SO4~
from water in recent decades, such as adsorption on activated carbon, neutralization with
calcium carbonate, biological treatment, reverse osmosis and dialysis, and ion exchange.
The choice of wastewater treatment method is usually based on the type of wastewater,
removal rate, waste concentration, and cost of treatment. Adsorption on an ion exchange
resin is the most popular method for removing SO4~ from water and wastewater and
shows good potential for industrial wastewater treatment [56].
Table 3. Evolution of electrical conductivity (EC) in the different tests.
EC (uS cm™1)
Time (min) Trial
1 2 3 4 5 6 7 8 9 10
0 <5 <5 242 238 242 <5 760 377 610 1200
5 <5 <5 248 245 249 7 764 380 620 1234
15 <5 <5 255 252 254 10 769 383 644 1253
30 <5 <5 261 263 260 12 773 386 662 1259
60 <5 <5 273 270 266 18 795 389 674 1262
120 <5 <5 285 287 280 23 825 395 700 1265
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Figure 5 shows the evolution of the DOC during the different tests. It is important
to monitor the process using this tool because only DOC values close to zero guarantee
that recalcitrant pollutants or intermediates with greater persistence and toxicity than the
initial ones do not persist. In the absence of any ions (UV/PS) and in the presence of SO4~
(UV/PS/S0O47), a high mineralization rate was observed because the remaining DOC after
120 min was less than 5%. However, in the presence of HCO;~ (UV/PS/HCO5™) and
Cl~ (UV/PS/Cl17), the residual DOC concentrations after 120 min were 20% and 10%,
respectively, while in the presence of all anions in the reaction solution (UV/PS/SO,4~ +
HCO3;™ + CI7), the residual DOC concentration at the end of the experiment significantly
increased (37%). This residual DOC fraction may be due to the partial removal of herbi-
cides in an aqueous solution and the formation of nondegradable organic intermediates
during irradiation.
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Figure 5. Evolution of DOC in the UV /PS system as a function of the anionic content.

2.4. Degradation Pathway of Herbicides with UV/NayS;Og

To gain a better understanding of the reaction mechanisms involved in the photodegra-
dation of both herbicides, the evolution of key intermediates during the irradiation experi-
ment was also compared with authentic analytical standards using quantitative HPLC-MS?
analysis. Figure 6 shows the proposed degradation pathways for both herbicides.

TBZ TBZ1
c c

ISP-1

o /H N%N HC A
ISP o CH HC >—-N e /k\ J\ )<C“3 — )% /[]\ )<CH3
w2 O R T
NH CH, HiC
B A
"{ic l 2
lA2 OH \ cl
HC, HC
HC HC

] /H )\ /k
>—N\ NZ N HC NF
" " )\\ J\ )<CH3 )\\ )l\
Hsc/\ﬁ o b cH Hsc/\ﬁ -
ISP-3 ISP-2

TBZ-3 TBZ-2

Figure 6. Proposed degradation pathways for ISP, including N-dealquilations (Al and A2) and
hydrolysis to aniline derivatives (B), and TBZ, involving dealkylations (A1l and A2), dechlorination,
and subsequent hydroxylation (B).

The metabolic pathway involved in the degradation of ISP mainly involves two
successive N-demethylations followed by hydrolysis to aniline-based metabolites, which
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can then be further degraded. Photooxidation of TBZ leads to the dealkylation of the amine
groups, dechlorination, and subsequent hydroxylation [57].

Three transformation products of ISP, isoproturon-monodemethyl (ISP-1), isoproturon-
desmethyl (ISP-2), and 4-isopropylaniline or cumidine (ISP-3), were identified during
experiment 10, although their concentrations were below their LOQs (<2 ug L) at the end
of the photoperiod (120 min). The maximum concentration peak was found 30 min from
the start, reaching levels between 4 and 8 ug L~!. These intermediates were also isolated
by other authors in aqueous suspensions of TiO; and ZnO under UV light [58,59]. ISP is
classified as moderately hazardous (class II) by the World Health Organization (WHO)
and cataloged as an endocrine disruptor [60]. In the case of TBZ, photooxidation of the
parent compound was accompanied by the presence of desethyl-terbuthylazine (TBZ-1),
desisopropyl-atrazine (TBZ-2), and hydroxy-terbuthylazine (TBZ-3), whose residual levels
after 120 min were in the range of 1.2, 0.6, and 0.5 ug L™}, respectively. TBZ, whose
acceptable daily intake (ADI) is 0.004 mg kg~! bw day !, is classified by the WHO as
slightly hazardous (class III), while metabolites are not listed. Fenoll et al. [61] found
TBZ-1 and TBZ-3 intermediates using TiO; and ZnO as photocatalysts. The presence of
these degradants confirms the behavior observed in the evolution of DOC, indicating that
there is no total mineralization of the herbicides in the presence of anions. It should be
remembered that for mineralization of the pollutant to occur, not only must it disappear,
but all the organic carbon must also be converted into inorganic carbon in the form of CO,
since the DOC value is independent of the oxidation state of the compounds present in the
aqueous solution.

3. Materials and Methods
3.1. Herbicides, Solvents, and Reagents

Analytical standards of the herbicides isoproturon (ISP), terbuthylazine (TBZ), and
their main metabolites were purchased from Dr. Ehrenstorfer GmBh (Augsburg, Germany),
all with purities ranging from 95-99.5%. The main physicochemical characteristics of the
herbicides studied are shown in Table 4. Titanium dioxide (70 anatase/30 rutile, 99.5%,
BET 50 m? g~ !, size < 21 nm) Aeroxide™ P25 was obtained from Nippon Aerosil Co.,
Ltd. (Osaka, Japan). All HPLC-grade solvents (H,O, CH3CN, CH30H, and CH,0,) and
reagents (NayS,0g, NaCl, NaySO4, and NaHCO3) with purities > 98.5% were obtained
from Scharlab (Barcelona, Spain).

Table 4. Main physicochemical properties of the herbicides studied.

Herbicide ! Structure Formula MW 2 Su,0 ° log Kow * HS
e O>_\I/CH3
Isoproturon’V >_® N C1oHisN,O 206.3 70 25 1.5 x 1075
HC
23 %1073

Terbuthylazine™ N )\: J\ )< CoHy4CIN5 229.7 7 34
HC N CH;

1 PU: Phenulurea; TZ: s-triazine; 2 Molecular weight; 3 Water solubility (mg L~1); 4 Partition coefficient n-
octanol/water; ° Henry Law constant (Pa m3 mol_l).

3.2. Experimental Setup

The degradation of the herbicides was carried out by the UV /5,04~ or UV/TiO;
process ina 2 L (10 cm x 25 cm long) Pyrex (jacketed borosilicate glass) batch cylindri-
cal photoreactor (SBS, Barcelona, Spain) equipped with a magnetic stirrer, as previously
described [62]. The study was carried out in batch circulation mode at a flow rate of
600 mL min~!. The UV light source used was two Philips LIT 8 W (Amsterdam, The
Netherlands) low-pressure mercury lamps with peak emissions at 254 and 366 nm. A
typical irradiance of 10 mW cm~2 was measured using a Delta Ohm HD 2102.2 radiometer
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(Caselle di Selvazzano, Italy). Nitrogen was continuously fed into the photoreactor at a flow
rate of 0.5 L min~! to ensure that oxygen did not interfere with the process. The system
was thermostatically controlled by circulating water to maintain a constant temperature of
23 £ 1 °C. The photochemical reactor was filled with 2000 mL of Type II analytical grade
water (pH 6.7, ORP 220 mV, conductivity <20 uS em ™!, TOC < 30 ug L) and spiked with
0.2 mg L~! of each herbicide. After the addition of 250 mg L~! Na,S,0g or 250 mg L~!
TiO,, the two UV lamps (1 x 254 nm + 1 x 366 nm or 2 X 366 nm) were switched on,
and degradation was studied for 120 min. All experiments were replicated three times
(n =3). The initial pH of the water was 6.7. However, after the addition of Na;5,0g the
pH decreased to approximately 5, while the addition of HCO3 ™~ increased the pH to 8.3.
Table 5 summarizes the tests carried out.

Table 5. Summary of the trials carried out.

Trials pH 2 EC bg0,= b - b HCO;-
1 UV (1 x 254 nm + 1 x 366 nm) 6.7 <5 - - -
2 UV (2 x 366 nm) 6.7 <5 - - -
3 Na25208 5.1 240 - - -
4 NayS,05/UV (254/366 nm) 5.1 242 - - -
5 NayS,0g/UV (366 nm) 5.0 246 - - -
6 TiO, /UV (366 nm) 5.3 <5 - - -
7 Na,S,05/UV (366 nm) 4.7 760 250 - -
8 NayS,0g/UV (366 nm) 8.3 377 - - 125
9 NayS,05/UV (366 nm) 5.2 610 - 150 -
10 NayS,0g/UV (366 nm) 8.4 1200 250 150 125

auSem ;P mg L7L

3.3. Sample Preparation and Analytical Determinations

The sample (25 mL) was passed through an Oasis® HLB 60 pum (500 mg) extraction
cartridge purchased from Waters (Milford, MA, USA) using a Visiprep™ SPE vacuum
manifold supplied by Supelco (Madrid, Spain) at a flow rate of approximately 3 mL min~!.
The extraction cartridge was previously conditioned with 3 mL of CH3OH and equilibrated
with 3 mL of acidified ultrapure water (pH = 3). After passing through the cartridge, the
sample was washed with 5 mL of Milli-Q water (18.2 M()-cm), the eluate was discarded,
and the column was air-dried. The analytes were then eluted with 5 mL of CH3;0H and
the extracts were evaporated to dryness. Finally, the residues were dissolved in 500 pL of
CH3CN and filtered through 0.22 um polytetrafluoroethylene (PTFE) syringe filters prior
to chromatographic analysis.

The determination of herbicide residues was carried out using an HPLC system
consisting of a Waters e2695 separation module (Waters, Milford, CT, USA) equipped
with a quaternary pump and an autosampler and coupled to a Waters 2998 photodiode
array detector (PDA). The data were processed using Water Empower software (version
3). Separation was performed on a 100 mm x 4.6 mm, 5 um, Phenomenex Kinetex XB-C;g
analytical column (Madrid, Spain) with a mobile phase consisting of CH3CN (solvent A)
and an aqueous solution of HCOOH (0.1%) (solvent B) under gradient mode, with the
temperature of the column oven set to 25 °C. The following gradients were used: 30% of A
for 1 min, linearly increased to 90% of A for 9 min, held for 1 min, and decreased to 30%
of A for 2 min to allow equilibration before the next injection (5 min). The flow rate was
maintained (0.5 mL min~!), and the volume injected was 50 pL. The confirmation criteria
were retention times and recovery wavelengths (190-400 nm). The detection wavelengths
were 222 nm and 241 nm for TBZ and ISP, respectively. Standard solutions containing
the herbicides were used to construct calibration curves (0.1-1000 ug L~1). The limits of
detection (LODs) and limits of quantitation (LOQs) were obtained by dividing the signal-
to-noise ratios 3 and 10 times, respectively, by the angular coefficients of the calibration
curves. In addition, HPLC-MS? analysis of the intermediates generated during the UV/PS
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process was performed on an Agilent (Santa Clara, CA, USA) 1200 HPLC system equipped
with the same analytical column as previously described and coupled to an Agilent G6410A
triple quadrupole (QqQ) mass spectrometer (MS) operating in electrospray ionization (ESI)
positive ion mode. The most abundant fragment ion was selected for quantification, and
the second was selected for identity confirmation. Data acquisition was performed using
MassHunter software (V. 7.0).

The dissolved organic carbon (DOC) content was determined using a Multi N/C 3100
TOC Analyzer (Analytic Jena AG, Jena, Germany) after passing the samples through a
nylon syringe filter (0.45 mm) prior to analysis to remove particulate OC from the sample.
Both a GLP 21 pH meter and a GLP 31 conductivity meter (both from Crison Instruments,
Barcelona, Spain) were used for pH and conductivity measurements, respectively. The
statistical software SigmaPlot (Systat, Software Inc., San Jose, CA, USA) v.15 was used to fit
the experimental data.

4. Conclusions

The need to increase the supply of water is linked to both the scarcity of the quantity
available and the deterioration of its quality. Many families of chemical compounds,
including pesticides, can have a negative impact on natural ecosystems and adversely
affect water quality, thus posing a risk to human health. Many of them are carcinogenic,
endocrine-disrupting, or even teratogenic and are highly persistent in the environment
due to their complex structures and resistance to degradation. As a result of the current
water scarcity, more emphasis should be placed on the 3Rs (recovery, recycle, and reuse)
approach to wastewater treatment, both industrial and agricultural. For this reason, it is
now essential to develop remediation techniques that favor the total elimination of all traces
of pollutants in water, both of natural and anthropogenic origin, to promote its subsequent
reuse, all with the aim of achieving the zero-pollution goal announced in the European
Green Deal in relation to the Chemicals Sustainability Strategy.

Increasingly stringent environmental regulations regarding the presence of emerging
pollutants in wastewater and natural systems have driven the need for treatment tech-
nologies that minimize environmental hazards at a reasonable cost. Conventional water
treatment processes and technologies reduce water pollution significantly but not to the
extent required by current legislation. The use of artificial UV light in photochemical pro-
cesses may not be a promising method for environmental applications due to its high cost
and the need for complex equipment. However, in the case of solar-powered applications,
the process is not expensive because it uses sunlight radiation.

AOPs, which are usually applied after biological processes, have recently emerged as
effective tertiary treatments for the removal of pesticides and other micropollutants, but
the oxidation rates of individual compounds can be strongly influenced by the constituents
of the water matrix. Overall, the removal of the studied herbicides (isoproturon and
terbuthylazine) by HO®~ and SO4°~-based AOPs is largely influenced by the quality of
the water matrix (dissolved constituents), which can be neutral, inhibitory, or promoting,
depending on the process and the mechanism by which these water constituents react. In
addition to organic species, inorganic species, mainly chloride and carbonate/bicarbonate
ions, can also act as inhibitors, either by scavenging or by generating new radicals with a
lower E° than HO® and SO4®~. Herbicide photodegradation by UV/PS treatment is faster
in pure water, largely due to the absence of organic and inorganic compounds that can
absorb UV radiation and generate other ROS with lower oxidation potential.
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Abstract: Photocatalysis is a promising method for methylene blue (MB) degradation due to its
effectiveness and environmental compatibility. Among the photocatalysts, titanium dioxide (TiO;)
has been widely used for MB degradation due to its exceptional photocatalytic activity. However,
the wide bandgap limits the degradation efficiency of TiO, under visible light. Here, an intersti-
tial nitrogen-doped TiO, (5%Nrt/TiO,) used thiourea as the N source was fabricated for visible
light-derived MB degradation. The 5%Nt/TiO, exhibited an extended absorption range of visible
light. Moreover, photoelectrochemical measurements showed an improvement in the photocurrent
response and charge transfer behavior on N/TiO,. Thus, 5%Nt/TiO; had enhanced photocatalytic
activity compared with pristine TiO, and substitutive N-doped TiO, (5%Nap/TiO;). The accelerated
photocatalytic MB degradation process on N/TiO; could be mainly attributed to the interstitial N
doping, which caused the appearance of new energy states and extended optical properties. Through
comparing the impact of interstitial and substitutive in TiO, activity, our work proposes a suitable
form of element doping to enhance the optical properties and photocatalytic activity of TiO, and
even other semiconductors, providing guidance for future work.

Keywords: TiO,; nitrogen doping; photocatalytic activity; methylene bule degradation; visible light

1. Introduction

Methylene blue (MB) is a common dye used in various industries [1,2]. However, with
its widespread utilization, MB leads to significant environmental challenges, including
water pollution, toxicity to aquatic life, bioaccumulation, and potential human health
risks [3,4]. Thus, effective removal of MB is crucial for ecosystems and human health.
Several strategies have been developed for MB remediation, such as advanced oxidation
processes (AOPs), adsorption techniques, bioremediation, and membrane filtration [5,6].
Among them, based on AOP technology, photocatalytic degradation of organic compounds
is an ideal method for the removal of industrial pollutants with solar energy as the only
input energy source. Improving photocatalytic degradation efficiency has been attracting a
great deal of research interest.

The design of the photocatalyst is so important for photocatalytic degradation that
it determines the whole reaction’s efficiency [7-10]. Titanium dioxide (TiO,) is a widely
studied semiconductor material known for its excellent photocatalytic properties, chemical
stability, and non-toxicity. It has garnered significant attention for applications in environ-
mental remediation, particularly in the degradation of organic pollutants. However, the
practical application of TiO; is limited by its wide bandgap (~3.2 eV for anatase), which
restricts its photo-response to the ultraviolet light region, constituting only about 5% of
the solar spectrum. In order to improve the photoconversion efficiency and photocatalytic
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degradation properties of TiOj, it is necessary to develop a reliable strategy for extending
the photo-response range of TiO, photocatalysts. Nitrogen doping is a promising approach
to modify the electronic structure of TiO, and enhance its capabilities for visible light
absorption [11,12]. By incorporating nitrogen atoms into the TiO, lattice, the bandgap
can be narrowed, allowing it to absorb visible light and thus improving its photocatalytic
efficiency under solar irradiation [13-15]. Although numerous studies have proved the
positive influences of N element doping in the photocatalytic activity of TiO,, the effects of
different N precursors on achieving N doping should be further explored to elucidate the
impact of N atoms on the structure and activity of TiO,.

In this study, nitrogen-doped TiO, catalysts (denoted x% Nt /TiO; and x% Nag/TiOy,
with x being the wt% of N element) were prepared from two different N sources (i.e.,
thiourea and ammonium bicarbonate) and used for photocatalytic MB degradation under
visible light irradiation. Compared with TiO; and Nag/TiO,, Nt/TiO, showed better
photocatalytic degradation performance. The content of N elements was optimized, show-
ing that 5% N1/TiO; possessed the highest MB degradation efficiency, with more than
60% of the MB removed within 150 min. In order to elucidate the effect of N element
doping and clarify the advantages of thiourea as the N source, a series of characterizations
were conducted, which confirmed the interstitial N doping in N1/TiO,. N atoms from
thiourea were mainly incorporated into the lattice of N1/TiO;. On the other hand, N atoms
from ammonium bicarbonate were mainly incorporated into Nag/TiO; in the form of
oxygen substitution. Moreover, Nt/TiO; possessed an improved capacity for visible light
absorption. The photoelectrochemical experiments indicated that the interstitial N doping
increased the number of photoexcited electrons from Nt /TiO; under visible light illumi-
nation. Therefore, with enhanced optical properties and photoelectric response, Nt/ TiO,
with interstitial N atoms displayed the optimal MB degradation efficiency. This work
proved the advantages of interstitial N doping in improving the photocatalytic activity of
semiconductors represented by TiOs.

2. Results and Discussion
2.1. Optimization of the Amount of N Doping

The concentration of nitrogen doping was optimized by gradually increasing the
amount of nitrogen elements in 5%Nt/TiO; in terms of the degradation efficiency of MB.
Figure 1 shows the efficiencies of photocatalytic MB degradation with different amounts of
N doping. Under visible light irradiation, undoped TiO, exhibited ~15% MB degradation
after 150 min (Figure 1). The 5%Nrt/TiO; had the highest MB photodegradation efficiency.
After 150 min, approximately 56% of the MB was degraded. The decline in the activity of
10%Nrt/TiO; and 15%Nrt/TiO; could be attributed to the excessive N atoms, which may
be recombination sites of photoexcited charges, as found by previous reports [16-18]. After
determining the optimal amount of N doping, namely 5%, in the subsequent research and
analysis, the amount of doping remained consistent, and only the N source was changed.

2.2. XRD Patterns of TiO,, 5%Nt1/TiO,, and 5%N 4p/TiO, Catalysts

X-ray diffraction (XRD) analysis was performed to determine the crystalline phases
and crystallographic structure of 5%Nrt/TiO,, 5%Nt/TiO,, and TiO, catalysts (Figure 2a).
The undoped TiO; mainly consisted of the rutile crystalline phase. The peaks centered at
27.5°,36.1°,41.3°, and 54.3° corresponded to the (110), (101), (111), and (211) crystal planes
of the rutile phase, respectively [19]. When TiO, was doped with thiourea as the nitrogen
source, 5%Nrt/TiO; mainly showed the anatase phase. The peaks centered at 25.2°, 37.8°,
48.0°, and 55.0° corresponded to the (101), (004), (200), and (211) crystal planes of the
anatase phase, respectively [19]. However, the 5%Np/TiO, with ammonium bicarbonate
as the nitrogen source mainly showed a mixed crystal phase of rutile and anatase. This
transformation in the crystal form may be attributed to the fact that when N is doped into
the TiO; lattice, it will replace some of the O atoms or enter the lattice’s interstitial positions.
This will cause a distortion in the lattice structure of TiO; and generate stress. When the
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stress accumulates to a certain extent, in order to reduce the system’s energy, the crystal
structure will change, thus leading to a change in the crystal form. Moreover, the (101)
crystal plane of 5%Nt/TiO; shifted from 25.2° to 26.1° (Figure 2b). It indicated that the
interstitial doping, which can cause lattice distortion, had been achieved in 5%NT/TiO,.
However, 5%Nap/TiOp maintained two TiO, phases without a peak shift, meaning that
the doping mode of N in 5%N g /TiO, may be substitutive doping.
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Figure 1. The degradation rates of an MB solution by Nt/TiO, photocatalysts with different amounts
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Figure 2. XRD patterns of (a) TiO,, 5%Nt/TiO,, and 5%Nag/TiO,, and (b) local magnification image
of XRD.

2.3. SEM Images and Corresponding Element Mappings of 5%Nt/TiO;

The elemental distribution of the 5%Nt/TiO, catalyst was observed by scanning
electron microscopy (SEM). As can be seen from Figure 3b—d, the N element showed a very
uniform distribution state on the sample and had the same distribution as the Ti and O
elements. This phenomenon strongly indicated that the N element had been successfully
doped into the lattice of TiO,.
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Figure 3. (a) SEM image and (b) the corresponding Ti element, (c) O element and (d) N element

mappings of 5%Nt/TiO;.

2.4. XPS Spectra of TiO;, 5%Nr1/TiO,, and 5%N 4p/TiO, Catalysts

X-ray photoelectron spectroscopy (XPS) analysis was conducted to investigate the
surface elemental composition of the TiO;, 5%Nt/TiO;, and 5%Nsp/TiO; catalysts. The
results revealed that the XPS results of the catalysts showed the presence of Ti 2p, O 1s,
and N 1s peaks (Figure 4). The XPS spectra of 5%Nt/TiO; and 5%Nag/TiO; revealed the

presence of nitrogen, indicating that nitrogen was doped into TiO,.
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Figure 4. XPS survey spectra. (a) Ti 2p XPS spectra, (b) O 1s spectra, and (c) N 1s spectra of the

catalysts.
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Figure 4a illustrates the HR-XPS spectra of Ti 2p in TiOy, 5%Nt/TiO;, and 5%N g/ TiOs.
For TiO;, the Ti 2p3/2 and 2p1/2 core energy level peaks appeared at 459.1 and 464.9 eV,
respectively, which were contributed by the O-Ti-O in TiO, [20-22]. Compared with TiO,
in 5%Nt/TiO,, the Ti 2p3/2 and 2p1/2 core energy level peaks appeared at 458.8 and 464.5
eV, respectively, which were the Ti 2p peaks of the N-Ti-N or O-Ti-N in N-TiO, [21-23].
For 5%Nap/TiO,, the Ti 2p peaks of 5%Nap/TiO; shifted to the lower binding energy with
changes of ~0.4 eV. The peak shifts of Ti 2p indicated the successful incorporation of N in
both 5%Nrt/TiO; and 5%Nag/TiO, [20,21].

In Figure 4b, TiO; exhibits an O 1s peak at 529.9 eV, which was attributed to the lattice
oxygen (Ti-O-Ti). And the peak at 531.8 eV was surface-adsorbed oxygen. In 5%N g/ TiO;
and 5%Nt/TiO,, the peaks had an obvious shift owing to the interstitial doping of N into
the TiO, lattice to form hyponitrite (N »0,)%", which was further confirmed in the FTIR
analyses, as discussed below.

Figure 4c clearly shows the binding energies of N 1s at 399.8 and 401.9 eV for
5%Nt/TiO; and 5%N g/ TiO,, respectively. For the 5%Nt/TiO,, according to previous
literature [24], the peak at 401.9 eV indicated the formation of Ti-O-N bonds based on the
form of interstitial N in the lattice gap of 5%Nt/TiO;. In the XPS spectrum of 5%Nap/TiOy,
the peak of N 1s at 399.8 eV could be attributed to the Ti-N-Ti bonding, which was due to
the substitution of oxygen in the 5%Nrt/TiO; lattice by N and thus was consistent with the
XRD results.

Through a comparison of the XPS spectra, the difference between using thiourea and
ammonium bicarbonate as N source could be attributed to the different chemical bonds
between N and TiO;. In N1/TiO,, more N atoms existed in the form of interstitial N in
the lattice gap of TiO, and formed Ti—-O-N bonds, indicating that the O atoms had not
been replaced. The following Fourier transform infrared spectroscopy (FTIR) spectra also
confirmed this idea due to the existence of N*-O types such as (N,O,)?>". However, in
Nap/TiO;, more N atoms tended to form Ti-N-Ti bonds, suggesting that many O atoms
were replaced by N atoms.

2.5. TEM Images of TiO,, 5%NT/TiO,, and 5%N 4p/TiO, Catalysts

Transmission electron microscopy (TEM) characterization was used to observe the
morphology of the TiO, and N/TiO, catalysts. Undoped TiO, typically showed mainly ru-
tile phases with particle sizes ranging from 25 to 50 nm (Figure 5a). After N element doping,
the crystal phase of 5%Nrt/TiO, transformed into the anatase phase, while 5%N sp/TiO;
became mainly a mixture of rutile and anatase phases (Figure 5b,c). The particle sizes
of 5%N1/TiO; and 5%N g/ TiO, were slightly smaller than that of TiO,. Among them,
5%Nrt/TiO; had the smallest particle size (5.5-8 nm). High-resolution transmission eectron
microscopy (HRTEM) images showed clear lattice fringes with an interplanar spacing
of 320 A and 2.48 A (Figure 5d,f), corresponding to the (110) and (101) facets of rutile
TiO,, respectively. The lattice spacings of 3.48 A and 3.51 A (Figure 5e,f), respectively,
corresponded to those of the (101) plane of anatase TiO; in 5%NT/TiO; and 5%Nap/TiO».
It can be observed that due to the difference in the doping methods, significant differences
in the lattice spacings of 5%Nt/TiO, and 5%Nap/TiO, were induced. This was because
5%NT/TiO; involved interstitial doping, and the N doping was in the lattice gap of TiO;,
which led to lattice distortion.
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Figure 5. (a,d) TEM and HRTEM images for TiO,, (b,e) 5%Nrt/TiO,, and (c,f) 5%Nap/TiO;. R, rutile;
A, anatase.

2.6. Ny Adsorption—Desorption Isotherm Analysis of TiOy, 5%Nt/TiO;,
and 5%N ap/TiO, Catalysts

N, adsorption—-desorption isotherms analysis was used to determine the specific
surface area and porosity of the TiO;, 5%Nrt/TiO,, and 5%Nap/TiO, catalysts. The N,
isotherms of TiO,, 5%NT/TiO;, and 5%Nag/TiO, displayed IV-type isotherms (Figure 6a).
This indicated that all the catalysts had mesoporous structures with pore size distributions
of 240 nm (Figure 6b). The 5%N7/TiO; had a lower pore size distribution. Figure 6b
and Table 1 show that the N doping, which can create additional surface defects and
porosity, led to higher specific surface area and pore size. The larger specific surface area
is beneficial for mass transfer during photocatalytic reactions. According to previous
reports, the N atoms can affect the properties of porosity, including the average pore size
and distribution, and the specific surface area [25,26]. In detail, under high-temperature
processing, NHj3 gas was produced via in-situ breakdown of ammonia precursors (e.g.,
thiourea) so that the porous structure was formed during synthesis [27,28]. On the other
hand, the decomposition of ammonium bicarbonate produced CO,, further leading to the
formation of interconnected mesopores in the TiO; lattice [29].
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Figure 6. (a) N, adsorption—-desorption isotherms and (b) pore size distribution of the catalysts.
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Table 1. BET surface area and average pore size of the catalysts.

Catalysts Surface Area (m2.g~1) Average Pore Size (nm)
TiO, 37.0 9.5
5%NT/TiO, 107.7 3.5
5%Nap/TiO; 90.0 9.6

2.7. FTIR of TiO,, 5%Nt/TiO,, and 5%N 4p/TiO; Catalysts

FTIR spectroscopy was employed to identify the presence of nitrogen-related species.
(Figure 7). The characteristic peaks in the low wavenumber range (500 cm~!) were at-
tributed to TiO,. The spectra showed characteristic peaks of TiO, at 3400 cm !, 1630 cm !,
and 700-500 cm !, which were attributed to the Ti-OH bond, the OH bending vibration
of water molecules, and Ti—-O-Ti bond stretching vibrations, respectively. Notably, the
5%Nrt/TiO, presented an additional peak at 1388 cm ™!, which was also attributed to the
stretching vibration of N-O. Several bands in the low-frequency region observed at 1050
and 1250 cm ! belonged to the N*-O type substances embedded in the TiO, network. The
peak at 1150 cm~! was the vibration peak of (N,0,)?" formed by interstitial N and O.
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Figure 7. FTIR spectra of pure TiOy, 5%Nrt/TiO,, and 5%Nsp/TiO, catalysts.

2.8. Optical Properties of TiO,, 5%NT/TiO,, and 5%N op/TiO, Catalysts

The light-harvesting capacities of the TiO,, 5%Nt/TiO;, and 5%N g/ TiO, catalysts
were evaluated via Ultraviolet-visible (UV—-vis) spectroscopy, as shown in Figure 8a. TiO,
showed a typical absorption edge at 420 nm (corresponding to the 3.05 eV bandgaps in
Figure 8b), suggesting the lack of capacity for a visible light response in TiO;. On the
contrary, N doping enhanced the visible light absorption of 5%Nt/TiO; and 5%Nap/TiOy,
for which the light absorption edge was ~520 nm. Therefore, the incorporation of nitrogen
into the TiO; lattice led to the formation of new energy states, as the N 2p position was
more negative than the O 2p state, leading to a decrease in the energy bandgap and a shift
in the optical absorption towards the visible light region.
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Figure 8. (a) UV-vis spectra of the TiOy, 5%N7/TiO,, and 5%Nsp/TiO; catalysts. (b) Bandgaps of
the TiO,, 5%NT1/TiO,, and 5%N s/ TiO; catalysts.

2.9. Photoelectrochemical Measurements of TiO, 5%Nt/TiO,, and 5%N sp/TiO; Catalysts

The photoelectrochemical (PEC) measurement was conducted to study the photocur-
rent responses and charge transfer behavior (Figure 9a). TiO, exhibited a lower pho-
tocurrent density under visible light irradiation due to its narrow light absorption range.
However, 5%NT/TiO; and 5%Nap/TiO; showed an enhanced photocurrent density under
visible light, indicating that nitrogen doping allowed the 5%Nrt/TiO, and 5%Nsp/TiO, to
convert visible light into photoexcited charges. In the results of electrochemical impedance
spectroscopy (EIS) (Figure 9b), the 5%NT/TiO; and 5%Nag/TiO; catalysts showed lower
semicircles compared with TiO,, indicating lower charge transfer resistance and better
charge separation [30,31]. Among them, 5%N1/TiO, had the lowest resistance and the
strongest photocurrent because of the smaller lattice spacing of 5%Nap/TiO,, as shown in
the HRTEM image. In general, a smaller lattice spacing means that the atoms or ions are
closer to each other and the electrons move more easily in the lattice, resulting in lower
resistance and stronger photogenerated carriers [32,33].

Figure 9. (a) Photoinduced it curves, (b) EIS curves, and (c) Mott-Schottky plots for the TiO,,
5%NT/TiO,, and 5%Nap/TiO, catalysts.

Mott-Schottky (MS) plots were used for estimating the band structure features of the
catalysts. TiO,, 5%NT1/TiO; and 5%Nt/TiO, can be considered as an n-type semiconduc-
tors according to the positive slope of the MS curve. The estimated flat band potential
for 5%Nt/TiO; was —0.6 V vs. an Ag/AgCl electrode, which can be converted to —0.36
V vs. a normal hydrogen electrode (NHE). In general, the conduction band (Ecg) edge of
typical n-type semiconductors is 0.20 V below its flat band potential. Then, the Ecp value
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of 5%Nt/TiO, was determined to be —0.56 V vs. NHE. The valence band (Eyg) potential
of the 5%Nrt/TiO, can be expressed by using the equation

Ecg= Evp—Eg 1)

In this way, the Eyp position of 5%NT/TiO, was calculated to be +2.54 V vs. NHE,
while the Eyp position of TiO, and 5%Nap/TiO, were calculated to be +3.09 and +2.86 V vs.
NHE, respectively. The 5%Nt/TiO, showed the most negative Ecp position compared with
the potential of TiO, (+0.09 V vs. NHE) and 5%Nag/TiO; (-0.19 V vs. NHE). Moreover,
the 5%Nrt/TiO; showed a more negative Ecp position (-0.56 V vs. NHE) compared with
the potential of O,/-O,™ (-0.33 V vs. NHE), suggesting that the photogenerated electrons
of 5%Nrt/TiO; could capture dissolved O, to generate -O, . Moreover, the Eyp value of
5%NT/TiO; was +2.54 V vs. NHE, which was higher than the potentials of OH/-OH (+2.40
V vs. NHE) and H,O/-OH (+2.38 V vs. NHE), indicating that photogenerated holes of
5%NT/TiO; could directly yield -OH radicals.

2.10. Photocatalytic MB Degradation Activity

It should be noted that the activity of 5%Np/TiO, was lower than that of 5%Nrt/TiO;
(Figure 10a), suggesting that interstitial doping was more effective than substitutive doping.
This is because the interstitial doped N atoms were located in the lattice gaps of TiO,. XRD
and HRTEM showed that this doping method reduced the lattice spacing of TiO,, meaning
that the atoms were arranged more closely. This is beneficial for electron transfer, and this
fact could be proved by the EIS curves. TEM and BET showed that interstitial doping made
the grain size of TiO, smaller and the specific surface area larger. In addition, the UV-vis
and Mott-Schottky curves indicated that interstitial doped TiO, had a stronger visible light
absorption ability and adjusted its energy band structure to obtain stronger photogenerated
carriers. This was confirmed by the photoinduced i-t curves.
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Figure 10. (a) Comparison of the rates of MB degradation by TiO,, 5%Nrt/TiO,, and 5%Nag/TiO,

photocatalysts. (b) The degradation rates of rhodamine B and methyl orange by 5%NT/TiO, photo-
catalysts.

At present, many studies have carried out various modifications of TiO, for the
degradation of methylene blue dye. For comparison, a summary of very recent studies
on the photodegradation of MB by different TiO,-based photocatalysts is listed in Table 2.
The percentages of degradation obtained by doped TiO, prepared under our conditions
were very near to those reported in the literature for TiO, catalysts. Moreover, in our work,
5%Nt/TiO; still had good degradation performance for other organic dyes. As shown
in Figure 10b, under the same reaction conditions, 5%Nrt/TiO, could decolorize 59.0% of
rhodamine B in 150 min or 50.0% of methyl orange. It was demonstrated that 5%N+/TiO;
has good general applicability. In addition, to explore the stability of the catalyst, we
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carried out SEM and XRD characterization analyses on the catalyst after 150 min of reaction
with methylene blue. As shown in Figure 11a-e, the morphology, element distribution,
and crystal form of the catalyst after the reaction were almost the same as those before the
reaction. This indicated that the catalyst had good stability.

Table 2. Photocatalytic activity of recently studied TiO,-based photocatalysts for MB degradation.

Irradiation Time Degradation Ref
(min) Efficiency (%) et
5%Nr/TiO, 150 56.5 This work
TiOy—-Fe; O3 60 62.9 [34]
P25 120 20.0 [35]
TiO,/CS 180 33.9 [36]
TiO,-GOyx 60 50.0 [37]
AIHE-TiO, 60 30.0 [38]
Ag-TiO, 50 40.0 [39]
Hg-doped TiO; 120 56.7 [40]
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Figure 11. (a) XRD patterns of spent 5%N1/TiO;. (b) SEM image and (c) the corresponding Ti
element, (d) O element, and (e) N element mappings of spent 5%Nr,TiO,.

Previous studies demonstrated that the photocatalytic reaction pathway is believed to
involve the reaction of MB with the generated -OH radicals, producing a range of interme-
diate products to reach complete mineralization with the formation of CO, and H,O [41].
To study the main active components in the degradation process of MB on the surface of
TiO, and to understand the degradation mechanism in more detail, trapping experiments
were carried out. Silver nitrate, methanol, and isopropanol were used as scavengers to
capture photogenerated electrons (e”), photogenerated holes (h*), and hydroxyl radicals
(-OH), respectively. To demonstrate the involvement of these radicals, a mixture of MB
and silver nitrate (2% v/v) or methanol (2% v/v) or isopropanol (2% v/v) was irradiated
under the same conditions. The results thus obtained are shown in Figure 12a. As can be
observed, the addition of a photogenerated electron scavenger inhibited the degradation of
MB. These results indicated that holes were the primary active species in the degradation of
MB, while -OH and photogenerated holes (h*) radicals were likely of secondary importance
in photodegradation.

According to the results above and literature reports [42], the possible photocatalytic
mechanism of the 5%Nt/TiO, photocatalyst was plotted as shown in Figure 12b. The
photodegradation process depends on the generation and separation of carriers; under
light conditions, once the semiconductor absorbs energy that is higher than the energy of
its energy band, electrons will be excited from the valence band across the forbidden band
to the conduction band. The doping of interstitial N reduced the width of the forbidden
band of TiO,, which greatly increased the density of photogenerated carriers. O, adsorbed
on the surface of TiO, formed active substances (-O,") after accepting electrons. At the
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same time, holes remained on the former, and the formed holes reacted directly with MB
molecules, and HyO was adsorbed on the TiO, surface to form the active species (-OH).
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Figure 12. (a) Effects of the addition of radical scavengers on the photodegradation of MB and
(b) schematic diagram of the photocatalytic mechanism of the Nt/TiO, photocatalyst.

3. Materials and Methods
3.1. Preparation of the Catalysts
3.1.1. Preparation of 5%Nt/TiO;

First, 40 mL of tetrabutyl titanate (Aladdin, Shanghai, China) was uniformly dispersed
in 50 mL of an ethanol solution. It was vigorously stirred at 60 °C for 2 h and was named
Solution A. Subsequently, 3 mL of nitric acid was added to 30 mL of distilled water and
vigorously stirred for 5 min, and this was named Solution B. Immediately after that,
thiourea (Aladdin, Shanghai, China) was added to 20 mL of ethanol and thoroughly stirred
for 5 min. Subsequently, 3 mL of nitric acid was added and stirred at 60 °C for 1 h, and this
was named Solution C. Then, under stirring, Solution B and Solution C were poured into
Solution A at intervals of 5 min successively. Finally, the obtained mixture was poured into
the polytetrafluoroethylene liner in the autoclave and maintained at 100 °C for 24 h. After
centrifugal washing with ethanol, the sample was heated to 150 °C at a rate of 2 °C/min
and maintained at this temperature for 1 h to remove the residual ethanol. After this stage
was complete, the sample continued to be heated at the same rate until it reached 450 °C
and was maintained at this temperature for 2 h.

3.1.2. Preparation TiO; and 5%N g/ TiO;

The preparation methods of 5%Nap /TiO, and TiO, were the same as that for 5%Nr/TiO,.
The only difference was that the nitrogen precursor doped in 5%Nap/TiO, was ammonium
bicarbonate (Aladdin, Shanghai, China), and for TiO,, no nitrogen precursor was added.

3.2. Characterization of the Catalysts

The crystalline structure and phase composition of the TiO,, 5%Nt/TiO,, and 5%Nr/TiO,
catalysts were determined by X-ray diffraction (XRD) on an X-Pert diffractometer (Rigaku,
Kyoto, Japan) equipped with graphite monochromatized Cu-K« radiation. The elemental
composition, chemical states, and surface chemistry of TiOy, 5%Nr/TiO,, and 5%Nrt/TiO,
were analyzed using Agilent 5100 X-ray Photoelectron Spectroscopy (XPS, Agilent Tech-
nologies, Dallastown, PA, USA), where the tube’s voltage was 15 kV, the tube’s current was
10 mA, and an ultra-high vacuum chamber with a mu-metal magnetic shield was used.
The specific surface areas were determined using a surface area analyzer (Micromeritics,
Norcross, GA, USA) by the Brunauer-Emmett-Teller (BET) method. The morphology and
size of the TiOy, 5%Nt/TiOy, and 5%NT/TiO, catalysts were observed using a transmission
electron microscope (TEM-16-TS-008, Thermo Fisher Scientific, Waltham, MA, USA). The
acceleration voltage was 200 kV, the point resolution was 0.248 nm, and the maximum mag-
nification was 1.05 million times to visualize the morphology, size, and surface features of
the TiO,, 5%Nt/TiO,, and 5%Nrt/TiO, catalysts. Fourier transform infrared spectroscopy
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(FTIR, Bruker Vertex 70 infrared spectrometer, Bruker Corporation, Billerica, MA, USA)
was used to analyze the chemical bonds and functional groups present on the surface
of the TiO,, 5%Nrt/TiO; and 5%Nrt/TiO, catalysts. FTIR spectra in transmission mode
were recorded at a resolution of 4 cm™ in the range of 400 to 4000 cm ! using the KBr tab-
bing technique. The light absorption properties of the TiO;, 5%Nrt/TiO; and 5%Nrt/TiO,
catalysts were determined by UV-vis spectroscopy with a wavelength range from 200
to 800 nm on a Japanese Shimadzu UV-3600i Plus Spectrometer. The photocurrent and
electrochemical impedance spectroscopy were measured on an electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd., Shanghai, China).

3.3. Evaluation of the Catalysts

The performance of different catalysts in the photocatalytic degradation of MB was
evaluated in a photocatalytic reactor under visible light irradiation (300 W xenon lamp).
Firstly, 0.02 g of each catalyst was added to 20 mL MB. Adsorption and desorption equilib-
rium were attained by agitating the suspensions with a magnetic stirrer for 1 h. Afterward,
the condensate water was turned on to keep the reaction temperature at room tempera-
ture. Then the solution was irradiated with a 300 W xenon lamp without a light intensity
meter as the source of visible light. An aliquot was collected periodically with a syringe
from the reactor every 30 min during a 150 min interval. Finally, the catalyst was filtered
and recycled. Changes in the concentration of MB were observed from its characteristic
absorption at 664 nm using a UV-vis spectrometer. The degradation efficiency of MB at
each time point was calculated using the following formula [43,44]

Degradation efficiency (%) = % x 100% (2)
o

where C,, is the initial concentration of MB, and C; is the concentration of MB at a time.

4. Conclusions

In conclusion, this work provides a straightforward method to fabricate nitrogen-
doped TiO; photocatalysts based on thiourea as the N source. The systematic characteri-
zations confirmed the presence of nitrogen in TiO; crystals. UV—vis spectra showed the
extended light absorption range on 5%Nrt/TiO,. Thus, 5%NT/TiO; had a better photocur-
rent response during PEC measurement. Through optimizing the nitrogen concentration,
5%Nrt/TiO; showed higher MB degradation activity than TiO, and 5%Nag/TiO, under
visible light illumination. Our study clarified the advantages of interstitial N doping in
improving photocatalytic activity under visible light conditions. More importantly, this
work demonstrated that the introduction of nitrogen facilitates the utilization of solar light
energy and makes TiO; a promising material for environmental remediation and beyond.
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was thiourea. X% Nag/TiO;: x% represents the amount of N doping, and AB indicates that the
selected N source was ammonium bicarbonate.
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Abstract: The organic pollutants discharged from industrial wastewater have caused serious harm
to human health. The efficient photocatalytic degradation of organic pollutants under sunlight
shows promise for industrial applications and energy utilization. In this study, a modified TiO,
photocatalyst doped with bismuth (Bi) and fluorine (F) and composited with SnO, and SiO, was
prepared, and its performance for the degradation of Rhodamine B (RhB) under simulated sunlight
was evaluated. Through the optimization of the doping levels of Bi and F, as well as the ratio of
Sn0O; and SiO; to TiOy, the optimal catalyst reached degradation efficiency of 100% for RhB within
20 min under simulated sunlight, with a first-order reaction rate constant of 0.291 min—!. This value
was 15, 41, 6.5, and 3.3 times higher than those of TiO, /SnO,, Bi/TiO,, Bi-TiO, /SnO;, and F/Bi-
TiO, /SnO,, respectively. The active species detection showed that h* was the most crucial active
species in the process. The role of Bi and F addition and SnO,-SiO; compositing was investigated
by characterization. Bi formed a chemical bonding with TiO, by doping into TiO,. The absorbance
intensity in the UV and visible light regions was improved by SnO; and F modification. Composite
with SiO; led to a larger surface area that allowed for more RhB adsorption sites. These beneficial
modifications greatly enhanced the photocatalytic activity of the catalyst.

Keywords: photocatalysis; TiOp; bismuth; SnO,; rhodamine B; organic pollutant removal

1. Introduction

Industrial wastewater discharge always introduces organic pollutants, such as dyes,
herbicides, pesticides, analgesics, and antibiotics into the water environment, causing
serious water problems and posing severe threats to the ecosystem and human health. Pho-
tocatalytic treatment is an advanced oxidation process (AOP) that is promising, economical,
efficient, and sustainable for degrading organic pollutants in water using solar energy. It is
well known that titanium dioxide (TiO;) has long been one of the most widely researched
and applied semiconductor materials in the field of photocatalysis due to its suitable band
structure, low cost, non-toxicity, and high stability [1,2]. However, the wide bandgap
of TiO, (3.0-3.2 eV) limits its spectral response only in the ultraviolet region. Another
disadvantage is its rapid recombination of photoelectrons and holes [3,4]. These defects
limit its practical efficiency in the photocatalytic degradation of organic pollutants under
sunlight. To overcome this disadvantage, researchers have explored various strategies,
such as doping with metals and non-metals [5-7], loading co-catalysts [8,9], designing
heterojunctions [10,11], and adjusting morphology [12,13]. By modulating TiO, properties
from different perspectives, these endeavors are intended to enhance its absorption and
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utilization of light, restrain photo-generated carrier recombination, and ultimately improve
photocatalytic efficiency.

Doping TiO, with metals or non-metals is a well-established method for boosting
its photocatalytic activity. Research on non-metal doping always includes C, S, N, B, and
F dopants. Among these, fluorine doping has been demonstrated to enhance catalytic
activity of TiO, in organic pollutant degradation, possibly by inducing the formation
of surface oxygen vacancies [14,15] and Ti* defects [16] or increasing surface hydroxyl
groups [17,18]. In addition, there are many kinds of doped metals. The addition of
impurities in the pure semiconductor proves effective in generating electron-hole traps
and narrowing the bandgap [19], thereby improving photocatalytic efficiency. Among
these doped metals, bismuth has been used as a dopant effectively. Bi;O3 is a common Bi
(Il)-based compound with a suitable bandgap width (2.3-2.8 eV) [20,21]. Bi;O3 and TiO,
exhibit matched band structures. It has been proved that doped Bi can reduce the bandgap
and promote the separation of photo-generated carriers [22-24]. The bandgap reduction
resulted from the up-shift valence band that was triggered by the hybridization of Bi (6 s)
orbital with O (2p) orbital [25]. Research studies have pointed out that the modification
of various forms of TiO, with Bi;O3 enhanced its visible light catalytic activity against
certain organic dyes [26,27]. Additionally, coupling TiO, with other semiconductors to form
photocatalytic heterojunctions is a strategy to facilitate the separation of photo-generated
carriers. Tin dioxide (SnO,), an ideal and typical oxide semiconductor material with a
bandgap of 3.6 eV, shares certain similarities with TiO; in terms of the crystal structure [28],
making it conducive to constructing heterojunction structures [29,30]. Tin modification of
TiO, can reduce the binding of photo-generated electron-hole pairs, thus facilitating the
degradation of complex pollutants [31,32]. It was reported that the forming of Ti;_,SnxO;
solid solutions generated type II heterojunctions [32], which achieved effective charge
separation. Moreover, the formation of TiO,-5nO, composite aids in the reduction in the
bandgap, which shifts the optical absorption from UV to the visible region [33,34]. The
effective charge separation was achieved by promoting the holes (h*) to the lower valence
band (VB) of TiO, and the electrons (e™) to the lower conduction band (CB) of SnO, [35-38].
For these reasons, the SnO,-TiO, composite showed improved activity in the photocatalytic
degradation of organic pollutants under visible light [39-41].

Moreover, the diminutive specific surface area of TiO; leads to limited adsorption capacity
and a small number of activity sites for the reactants [42,43]. Therefore, to improve the
adsorption ability of TiO, towards organic pollutants, combining TiO, with other materials
with a large surface area serves as a promising approach to achieve this target [44—47].

To sum up, numerous methods and diverse added chemical compounds have been
explored for modifying TiO, to enhance its photocatalytic performance. Therefore, a com-
bination of co-doping and compositing holds theoretical feasibility in comprehensively
improving properties of TiO,, such as absorption of ultraviolet and visible light, separation
of photo-generated carrier, high surface area, etc., and in further bolstering the degradation
efficiency of organic pollutants under simulated sunlight. Up to now, F, Bi, or Sn modi-
fication has been reported to enhance the performance of TiO,. However, the co-doping
of F and Bi, along with SnO, and SiO; compositing, to synthesized TiO, has not been
reported to our knowledge. The TiO, catalyst modified by F-Bi-Sn-5i was synthesized
for the first time, and its performance on RhB degradation was investigated in terms of
optical properties.

Herein, this study employed homogeneous precipitation and sol-gel methods to
synthesize F/Bi-TiO;/SnO,/SiO, photocatalysts. These materials were utilized for the
photocatalytic degradation of RhB under simulated solar light. Various techniques were
employed to characterize the optical and physicochemical properties, with an aim to
elucidate the impact of different element doping or compositing on catalyst structure
and properties. Given the enhanced performance of the prepared catalysts, the efficient
degradation of RhB was achieved under simulated solar light.
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2. Results
2.1. Impact of Bi Addition and Compositing with SnO, on Catalyst Properties
2.1.1. Impact on Crystal Phase

To analyze the influence of Bi and SnO; modification on the crystal phase, X-ray
diffraction (XRD) patterns of Bi-TiO,/SnO; catalysts with different Bi doping amounts
and different SnO,/TiO, molar ratios were assessed. Figure 1A shows the XRD spectra
of Bi-TiO,/SnO; catalysts with varying Bi amounts. All catalysts exhibited diffraction
peaks at 25.3°, 37.9°, and 48.0°, corresponding to (101), (004), and (200) crystal faces of
anatase TiO, (JCPDS 21-1272), while other weak diffraction peaks were assigned to rutile
TiO,. The peaks at 26.81°, 34.31°, and 54.18° corresponded to (110), (101), and (211) crystal
faces of rutile SnO,. The results indicated the existence of TiO, and SnO, primarily in the
forms of anatase and rutile phases, respectively. No diffraction peaks of Bi oxides were
observed in the XRD patterns, suggesting that no crystalline Bi oxides were formed. This
could be attributed to Bi being doped into the TiO, lattice in the ionic form or being highly
dispersed [24,48,49]. The crystal grain size was calculated and listed in Table S1. Although
no Bi diffraction peaks were present, the crystal grain size showed varying degrees of
decrease with the addition of Bi, indicating that Bi doping reduced the crystal grain size of
TiO; [24,50]. Figure 1B illustrates the influence of the SnO, /TiO; molar ratio on the XRD
spectra of Bi-TiO, /SnO; catalysts. All catalysts exhibited characteristic peaks of anatase
TiO, and rutile SnO,. Different Sn/Ti molar ratios did not cause a change in the crystal
form, indicating that the addition of SnO, did not alter the TiO, crystal phase.

O A-TiO2
A == = Y R-TiO2

Intensity (a.u)
C
E

Intensity (a.u)

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

20 (degree) 20 (degree)

Figure 1. XRD patterns of Bi-TiO,/SnO, samples with (A) different Bi amounts and (B) different
SnO, /TiO, molar ratios.

2.1.2. X-Ray Photoelectron Spectroscopy Analysis

The X-ray photoelectron spectroscopy (XPS) was introduced to evaluate the surface
chemical and elemental states of the Bi-TiO, /SnO; catalyst. Figure 2A presents the Ti 2p
spectrum of Bi-TiO;, /SnO,, with distinct Ti 2p3/, and Ti 2py /, peaks appearing at 458.72 eV
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and 464.38 eV, respectively. These peaks exhibited a slight shift towards higher values
compared to the standard features of TiO, (458.6 eV and 464.3 eV), indicating that Ti in
the sample was in a combined state with Bi [49]. The O 1s spectrum of Bi-TiO,/SnO, in
Figure 2B could be decomposed into two peaks, with one binding energy at 530.28 eV,
between the O 1s standard binding energies of TiO; and SnO, (530.08 eV and 530.94 eV),
indicating lattice oxygen [51]. The other peak at 532.02 eV was assigned to surface hydroxyl
oxygen [52]. Figure 2C exhibits the Bi 4f spectrum of the Bi-TiO,/SnO; catalyst. The
binding energy values of Bi 4f;,, and Bi 4f5,, were 159.23 eV and 164.18 eV, respectively.
However, according to the binding energy handbook, the XPS peak positions for Bi3* in
Bi 4f;,, and Bi 4f5,, are 158.5 eV and 162.2 eV, respectively. Therefore, it indicated that,
due to electron transfer interactions with TiO,, Bi existed in a higher-valence Bid*° state,
which formed a certain type of chemical bonding with TiO; [53]. Combined with the
previous XRD result that Bi entered into the TiO lattice, the Bi3*® occupation in the catalyst
lattice could cause lattice distortion. To compensate for the energy change triggered by
lattice distortion, more oxygen vacancies were generated on the catalyst, acting as traps
for photo-generated electrons and hindering their recombination with holes, ultimately
elevating the efficiency of the photocatalytic reaction. On the other hand, the hybridization
of Bi with O orbital could form hybrid energy [25]. Figure 2D shows the high-resolution
spectrum of Sn 3d for Bi-TiO, /SnO, catalysts. The Sn 3ds,, peak appeared at 486.51 eV
and the Sn 3dj3/, peak at 494.88 eV, with a separation of 8.37 eV, illustrating that tin existed
as Sn (IV) [28,54]. The full survey spectrum for the Bi-TiOp/SnO; sample is depicted in

Figure 2E.
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Figure 2. High-resolution XPS spectra of the as-prepared Bi-TiO,/SnO, of (A) Ti 2p, (B) O 1s, (C) Bi
4f, (D) Sn 3d, and (E) the overall XPS spectrum.

2.1.3. Impact on Surface Morphology

To analyze the influence of Bi and SnO, addition on the surface morphology of the
catalyst, scanning electron microscopy (SEM) was performed for TiO, /SnO,, Bi-TiO, /SnOy,
and Bi-TiO,. Figure 3A presents the SEM image of TiO,/SnO;. It can be seen that, without
Bi addition, the TiO, /SnO, exhibited a dense and smooth surface of the primary particles.
Figure 3C presents that Bi doping induced a loose and porous structure on the catalyst’s
surface, indicating that the addition of Bi promoted the dispersion of particles, possibly
due to the inhibiting effect of Bi doping during the formation of TiO, crystals, which is
consistent with the XRD results. Comparing Figure 3B with Figure 3C, the results showed
that the addition of SnO; had no obvious effect on the surface morphology from the
SEM images.

3.0kV x50.0k SE(M

870KV x50.0k SE(M)

Figure 3. SEM images of (A) TiO,/SnO,; (B) Bi-TiOy; (C) Bi-TiO, /SnO;; (D) F-Bi-TiO, /SnO,; and
(E) F-Bi-TiO, /SnO, /SiO;.

2.1.4. Impact on Optical Properties

Figure 4A displays the UV-vis diffuse reflectance spectra (DRSs) of TiO, /SnO;, Bi-
TiO,, and Bi-TiO,/SnO;. It can be seen that, compared to TiO,/SnO,, Bi-TiO;/SnO,
exhibited stronger absorbance in UV light regions but weaker absorbance in visible light
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regions, indicating improved UV light-harvesting properties due to Bi doping. Compared
to Bi-TiO,, Bi-TiO, /SnO, showed enhanced absorbance in both the UV and visible light
regions. It indicated that the combination with SnO, can improve the absorption of visible
and ultraviolet light. The bandgaps were calculated by Tauc plot based on DRS results
(Figure 4B), and the bandgap energies (Eg) of Bi-TiO,, TiO, /SnO,, and Bi-TiO, /SnO, were
3.00, 2.94, and 2.97 eV, respectively. This calculated result showed that the Bi and SnO,
modifications have no significant effects on the bandgap.
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Figure 4. (A) UV-vis DRS of TiO, /SnO,, Bi-TiO,, Bi-TiO;, /SnO;; (B) the corresponding Tauc plot;
and (C) the corresponding photoluminescence spectra.

Figure 4C shows the photoluminescence (PL) spectra of TiO,/5SnO;, Bi-TiO,, and Bi-
TiO,/SnO;. The PL spectra are related to the transfer behavior of photo-generated carriers.
A higher PL intensity indicates a higher recombination rate of photo-generated carriers [55].
As shown in Figure 4C, the PL spectrum of Bi-TiO,/5nO, did not exhibit new emission
peaks compared to TiOp /SnO, and Bi-TiO,, indicating that Bi doping and SnO, composite
did not induce new emission phenomena. Compared to TiO,/SnO,, Bi-TiO, /SnO, had
relatively weak emission intensity, indicating that a certain amount of Bi doping inhibited
the recombination of photo-generated carriers. Coupled with the XRD and XPS results,
the reason could be that Bi doping triggers lattice distortion, generating impurity levels
and more oxygen vacancies that serve as traps for photo-generated electrons. Compared to
Bi-TiO,, Bi-TiO, /SnO; exhibited a significantly reduced PL intensity, indicating that the
appropriate amounts of SnO, can enhance the separation of photo-generated carriers. This
may be attributed to the transfer of photo-generated electrons from CB of TiO; to SnO, and

55

4.5



Catalysts 2024, 14, 735

the movement of holes from VB of SnO, to TiO,, which improve the separation efficiency
of photon-generated carriers [38].

2.2. Impact of Bi and SnO, Addition on RhB Photocatalytic Degradation

The influence of Bi amounts and the molar ratio of SnO, to TiO, on the photocatalytic
activity of Bi-TiO,/SnO, under simulated sunlight were investigated. Figure 5A shows
the RhB degradation curves of Bi-TiO,/SnO, prepared with varying Bi amounts. The
degradation efficiency initially increased and then decreased with increasing Bi doping.
The catalyst exhibited the highest activity when the Bi doping level was 0.7 mol%, achieving
an RhB degradation rate of 96.56% after 60 min of reaction. Beyond the doping level of
0.7 mol%, the catalytic activity decreased. The reason may be that a moderate amount of
Bi is an effective charge separator, but beyond a certain amount, it begins to act as a new
recombination center [50].
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Figure 5. (A) Photocatalytic removal curves and (B) pseudo-first-order kinetics curves for the
degradation of RhB by Bi-TiO, /SnO, with different Bi amounts; (C) photocatalytic removal curves
and (D) pseudo-first-order kinetics curves of Bi-TiO, /SnO, with different SnO, /TiO, molar ratios.

Figure 5C illustrates the degradation curves of Bi-TiO, /SnO; catalysts with different
5n0O, /TiO, molar ratios. With an increasing SnO, proportion, the degradation efficiency of
RhB initially increased and then decreased. The optimum catalytic activity was observed
at a SnO, /TiO, molar ratio of 1:4, indicating that the composite of TiO, with SnO, in a
specific ratio is advantageous for boosting the photocatalytic activity.

The activity test results suggested that the optimal Bi doping amount was 0.7 mol%,
and the optimal SnO,:TiO, molar ratio was 1:4. The RhB degradation processes were fitted
by the pseudo-first-order model (Figure 5B,D). The results showed that the optimized
Bi-TiO, /SnO, had a reaction rate constant (k) of 0.0621 min~!. This value was 6.4 times that
of the Bi-TiO; catalyst and 2.3 times that of the TiO,/SnO, catalyst (Figure S2). It indicated
that the addition of Bi and the combination with SnO, significantly boosted the catalyst’s
activity, which was consistent with the improvements in light absorption performance
observed through DRS and PL.
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2.3. Impact of F Addition and Compositing with SiO, on Catalyst Properties
2.3.1. Surface Morphology

The effect of F addition and compositing with SiO; on the surface morphology of
the catalyst was analyzed by SEM. Figure 3C-E show the surface morphology images of
Bi-TiO, /SnO,, F/Bi-TiO, /SnO,, and F/Bi-TiO, /Sn0O, /SiO,. It can be observed that all
three catalysts consist of primary particles with relatively uniform sizes that aggregate
into amorphous secondary particles. Comparing Figures 3C and 3D, the F addition made
the catalyst particles more uniformly dispersed, with numerous tiny grains scattered on
the surface, inhibiting particle aggregation. This was speculated to be caused by the
etching effect of hydrofluoric acid on the sample surface [56]. Comparing Figures 5C
and 3E, compositing with SiO, led to a more uniform distribution of the particles, with a
smoother surface. It was inferred that, due to the porous structure of SiO, [57], catalytic
active sites were evenly distributed on the catalyst surface while suppressing grain growth
and aggregation.

2.3.2. Crystal Phase

To understand the impact of F and SiO, addition on the crystal phase of the cata-
lyst, XRD characterization was performed on Bi-TiO, /SnO,, F/Bi-TiO, /SnO;, and F/Bi-
TiO,/Sn0O, /Si0; (Figure 6). Comparing the spectra of Bi-TiO, /SnO, and F/Bi-TiO;/SnO,
revealed that F addition resulted in finer and higher TiO, diffraction peaks. The crystal
grain size calculated in Table S1 indicated that F modification restrained the growth of TiO,
grains [58]. In fact, F was mostly doped into the TiO, lattice, which was demonstrated by
the XPS characterization of F-Bi-TiO, /SnO, (Figure S3).
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——F/Bi-TiO,/Sn0,/Si0, & R-Sn0,
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Figure 6. XRD patterns of Bi-TiO, /SnO,, F-Bi-TiO,/SnO,, and F-Bi-TiO; /SnO; /SiO;.

Comparing the XRD spectra of F/Bi-TiO, /SnO; and F/Bi-TiO; /SnO, /Si0,, the intro-
duction of SiO, reduced the intensity of the diffraction peaks of rutile SnO, and anatase
TiO,. This may be due to the hindrance of SnO, and TiO, grain growth when combined
with SiO;, resulting in smaller particle sizes (Table S1).

2.3.3. Nitrogen Adsorption Desorption Analysis

To obtain information about the pore structure and specific surface area of these cata-
lysts, No adsorption—desorption tests were conducted on Bi-TiO,/SnO,, F/Bi-TiOp /SnO;,
and F/Bi-TiO, /SnO, /SiO; catalysts. The obtained adsorption—desorption isotherms are
shown in Figure 7A. According to new classification by Donohue and Aranovich [59], the
adsorption—desorption isotherms of the three catalysts are type (IV) isotherms with hystere-
sis loops. The BJH (Barrett-Joyner—-Halenda) plot in Figure 7B indicated that the catalysts’
pore size distribution was mainly between 2 and 25 nm, suggesting that these catalysts are
mesoporous materials. Based on the Brunauer-Emmett-Teller equation, the specific surface
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Quantity Adsorbed (cm®g™")

areas of Bi-TiO, /SnO,, F/Bi-TiO; /SnO,, and F/Bi-TiO, /SnO, /SiO, were calculated as
73.0,69.1, and 112.27 m?/ g, respectively. It can be seen that F addition did not increase the
specific surface area of the catalyst, while the addition of SiO; led to a significant increase in
the specific surface area, which was likely due to SiO, forming a mesoporous material [57].
The increase in the specific surface area is beneficial for providing more adsorption and
reactive sites for the reactants, thus enhancing the reaction efficiency.
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Figure 7. (A) Ny adsorption—desorption isotherms and corresponding pore size distribution curves
of Bi-TiO, /SnO,, F-Bi-TiO, /SnO,, and F-Bi-TiO; /SnO, /SiO,. (B) The BJH plot.

2.3.4. Optical Properties

Figure 8A presents the UV-vis DRS for Bi-TiO,/SnO,, F/Bi-TiO,/SnO;, and F/Bi-
TiO, /Sn0O, /SiO; catalysts. Compared with Bi-TiO, /SnO,, F/Bi-TiO,/SnO, exhibited a
significant red shift in the absorption edge, and the absorbance intensity in the UV and
visible light regions was greatly enhanced. This indicated that fluoride ions, as dopants,
alter the band structure of TiO,, possibly due to an increase in the oxygen vacancy and
Ti%* defects introduced by fluorine doping into the TiO, lattice [47,60,61]. It reduced the
bandgap and expanded the absorption range into the visible light region. Moreover, the
absorption intensity was enhanced due to the formation of an intermediate level between
the VB and CB of the metal oxide. The intermediate level can react as a trap to retard
the charge recombination [28,62]. In comparison to F/Bi-TiO; /SnO;, further compositing
with 5iO; in F/Bi-TiO, /SnO, /SiO, did not cause a red shift in the absorption edge, and
although there was an enhancement in UV absorption, there was no improvement in
the visible light region. This is possibly due to no change in the structure of the metal
oxides by composite with SiO,. Instead, the role of SiO, was to inhibit the aggregation
and growth of crystal grains and, more importantly, to provide a larger specific surface
area, thereby increasing the adsorption and active site quantity for organic pollutants.
Based on the Tauc plot (Figure 8B), the bandgaps of Bi-TiO;, /SnO,, F/Bi-TiO, /SnO,, and
F/Bi-TiO;, /5n0O, /SiO, were calculated as 2.97, 2.86, and 2.94 eV, respectively. It indicated
that F doping reduced the bandgap of the photocatalyst and widened the visible light
absorption range, while SiO, composite provided a larger specific surface area for the
photocatalytic reaction, offering more reactive sites and dispersing the active sites.

To compare the separation efficiency of photo-generated carriers in the three catalysts,
PL characterization was performed (Figure 8C). The PL spectra of the three catalysts show
similar linear shapes. F and SiO, modifications, therefore, did not induce new fluorescence
phenomena, indicating that fluorescence effects are primarily related to the microcrystalline
surface structure of the catalyst. Compared to Bi-TiO,/SnO, and F/Bi-TiO;/SnO,, the
fluorescence intensity of F/Bi-TiO,/SnO,/SiO, significantly decreased, suggesting that
both F modification and compositing with SiO, suppressed the recombination of photo-
generated carriers. The reason probably lies in that F doping into TiO, and promotes
the formation of lattice oxygen vacancies, which trap electrons and cause a decreased PL
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intensity [47,63]. In addition, the role of SiO; is to disperse TiO; and SnO; grains on its
surface, and then form a more favorable structure for the separation of photo-generated
carriers, thereby elevating the photocatalytic efficiency.
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2.3.5. Adsorption Performance

To assess the influence of F doping and compositing with SiO; on the adsorption
performance of the catalyst, the adsorption capacity of RhB in the dark was measured
for Bi-TiO, /SnO,, F/Bi-TiO, /Sn0O,, and F/Bi-TiO, /Sn0O, /SiO,, as shown in Figure 8D.
The saturated adsorption capacities of the three catalysts for RhB were 0.67, 1.72, and
2.46 mg/g, respectively. It was evident that both F modification and SiO, modification
increase the adsorption capacity of the catalyst for RhB molecules. The reason for the
increased adsorption capacity with F modification may be that, although F did not increase
the specific surface area of the catalyst, it increased the surface acidic sites that tend to
adsorb basic Rhodamine B molecules. Moreover, the surface acidic sites are in favor of
converting adsorbed H,O to OH, and subsequently, more surface hydroxyl radicals with
strong mobility are generated [64]. While SiO, modification did not increase the catalyst’s
absorption of visible light, it contributed to the increase in the specific surface area. This
resulted in the dispersion of more active sites on the catalyst surface for adsorbing reactants,
thereby increasing the adsorption capacity of reactants and promoting the progression of
the reaction.
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2.4. Impact of F and SiO, Addition on RhB Photocatalytic Degradation
2.4.1. Impact of F Doping on RhB Degradation

The optimal doping amount of F was determined by testing the photocatalytic activity
of F/Bi-TiO,/5SnO; with different F doping amounts (Figure 9A). As observed, with the
increase in F addition amounts, the photocatalytic activity of F/Bi-TiO,/SnO, initially
increased and then decreased. The catalyst exhibited the highest activity when the molar
ratio of F to Ti was 0.2, achieving an RhB degradation ratio of 96% after 60 min of reaction.
The RhB degradation processes were fitted by the pseudo-first-order model (Figure 9B). The
results showed that the reaction rate constants (k) for Bi-TiO, /SnO, and F/Bi-TiO, /SnO,
(F/Ti = 0.2) were determined to be 0.042 and 0.098 min—! (Figure S2), respectively, indi-
cating that F doping increased the reaction rate constant by 2.3 times compared to the
Bi-TiO,/5n0O,. A small amount of doping (F/Ti = 0.1, 0.2) was more favorable for enhanc-
ing catalyst activity. One possible reason is that a small amount of fluoride ions enters the
TiO; lattice and occupies the O positions, causing lattice defects such as oxygen vacancy.
These defects provide locations for electrons and facilitate the transfer of photo-generated
carriers. Additionally, the doping ions may introduce impurity states within the bandgap,
which hybridize with the energy bands of TiO,. This ensures the efficient transfer of
photo-generated carriers to the surface active sites, thereby increasing the absorption of
sunlight. However, an excess of F ions decreased the catalyst’s activity, potentially due
to the generation of a negative electric potential that inhibited electron migration to the
catalyst surface and increased the electron-hole pair recombination. Excessive doping
concentrations may also lead to more severe lattice expansion, increased particle size, and
a decrease in photocatalytic efficiency.
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Figure 9. (A) Photocatalytic removal curves and (B) pseudo-first-order kinetics curves for the
degradation of RhB by F/Bi-TiO, /SnO, with different F amounts, and (C) photocatalytic removal
curves and (D) pseudo-first-order kinetics curves of F/Bi-TiO, /SnO, /SiO, with different SiO, /SnO,

molar ratios.

2.4.2. Impact of SiO;,/SnO; Molar Ratio on RhB Degradation

The impact of the S5iO,/SnO, molar ratio on the photocatalytic activity was in-
vestigated. Figure 9C depicts the degradation efficiency of RhB over time for F/Bi-
TiO,/Sn0O, /SiO; catalysts with different SiO,/SnO; molar ratios. It can be seen that,
with an increase in the SiO, addition level, the catalytic activity initially increased and then
decreased. The catalyst exhibited the highest degradation ratio of RhB when the SiO, /SnO,
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molar ratio was 20 mol%, reaching over 90% in 10 min with a reaction rate constant of
0.291 min~! based on pseudo-first-order fitting (Figures 9D and S2). This indicated that
an appropriate amount of SiO, composite was conducive to enhancing photocatalytic
activity. Considering the characterization results, this improvement was likely due to the
Si0,/5Sn0O, composite having a certain porosity, which improved the porous structure and
increased the specific surface area, thereby facilitating the adsorption and degradation of
RhB on the catalyst surface. However, excessive SiO, may cover the active sites of the
catalyst, reducing light absorption and the contact points between active components and
the reactants, limiting photocatalytic performance.

By the optimization of the addition amounts of Bi, SnO,, F, and SiO;, the RhB degra-
dation percentage was close to 100% after 20 min of irradiation under simulated sunlight.
Table 1 lists the catalytic degradation effects of some similar catalysts on Rhodamine B
degradation in some studies.

Table 1. Statistics of photocatalytic degradation of RhB with different photocatalysts.

Composite Light Concentration D (%) Time (min)

SnO, /TiO, /PVDF [65] uv 10 mg/L 91.84 270
SnO, /TiO, /RGO [66] uv 10 mg/L 97.60 40
SnO,-TiO; [67] Visible 1075 mol/L 76.00 180

S doped SnO, @TiO, [68] Sunlight 10 mg/L 97.00 200
Sn0, /TiO;, [69] UV-vis 10 mg/L 99.00 30
SnO, /TiO, [70] UV-vis 20 mg/L 94.00 180
SnO, /TiO, [39] UV-vis 10 mg/L 98.00 120

B-TiO;,/SnO; [54] VisibleUV-vis 10 mg/L 96.62100 9070
0O-g-C3N4/Sn0O; [71] Visible 10 mg/L 98.10 30
Bi/Bi,O3/TNAs [24] Sunlight 2mg/L 35 240
Bi/BPNs/P-BiOCl [72] Xenon lamp 20 mg/L 100 30
KF/Bi/BC [55] Xenon lamp 30 mg/L 100 10
C/F-Ag-TiO, [73] Xenon lamp 10 mg/L 84.2 240
N,F-TiO,_5 [74] LED lights 10 mg/L 77.2 60
F/Bi-TiO;, /SnO, /SiO; (this study) Xenon lamp 10 mg/L 100 20

2.4.3. Cyclic Use of the Photocatalyst

The stability of the optimal F/Bi-TiO,/SnO, /SiO, was assessed through cyclic RhB
degradation tests, with each reaction lasting 30 min. After each reaction, the catalyst was
rinsed several times with deionized water, dried, and then reused for subsequent reactions.
The results shown in Figure 10A indicated that there was little attenuation in catalytic
performance after five repeated reactions. However, the degradation ratio of RhB could still
reach 100% within 30 min, indicating the stability of the F/Bi-TiO,/SnO, /SiO; catalyst.

2.4.4. Effect of pH Value on Catalytic Activity

In this experiment, the natural pH of the reaction solution was around 7. The pH of
the reaction system was adjusted using 0.01 mol/L NaOH and 0.01 mol/L HNOj solutions.
The activity test results shown in Figure 10B revealed that the pH value significantly
influenced the activity of F/Bi-TiO,/SnO,/SiO; in RhB degradation. The degradation
performance of RhB within 30 min followed the order: neutral (pH = 7) > slightly acidic
(pH = 5) > slightly alkaline (pH =9) > highly alkaline (pH = 11) > highly acidic (pH = 3). The
reaction rate initially increased and then decreased with an increase in the pH value. The
fastest reaction rate was observed at pH = 7, indicating the best performance under neutral
conditions, and both highly acidic and highly alkaline environments were unfavorable
for the photocatalytic reaction. The reason lies in the impact of pH changes on the charge
distribution on the catalyst surface and on the reactant molecular structure [52], which affect
the adsorption capacity of the catalyst for RhB molecules. In highly alkaline conditions,
hydrogen ions in the surface hydroxyl groups are replaced by cations, resulting in a
decrease in the number of surface hydroxyl groups. The hydroxyl groups are in favor of
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oxidation of organic pollutants. When it comes to highly acidic conditions, the positive
charge is carried by the catalyst. Since RhB is a cationic dye [75], the increased positive
charge diminishes the adsorption capacity of the catalyst for RhB, thereby hindering the
photocatalytic degradation of RhB. Typically, the pH of dye wastewater ranges from 6 to 10.
The optimal pH for the F/Bi-TiO, /SnO, /SiO, photocatalytic reaction in RhB degradation
was found to be 7, with a degradation efficiency reaching 93.89% within 10 min. Moreover,
pH 7 is more adaptable to the pH variations typically found in dyeing wastewater.
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Figure 10. (A) Cyclic RhB degradation tests with F/Bi-TiO,/SnO,/SiO;. (B) Effect of pH on the
degradation of RhB with F/Bi-TiO, /SnO, /SiO,. (C) Effects of sacrificial agents on photo-degradation
of RhB with F/Bi-TiO, /Sn0O, /SiO;.

2.4.5. Investigation of Active Species

The optimal amount of F/Bi-TiO,/SnO, /SiO; was used, and several sacrificial agents
were added to the RhB solution to distinguish the main active species during the RhB
degradation process. IPA, EDTA, and BQ were selected to be radical quenchers for OH,
h*, and O, 7, respectively. Figure 10C shows that the RhB degradation ratio after 20 min
of reaction decreased from 100% to 65%, 29%, and 6% when IPA, BQ, and EDTA were
added, respectively. The results revealed that all of the corresponding eOH, €O, ", and h*
participate in the photo-degradation reaction and play an important role. The most crucial
active species was h* according to the lowest RhB degradation ratio with EDTA addition.
It implies that the oxidation of water to introduce OH radicals by a photo-generated h*
assumes a key role in the process of RhB oxidation. The reaction mechanism was speculated
as follows:

F/Bi-TiO,/Sn0,/SiO, + hv — h* + e~ 1)
h* + H,O —H" + e¢OH @)
h* + OH™ —eOH 3)
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Oy +e” —e0y 4)
Rh B + (eOH + ¢O, ") — CO, + H,O (5)

3. Discussion

Based on the characterization test, the impact of the Bi and F doping and compositing
with SnO; and SiO; on the catalyst’s performance was analyzed. The results indicated that
Bi addition induced a loose and porous surface of the catalyst. Doping Bi into the TiO;
lattice formed electron interactions with TiO, in the form of Bi**?, potentially generating
more oxygen vacancies that act as traps for photo-generated electrons and impede the re-
combination of electron-hole pairs. Additionally, Bi doping improved UV light-harvesting
properties, while the combination with SnO; can improve the absorption of visible and
ultraviolet light. The SnO; and F modification suppressed the recombination of photo-
induced carriers. The doping of fluorine may elevate the oxygen vacancy and hybrid
level, which reduced the bandgap and increased visible light absorption. In addition, the
adsorption ability toward RhB molecules on catalyst’s surface was advanced by F addition,
which may be due to the increase in acidity. The composited SiO, contributed by providing
a larger specific surface area for the adsorption of more RhB molecules. Benefiting from the
effect of doped F and Bi atoms in the combination with SnO; and SiO;, the recombination of
photo-excited electrons and holes is inhibited, and the adsorption of the reactant molecules
is increased, thus improving the activity of the catalyst.

4. Materials and Methods
4.1. Material and Reagents

Tetrachlorostannane pentahydrate (SnCly-5H,0O, Sigma-Aldrich, St. Louis, MO, USA,
AR/99.99%), Bismuth nitrate pentahydrate (Bi(NO3)-5H,0O, Sigma-Aldrich, St. Louis,
MO, USA, AR/99.0%), Polyethylene glycol (PEG-1000, Tianjin Kemiou Chemical Reagent
Co., Ltd., Tianjin, China, AR), Urea (CO(NH;), Sinopharm, Beijing, China, AR/99.5%),
Tetraethl silicate (TEOS, Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China,
AR/99.0%), Ethyl alcohol (EtOH, Sinopharm, Beijing, China, AR/99.5%), Hydrofluoric
acid (HF, Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China, AR/50%), Titanium
butoxide (TBT, aladdin, Bay City, MI, USA, AR/99%), Hydrochloric acid (HCI, Sinopharm,
Beijing, China, AR/36%~38%), Iso-propyl alcohol (IPA, Sigma-Aldrich, St. Louis, MO,
USA, AR/99.5%), benzoquinone (BQ, Sigma-Aldrich, St. Louis, MO, USA, AR/99.5%), and
EDTA (Sigma-Aldrich, St. Louis, MO, USA, AR/99.5%).

All data processing was conducted using Origin Pro 2018 (OriginLab, Northampton,
MA, USA). XRD data analysis was performed using Jade version 5.0 (Materials Data Inc.,
Livermore, CA, USA).

4.2. Preparation of Photocatalysts
4.2.1. Synthesis of Bi-TiO/5nO;

Firstly, SnO, was prepared using a precipitation method described in the Supplemen-
tary Materials. Then, Bi-TiO,/SnO, was prepared using a sol-gel method: A certain volume
of EtOH and TBT, in a volume ratio of 5:13, was measured. TBT was then slowly added
drop by drop into EtOH. Then, the mixture was covered with plastic wrap and magnetically
stirred for 20 min to obtain Solution A. After that, EtOH, deionized water, and CH3;COOH
were measured in a volume ratio of 21:1:4 and mixed uniformly. Bi(NOs)3-5H,O was
added to the mixture (Bi/Ti = 0.7 mol%), and the solution was sonicated for 30 min to form
Solution B. Solution B was transferred into a pear-shaped funnel and slowly added drop by
drop into continuously stirred Solution A. The mixture was then covered with plastic wrap
and stirred for 2 h until a wall-sticking phenomenon was observed when gently tilting the
beaker. The plastic wrap was removed, and a certain amount of the previously prepared
SnO, was added based on a Sn/Ti molar ratio of 1:4. The mixture was then stirred until
the stir bar could no longer rotate; at which point, a sol was formed. The sol-gel was aged
at room temperature for 24 h and then dried in an 80 °C oven for 24 h until a dry gel was
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obtained. The gel was ground and calcined in a muffle furnace at 400 °C for 2 h to yield the
Bi-TiO,/5SnO, powder.

4.2.2. Synthesis of F-Bi-TiO,/SnO,

The steps were identical to those in Section 4.2.1, with the only difference being the
addition of hydrofluoric acid (50%) to Solution B in a certain F/Ti molar ratio as the
precursor for fluorine.

4.2.3. Synthesis of F-Bi-TiO, /SnO, /SiO;

First, a SnO, /S5i0; composite gel was prepared: A mixture solution of TEOS, anhy-
drous ethanol, and HCI (molar ratio of 1:6:0.02) was prepared. The solution was stirred
thoroughly to obtain a transparent SiO; sol, which was left at room temperature for 60 min.
A 1.5 x 1073 mol/L SnCly aqueous solution was prepared, and SnCly was slowly added
to the SiO, sol in a certain molar ratio. Ammonia solution was dropwise added to the
mixture under continuous stirring until the pH reached 7.0. After aging for 2 days at room
temperature, the gel was filtered and washed with water until free of C1™ ions (tested with
0.1 mol/L AgNOjs solution). Finally, the gel was dried in an oven at 60 °C to obtain the
SnO, /TiO, composite gel.

Subsequently, the sol-gel method, as described in Section 4.2.2, was used. The differ-
ence was that the SnO, added was replaced with the SnO, /SiO, composite gel. The final
product was F-Bi-TiO; /SnO; /SiO5.

4.3. Catalyst Evaluation

An experimental device (Figure S1) was employed for photocatalytic activity evalua-
tion. A self-made quartz glass reactor, with a height of 100 mm and an inner diameter of
62 mm, was used, featuring a sampling port on the side. Continuous stirring of the solution
in the reactor was achieved using a magnetic stirrer to ensure sufficient contact between
the catalyst and the solution. The light source, i.e., a 350 W spherical xenon lamp, was
positioned 15 cm vertically above the reactor to simulate solar light. During illumination, a
blower was used for cooling the air in the xenon lamp, and circulating cooling water was
utilized to ensure that the reaction occurred at room temperature. Rhodamine B (RhB) was
chosen as the target for degradation to investigate the activity of the catalyst, with an initial
concentration of 10 mg/L. The prepared catalyst was added to the solution under stirring,
with a catalyst dosage of 1 g/L. The reactor was sealed with quartz plates and in darkness.
The solution was stirred for 30 min to reach the adsorption-desorption equilibrium. The
adsorption equilibrium time was determined through dark adsorption experiments. The
xenon lamp was then turned on to initiate irradiation. During the reaction, at regular
intervals, 4 mL of solution was withdrawn using a syringe. The concentration of Rho-
damine B in the samples was detected using a UV-2450 (Shimadzu, Beijing, China) UV-vis
spectrophotometer, and the removal efficiency of RhB was calculated using Equation as
follows: D = (Cy — C¢)/Cp. Wherein D is the degradation efficiency of RhB (%); Co and C;
represent the RhB concentration at 0 and t min, respectively. In addition, the RhB degra-
dation processes were fitted by a pseudo-first-order model using the following equation:
In(Cy/Ct) = kt, where k is the reaction rate constant.

4.4. Catalyst Characterizations

X-ray diffraction (XRD) pattern of the catalysts was recorded using a D/Max 2500PC
diffractometer (Rigaku, Akishima, Japan) with Cu Ka radiation. Scans were collected in the
20 range of 10~80° and a step of 4 °/min. The crystallite size was calculated based on the
Scherrer equation. X-ray photoelectron spectroscopy (XPS) measurement was performed
with a K-Alpha* (Thermo fisher Scientific, Waltham, MA, USA). Al K« was used as a radia-
tion source. The binding energy of C1s was used for correction. The micromorphologies
of the samples were obtained with a 54800 scanning electron microscopy (SEM) (Rigaku,
Japan). The specific surface area, pore size, and pore volume of the catalysts were measured
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by an automatic constant-volume adsorption instrument (Belsorp II, Bayer Japan Co., Ltd.,
Chiyoda, Japan). Before nitrogen adsorption, the catalyst was pretreated in vacuum at
400 °C for 3 h. The nitrogen adsorption—desorption process was carried out at the liquid
nitrogen temperature (77 K). The light absorption capacity of the catalysts was recorded by
barium sulfate tablet method with a UV-2540 UV-vis spectrophotometer (Shimadzu, Tokyo,
Japan) in the wavelength range of 200~800 nm. The bandgaps were computed via the Tauc
and Menth Equation.

ahv = A(hv — Eg)" (6)

where « is the absorptivity, & is the Planck’s constant, v is the frequency of radiation, Eg
is the bandgap, A is the constant of proportionality, and 7 is the type of optical transition
following photon absorption.

Fluorescence analysis was obtained using a FluoroMax-4 photoluminescence spec-
trometer (HORIBA Scientific, Irvine, CA, USA) with a wavelength scanning range of
350~700 nm, step size of 0.1 s, and slit size of 2 nm.

5. Conclusions

The TiO, was modified by co-doping with Bi and F and compositing with SnO, and
SiO;. The synthesized catalyst demonstrated efficient photocatalytic performance toward
RhB degradation under simulated sunlight. Through the optimization of the doping
levels of Bi and F, as well as the ratio of SnO, and SiO; composite, the catalyst reached a
degradation efficiency of 100% for RhB within 20 min under simulated sunlight, with a
first-order reaction rate constant of 0.291 min~'. This optimal catalyst showed stability in
the cycle tests. The reaction rate initially increased and then decreased with an increase
in the pH value. The active species h* assume a key role in the process of RhB oxidation.
The combined effects of Bi, F, Sn, and Si modifications include the following: (1) enhanced
absorbance intensity in the UV and visible light regions; (2) reduced recombination of photo-
generated carriers; and (3) increased specific surface area that provides more adsorption
sites for reactant molecules. Because of these beneficial modifications, the catalyst exhibited
excellent photocatalytic activity for RhB degradation under simulated sunlight.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
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Abstract: Water is the source of life on Earth. Therefore, water pollution is one of the greatest
problems in the world. On this basis, the current study focuses on accelerating industrial pollutant
removal from water using light by designing effective photocatalysts. This target was achieved
through a triple-action effect. This effect depends on the integration of the doping process with
nanotube formation in addition to the surface plasmon resonance of gold for titanium oxides. In this
way, titanium oxide nanoparticles were prepared and converted to nanotubes during the doping
process. These nanoparticles and nanotubes were supported by gold nanoparticles to use this triple-
action effect for increasing charge carriers and active sites of the photocatalysts and preventing
recombination reactions. High-resolution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED), Raman spectra, energy-dispersive X-ray spectrometer (EDX), and
X-ray diffraction were used to clarify the triple-action effect on the structure of the photocatalysts.
The optical properties and activity of the prepared photocatalysts were studied in terms of the
photocatalytic degradation of the green dyes (acid green 1). The experimental results indicated that
the triple-action effect has a strong positive role in increasing industrial pollutant removal with
or without light. Here, the percentage of photocatalytic decomposition reached 100% after 17 min
of light radiation. In addition, 27% of the pollutants were removed without light radiation. In
conclusion, the current study indicated that the triple-action effect could solve the drawbacks of
titanium oxide by creating new photo-active sites and novel tracks for charge carriers in addition to
preventing recombination reactions.

Keywords: photocatalysts based on nanotubes; sodium-doping process; integration between
doping process and nanotube shaping; gold-titanium oxide nanoparticles; fast removal of industrial
pollutants; photocatalytic decomposition

1. Introduction

Modern life and overpopulation have created one of the greatest problems in the
world. It is the pollution of water. Sources of this problem are due to the introduction
of contaminants into water that are produced by different kinds of manufacturing activ-
ities. The most critical problems are due to non-biodegradable pollutants, which do not
decompose naturally. Although different techniques were used and developed for treating
wastewater by removing pollutants, some of them have complicated technologies in addi-
tion to their high costs. Therefore, water pollution is an important challenge for researchers
and scientists, as they need to look for benign, effective, and inexpensive solutions [1]. Dyes
are dangerous pollutants because even low concentrations of dyes (below 1 mg/L) are
toxic and difficult to be treated by biological methods. In addition, they consist of complex
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structures of hydrocarbons [2]. Large amounts of these pollutants are produced by food
coloring, textile, paper, and cosmetic industries in addition to printing and dyeing units.
The techniques, which are based on light as a source for removing pollutants, are
favorable for water remediation [3,4]. Therefore, the photocatalysis technique has attracted
the attention of researchers to produce effective and inexpensive methods for water purifi-
cation [3,4]. Titanium oxides are very famous as photo-active materials for light-induced
redox processes because of their effective band gap energies and electronic structures in ad-
dition to photostability [5,6]. Many studies focused on modifying and developing titanium
oxides to enhance their photo-activities through the doping effect, coupling with other
metals, using support materials, or shaping the photocatalyst into nanofiber structures [7,8].
In 2020, the effect of copper on the photo-activity of titanium oxide was studied for the
degradation of methylene blue (MB) dye by Khdary et al. [9]. They improved the charge
separation and maintained the non-charge recombination processes by chemically combin-
ing copper oxides with TiO, nanoparticles exhibiting high photo-activity by reducing its
band gap energy. In 2021, the photo-activity for the degradation of MB dye was boosted by
biochar (BC) nanoparticles over TiO, nanotube arrays [10]. This positive effect depended
on the amount of BC deposited, indicating that the photocatalytic decomposition of methy-
lene blue dyes increased approximately three times with respect to the bare TiO,. In the
same year, Ma et al. [11] indicated the positive effect of silver nanoparticles for increasing
photonic degradation of TiO, for the MB dye through enhancing electron—hole separation
with UV light. In 2022, the teamwork of Bergamonti et al. [12] used chitosan/Ag/TiO,
3D-printed scaffolds as an effective strategy to reduce wastewater pollution by pharma-
ceutical compounds. This research exhibited photocatalytic degradation efficiency higher
than 90% within one hour. Ren et al. [13] used carbon nanotubes with titanium oxides to
absorb microwaves and conduct electrons to prevent the recombination of photo-generated
charge carriers and enhance the separation efficiency of photo-generated electrons and
holes. Milidrag et al. [14] achieved 85% magenta dye decolorization by combining titanium
oxides with iron oxides. In 2023, Székely and his colleagues [15] used hetero-structures
based on titanium oxides to arrive at photocatalytic degradation efficiencies of 80-95%
for oxalic acid, phenol, methyl orange, and aspirin. When employing Au/TiO,/WOs3,
the degradation efficiency for methyl orange, oxalic acid, and phenol reached 90, 97, and
99%, respectively. In the same year, Indira et al. [16] increased the photocatalytic perfor-
mance of titanium oxide by forming nanocomposites with cerium and loading them over
chitosan to achieve 95% RhB dye degradation against pure TiO, nanoparticles. In 2024,
in combination with the cement slurry, it was shown that nano-TiO, could be utilized to
degrade nitrogen oxides (NOy) in vehicle exhaust [17]. By supporting these compounds
over zeolite, titanium oxides [18] were effective in degrading 65% of sulfamethoxazole
during 120 min of UV irradiation. Abbasi et al. [19] indicated that the combination of zinc
and titanium oxides achieved complete degradation for methylene blue dye after 150 min
of UV radiation. For enhancing the photo-degradation of acetone up to 95%, titanium
oxides were supported over cellulose acetate nanofibers and used as photocatalysts for
remediating the pollution of volatile organic compounds [20]. To increase the removal
efficiency of the dyes from water up to 95%, titanium oxides were combined with biochar
and used as efficient photocatalysts [21]. Sifat et al. [22] studied the photo-activities of the
different kinds of metal oxides such as titanium dioxide, zinc oxides, zirconium dioxide,
iron (III) oxides, copper (II) oxides, copper (I) oxides, and niobium pentoxide for removing
crystal violet and triphenyl-methane dyes from water. They concluded that ~98% of the dye
removal was achieved after 120 min of UV irradiation by titanium oxides and zinc oxides.
Although many studies have used the mono-action effect (such as the doping effect) or
dual-action effect (such as doping with morphology effects) to enhance the photo-activity
of titanium oxide, the triple-action effect (doping, shaping the photocatalyst into nanotubes,
and gold loading) was rarely used by researchers. The current study focuses on uniting
these three effects during the designing process of titanium oxide photocatalysts to create
new photo-active sites and different kinds of charge carriers in addition to preventing
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recombination reactions. By introducing these positive factors, fast removal of industrial
pollutants can be achieved by light in a few minutes. In this line, nanoparticles of titanium
oxide were prepared and converted to nanotubes during the doping process. Then, by
loading gold, the triple-action effect was induced inside the titanium oxide photocatalyst.
To study the triple-action effect on the structure of the photocatalysts, high-resolution
transmission electron microscopy (HRTEM), selected area electron diffraction (SAED),
Raman spectra, energy-dispersive X-ray spectrometer (EDX), and X-ray diffraction were
used in detail. The optical properties and activity of the prepared photocatalysts were
studied in terms of the photocatalytic degradation of the green dyes.

2. Results
2.1. Powder X-Ray Diffraction

X-ray diffraction diagrams of the prepared nanoparticles of titanium oxide (TONP-1),
the gold-supported titanium oxide nanoparticles (Au-TONP-1), and the gold-supported
titanium oxide nanotubes (Au-TONT-1) are shown in Figure 1. The diagram of TONP-1
shows reflection peaks of titanium oxide. These reflection peaks attained for TONP-1 are in
agreement with the anatase phase through matching and fitting with the entire standard
diffraction diagram of JCPDS 21-1272 as shown in Figure 1a.
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Figure 1. XRD patterns of (a) TONP-1, (b) Au-TONP-1, and (c) Au-TONT-1.
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Figure 1a exhibits five wide peaks. This wideness suggested that the prepared particles
of titanium oxides are crystallized in the nanoscale. These five peaks were observed at large
angles. The reflection planes of (101), (004), (200), (105), and (211) have angles of 25.39°,
37.92°,48.11°, 54.04°, and 55.08°, respectively.

By supporting the gold nanoparticles, the peaks of the prepared titanium oxide did not
change because the gold nanoparticles did not penetrate inside the crystal lattice of titanium
oxide. Figure 1b shows the XRD pattern of the sample of Au-TONP-1. The reflections of
different lattice planes, (101), (004), (200), (105), and (211), were observed at 20 = 25.30°,
37.82°,47.91°, 53.83°, and 54.92°. Also, there are no diffraction peaks detecting metallic
gold because of the very low amount of Au used in the synthesis process in addition to the
homogenous distribution of gold nanoparticles.

By converting the nanoparticles to nanotubes and supporting gold nanoparticles,
a clear phenomenon was observed for Au-TONT-1 as shown in Figure 1c. This phenomenon
is an appearance of a new broad peak characteristic of the titanium oxide nanotubes at
very low 20. Figure 1c shows a broad peak at 20 = 9.33° agreeing with d-spacing at
0.947 nm. This indicates that the anatase phase has the structure of nanotubes with sodium
doping [23,24]. The reflection of anatase crystal near this value is plane (001) with d-
spacing = 0.951 nm [24,25]; however, there is a slight deviation between these values. This
deviation is due to the inclusion of sodium dopants inside the crystal of titanium oxide.
This large inter-planar distance is a typical characteristic in titanium oxide nanotubes and
is closely related to the formation of nanotube structures as described in the next section
of TEM images. In addition, another new peak was observed at 20 = 28.4, agreeing with
d-spacing = 0.316 nm. Agreeing with Morgan et al. [25], this peak is due to titanium oxide
nanotubes. A similar shift was observed for the main peaks of the anatase phase to higher
angles as seen in Figure 1c. The reflections of planes (101) and (200) shifted from 25.39°
and 48.11° to 25.76° and 48.22°, respectively. This shift is due to the presence of sodium
dopants inside the crystal lattice of titanium oxide and its effect on the lattice parameters of
titanium oxide.

2.2. Transmission Electron Microscopy

Figure 2a—d show the transmission electron microscopy (TEM) images of TONP-1,
TONT-1, Au-TONP-1, and Au-TONT-1. The morphology of titanium oxide in TONP-1
confirmed the presence of a spherical shape with an average size of 50 nm; however, it
is a nanotube shape in the case of TONT-1 with an average diameter of 20 nm. After
supporting these compounds with gold, the particles became more agglomerated in the
case of Au-TONT-1. The gold nanoparticles are not observed in the TEM images due to
their very small proportion. To quantify the inter-planar distance of TONP-1 and TONT-1
crystal structures, high-resolution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) were performed on them; see Figure 3a—f. From HRTEM,
the inter-planar distance was estimated for TONP-1 and TONT-1 with values of 3.3 A and
2.8 A, respectively. The two distances correspond to the two crystal planes of the anatase
phase, (101) and (004). SAED rings confirm the presence of (101), (004), and (200) crystal
planes in TONP-1 and TONT-1.
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Figure 3. HRTEM and SAED images of (a—¢)Au-TONP-1 and (d-f) Au-TONT-1.

2.3. Raman Spectra

Figure 4 shows Raman spectra of both the nanoparticles and the nanotubes of titanium
oxides TONP-1 and TONT-1. As observed in XRD patterns for TONP-1, the Raman
spectrum aligns purely with the anatase phase for the observation of phonon modes
located at 143 cm ™!, 195 cm ™!, 396 cm !, 515 cm ™!, and 635 cm™~!. The space group for
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tetragonal anatase is Iy, . and the point symmetry is Dy;. The two TiO, units presenting
in the primitive cell give six Raman-active fundamentals in the phonon spectrum: three
E¢ modes, two Bjy modes, and one Aj; mode [26]. However, for TONT-1, the Raman
spectrum predominantly confirms the presence of a rutile phase for the observation of
the Eg mode located at 440 cm ! [27]. There is also a mode assigned to the anatase
phase located at 190 cm~!. There are other phonon modes located at 278 cm !, 670 cm !,
809 cm~!, and 907 cm™! that belong to anatase and rutile phases. The band located at
278 cm~! could be assigned to the multiphonon scattering process [28]. In the literature,
the band at 670 cm~! could be assigned to Ti-O-Ti vibrations [29], and the bands located
at 809 cm~! and 907 cm~! could be attributed to a covalent Ti-O-H bond and a Ti-O-Na

vibration [29,30].
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Figure 4. Raman spectra of TONP-1 ( ) and TONT-1(—).

2.4. Energy-Dispersive X-Ray Spectrometer

Energy-dispersive X-ray spectrometer (EDX) analysis provides local information on the
concentrations of different elements in the outermost layers of the sample of Au-TONP-1.
Titanium, oxygen, and gold are clearly identified in Au-TONP-1 as shown in Figure 5.

The scattered molecules of Ti, O, and Au are shown in the point-mapping image in
Figure 5, which shows them (the colored points are molecules) being distributed throughout
the specific area. Additionally, the points found in the Ti chart are located in similar
positions to the points found in the O chart indicating the formation of titanium oxides.
Figure 5c indicates that the gold is homogeneously distributed at the nanometer scale over
the surface of titanium oxides.

The chemical composition of the Au-TONP-1 sample was determined by EDX analysis
as shown in Figure 5d. The EDX spectrum showed sharp peaks for titanium and oxygen
with high weight percentages. In addition, Figure 5d shows that the low weight percentage
of gold agrees with the percentage of gold supported over titanium oxide during the
preparation method. EDX results concluded that the Au-TONP-1 sample is composed of
titanium oxide supported with 1% gold.

Figure 6 shows the elements composition of the Au-TONT-1 sample and the mapping
images of its different elements. The scattered molecules of Ti and O are shown in the
point-mapping image in Figure 6a,b as colored points distributed throughout the specific
area. Additionally, the points found in the Ti chart have the shape of nanotubes as shown
in Figure 6a by yellow lines. Also, Figure 6b shows similar nanotubes for oxygen molecules
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agreeing with the titanium molecules located in Figure 6a. In the same line, Figure 6c shows
the scattered molecules of gold, indicating similar nanotubes as marked by yellow lines.
This finding confirms that Au-TONT-1 has nanotubes of titanium oxide supported by gold.
In addition, Figure 6¢ shows that the gold is homogenously dispersed over titanium oxides.
Furthermore, the elements’ composition of Au-TONT-1 was determined by EDX analysis as
shown in Figure 6d. Strong peaks of titanium and oxygen were identified by the EDX spectrum.
In addition, Figure 6d confirmed the doping process for titanium oxide through the observation
of a new clear peak of sodium in the EDX diagram. This means that the Au-TONT-1 sample has
nanotubes of the Na-doped TiO, supported with nanoparticles of gold.

Ti (a) (0] )

6.0 5] 9.0 10.5

43
300nm keV

Figure 5. EDX analysis of Au-TONP-1 and mapping images of different elements: (a) titanium,
(b) oxygen, (c) gold, and (d) elemental composition.

13 30 3y 60 7590 105

Figure 6. EDX analysis of Au-TONT-1 and mapping images of different elements: (a) titanium,
(b) oxygen, (c) gold, and (d) elemental composition.
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2.5. Optical Properties

The optical properties and applications of titanium oxides are changed according to
their different phases and morphologies. Therefore, this study has used UV-Vis absorbance
spectroscopy to discuss and analyze the optical parameters of the prepared nanoparticles
and nanotubes of titanium oxides. Figure 7a indicates that there is a clear absorbance in the
UV region for the TONP-1 sample. Two maxima were observed at 222 nm and 330 nm in
the spectrum of the UV-Vis absorbance of TONP-1.
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Figure 7. (a) The absorbance spectrum of TONP-1 (inset, its band gap energy), (b) the absorbance
spectrum of Au-TONP-1, and (c) the absorbance spectrum of Au-TONT-1.

This UV absorbance was developed by the addition of supporting gold. Through
the addition of supporting gold in the TONP-1 sample, two maxima were observed in
Figure 7b; one is in the UV region at 300 nm and the other is observed in the visible region
as a weak peak at 660 nm. The first maximum of Au-TONP-1 is due to the absorbance
of titanium oxide and the second one is a result of the presence of gold. By using the
triple-action effect, conversion to nanotubes with the Na-doping process in addition to
supporting Au addition, the UV absorbance shifted toward a high wavelength in addition
to a maximum at 680 nm as shown in Figure 7c. The effect of the triple-action effect was clear
when calculating the band gap energy. The energy of the band gap is the energy between
the valance band and the conduction band. It is considered one of the most important
parameters of photocatalysts. Depending on the absorbance factor (&) of TONP-1, the band
gap energy (E) could be assessed by using the following equation [31]:

(cxh\/)2 = constant (hv — Eg) (1)

By plotting the values of (Abs.E)?> = (a«hv)? and energy (hv) along the Y-axis and
X-axis, the band gap energy was determined by extending a straight line toward the X-axis.

Figure 7a (inset) shows the band gap energy of TONP-1. This band gap energy was
3.4 eV. By adding supporting gold to titanium oxide, Figure 8a indicates that the band
gap energy of Au-TONP-1 slightly changed to 3.50 eV. Through the triple-action effect, the
conversion to nanotubes with the Na-doping process in addition to Au-supporting caused
a reduction in the band gap energy. Figure 8b shows the band gap energy of Au-TONT-1.
A clear shift was observed for the band gap energy from 3.50 eV to 3.25 eV. The effect of
the triple-action effect was clear during the study of the photo-activity of Au-TONT-1 for
photocatalytic degradation processes.
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Figure 8. (a) The band gap energy of Au-TONP-1 and (b) the band gap energy of Au-TONT-1.

2.6. Water Purification

Dyes are dangerous pollutants in water because most of them are not biodegradable.
In addition, the color removal from these pollutants is considered a critical problem for
water because the low contents of dyes, which are below 1 mg/L, are clearly visible in
water [32,33]. Optical materials can be used in light to remove industrial pollutants by
converting the hydrocarbons to carbon dioxide and water [34,35]. By using the prepared
titanium oxides and their products, the removal processes of acid green 1 dye were studied
in the presence and absence of light.

By withdrawing a certain amount of liquid after a few minutes of light radiation,
the concentration of dye was determined by measuring its absorbance with a UV-Vis
spectrophotometer. The main structures of the pollutants were gradually decomposed
leading to a regular reduction in the characteristic peak of the dye at 714 nm as shown
in Figures 9 and 10. In addition, a similar reduction was observed in the other peaks at
320 nm, 283 nm, and 232 nm, indicating a complete degradation of the internal parts of

the dyes.
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Figure 9. Absorbance spectra of the green dyes with different irradiation times in UV light in the
presence of (a) TONP-1 and (b) Au-TONP-1.
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Figure 10. Absorbance spectra of the green dyes with different irradiation times in UV light in the
presence of Au-TONT-1.

By exposing the green dye without photocatalysts to the light, its stability was mea-
sured using a blank test. The photo-activity of the prepared photocatalysts was determined
by studying and analyzing the photocatalytic degradation of the green dye against the
light radiation duration. To ascertain the adsorption capability of the used photocatalysts,
the concentration of the dye was determined after the green solution of the dye was mixed
with the photocatalyst in the dark. The steady loss of the industrial pollutant’s green color was
indicative of the green dye’s photocatalytic breakdown in the presence of UV radiation and one
of the prepared photocatalysts. Figures 9 and 10 present illustrations of the acquired results.

Figure 9a shows the effect of the adsorption capacity of TONP-1 on the concentration
of AG1 in the absence of light. A small change was observed in the concentration of
the dye, indicating 6.1% removal by the adsorption process. In the presence of light,
the photocatalytic decomposition of AG1 increased as the radiation time increased. After
70 min, the degradation of the green dye was 84%, as shown in Figure 9a.

By using the gold effect (mono-action effect) for TONP-1, the addition of supporting
gold increased the optical activity of Au-TONP-1. Here, the percentage of decomposi-
tion reached 100% after 40 min of light radiation, as shown in Figure 9b. The complete
disappearance of the green dyes indicates that the mono-action effect is effective for tita-
nium oxide.

By using the triple-action effect, titanium oxide became more effective in the presence
and absence of light. Here, Figure 10 shows a stronger effect of the adsorption capacity
of Au-TONT-1 on the concentration of AGI in the absence of light. A large change was
observed in the concentration of the dye, indicating 27% removal by the adsorption process.

In the presence of light, the percentage of decomposition reached 100% after 17 min
of light radiation, as shown in Figure 10. The complete disappearance of the green dyes
indicates that the triple-action effect is very effective for titanium oxide.

3. Discussion

The full degradation and decolorization of the green dyes were achieved through de-
veloping titanium oxides by mono- and triple-actions. The mono-action effect was carried
out through the addition of supporting gold to titanium oxide to act as a photocatalyst.
This mono-action was effective for the photocatalytic degradation of the dyes. During 40
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min of light radiation, the removal of the dyes was completed with a full disappearance
of the green color from the water. To increase the effectiveness of the photocatalyst, the
morphology of titanium oxide was converted to nanotubes. At the same time, titanium
oxide was doped with sodium cations. The titanium oxide, after the conversion to nan-
otubes and the doping process, was supported with gold to increase its efficiency through
a triple-action effect. This triple-action effect was very effective because the green color
of the dyes disappeared after 17 min of light radiation; additionally, the absorbance peak
of the dyes at 714 nm disappeared, as shown in Figure 9b. Also, the absence of the bands
at 320 nm, 283 nm, and 232 nm indicated that the components of organic pollutants were
fully oxidized and were mineralized into carbon dioxide and water because these peaks are
linked to the organic phenyl groups of the dyes. Photocatalysis processes depend on the
production of strong oxidizing agents from the photo-active materials using light. These
oxidizing agents play a key role in decomposing and removing organic pollutants through
advanced oxidation processes. These advanced oxidation processes involve the in situ
generation of highly potent chemical oxidants such as the hydroxyl radical (*OH) and the
superoxide radicals (*O; 7).

The primary process by which photons of light excite the electrons in photo-active
materials allows them to separate and move into the conduction band. In the valance
band, holes begin to appear in this manner. The oxygen molecules and the excited elec-
trons react to form the superoxide radicals *O, ™. These free radicals are potent oxidizers.
Hydroxide radicals are produced as a result of the reaction between the holes and water
molecules, which also produces additional oxidizing agents. The *OH radicals are highly
oxidizing agents.

By accelerating the mechanism of the photo-active materials through the triple-action
effect, high levels of photocatalytic activity were achieved with Au-TONT-1. The triple-
action effect enabled the mechanism of the photo-activity of the Au-supported TiO, nan-
otubes to be accelerated. The first action was produced from the nanotubes. The nanotubes
of titanium oxide have many advantages and actions. Such nanotubes generate new
photo-active centers. Also, they trapped and confined the pollutants inside their tubes to
attack different active sites at the same time. This finding was confirmed by increasing
the adsorption capacity of Au-TONT-1 to attain 27% removal of the dyes. In addition,
one-dimensional nanotubes prevent recombination reactions by increasing the separation
processes between the excited electrons and the holes because of the short distance for
charge carrier diffusion and light-scattering properties. In addition, the nanotubes look
like the wires used for transferring electrons from the conduction band to other sites.

The second action depends on the doping process because the insertion of sodium
cations inside the structure of titanium oxide caused a lowering of its band gap energy.
The separation step was accelerated to increase the number of holes in the valance band
and the number of electrons in the conduction band as a result of the drop in energy from
3.50eV to 3.25eV.

The third action relates to the addition of supporting gold to titanium oxide. The pres-
ence of gold nanoparticles leads to many positive actions for the photo-activity of titanium
oxide because gold has a wide range of light absorption and can act as electron traps.
Furthermore, it possesses a strong surface plasmon resonance (SPR) peak that can function
as a light-trapping receptor. This causes the SPR peak to be photoexcited, which in turn
creates a locally increased electric field near the gold nanoparticles. Moreover, SPR in-
creases light scattering and extends light absorption to longer wavelengths. The enhanced
photocatalytic degradation of the dyes and Au-TONT-1’s high photocatalytic activity are
caused by these triple-action effects. The following mechanism demonstrates how this
triple-action effect became a driving force for increasing the production of oxidizing agents
and accelerating pollutant removal as shown in Figure 11.

The excited electrons are swiftly transported through the nanotubes and the sup-
porting gold to other sites in the photocatalytic degradation mechanism of the dyes in
the presence of Au-TONT-1, preventing recombination events. Furthermore, Figure 11
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provides numerous pathways for oxidizing agent production to hasten the dyes’ photo-
catalytic breakdown. The hydroxyl radicals (*OH) and superoxide radicals (*O, ™) that
were adsorbed on the photocatalyst surface reacted to form adducts in the presence of the
dye molecules. This was followed by the molecular structure fragmenting into several
intermediate species until total mineralization, which produced CO, and H,O.

(*027) Oxidizing
0

agent 2
v (*027)
("027) Oxidizing 0,

( \ Oxidizing agent
agent Ca / .
e elere [A ©;
TiO» Nanotub 5-4/ a Gold nanoparticles
Y| 3.25eV
H,0
Ve
h* h* h* h* .
TiO: ("OH)
Oxidizing
agent

Figure 11. The mechanism of producing oxidizing agents and the photocatalytic degradation of dyes
in the presence of Au-TONT-1.

In comparison with the previous results of the researchers, which were recently
published, the prepared titanium oxide in the current study based on the triple-action
effect is the optimum. Table 1 indicated that the highest performance for photocatalytic
degradation of pollutants was observed for the prepared photocatalysts in the current study.

In 2023, pure TiO,, Ce-TiO,, and chitosan-loaded Ce-TiO, caused 70%, 90%, and 95%
of Rhodamine B (RhB) dye degradation after 100 min of light radiation, respectively [16].
Paeng et al. [36] indicated that the Ce-doped titanium oxides and Er-Yb dual-doped
titanium oxide caused 98% and 95% photocatalytic degradation of RhB dye after light
irradiation for 60 and 240 min, respectively. Li et al. [37] reported that 95% of RhB was
achieved within 20 min of light using MoS; /MoO3/TiO; composites. Chen et al. [38]
used TiO,-5i0, composites to degrade 99.9% of methyl orange (MO) after 3 h of UV light.
By using a 3D N-doped TiO, film photocatalyst, 50% of MB degradation was achieved after
3 h of light radiation [39]. For the TiO,-NH;-Cu,O nano-photocatalyst [9], 95% of the MB
dye was degraded after 2 h of contact time with light. In the case of TiO, nanotube arrays
decorated with biochar nanoparticles [40], 90% of the MB dye was degraded after 3 h of UV
light. Ag/TiO, supported by 3D chitosan caused a complete removal of pharmaceutical
compounds in wastewater during 2 h under UV irradiation [10]. Vo et al. [41] reported
that the RhB dye was completely degraded by the Ce-TiO,/chitosan composite catalyst.
In the current study, the green dyes were fully oxidized and mineralized after 17 min of
light radiation, indicating high performance for titanium oxides which are modified by the
triple-action effect.
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Table 1. A comparison between the current study and the published data of different photocatalysts
based on titanium oxides and their performance.

Target Degradation Radiation Time

Type Photocatalysts Pollutant Rate (min) Ref.
Pure TiO, Rhodamine B 70%, 100
TiO, Ce-TiO; Rhodamine B 90% 100 [16]
Ce-TiO, /chitosan Rhodamine B 95% 100
TiO, Ce-TiO, Rhodamine B 98% 60 [36]
Er-Yb-TiO, Rhodamine B 95% 240
TiO, MoS, /MoO3/TiO, Rhodamine B 95% 20 [37]
TiO, TiO,-Si0O, Methyl orange 99.9% 180 [38]
TiO, N-doped TiO, Methyl orange 50% 180 [39]
TiO, TiO,-NH;5-Cu,O Methyl orange 95% 120 [9]
TiO; Biochar/TiO, nanotubes Methyl orange 90% 180 [40]
TiO, Ag/TiO, /chitosan Pﬂiﬁ;ﬁ‘;ﬁfl 100% 120 [10]
TiO, Ce-TiO, /chitosan Methyl orange 100% 120 [41]
O, Au/Na-TiO, nanotubes Acid green 1 100% 17 The current study
Au/TiO; nanoparticles Acid green 1 100% 40

To examine the reusability of the optimum photocatalyst, three cycles of photocatalytic
processes were carried out for the Au-TONT-1 sample. The same results were observed for
the three cycles. A complete disappearance of the green dyes occurred after 17 min of light
radiation. This means that there is a high stability for the activity of Au-TONT-1 for the
photocatalytic degradation processes.

The reaction rate of photocatalytic decomposition can be measured by kinetic models.
The Langmuir-Hinshelwood mechanism was reported as a model for heterogeneous
photocatalysis. The photocatalytic decomposition reaction of the aqueous solution of
green dyes is a bimolecular reaction. During the reaction, the concentration of water
is constant and the concentration of the dye strongly changes with time. This reaction
appears like a first-order reaction (monomolecular reaction). Therefore, the kinetic reactions
of the degradation process of the AG1 dye were studied using the following formula:
In C,/C¢ = kt. The concentration of the dyes (C,) was measured at a time of zero. The
concentration of the dyes (C;) was then determined at different times. The value (k) is
the rate constant of the reaction. The kinetic plots of the photocatalytic decomposition
of the dye using the prepared photocatalysts TONP-1, Au-TONP-1, and Au-TONT-1 are
displayed in Figure 12.

Figure 12a shows the linear relation of the decomposition of the dyes using TONP-1.
This linear relation means that this process is a pseudo-first-order kinetic reaction. Addi-
tionally, Figure 12a shows that the rate constant of the reaction is 0.0091 min~'. The lin-
ear relation of the decomposition reaction of the dyes using Au-TONP-1 is displayed in
Figure 12b. The rate constant of the decomposition reaction was found to be 0.037 min~!.
For Au-TONT-1, Figure 12c shows that the rate constant of the decomposition reaction in-
creased to 0.0779 min~!. The kinetic parameters of both TONP-1 and Au-TONP-1 revealed
the positive effect of gold supporting on increasing the reaction rate of photocatalytic
degradation of the green dyes from 0.0091 min~! to 0.037 min~!. The comparison between
TONP-1 and Au-TONT-1 indicated that the triple-action effect boosted the photo-activity
of titanium oxide to accelerate the reaction rate of the photocatalytic decomposition of the
green dyes eight times faster than the pure titanium oxide nanoparticles.
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Figure 12. The rate of the photocatalytic decomposition reaction of the dye in the presence of light
and (a) TONP-1, (b) Au-TONP-1, and (c¢) Au-TONT-1.

4. Materials and Methods
4.1. Design of Titanium Oxide Nanoparticles

Titanium oxide nanoparticles were synthesized by the sol-gel technique depending
on the alcohol-based processes. The alcoholic mixtures were produced by reacting 20 mL of
titanium isoperoxide with 125 mL of ethyl alcohol. The strong electronegativity between ti-
tanium and oxygen leads to the highly reactive and polar molecules of titanium isoperoxide.
The gel form was produced by adding 125 mL of deionized water to the alcoholic mixtures
of titanium isoperoxide through simultaneous hydrolysis and condensation processes.

Filtration and washing processes were used by the deionized water and ethyl alcohol
to separate the white product. The products were dried in a vacuum at room temperature
for 24 h. It was classified as TONP-1. The product was thermally treated at 400 °C for 3 h.

4.2. Doping and Transforming Nanoparticles into Nanotubes

The titanium oxide nanoparticles, TONP-1, were doped and transformed into nan-
otubes through one step. Using a hydrothermal technique, 1.50 g of the prepared nanopar-
ticles of titanium oxide was reacted with sodium hydroxide at a high temperature and
pressure. The concentrated aqueous solution of sodium oxide (10 M) was added and stirred
with the nanoparticles of titanium oxide at room temperature for 2 h. Then, the mixture
was thermally treated inside a Teflon-lined autoclave at 130 °C for 24 h. After washing
and filtration processes, the product was dried at 60 °C. The final mass of the product was
1.60 g. The product was calcined at 400 °C for 3 h. It was coded as TONT-1.

4.3. Gold Loading

Gold nanoparticles were purchased from Nanoimmunotech Inc., Vigo, Spain. The
concentration of gold was 0.5 mM dispersed in 10 mL of water. The diameter of the gold
nanoparticles was around 50 nm. The gold was supported over titanium oxides according
to the dry impregnation method. Typically, one gram of titanium oxide was mixed with the
deionized water. Then, the titanium oxide was weighted after water impregnation. In this
way, the amount of water, which can be impregnated by titanium oxide, was calculated
through the difference between the weights of titanium oxide before and after water
impregnation. After that, one gram of TiO, nanoparticles was impregnated with 10 mL
of the aqueous solution of gold in order to produce 1 wt.% of gold in the final material.
The impregnation process was achieved under stirring for 30 min at room temperature.
Finally, the product was dried in a vacuum for 36 h. The product was thermally treated
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under a flow of nitrogen at 450 °C. It was coded as Au-TONP-1. Using a similar method,
the second sample was prepared for the nanotube TONT-1 to produce Au-TONT-1.

4.4. Characterization of the Prepared Samples

To determine the crystalline structures, X-ray powder diffraction (XRD) was used
by Rigaku RINT 2200 (Tokyo, Japan) with CuK_ (filtered) as the radiation source at a
wavelength = 0.154 nm between angles of 20 = 4-60°. Transmission electronic microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX) were performed by using the
equipment (JEOL, JEM-2100F, Tokyo, Japan) with a voltage of 200 kV. A solution of 10 uL
of nanoparticles was deposited on a carbon-covered copper grid after sonication for 20 min.
A confocal Raman microscope (HORIBA; LabRAM HR800, Longjumeau, France SAS) to
measure Raman spectra at room temperature with a blue laser (He-Cd) with a wavelength
of 442 nm and an output power of 20 mW was used. The Raman spectra were recorded in
a backscattering configuration at ambient temperature. A grating of 1800 L/mm, an ac-
quisition time of 90 s, and 2 mW excitation power were used to record Raman spectra.
The Shimadzu 3600 UV diffuse reflection technique was used to determine the optical
parameters of the prepared nanomaterials. Via spectrophotometer software, the reflectance
was converted to absorption using (Shimadzu, Columbia, MD, USA). To measure solids, an
ISR-603 spectrophotometer (Integrated Ball Attachment, Shimadzu, Columbia, MD, USA)
was used. In order to measure liquid samples, absorption coefficients were measured by
conventional UV /VIS.

4.5. Photocatalytic Processes

The photocatalytic degradation of green dyes was used for purifying water from
industrial pollutants by light. At the same time, to determine the efficiency and the photo-
activity of the prepared titanium oxide nanoparticles, the nanoparticle-supported gold,
and the nanotube-supported gold, the photocatalytic reactions were carried out inside the
quartz immersion well reactor (RQ400) with a mercury lamp (400 W). This lamp covers a
wide range of wavelengths in the UV and visible regions. In the current study, an aqueous
solution of green dye (acid green 1) was prepared at an appropriate concentration of
0.0004 M. Two basic experiments were performed; one was without light and the other was
carried out without a photocatalyst. In the standard experiment, the dye concentration
can be determined by following the characteristic band in the dye spectrum according to
the Beer-Lambert law. The concentration change was monitored in the green band color
of the 714 nm feature of acid green 1. Small doses of the solution were withdrawn after
UV irradiation at different time intervals. The concentration of the remaining dye in the
solution was measured using a UV spectrophotometer.

5. Conclusions

The current study focuses on achieving a fast removal of industrial pollutants. This ob-
jective was accomplished by engineering titanium oxide through a triple-action effect to
become an effective photocatalyst. The nanoparticles of titanium oxide were prepared and
converted to nanotubes during the doping process. In addition, the doped nanotubes were
supported by gold nanoparticles to induce the triple-action effect inside titanium oxide.
Using the triple-action effect, new optical sites were produced through sodium doping
and gold nanoparticles. Also, the nanotubes and gold nanoparticles created different
tracks for charge carriers to transfer the excited electrons to other locations. In addition,
recombination reactions were prevented by separation processes between the hole—electron
pairs through the triple-action effect. High-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED), Raman spectra, energy-dispersive
X-ray spectrometer (EDX), and X-ray diffraction confirmed the strong role of the triple-
action effect on the structure of the photocatalyst. The results of the photocatalytic degra-
dation of the green dyes showed that the triple-action effect has a strong positive role in
increasing industrial pollutant removal with or without light. Here, the percentage of
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photocatalytic decomposition reached 100% after 17 min of light radiation. In addition,
27% of the pollutants were removed without light radiation. The present study suggests an
effective photocatalyst for water purification and environmental remediation.
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Abstract: Imidacloprid (IMI), a widely used neonicotinoid pesticide, has led to significant water
contamination due to excessive use. As a result, there is an urgent need for effective and straight-
forward methods to remove IMI residues from water. Photocatalytic technology, an integral part
of advanced oxidation processes, is particularly promising due to its renewability, high catalytic
efficiency, fast degradation ratio, and cost-effectiveness. This review systematically examines recent
progress in the photocatalytic degradation of imidacloprid in aqueous solutions using various solid
catalysts. It provides a comparative analysis of key factors affecting catalytic performance, such as
catalyst synthesis methods, reaction times, catalyst loading, and IMI concentrations. Among the
solid catalysts studied, nano-ZnO achieved a higher degradation rate of IMI in a shorter period and
with a reduced catalyst dosage, reaching approximately 95% degradation efficiency within one hour.
Additionally, this review explores the types of heterojunctions formed by the catalysts and elucidates
the mechanisms involved in the photocatalytic degradation of IMI. In conclusion, this review offers a
comprehensive evaluation of solid catalysts for the photocatalytic removal of IMI from water, serving
as an important reference for developing innovative catalysts aimed at eliminating organic pollutants
from aquatic environments.

Keywords: photocatalytic degradation; imidacloprid; solid catalysts; mechanism

1. Introduction

Imidacloprid (IMI) is a systemic insecticide from the nitroguanidine class, categorized
as a neonicotinoid, which represents a new generation of nicotine-like insecticides. This
compound is noted for its broad-spectrum activity, high efficacy, low toxicity, and minimal
residual presence, leading to its extensive application in pest control, seed treatment,
and the management of termites and fleas [1,2]. IMI works by disrupting normal signal
transmission in the central nervous system of pests, causing paralysis and, eventually,
death. Its effectiveness, combined with a relatively low risk of resistance development
in target pests, has made IMI widely adopted in agricultural practices [3,4]. A United
Nations report reveals that merely 1% of all pesticides used are effective against target
pests, while the remaining 99% infiltrate the environment, causing detrimental effects
on ecosystems [5]. The globally accepted safe concentration range for IMI emissions in
the environment spans from 0.001 to 320 micrograms per liter. IMIs typically exhibit
high persistence in water, leading to contamination of surface water and groundwater,
as well as entry into the food chain. Global surveys of surface water have revealed
that IMI is detected in 89% to 100% of cases, with concentrations reaching up to 4.50
ug/L, underscoring its pervasive presence [6,7]. Furthermore, studies show that IMI
can persist in water for over 100 days [7]. As a result, when IMI enters water bodies
through spray drift or rainfall runoff after application, it can pose significant threats to
fish and other aquatic species, potentially disrupting entire aquaculture populations and
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ecosystems [6,7]. On the other hand, excessive use of IMI has been linked to the decline of
bee populations, impairing female bees’ foraging abilities, increasing competition among
males, and affecting overall numbers. The ecological consequences of neonicotinoids have
prompted significant concerns, particularly regarding water contamination and the broader
impacts on biodiversity [8,9]

The aquatic environment is crucial for human activities and daily living. Therefore,
it is imperative to explore sustainable and efficient technologies for the removal of IMI
residues from water. Various methods have been developed for the degradation of organic
compounds, including wet oxidation, biological oxidation, electrochemical redox processes,
and advanced oxidation processes (AOPs) [10]. AOPs are widely acknowledged as the most
effective approach for degrading organic pollutants in water due to their high efficiency
and manageable reaction conditions [11,12]. The primary types of AOPs include the
Fenton reaction and its variants, electrochemical oxidation [13], ozone oxidation [14], and
photocatalytic degradation [15]. Among this, photocatalytic technology is essential in
the treatment of wastewater pollutants due to its significant advantages, which include
remarkable reproducibility, high catalytic efficiency, rapid degradation rates, and cost-
effectiveness [16,17].

Photocatalytic technology involves harnessing light energy to enhance the redox ca-
pabilities of a photocatalyst, making it effective under various illumination conditions.
When exposed to light, the photocatalyst absorbs energy, prompting electrons to transition
to elevated energy states and generating electron-hole pairs. These pairs subsequently
interact with oxygen and water, leading to the formation of reactive species. Ultimately,
these active species, in conjunction with the electron-hole pairs, facilitate the conversion of
pollutants into water and carbon dioxide [11]. Consequently, the characteristics of the pho-
tocatalyst are crucial for the effective catalytic degradation of IMI in aqueous environments.
As shown in Figure 1, this review investigates the effects of various solid photocatalysts
on the degradation of IMI in aqueous environments. It provides comprehensive insights
into the synthesis methods, reaction times, and degradation efficiencies of different solid
catalysts. Additionally, it explores and summarizes the predominant reaction mechanisms
that drive the photocatalytic decomposition of IML
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Figure 1. Different solid photocatalysts used for the degradation of IMI.

2. Photocatalytic Degradation of Imidacloprid Using Metal Oxide Photocatalysts

Metal oxide catalysts are renowned for their remarkable stability and regenerative
capabilities, allowing them to maintain high catalytic activity even after multiple uses.
Furthermore, these metal oxides exhibit significant environmental compatibility, thereby
reducing the risk of secondary pollution in practical applications [18]. Moreover, metal
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oxides possess advantageous light absorption characteristics that broaden the light response
spectrum of the catalysts [19]. The photocatalytic degradation of IMI using metals and
their oxides catalysts are outlined and summarized in Table 1.

Table 1. Comparison of metal and metal oxide materials in photocatalytic degradation efficiency
of IML

R IMI .
Photocatalyst Light Source Catalys_ls Time Ca.talyst Concentration Efﬁf 1ENCY  Refs.
(min) Loading (g/L) (%)
(mg/L)

TiO, UV light 360 0.6 20 90.0% [20]
Black TiO, visible light 360 1.0 20 90.0% [21]
Cu-TiO, fluorescent bulb 60 0.5 25 45.0% [22]
HPW /TiO;-In,O3 Xenon lamp (225 W) 300 3.6 8 83.0% [23]
ZnO Xenon lamp 120 0.2 5 92.0% [24]
nano-ZnO visible light 30 2.0 50 96.6% [25]
CuO UV light 50 0.5 30 99.0% [26]
Ag-ZnO UV light 80 0.6 25 65.0% [27]
710 /Nyll(\)/[r?, 6/PMMA UV light 240 2.5 10 78.0% [28]
N-MgO@Fe30,4 Xenon lamps 60 0.15 10 94.7% [29]
Ag>S/Fe304,@Ag3POy Xenon lamp (300 W) 90 0.5 2 73.0% [30]
Ag/CuNb,Og4/CuFe;O4 halogen lamp 240 0.5 10 96.0% [31]
Co304/PMS solar irradiation 120 0.4 25 99.0% [32]
CeO, light tubes (18 W) 360 0.15 20 30.0% [33]
PWO/PI Xenon lamp (225 W) 180 2.5 20 73.0% [34]
Au-Sn0O,-CdS LED bulb 180 0.03 1.5 95.0% [35]
In,S3/Agl-300 Xenon lamp (300 W) 60 0.5 10 76.2% [36]
WO;3/5i0, UV light 60 0.5 5 59.0% [37]
Bilz_7CO()_3019‘35 visible hght 240 1.0 10 96.0% [38]
TiO,-Fe-HNT UV light 300 0.5 8 41.0% [39]

2.1. Titanium Dioxide (TiO,)-Based Solid Photocatalysts

TiO; is a highly effective photocatalyst known for its non-toxic nature, chemical stabil-
ity, and significant reactivity. These properties make it suitable for various applications,
including water purification, removal of residual pesticides, and degradation of air pol-
lutants [40]. For example, Luminita et al. [20] developed TiO; photocatalysts through an
eco-friendly and sustainable sol-gel approach, demonstrating effective degradation of
IMI under both UV and visible light exposure. In the process of IMI photodegradation,
electrons are essential. The introduction of a hole (h*) scavenger resulted in an increase in
the degradation ratio of IMI under UV light from 69% to 90% within a 6 h period. This im-
provement enhances the interaction between electrons and pollutants, thereby decreasing
the recombination ratio of electron-hole pairs. Furthermore, the photocatalytic efficiency of
TiO; is significantly influenced by the presence of defects and disorder within the material,
including oxygen vacancies and Ti>* defects. Consequently, TiO, nanoparticles that are rich
in defects, such as black TiO,, serve as optimal candidates for the fabrication of heterojunc-
tions. Therefore, Luminita and co. [21] manipulated defect formation by adjusting the mass
ratio of TiO, to NaBHj in an argon environment at 350 °C, which resulted in TiO, powders
that ranged in color from gray to black. In comparison to the original white titanium diox-
ide, these modified powders exhibited a remarkable enhancement in photocatalytic activity,
particularly in the degradation of IMI. When subjected to visible light irradiation, black
TiO, demonstrated a photocatalytic degradation efficiency exceeding 90% for IMI. This
improvement can be attributed to its increased specific surface area, reduced bandgap, and
the prevalence of Ti*" and oxygen vacancies on its surface, all of which promote effective
charge carrier separation.

The ability of TiO, to effectively absorb visible light from the solar spectrum is limited
by its wide band gap, which ranges from 3.0 to 3.2 eV, resulting in catalytic activity that
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is mainly restricted to ultraviolet radiation. Consequently, there is an urgent need to
develop more efficient photocatalysts that maintain catalytic functionality under visible
light to address the shortcomings of TiO, and enhance overall photocatalytic performance.
Recent studies have utilized various metal oxide nanoclusters as cocatalysts to serve
as hole trapping centers. Among these, copper (Cu) is an inexpensive alternative that
can be used for the surface modification of TiO,. It induces visible-light photocatalytic
activity in a straightforward process without introducing impurities or vacancy levels
into the crystal. The photocatalytic activity of Cu-modified TiO; is also influenced by
the phase composition of TiO;. Generally, rutile exhibits higher photocatalytic activity
compared to anatase and brookite. Additionally, the highly dispersed Cu (I) and Cu
(II) sites on the TiO, surface contribute to the enhancement of photocatalytic activity.
More importantly, Cu (II) nanoclusters grafted onto the TiO, surface act as visible-light-
sensitive cocatalysts and enhance electron-hole separation [41]. For instance, a nano-TiO,
supported photocatalyst was prepared by Tihana et al. [22] through electrochemical anodic
oxidation and subsequently modified with varying Cu concentrations (0.2-1 M) via wet
impregnation. The degradation of IMI was evaluated using an unmodified reference
catalyst (0 M CuTiO,) and five Cu-modified catalysts (0.2 M, 0.4 M, 0.6 M, 0.8 M, and 1 M)
under UV-visible irradiation in a continuous flow reactor, with 0.8 M CuTiO, exhibiting
the highest photocatalytic activity. In the 0.8 M CuTiO, sample, the proportion of Ti-O—-Cu
bonds, which indicate Cu (II) cations directly bonded to the TiO, surface, versus Cu (II)
present as CuO nanoclusters on the TiO, surface, is optimal for enhancing photocatalytic
activity. Conversely, when the copper concentration is either too low (0.2 M CuTiO,, 0.4 M
CuTiO,, and 0.6 M CuTiO,) or too high (1 M CuTiOy), the quantity of beneficial Ti-O-Cu
bonds is not adequate to boost photocatalytic activity. Additionally, Cu—O-Cu bonds
signify the formation of CuO nanoparticles, which can trap the holes necessary for the
oxidation of IMI Therefore, a higher concentration of CuO on the TiO, surface (asin 1 M
CuTiO,) inhibits photocatalytic activity.

Although H3zPW1,049(HPW) demonstrates strong photocatalytic activity in homo-
geneous systems, its practical applications are significantly enhanced by immobilizing it
on supports such as TiO,. This immobilization leverages the substantial synergistic effect
between HPW and TiO;, thereby improving the catalyst’s photocatalytic performance.
Moreover, indium oxide (InpO3) is another n-type semiconductor with an indirect band
gap of 2.8 eV, making it responsive to visible light. Building on these findings, Liu et al. [21]
developed an innovative type II heterojunction visible light catalyst, HPW /TiO5-In,O3,
characterized by a ternary composite structure using a sol-gel method. They investigated
its catalytic efficiency for degrading IMI under visible light. The HPW /TiO;-In; O3 catalyst
demonstrated superior photocatalytic degradation performance for IMI, achieving effi-
ciencies that are 5.6, 9.3, and 12.5 times greater than those of HPW /TiO;, TiO,-In,O3, and
TiO,, respectively. The enhanced photocatalytic activity of HPW /TiO,-In,O3 under visible
light is attributed to the efficient separation of photogenerated charge carriers facilitated by
the type II heterojunction, along with the suppression of carrier recombination due to the
ternary composite structure.

2.2. Zinc Oxide (ZnO)-Based Solid Photocatalysts

Zinc oxide (ZnO), recognized for its chemical stability and availability, is another
extensively researched photocatalyst. It has a band gap similar to that of titanium dioxide
(TiOy) and demonstrates outstanding photocatalytic activity under ultraviolet light [42]. For
instance, a study by Maria’s team [24] investigated the performance and efficiency of ZnO
powder prepared by the sol-gel method for photocatalytic applications. Under simulated
solar radiation, the study assessed the removal efficacy of IMI and found that, at an initial
IMI concentration of 5 mg/L, the photocatalytic degradation efficiency reached 92% after 4 h
of light treatment. Additionally, Dhiraj et al. [25] utilized three synthesis methods, including
both template-assisted and non-template techniques, with xanthan gum (XG) serving as a
sacrificial template. By modulating the growth conditions, they successfully fabricated ZnO
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nanostructures that exhibited high specific surface area and low bandgap energy, achieving
a degradation efficiency of 96.09% for IMI under UV irradiation. Although ZnO possesses
numerous advantages, its wide band gap limits its efficiency in the visible light spectrum, as
it mainly absorbs ultraviolet light. Additionally, the rapid recombination of photogenerated
electrons and holes adversely affects its photocatalytic performance. Therefore, targeted
modifications and the development of composite materials have become essential strategies
to overcome these limitations [43]. For example, on the basis of ZnO materials, Amna and
colleagues [26] synthesized nano-copper oxide (CuO) and nano-zinc oxide (ZnO) from okra
(Abelmoschus esculentus) using the sol-gel method. These nanoparticles demonstrated
excellent photocatalytic activity, achieving a removal ratio of 99% for CuO and 81% for
ZnO within 60 min of exposure to IMLI. In another study, Mahwish et al. [27] synthesized
Ag-7ZnO composite materials via a hydrothermal technique to explore their efficacy in
the complete mineralization of IMI. The findings revealed that the Ag-ZnO composite
demonstrated superior photocatalytic activity in degrading IMI, achieving a degradation
efficiency of approximately 65% within 80 min, outperforming pure ZnO. Similarly, Khalid
et al. [28] prepared Mg-ZnO/Nylon 6,6 /PMMA ternary nanocomposites via a solution
casting method, investigating their performance in the photocatalytic degradation of IMI.
The results showed a 78% increase in photodegradation rate compared to pure Nylon
6,6 and ZnO/Nylon 6,6 /PMMA composites. The Mg-ZnO/Nylon 6,6 /PMMA composite
exhibited high degradation activity, primarily due to the presence of Mg ions, which
suppress particle growth and agglomeration, resulting in smaller particle sizes and larger
surface areas. This increased surface area provides more active sites for adsorption and
catalytic reactions, thereby enhancing photocatalytic efficiency.

2.3. Magnetic Solid Photocatalysts

Magnetic catalysts present multiple advantages, such as straightforward separation
and recovery, minimal waste generation, high catalytic performance, and wide-ranging
applicability. These features allow them to overcome the limitations associated with tradi-
tional stationary catalysts, particularly regarding recycling and reusability. For example,
Stefanos et al. [29] developed an innovative nitrogen-doped magnetite-based MgO nano-
catalyst (N-MgO®@Fe30y) for the photocatalytic activation of persulfate (PMS) under visible
light, achieving remarkable degradation of IMI. The degradation ratio for a concentra-
tion of 10 mg/L IMI reached approximately 95% within 60 min. In another research, Li
et al. [30] utilized a solvothermal approach to deposit Ag;PO, onto Fe3O4 nanoparticles,
subsequently synthesizing Ag,S-doped Fe;Os@Ag;PO,4 nanocomposite films through
an anion exchange reaction with Na,S (Figure 2A). This process yielded a novel photo-
catalyst, Ag,S/Fe;0,@Ag3POy4, which demonstrated remarkable catalytic activity under
visible light irradiation, facilitating the rapid and efficient degradation of IMI. Notably,
the leaching of silver was significantly minimized compared to both Fe;0,@Ag;PO, and
pure AgsPOy. After four cycles, AgyS/Fes04@Ag3PO; still achieved approximately 83.9%
degradation of IMI. The superior photocatalytic activity and stability of the AgzPO; films
can be primarily attributed to the presence of Ag,S crystals, which effectively enhanced
the separation of photogenerated charge carriers. Due to the rapid recombination of pho-
togenerated electrons and holes, the photocatalytic activity of CuNb,Og semiconductor
material is relatively low. Consequently, introducing noble metal nanoparticles to con-
struct metal-semiconductor composites is considered an effective solution. For instance,
Zhang et al. [31] synthesized an Ag/CuNb,O¢/CuFe,O; ternary heterojunction compos-
ite photocatalyst (Figure 2B), which exhibits high efficiency and ease of recovery. The
Ag/CuNb,;Og/CuFe;Oy4 ternary heterojunction photocatalyst demonstrates superior pho-
tocatalytic activity, primarily attributed to its enhanced absorption in the visible light
region and the rapid separation of photogenerated charge carriers. Compared to CuNb,Og,
Ag/CuNbyOg, and CuNby;Og/CuFe;Oy, the Ag/CuNbyOg/CuFe;O4 composite shows
significantly improved photocatalytic degradation activity for IMI under visible light irra-
diation. Furthermore, the Ag/CulNb,Og/CuFe;O4 composite can be effortlessly separated
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and recycled using an external magnetic field. Consequently, its remarkable photoactivity
and magnetic recoverability make the Ag/CuNb,Og/CuFe,O4 composite a promising
candidate for applications in the environmental sector.
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Figure 2. (A) Synthesis and photocatalytic reaction of the Ag,S-doped core—shell nanostructures
of Fe30,@Ag3;PO, ultrathin film in the present study. (B) Schematic illustration of the synthetic
process of Ag/CuNb,Og/CuFe;O4 (reproduced with permission from Elsevier, copyright 2019 [30]
and copyright 2019 [31]).

2.4. Other Metal Oxide Solid Photocatalysts

The activation of PMS is efficiently catalyzed by Co3zO4, which also exhibits pho-
tocatalytic properties driven by visible light. Upon exposure to solar radiation, PMS is
synergistically activated by the cobalt species and conduction band electrons within CozOy,
resulting in the production of sulfate radicals and reactive oxygen species (ROS). Roberta
R.M. et al. [32] prepared Co304 coatings using precipitation and vacuum filtration methods
and applied this photocatalytic material to degrade IMI under continuous flow conditions.
Under optimal conditions, the photodegradation ratio of IMI reached 99% after 2 h of
operation. The excellent performance of the Co304/PMS/solar radiation system is at-
tributed to the synergistic interaction between the Co3Oy catalyst and the Co?** and Co®*
species in the UV component of solar radiation. CeO, serves as an effective photocatalyst
under visible light, and prior research has demonstrated the feasibility of utilizing CeO,
nanocrystals for wastewater treatment. In their study, Luminita et al. [33] described the
performance of transparent CeO; films applied to glass substrates, achieving a degradation
ratio of 30% for IMI within 6 h. Furthermore, the degradation ratio exhibited a linear
increase with extended light exposure, ultimately reaching complete degradation after 48 h.
In another study, Liu et al. [34] developed a novel direct Z-type phosphorous tungsten
trioxide/polyimide (PWO/PI) photocatalyst through an in situ solid-state polymerization
method to enhance the visible light photocatalytic oxidation capability of polyimide (PI).
The study investigated the effects of polymerization temperature and PWO content on the
physicochemical properties of the PWO/PI composite and its performance in the photo-
catalytic degradation of IMI. The results indicated that the PWO/PI composite exhibited
visible light photocatalytic degradation efficiency for IMI approximately 3.2 times greater
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than that of commercial P25, with the corresponding pseudo-first-order reaction rate con-
stant being about 2.9 times that of pure PI. The n-n heterojunction formed between SnO,
nanoparticles and CdS nanoparticles is an excellent material for visible light degradation.
CdS, as a narrow bandgap material, effectively absorbs visible light, while its interface
with SnO; helps suppress charge recombination caused by junction potential. Therefore,
Mohanta and colleagues [35] synthesized a novel Au-SnO,-CdS ternary nanocomposite
catalyst and investigated its photocatalytic degradation activity against IMI under an LED
light source. The absorption capabilities of Au and CdS for visible light, along with the
heterojunction structure’s role in impeding charge recombination, facilitate the photocat-
alytic degradation of imidacloprid under LED light induction. The results indicated that
the degradation efficiency of the Au-SnO,-CdS nano-catalyst was 1.2, 1.4, and 2.1 times
higher than that of the original Au, CdS, and SnO, nanomaterials, respectively, achieving
approximately 95% degradation efficiency.

According to the data presented in Table 1, the catalysts nano-ZnO and N-MgO @
Fe304 demonstrated superior photocatalytic performance. They achieved a higher degrada-
tion ratio of IMI in a shorter time and with a lower catalyst dosage, reaching approximately
95% degradation efficiency within 1 h. However, their inherent drawbacks cannot be
overlooked. For instance, their surface reaction activity is relatively low, necessitating
modification or combination with other materials to enhance catalytic performance. Many
metal oxides possess wide band gaps, limiting their light absorption within the visible
spectrum. Additionally, photogenerated electrons and holes tend to recombine easily,
thereby reducing photocatalytic efficiency.

In contrast, carbon materials (such as graphene and carbon nanotubes) and certain
metal-organic frameworks (MOFs) exhibit significantly higher specific surface areas and
effectively absorb visible light. Additionally, they offer excellent electrical conductivity,
which facilitates the rapid transfer of photogenerated electrons and reduces electron-hole
recombination. The structure of MOFs further facilitates electron separation and transport,
thereby enhancing the photocatalytic performance. In the following, the application of
high-efficiency photocatalysts prepared by metal-oxide-based carbon materials and MOFs
in the removal of imidacloprid in water will be reviewed.

3. Photocatalytic Degradation of IMI Using Carbon-Based Photocatalysts

Carbon-based photocatalysts, such as graphitic carbon nitride, graphene oxide, and
carbon quantum dots, can produce reactive species when exposed to light. These photo-
catalysts offer several benefits, including a high surface area, activity under visible light,
stability, and recyclability. The following is a review of recent articles on the degradation of
IMI in water using carbon-based photocatalysts, providing a reference for future research.

3.1. Graphitic Carbon Nitride (3-C3Ny4)-Based Solid Photocatalysts

Graphitic carbon nitride, characterized by its appropriate band structure, metal-free
composition, facile synthesis, and outstanding chemical stability, stands out as a highly
attractive photocatalyst for pesticide degradation [44—47]. However, g-C3Nj also has some
drawbacks that need to be addressed, such as the rapid recombination of charge carriers,
low surface area, and visible-light-harvesting efficiency, which hinder its application [48-50].
Currently, various modifications of pure g-C3Ny4 have been investigated; including alterations
to its electronic structure, surface modifications through element doping, metal or metal
oxide doping, the introduction of defects, and composite design, in order to enhance its
photocatalytic application efficiency. Different g-C3Ny-based solid photocatalysts for the IMI
degradation are listed in Table 2.
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Table 2. Comparison of carbon-based and composite materials in photocatalytic degradation effi-

ciency of IMI.
R IMI Highest
Photocatalyst Light Source Catal(;l;s:ilrsl)"l" me LoaC;iZIYff/L) Concentration  Efficiency  Ref.
86 (mg/L) (%)
SOCNg xenon lamp (300 W) 300 1.0 20 91.4 [51]
CNT/PCN LED light 540 0.6 10 93.0 [52]
Au @PPy-C/g-C3N, visible light (250 W) 25 3.0 20 96.0 [53]
g-C3Ny4/ZnO UV light 35 0.6 20 95.6 [54]
g-C3Ny/TiO, W lamp (300 W) 150 1.0 10 93.0 [55]
Ag,0/g-C3Ny hak’gen‘l;\‘,;“p (1000 120 1.0 10 80.0 [56]
Ag-BO/GCN LED light 600 0.5 10 93.0 [57]
g-C3N,@BiOCl sunlight 180 0.3 10 734 [58]
g-C3Ny4/BiVOy UV light 30 0.06 20 94.2 [59]
OCN xenon lamp (500 W) 120 0.5 3.0 94.5 [60]
HPW/ACN CEL‘L‘?E%O xenon 350 0.6 10 90.0 [61]
MCN450/HPW CEL'LAI;(SI%O xenon 180 0.7 10 96.0 [62]
g-C3N4/KPW-0.2 xenon lamp (300 W) 180 2.0 20 91.7 [63]
13TCN-390 xenon lamp (225 W) 180 2.0 20 ~90.0 [64]
CN-PANI-CQDs xenon lamp (500 W) 70 1.0 10 80.1 [65]

For example, a series of sulfur-oxygen co-doped carbon nitrides (SOCNg) were syn-
thesized by Ma et al. [51] using a one-step thermal polymerization method and, for the
first time, were employed for the photodegradation of IMI. Notably, specific doping ratios
of sulfur and oxygen led to the formation of a distinctive tubular structure, which signifi-
cantly improved the mass transfer capabilities and specific surface area of g-C3N4. Under
visible light irradiation, SOCNjg exhibited a 57.6% increase in degradation efficiency of
the target insecticide compared to pure g-C3Ny, achieving a maximum degradation rate
exceeding 90%. In another study, C60/PCN nanocomposites with varying C60 ratios were
synthesized by coupling phosphorus-doped g-C3N4 (PCN) with fullerene (C60) through
an ultrasonic method by Anita et al. [66], and these nanocomposites were subsequently
applied to the degradation of IMI. In the C60/PCN catalyst, phosphorus doping extended
the solar light response range, prolonged the lifetime of charge carriers, and facilitated
charge separation and transfer. Photodegradation experiments demonstrated that the
C60/PCN/H;0; and C60/PCN nanocomposites achieved removal efficiencies of 95% and
91% for IMI, respectively, significantly outperforming the degradation efficiency of the
individual material catalysts. Similar to this, Anita et al. [52] successfully synthesized
PCN through thermal polycondensation, utilizing melamine, ammonium oxalate, and a
phosphorus dopant as precursors. The resulting PCN was then combined with carbon
nanotubes (CNT), resulting in CNT/PCN nanocomposites that demonstrated enhanced
photodegradation activity. The findings indicated that the CNT/PCN photocatalyst demon-
strated remarkable efficiency in the photodegradation of IMI, achieving a removal ratio
of 97% with CNT/PCN/H,0; and 93% with CNT/PCN nanocomposites. The fabrica-
tion of an ultrafast and highly efficient visible light-responsive ternary photocatalyst was
investigated by Farid A et al. [53] using an efficient, simple, and straightforward methodol-
ogy. The photocatalyst contained g-C3N4 nanostructures and was combined with doped
polypyrrole carbon black (PPy-C) and Au nanoparticles. The Au@PPy-C/g-C3Ny ternary
photocatalyst demonstrated a 96.0% removal ratio of the target analyte IMI, achieving
approximately 2.91 times greater efficiency compared to bare g-C3Ny. This study presents
a promising and effective approach for the degradation of highly toxic pollutants, thereby
addressing pressing environmental challenges.
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The converter slag composed of CayFe;O5 exhibits considerable potential as a photo-
catalyst; therefore, Keiko et al. [67] synthesized a composite photocatalyst of graphitized
carbon nitride and converter slag (g-C3N4/CS) using a co-calcination method, and con-
ducted photocatalytic degradation experiments on IMI under visible light irradiation. The
optimized g-C3Ny4/CS composite, which incorporated 11.58% converter slag, demonstrated
a 2.5-fold increase in the degradation ratio of IMI over a 2 h period compared to pure g-C3Njy.
Due to the tunability of the band gap in ZnO catalysts through the incorporation of metals,
non-metals, metal oxides, and other semiconductors, Bansal and co-workers [54] developed
g-C3N4/ZnO hybrid nano-catalysts with varying compositions. The g-C3N4/ZnO semicon-
ductor hybrid nano-catalysts demonstrated remarkable degradation efficiency, achieving
a ratio of 95.6% within just 35 min, outperforming pure ZnO and g-C3N4 nano-catalysts.
Furthermore, total organic carbon (TOC) analysis indicated that the mineralization ratio
reached 95.5% after 90 min. Analogously, Puangrat’s team [55] developed a g-C3N4/TiO;
composite material using a hydrothermal method and investigated its effectiveness in the
photocatalytic degradation of the IMI pesticide. This composite creates a heterojunction
between g-C3N4 and TiO,, which leads to a reduction in the bandgap energy and inhibits
the recombination of photogenerated carriers. The g-C3N4/TiO, composite demonstrates
remarkable photocatalytic activity, achieving a removal ratio of 93% for IMI within 150 min,
which is 2.2 times more effective than pure g-C3Ny.

Ag4V,07 has garnered significant attention due to its unique photoelectric and chem-
ical properties. Nevertheless, its photocatalytic performance remains relatively limited
in its unmodified form. As a result, AgoVO,PO,/g-C3Ny4 composites were synthesized
by Pu’s team [68] using a hydrothermal method, which led to the formation of a novel
AgrVO,P0O,/g-C3Ny heterojunction. This newly formed heterostructure demonstrated
significantly enhanced photocatalytic degradation activity for IMI under visible light irra-
diation, achieving degradation efficiencies that were 24.3 times higher than those of the
pure catalyst and the Ag,VO,POy4/g-C3N4 composites. Similarly, Pu et al. [56] utilized a
chemical precipitation method to synthesize a range of p-n junction Ag,O/g-C3N4 photo-
catalysts with varying Ag,O concentrations. The resulting Ag,O/g-C3Ny photocatalysts
demonstrated remarkable photocatalytic activity for the degradation of IMI under both vis-
ible and near-infrared light, achieving an IMI degradation efficiency of approximately 80%
within 2 h. Through both thermal polymerization and a one-step hydrothermal method,
g-C3Ny nanocomposites were synthesized, resulting in the formation of silver-supported
BiyO3/g-C3Ny (Ag-BO/g-C3Ny) nanocomposites [57]. When exposed to visible light, the
produced Ag-BO/g-C3Ny exhibited a remarkable degradation efficiency of up to 93%
for IMI, significantly surpassing the performance of the individual Ag-BO and g-C3Ny
components. Furthermore, the Ag-BO/g-C3N4 nanocomposite showed impressive stability,
with the IMI degradation ratio reducing from 98% to merely 88% over ten consecutive
catalytic cycles.

Due to the overlapping energy levels in the band structure of BiOCI and g-C3Ny,
they are well-suited for the preparation of visible-light-responsive heterojunction cata-
lysts. Building on this premise, Soumen et al. [58] employed a wet chemical method to
mix g-C3Ny nanosheets with BiOCl nanosheets, successfully synthesizing a series of g-
C3N4@BiOCl composites with varying mass ratios, thereby enhancing their photocatalytic
performance. The g-C3N;,@BiOCl catalyst achieved a degradation efficiency of 73.4% for
IMI within 1 h. Similarly, BiVO4 has attracted significant attention as a photocatalyst due to
its low bandgap energy and high efficiency in degrading organic and inorganic pollutants.
Consequently, Ajay et al. [59] effectively synthesized BiVO,/g-C3N4 composites by modi-
fying the g-C3N4 composition using a hydrothermal technique. This composite exhibited a
specific surface area 5.4 times greater than that of BiVO,. Although its bandgap slightly
increased, the photoluminescence intensity decreased, which enhanced its photocatalytic
performance. Compared to pure BiVO4 and g-C3N4, the BiVO,/g-C3Ny composite demon-
strated superior catalytic ability, achieving a degradation efficiency of 94.2% for IMI within
30 min.
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Oxygen-doped carbon nitride has been demonstrated to be an effective method for
enhancing its photocatalytic or non-photochemical activation performance while maintain-
ing its metal-free characteristics. For example, Zhang et al. [60] successfully synthesized
a bifunctional oxygen-doped graphite carbon nitride (OCN) catalyst through a one-step
thermal polymerization method, using oxalic acid as the oxygen source and urea as the
precursor for g-C3Ny. This catalyst was designed to activate PMS for the degradation of
IMI. The modifications in the electronic structure of OCN promoted electron transfer and
the formation of redox sites, which in turn improved its light absorption capacity, enhanced
the separation efficiency of photogenerated charge carriers, and increased their migration
speed. After 2.0 h, the removal ratio of IMI achieved 94.5% with the OCN-10/PMS system.
Incorporating HPW or its salts into semiconductor photocatalysts serves as an effective
strategy to diminish the recombination of electron-hole pairs [69]. HPW and acidified
carbon nitride (ACN) were utilized by Liu et al. [61] as raw materials. By leveraging
the hydrogen bonding between the oxygen-containing functional groups on the carbon
nitride’s surface and the oxygen at the terminal of the HPW, HPW was successfully doped
into the carbon nitride, resulting in the preparation of HPW/ACN composite materials.
The hydrogen-bonding interaction between HPW and ACN enhances the photogenerated
hole—electron separation efficiency of the composite material, thereby improving its pho-
tocatalytic activity. Under visible light irradiation, the degradation ratio of HPW/ACN
reached 5.8 x 1073 min—!, which is 16 times that of ACN, and achieved a degradation
ratio of over 90% within 6 h. Similarly, Liu et al. [62] synthesized nitrogen carbon (CN)
rich in uncondensed amino and carbonyl groups using urea as a precursor through a low-
temperature thermal condensation method. Building on this, they performed a reversible
nucleophilic addition reaction between the carbonyl of formic acid and the amino groups
of CN, resulting in the formation of modified carbon nitride (MCN). Subsequently, MCN
was combined with HPW to create a novel photocatalyst, MCN/HPW. Research findings
indicate that MCN450/HPW exhibits outstanding performance in the photocatalytic degra-
dation of IMI, achieving a degradation ratio constant 6.4 times greater than that of CN, with
a degradation efficiency of 96% within 3 h. In another study, a g-C3Ny/KPW-0.2 composite
photocatalyst was synthesized by Liu et al. [63] using potassium phosphotungstate (KPW)
as the raw material through a post-impregnation activation method, as illustrated in Fig-
ure 3A. In photocatalytic processes, KPW serves as both an electron acceptor and mediator,
thereby enhancing visible light absorption and minimizing the recombination of electrons
and holes. The g-C3N4/KPW-0.2 catalyst demonstrates outstanding photocatalytic activity,
achieving a degradation ratio of 91.72% for IMI under visible light irradiation, which is
2.8 times greater than that of g-C3Ny alone. In a separate study, Liu and his team [64] syn-
thesized a series of carbonitride/tungstophosphate acid (TCN) photocatalysts by utilizing
phosphotungstic melamine (MPW) as the precursor and employing an in situ solid-phase
thermal conversion technique (Figure 3B). The melamine molecules within the MPW hy-
brids can participate in polymerization reactions, resulting in the formation of carbon
nitrides characterized by heptazine structural defects. In comparison to the MPW hybrid,
the TCN photocatalyst demonstrates remarkable visible light catalytic activity, achieving
photocatalytic degradation efficiencies and rate constants (k) for IMI that are 6.38 and
13.50 times greater than those of CN-390, respectively.
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Figure 3. (A) Schematic diagram of the synthesis process of g-C3N4/KPW-x; (B) schematic illustration
of constructing TCN photocatalysts and the proposed photocatalytic mechanism in the 13TCN-390
under visible light irradiation (reproduced with permission from Elsevier, copyright 2024 [63] and
copyright 2019 [64]).

3.2. Graphene-Oxide-Based (RGO) and Carbon Quantum Dots (CQD)-Based Solid Photocatalysts

Graphene is a two-dimensional material made up of a single layer of carbon atoms
arranged in a hexagonal honeycomb lattice through sp? hybridization. This remarkable
material exhibits a range of exceptional properties, including high mechanical strength,
low production costs, excellent transparency, outstanding electrical conductivity, signif-
icant specific surface area, high adsorption capacity, and superior thermal conductivity
(Figure 4A) [70]. Graphene oxide (GO) is a derivative of graphene, typically synthesized
by reacting graphite with strong oxidants in an acidic environment. During this process,
carbon atoms are modified with various oxygen-containing functional groups, such as
hydroxyl, carboxyl, and epoxy groups [71]. GO possesses excellent properties as a catalyst
material due to its large specific surface area and rich functionality, along with stable ther-
mal conductivity and high electron transfer rates, making it suitable for the photocatalytic
degradation of organic compounds (Figure 4B) [72]. By removing the oxygen-containing
functional groups, GO can be reduced to reduced graphene oxide (RGO). RGO exhibits
improved chemical stability and electronic conductivity compared to GO. Additionally, the
hydrophobic nature of RGO facilitates its aggregation, which can alter its morphology and
specific surface area. This transformation enhances its potential applications in various
fields, including catalysis, energy storage, and environmental remediation [73]. The unique
properties of both GO and RGO make them valuable materials for advanced photocat-
alytic processes and other technological applications [74]. Table 3 presents various solid
photocatalysts based on GO and RGO that have been utilized for the degradation of IMI.
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Figure 4. (A) The exceptional properties of pure graphene. (B) Flowchart of GO and RGO preparation
from graphite (reproduced with permission from Elsevier, copyright 2023 [70]).

Table 3. Comparison of photocatalytic degradation efficiency of IMI by RGO- and CQD-based
composite materials.

- IMI Highest
Catalyst Light Source Catal(ys.m )T me L Cda.t aly(s t L) Concentration Efﬁfiency Refs.
min oading (g (mg/L) %)
GO@TiO, UV light 30 0.5 100 92.6 [75]
BiVO,/RGO-TNT UV lamp (40 W) 30 14 80 73.0 [76]
GO@TiO,-ZnO-Ag HNM visible light 115 0.5 10 50.0 [77]
Ce-TiO, /RGO UV light 480 0.5 10 85.0 [78]
Full-spectrum
TiO, /RGO/CuyO-CuS  fluorescent bulb solar 360 1.0 20 >95.0 [79]
(160 W)
GO@PdO@rGO.5rO visible light 210 3.5 30 86.0 [80]
GO/Fe304/TiOy-NiO visible light 30 2.5 10 97.3 [81]
CdS/MIPs Hg light (400 W) 90 1.0 10 84.0 [82]

Based on the unique properties of GO and semiconductor TiO,, Maged et al. [75] syn-
thesized GO@TiO, nanocomposites and applied them for the photocatalytic degradation
of IMI In this composite, GO acts as an acceptor and transporter of the photogenerated
electrons produced by the TiO, nanoparticles, effectively reducing the recombination of
photogenerated electrons and holes within the TiO, nanoparticles. Compared to pure
TiO, nanoparticles, the synthesized GO@TiO, nanocomposite exhibited higher efficiency
in the photocatalytic degradation of IMI, achieving a degradation ratio of approximately
93% within 30 min. In another study, Teng et al. [76] synthesized BiVO,/RGO-TNT (TiO,
nanotubes) photocatalysts using a one-step hydrothermal method. The photocatalytic
efficiency of the composite material is significantly improved, and the degradation ratio of
IMI can reach 73% within 30 min. Similarly, hybrid nanomaterials consisting of GO@TiO,,
ZnO, and Ag composites were synthesized by Nagi M et al. [77], where graphene oxide
(GO) was used to incorporate silver nanoparticles (Ag NPs), zinc oxide (ZnO NPs), and tita-
nium dioxide (TiO; NPs). The carbon nanotubes and GO served as electron acceptors from
the conduction band of the nanoparticles, thereby enhancing the photocatalytic efficiency,
resulting in a degradation ratio of approximately 50% within about 2 h.

Recognizing the dual functional properties of cerium-doped titanium dioxide, the
Sasmita team [78] employed a hydrothermal method to synthesize cerium-doped titanium
dioxide nanoparticles (Ce-TiO,) that exhibit excellent water dispersion. Using a deposition
technique, they integrated Ce-TiO, with reduced graphene oxide (RGO) to create a novel
ternary photocatalyst, Ce-TiO, /RGO. Compared to conventional TiO, catalysts, this pho-

97



Catalysts 2024, 14, 878

tocatalyst exhibited superior degradation efficiency for IMI under visible light exposure.
In another study, Luminita et al. [79] investigated the performance of TiO,@Cu,O-CuS
heterostructures enhanced by RGO in photocatalytic degradation of organic pollutants
using IMI as the object. This heterojunction structure significantly enhances photocatalytic
activity through the complementary properties of its constituent materials and RGO, sur-
passing the effect of each component used alone, exhibiting a significant photocatalytic
degradation efficiency of over 95% for IMI. The composite photocatalyst PdO-GO-SrO-RGO
was successfully synthesized by Nagi M et al. [80] through the integration of palladium
oxide (PdO) nanoparticles with n-type semiconductor strontium oxide (SrO) nanoparticles,
which function as electron carriers for RGO and GO nanosheets. When applied to the
degradation of IMI using an adsorption-photocatalysis method, the degradation ratio
was found to be 0.0086 min~!, achieving a photocatalytic efficiency of 86%. To address
the challenges of separation often faced by nanocomposites due to their extremely small
dimensions, Ali et al. [81] synthesized TiO,-NiO magnetic nanosheets on nanostructured
graphene oxide using a sol-gel method. These nanosheets were then utilized for the
visible-light-induced degradation of the IMI. Under optimal photocatalytic conditions, the
catalyst of GO/Fe304/TiO;-NiO achieved a degradation ratio of 97% for IMI within 30 min.
Furthermore, even after at least four cycles of reuse, the catalyst maintained a degradation
ratio of approximately 85% for IML

Carbon quantum dots (CQDs) derived from biomass are carbon-based materials
characterized by remarkable optical and electrical properties. CQDs possess the ability
to efficiently capture sunlight, adjust their photoluminescence, and transfer light-excited
electrons effectively, making them ideal for luminescent applications [83,84]. Sourced
from sustainable and renewable materials, CQDs exhibit significant potential for various
applications in energy and environmental sectors, owing to their excellent water solubility
and biocompatibility [85]. The addition of carbon quantum dots (CQDs) to graphitic carbon
nitride with polyaniline (PANI) can improve its light absorption abilities and reduce the
recombination of holes and electrons. Based on this, novel CQDs decorated on PANI with
hollow porous graphitic carbon nitride (CN) were fabricated via an in situ polymerization
followed by an ultra-sonication [65]. The nanocomposite of CN-PANI-CQDs exhibited the
high visible light absorption with a high specific surface area. Under the visible light, the
degradation was higher than 80.1% within 70 min, which can be attributed to its higher
charge separation and destruction of recombination rate through the heterojunction of
excited electrons among CN, PANI, and CQDs. In another study, Deepak et al. [82] utilized
gingerol as a template molecule, ethylene glycol dimethacrylate (EGDMA) as a crosslinking
agent, and azobisisobutyronitrile (AIBN) as an initiator to synthesize CdS quantum dots
through a simple precipitation method. These quantum dots were then embedded into a
molecularly imprinted polymer matrix, resulting in the novel nanocomposite CdS/MIPs.
The study found that CdS/MIPs exhibited significant photocatalytic degradation of IMI
under visible light irradiation, achieving a maximum degradation ratio of 84%.

Based on the above analysis and the data in Tables 2 and 3, carbon-based catalysts ex-
hibit a marked advantage in catalytic efficiency, with degradation ratio typically exceeding
80% or 90%. This superior performance is largely due to their high specific surface area,
which offers a wealth of active sites. Additionally, carbon-based materials possess good sta-
bility, giving them a clear advantage in terms of recovery and repeated use. Consequently,
utilizing carbon-based photocatalysts for the photocatalytic degradation of IMI represents
a promising approach to reducing the environmental impact of this pesticide. Ongoing
research and development in this area could optimize photocatalytic systems, thereby
fostering more sustainable agricultural practices and promoting environmental protection.

4. Photocatalytic Degradation of IMI Using Metal-Organic-Framework-Based
Solid Photocatalysts

Metal-organic frameworks (MOFs) represent a category of porous coordination poly-
mers formed from metal nodes and organic ligands. These materials are characterized by
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tunable pore sizes, high surface areas, exceptional thermal stability, and strong capabili-
ties for photocatalysis and adsorption. Recent research has demonstrated that MOFs can
produce electrons (e ) and holes (h™) when exposed to light, indicating their significant
potential and wide-ranging applications in the photocatalytic degradation and removal
of various organic pollutants [86,87]. Table 4 summarizes the research progress on the
photocatalytic degradation of IMI using metal-organic framework-based catalysts.

Table 4. Comparison of photocatalytic degradation efficiency of IMI by metal-organic framework-
based solid photocatalysts.

- IMI Highest
Catalyst Light Source Catal(ys.m )T tme L C(;\.taly(s t L) Concentration  Efficiency  Refs.
min oading (g (mg/L) %)
TiO, /ZIF-8 UV light 240 1.0 10 55.0 [88]
MIL-101(Fe) Blue LED light 30 - 40 100.0 [89]
MOF/BWZTO/RGO UV visible 300 0.6 15 90.0 [90]
BiyWOg /NH;,-MIL-88B(Fe) xenon lamp 180 0.4 10 84.5 [91]
SAO/NH,-UiO-66 xenon lamp 120 0.6 20 97.0 [92]

For example, Lucija et al. [88] synthesized a composite material of zeolitic imidazolate
framework (ZIF-8) and isopropyl titanate using a mechanochemical method and then
utilized a hydrothermal method to prepare TiO, composite photocatalysts (TiO, / ZIF-8)
with three different mass fractions. The study demonstrated that TiO, /ZIF-8 exhibited
approximately 55% degradation efficiency in the photocatalytic degradation of IMI. In an-
other study, Meral’s research team [89] successfully synthesized iron-based metal-organic
framework compounds, specifically MIL-101(Fe) and its amino-functionalized derivative
NH,-MIL-101(Fe), utilizing a conventional solvothermal approach. Additionally, they
produced another significant iron-based framework, MIL-121(Fe), along with its amino-
functionalized counterpart, NH,-MIL-121(Fe). These metal-organic frameworks were
employed in photocatalytic applications to facilitate the photodegradation of the pesticide
IMI. Under optimal photocatalytic conditions, both catalysts achieved a complete IMI
removal ratio of 100% within a span of 30 min. Moreover, the study assessed the adsorption
capabilities of the catalysts, demonstrating that NH,-MIL-101(Fe) displayed enhanced
adsorption efficiency compared to MIL-101(Fe). In a similar manner, Chen et al. [93] inves-
tigated amino-functionalized metal-organic framework materials NH,-MIL-88B(Fe) and
NH,-MIL-101(Fe). Both iron-based MOFs exhibited significant adsorption capacity and
Fenton-like degradation ability for IMI, making them suitable for the removal of IMI in
aqueous solutions. Under optimal experimental conditions, NH,-MIL-88B(Fe) achieved
a total removal ratio of 93% for IMI, while NH,-MIL-101(Fe) reached a removal ratio of
97%. In another study, Taher et al. [90] successfully synthesized the ternary perovskite
photocatalyst Bi;WZnTiOy for the first time. To enhance its photocatalytic performance,
they introduced metal-organic framework particles (PCN-222(Fe)) as a co-catalyst along-
side the primary photocatalyst. Furthermore, they integrated carbon materials (CMs) as
non-metal co-catalysts, leveraging their low-energy band gap and high surface area. This
combination led to the development of a ternary composite nano-catalyst, designated as
MOEF/BWZTO/RGO. Under optimal experimental conditions, the MOF/BWZTO /RGO
exhibited a photocatalytic degradation efficiency of 90% for the pesticide IMI and demon-
strated reusability for up to five cycles. MOFs can enhance the light absorption and
degradation efficiency of Bi;WQOg semiconductors. In a novel approach, Chen'’s research
group [91] exploited the synergistic interaction between Bi, WO and NH,-MIL-88B(Fe) to
develop a highly effective photocatalyst known as the Bi; WO/ NH,-MIL-88B(Fe) (BNM)
heterojunction. The optimized BNM catalyst demonstrated significant degradation rates
under visible light due to the production of reactive hydroxyl radicals (-OH), achieving an
impressive degradation efficiency of 84% for IMI within just 3 h.
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Amino UiO-66 has gained significant attention in the field of photocatalytic degra-
dation due to its superior adsorption characteristics. However, when utilized in isolation,
NH,-UiO-66 demonstrates limited degradation efficiency, primarily attributed to its slug-
gish electron transfer rate. To overcome this limitation, Li et al. [92] successfully developed
a straightforward binary composite, SAO/NH;-UiO-66, through a solvothermal approach.
This composite exhibited remarkable photocatalytic performance in degrading the pesticide
IMI. Importantly, the addition of the long afterglow material, SAO, effectively mitigated the
challenge of inadequate illumination during photocatalysis, enabling the degradation of
nearly 15% of IMI even five hours post removal of the light source. Additionally, mass spec-
trometry and zebrafish embryo experiments were performed to confirm the structures of
potential photocatalytic degradation intermediates and assess their low toxicity (Figure 5).
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Figure 5. Synthesis of catalyst and photocatalytic degradation of IMI in water (reproduced with
permission from Elsevier, copyright 2023 [92]).

In summary, solid photocatalysts excel in light absorption, multifunctionality, and
catalytic efficiency. However, in practical applications, these catalysts also face some
unavoidable limitations. The first issue is the high cost. Many efficient catalysts, especially
noble metal catalysts (such as platinum and palladium), are expensive, which increases
the economic burden for large-scale applications. Additionally, the synthesis processes of
certain catalysts may consume significant resources and time, further driving up costs. The
second issue is stability. During the reaction process, catalysts may degrade or become
inactive, particularly under extreme reaction conditions (such as high temperatures, high
pressures, or strong acidic or basic environments). The stability of the catalyst directly
affects its lifespan and reaction efficiency; frequent deactivation can lead to decreased
reaction efficiency and increased frequency and costs of catalyst replacement. Lastly, there
is the issue of reusability. Although some catalysts can be recovered and reused after the
reaction, their performance may decline over multiple uses. Particularly, in the presence of
pollutants or by-products, the catalyst’s surface may become covered or poisoned, reducing
its catalytic activity. Therefore, despite the important role of catalysts in enhancing the
efficiency and selectivity of chemical reactions, challenges related to high costs, stability,
and reusability still need to be addressed through further research and technological
innovation.

5. Possible Mechanism of Photocatalytic Degradation of IMI

The photocatalytic efficiency of catalysts is primarily constrained by two key factors:
(1) the energy of the incident photons (hv) must exceed the bandgap (Eg), suggesting that a
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smaller Eg enhances the effective utilization of solar energy; (2) the redox potential of the
reaction should fall within the range defined by the top of the valence band (VB) and the
bottom of the conduction band (CB) [94,95]. In the current literature on the photocatalytic
degradation of IMI, the degradation mechanisms are predominantly classified into three
categories: Type I, Type II, and Z-scheme. Type I photocatalysts utilize single-component
systems, which often exhibit limited redox capabilities and suboptimal light absorption
across a broad bandgap. Furthermore, these catalysts are susceptible to the recombination
of photogenerated electrons (e~) and holes (h*) within the valence band (VB), as illustrated
in Figure 6a. In Type II heterojunctions, excited electrons (e~ ) from the conduction band
(CB) of catalyst S2 migrate to the CB of catalyst S1, while holes (h*) from the VB of S1
transfer to the VB of 52, as shown in Figure 6b. This mechanism enhances the separation of
photogenerated charge carriers. However, the charge transfer in Type II heterojunctions
may diminish both oxidation and reduction capabilities, inadvertently overlooking the
electrostatic repulsion between like charges. Additionally, these systems often encounter
difficulties in achieving efficient light absorption across a wide bandgap, effective charge
carrier separation, and robust redox performance simultaneously [96].
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Given the constraints of conventional Type I and Type II heterostructures, there is a
pressing need to create a novel heterojunction that can effectively enhance light absorption,
optimize charge carrier separation, and maintain robust redox capabilities from both
theoretical and practical viewpoints. Unlike Type I and Type II heterojunctions, Z-scheme
heterojunctions successfully reconcile the opposing demands of narrow bandgap and
strong redox properties, thereby offering an efficient redox system. As a result, Z-scheme
heterojunctions hold significant potential for applications in photocatalysis and various
energy conversion processes [97,98]. The formation of Z-scheme heterojunctions is inspired
by the process of photosynthesis in green plants. In nature, the unique structure of green
plants enables them to efficiently harness solar energy to convert carbon dioxide and
water into carbohydrates and oxygen (Oy). The generation of oxygen and reduction of
cofactors occur in two distinct regions of the chloroplast, with these processes taking place
simultaneously. The pathway of charge transfer in this mechanism resembles the letter
“Z”, effectively facilitating the separation and utilization of charge carriers to enhance the
overall efficiency of the photosynthetic process (Figure 6c) [95].
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5.1. Type I and Type II Heterojunction

For example, Figure 7A illustrates the photocatalytic degradation of IMI by Bij 7C00 301935
under varying pH conditions [38]. At a pH of 1.86, an abundance of free H* ions in the
wastewater attaches to the catalyst’s surface. The IMI molecule, being a nicotine derivative,
engages in electrostatic interactions with these H" ions, leading to its adsorption on the catalyst.
In contrast, at a pH of 11.0, the accumulation of free OH™ groups on the catalyst’s surface results
in the repulsion of IMI molecules, thereby explaining the absence of adsorption during the dark
reaction. In acidic conditions, the photocatalytic degradation of IMI primarily involves oxidation,
where the IMI molecules are oxidized to smaller organic compounds, which are subsequently
mineralized into HyO, CO,, and inorganic salts. Conversely, in alkaline conditions, reduction
reactions predominate. Figure 7B illustrates the photocatalytic reaction mechanism of the
Ag/CNO/CFO ternary photocatalyst [31]. Under visible light irradiation, both CNO and CFO
generate photogenerated electrons and holes. Due to the more negative CB energy level of CNO
compared to that of CFO, the photogenerated electrons produced in CNO migrate to the CB of
CFO and subsequently transfer to the Ag nanoparticles. Meanwhile, the photogenerated holes
can transfer from the VB of CNO to the VB of CFO. Consequently, the electron transfer processes
from CNO to Ag and/or from CNO to CFO and then to Ag significantly enhance the separation
efficiency of photogenerated charge carriers in the Ag/CNO/CFO ternary heterojunction
photocatalyst. In Figure 7C, RGO nanoparticles are stimulated by visible light, leading to the
generation of e~ and h* [90]. The electrons excited by light are transferred to the CB of the
BWZTO triple perovskite, while dissolved oxygen is converted into reactive oxygen species
(ROS). Simultaneously, the positively charged h* that accumulate on the surface of the MOF
particles facilitate the oxidation of water molecules, producing hydroxyl radicals. Ultimately,
the generated hydroxyl (-OH) and superoxide (-O~ ) species contribute to the degradation of
pollutants, such as IMI, into non-toxic byproducts. The photocatalytic degradation mechanism
of IMI, as depicted in Figure 7D, involves the excitation of the Bi;WOy semiconductor and
NH,-MIL-88B(Fe) under visible light irradiation, leading to the formation of electron-hole
pairs through the promotion of electrons from the VB to the CB. Notably, the VB potential of
NH,-MIL-88B(Fe) (2.68 eV) exceeds that of OH™ /-OH (2.38 eV), facilitating the generation
of-OH by OH™ under visible light conditions [91].

5.2. Z-Scheme Photocatalytic Mechanism

Compared to traditional Type I and Type II heterojunction photocatalysts, Z-type
heterojunction photocatalysts exhibit broader applications due to their wide light response
range and excellent redox capabilities (Figure 8). To construct a visible-light-driven Z-
type photocatalyst, the selected semiconductor components must be able to be excited
by visible light, and their energy band potentials need to be well-matched to ensure
effective recombination of photogenerated electrons (e™) in the conduction band (CB) of
one semiconductor with holes (h*) in the valence band (VB) of the other semiconductor. For
example, the photocatalytic efficiency of the Z-scheme g-C3Ny/TiO, composite is markedly
superior to that of TiO, or g-C3Ny when used independently, as illustrated in Figure 8A.
When exposed to UV-Vis light, TiO, absorbs photon energy, which excites electrons from
the valence band (VB) to the conduction band (CB). Concurrently, the holes generated in
the valence band of TiO, remain there, while the electrons excited into the conduction
band can swiftly transfer to the valence band of g-C3Ny4 due to their close proximity. This
transfer allows for the electrons in the valence band of g-C3Ny to be further excited into its
conduction band. This mechanism effectively enhances the separation of photo-induced
electron-hole pairs, thereby improving their redox capabilities.
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Asillustrated in Figure 9A, electrons excited from the valence band (VB) of CayFe;Os to
the conduction band bottom (CB) can effectively migrate to the VB of g-CN through a well-
constructed Z-scheme heterojunction between g-CN and Ca,Fe;Os [67]. This migration
occurs via the CB of CayFe,Os, which hinders the recombination of electrons and holes.
Consequently, the formation of interface heterojunctions within g-CN/CS composites
enhances photocatalytic activity by facilitating the separation of generated electrons and
holes. Additionally, the development of Agl nanoparticles (NPs) on In;S; hollow tubes to
create a stable Z-scheme heterojunction presents an innovative approach to enhance the
intrinsic activity of In;Ss hollow tubes while significantly increasing the accessibility of
active sites. When photoexcited, electrons from the conduction band of Agl will transfer to
the valence band of In,S3, where they recombine with positive holes, thereby facilitating
the effective separation of conduction band electrons from In;S; and valence band holes
from Agl (Figure 9B) [36]. In the Z-type heterojunction shown in Figure 9C, the electrons
(e™) in the CB of AgzPOy transfer to the VB of Ag,S, where they recombine with holes
(h™) [30]. The electrons in the conduction band of Ag,S react with oxygen (O;) to generate
superoxide anions (-O, ), which subsequently form hydrogen peroxide (H,O,). H,O; has
a degradation effect on IMI, while the holes in the valence band of AgzPOy also possess
the capability to directly oxidize IMI. In the Z-scheme photocatalytic system illustrated in
Figure 9D, the photocatalytic degradation of IMI using the PWO/PI photocatalyst involves
not only the direct oxidation of IMI by H+ but also the reaction of conduction band e~
from PI with O, to produce -O,~, which further contributes to the oxidation of IMI [34].
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Figure 9. (A) Proposed mechanism of photocatalytic hydrogen evolution over g-CN/CS composite.
(B) Schematic diagram of the interfacial charge migration mechanism over In,S3 / AgI-300 composite.
(C) Proposed mechanisms for the Ag,S/Fe304@Ag3; PO, nano-structure. (D) Schematic illustration
of photocatalytic degradation of IMI over PWO/PI under visible light irradiation (reproduced with
permission from Elsevier, copyright 2023 [67] and copyright 2023 [36] and copyright 2019 [30], and
copyright 2018 [34]).

Through the analysis above, it is clear that in Type I heterojunctions, the conduction
band and valence band of one material are entirely within the energy bands of another
material. This structure leads to a high likelihood of photogenerated electrons and holes
recombining, which reduces the number of effective photogenerated charge carriers and
consequently lowers photocatalytic efficiency. In contrast, Type II heterojunctions feature
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staggered energy levels between the conduction and valence bands of the two semicon-
ductor materials. In this arrangement, photogenerated electrons and holes migrate to
different materials, which partially reduces carrier recombination. However, this can
also result in the accumulation of electrons and holes within their respective materials,
potentially leading to inefficiencies. Z-type heterojunctions connect the valence band of
one semiconductor to the conduction band of another, allowing photogenerated electrons
and holes to reside in materials with stronger reducing and oxidizing properties. This
configuration maximizes the redox capabilities of the photogenerated electrons and holes
while effectively suppressing carrier recombination, significantly enhancing photocatalytic
efficiency. Overall, the design of the Z-type heterojunction plays a crucial role in optimizing
the performance of photocatalytic materials.

6. Conclusions and Future Perspectives

This review offers a comprehensive examination of the research progress on various
solid photocatalysts used for the photocatalytic removal of the pesticide imidacloprid (IMI)
from water. It compares different photocatalysts based on their synthesis methods, light
sources, and reaction times. Furthermore, this review discusses the mechanisms involved
in the photocatalytic degradation of IMI, highlighting the effectiveness of various solid
catalysts in this process. By addressing these aspects, this review aims to enhance our
understanding of the degradation mechanisms, ultimately guiding future research and
development in the field of photocatalytic remediation of water pollutants.

Building on this foundation, future research could prioritize the development of
catalysts with enhanced stability to fulfill practical application requirements, improve cost-
effectiveness for large-scale deployments, or investigate hybrid or modified catalysts that
integrate the discussed materials” properties. These directions will facilitate the advance-
ment of photocatalytic technology in environmental remediation and practical applications.
Moreover, future research should investigate the synergistic effects of various solid cata-
lysts to improve degradation efficiency. Focus should be directed towards comprehensive
studies of photocatalytic reaction mechanisms to clarify the distinct roles of different cata-
lysts during the process. This will serve as a reference for optimizing catalyst design and
enhancing their effectiveness in practical applications. Utilizing advanced characterization
techniques can further deepen our understanding of the relationship between catalyst sur-
face properties and reaction performance, providing critical insights for the development
of future catalysts.
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Abbreviations

List of Abbreviations

ACN acidified carbon nitride

AIBN azobisisobutyronitrile

AOPs advanced oxidation processes
CB conduction band

CNT carbon nanotubes

CQD carbon quantum dots

e electrons

Eg bandgap

EGDMA ethylene glycol dimethacrylate
g-CN graphitic carbon nitride

GO graphene oxide

h+ holes

HPW H3PW1,049

IThv incident photons

IMI Imidacloprid

KPW potassium phosphotungstate
MCN modified carbon nitride

MIPs molecularly imprinted polymer
MOFs metal-organic frameworks
MPW phosphotungstic melamine
NPs nanoparticles

OCN oxygen-doped graphite carbon nitride
PANI polyaniline

PCN phosphorus-doped g-CN

PI polyimide

PMS peroxymonosulfate

PWO phosphorous tungsten trioxide
RGO reduced graphene oxide

ROS reactive oxygen species

TCN carbonitride/tungstophosphate acid
TOC total organic carbon

VB valence band

ZIF zeolitic imidazolate framework
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Abstract: This study investigates the photocatalytic degradation of tetracycline hydrochlo-
ride (TCH) using a TiO, /CdS composite nanocatalyst synthesized on flexible nickel foam
via a dipping-pull method. By comparing the photocatalytic degradation of TCH by
TiO, /CdS with different precursor ratios, it was found that TiO, /CdS-1.43% exhibited
better photocatalytic degradation performance. The X-ray diffraction (XRD) pattern of
the TiO, /CdS composite retains the characteristic peaks of both TiO, and CdS, indicating
the successful formation of the composite. According to the analysis of ultraviolet—visible
spectroscopy (UV-Vis), the absorption edge of TiO, /CdS is approximately 530 nm. The
transmission electron microscopy (TEM) images show Cd and S evenly, densely distributed
in TiO, /CdS, further validating its successful synthesis. X-ray photoelectron spectroscopy
(XPS) analysis reveals that Cd and Ti elements exist in the forms of Cd** and Ti**, respec-
tively. TiO, /CdS loading uniformity on the nickel foam was assessed using super-depth
microscopy. The removal efficiency of 10 L of 20 mg/L TCH solution achieved 53.89%,
respectively, under response surface methodology—Box—Behnken design (RSM-BBD) op-
timal conditions (28 g catalyst, 325 rpm, pH = 9.04 within 150 min). Furthermore, five
successive cycling experiments demonstrated strong stability, with a catalyst loss of only
4.44%. Finally, free radical scavenging experiments revealed that -O, ™ radicals are the pri-
mary active species. This study highlights the potential of TiO, /CdS composites supported
on nickel foam for efficient photocatalytic degradation of antibiotic pollutants in water.

Keywords: photocatalysis; antibiotics degradation; tetracycline hydrochloride; TiO, /CdS;
nickel foam; RSM-BBD optimization

1. Introduction

Antibiotic pollution threatens global water environments, particularly with TCH,
widely used in medicine and agriculture, significantly impacting human health and the
ecological environment [1,2]. The persistence of TCH in water bodies can foster antibiotic-
resistant bacteria, leading to long-term risks [3]. Various technological approaches are
currently employed, including membrane filtration, material adsorption, and photocatalytic
oxidation. Membrane filtration technology utilizes porous membranes to efficiently remove
antibiotics from wastewater [4,5]. Material adsorption techniques use modified activated
carbon, biochar, and other materials to adsorb antibiotics from water [6,7]. Photocatalytic
oxidation is considered one of the most promising methods for removing antibiotics from
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wastewater due to its simplicity, lack of secondary pollution, and strong oxidation-reduction
capabilities [8,9].

TiO, has garnered extensive research attention due to its high efficiency, low cost,
non-toxicity, and strong physical stability [10-12]. For instance, TiO, demonstrates excellent
photocatalytic efficiency, with reaction rates often exceeding 1072 to 1073 mol-L~!-min~!
in the degradation of organic pollutants like phenol and methyl orange. Additionally,
TiO, exhibits a high quantum efficiency of 50-80% under UV light, indicating its ability
to convert a significant proportion of incoming photons into useful electron-hole pairs,
thereby boosting catalytic activity. TiO, maintains its integrity in extreme conditions, with
a melting point of 1832 °C and a pH stability range of pH 3-12, enabling its use in a
variety of environments, from acidic to alkaline. These properties, combined with TiO,’s
non-toxic nature, make it an ideal material for applications in photocatalysis. However,
TiO, primarily acts as a photocatalyst activated by ultraviolet light, and ultraviolet energy
constitutes only a portion of solar energy. Moreover, the recombination of light-induced
electron-hole pairs is a major cause of energy loss in photocatalytic reactions, leading to
reduced photocatalytic efficiency and energy utilization [13-15]. Combining TiO, with
other semiconductors to form heterojunctions enhances the light absorption range and the
generation of photoinduced electron-hole pairs, making it one of the effective methods to
address the low photocatalytic activity of TiO, under visible light [16,17].

CdS is a photocatalyst dopant that exhibits strong visible light responsiveness, high
photocatalytic activity, and excellent compatibility [18,19]. This is primarily due to CdS
favorable bandgap, which is typically around 2.4-2.5 eV, allowing them to absorb visible
light (around 400-500 nm) efficiently. Integrating CdS into TiO, results in a co-doping sys-
tem with a compatible band structure, which introduces new energy levels within the TiO;
bandgap, narrows the bandgap width, and creates oxygen vacancies that boost catalytic
activity [20-22]. Compared with traditional photocatalysts, TiO,/CdS features smaller
microcrystal sizes, larger surface areas, a more favorable distribution of defect density,
higher surface-active species density, and improved charge carrier separation [23-25].

Nickel foam, a three-dimensional metal foam structure, is characterized by high elec-
trical conductivity that enables rapid electron transfer, along with excellent stability and
flexibility, making it well suited for use in various structured photocatalytic reactors [26-28].
To overcome challenges associated with powdered catalysts, such as loss and clogging in
water systems, TiO, /CdS can be effectively loaded onto nickel foam, thereby improving
both catalyst recoverability and catalytic performance [29]. Additionally, the porous struc-
ture of nickel foam significantly increases the specific surface area of the catalyst, providing
more active sites; the porosity of nickel foam facilitates the uniform distribution of reactants
and light, promoting contact between the reactants and the catalyst [30-32].

The TiO, /CdS nanocomposite, formed by integrating TiO, and CdS, capitalizes on
the remarkable stability of TiO, and the efficient visible—light absorption capacity of CdS.
When irradiated by visible or UV light, electron-hole pairs are generated in CdS, and the
photoexcited electrons can transfer to TiO,, improving the charge separation efficiency
and minimizing recombination. Remarkable achievements have been made in recent
research. For instance, an efficient IO-TiO,-CdS composite with a honeycomb-like 3D
inverse opal TiO, structure was synthesized, which could degrade over 99% of tetracycline
hydrochloride (30 mg/L) within 20 min under visible light irradiation [33]. Another study
focused on the beta zeolite-supported Ti**-TiO, /CdS heterojunction. Zeolite served as an
effective support, leading to a relatively high surface area of approximately 63.2 m? g~ 1.
This heterojunction achieved a photocatalytic degradation efficiency of 78% in merely
3 min for tetracycline, with a corresponding rate constant as high as 0.788 min~!, far
exceeding that of the individual components [34]. Using carbon fibers (CFs) as the fixing
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substrate, TiO, /CdS heterojunction was constructed on the CF surface. The resulting
CFs/TiO,/CdS bundles could be woven into macroscopic cloth, which demonstrated
remarkable photocatalytic activities, degrading a variety of pollutants such as 95.44%
methylene blue, 64.95% acid orange 7, 91.37% tetracycline hydrochloride, and removing
90.70% hexavalent chromium after 120 min under visible light irradiation [35].

In this study, we applied a TiO, /CdS film onto nickel foam using the dipping—pull
method. TiO,/CdS composite was characterized through XRD, UV-Vis, TEM, and XPS
analyses. The loading state of TiO,/CdS on the nickel foam was observed using super-
depth microscopy. The photocatalytic performance of the TiO, /CdS catalyst for degrading
organic pollutants, with TCH as the target contaminant, was evaluated in a medium-scale
reactor. The effect of the TiO, to CdS precursor ratio on the degradation of the TCH solution
was investigated. To maximize the degradation rate, RSM-BBD was employed to optimize
key operational parameters in the water treatment process, including catalyst dosage,
stirring speed, and pH, while establishing relevant models. Furthermore, the reusability,
recoverability, and major active species of the TiO, /CdS composite were assessed. Based
on this, the photocatalytic reaction mechanism of TiO, /CdS was analyzed. This research
provides insights into the practical application of TiO,/CdS composites supported on
nickel foam for the photocatalytic degradation of antibiotic pollutants in water.

2. Experiment
2.1. Chemicals and Materials

CdS (purity 99%), Ti(OBu)4 (purity 99%), and TCH were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Ethylene glycol (purity 99%)
was purchased from Tianjin Fuyu Fine Chemicals Co., Ltd. (Tianjin, China). Glacial acetic
acid (purity 99%) was purchased from Shanghai Runjie Technology Development Co.,
Ltd. (Shanghai, China). NaOH (purity 96%) was purchased from Tianjin Fuchen Chemical
Reagents Co., Ltd. (Tianjin, China). HCI (purity 10%) was purchased from Shenzhen Bida
Environmental Protection Technology Co., Ltd. (Shenzhen, China). Nickel foam mesh
was sourced from Quanzhou Yunzongcheng New Materials Co., Ltd. (Quanzhou, China).
Benzoquinone (BQ), isopropanol alcohol (IPA), and sodium oxalate (AO) were purchased
from Aladdin Reagent Co., Ltd. (Shanghai, China). All chemicals are analytical grade and
used without further purification. The light source used in the experiment was purchased
from Shenzhen Qinming Technology Co. Ltd. (Shenzhen, China). Deionized water used in
the experiments was made in our lab.

2.2. Preparation Process

The preparation process is shown in Figure 1. Titanium tetrabutoxide was mixed with
anhydrous ethanol in a volume ratio of 1:4 and subjected to ultrasonic oscillation for 5 min.
A specific mass of cadmium sulfide powder was weighed using an electronic balance,
ensuring that the mass ratio of CdS in the mixed solution was 1.43%. The TiO, used in this
experiment was maintained at a mass fraction of 7.02% in the mixed solution. Ice acetic
acid solution was added to adjust the pH to approximately 4, followed by continuous
ultrasonic treatment for 10 min. A magnetic stirrer was used to stir the solution at a constant
temperature of 60 °C for 30 min. Then, it was sealed and aged for over 24 h to obtain a
stable, homogeneous, and clear orange—yellow solution.

113



Catalysts 2025, 15, 113

A solution B solution

Adding CdS
Adjust pH to 4

AddingAtoB
Ultrasonic shock for 5 min

!

Heating mixing

60 °C 30 min II

0

Foam nickel mes|

500 °C 1 hnuii I

Figure 1. Schematic diagram of the preparation of TiO, /CdS and its loading onto nickel foam.
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The nickel foam was cut into a rectangle measuring 215 mm x 140 mm. Then, the
nickel foam was soaked in anhydrous ethanol for 1 h under ultrasonic oscillation to clean it
and remove the oxidation layer from the surface. It was then kept in anhydrous ethanol
for an additional 24 h. After soaking, the nickel foam was placed in a beaker containing
deionized water and subjected to ultrasonic treatment for 30 min for further cleaning. The
nickel foam was then heat-treated in a muffle furnace at 400 °C for 10 min. Comparing
before and after treatment, the pores on the nickel foam became more permeable, allowing
for a larger surface area to load the catalyst. The film coating was applied to the nickel foam
using the impregnation method. After coating, the foam was placed in a drying oven at
80 °C to dry, and the coating process was repeated to achieve the desired catalyst loading.
Finally, the nickel foam loaded with the catalyst was placed in the muffle furnace and held
at 500 °C for 60 min to enhance the bonding strength, successfully loading TiO, /CdS onto
the nickel foam.

2.3. Characterization

The powder X-ray diffraction (XRD) patterns were recorded using an XD-3 (Shimadzu,
Kyoto, Japan) with Cu-K« radiation. The UV-Vis diffuse reflectance spectra were obtained
directly using a UV-Vis spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan) with BaSO4
as a reference. X-ray surface morphology and dispersibility of the samples were recorded
by high-resolution transmission electron microscopy (Tecnai F20, Portland, OR, America).
Photoelectron spectroscopy (XPS) was conducted using an AXIS-ULTRA DLD (Shimadzu,
Kyoto, Japan) with an Al Ka X-ray source (hv = 1486.8 eV). The nickel foam loaded
withTiO, /CdS was observed and analyzed using a super depth microscope. (VHX-6000,
Keyence Corporation, Osaka, Japan).

2.4. Photocatalytic Experiments

The photocatalytic degradation experiment was conducted in a 10 L cylindrical acrylic
glass photoreactor, which was made of polymethyl methacrylate, as shown in Figure 2. A
24 W visible-light LED array, with its emission wavelength peaking at around 450 nm, was
selected as the light source. The central layout of the LED array ensures that the visible
light uniformly illuminates the surrounding nickel foam, improving the uniformity of light
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exposure during the reaction. A magnetic stirrer drives the stirring bar to mix the TCH
solution, facilitating contact between the TCH and the active sites of TiO,/CdS on the
nickel foam. The nickel foam loaded with the TiO, /CdS composite nanocatalyst was fixed
around the light source using a mounting fixture, with a distance of 100 mm from the foam
to the center of the LED array.

Acrylic polymer
photocatalytic reactor

Quartz glass tube

LED light source

Magnetic stir bar
Base frame

Figure 2. Schematic diagram of the photocatalytic reactor.

Ten liters of a 20 mg/L TCH solution was added to the reactor and stirred for 30 min.
In the laboratory, maintain both the room temperature and the solution temperature at 25 °C
each time. This helps minimize the impact of temperature fluctuations on the experiment.
The pH of the TCH solution was adjusted to the desired value using 10% HCI or NaOH
pellets. According to the preliminary experiment, the adsorption-desorption equilibrium
between the catalyst and the target pollutant was reached in 30 min. Before the dark
reaction, a 10 mL sample was extracted from the reactor for concentration analysis, and the
solution was stirred in a dark environment for 30 min to achieve adsorption/desorption
equilibrium between the photocatalyst and the TCH molecules. During the light reaction,
10 mL samples were extracted every 20 min from the reactor for concentration analysis.

The concentration of TCH in the solution was measured using an ultraviolet-visible
spectrophotometer. Following the methodology of previous studies, the concentration
changes in TCH were assessed using this spectrophotometer. The solution reached
adsorption—desorption equilibrium within 30 min after adding TiO,/CdS, after which
the degradation stabilized. Therefore, the adsorption equilibrium time was designated as
30 min. The photocatalytic activity of the TiO,/CdS composite material was evaluated
under the illumination of the 24 W visible light LED array. The degradation rate percentage
was calculated using Equation (1).

D=(1-=t)x100% )

where D represents the degradation rate of antibiotics at time t in the photocatalytic
degradation system. Cy is the initial concentration of TCH, and C; is the concentration of
TCH at time ¢.

2.5. Experimental Design and Optimization

Three key parameters were analyzed to evaluate the impact of catalyst dosage, solution
stirring speed, and pH on the TCH degradation rate using TiO,/CdS photocatalysis.
Design—Expert (version 13.0.1.0 64-bit) optimized these parameters using the response

115



Catalysts 2025, 15, 113

surface methodology—Box-Behnken design. The BBD can assess the potential interactions
between parameters and their effects on the degradation rate. Equation (2) represents the
relationship between the variables:

k k ko k
Y =Bo+ Y Bixi+) Biuxi + Y, Y Bijxixj+e 2
i=1 i=1

i=1j=1

where By represents the intercept term, ; represents the linear factor coefficients, f;;
represents the quadratic terms, f;; represents the interaction terms, and Y represents
the degradation percentage. Table 1 shows the BBD model independent variables and
coded values.

Table 1. Independent variables and coded values of the BBD model.

Coded Levels
Indegendent Symbols
Variables —1 0 1
Catalyst Dose A 20 30 40
Agitating rate B 100 300 500
pH C 6 9 12

2.6. Reusability of TiO,/CdS

After conducting the photocatalytic degradation reaction on the same nickel foam
loaded with TiO, /CdS, it was slowly rinsed with deionized water and placed in a drying
oven at 100 °C for 60 min to ensure complete drying. The photocatalytic degradation
reaction was then repeated. This process was performed for five consecutive degradation
experiments using TCH at an initial concentration of 20 mg/L to assess the stability of the
catalyst. The mass of the nickel foam loaded with TiO, /CdS was recorded before and after
each cycle to calculate the catalyst mass loss during the five cycles.

3. Results and Discussion
3.1. Characterization of the Photocatalyst

XRD analysis compared the crystal structures of TiO,, CdS, and TiO, /CdS composite
samples. The XRD patterns are shown in Figure 3. The diffraction peaks at 25.30°, 37.80°,
48.02°,53.89°, 55.02°, 62.66°, and 68.81° correspond to the anatase TiO, (JCPDS No. 21-1272)
(101),(004),(200),(105),(211), and (11 6) crystal planes [36]. The diffraction peaks
at 26.39°, 43.53°, and 51.69° correspond to the cubic phase of CdS (JCPDS No. 80-0019)
(111),(220),and (311) crystal planes [37]. The XRD pattern of the TiO,/CdS composite
retains the characteristic peaks of both TiO; and CdS, indicating the successful formation
of the composite [38]. Additionally, the peak of TiO, at 25.30° overlaps with the (11 1)
crystal plane of CdS. No significant changes in the characteristic peaks of TiO, and CdS
were observed, indicating that CdS exists in a separate phase rather than within the lattice
of Ti02.

Figure 4a shows the absorption spectra of all samples in the UV-Vis range. All samples
except for TiO, exhibit strong light absorption in both the ultraviolet and visible ranges.
The absorption edge of TiO, is approximately 410 nm, while that of TiO, /CdS is at 530 nm.
The bandgap widths of TiO; and CdS were obtained using the extrapolation method, as
shown in Figure 4b [39]. The bandgap width of TiO; is 3.07 eV, and that of TiO, /CdS is
2.77 eV, which is lower than the 3.18 eV of TiO, /Cd prepared by previous researchers [40].
Compared with pure TiO,, the TiO, /CdS composite has a significantly narrower bandgap,
which enables better visible light absorption.
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Figure 3. XRD patterns of TiO,, CdS, and TiO, /CdS nanocomposites.
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Figure 4. Absorption spectra (a) and bandgap values (b) of TiO,, CdS, and TiO, /CdS nanocomposites.

The nickel foam loaded with different layers of TiO, /CdS was observed and analyzed
using a super depth microscope. The super depth of field microscope, with its large depth
of field, can clearly image uneven samples. It has the unique ability to keep different heights
in focus simultaneously, making it ideal for observing 3D microstructures such as catalysts.
Moreover, it offers high-resolution views, enabling detailed morphological analysis and
precise defect detection at the micro level. From Figure 5, it can be seen that the nickel
foam has a dense pore structure. As the number of coating layers increases, the coverage
of TiO, /CdS on the nickel foam also increases, and the thickness of the TiO, /CdS film on
the nickel foam grows in Figure 5b—f. The surface area per unit volume was measured,
as shown in Figure 5g. The number of TiO, /CdS plating layers on the nickel foam mesh
exhibits a linear correlation with the TiO, /CdS catalyst dosage applied to the nickel foam
mesh. This relationship can be expressed through the equation presented in Figure 5h.
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Figure 5. (a—f) TiO,/CdS loaded on nickel foam with 0, 1, 5, 9, 13, and 17 layers in the order of;
(g) surface area of TiO, /CdS loaded on nickel foam per unit volume; (h) linear relationship between
the number of TiO, /CdS layers and catalyst dose.

The TEM of the samples was observed, as shown in Figure 6a,b, revealing that the
TiO, /CdS loaded on the nickel foam has a high-density particle structure, which facilitates
the entry and loading of CdS. TEM images show the lattice fringes of TiO, /CdS, as depicted
in Figure 6e,f. Among them, a lattice fringe of 0.23 nm corresponds to the CdS (2 2 0) plane,
while a 0.35 nm lattice fringe corresponds to the TiO, (1 0 1) plane [41]. The precise contact
interface between CdS and TiO; indicates low interface losses during the electron transport
process, and the close interface contact is beneficial for the interfacial charge transfer
between CdS and TiO,. In Figure 6d, the X-ray energy spectrum shows that TiO,/CdS
contains elements S, Cd, Ti, and O, indicating that CdS forms a deposit on the surface of
TiO,. Moreover, the Cd and S elements are uniformly and densely distributed within the
TiO,/CdS composite, suggesting good loading and high dispersion of CdS within the TiO,
particles. Combined with the results from XRD, this confirms the successful synthesis of
TiO, /CdS.

10.nm

Figure 6. Microstructure characterization of TiO, /CdS; (a—c,e,f) TEM images of TiO,/CdS; EDX
mapping (d) of O, Ti, Cd, and S.
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XPS was used to study the chemical states of the surface elements in the composite
material, as shown in Figure 7. The full spectrum reveals the presence of Ti, O, Cd, C, and S
elements in the TiO, /CdS composite material, as illustrated in Figure 7a—c, which display
the high-resolution spectra of Cd 3d and S 2p, respectively. The characteristic peaks at
binding energies of 404.49 eV and 411.30 eV correspond to Cd 3ds; and 3d3;, indicating that
the Cd element in CdS exists in the form of Cd?*. The binding energy difference of 6.8 eV
between the Cd 3ds5; and 3d3, peaks further confirms that the state of Cd is Cd?* [21]. The
characteristic peaks at binding energies of 164.18 eV and 168.31 eV correspond to S 2p1,
and S 2ps3,, indicating that the S element in CdS exists in the form of S>~ [42]. The Ti 2p
characteristic peaks near binding energies of 457.87 eV and 463.56 eV correspond to Ti 2p3;
and Ti 2p1p, which are typically attributed to Ti**, as shown in Figure 7d [43]. Furthermore,
the binding energy difference of 5.7 eV between Ti 2ps; and Ti 2p1; further indicates that the
Ti element exists in the form of Ti** [44]. Figure 7e shows the characteristic peaks at binding
energies of 531.02 eV, which correspond to Ti-O bonds in the TiO, lattice, respectively [45].

AN
o
N

Intensity(a.u.)

800

Figure 7. XPS spectra of TiO, /CdS: (a) full spectrum, (b) Cd 3d, (c) S 2p, (d) Ti 2p, and (e) O 1s.

3.2. Quality Ratio

By adding 1 g, 3 g, 5 g, and 10 g of CdS powder to four identical 50 mL mixtures
of tetrabutyl titanate and 200 mL of anhydrous ethanol, mixed solutions with CdS mass
ratios of 0.48%, 1.43%, 2.37%, and 4.63% were obtained. A 70 x 36 mm nickel foam was
then subjected to a three-time dipping—pull method, followed by heat treatment and other
steps, resulting in four pieces of nickel foam loaded with different mass ratios of TiO, /CdS.
These were used for photocatalytic degradation of an 80 mL TCH solution with an initial
concentration of 20 mg/L, as shown in Figure 8. The subsequent preparation involved
using a mixed solution with a CdS mass ratio of 1.43% to fabricate TiO,/CdS. In the
paper, for the XRD, UV-Vis, TEM, and XPS tests and photocatalytic experiments using the
TiO, /CdS composite, the TiO, /CdS was prepared from a precursor solution with a CdS
mass ratio of 1.43%.
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Figure 8. (a) Degradation rate curves at different CdS mass ratios, (b) effect of different CdS mass
ratios on TCH degradation rate.

3.3. RSM-BBD

The results of the variance analysis shown in Table 2 indicate that the model is signifi-
cant in elucidating the photocatalytic degradation of TCH. The high F-value (115.99) and
extremely low p-value (<0.0001) indicate that the model is highly effective in explaining
the variations in TCH degradation rates. The three factors, including catalyst dosage (A),
agitating rate (B), and solution pH (C), are all highly significant, reaffirming their criti-
cal roles in influencing TCH degradation rates. The positive coefficients of these factors
suggest that increasing the catalyst dosage has a beneficial effect on enhancing removal
efficiency, while higher agitating rates and alkaline pH values also improve photocatalytic
degradation rates. The analysis of variable interactions (AB, AC, BC) demonstrates their
high significance, underscoring the importance of considering these factors’ synergistic
effects on TCH degradation rates. The significant quadratic terms (A2, B?, C?) indicate a
nonlinear relationship between the independent variables and the response. This nonlinear
relationship highlights the need to understand further how variations in these parameters
collectively affect the degradation rate of TCH. The non-significant goodness-of-fit value
(p = 0.1117) suggests that the model fits the experimental data well, indicating that the
model adequately represents the relationship between the variables and the response.
This confirms the reliability of the model regarding TCH degradation rates. The binary
polynomial formula (Equation (2)) predicts the response variable while accounting for the
independent factors and their interactions. To maximize the degradation rate of TCH, the
solver in Design—-Expert was used to solve Equation (3) and provide the necessary values.
This mathematical formula can predict the values required to achieve the maximum TCH
degradation rate.

Y = —69.441 41441 x A+ 0.278 x B+ 12.840 x C +0.0004 x AB +0.052 x AC

3
—0.007 x BC — 0.037A2 — 0.0004B% — 0.667C2 ©)

Figure 9a—f illustrate the relationships among the three factors and the degradation rate
of TCH. To simplify the analysis, each figure selects two independent factors while keeping
the remaining factor fixed at its midpoint value. The contour plots effectively demonstrate
the interactions between the selected factors, where elliptical or saddle-shaped contours
indicate significant interactions, while circular contours suggest negligible interactions.
Additionally, the three-dimensional plots in Figure 9a—c provide a deeper understanding of
these relationships. Figure 10a also presents the optimization results. Figure 10b shows the
curve fitting of experimental and predicted TCH degradation rates along with the normal
distribution of the residuals. The differences between the experimental and expected results

120



Catalysts 2025, 15, 113

are minimal, and the residual analysis confirms the model’s reliability. The residuals in
Figure 10c appear as a straight line, indicating that the errors follow a normal distribution.

Table 2. Analysis of variance (ANOVA) for the TCH photodegradation rate regression model.

Source Sum of Squares df Mean Square F-Value p-Value
Model 1338.61 9 148.73 115.99 <0.0001 significant
A 20.67 1 20.67 16.12 0.0051
B 108.71 1 108.71 84.78 <0.0001
C 7.74 1 7.74 6.04 0.0436
AB 3.13 1 3.13 2.44 0.1620
AC 9.86 1 9.86 7.69 0.0276
BC 68.81 1 68.81 53.66 0.0002
A? 56.92 1 56.92 44.39 0.0003
B2 830.49 1 830.49 647.66 <0.0001
C? 151.79 1 151.79 118.38 <0.0001
Residual 8.98 7 1.28 1.28
Lack of Fit 6.68 3 2.23 2.23 3.88 not significant
Pure Error 2.30 4 4 0.5740
Cor Total 1347.58 16 16
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Figure 9. (a—f) Response surface and contour plots showing the effect of catalyst dosage, agitating
rate, and pH on the degradation rate of TCH.

The analysis of this dataset reveals the intricate relationships between various factors
and the degradation rate. The catalyst dosage (Factor 1, A) is a crucial parameter affecting
photocatalytic degradation, controlled by applying different layers of TiO, /CdS catalysts
onto the foam nickel using the dip-coating method. The range of catalyst dosage (2040 g)
was determined through preliminary experiments and extensive literature review. This
dosage range was selected to assess its suitability for degrading TCH. Generally, an in-
crease in catalyst dosage is associated with enhanced degradation capability; for instance,
at 29 g (13 layers), the degradation of a 20 mg/L TCH solution reached 53.84%. This
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phenomenon is expected as a more significant catalyst dosage provides more active sites
for the photocatalytic reaction [46—48]. However, this relationship may not be linear. As
the number of catalyst layers increases, the pores of the foam nickel can become clogged,
hindering sufficient contact between active radicals and the TCH solution. Consequently,
an excessive catalyst dosage may not yield better results, indicating an optimal range for
catalyst dosage [49]. A possible reason for this is that increasing the catalyst amount may
lead to easier detachment of the catalyst from the foam nickel, resulting in an excess of
catalyst particles in the solution, which could scatter light and adversely affect the overall
enhancement of the photocatalytic degradation rate [50,51].
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Figure 10. (a) Optimal solution obtained from RSM optimization, (b) Normal probability plot of
residuals, (¢) Comparison of predicted and actual values.

The agitating rate of the magnetic stirrer (Factor 2, B) significantly impacts the degrada-
tion rate of TCH. As the agitating rate increased from 100 rpm to 300 rpm, the degradation
rate of TCH rose from 25.5% to 53.61%. This increase in degradation rate can be attributed
to the kinetic energy gained by the TCH solution, which improved the intimate interface
contact between reactants and facilitated sufficient interaction between active radicals and
the TCH solution. The probability of successful collisions between active radicals and
TCH during the photocatalytic process increases with the agitating rate [52]. However, it is
noteworthy that in this study, the performance slightly declined when the agitating rate
was raised to 500 rpm. This may be due to the agitating rate exceeding the optimal value,
resulting in ineffective collisions between reactants [53].

The pH value (Factor 3, C) affects the structure and surface properties of TCH in
aqueous solution, as well as the surface charge of the photocatalyst, thus influencing the
removal efficiency of pollutants [54-56]. The data indicate that the pH value significantly
impacts degradation efficiency, with different values yielding varying results. Considering
the response variable (degradation rate), the dataset shows a wide range of degradation
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efficiency, from 25.5% to 54.2%. With 30 g of catalyst, an agitating rate of 300 rpm, and
pH =9, the highest degradation efficiency reached 53.84%. Conversely, with 30 g of catalyst,
an agitating rate of 100 rpm, and pH = 6, the lowest degradation efficiency was 25.5%. The
dataset suggests that alkaline conditions can enhance photocatalytic removal efficiency.
However, with 30 g of catalyst, an agitating rate of 500 rpm, and pH = 12, the degradation
efficiency dropped to 33.1%. This decrease of 20.74% when the pH increased from 9 to
12 is attributed to the TCH negative surface charge becoming a double negative charge,
significantly increasing repulsion from the photocatalyst particles. Thus, an optimal pH
value exists while increasing the pH, which enhances the formation of hydroxyl radicals
and the degradation efficiency. The point of zero charge (pzc) of the TiO, /CdS composite
material is 6.25. Although TCH and the catalyst surface carry negative charges at pH =9,
the degradation rate is still higher [57]. A possible reason for this phenomenon is the
higher concentration of adsorbed OH™, which promotes the formation of hydroxyl radicals,
thereby enhancing the oxidative effect on TCH [58].

3.4. Reusability

The reusability of photocatalytic materials is a critical factor in assessing the perfor-
mance of photocatalysts. This study investigated the reusability of TiO, /CdS composite
materials by cleaning and drying nickel foam loaded with TiO, /CdS. This was followed
by conducting five consecutive degradation experiments using an initial concentration of
20 mg/L TCH to evaluate the stability of the catalyst.

As shown in Figure 11a, the cyclic experimental results of the TiO,/CdS composite
material indicate that although there is a slight decrease in photocatalytic degradation
efficiency after the third cycle, the degradation rate of TCH remains relatively stable during
the subsequent two cycles. After five consecutive cycles of degrading the TCH solution,
the degradation efficiency decreased to 25.03%. Figure 11b shows the change in mass of the
nickel foam loaded with TiO, /CdS during the continuous cycling experiments. It is evident
that the mass significantly decreased after the first cycle, while the mass gradually reduced
during the subsequent four cycles. This is attributed to the partial detachment of TiO, /CdS
from the nickel foam during the first cycle. Notably, most TCH degradation occurred
within the first 60 min of the first cycle, as loosely adsorbed TiO, /CdS particles were lost
with the flow of the solution, which increased the contact area with the TCH solution,
leading to a marked improvement in degradation efficiency. However, as more particles
detached, the solution’s transparency decreased, resulting in a decline in degradation
efficiency after 90 min of the first cycle. In the following four cycles, the concentration of
TCH steadily reduced during the photocatalytic reaction, indicating minimal detachment
of TiO, /CdS particles, which correlates with the slow reduction in the mass of the nickel
foam loaded with TiO, /CdS. The observed decrease in photocatalytic performance may be
due to surface area loss from nanoparticle agglomeration and particle detachment from the
nickel foam. There may also be slight changes in the structure of TiO, /CdS or accumulation
of reaction byproducts on its surface during the photocatalytic process, which could affect
the degradation efficiency in multiple cycles.

Nevertheless, the dense structure of TiO, /CdS loaded on the nickel foam still main-
tained its effectiveness, as evidenced by the relatively small loss in removal efficiency. There
was no significant change in the XRD pattern (Figure 11c), indicating that the TiO, /CdS
composite material is stable even after multiple use cycles.
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Figure 11. (a) Reproducibility test of TiO, /CdS, (b) variation of catalyst mass, (c) XRD patterns of
fresh sample and after recycling.

The main active species responsible for the degradation of TCH were analyzed through
radical scavenging experiments. A total of 1 mM benzoquinone (BQ), isopropanol (IPA),
and sodium oxalate (AO) were used as scavengers for -O, ", -OH, and h*, respectively. As
shown in Figure 12a,b, the effects of different scavengers on the photocatalytic degradation
capacity of the TiO,/CdS composite material were investigated. The addition of benzo-
quinone and ascorbic acid significantly decreased the photocatalytic degradation rate of
TCH, indicating that -O,~ and h* are essential for the degradation process. However, the
addition of isopropanol did not significantly reduce degradation efficiency, suggesting
that the -OH radical has a minimal effect on the degradation of TCH. The degradation
rate of TCH without any scavengers was 59.65%, while the degradation rates with the
addition of benzoquinone, isopropanol, and ascorbic acid were 34.42%, 56.31%, and 44.06%,
respectively. The contributions of the radicals to the photocatalytic degradation of TCH
using TiO, /CdS loaded on nickel foam were calculated. The results indicated that the
contribution rates of -O,~, -OH, and h* were 50.06%, 16.23%, and 29.99%, respectively.
The scavenging experiment results suggest that -O, ™ is the primary active species in the
TiO, /CdS photocatalytic system, while -OH and h* play a supporting role.
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Figure 12. Effect of different capture agents on the degradation rate of tetracycline hydrochloride:
(a) degradation rate curve, (b) degradation rate of TCH at 120 min.

Figure 13 illustrates the photocatalytic reaction mechanism of TiO, /CdS. Under visible
light irradiation, both TiO, and CdS are excited to produce photogenerated electrons and
holes. The conduction band edge potential of CdS is more negative than that of TiO,, and
the electrostatic field facilitates the transfer of electrons from CdS to the conduction band
of TiO,. Meanwhile, the valence band edge potential of CdS is also more negative than that
of TiO,, allowing holes from the valence band of TiO, to transfer to the valence band of
CdS. This spatial separation of electrons and holes is one of the essential methods to reduce
their recombination. The electrons in the conduction band of TiO, react with dissolved
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oxygen in water to generate superoxide radicals, while the holes in the valence band of CdS
react with water to produce -OH hydroxyl radicals. The results of the radical scavenging
experiments indicate that O,~ plays a major role in the photocatalytic degradation of
TCH using TiO,/CdS. Furthermore, during the photocatalytic reaction, active species
decompose TCH into intermediate products and ultimately convert it into CO, and H,O.

Figure 13. Photocatalytic reaction mechanism of TiO, /CdS under visible light.

4. Conclusions

This study successfully developed an efficient TiO,/CdS composite material sup-
ported on nickel foam for photocatalytic degradation of tetracycline hydrochloride (TCH).
Characterization techniques such as XRD, UV-Vis, TEM, and XPS were employed to com-
prehensively analyze the TiO,/CdS composites, revealing that these materials exhibit
excellent photocatalytic activity. Under optimized conditions, with a TiO, to CdS mass
ratio of 3.8:1, the catalyst achieved a maximum degradation rate of 90.03% for 80 mL of
20 mg/L TCH solution within 150 min. The response surface methodology-Box-Behnken
design (RSM-BBD) was successfully applied to optimize the operational parameters, with
the best degradation rate of 53.89% obtained at a catalyst dosage of 28 g, an agitation rate
of 325 rpm, and a pH of 9.04.

Additionally, the TiO, /CdS composites supported on nickel foam demonstrated good
stability and reusability, maintaining a degradation rate of 25.03% after five consecutive
cycles with a minimal mass loss of 4.44%. Radical scavenger experiments revealed that
superoxide radicals (-O; ™) played the dominant role in the photocatalytic degradation of
TCH, with the order of contribution being -O,~ > h* > OH.

Overall, the TiO, /CdS composite material supported on nickel foam not only exhibited
excellent photocatalytic degradation efficiency but also showed promising stability and
reusability, indicating its potential for water treatment applications. However, future
research could focus on optimizing the synthesis methods, exploring different loading
strategies, and investigating the performance of these materials in more complex water
matrices. Furthermore, combining this system with other advanced oxidation technologies
could enhance the degradation efficiency, providing more effective solutions for practical
applications in environmental remediation.
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Abstract: The increasing presence of pollutants, including pharmaceuticals and pesticides,
in water resources necessitates the development of effective remediation technologies. Zeo-
lites are promising agents for pollutant removal due to their high surface area, ion-exchange
capacity, natural abundance, and diverse tailorable porous structures. This review focuses
on the efficient application of modified zeolites and mesoporous materials as photocata-
lysts and adsorbents for removing contaminants from water bodies. The adsorption and
photodegradation of pesticides and selected non-steroidal anti-inflammatory drugs and an-
tibiotics on various zeolites reveal optimal adsorption and degradation conditions for each
pollutant. In most reported studies, higher SiO; / Al, O3 ratio zeolites exhibited improved
adsorption, and thus photodegradation activities, due to increased hydrophobicity and
lower negative charge. For example, SBA-15 demonstrated high efficiency in removing
diclofenac, ibuprofen, and ketoprofen from water in acidic conditions. Metal doped into
the zeolite framework was found to be a very active catalyst for the photodegradation
of organic pollutants, including pesticides, pharmaceuticals, and industrial wastes. It is
shown that the photocatalytic activity depends on the zeolite-type, metal dopant, metal
content, zeolite pore structure, and the energy of the irradiation source. Faujasite-type Y
zeolites combined with ozone achieved up to 95% micropollutant degradation. Bentonite
modified with cellulosic biopolymers effectively removed pesticides such as atrazine and
chlorpyrifos, while titanium and/or silver-doped zeolites showed strong catalytic activity
in degrading carbamates, highlighting their environmental application potential.

Keywords: zeolite; photodegradation; adsorption; pesticides; pharmaceuticals; pollution;
water treatment

1. Introduction

The vast growth of the world’s population has imposed a significant need for sufficient
food production over the past two decades. Consequently, the extensive use of pesticides,
combined with the expansion of specialized food and pharmaceutical industries, increases
the discharge of associated waste into water supplies, leading to adverse effects on human
health [1-4]. Despite the strict efforts by various environmental agencies to limit and
regulate the use of pesticides and pharmaceutical products, they continue to be detected
in groundwater and municipal water treatment plants worldwide [5]. The discharge
of organic micropollutants from diffuse sources, such as pesticides used in agriculture,
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industrial wastewater effluent, and municipal wastewater effluent, poses significant threats
to public health and raises major toxicological concerns for aquatic environments, including
drinking water sources [6-10].

Pesticides are mainly characterized by their chemical classes and target organisms.
Humans are exposed to pesticides through several routes of exposure, such as inhalation,
ingestion, and dermal contact [11]. Long-term exposure to pesticides has been linked
to neurobehavioral disorders, allergies, autoimmune diseases, reproductive abnormali-
ties, leukemia, malignant lymphoma, nausea, vomiting, sweating, hyperventilation, pain,
fasciculation, myotonia, weakness, and myoglobinuria [12-14].

The high concentrations of pesticides, pharmaceuticals, and industrial waste deposited
in water resources have made their removal from water bodies a significant environmental
concern in recent times. Given the wide range of pesticides with various functionalities
currently in use, it is extremely difficult to identify a single method for the removal of
these pesticides from water resources. A variety of methods have been designed for the
removal of organic pollutants from the environment. Some of these methods include
adsorption, photocatalytic degradation, advanced oxidation, nanofiltration membranes,
ozonation, extraction, and photocatalytic degradation [15-22]. Photocatalysis is one of the
alternative methods, recognized for its efficiency in water treatment. The main advantages
of this technique are the utilization of light as an energy source and the ability to enhance
versatility by incorporating dopants into the semiconductor to improve its properties.
Additionally, photocatalysis does not produce harmful toxins or toxic byproducts, which
is also considered an advantage. However, it also faces several challenges, including
limited absorption of the light spectrum, issues with catalyst stability and durability,
restricted reaction rates, low selectivity, high production costs, specific working conditions,
dependence on light availability, and low quantum efficiency. An example of such a
catalyst includes titanium dioxide (TiO;), a chemical with numerous applications across
various industries, as well as in environmental remediation for areas affected by persistent
pollution [23,24]. In addition, aluminosilicate complexes, also known as zeolites, have been
reported to provide a beneficial platform for TiO, and other metal complexes due to their
porous configuration, which directs the interaction between the catalyst and pollutants [25].

Zeolites are microporous crystalline solids made through the linking of aluminate
(AlQy) and silicate (S5iO4) moieties in tetrahedral units with various Si/ Al ratios that are
used to describe the hydrophobicity of the zeolite surface. The framework type mainly de-
fines the pore opening, cage, and channel structure of these zeolites [22,26]. Both aluminate
and silicate units are linked through oxygen atoms, which form regular crystalline cavities
and channels of various dimensions [27,28]. Figure 1 shows the framework structure, along
with the associated cell units obtained from the International Zeolite Association network
(iza-structure.org). Based on the obtained pore diameters, zeolites can be classified as small-
pore zeolites, with diameters ranging from 3 to 4.5 A, intermediate-pore zeolites, with
diameters ranging from 4.5 to 6 A, and large-pore zeolites, with diameters above 6 A [29].
Since the pore diameter depends on the silicon content, another classification is based
on the Si/ Al content [30]. Because of their crystalline structure, porosity, the shape and
size of the cavities, and their hardness, zeolites have unique features for water treatment
applicability, including a high specific surface area associated with their pore structure,
biocompatibility, ion-exchange capacity, natural abundance, and diverse, tailorable porous
structures [31-39].

130



Catalysts 2025, 15, 138

t-toc

t-gsm t-kzd t-kdt

Figure 1. Zeolite framework type along, with their associated composite building units (retrieved
from https://www.iza-structure.org/databases/, accessed on 11 June 2024).

Zeolites have been identified as strong adsorbents for wastewater treatment due to
their potential to adsorb metal ions, as well as organic pollutants. The surface of these
zeolites can be modified to enhance their adsorption potential for pollutants, resulting in
changes in surface properties and pore structure [40]. The selectivity of adsorption may
be assessed by the polarity, shape, and size of the diffusing molecules relative to the size
and geometry of the pores of the zeolites, along with the presence of exchangeable cations
in the zeolite structure. Consequently, extensive research efforts are focused on exploring
the applicability of zeolites in water treatment, particularly for the decontamination of
organic waste. Figure 2 illustrates the number of articles published on Scopus that use
“zeolite-adsorption” and “zeolite-catalysts” as keywords. The data presented in Figure 2,
show a significant increase during the past five years, indicating the benefit of modified
zeolites in environmental management and waste treatment [41-44].
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Figure 2. Statistics on the use of zeolites in water treatment, based on core publications from the
Scopus database, using the keywords “zeolite adsorption” and “zeolite catalysts”.

2. The Use of Modified Zeolites for the Removal of
Pharmaceutical Products

Zeolite composition is summarized by the formula My /;,-[AlSiy Oy(y1,) |- PH20, where
M is (Na, K, Li) and/or (Ca, Mg, Ba, Sr), while # is the cation charge; y/x = 1-6, p/x = 1-4.
The [SiO4] and [AlO4] tetrahedral units are the basic structural building units of a zeolite
framework, with uniformly sized pores of molecular dimensions [45]. The widespread
use of zeolites in environmental protection is attributed to their tremendous adsorption
capability—primarily for substances potentially classified as harmful to the environment,
especially to aquatic bodies and their ecosystems. Pharmaceuticals and other industrial
pollutants are representative examples of the applicability of zeolites in reducing their toxic
levels in water resources.

The extensive use of pharmaceuticals (defined as substances used in the diagnosis,
treatment, and prevention of disease, in addition to the restoration, correction, and modifi-
cation of organic functions) has significantly contributed to improvements in human health,
including the extension of life expectancy [46]. A recent example is the critical role of phar-
maceuticals during the SARS-CoV-2 pandemic, where their application in the treatment,
prevention, and diagnosis was unprecedented on a global scale. However, despite the
many medicinal benefits of these products, their usage still poses unintended consequences,
as a significant percentage of their concentrations persist in various environmental com-
partments, potentially affecting ecosystems and human health. Excretion is the primary
route by which pharmaceuticals enter the environment, either in their parent form or as
metabolites. The resulting pharmacologically active compounds, formed through biotrans-
formation processes, may produce unpredictable byproducts [47]. While pharmaceuticals
are generally susceptible to diverse transformation reactions, some resulting products
are very stable. Such transformed hydrophilic compounds easily pass through sewage
treatment plants, resulting in a considerable impact on the aquatic environment [48-50].
Thus, the presence of pharmaceutical contaminants—particularly in aquatic environments—
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presents a complex challenge, making it an increasingly important field of study [51], with
a focus on surface water samples, sewage treatment plants, and drinking water [52-54].

2.1. The Effective Removal of Pharmaceuticals with Zeolites

There are numerous known methods for the removal of pharmaceuticals from the
aquatic environment, including biological processes, hydrodynamic cavitation, and ultra-
violet light treatment [55]. Upon reviewing various conventional procedures, advanced
oxidation processes (AOPs) stand out as the most promising method for treating indus-
trial wastewater. Integrating biological processes with AOPs can facilitate the sustainable
degradation of toxic pollutants in wastewater [56]. AOPs can achieve either complete or
partial degradation of emerging toxic pollutants through the action of free radicals, such
as hydroxyl, superoxide, hydroperoxyl, and sulfate radicals. Additionally, the presence of
bio-enzymes and microorganisms contributes to the sustainable degradation of pollutants,
offering an economical and environmentally friendly solution. Thus, they are an efficient
method for removing pharmaceutical pollutants from highly contaminated waters, hospi-
tal waste effluents, or pharmaceutical industries. However, they could also cause major
environmental and health risks [57-59].

Due to their high surface area, high chemical and mechanical stability, ease of regenera-
tion, and reuse with little performance loss and low cost, zeolites are ideal photocatalysts for
large-scale wastewater treatment and cleanup. They can be modified for various heteroge-
neous catalytic applications. They are promising materials for sustainable development and
energy savings, as well as effective photocatalysts for degrading dye molecules. Adding
transition metal ions or semiconductor nanoparticles to the zeolite framework can also
increase photocatalytic activity by extending light absorption into the visible range, which
tunes the catalytic process to sunlight, as a natural source.

As part of AOPs, photocatalysis is the process in which a photon of light catalyzes a
reaction. Upon irradiation, electrons (e—) are excited from the valance band (VB) to the con-
duction band (CB), leaving positively charged holes (h+) that develop the active oxidizing
species, which then cause organic pollutants, such as dyes in wastewater, to degrade when
the irradiation energy is equivalent to its band-gap energy (EBG), as presented in Figure 3.
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Figure 3. Mechanism of heterogeneous photocatalysis.
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Pure zeolites are not considered efficient photocatalysts due to their relatively high
band-gap energy (EBG), which necessitates an irradiation source in the UV range. There-
fore, modified zeolites were highly investigated for the degradation of various pollutants,
especially when they are incorporated with semiconducting metal oxides. These doped
materials tend to lower the energy bandgap, allowing them to absorb visible light and
provide sufficient active surface sites that capture pollutants, enhancing their photocatalytic
activity, as illustrated in Figure 4.
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Figure 4. An illustration of the difference between normal photocatalysts and semiconducting
modified photocatalysts for potential pharmaceutical degradation using a visible light source.

Bezu et al. reported that using ZnO/AgzPOy4 with g-C3N, support over natural zeolite
enhanced the degradation of methyl orange (MO) dye from an aqueous stream, with the
degradation efficiency reaching 98.2% in 180 min of solar irradiation [59]. The sol-gel
method was used to incorporate the Au-TiO,/HZSM-5 nanocomposite as a potential
photocatalyst for the degradation of MO [60]. While 50% of the MO was degraded in 30
min without light, the photodegradation efficiency enhanced to 96.6% with reusability
of up to four cycles, during which the efficiency drops by 10.1% [60]. Cr-doped TiO,
photocatalysts supported on natural zeolite showed an increase in the Cr-O-Ti bond for-
mation upon calcination [61]. The percentage degradation of MO by the calcined 10%
Cr/TiO, / zeolite reaches 41.73% after 5 h of illumination, which is 17.9% higher than the
degradation efficiency of undoped TiO,/zeolite [61]. In addition, deposited g-C3Ny4 with
zeolite-Y was shown to enhance the degradation of methylene blue (MB) dye by using
the pore-size structure and high surface area of the zeolite, as well as enhancing the use
of the photoinduced carriers in the zeolite-Y/g-C3N4 composite to prevent the charge
recombination rate efficiently [62]. Aguifiaga et al. reported the use of natural zeolite
(mordenite) as an efficient self-photocatalyst, with the results obtained indicating that
the complete degradation of caffeine under similar conditions on both zeolite and TiO,
requires the same amount of time [63]. This study showed that, when such natural material
is incorporated with active metal oxides, the cavities of zeolites behave as a support for
metal oxides, increasing the surface area of metal oxides, thereby improving adsorption
and photocatalytic properties, as illustrated in Figure 5.
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Figure 5. The potential use of zeolite pore structure to capture pollutants to enhance the photocatalytic
activity of the Ti-doped catalyst.

Sacco et al. integrated semiconducting ZnO into zeolite (ZnO/ZEO) cavities by
wet impregnation as adsorption-assisted photocatalysis for caffeine. Applying both the
adsorption and the photocatalysis approach, it was shown that UV irradiation resulted in a
significantly higher total removal of caffeine, with 100% of caffeine being removed within
120 min of reaction time by using the ZnO/ZeO composite, compared to the removal by
adsorption only, which reached only 69% removal in 120 min [64]. Liu et al. evaluated
the TiO,/zeolite composite for the removal of sulfadiazine (SDZ) via adsorption and
photocatalysis under UV light [65]. The prepared TiO,/zeolite material removed 93.31%
of SDZ in the presence of UV light in 120 min, while the uncatalyzed degradation of SDZ
under UV irradiation results in 32.76% removal within 120 min [65].

Clinoptilolite, a surface-modified natural zeolite, was used as a carrier for the sus-
tained release of diclofenac, a common anti-inflammatory drug [66]. The study concluded
that clinoptilolite serves as a versatile drug carrier, potentially capable of loading molecules
with various chemical properties onto or within the zeolite structure. Its easily modifiable
surface broadens the range of its application, which has led research to explore its phar-
maceutical potential. However, it was unclear whether the drugs were adsorbed on the
zeolite’s surface or within its internal pores. The study also led researchers to propose that
additional degradation products of Na-ibuprofen might also be formed, and clinoptilolite
might catalyze this degradation upon adsorption. Thus, clinoptilolite is believed to form
complexes with degradation products due to its larger pore volume. By identifying the
degradation products, it would be possible to determine a degradation mechanism, im-
proving the understanding of clinoptilolite’s role as a carrier and degradation catalyst [66].

Ali et al. investigated the zeolite/FezO4/CuS/CuWO, nanocomposite solar photo-
catalytic degradation of levofloxacin and acetaminophen pharmaceutical pollutants from
aqueous solutions [67]. Under optimized conditions, the maximum removal was 84.77% for
acetaminophen and 73.26% for LEVO at 220 and 200 min, respectively [67]. M0S,-zeolite
was synthesized via ultrasonic and hydrothermal methods as a photocatalyst for the degra-
dation of tetracycline [68]. The catalytic efficiency of the catalyst for tetracycline reached
up to 87.23%, which is 3.58 times higher than alkali-modified zeolite and 1.80 times more
than pure MoS, [68].

Zeolites have emerged as a simple, efficient, low-cost, and environmentally friendly so-
lution to treat various forms of wastewater. They are extensively known for the adsorption
of pesticides, either in pristine or modified forms [69-73]. Research efforts in this field have
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focused on exploring and developing materials with enhanced adsorption characteristics,
with zeolites particularly found to consistently satisfy these requirements, hence becoming
regularly utilized in the field, as shown in Figure 6.

pH, drugs conc., pKa, polarity of the drugs,
hydrophobicity, contact time, cationic
surfactants (nature, conc.),

Influenced

Antibiotics, NSAIDS, antidepressants, lipid-
lowering agents, B-blockers, endocrine-
disrupting chemicals...

Adsorption

Hospital effluents, wastewater influents and
effluents, municipal and hospital wastewater,
rivers, lakes, ground water, tap water....

MFI — ZSM-5 Xeolite, MOR — Mordenite, ®
FAU — Zeolite Y, Zeolite X, LTA — Zeolite A
clinoptilolite Phillipsite beta and FAU zeolites
with different SiO,/Al,O; ratio...

Figure 6. Mode of adsorption of pharmaceutical products by zeolites from aquatic media.

As an example, dexamethasone—A glucocorticosteroid used to treat inflammation,
allergies, and various organ disorders, which was used extensively during the SARS-CoV-2
pandemic was investigated for its removal from an aqueous solution using Clinoptilolite
zeolite (CP) [74]. When introduced to the environment, dexamethasone has proven to
pose several risks to aquatic ecosystems, including the potential increase in algal blooms,
which could catalyze eutrophication [75] and alter fish populations within water bodies
due to reproductive impairment and hormonal effects [76]. Additionally, studies have
shown that dexamethasone exposure during pregnancy may lead to short- and long-term
health concerns to fetuses, particularly to structural and functional changes in neurons,
which may impact essential brain functions [77]. CP is described as a natural, versatile, and
inexpensive mineral, which has been investigated and applied in the last few decades [78].
Due to the resistant structure of dexamethasone against biological degradation and its low
concentration in hospital wastewater, its decomposition by conventional wastewater treat-
ment plants is challenging. Thus, the use of modified CP as a natural adsorbent to remove
dexamethasone from aqueous solutions was investigated under various conditions [78].
The results revealed that the removal efficiency depends on the pH of the solution, the
initial concentration of dexamethasone, the adsorbent dose, and contact time. With that in
mind, the maximum removal efficiency of 78% of dexamethasone occurred at pH 4, with
0.5 g CP. When considering the natural, inexpensive nature of CP and its lack of sludge
production, these factors highlight the advantages of this adsorbent.

In each adsorption process, the pH of the solution is an influential factor, as it directly
affects the surface properties of adsorbents and the ionic forms of contaminants. The
type and ionic state of functional groups on both adsorbent and adsorbate surfaces play
a critical role in determining the impact of pH on the adsorption process. To assess the
effect of pH on adsorption efficiency, the adsorption process was performed under acidic
(pH 4), neutral (pH 7), and alkaline (pH 9) conditions [79]. The results showed that the
removal efficiency of dexamethasone using modified zeolite increases with decreasing
pH, with the maximum removal efficiency achieved at pH 4. When the pH is low, the
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electrostatic attraction between the positively charged adsorbent surface and the negatively
charged dexamethasone ions increases. In neutral and alkaline conditions (pH 7 and higher,
respectively), the number of H* ions is low. In these conditions, the OH™ ions from the
solution, and the contaminant anions compete for placement on the adsorbent surface,
resulting in decreased removal efficiency [78].

In addition to pH, the initial concentration of the contaminant has a notable impact on
removal efficiency and adsorption capacity. As the initial concentration increases, so does
the adsorption capacity, while the removal efficiency decreases [80]. At low concentrations,
the ratio of the available surface area to the initial concentration is large; therefore, the
removal efficiency is high. However, with increased adsorbate concentration, this ratio
declines, resulting in a decreased removal efficiency [81,82]. The effect of initial dexametha-
sone concentration on removal efficiency was examined using various concentrations of 5,
10, 20, and 40 mg/L, which confirmed the trend that as the initial concentration increased,
removal efficiency decreased, while the adsorption capacity increased [80].

The effect of adsorbent dose on removal efficiency was also investigated by varying
doses (0.1, 0.3, and 0.5 g/50 mL) in aqueous solutions. The results demonstrated that
an increase in adsorbent dose increased removal efficiency while decreasing adsorption
capacity [83,84]. The increase in removal efficiency was attributed to a rise in the number of
exchangeable sites and the surface area when the adsorbent dose increased. In contrast, the
decrease in adsorption capacity may be due to the overlapping of adsorption sites resulting
from the overcrowding of adsorbent particles [85].

2.2. Potential Applications of Zeolites in Water Treatment

Zeolites have a three-dimensional pore structure, with crystalline voids in the form
of chambers and channels [86]. Their properties vary depending on the Si/ Al ratio, and
their hydrophobic nature is beneficial for facilitating the adsorption of pharmaceuticals
from aqueous solutions [87]. Commercially available zeolites include mordenite (MOR),
faujasite (FAU), and MFI, all of which have been tested for the removal of antibiotics and
non-steroidal drugs from aqueous solutions.

Environmental antibiotic pollution creates a complex challenge due to the develop-
ment of microbial antibiotic resistance from prolonged exposure in the environment [88].
Almost 5 million deaths were associated with antimicrobial resistance (AMR) in 2019, with
AMR being directly responsible for 1.27 million deaths [89]. To effectively address this issue,
the sorption of four antibiotics, namely chlortetracycline (CTC), oxytetracycline (OTC),
ofloxacin (OFL), and enrofloxacin (ENR), on natural zeolite was investigated. The study
examined the effects of pH and natural organic matter (NOM) on the sorption process, us-
ing the Langmuir-Freundlich sorption model to calculate the maximum sorption capacity.
The gathered results showed that the maximum sorption capacity for the antibiotics was
up to 8 mg/g at a neutral pH, with increased sorption capacity as the pH of the solution
decreased. Additionally, NOM reduced the sorption of OTC—presumably due to the
formation of ion pairs between OTC and NOM—but unexpectedly enhanced the sorption
of the remaining antibiotics. Nevertheless, the study demonstrated that sorption by natural
zeolite appears to be an economically feasible method for removing antibiotics [88-90].

In a study focused on the adsorption of acetaminophen and Na-ibuprofen by clinop-
tilolite and zeolite BEA, researchers examined the effectiveness of these zeolites in removing
the pharmaceuticals from water [91]. Given the frequent use of these drugs for both human
and livestock pain relief and the lack of adequate removal procedures within conventional
wastewater treatment plants, both acetaminophen and ibuprofen are regularly introduced
into the environment [92]. Their persistence in the environment causes a wide range of
developmental and functional impacts on aquatic organisms. Ibuprofen poses a variety of
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risks, including genetic and cellular damage, oxidative stress, dystrophy, and inflammation,
as well as a decrease in egg production across various species of aquatic animals [93].
Similarly, acetaminophen may cause genetic damage, protein denaturation in cells, and the
oxidative degradation of lipids [94]. Thus, the removal of both is critical to minimize their
impact on aquatic ecosystems.

The adsorption capacity was affected by the cation-exchange and the altered elemental
composition of natural clinoptilolite obtained from different geographical locations. The
zeolites clinoptilolite and beta (BEA) were used as the absorbents in both their natural form
and after ion exchange with Cu(Il), Fe(Ill), and NH4", aiming to remove acetaminophen
and ibuprofen from water. It was found that both zeolites were able to adsorb the pharma-
ceuticals in question, and the results showed that clinoptilolite was the better adsorbent.
The best uptake was exhibited by Cu-exchanged clinoptilolite, which showed the high-
est adsorption affinity for ibuprofen. Researchers hypothesized that ibuprofen degraded
during the adsorption experiments to produce ions that form stable complexes with the
cations [91,95,96]. The zeolites modified by cation-exchange were found to exhibit different
adsorption capacities compared to the initial zeolite, suggesting that the modifications
could be tailored to better fit certain applications or target specific pollutants. Notably, the
addition of Cu(Il) cations to natural clinoptilolite specifically enhances the adsorption of
Na-ibuprofen. Furthermore, the results also demonstrated that drug adsorption can vary
with the use of a natural zeolite obtained from different geographical locations due to dif-
ferences in elemental compositions. Overall, the results showed that both clinoptilolite and
BEA can effectively remove analgesics through adsorption. Since clinoptilolite achieved
the highest adsorption results, it would be of interest to investigate if it exhibits similar
adsorption affinities for other drugs, such as naproxen and diclofenac [91,95,96].

The efficacy of adsorption of selected non-steroidal medicinal products and antibiotics
by zeolites and mesoporous silica adsorbents was assessed to explore their potential for use
in water treatment [91]. The adsorption capacity of sorbents with high silica content was
found to depend on their surface hydrophobicity (or hydrophilicity), structural features
(such as micropore volume and pore size), as well as the properties of the studied medicinal
products [94]. Therein, the focus was on non-steroidal anti-inflammatory drugs (NSAIDs)
and antibiotics, as they are considered the most widely used medicinal products. NSAIDs
(diclofenac, ibuprofen, ketoprofen, and naproxen) are widely distributed in surface waters
and wastewater [95,96]. Moreover, these drugs have exhibited a tendency to bioaccumulate
in the bodies of aquatic organisms upon their release in the environment—particularly
in the effluent from wastewater treatment plants. A previous study showed that the
quantity of NAIDS detected in the bile of wild fish species exceeded the concentrations of
those drugs in the surrounding water by roughly 1000 times [97]. In addition, antibiotics
(erythromycin, sulfamethoxazole, tetracycline, and trimethoprim) were selected, as they are
included in the World Health Organization’s List of Essential Medicines, and owing to their
wide use as antimicrobial substances [95,98,99]. It was shown that antibiotic concentrations
were highest in hospital effluents, wastewater effluents, and river water. In the three
types of water (tap water, hospital wastewater, surface water (lakes)), erythromycin and
trimethoprim were not detected. The highest concentrations of diclofenac, ibuprofen,
and ketoprofen were found in wastewater influents, municipal wastewater, and hospital
effluents. Thus, it was concluded that the drug concentrations in different types of waters
and wastewater follow this order: hospital effluents > wastewater influents > municipal
wastewater > secondary wastewater > river water > wastewater effluents > groundwater
> surface water > seawater > tap water > hospital wastewater > surface water (lakes).
Furthermore, due to human activities, pharmaceuticals are detected in various types of
water and wastewater across each continent [100].
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It has been demonstrated that at similar concentrations, removal strategies for these
pharmaceuticals are largely consistent across different locations. Non-steroidal analgesics
and anti-inflammatories, including ibuprofen, ketoprofen, and naproxen, are among the
most readily removable pharmaceuticals. However, the removal of drugs such as diclofenac
from wastewater remains challenging. Although the transformations of pharmaceuticals in
the aquatic environment have not been thoroughly studied [56,101,102], these substances
are known to undergo various reactions and changes upon entering surface water and wa-
ter reservoirs, with dilution being among the least impactful factors [103]. The byproducts
resulting from such transformations are sometimes more stable than the parent compounds
and may exhibit varying levels of toxicity, influenced by both biotic and abiotic changes in
the environment [104,105]. This is most observed with lipophilic and difficult-to-degrade
products. Conversely, hydrophilic products may pass through sewage treatment plants
and enter flowing and stagnant surface waters [48]. Moreover, it has been shown that
pharmaceuticals can exhibit various removal routes with variable rates, which do not nec-
essarily follow predictable patterns, even if they belong to the same therapeutic groups [49].
Figure 7 presents the approximate non-metabolized fractions of selected pharmaceuti-

cals/antibiotics from the NSAID group as they enter wastewater after ingestion and human
metabolism.
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Figure 7. Typical pharmaceuticals and their approximate nonmetabolized fractions entering sewage
after ingestion and human metabolism. Note: the bars showing excretion percentages are based on
reported values extracted from ref. [91].

Adsorption is recognized as the preferred method among the physicochemical meth-
ods for removing pharmaceuticals from wastewater [95]. This preference stems from the
ability of adsorption to produce high-quality treated wastewater, its ease of operation, cost-
effectiveness, and the lack of undesirable byproducts [106,107]. Additionally, adsorption
can be employed for treating various types of water and wastewater, including those with a
high organic compound content that cannot be effectively removed by other methods [108].
Adsorption has some drawbacks, including the gradual loss of adsorbent efficiency over
time, which can reduce its effectiveness in long-term applications. Additionally, the mate-
rial required for water treatment, especially in large-scale operations such as mining, can be
substantial. The proper disposal of spent sorbent and regeneration solutions poses another
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challenge, as these processes can be complex and environmentally taxing. Furthermore,
the desorption of pollutants may not always be successful, potentially limiting the reuse of
adsorbents. Lastly, while novel nanomaterials offer promising advancements, they are still
in the developmental stage, which may delay their widespread adoption and application.

While adsorption using porous materials (activated carbon) is effective for removing
these pharmaceuticals, limitations include regeneration issues and low selectivity for
organic adsorbents [108,109]. Activated charcoal, characterized by its well-developed
pore structure, large surface area, and high fragmentation, adsorbs a wide spectrum of
medicines, especially hydrophobic compounds [110-112]. However, its disadvantage lies
in its limited capacity and the adverse effects of regenerative processes on its pore structure
and the chemical properties of its functional groups, reducing its adsorption efficiency for
pharmaceutical removal.

As an alternative, zeolites and mesoporous silica materials offer advantages, including
shorter contact time, lower desorption percentages, and better structural stability (en-
abling regeneration at high temperature). Herein, the general characteristics of zeolites and
mesoporous silica materials, along with a review of relevant data, are presented. While
individual publications describe the removal efficiency of selected pharmaceuticals using
zeolite sorbents or mesoporous materials, there is a need for studies that provide compar-
ative summaries of their removal efficiencies. Therefore, this review aims to collect and
introduce examples of the successful and efficient use of zeolites and mesoporous materials
in removing pharmaceuticals from water.

Challenges of Using Modified Zeolites for Wastewater and Water Treatment

Modified zeolites hold significant potential for wastewater and water treatment; how-
ever, several challenges must be addressed to optimize their application. The size of
zeolite particles impacts their performance, as larger particles slow ammonium diffusion
rates, reducing ion-exchange efficiency, while powdered zeolites enhance diffusion but are
impractical for industrial use due to high pressure drops and material losses [113]. The effi-
ciency of surface-modified zeolites is also influenced by solution pH, with higher pH levels
reducing anion adsorption, as OH™ ions compete with target anions for active sites [114].
Furthermore, assessing the cost benefit of using modified zeolites is complex, given the
variability in raw material availability, processing needs, and modification methods, al-
though they remain cost-effective and efficient for pollutant removal [115]. Maintaining
adsorption efficiency over multiple cycles is critical, and regeneration processes, such as
chemical treatments, have proven effective in restoring their performance [116]. Scaling
up zeolite use for industrial applications faces hurdles, including the impracticality of
powdered forms in treatment columns and the need for consistent performance across
varying sizes and modifications [113]. Despite these challenges, modified zeolites derived
from materials such as fly ash demonstrate promising results in nutrient removal, such as
ammonium and phosphorus, though their efficiency is dependent on specific modifications
and environmental conditions [117]. Addressing these limitations is essential for realizing
the full potential of modified zeolites in large-scale water treatment applications.

2.3. Adsorption of Selected NSAIDs (Sodium Diclofenac, Ibuprofen, and Naproxen) and Selected
Antibiotics (Erythromycin and Sulfamethoxazole)

The sorption of diclofenac sodium is influenced by both the geometry of the pores
in the zeolite and the molecules of the zeolite (such as hierarchical ZSM-5), as well as the
interaction with active sites [118]. In a study using natural Jordanate zeolite (intermediate
silica), the optimal sorption of diclofenac sodium occurred at pH 6. This improvement was
attributed to the penetration of diclofenac sodium cation into the zeolite’s pores. More
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efficient removal of diclofenac sodium was noted at higher initial concentrations, where
stronger interactions occurred between the natural zeolite and diclofenac sodium [119].
Additionally, the modification of MOR using TiO, with SiO,/Al,O5 ratios of 18 and
240—denoted as TMOR18 and TMOR240—demonstrated more effective adsorption of
sodium diclofenac on zeolites of higher SiO, / Al,O; ratio, due to the high hydrophobicity
of the zeolite [120], along with lower negative charges compared to those with a lower
510,/ Al,Os ratio [121]. On the other hand, sorption of diclofenac sodium onto magnetic
nanoparticle-coated zeolite (MNCZ) was found to agree with earlier findings, in which
removal was observed to be more selective in solutions with an acidic pH. See Figure 8 [122].

Biclofienach Sulfamethoxazole! Trimethoprim iefizacycline!

Contact time Contact time - Avg.
(30 min) (100 min)

Initial concentration Initial trati
low and high nitial concentration

(0.01 - 0.3 mg L) (0.1 mg L)

pH - acidic pH - acidic pH - alkaline

Desorption -
High (ethanol)

Figure 8. Optimized factors influencing the removal efficiency of selected pollutants.

Jordanate natural zeolite was found to adsorb ibuprofen effectively at an acidic pH,
with optimal results at pH 2 [119]. Similar results were observed with MNCZ, where com-
plete adsorption occurred after 10 min [118]. At higher initial concentrations, the resistance
to mass transfer of ibuprofen molecules between the aqueous and solid phases of Jordanate
natural zeolite was quickly overcome [119]. However, with MNCZ, the efficiency of ibupro-
fen removal decreases at higher concentrations and improves at lower concentrations [119].
For naproxen, adsorption was less effective under alkaline conditions due to the formation
of water complexes that delayed the sorption because of the increased number of hydroxyl
ions. As for acidic conditions, sorption of naproxen occurs rapidly, requiring only 10 min of
contact time for effective removal. In addition, removal occurs better with zeolites having a
higher SiO, /Al,Os ratio and a low initial concentration [118,123].

As for erythromycin, three zeolites were tested for their efficiency in its removal,
including the two zeolites, MOR-400 and Y-zeolites, and natural Slovak zeolite from Zeo-
cem [124]. The removal of erythromycin is particularly critical, as a study revealed that
even low concentrations of erythromycin in the environment could create the necessary
pressure for microbes to develop resistance—especially with chronic exposure to the phar-
maceutical. The analysis indicates that adsorption of erythromycin involved both the entire
zeolite structure and its micropores [124]. Using three fractions of different concentrations
of erythromycin, its removal from wastewater was tested using Zeocem natural zeolite.
Over 90% removal was achieved within a contact time of only 30 min, the high efficiency
being attributed to the optimization of pH (the pH of the wastewater must be lower than the
pKa of erythromycin, i.e., 8.88) [125]. Water samples collected at the outlet of a wastewater
treatment plant in Ferrara (northern Italy) were used to investigate the adsorption efficiency
of zeolite Y. The concentration of erythromycin in these samples was about 1.10 pg g~
and the results showed that 100% removal occurred using this zeolite [124].
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The effectiveness of sulfamethoxazole removal was improved when using high-silicon
zeolites [126]. Studies carried on MOR and ZSM-5 zeolites confirmed a temperature
dependency on sorption efficacy. Sorption with MOR was found to be more effective at
room temperature, while ZSM-5 showed higher removal efficacy at 65 °C. Research findings
also showed that sorption efficiency of individual zeolites was affected by the initial
concentration [127]. For examples, at low concentrations (20 M) of contaminants, the best
results were noted with the use of zeolite Y. In contrast, for high concentrations (180 uM),
using ZSM-5 showed more satisfactory results. Another advantageous aspect for using
zeolite Y, MOR, and ZSM-5 is that contaminants were adsorbed irreversibly [128]. Among
the three sorbents, zeolite Y was found to be the most effective. Moreover, the modification
of MORI18 zeolite with TiO, was observed to significantly enhance the adsorption of
sulfamethoxazole [129].

The removal of sodium diclofenac and ibuprofen using Jordanate natural zeolite
(intermediate silica) was investigated. The optimum pH for ibuprofen was 2, whereas a
pH of 6 was shown to be more effective for sodium diclofenac. In addition, based on the
chemical structure of zeolites (at a low ibuprofen concentration), the drug was found to interact
strongly with zeolites through the carboxylic group and oxygen atoms combined with
silicon and aluminum elements. At pH 6, sodium diclofenac exhibited similar interactions
with zeolite molecules through sodium cations, which penetrate the pores of the zeolite
and are involved in an electrostatic attraction with the amine group of diclofenac [119].

The maximum removal percentage of both diclofenac and ibuprofen was reached after
10 min, though the optimum contact time was extended up to 80 min to ensure satisfactory
contact. Peak removal was observed at sodium diclofenac and ibuprofen concentrations of
2.0and 1.0 g L1, respectively. Tests within a concentration range of 10-50 mg L ! showed
that removal efficiency increased with concentration. This trend can be explained by a
higher initial concentration overcoming the resistance to mass transfer of pharmaceutical
molecules between the aqueous and solid phases, promoting a stronger interaction between
the natural zeolite and medicines. It was shown that the adsorption capacity of tested
zeolite for sodium diclofenac was 4.8 mg g~ (based on the Langmuir isotherm), while for
ibuprofen it was 1.23 mg g~ ! (based on the Freundlich isotherm) [119].

Modifying specific zeolites with SiO,/Al,O3 or TiO, powders (such as TMOR-18
or TMOR-240) has been explored for enhancing the removal of pharmaceuticals such as
diclofenac and sulfamethoxazole. While modification with TiO, powder decreases the
specific surface area, it allows for the formation of new mesopores and macropores [119];
however, these changes did not have a significant impact on the adsorption of medicines.
Similarly, adjusting SiO,/Al,O3 ratios showed little improvement in adsorption, with
the zeolites having higher SiO, / Al,O3 ratios becoming more hydrophobic and exhibiting
lower negative charges compared to those with lower SiO, /Al,Oj3 ratios. For example, on
TMOR-240, diclofenac was removed only by 20-30. This is due to diclofenac’s negative
charge, which may cause electrostatic repulsion between MOR240 and the drug [119].

Another form of zeolite modification is coating the zeolite surface with magnetic
nanoparticles (e.g., MNCZ zeolite). Optimization studies for sorption parameters (contact
time, solution pH, and initial concentration) showed a high dependence on the pH of the
solution, with pH changes from acidic to alkaline conditions reducing MNCZ removal
efficiency. The lower sorption efficiency at an alkaline pH was attributed to the increased
number of hydroxyl ions and thus the formation of aqueous complexes, which delayed
the sorption. For instance, the adsorption values recorded at a pH of 2 were 99.6% for
diclofenac sodium, 98.8% for ibuprofen, and 99.8% for naproxen solutions, while the values
determined for the same solutions at a pH of 11 were 93.9%, 90.8%, and 90.7%, respectively.
The study also showed that MNCZ has a very wide workable pH range (2-9), suggesting
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that MNCZ could be used for drinking water applications and/or wastewater treatment
from medicines. In another study [122], contact time with MNCZ had no significant effect
on the adsorption of diclofenac sodium, and the removal efficiency was estimated over 95%
within 10 min contact time [122]. Moreover, the initial concentration had no significant effect
on the removal efficiency of the tested pharmaceuticals at low concentrations. Nevertheless,
a significant reduction in the removal efficiency of the investigated compounds (e.g.,
ibuprofen) was noticed upon increasing the concentration [122].

Inorganic mesoporous silica materials SBA-15 and MCM-41 were alternatively em-
ployed as adsorbents for water treatment [87]. These materials have been characterized
by their high porosity, uniform and narrow pore sizes, ordered arrangement of pore struc-
tures, large pore volume, and large surface area, which increase their adsorption capacity.
Silica-based porous materials have already been used by other researchers to remove phar-
maceutical residues [130]. Two such materials—MCM-41 and SBA-15—were tested for
the selected NSAIDs and antibiotics. SBA-15 was tested in two independent studies for
the removal of diclofenac, ibuprofen, and ketoprofen. The contact time needed to remove
the three mentioned NSAIDs was less than 15 min, whereas in the other two studies, the
required contact time was 30 min [94]. Furthermore, SBA-15 exhibited better adsorption
efficiency than MCM-41. Additionally, the enhancement of the adsorption process ob-
served at low pH values indicates that the interaction between drugs and the surface of
mesoporous silica is hydrophilic in nature. In addition, the low desorption rate of these
pharmaceuticals in an alkaline environment demonstrates that adsorption onto SBA-15
and MCM-41 was very strong.

Similarly, sulfamethoxazole and trimethoprim were removed using trimethylsilylated
mesoporous SBA-15 (TMS-SBA-15) material. The initial concentrations of both antibiotics
were high, but the contact time was short (30 min), and complete desorption was achieved
with the use of ethanol. Sulfamethoxazole, an anionic compound, was efficiently removed
at low pH values. On the other hand, trimethoprim is a cationic compound, and its
sorption was more effective as the pH of the solution increased [131]. The mesoporous
material MCM-41, impregnated with zeolite-A, was used for tetracycline removal [132].
Upon testing high concentrations of the antibiotic with this material, the results showed
that tetracycline adsorption was very effective at high concentrations [132]; however, the
removal process was very slow (contact time reached 100 min), with MCM-41 reactive sites
becoming saturated because of tetracycline adsorption.

In summary, SBA-15 showed promise as an adsorbent for the removal of diclofenac,
ibuprofen, and ketoprofen from surface water and wastewater from industrial pharmaceuti-
cals, both of which have high concentrations of these drugs. For an SBA-15dose of 2.0 g L1,
the removal efficiencies of diclofenac, ibuprofen, and ketoprofen were 66.7%, 95.1%, and
91.2%, respectively. Within the dose range of 0.1-1.0 g L™!, the adsorption of the three
pharmaceuticals was noticed to increase linearly with the increase in the concentration of
the adsorbent. The increase in the adsorbent dose from 1.0 to 2.0 g L~! has not shown any
significant effects. The pH adsorption dependence of these drugs suggests a hydrophilic
interaction with the mesoporous silica surface. Moreover, the lower desorption from the
silica surface in alkaline media suggests that these pharmaceuticals were strongly adsorbed
onto SBA-15. The advantage of using SBA-15 is the ease of regeneration after sorption by
combustion, without any material losses, attributed to the stability of the mesoporous silica
structure at high temperatures (up to 850 °C) [87].

3. Modified Zeolites for the Removal of Pesticides from Water Resources

Zeolite modified with various loadings of the surfactant stearyl dimethyl-benzyl
ammonium chloride (SDBAC) was used for pesticides removal from water bodies [133].
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Batch reactors using 2.5 g of modified zeolite to 100 mL of different concentrations of three
pesticides including atrazine, lindane, and diazinone. Significant removal capacities of
2.01 umol/kg for atrazine, 3.4 umol/kg for lindane, and 4 umol/kg for diazinone were
obtained [133]. Metal-anchored zeolites have been presented in the literature as efficient
and active catalysts for various organic pollutants. Several studies have shown that silver-
doped zeolites exhibit strong catalytic activity in aqueous solutions. We investigated
various dopants in zeolite A in several studies. For example, three dopants in zeolite 5A,
including Ag, Pt, and mixed Ag-Pt, were tested for the degradation of naptalam [134].
While Ag-doped 5A showed high affinity for adsorbing naptalam from the solution upon
mixing, the mixed silver—platinum-5A catalyst showed strong activity in the degradation
of naptalam [134].

Doped metals into zeolites play a major role in the decontamination of water resources
from organophosphorus pesticides. In another study, Ag(I)-anchored A-type zeolites with
various compositions and colors were investigated. All modified samples enhanced the
degradation of the malathion pesticide by 18 to 35 folds compared to malathion alone in
solution. The rate variation was dependent on the size and the charge of the Ag clusters.
The large size of malathion prevented its entrapment in the zeolite channels; therefore, the
photodecomposition and catalytic behavior of Ag clusters occurred on the Ag/zeolite A
surface [135]. Silver exchanged into zeolite X and mordenite provides good heterogeneous
catalysts for the decomposition of carbamate pesticides. Various silver loadings into
X and mordenite zeolites were tested for the degradation of carbofuran and carbaryl
pesticides. The catalytic activity aligned with the high Ag loadings, with an observed
enhancement in the carbofuran degradation by 184 folds compared to the uncatalyzed
reaction under optimized conditions [136]. The catalytic activities were directly aligned to
the metal loading, which enhances the possibility of making large [Ag*], oligomers and
thus improves the photocatalytic properties of the doped zeolites [136,137].

Prada-Vasquez et al., investigated the use of two faujasite-type Y zeolite with 60 and
12 Si/ Al ratios. The modified materials were tested for the removal of 25 pharmaceutical
compounds (PhCs) present in real effluents from two municipal wastewater treatment
plants located in the Mediterranean coast of Spain. It was shown that the use of ozone in the
presence of NaY zeolites significantly improved the micropollutants degradation rate, able
to degrade 95 % of the total mixture of PhCs within the early 9- and 12-min using NaY-12
and NaY-60, respectively. Environmental assessment showed that the total risk quotients
of pharmaceuticals were reduced between 87-99% after ozonation in the presence of NaY
zeolite indicating that the catalyst is a promising route for eliminating micropollutants
from wastewater matrices [138]. We recently reported Ag doped zeolite Y as photocatalyst
towards the photodecomposition of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The cata-
lyst was found to effectively decompose TCDD in a methanol/tetrahydrofuran solution
to reach 86% after 5 h with various products were characterized under various catalytic
experimental conditions as illustrated in Figure 9 [139]. Natural zeolites used as coating
material over porous ceramic substrates produced filters of various thicknesses. Using
a flow rate of 240 L/h, various micropollutant adsorption was tested in distilled water,
surface water, and wastewater treatment plant effluents. The adsorption of ten tested
micropollutants showed an overall efficiency of 41.5% and 43% on the surface modified
zeolite filters. While, high adsorption capacity for metoprolol, citalopram, venlafaxine,
and clarithromycin over natural zeolite filters, the surface modified zeolite filters showed
high adsorption affinity for hydrochlorothiazide, diclofenac, candesartan, mecoprop and
irbesartan [140].

The potential of Fe doped ZSM-5 zeolite immobilized with P25-commercial TiO, (TiO,-
FeZ) was used in the photocatalytic treatment of diclofenac (DCF) from water solution [141].
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It was found that the biodegradability increased when there was a decrease in the aromatic
DCF by-products and enhanced dechlorination of organic structures. The degradation
occurred via DCF adsorption on the catalyst surface followed by hydroxylation and ring
cleavage, which illustrates the photodegradation pathways and all products formed [141].
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Figure 9. Possible pathway for degradation of TCDD by Ag/zeolite nanocatalyst [139].

TiO; is one of the most common photocatalysts studied in the literature; however, the
separation and reuse of the catalyst from solution is one of the associated limitations for its
industrial use [142,143]. Various supports were implemented with TiO, to enhance catalyst
separation. Particularly, TiO,-incorporated HZSM-11 zeolite was used for the degradation
of the insecticide dichlorvos in water, resulting in a degradation efficiency similar to that of
commercial TiO, P25 [142]. In another study, TiO, doped into Hg exhibited better activity
for both the degradation and mineralization of monocrotophos pesticides (MCPs), where
MCP and its intermediates were found to be strongly adsorbed onto supported TiO, [143].
Similarly, TiO,-supported photocatalyst decontaminate dichlorvos pesticides present in
indoor air samples, with one identified by-product in the gas phase posing potential
toxicity [144]. Table 1 summarizes the major catalytic studies for various pollutants that
were addressed in this study.

Zeolite X along with its carbon composite, obtained through the chemical transfor-
mation of fly, enhanced the adsorption capacity towards 2,4-dichlorophenoxyacetic acid
(2,4-D), 2-methyl-4-chlorophenoxyacetic acid (MCPA), carbendazim, and simazine. The
pesticide adsorption occurred within 60 s [145]. It has been shown that cationic surfac-
tants significantly enhance the adsorption of 2,4-D and MCPA, whereas the unmodified
zeolite-carbon composite has high affinity toward carbendazim and simazine sorption
efficiency [145]. Polyaniline (PANI)-modified zeolite NaY was investigated as a solid-phase
extraction sorbent of commonly used pesticides including carbamate, organophosphate,
sulfonylurea, pyrethroid and neonicotinoid. It was found that a sorption capacity of

145



Catalysts 2025, 15, 138

833 mg/kg sorbent and a preconcentration factor of 42 in the mixture of twenty pesticides.
The use of the new zeolite-based sorbent along with HPLC-PDA detection provides an
effective pesticide detection method for food and environmental samples with various
matrices. This method provided LODs and LOQs in the ranges of 0.001-1.00 mg/L and
0.005—2.50 mg/L, respectively with recoveries of the target pesticides in the range of

64—128% [146].

Table 1. Modified zeolites and their catalytic applications for various pollutants.

Removal Energy Source
Catalyst Target Pollutant Efficiency/Comments (Reaction Time) Ref.
g-C3N4:ZnO/AgsPOy MO 98.2% removal using Sunlight [59]
in pristine and natural zeolite zeolite support (180 min)
Au-TiO,/HZSM-5 96.6% with high stability 365 nm mercury
: MO . [60]
nanocomposite for 4 cycles lamp (30 min)
41.73% efficiency, which
Cr/TiO, /zeolite MO is 17.9% higher than that 254 nn(l;fl\)/ lamp [61]
of TiO, /zeolite alone
Modified . o o 254 nm UV light
clinoptilolite-mordenite zeolite Caffeine 99% decomposition (4 h) [63]
o . UV-LEDs strip
Z00/zeolite pellets Caffeine 100% re}‘f‘oval in two 365-370 nm [64]
ours
(2h)
) . . o UV light
TiO, /zeolite Sulfadiazine 93.31% (120 min) [65]
Zeolite/Fe304/CuS/CuWOy Levofloxacin and total organ%c.carbon
. . removal efficiency of solar [67]
nanocomposite acetaminophen o
57.43%
o A 300 W Xe-lamp
MoS,-zeolite Tetracycline 87'2?30 irerrlnoval with a UV light [68]
ethaency filter (420 nm)
Removal enhancement
Ag clusters—A-zeolite Malathion of up to 35-fold that of UV irradiation [135]
malathion alone
Removal enhanced by
. 184 .
Ag-X & Ag-Mordenite Carbofuran fold compared to UV light [136]
uncatalyzed s
NaY-12 and NaY-60 M1xture. Total removal of .87—99 Yo (9-12 min) [138]
pharmaceuticals after ozonation
. Up to 99% removal in
Fe dopeq ZSM5 zeolite Diclofenac presence of chlorideand  Xe lamp of 450 W [141]
(TiO,-FeZ)
sulfates
Similar activity as P-25
TiO, incorporated HZSM-11 Dichlorvos butit provides an easy 365 nm [142]
separation
and reuse

Mustafa et al., reported the potential of a chitosan/zeolite-A composite (CS/ZA)
to enhance the adsorption of three species of organophosphorus pesticides (acephate
(AC), omthosate (OM), and methyl parathion (MP)). The material possesses high capacity
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towards AC, OM, and MP pesticides even in the presence of various metal ions with
adsorption levels of 650.7 mg/g, 506.5 mg/g, and 560.8 mg/g, respectively [147]. The
use of CS/ZA particles for the treatment of 7.5 L of the polluted solutions in fixed-beds
continuous column revealed a removal of AC, OM, and MP to reach 78%, 57.6%, and
74.3%, respectively [147]. Chitosan-MgO/ Zeolite (CS-MgO/Zeolite) composite was made
and used as an adsorbent for the removal of chlorpyrifos from water bodies [148]. It is
reported that using an initial dosage of 0.4 g/L solution, around 80.9% of chlorpyrifos was
removed over CS-MgO/ Zeolite at a neutral conditions pH of 7 after 40 min, with good fit
to Freundlich adsorption isotherm model [148].

Silver-dodecatungstophosphoric acid and HBEA zeolite-modified composites showed
superior adsorption potentials for aqueous pesticide removal. The study evaluated the
amount of glyphosate adsorbed from a water suspension of 378 mg per gram of compos-
ite material with 25% AgWPA content. This high affinity is due to the modified active
sites for glyphosate adsorption, and the radical-scavenging activity, based on the adsorp-
tion data, fits the Krishnamurti isotherm [149]. Composites of BEA zeolite and silver
tungstophosphate were prepared by ion-exchange, and as physical mixtures with varying
compositions. Batch adsorption testing of the silver-zeolite composite was optimized to
eliminate nicosulfuron from an aqueous solution. Under optimized conditions, it was
shown that the composite with a 2:1 mass ratio of BEA/silver tungstophosphate showed
the highest removal efficiency for nicosulfuron, with 38.2 mg/g of the composite being
reached [70]. In another study, tungstophosphoric acid and a BEA zeolite composite were
synthesized by wet impregnation. The prepared composite exhibited higher nicosulfuron
adsorption efficiency than the parent zeolite. The pesticide removal from all modified
composites was within the range of 12.1-25.8 mg of nicosulfuron per gram of the inves-
tigated sample [150]. Further, potassium tungstophosphate-doped BEA zeolite showed
high affinity for the adsorption of glyphosate, with adsorption capacities in the range of
45.2 and 92.2 mg of glyphosate per gram of the investigated composite [69]. Modification
with potassium tungstophosphate affected the active sites present in BEA zeolite, which
enhanced the amount of adsorbed pesticide in comparison to BEA zeolite, indicating their
potential environmental application [69].

Modified natural clay minerals provide high adsorption capacity for organic pollu-
tants [151,152]. Narayanan et al. reported that the use of a cellulosic biopolymer with ben-
tonite provides 90% removal of pesticides, including pendimethalin, thiophanate methyl,
and butachlor from aqueous systems, but the adsorption capacity tends to decline after
two successive dosages [152]. In another study, modified bentonite with octadecyl amine
(ODA-M) and combined ODA with amino propyl triethoxysilane (ODAAPS-M) demon-
strated high affinity for pesticide removal from aqueous solutions via both adsorption
and coagulation—flocculation [153]. Specifically, using unmodified bentonite removed
various pesticides with efficiencies of 47 and 66%, whereas the modified forms ODA-M
and ODAAPS-M exhibited an improved performance, with removal percentage ranges
of 59-74% and 69-82%, respectively. In particular, combined PAC ODA-M-clay, provided
100% removal of atrazine, chlorpyriphos, and cypermethrin, with the minimum removal
efficiency observed for endosulphan sulphate (82%) [153].

Functionalized zeolites such as cationic surfactant-modified zeolite adsorbents showed
hydrophobic interactions between the zeolite framework and the methamidophos molecule
in pesticides. In-depth analysis revealed that the mode of interaction was due to electrostatic
and the van Der Waals force of attraction induced by the hydrophobic phase created by
the alkyl chain of the zeolite composite [154]. As one of the most used pesticides, diazinon
has been used in various absorption studies. In two separate studies, Amani et al. used
MCM-41, MCM-48, and MCM-41 functionalized with propyl methacrylate (MPS-MCM-41)
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as adsorbates for P-based pesticides such as diazinon and fenitrothion [44,155,156]. The
modified composite exhibited better adsorption capacity than the bare MCM-41 composite.
The adsorption capacity tended to vary with the initial concentration of the pesticide and the
solution’s pH which, was mainly attributed to the increase in hydrogen bonding between
the pesticide and the functional active sites on the surface of the adsorbents [155]. The
adsorption of diazinon and fenitrothion onto MCM-41 and MCM-48 was also investigated
and found to occur immediately (max adsorption within 5 min), with a higher adsorption
rate occurring on MCM-41 [156]. It was found that there was a clear reduction in the
specific surface area of each composite upon adsorption by the filling of pores and channels,
indicating that the pores and voids were occupied after adsorption [156].

Chen et al. [157] analyzed the adsorption of seven different pesticides onto SBA-
15, carbonized SBA-15 (SBA-15-c), SBA-15 monolith (SBA-15-m), MgO-modified SBA-15
(MgO-SBA-15), MCM-41, carbonized MCM-41 (MCM-41c), MCM-41 monolith (MCM-
41m), and MCM-48. While pure MCM-41 revealed better sorption capacity for the selected
pesticides, the removal efficiency of SBA-15 was found to be poor for all analyzed pesticides.
This is because it has a greater surface area and different pore sizes compared to SBA-15.
MgO/SBA-15 showed a higher immobilization rate compared to pure SBA-15, with 97% of
dipterex being immobilized, indicating the importance of the alkali sites in the entrapping
of organophosphorus pesticides [157]. Table 2 reveals the various types of modified zeolites
and their adsorption capacities for various pesticides.

Table 2. Modified zeolites and their adsorption capacities for various pesticides.

Surface Area

Adsorbate Adsorbents Adsorption Caopacity m?/g Ref.
mg/g OR (%) (Particle Size mm)
Atrazine 0.43 (0.4-0.8)
Lindane Organo-zeolite 0.99 (0.4-0.8) [133]
Diazinone 1.34 (0.4-0.8)
Acephate 650.7 -—
Omthosate Chitosan-zeolite A 506.5 --- [147]
methylparathion 560.8 ---
gylphosphate AgWPA-HBEA zeolite 378 - [149]
Organochlorine ZSM-5 (98%) --- [140]
chloridazon Kerolite 400 1.568 248
chloridazon Kerolite 600 2.253 224 [158]
chloridazon Kerolite 200 0.636 256 [159]
Ethion Zif-8 279.3 >800
Ethion Zif-67 210.8 ~593.6 [160]
prothiofos Zif-8 366.7 >800
prothiofos Zif-67 261.1 ~593.6
paraquat NaY (si/Al=2.2) 210-240 789-856 [161]
2,4-D HY (Si/Al = 100) 92.95 -
2,4-D HY 11.39 744
2,4-D NaY 12.15 797 ezl
2,4-D 30SNaY 33.15 466
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Table 2. Cont.

Adsorption Capacity Surface Area

2
Adsorbate Adsorbents meg/g OR (%) (Parﬁdr: s/fgz - Ref.
bentazone CHA (15.5%) 11 (external)
bentazone FAU (100%) 661
Bentazone LTA (1.59%) 1 (external)
bentazone MOR (22.05%) 34
Imidacloprid CHA (8.37%) 11 (external)
Imidacloprid FAU (99.72%) 661
Imidacloprid LTA (7.26%) 1 (external)
Imidacloprid MOR (79.48%) 34 [163]
Isoproturon CHA (3.7%) 11 (external)
Isoproturon FAU (100%) 661
Isoproturon LTA (0.00%) 1 (external)
Isoproturon MOR (94.71%) 34
Metalaxyl-M CHA (24.06%) 11 (external)
Metalaxyl-M FAU (99.34%) 661
Metalaxyl-M LTA (46.53%) 1 (external)
Metalaxyl-M MOR (31.23%) 34
Phoxim NaY (5.5%) 672
FeY (19.1%) 459
SBA-15¢ (70.9%) 885
MgO/SBA-15 (29.2%) 481
Chlorpyrifos NaY (11.0%) 672
FeY (19.5%) 459
SBA-15¢ (84.6%) 885
MgO/SBA-15 (22.7%) 481
Dipeterex NaY (15.1%) 672
FeY (31.9%) 459 [157]
SBA-15¢ (7.4%) 885
MgO/SBA-15 (97.4%) 481
Carbendazim NaY (4.5%) 672
FeY (20.2%) 459
SBA-15¢ (98.0%) 885
MgO/SBA-15 (8.7%) 481
imidacloprid NaY (0.0%) 672
FeY (21.5%) 459
SBA-15¢ (23.0%) 885
MgO/SBA-15 (1.4%) 481
atrazine Octadecylamine-bentonite (100%) 7.15 mm
diazinone Octadecylamine-bentonite (100%) 7.15 mm [158]

The hydrophobicity of high silica zeolites makes them suitable for organic micro-
pollutant (OMP) adsorption in aqueous solutions [164]. Despite their potential to re-
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move OMPs, including pharmaceuticals, personal care products, and industrial chemi-
cals [165,166], zeolites with an aluminum content are stable under oxidative conditions,
enhancing their potential for oxidation without compromising their surface properties and
pore structure [167-169]. The variations in the Si/ Al ratio change the acidic site strength,
with the adsorbed amount of organic and inorganic pollutants being affected by the ef-
fect of modified zeolitic materials. As an example, by adjusting the temperature, initial
concentration, and pH of the methylene blue solution, the adsorbed amount may increase
from the order of 28 to 660 mg/g in a modified zeolite. Similar results were obtained for
cadmium adsorption on zeolitic materials, which exceeded 190 mg/g, compared to 50
mg/g for the non-modified zeolite [170].

Studies have shown that the efficiency of zeolite ZSM-5 for polar molecules such
as atrazine was better than that of zeolite Y [44,171,172]. In addition, three types of
zeolites with various Si/ Al ratios—3.61 (Y), 8.61 (Y-10), and 111.35 (Y-100)—along with the
corresponding HDTMA-modified composites, were also tested for the removal of atrazine
and linuron [172]. It was found that linuron showed higher adsorption capacity than
atrazine, given the zeolite pore size of 7.4 A, which can accommodate linuron (thickness
6.12 A) but not atrazine (thickness 9.6 A) [172]. In addition, zeolite Y modified with HDTMA
surfactant showed a reduction in adsorption efficiency for linuron and atrazine [172]. The
adsorption of atrazine was faster on X-zeolite compared to A-type zeolites, with equilibrium
being established within 60 min on X compared to that obtained over zeolite A, which took
6 h. While the surface area of X-zeolite is double of that for A-zeolite, atrazine is too large in
size to fit the zeolite pore, so it is believed that the cation acts as a strong localized positive
charge to attract atrazine [173].

4. Degradation Stability and Production Costs of Modified Zeolites

Zeolites exhibit a remarkable photochemical stability, making them ideal for repeated
use in photocatalytic applications [174,175]. The research indicates that zeolites retain their
structure and morphology even after multiple degradation cycles, demonstrating exceptional
stability and reusability [176]. When combined with other materials, such as ZnO/SOD, zeo-
lites have shown stable degradation rates across multiple cycles, although slight reductions
in efficiency may occur due to mass loss or the adsorption of intermediate products [177].
However, some structural degradation has been observed under specific conditions, high-
lighting the importance of using milder conditions to preserve stability during adsorption
processes [178]. Their high surface area, efficient electron transfer, and durable porous struc-
ture make zeolites particularly effective for environmental applications.

The cost of producing modified zeolites varies widely, depending on factors such as the
type of zeolite, the raw materials utilized, and the production process. Zeolite production
costs typically range from USD 85 to USD 160 per ton, depending on the synthesis methods
and materials employed [179]. Utilizing inexpensive raw materials such as fly ash, clay,
bentonite, lithium slag, paper sludge, and coal fly ash can significantly lower production
expenses. The production cost of zeolite 13X, synthesized from fly ash, is approximately
one-fifth of its commercial price [180]. The manufacturing cost for NaX, NaA, or NaY
zeolites, derived from rice husk, is estimated at around USD 1.4 per 100 g [181].

5. Summary and Perspectives
5.1. Pharmaceuticals

Pharmaceuticals, which have been present in the environment for two to three decades,
are an environmental concern. They have been detected by various investigations, and
their dangerous effects on the flora, fauna, and humans have been proven. The migration
of pharmacological contaminants takes place in surface waters because of their incomplete
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removal from sewage treatment plants. Therefore, the constant searching for advanced
and effective processes for removing these pollutants is in high demand. Adsorption is
advantageous over AOPs (advanced oxidation processes), as they do not produce new
harmful products. However, the requirement of a large amount of adsorbent, the need
for regeneration or disposal after use, as well as consequences related to the adsorbed
pharmaceuticals and their derivatives, are all considered shortages in adsorption methods
that may be encountered when applied for their removal. Zeolites and mesoporous silica
materials have emerged as cost-effective and readily available adsorbents, widely used
for the removal of NSAIDs and antibiotics in both laboratory experiments and small-scale
implementation studies.

e  This review has provided a comprehensive analysis of research findings related to
pharmaceutical disposal, focusing on the application of these materials for retaining
selected medicines.

e  New technologies for the effective removal of pharmaceuticals from wastewater must
be adopted. These removal technologies should be affordable and easy to apply in the
field, as well as at a large scale, and at a low cost.

e Standards for defining the maximum allowable concentration and amounts of phar-
maceuticals entering the environment (aquatic ecosystems) should be implemented to
reduce the disposal amounts into wastewater treatment plants.

e  Advanced methods for the continuous detection of drug disposal processes should be
developed and applied, especially in rapidly developing industrial countries.

e  Research should be conducted on environmental systems continually to determine
the pharmaceuticals’ effect on aquatic life. NSAIDs and antibiotics may be the best
recommended to accomplish this purpose.

The development and implementation of sorption-based techniques (using zeolites
or mesoporous materials) for the elimination of NSAIDs and antibiotics may also be
applied to clean environmental systems from other classes of drugs (such as hormones,
antidepressants, anticancer substances, or beta-blockers).

5.2. Pesticides

Over the past two decades, the widespread use of pesticides in agriculture for in-
creased food production, along with the expansion of specialized food, has led to a signifi-
cant rise in pesticide-related waste entering water supplies, posing serious health risks. This
review discussed the use of zeolite-based materials for pesticide adsorption, highlighting
their effectiveness and their enhanced adsorption properties, achieved through surface
functionalization by AOD, for the elimination of harmful products. Despite promising re-
sults, the variability in experimental conditions and functionalization methods complicates
the determination of the optimal sorbent for specific pesticides, underscoring the need for
further research. The potential of zeolite-based composites, which include metal oxides,
polymers, and carbon-based materials, is also explored, as they exhibit higher removal
efficiencies and photocatalytic capabilities.

Finally, this review article calls for detailed assessments of adsorbent regeneration and
cost analysis to ensure the economic viability of the adsorption process, aiming to advance
the application of zeolite-based materials in sustainable water treatment solutions.

e  The different conditions and methods used in various studies make it difficult to
identify the most suitable adsorbent for specific pesticides. Standardizing experimental
protocols could help draw more definitive conclusions.

e  Composites of zeolites with materials such as metal oxides, polymers, and carbon-
based materials show superior removal efficiencies and photocatalytic properties,
suggesting a promising direction for future research and application.
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e The synthesis of zeolites faces significant challenges, such as high costs, complex
processes, and the generation of alkaline wastewater. Research should aim at simpli-
fying synthesis methods, reducing costs, and achieving homogenous properties for
industrial scalability.

e The potential of zeolite-based materials in photocatalysis for contaminant degrada-
tion is underexplored. More studies are needed to understand the mechanisms and
enhance the efficiency of these materials for practical use in wastewater treatment.

e Adsorption stands out as an effective, easy-to-handle, and non-toxic method for
pesticide removal. However, it requires careful consideration of adsorbent properties,
modification processes, and potential secondary pollution.

e  The economic viability of adsorption processes depends on the reuse and regeneration
of adsorbents. Detailed studies on regeneration methods and cost analyses are crucial
for the practical application of adsorption techniques.

e  Future research should focus on developing cost-effective, easy-to-synthesize ad-
sorbents that combine photocatalysis and adsorption. Comprehensive studies on
adsorption mechanisms, kinetic and thermodynamic modeling, and the management
of secondary pollution are essential for advancing the field.

By addressing these perspectives, researchers can advance the understanding and
application of mesoporous silica materials and synthetic zeolites for pesticide removal,
contributing to more effective and sustainable water treatment solutions.

5.3. Future Perspectives of Modified Zeolites for Wastewater and Water Treatment

Modified zeolites present promising future advancements for wastewater and wa-
ter treatment, driven by their enhanced efficiency and broad applicability. Emerging
technologies, such as nanoparticle-doped zeolites, are expected to revolutionize water treat-
ment, offering sustainable solutions to global contamination challenges [182]. Optimizing
regeneration processes and improving permeation flux and contaminant removal rates
will enhance their cost-effectiveness and environmental benefits [179,183]. Zeolites also
demonstrate great potential for nutrient removal, including ammonium and phosphorus,
addressing eutrophication concerns [117]. Future innovations may focus on utilizing waste
materials to create affordable modified adsorbents, which are particularly beneficial for
rural and developing areas [183]. Additionally, functionalized zeolites offer improved
selectivity and activity, expanding their role in environmental and wastewater treatment
applications [184].
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Abstract: The peroxymonosulfate (PMS)-assisted photocatalytic process has shown con-
siderable potential for the treatment of wastewater. g-C3Ny-based catalysts are widely
applied to eliminate organic pollutants in wastewater. However, the bulk catalyst prepared
by dicyandiamide has the drawback of a low surface area (10 m?/g), while the porous
catalyst prepared by urea suffers from a low catalyst yield based on urea (3.5%). To address
these challenges, a porous V-doped carbon nitride (V/CN) was designed through one-step
thermal polymerization using urea and dicyandiamide as the carbon nitride precursor
and NH4VOj; as the V precursor. When the ratio of urea to dicyandiamide was 10:1, the
yield of V/CN was improved, while it maintained a rich porous structure with a specific
surface area (64.6 m?/g). The synergetic effect of V doping and nanosheet and hollow
tubular structures facilitated the separation of photogenerated carriers, leading to boosting
the photocatalytic activity of g-C3Ny in the PMS system. V/CN(10:1) could completely
degrade CBZ within 20 min, exhibiting an equivalent catalytic efficiency comparable to
that of V/CN prepared by urea (V/UCN), while markedly surpassing both V/DCN and
CN prepared by urea alone (UCN) in performance. This study presents an economical
and effective approach for the photocatalytic degradation of pharmaceutical pollutants in
aquatic environments.

Keywords: V-doped; graphitic carbon nitride; PMS activation; photocatalysis

1. Introduction

With the rapid acceleration of industrialization and urbanization, the emission of
harmful and toxic organic pollutants has been steadily increasing, thereby posing threats
to water quality and human health [1,2]. Persistent organic pollutants (POPs) constitute
a category of organic compounds distinguished by their prolonged persistence in the
environment, semi-volatility, and high toxicity [3—6]. These pollutants can be transported
over long distances through various environmental media, such as the atmosphere, aquatic
systems, and living organisms, thus presenting substantial risks to both human health
and ecosystems. Carbamazepine (CBZ), a pharmaceutical compound widely used for the
treatment of epilepsy and pain relief, is increasingly released into aquatic environments in
large quantities [7-9]. The low biodegradability coupled with the high stability of CBZ in
water poses a critical challenge in addressing water pollution. Recently, peroxymonosulfate
(PMS)-assisted advanced oxidation processes (AOPs) have garnered much attention within
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the field of water pollution remediation [10-15]. PMS can be activated by catalysts to
generate numerous free radicals with strong redox capabilities, which can degrade various
types of refractory organic pollutants. Coupling photocatalytic oxidation technology
with PMS oxidation has demonstrated considerable efficacy as a treatment method for
pharmaceutical pollutants in water [16,17].

Graphitic carbon nitride (g-C3Ny), as an inorganic semiconductor material, has gar-
nered significant attention in the field of photocatalytic degradation of organic pollutants
due to its non-toxic nature, environmental compatibility, and visible-light responsive-
ness [18-21]. The bulk g-C3Ny is typically synthesized from conventional precursors (e.g.,
cyanamide, dicyandiamide, and melamine) resulting in a high catalyst yield (40-60% based
on the precursors). However, the bulk material exhibits a low photocatalytic efficiency,
owing to its low specific surface area, weak absorption of visible light, and rapid recom-
bination of photoexcitons [22-26]. Bulk g-C3Ny4 was found to activate PMS for the CBZ
degradation under light irradiation; however, only a low degradation rate of 48% was
achieved within 30 min with bulk g-C3N, using PMS. To improve its photocatalytic perfor-
mance, g-C3Ny nanosheets with porous structures were synthesized through using urea
as a precursor. This porous catalyst possesses a large surface area (66.3 m?/g); however,
it suffers from a low yield of carbon nitride based on urea (~3.5%), which consequently
increases synthesis costs. These problems may hinter their practical applications [27,28].
Therefore, it is essential to develop porous g-C3Ny-based nanocatalysts with improved
yields by optimizing the precursors.

The application of porous g-C3Ny in the treatment of pharmaceutical pollutants is
also limited by its low efficiency in solar energy utilization and the rapid recombination
of photoexcitons [29,30]. Metal doping has emerged as an effective strategy to enhance
photocatalytic performance in wastewater treatment, particularly when combined with
PMS oxidation. Various metals, including Mn, Fe, and Cu, have been employed to dope into
carbon nitride; however, the removal efficiency of these photocatalysts remains insufficient
for practical applications [31-36]. In our previous work, vanadium oxide (VOx) was loaded
first onto porous g-C3Ny to construct a highly effective photocatalyst for the removal of
refractory pharmaceutical pollutants in wastewater using PMS as an oxidant [25]. The
superior activity can likely be ascribed to the diverse oxidation states and coordination
polyhedral structures exhibited by VOy species. Nevertheless, a relatively high metal
content (8%VOy) was required to achieve optimized photocatalytic activity. Therefore, it
is meaningful to explore the design of V-modified carbon nitride catalysts with lower V
content. To date, there have been few investigations into the photocatalytic performance
of V-doped materials for the removal of refractory pharmaceutical pollutants in water
utilizing PMS as an oxidant [37,38].

In this study, we developed a porous vanadium-doped g-C3Ny catalyst (referred to as
V/CN) to improve the PMS activation. The catalysts were synthesized through an econom-
ical and straightforward thermal polymerization method using urea and dicyandiamide
as precursors for carbon nitride, alongside NH; VO3 serving as the vanadium source. The
morphology and yield of the V/CN catalyst were tuned by varying the ratio of urea to
dicyandiamide. We conducted a comprehensive characterization of the morphology and
chemical structure of vanadium-doped catalysts using a variety of analytical instruments.
Additionally, we investigated in detail how both morphology and V modification influ-
enced the photocatalytic degradation of CBZ in wastewater with PMS. For the first time,
V-doped CN catalysts were applied to eliminate organic pharmaceuticals from wastewater
via a combination of photocatalysis and PMS oxidation. Furthermore, we proposed a mech-
anism for CBZ degradation with V/CN as the catalyst. Our findings provide novel insights
into designing effective photocatalysts for removing pharmaceutical-contaminated water.
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2. Results and Discussion
2.1. Fabrication Process of V/CN Catalysts

The V-doped g-C3Nj was fabricated through a one-step thermal polymerization
method, using urea and dicyandiamide as precursors for carbon nitride, while ammonium
metavanadate (NH4VO3) served as the vanadium precursor. The preparation route is illus-
trated in Scheme 1. In the initial stage, urea, dicyandiamide, and NH4 VO3 were thoroughly
mixed in an aqueous solution. This mixture was stirred at 80 °C to facilitate water removal,
and a V-containing complex was obtained, which was subsequently pyrolyzed at 550 °C
in air. During this process, the V-containing complex underwent polymerization to form
graphitic carbon nitride, with vanadium species being immobilized within the g-C3Ny
matrix by forming a V-Ny structure simultaneously. Concurrently, abundant gases (e.g.,
NHj3, NO, and CO) were generated, resulting in significant volume expansion. As a result
of these processes, fluffy V-doped carbon nitride nanosheets were produced. The obtained
carbon nitride and V-doped samples were denoted as CN(x:y) and V/CN(x:y), where
x:y represents the mass ratio of urea to dicyandiamide. The carbon nitride and V-doped
samples synthesized from urea alone are referred to as UCN and V/UCN, while those
derived solely from dicyandiamide are designated as DCN and V/DCN, respectively. The
mass fraction of the initial mass of V to the total mass of V-doped carbon nitride catalyst
was about 3%.

Urea

Dicyandiamide
y NH,VO,
Stirred Q y Ground Galcined V’CN
— =
{ J 80°C - : 550°C
|-|20 \

Scheme 1. A synthetic route diagram of the V/CN catalyst.

2.2. Characterizations of V/CN Catalysts

The influence of vanadium doping and different precursors for carbon nitride on
the catalyst yield based on precursors is presented in Table S1. The yields for UCN,
CN(10:1), and DCN were 3.5%, 7.4%, and 62.6%, respectively, while the yields for V/UCN,
V/CN(10:1), and V/DCN were 3.7%, 7.9%, and 45%. These results indicated that the
introduction of dicyandiamide into urea could significantly enhance the yield of carbon
nitride. Furthermore, it appeared that vanadium doping did not have a notable impact on
the yield. The impact of vanadium doping and different precursors for carbon nitride on
the porous structure of g-C3Ny-based catalysts was investigated through N, sorption mea-
surement. As illustrated in Figure 1a, all samples exhibited typical IV adsorption isotherms
accompanied by H3-type hysteresis loops, which implied the presence of mesoporous
structures [26,39]. The BJH pore size analysis presented in Figure 1b revealed that pore
size distributions for V/DCN, V/UCN, V/CN(10:1), and CN(10:1) were similar; moreover,
these samples displayed a wide range of pore sizes, predominantly concentrated between
0 and 60 nm. Specifically, the average pore sizes for CN(10:1) and V/CN(10:1) were found
to be 13.5 nm and 12.9 nm, respectively. A summary of the specific surface areas and pore
volumes for these catalysts is provided in Table S1. The specific surface areas measured
for DCN, UCN, and CN(10:1) were found to be 6.7 m?/g, 66.3 m?/g, and 44.7 m?/g, re-
spectively; notably, the specific surface area of UCN was nearly ten times greater than that
of DCN, while that of CN(10:1) increased up to approximately 6.7 times compared with
DCN. This indicated that using urea as a precursor facilitated the formation of a nanosheet
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with porous structure, which enhanced the number of active sites [40]. After vanadium
modification, the specific surface areas of V/DCN, V/UCN, and V/CN(10:1) increased to
20.3 m?/g, 100.6 m?/g, and 64.6 m? /g, respectively. This indicated that V doping may have
partially interfered with the thermal polymerization process of urea and dicyandiamide,
thereby modifying the charge distribution on the carbon nitride plane. This alteration may
have reduced the electrostatic repulsion on the surface of carbon nitride and decreased
its lateral dimensions [41,42]. Consequently, it could facilitate the formation of smaller
nanosheets and more porous structures, which in turn exposed a greater number of active
sites. This enhancement would promote substrate diffusion from the solvent to both the
inner and outer surfaces of the catalyst, thereby effectively participating in photocatalytic
reactions. Notably, when the mass ratio of urea to dicyandiamide was 10:1, the yield of the
V-doped sample (7.9%) could increase by one fold, compared with V/UCN (3.7%), but it
still maintained a rich porous structure with a high surface area (64.6 m?/g).
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Figure 1. (a) N, adsorption/desorption curves and (b) BJH pore size distribution of CN(10:1),
V/DCN, V/UCN, and V/CN(10:1).

The influences of different precursors for carbon nitride on the morphologies of V-
doped carbon nitride were characterized using SEM. As illustrated in Figure 2a,b, the
V/DCN exhibited a dense structure, composed of numerous particles ranging from tens
to hundreds of micrometers. In contrast, Figure 2¢,d reveal that V/UCN displayed a
porous folded nanosheet stacking morphology characterized by high porosity, resembling
UCN. Furthermore, as shown in Figure 2e,f, both lamellar and hollow tubular structures
were observed in the V/CN(10:1) sample. The nanosheets with porous structures formed
through thermal polymerization of urea were retained; however, part of the lamellae curled
to create a more ordered hollow tube structure by the introduction of dicyandiamide [43].
SEM mapping for V/CN(10:1), presented in Figure 2g, confirmed that the elements C, N, O,
and V were uniformly distributed throughout the carbon nitride structure. The V content
in V/CN(10:1), determined by EDS and inductively coupled plasma optical emission
spectroscopy (ICP-OES), was found to be 1.96% (Figure S1) and 2.35%, respectively. Figure 3
presents the TEM images of CN(10:1) and V/CN(10:1). As illustrated in Figure 3a—c, the
CN(10:1) sample supported the stacked nanosheets characterized by a porous structure.
In contrast, Figure 3d,e reveal that V/CN(10:1) primarily consisted of smaller nanosheet
stacks. The HR-TEM image in Figure 3f reflects the presence of the (002) plane of carbon
nitride with lattice spacings of about 0.329 nm. Notably, no discernible metal or metal
oxide nanoparticles were detected in the HRTEM image, suggesting the absence of metallic
V or vanadium oxides within V/CN(10:1). Consequently, combined with SEM mapping
results, it can be hypothesized that vanadium may have been incorporated into the carbon
nitride framework.
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(a)

Figure 2. SEM images of (a,b) V/DCN, (c¢,d) V/UCN, and (e,f) V/CN(10:1) at different magnifications
and (g) STEM mapping images of V/CN(10:1) (C, N, O, V elements).

Figure 3. TEM images of (a—c) CN(10:1) and (d,e) V/CN(10:1) and (f) HRTEM images of V/CN(10:1).

The chemical structure of the V/CN materials was characterized by XRD and FTIR.
The XRD patterns for various g-C3Ny samples, including V-doped g-C3Ny, are presented
in Figure 4a. Distinct peaks were observed at 20 = 13.1° and 27.4° in all samples, belonging
to the (100) and (002) planes of carbon nitride, respectively [44]. Notably, the intensity
of the (002) peak for CN(10:1) and DCN exhibited a significant enhancement compared
with UCN. The possible reason was that the introduction of dicyandiamide helped the
improvement of the regular stacking of the aromatic rings, thereby leading to an increased
degree of crystallization [45]. A similar trend was also noted in the V-doped samples.
Furthermore, the intensity of the (002) peak for V/CN(10:1) was weaker than that for
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CN(10:1), which could be ascribed to incomplete polymerization within the graphitic layer,
as well as disruptions in stacking caused by vanadium doping [46,47]. Importantly, no
discernible peaks corresponding to metallic V or VO species were detected; this finding
further supported the notion that vanadium atoms may be uniformly embedded into
the polymer backbone. Figure 4b shows the FT-IR spectra of UCN, DCN, CN(10:1), and
V/CN(10:1). All the samples had several similar adsorption bands at 3100-3500, 1200-1650,
and 810 cm !, attributed to the stretching vibrations of amino groups, C=N/C-N-C groups,
and the s-triazine ring, respectively [47]. The intensity of the broad peak in the range of
3000-3500 cm ! exhibited a significant increase after V doping, indicating that the amount
of amino groups had risen as a result of this doping process.
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Figure 4. (a) XRD patterns and (b) FT-IR spectra of different catalysts.

XPS was conducted to elucidate the surface composition and chemical states of the
g-C3Ny-based catalysts. The full spectrum presented in Figure 5a indicates that the g-C3Ny
samples primarily consisted of C, N, and O elements, whereas V-doped carbon nitride
contained C, N, O, and V elements. The C 1s spectra shown in Figure 5b revealed three
peaks at 284.6 eV, 286.4 eV, and 288.2 eV for all samples; these corresponded to the graphite
C—Cbond, the C-O/C-N bond, and the C~-N=C bond, respectively [48]. Notably, the atomic
ratio of C to N increased from 1.12 for CN(10:1) to 1.14 for V/CN(10:1), suggesting that V
doping resulted in a partial loss of nitrogen atoms within the carbon nitride framework,
thereby introducing a small amount of nitrogen vacancies. The N 1s spectra depicted in
Figure 5c could be deconvoluted into four peaks at 398.7 eV, 400.1 eV, 401 eV, and 404.4 eV;
these were attributed to sp?> N (C-N=C) and sp® N—(C)3 groups, amino functional groups
(C-N-H), and m-excitation bonds, respectively [49]. In comparison with CN(10:1), both
the C-N=C peak and the C-N-H peak in V/CN(10:1) exhibited shifts of 0.1-0.2 V toward
higher binding energies. This phenomenon may be ascribed to a decrease in electron density
around N atoms due to V-N bond formation [50,51]. Compared with the undoped sample,
the V/CN(10:1) sample exhibited a slight increase in the peak intensity of C-N-H groups.
This observation may be associated with the formation of smaller nanosheets by V doping.
Furthermore, analysis of the V 2p spectra illustrated in Figure 5d revealed four peaks;
specifically, two peaks located at 524.4 eV and 516.8 eV were associated with vanadium in
the V(V) state, while two other peaks at 523.3 eV and 516.0 eV corresponded to vanadium
in the V(IV) state [25]. The ratios of V(V)/V(IV) observed for V/DCN, V/CN(10:1), and
V/UCN were approximately 5.1, 2.0, and 3.5, respectively. The aforementioned analyses
confirmed that V species existed in the form of V (V) and V (IV). The V atoms were doped
within the carbon nitride structure through the V-N bonds.
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Figure 5. (a) XPS full spectrum, (b) C 1s spectra, (c) N 1s spectra, and (d) V 2p spectra of different
carbon nitride and V-doped samples.

UV-vis diffuse reflection spectra were utilized to investigate the optical absorption
properties of the samples. As shown in Figure 6, all samples displayed significant absorp-
tion in the visible light region, with the absorption edge predominantly located around
460 nm. Notably, compared with UCN and CN(10:1), the absorption edge of DCN dis-
played a red shift. This phenomenon may be ascribed to the quantum size effect associated
with nanosheets in UCN and CN(10:1). Additionally, a color change from light yellow to
yellow was observed for UCN, CN(10:1), and DCN. Vanadium doping boosted obviously
the light absorption intensity of V/DCN within the wavelength range of 400-750 nm,
thereby improving its light harvesting efficiency. Additionally, vanadium modification
led to a slight increase in light absorption intensity within the range of 438-600 nm for
V/CN(10:1), which may be attributed to the formation of V-Ny bonds. Furthermore, com-
pared with CN(10:1), a slight blue shift in the absorption edge was observed in V/CN(10:1),
indicating that the nanosheets in the vanadium-doped sample were smaller [51].
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Figure 6. Ultraviolet-visible diffuse reflection spectra of different carbon nitrides and V-doped
carbon nitrides.
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Transient photocurrent (TPC) analyses were conducted on g-C3Njy-based catalysts
to investigate the behaviors of photogenerated electron-hole separation and transfer.
Figure 7a illustrates the photocurrent responses of various carbon nitride and V-doped
samples. The current density of V/CN(10:1) was found to be 3.4, 1.4, and 2.1 times higher
than those of CN(10:1), V/UCN, and V/DCN, respectively. This enhancement in pho-
tocurrent density confirmed that V doping and nanosheet and hollow tubular structures
significantly promoted the rapid separation of charge carriers. It was likely that the interac-
tion between nitrogen and vanadium atoms through V-Ny bonds enhanced both the e~ /h*
separation efficiency and charge transfer rate. Furthermore, the larger specific surface area
of V/CN(10:1) along with its nanosheet and hollow tube structure provided abundant
active sites for interaction with reactants while facilitating their transport through inter-
connected channels within the catalyst. Figure 7b presents the electrochemical impedance
spectroscopy (EIS) Nyquist plots of the samples. Generally, the radius of the Nyquist plot
was indicative of the charge transfer resistance; a larger arc radius corresponded to higher
charge transfer resistance within the material [52]. Notably, there was no significant differ-
ence in the radii among DCN, UCN, and CN(10:1), suggesting that their charge transfer
rates were comparable. In contrast, V/CN(10:1) displayed an arc with the smallest radius,
signifying more efficient electron-hole separation and expedited charge transfer. The result
was in good agreement with TPC analysis. These results implied the excellent catalytic
performance of the V/CN(10:1) catalyst.
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Figure 7. (a) TPC response. (b) EIS Nyquist plots of different carbon nitride and V-doped samples.

2.3. Photocatalytic Performance Evaluation

The photocatalytic degradation of CBZ was employed as a reaction model to investi-
gate the catalytic properties of g-C3Ny-based materials. Initially, the catalytic performance
of V/CN(10:1) catalysts was assessed in different reaction systems. As illustrated in
Figure 8a, only 1.3% of CBZ was removed within 30 min using the V/CN(10:1) catalyst
in the dark, indicating its low adsorption capacity for CBZ. However, under simulated
sunlight conditions, the degradation rate of CBZ increased to 31.7% with the same catalyst
over a period of 30 min, demonstrating that V/CN(10:1) exhibited moderate photocatalytic
performance. In contrast, when PMS was utilized without any catalyst, the degradation
rates of CBZ were recorded at 18.8% and 20.4% after 30 min under dark and light conditions,
respectively. These results indicated that only a small amount of CBZ underwent degra-
dation, due to PMS alone, even when coupled with light irradiation. When employing
V/CN(10:1) as a catalyst alongside PMS as an oxidant, almost complete degradation of
CBZ occurred within 20 min under simulated sunlight irradiation. This finding confirmed
that V/CN(10:1) was effective in activating PMS for the photodegradation of CBZ under
light irradiation.
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Figure 8. (a) Degradation performance of CBZ by V/CN(10:1) under different reaction conditions.
Effects of different proportions of urea and dicyandiamide on (b) the CN/PMS/light system and
(c) the V/CN/PMS/light system. (d) Recycling test of V/CN(10:1) for CBZ degradation. Conditions:
[CBZ] = 25 uM; [PMS] = 0.2 mM; [catalyst] = 0.1 g/L; initial [pH] = 7.0; [T] = 25 °C.

In order to determine the optimal ratio of urea to dicyandiamide, we investigated the
impact of this ratio on the photocatalytic performance of g-C3N4 and V-doped samples. As
illustrated in Figure 8b, when DCN was employed as a catalyst, approximately 30% of CBZ
was converted within 30 min under 0.2 mM PMS and light irradiation. Increasing the mass
ratio of urea to dicyandiamide generally enhanced the photocatalytic activity of carbon
nitride, with UCN exhibiting the highest level of activity. The modification of vanadium
was found to significantly improve the photocatalytic performance of carbon nitride. As
shown in Figure 8c, under similar reaction conditions, V/DCN achieved a CBZ degradation
rate of 71.6% within 20 min. When the ratio of urea to dicyandiamide increased from 5:1
to 10:1, the degradation rates for V-doped carbon nitride rose dramatically to 82.6%, and
100%, respectively. Notably, further increasing this ratio to either 50:1 or pure urea (1:0) did
not yield significant enhancements in photocatalytic efficiency; both samples were able to
completely degrade CBZ within 20 min. Although V/UCN demonstrated outstanding pho-
tocatalytic activity, its low yield posed challenges for industrial applications. Considering
both catalyst yield and photocatalytic performance comprehensively, it was concluded that
V/CN(10:1) represented the optimal catalyst for treating CBZ in aqueous environments.
Furthermore, we observed that V/CN(10:1) exhibited good catalytic recyclability, as de-
picted in Figure 8d; there was no noticeable decline in photocatalytic activity throughout
five cycles during our experiments.

Figure S2 investigates the effects of various reaction parameters, including PMS
dosage, catalyst dosage, initial pH, and anionic species, on the catalytic performance
of V/CN(10:1). As illustrated in Figure S2a, when the catalyst dosage was increased
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from 0.1 g/L to 0.3 g/L, a slight enhancement in degradation efficiency was observed;
however, CBZ could still be degraded within 20 min with the low catalyst dosage of 0.1
g/L. Considering cost-effectiveness, a catalyst dosage of 0.1 g/L was selected for this study.
From Figure S2b, it is evident that increasing the PMS dosage from 0.05 mM to 0.2 mM
significantly improved the catalytic activity from 89.8% to nearly 100% within 20 min.
This suggested that elevating the PMS concentration enhanced the catalyst activity at a
low level of PMS concentration. However, further increases in PMS dosage to 0.3 mM
and 0.4 mM did not yield any additional improvement in degradation rate; thus, a PMS
concentration of 0.2 mM was chosen for subsequent experiments. Figure S2c demonstrates
that the V/CN(10:1) catalyst exhibited excellent catalytic performance across a pH range
of 3-7. The degradation efficiency decreased under alkaline conditions, which could be
attributed to the following factors: (1) When the pH of the solution exceeded 9.4, PMS
dissociated into sulfate radical anions (SOs2~), which exhibited lower oxidation potential
compared with the peroxymonosulfate ion (HSO5 7). (2) Under alkaline conditions, PMS
decomposed into sulfate ions (SO427) according to Equation (1). (3) Excessive OH™ in the
system led to a negatively charged catalyst surface, thereby hindering effective interactions
between the catalyst and both PMS and CBZ [53,54]. The influence of various anions, such
as C1~,S04%~, and H,PO,~, on photocatalytic activity was also examined. The results are
presented in Figure S2d. Notably, no significant decrease in catalytic efficiency was detected
within the V/CN(10:1)/PMS/light catalytic system in the presence of these anionic species
(C1~,SO4%~ and H,PO, ™). These findings indicated that the V/CN(10:1) possessed good
adaptability under acidic and weakly alkaline conditions, as well as in solutions containing
different inorganic salts.

2HSO; +20H~ — 2H,0 + 250%™ + 0, (1)

Total organic carbon (TOC) analysis was used as an effective method to assess deep
oxidation activity of V-doped catalyst. As illustrated in Figure 9, after 60 min of reaction
under the set conditions, the TOC removal rate of CN(10:1) was 27.1%, while the TOC
removal rates of V/DCN, V/UCN, and V/CN(10:1) were 45.1%, 59.45%, and 52.9%, respec-
tively. The TOC removal of V/CN(10:1) was increased by 95% compared with pure g-C3Njy.
The results demonstrated that V doping and porous structure significantly enhanced the
mineralization efficiency of carbon nitride, facilitating the conversion of macromolecular
organic compounds into CO,.

100
7 g-C;N,
I viDCN
I VICN(10:1)
I v/IuCN

S [=2] (=]
o o o
1 1 1

TOC Removal Effiency(%)
N
o

0-

Figure 9. TOC removal rate of the catalyst/PMS/light system after 60 min. Conditions: [CBZ] = 25 uM,
[PMS] = 0.2 mM, [catalyst] = 0.1 g/L, initial [pH] = 7.0, T= 40 °C.
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2.4. Reaction Mechanism

Various trapping agents were introduced into the system to investigate the impact of
reactive oxygen species (ROS) on the degradation process of CBZ. Different trapping agents,
including potassium iodide (KI), tert-butanol (TBA), p-benzoquinone (p-BQ), ethanol
(EtOH), and histidine (L-His), were added into the V/CN(10:1)/PMS/light system [26,55],
with the experimental results illustrated in Figure 10a. It is known that TBA serves as
the primary trapping agent for ¢OH, while EtOH functions as the main trapping agent
for both SO4e™ and eOH radicals. The degradation rate of CBZ was partially inhibited
by TBA, indicating that ¢OH was one of the principal active species involved in the
photocatalytic process. This inhibitory effect was further intensified with the addition
of an equivalent concentration of EtOH to the reaction system, suggesting that SO0~
also played a role in the photocatalytic reaction. It is important to note that neither
TBA nor EtOH completely suppressed CBZ degradation; thus, other active species were
likely generated within the photocatalytic system. The degradation rate of CBZ also
decreased significantly upon the addition of KI, indicating that h* was one of the primary
active species involved in the photocatalytic process. Similarly, adding L-His and p-BQ
led to notable reductions in degradation rates, suggesting that singlet oxygen (*O,) and
superoxide radicals (O,e7) also played critical roles in this photocatalytic mechanism.
Therefore, within the V/CN(10:1)/PMS/light system, SO,e~, «OH, h*, 10,, and Oye~
emerged as major contributors to CBZ degradation processes.
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Figure 10. (a) Degradation performance of V/CN(10:1) with different capture agents (KI, TBA, p-BQ,
EtOH, and L-His) under simulated sunlight irradiation; (b) DMPO spin-trapping ESR spectra in
aqueous solution; (¢) DMPO spin-trapping ESR spectra in methanol solution; and (d) TEMP spin-
trapping ESR spectra in aqueous solution in the presence of V/CN(10:1), V/UCN, V/DCN, and
CN(10:1) under simulated sunlight irradiation. Conditions: [CBZ] = 25 uM, [catalyst] = 0.1 g/L,
[PMS] = 0.2 mM, [KI] = 0.1 mM, [EtOH] = [TBA] = 10 mM, [p-BQ] = [L-His] = 1 mM.
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The generation of reactive radicals during the catalytic process in the V/CN/PMS/light
system was further investigated using electron spin resonance (ESR) techniques. 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was employed to detect ¢OH and SO4e ™ radicals in
aqueous solutions, as well as O, radicals in methanol solutions. Additionally, 1O, was
detected using 2,2,6,6-tetramethyl-4-piperidinol (TEMP) in aqueous solutions [56]. As illus-
trated in Figure 10b, the V-doped samples exhibited quadruple state peaks for DMPO-eOH
with an intensity ratio of 1:2:2:1 and six characteristic peaks for DMPO-50,e~ with a signal
intensity ratio of 1:1:1:1:1:1. The signal intensity of V/CN(10:1) was significantly higher
than that observed for V/UCN and V/DCN. In contrast, CN(10:1) displayed weak signals
for both eOH and SO e~. These results indicated that V/CN(10:1) effectively promoted
the activation of PMS to generate SOso~ and eOH radicals during photocatalysis. The
characteristic signal peaks of DMPO-O,e~ can be seen in the g-C3Ny-based samples shown
in Figure 10c. Notably, the detectable signal intensity for CN(10:1) was very weak; however,
the O, radical signals generated by V/CN(10:1) and V/UCN were considerably stronger
than those from CN(10:1). As depicted in Figure 10d, all samples exhibited characteristic
triple signal peaks for TEMP-'O, with a signal intensity ratio of 1:1:1. The intensity of the
10, peaks for V/CN(10:1) was slightly weaker than that for V/UCN but was 1.78 times
as much as that for CN(10:1). Combining the findings from the ESR techniques and the
trapping agent experiments revealed that SO e~, «OH, 1O, Oe~, and h* collectively con-
tributed to the remarkable catalytic activity of V/CN(10:1) for CBZ degradation. Moreover,
compared with CN(10:1) and V/DCN, V/CN(10:1) demonstrated enhanced activation
capability toward PMS, resulting in increased production of SO,e~, ¢OH, 1O,, and Oe ™~
radicals, thereby leading to its superior photocatalytic performance.

Based on the results of the above analysis, a possible mechanism for the degradation
of CBZ in the V/CN(10:1)/PMS/light system was proposed. The schematic is shown
in Scheme 2. When V/CN(10:1) was irradiated by light, the electrons were excited to
conduction band, and a pair of charge carriers were generated on the surface of the catalyst
(Equation (2)). The photogenerated e~ reacted with dissolved oxygen in water to produce
O,e~ (Equation (3)). The hole h* oxidized H,O to form eOH, which directly participated
in the degradation of CBZ (Equation (4)), wherein HSO5~ could be oxidized by V(V) to
form SOse~, which was reduced to V(IV) (Equation (5)). In addition, V(IV) further reduced
HSOs5 ™~ to form SO4e ™, which was oxidized to V(V) (Equation (6)). The cyclic redox reaction
of V(V) and V(IV) within the V/CN(10:1) ensured the generation of massive SOse~ and
SO4e~ during the photocatalytic reaction. Furthermore, the SOse™ reacted with water to
produce 10, (Equation (8)). The eOH were also generated through the reaction of SO e~
with water (Equation (7)). The reactive radicals generated by the V/CN(10:1) ultimately
oxidized CBZ to CO, and H,0O (Equation (9)) [25].

V/CN(10:1) + hv — h' + e~ )

Oy+e — 0, ®3)

ht +HyO — -OH+ H" 4)

Vot + HSO; — V4 +SO5 + H' (5)

vV + HSO; — V> + S0, + OH™ (6)

SO, + H,O — HSO, + -OH @)

SO5 + H,O — HSO, + (8)

SO, /05 /'Oy /W™ /-OH — Intermediate + CO, + HyO 9)
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Scheme 2. Proposed mechanism of the V/CN(10:1)/PMS/light system on CBZ degradation.

2.5. CBZ Degradation Pathway

To elucidate the oxidation pathway of CBZ, ultra-performance liquid chromatography
coupled with high-definition mass spectrometry (UPLC/HDMS) in positive ion mode was
employed to detect the intermediates generated during the CBZ degradation by V/CN(10:1)
in the presence of PMS. Table S2 summarizes the molecular formulas, retention times, and
relative molecular masses of potential intermediates. The plausible degradation pathways
are illustrated in Figure 11. Initially, PMS was activated by V/CN(10:1) under light con-
ditions, leading to the generation of abundant ROS. The olefinic double bonds of CBZ
underwent oxidation by ROS, resulting in the formation of P1 (m/z = 252.1). Subsequently,
P1 could be hydrolyzed to yield both P2 (m/z = 270.1) and P3 (m/z = 270.1). Additionally,
P1 may also transform into P4 (1m/z = 252.1) through ring opening and further oxidation by
ROS. P2 experienced a series of transformations including oxidation, rearrangement, and
deamidation of its amide group (-CONHy), ultimately producing P5 (m/z = 180.1). Ulti-
mately, compounds P3, P4, and P5 were further degraded into smaller organic molecules
that were subsequently mineralized into carbon dioxide and water.
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Figure 11. A proposed degradation pathway of CBZ in the V/CN(10:1)/PMS/light system.
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3. Experimental Section
3.1. Materials

Dicyandiamide (CoH4Ny) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO, CqH;1NO)
was purchased from Beijing J&K Technology Co., Ltd., Beijing, China. Carbamazepine (CBZ,
C15H1,N>0), ammonium metavanadate (NH;VO3), sodium chloride (NaCl), sodium sul-
phate (NapSO;4), sodium carbonate (NayCO3), sodium dihydrogen phosphate (NaH;POy),
sodium hydroxide (NaOH), sodium chloroacetate (CICH,COONa), p-Benzoquinone
(p-BQ, CcH40,), L-Histidine (L-His, CcH9N30O;), potassium iodide (KI), and 2,2,6,6-
Tetramethylpiperidine (TEMP, CgHoN») were purchased from Aladdin Biochemical Tech-
nology Co., Ltd., Shanghai, China. Urea (CO(NH3),), tert-butanol (TBA, C4H;¢0O), and
ethanol (EtOH, C;HgO) were purchased from Maclean’s Biochemical Technology Co., Ltd.,
Shanghai, China.

3.2. Synthesis of V-Doped g-C3Ny Catalyst

Briefly, 10 g of urea, a specified amount of dicyandiamide, and NH4VO3; were dis-
solved in 15 mL of deionized water. The solution was then stirred at 80 °C for 12 h to
ensure complete removal of water. Subsequently, the mixture was transferred to a covered
ceramic crucible and heated in a muffle furnace at 550 °C for 2 h. The resulting product
was designated as V/CN(x:y), where x:y denotes the mass ratio of urea to dicyandiamide.
The products synthesized solely from urea and dicyandiamide were referred to as UCN
and DCN, respectively. Following doping with V atoms, the products were named V/UCN
and V/DCN accordingly. The mass fraction of the initial mass of V relative to the total
mass of the V-doped carbon nitride catalyst is approximately 3%.

3.3. Characterization

The chemical structures of the synthesized g-C3Ny-based catalysts were characterized
using Fourier transform infrared spectroscopy (FI-IR; Nicolet is50, Thermo Fisher Scientific,
Waltham, MA, USA), X-ray diffraction (XRD; D8 Discover, Bruker, Karlsruhe, Germany),
and X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha, Thermo Fisher
Scientific, Waltham, MA, USA). The morphology of the catalysts was analyzed via field
emission scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS; Gemini-500, Carl Zeiss AG, Oberkochen, Germany) and transmission electron
microscopy (TEM; JEM-2100, JEOL, Tokyo, Japan). The Brunauer-Emmett-Teller (BET)
surface area and pore volume of the prepared catalysts were determined from nitrogen
adsorption isotherms at 77 K using a surface area and porosity analyzer (BET, APSP 2460,
Micromeritics, Norcross, GA, USA). The optical absorption spectra of the as-prepared
samples were obtained through UV-Vis diffuse reflectance spectroscopy (DRS; Lambda
950, PerkinElmer, Waltham, MA, USA). Ultra-performance liquid chromatography /high-
definition mass spectrometry (UPLC/HDMS) in positive ion mode was employed to detect
intermediates generated within the photocatalytic system. Additionally, electron param-
agnetic resonance spectroscopy (EPR, A300, Bruker, Karlsruhe, Germany) was utilized to
identify various reactive radical species such as SO, ~, ¢OH, O,e~, and 'O, captured by
DMPO or TEMP in the photocatalytic system.

3.4. Photocatalytic Tests

The catalytic activity of the catalyst was investigated through the degradation of
carbamazepine (CBZ). All reactions were conducted in 40 mL glass vials. Following the
addition of 2 mg of catalyst powder to 20 mL of a CBZ solution (25 uM), the mixture was
sonicated for 10 min to achieve adsorption equilibrium. Subsequently, PMS was introduced,
and the vials were placed on a shaker within a solar simulation device (Q-SUN Xe-1, Q-Lab,
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Cleveland, OH, USA) for photocatalytic reaction. The concentration of CBZ at various
reaction times was analyzed using ultra-high-performance liquid chromatography (HPLC,
Waters, Milford, MA, USA). An acetonitrile-water eluent with a volume ratio of 40:60 and a

flow rate of 0.30 mL min—!

served as the mobile phase. The photo-degradation efficiency
was evaluated by calculating C/Cy, where C represents the initial concentration of CBZ
and C denotes the remaining concentration at specific time intervals. In both acidic and
alkaline systems, pH adjustments were made prior to irradiation by adding either 0.1 M
H,S04 or NaOH. The mineralization rate was determined using a total organic carbon

analyzer (TOC-LCPH; Shimadzu, Kyoto, Japan).

4. Conclusions

In this study, vanadium-doped carbon nitride was synthesized through a one-step
thermal polymerization process, utilizing urea and dicyandiamide as precursors for carbon
nitride and NH4 VO3 as the vanadium source. The effects of the urea-to-dicyandiamide ratio
and vanadium doping on the catalyst yield, structure, and photocatalytic performance were
systematically investigated. The findings indicated that when the urea-to-dicyandiamide
ratio was set at 10:1, the yield of the V-doped sample was doubled compared with that of
V/UCN. This sample maintained a nanosheet and hollow tubular structures with a high
surface area. It was likely that vanadium was incorporated into the carbon nitride frame-
work in the form of V-N, bonds within V/CN(10:1). Consequently, V/CN(10:1) exhibited
superior photocatalytic activity for CBZ degradation, compared with both CN(10:1) and
V/DCN; its performance was comparable to that of V/UCN. Furthermore, this catalyst had
good catalytic reusability, in which the degradation efficiency remained above 95% after five
reaction cycles. During the photocatalytic process, key active species such as SO,e~, ¢OH,
10,, 0,07, and h* played pivotal roles in CBZ degradation. Compared with CN(10:1) and
V/DCN, more SO4e—, «OH, 102, and Oye™ radicals could be produced by the activation
of PMS by V/CN(10:1), thereby contributing to its excellent photocatalytic performance.
The degradation pathway within the V/CN/PMS/light system was elucidated through
the detection of intermediates produced during catalytic reactions using UPLC-MS. This
study established a foundation for the development of efficient photocatalysts aimed at
treating pharmaceutical pollutants in water.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal15030206/s1, Figure S1: EDS spectrum of V/CN(10:1).
Figure S2: The photocatalytic activity of V/CN(10:1) under (a) different catalyst concentrations, (b)
different concentrations of PMS, (c) different pH conditions, and (d) different inorganic salt ions.
Table S1: Catalyst yield based on precursors and BET surface area and total pore volume of various
samples. Table S2: Main information on intermediates in degradation systems.
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Abstract: Given the growing threat of pathogens in drinking water, exploring novel semi-
conductor photocatalysts for effective water disinfection has become a critical area of
research. Recently, red and black phosphorus have attracted significant attention due
to their unique physicochemical properties, making them well suited for photocatalytic
water disinfection. Particularly, recent studies have demonstrated that red and black
phosphorus can be combined with other materials to improve the photocatalytic disin-
fection performance of the resulting composites. Herein, we present the first review of
red- and black-phosphorus-based materials for photocatalytic water disinfection. This
article begins by presenting the fundamental principle of photocatalytic water disinfection
before reviewing the latest developments in the application of red- and black-phosphorus-
based photocatalysts for this purpose. In conclusion, it provides a summary and proposes
potential avenues for future research in this field.

Keywords: photocatalytic water disinfection; red phosphorus; black phosphorus;
inactivation mechanism

1. Introduction

Pathogens in drinking water present a serious threat to public health, responsible for
a range of waterborne diseases, including diarrhea, gastroenteritis, hepatitis, meningitis,
typhoid, and encephalitis [1]. Globally, these diseases claim over 2 million lives annually,
with one child under the age of 5 succumbing to preventable diarrheal cases every 2 min [2].
As a result, there is a pressing need to develop effective water disinfection methods for
pathogen-contaminated water. While traditional techniques such as chlorination, ozonation,
and UV irradiation have been widely implemented in water treatment for decades, they
are often accompanied by secondary pollution and substantial operational costs. These
limitations underscore the necessity for innovative approaches that align with the principle
of safe and sustainable development.

From both economic and environmental perspectives, photocatalytic water disinfec-
tion employing semiconductor-based photocatalysts is widely regarded as a “green” and
sustainable alternative to conventional disinfection methods. Upon absorbing photons
with energy equal to or exceeding its bandgap energy (Eg), a semiconductor photocatalyst
generates electron-hole pairs [3]. When the conduction-band and valence-band potentials
of the semiconductor are suitably positioned, the photo-excited electrons and holes can
independently react with water and dissolved O,, yielding reactive oxygen species (ROS)
such as superoxide radical (¢O; ™), hydroxyl radical (¢OH), hydrogen peroxide (H,O,),
and singlet oxygen (10,) [4]. These ROS serve as highly reactive oxidants, capable of
inactivating pathogens by inflicting irreparable damage on their essential biomolecules [5].
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The development of low-cost and high-performance semiconductor photocatalysts
that pose no secondary pollution risks is pivotal for the practical implementation of
photocatalytic water disinfection. Over the past few decades, substantial progress has
been achieved in developing various photocatalysts for the photocatalytic inactivation of
pathogens. TiO; is the most studied photocatalytic material; its bandgap, however, is gen-
erally too large to harvest most of the spectrum of visible light [6]. Reducing the bandgap
of TiO, to enable its visible-light activation typically requires intricate synthesis strate-
gies, such as non-metal doping, metal deposition, heterostructure coupling, and advanced
structural engineering [7]. Nevertheless, the complex nature of these methods introduces
substantial practical challenges, which significantly impede the widespread application of
TiO,. Thus, numerous efforts have been devoted to developing novel visible-light-driven
photocatalysts for water disinfection [8].

Among these, two P allotropes, red phosphorus and black phosphorus, have recently
attracted growing attention. In addition to their inherent ability to harness visible light
for water disinfection, these two P allotropes can also be integrated with other semicon-
ductor materials to form composites with markedly improved photocatalytic disinfection
performances. Furthermore, red and black phosphorus exhibit excellent biocompatibility,
which minimizes environmental and health risks while effectively addressing the sec-
ondary pollution issues often associated with metal-based photocatalysts [9-11]. However,
a comprehensive review focusing on the application of red- and black-phosphorus-based
materials for photocatalytic water disinfection is yet to be available. Given the growing
interest in these two P allotropes and their promising potential in photocatalytic microbial
inactivation, it is both timely and necessary to summarize the current progress in this field.
This article first outlines the fundamental principle of photocatalytic water disinfection,
followed by a summary of recent advancements in red- and black-phosphorus-based photo-
catalysts for this application. Finally, it provides a summary and future research directions
in this field.

2. Basic Principle of Photocatalytic Water Disinfection

Photocatalytic water disinfection refers to the use of ROS generated through photo-
catalytic reactions to attack and damage the essential biomolecules of pathogenic microor-
ganisms, thereby achieving their inactivation [12]. Specifically, when a semiconductor is
exposed to light with energy equal to or greater than its Eg, valence-band electrons are
excited, transitioning to the semiconductor’s conduction band, where they form photo-
generated electrons. Simultaneously, corresponding photo-generated holes are created in
the semiconductor’s valence band [13]. Collectively, these electrons and holes are referred
to as photo-generated charge carriers. These charge carriers are inherently unstable and
tend to recombine, releasing energy as heat. However, unrecombined photo-generated
charge carriers can migrate to the semiconductor’s surface, where they participate in
various photocatalytic reactions.

Photo-generated electrons exhibit electron-donating characteristics, thereby displaying
reductive behavior, while photo-generated holes possess electron-accepting tendencies,
manifesting an oxidative property. The redox capabilities of these charge carriers are
governed by the semiconductor’s band structure [14]. It is widely accepted that a more
negative conduction-band potential corresponds to improved reductive capabilities for
photo-generated electrons, while a more positive valence-band potential correlates with
enhanced oxidative abilities for photo-generated holes. Multiple ROS can be generated
during photocatalytic reactions (Figure 1a). The generation of ¢O,~ typically occurs via
the reduction of O, by photo-generated electrons. The necessary condition for this process
is that the semiconductor’s conduction-band potential is more negative than the redox
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potential for O,/e0;~ (—0.33 V versus NHE) [15]. Furthermore, O, can serve as a
precursor for the generation of additional ROS. For instance, photo-generated holes can
oxidize 0, to yield 'O,, while photo-generated electrons can reduce O, to form
H,O, [16,17]. eOH is typically produced by the oxidation of H,O by photo-generated
holes, under the condition that the semiconductor’s valence-band potential exceeds the
redox potential for HO/eOH (+2.72 V versus NHE) [18]. As for H,O,, three distinct
pathways can lead to its formation, including the two-step single-electron reduction of O,,
the one-step two-electron reduction of O,, and the two-hole oxidation of water [19-21].

Microbial cellular components, such as proteins, nucleic acids, and lipids, are com-
posed of organic substances, and the aforementioned ROS can clearly target and disrupt
them. Taking bacteria as an example, proteins are essential components for bacterial cell
walls and membranes, and the reaction rate constant for protein decomposition by 'O is
exceptionally high. Therefore, 'O, can effectively disrupt bacterial outer structures [22].
H,0; has the ability to oxidize and damage bacterial cell walls and membranes. And, due
to its relatively long lifespan, it can also diffuse into the cytoplasm of bacterial cells, where
it oxidizes intracellular components [4]. «OH has a reaction energy of 402.8 mJ/mol, which
is higher than the bond energies of various chemical bonds in organic matter. As a result,
oOH can rapidly decompose the organic substances that make up bacteria. It should be
noted that €0, ~, 'O,, and eOH have short lifespans and typically require direct contact
between the semiconductor material and microorganisms to exert their disinfecting effects,
often referred to as direct ROS. In contrast, H,O, has a much longer lifespan than other
ROS, allowing it to exert its disinfecting effect without the need of direct contact between
the semiconductor material and microorganisms, known as indirect ROS [23]. Through
the synergistic action of these ROS, multiple critical biological functions of bacteria are
comprehensively disrupted (Figure 1b). This includes cellular structure damage, energy
metabolism inhibition, antioxidant enzyme system dysregulation, and genetic material
degradation, ultimately leading to irreversible bacterial inactivation [24].
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Figure 1. (a) Schematic illustration of ROS generation by a semiconductor through photocatalytic
reactions. Reprinted with permission from ref. [21]. Copyright 2017 American Chemical Society.
(b) ROS attacks on multiple critical biological functions of bacteria. Reprinted with permission from
ref. [24]. Copyright 2019 American Chemical Society.
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3. Red- and Black-Phosphorus-Based Photocatalysts for Water Disinfection
3.1. Red-Phosphorus-Based Antimicrobial Photocatalysts

P constitutes approximately 0.1% of the Earth’s crust, making it one of the most abun-
dant elements on the Earth [25]. Two allotropes of P, including red phosphorus and black
phosphorus, have been applied in photocatalytic water disinfection. Red phosphorus,
owing to its well-established preparation methods and low production costs, has been
extensively studied in the field of photocatalytic water disinfection. Xia et al. are the first
to investigate the feasibility of using red phosphorus for photocatalytic water disinfec-
tion [26]. Starting with commercial red phosphorus, they employ a hydrothermal method
to remove its oxide layers, thereby obtaining a red-phosphorus-based photocatalyst for
their study. The resulting product is amorphous red phosphorus, which appears as mi-
croparticles ranging from 2 to 10 um in size. Its Eg is determined to be 1.42 eV, indicating
its effective utilization of visible light. The valence- and conduction-band potentials of the
synthesized red phosphorus are found to be 0.8 and —0.62 V versus NHE, respectively,
suggesting that the ROS in its photocatalytic system are predominantly generated via
reduction pathways. The authors observe a complete 7-log inactivation of E. coli after
90 min of visible-light irradiation, while, when excited by sunlight, the time required
for complete bacterial inactivation is reduced to 60 min (Figure 2a). They subsequently
conduct a scavenger study along with a steady-state ROS concentration test, revealing
that O, is the predominant ROS responsible for E. coli inactivation (Figure 2b). Finally,
the authors discover that the attack of ROS disrupts the energy metabolism of E. coli cells,
compromising both the integrity and permeability of the cell membranes. This leads to the
leakage of intracellular components, the impairment of the antioxidant enzyme system,
and the degradation of genetic materials, ultimately culminating in the death of E. coli
(Figure 2¢). This work provides valuable insights for the application of red phosphorus
in photocatalytic water disinfection. In another work, Athira et al. conduct a combined
study of DFT calculations and experiments to investigate the band structure of commercial
red phosphorus [27]. Their findings indicate that the Eg of commercial red phosphorus is
approximately 2 eV, enabling it to absorb a significant portion of visible light. Furthermore,
the conduction-band potential of commercial red phosphorus is relatively negative, which
is sufficient for photo-generated electrons to reduce O, thereby generating O, ™ and HyO,.
However, its valence-band potential is insufficient to directly oxidize H,O to produce eOH,
and, thus, eOH is likely to be generated through a reduction pathway. Subsequently,
they explore the photocatalytic bactericidal efficacy of commercial red phosphorus under
sunlight irradiation. The results reveal that a 50 min photocatalytic treatment completely
inactivates E. coli. Commercially available red phosphorus is typically classified as amor-
phous. When subjected to high-temperature annealing, it undergoes a structural transition,
giving rise to fibrous red phosphorus. Roshith et al. synthesize a fibrous red phosphorus
photocatalyst with an urchin-like morphology via a solid-state method [28]. This material
exhibits an E¢ value of 1.9 eV, with valence- and conduction-band potentials well suited for
0O, and H,O; generation, underscoring its strong capability for visible-light-driven ROS
production. Under sunlight irradiation, the synthesized fibrous red phosphorus achieves a
complete 8-log inactivation of E. coli within 30 min of photocatalytic treatment. Notably,
this performance ranks as one of the best among various photocatalysts reported to date,
highlighting its exceptional disinfection potential.
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Figure 2. (a) Visible-light and sunlight photocatalytic disinfection activities of red phosphorus.
(b) Photocatalytic disinfection efficiency of red phosphorus in the presence of various scavengers.
(c) Mustration depicting the proposed bactericidal mechanism of red phosphorus under visible-light
irradiation. Reprinted with permission from ref. [26]. Copyright 2015 American Chemical Society.

The three studies mentioned above utilize a photocatalytic system in which light is
directed into a slurry containing red phosphorus particles. However, such an approach can
only demonstrate the feasibility of using red phosphorus for photocatalytic water disinfec-
tion at the laboratory scale. Roshith et al., for the first time, immobilize red phosphorus
on the inner walls of a quartz millicapillary using a solid-state method to construct an
optofluidic reactor operated in a continuous-flow manner [29]. By adjusting the flow rate
of the bacterial solution through the reactor, its residence time can be controlled, enabling
the effective regulation of disinfection efficiency. Specifically, under sunlight illumination,
a 6.7-log inactivation of E. coli, corresponding to a disinfection efficiency of >99.9999%, can
be achieved with a residence time of 14 min. When the residence time reaches 28 min, no
viable E. coli can be detected. Finally, the authors conduct a multicycle test (six consecutive
runs), observing that, even with a residence time of 2 min, each cycle can achieve a disinfec-
tion efficiency of >95% for E. coli, demonstrating the significant potential of the developed
reactor for practical applications.

Beyond its intrinsic photocatalytic disinfection capability, red phosphorus can be
integrated with other materials, thereby augmenting the photocatalytic disinfection perfor-
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mance of the resulting composites. Wang et al. pioneer this line of research, employing
a one-step “green” sonochemical method at room temperature to simultaneously treat
graphitic carbon nitride and red phosphorus [30]. During this process, bulk graphitic
carbon nitride is exfoliated into few-layer nanosheets, and red phosphorus is downsized
and anchored onto the graphitic carbon nitride nanosheets, forming a close-knit metal-free
heterojunction photocatalyst. On one hand, red phosphorus exhibits responsiveness to
long-wavelength photons up to 700 nm, significantly extending the light absorption range
of the heterojunction (Figure 3a). On the other hand, the results of the band structure
analysis reveal the establishment of a type-I band alignment at the heterojunction interface
(Figure 3b). In this configuration, although both photo-induced charge carriers migrate
from graphitic carbon nitride to red phosphorus, the differential migration rates of electrons
and holes across the interface facilitate the efficient separation of these charge carriers. As
a result, the photocatalytic disinfection capability of the heterojunction is significantly
enhanced compared with that of pure graphitic carbon nitride and red phosphorus. Under
visible-light irradiation for 80 min, the photocatalytic system achieves a 7-log reduction in
E. coli concentration (Figure 3c). This disinfection efficiency represents one of the highest
performances achieved by previously developed metal-free photocatalysts. In another
study, Chen et al. fabricate a 0D/1D heterojunction photocatalyst by modifying carbon
nitride nanotubes with red phosphorus nanodots (Figure 3d) [31]. This heterojunction
demonstrates an exceptional photocatalytic disinfection performance, achieving a 7-log
inactivation of S. aureus within 30 min under white LED irradiation, and completely inac-
tivating E. coli within only 25 min (Figure 3e,f). Through a scavenger study, the authors
investigate the contributions of different ROS to bacterial inactivation and determine that
0O, and H,0O, predominantly drive the disinfection process. Interestingly, in this work,
red phosphorus nanodots exhibit a negligible photocatalytic disinfection ability, which fur-
ther underscores the critical role of red phosphorus in enhancing photocatalytic disinfection
performance when properly integrated into a composite system.
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Figure 3. (a) UV-vis diffuse reflectance spectra of red phosphorus, graphitic carbon nitride, and
heterojunction materials. (b) Electronic band structures of red phosphorus and graphitic carbon ni-
tride. (c) Visible-light photocatalytic disinfection activities of the samples. Reprinted with permission
from ref. [30]. Copyright 2018 Elsevier. (d) Schematic diagram illustrating the synthetic process for
preparing the heterojunction photocatalyst. Photocatalytic disinfection activities of the prepared
samples against (e) S. aureus and (f) E. coli under white LED irradiation. Reprinted with permission
from ref. [31]. Copyright 2022 American Chemical Society.
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Within the spectrum of widely researched photocatalytic antimicrobial materials,
wide-bandgap semiconductors such as TiO, and ZnO have garnered the most extensive
research attention. However, these materials are fundamentally constrained by their lim-
ited ability to effectively harness solar light. For instance, anatase TiO, exemplifies this
limitation with an E¢ value of 3.2 eV, restricting its absorption to UV light with wavelengths
shorter than 387.5 nm [32]. Since UV light accounts for only about 4% of the total solar
energy, visible light, which represents 43% of the solar spectrum, remains substantially
underutilized by such material [33,34]. To enhance the solar energy utilization of these
wide-bandgap semiconductor materials, they can be integrated with narrow-bandgap
semiconductors to broaden the spectral response range of the resulting composites. Liu
et al. deposit a red phosphorus nanolayer onto 1D TiO, nanofibers using a vacuum am-
poule strategy, resulting in the formation of a TiO, /red phosphorus (TiO,@RP) core—shell
heterostructure (Figure 4a) [35]. Red phosphorus, with an absorption edge extending up to
700 nm, effectively broadens the spectral utilization range of the heterojunction. Moreover,
the synergistic interaction between the red phosphorus nanolayer and TiO, core signifi-
cantly enhances the charge carrier transport and separation efficiency. Collectively, the
synthesized TiO,@RP core—shell heterojunction demonstrates a photocatalytic disinfection
activity far superior to that of red phosphorus or TiO; alone. Under visible-light irradiation,
a 7-log reduction in E. coli and S. aureus can be achieved within 25 and 30 min, respec-
tively (Figure 4b,c). In another study, to overcome the limitations of ZnO in visible-light
utilization and its high rate of photo-generated charge carrier recombination, Li et al. first
deposit red phosphorus onto a Ti plate via chemical vapor deposition, followed by the
deposition of a ZnO nanofilm on the red phosphorus layer using atomic layer deposition,
thereby constructing a heterostructured red phosphorus/ZnO thin film [36]. The most
stable geometric configuration of the heterojunction, formed by the interface between
the red phosphorus (001) plane and the ZnO (002) plane, exhibits pronounced charge
redistribution at the interfacial region. This effective interfacial charge transfer, coupled
with the enhanced separation efficiency of photo-generated electron-hole pairs, signifi-
cantly promotes ROS generation. Consequently, this heterojunction exhibits an excellent
photocatalytic antibacterial performance. As shown in Figure 4d, under simulated solar
light, 99.63 4= 0.24% of S. aureus can be inactivated within 20 min, while 99.72 £ 0.12% of
E. coli can be inactivated within 10 min. When using real sunlight as the light source, a
99.92 + 0.02% inactivation of S. aureus is achieved at 15 min, and a 99.86 + 0.10% inactiva-
tion of E. coli is achieved at 7 min. Based on the results of control experiments, the authors
eliminate the effects of thermal influence and direct UV disinfection, demonstrating that
the inactivation of bacteria is primarily attributed to visible-light-driven photocatalysis.
This finding further indicates that the integration of ZnO with red phosphorus significantly
broadens the light absorption range of the resulting composite. Additionally, to assess
the indoor-light-activated disinfection performance of the heterojunction, antibacterial
experiments are conducted under LED light. At 20 min, the disinfection rate for S. aureus is
93.95 & 1.21%, while at 10 min, it reaches 96.44 £ 1.24% for E. coli. Interestingly, using the
bacterial imprinting method, the authors visually demonstrate that even the faint LED light
emitted from a mobile phone can activate the prepared heterojunction photocatalyst to
exert a photocatalytic disinfection effect (Figure 4e). This work provides a new perspective
for enhancing the visible-light photocatalytic water disinfection activity of wide-bandgap
semiconductors through the use of red phosphorus.
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Figure 4. (a) Proposed photocatalytic reaction process of the prepared TiO,@RP core—shell het-
erostructure. Photocatalytic disinfection activities of the prepared samples against (b) E. coli and
(c) S. aureus under visible-light irradiation. Reprinted with permission from ref. [35]. Copyright
2021 Elsevier. (d) Photocatalytic disinfection efficiency of red phosphorus/ZnO thin film against
S. aureus and E. coli under simulated solar light and real sunlight. (e) Photocatalytic disinfection on a
small piece of screen protector film coated with red phosphorus/ZnO under LED light from a phone.
Reprinted with permission from ref. [36]. Copyright 2019 Wiley-VCH.

Carbonaceous nanomaterials have been demonstrated to be highly effective co-
catalysts for coupling with semiconductor materials, as their exceptional electronic proper-
ties can significantly suppress the recombination of photo-generated electron-hole pairs.
Zhang et al. first fabricate a crystalline red phosphorus film on a Ti plate via chemical
vapor deposition, followed by the deposition of a graphene oxide layer to enhance its
photoelectrochemical properties (Figure 5a,b) [37]. Through a range of characterization
techniques, including an open-circuit potential test, transient photocurrent response anal-
ysis, electrochemical impedance spectroscopy, and photoluminescence spectroscopy, it
is confirmed that the incorporation of a graphene oxide layer effectively enhances the
generation of photo-induced charge carriers while facilitating their efficient transfer and
separation. As a result, the photocatalytic antibacterial performance of the synthesized
red phosphorus/graphene oxide film is significantly enhanced compared with that of red
phosphorus film. Under simulated sunlight, red phosphorus film achieves an antibacte-
rial efficiency of 78.68% against S. aureus after 20 min of irradiation, which is markedly
enhanced to 98.28% upon graphene oxide deposition. Moreover, the synthesized red
phosphorus/graphene oxide film exhibits a broad-spectrum antibacterial activity, demon-
strating an excellent disinfection performance against other bacteria, such as E. coli. After 15
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min of irradiation, an antibacterial efficacy of 99.91% can be achieved. This work highlights
the critical role of carbonaceous nanomaterials in enhancing the photocatalytic antibacterial
activity of red phosphorus. Recently, our group has developed a ternary heterojunction
comprising magnetic carbon nanotubes, red phosphorus, and graphitic carbon nitride [38].
Given that red phosphorus has a less-positive valence-band potential and a less-negative
conduction-band potential compared to graphitic carbon nitride, a type-I heterojunction
is formed at the red phosphorus/graphitic carbon nitride interface, effectively facilitating
charge carrier separation. Furthermore, the incorporated magnetic carbon nanotubes not
only serve as an efficient electron shuttle to further suppress charge carrier recombination,
but also endow the composite with a magnetic property, enabling convenient recovery and
reuse (Figure 5¢,d). Our findings reveal that the ternary heterojunction exhibits markedly el-
evated generation abilities for H;O, eO,~, and eOH compared to graphitic carbon nitride
and red phosphorus/graphitic carbon nitride photocatalysts. This substantial increase in
ROS generation undoubtedly plays a pivotal role in its superior photocatalytic antibacterial
performance. For the ternary heterojunction, a complete 7-log reduction in S. aureus cell
density is achieved within 45 min of visible-light illumination, as verified by both plate
counting and live/dead fluorescence assays (Figure 5e). This gives a first-order disinfection
rate constant of 0.14 min~!, approximately 9.3 times higher than that of graphitic carbon
nitride. Notably, this heterojunction exhibits a superior performance compared to the
widely used P25 TiO, under real-sunlight irradiation, achieving a complete 7-log inactiva-
tion of S. aureus within 60 min (Figure 5f). The corresponding first-order disinfection rate
constant is determined to be 0.067 min~!, approximately 13.9 times higher than that of P25
TiO,. Subsequently, we systematically investigate the inactivation process of S. aureus and
reveal that the photocatalytic treatment of the heterojunction induces bacterial inactivation
through multiple pathways. These include the membrane damage at the structural and
metabolic levels, the leakage of intracellular components, the penetration of extracellular
ROS into the cytoplasm, and the decomposition of genomic DNA, ultimately leading to
the inactivation of bacteria (Figure 5g). Notably, the synthesized heterojunction catalyst
exhibits exceptional antimicrobial activities against a diverse array of pathogenic microor-
ganisms, including E. coli, S. aureus, E. faecalis, P. aeruginosa, tetracycline-resistant E. coli,
ampicillin-resistant E. coli, and C. parvum, underscoring its broad-spectrum disinfection
capability. More importantly, the disinfection efficiency of the prepared heterojunction
catalyst is compared with that of several conventional water disinfection techniques at a
scale of 5 L. While UV irradiation and boiling exhibit higher disinfection rates for S. aureus,
they are energy-intensive, with UV irradiation requiring 68.57 ] /log and boiling demanding
237,000 J/log. Furthermore, bacterial reactivation is observed after UV irradiation and
chlorination treatment, whereas the photocatalytic treatment based on the synthesized
heterojunction inactivates S. aureus more thoroughly. This work offers valuable insights into
the design and fabrication of magnetic red-phosphorus-based antimicrobial photocatalysts.
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Figure 5. (a) Schematic diagram of the synthesis process of the red phosphorus/graphene oxide film.
(b) Photographic images of the samples. Reprinted with permission from ref. [37]. Copyright 2020
Elsevier. (c) Hysteresis loops of the samples used to determine their saturation magnetization values.
The inset illustrates the magnetic property of the ternary heterojunction for its convenient separation
from water. (d) Local self-spin test using electron spin resonance spectroscopy for magnetic carbon
nanotubes. (e) Photocatalytic disinfection activity of the ternary heterojunction against S. aureus
under visible-light irradiation. (f) Photocatalytic disinfection activities of the samples against S.
aureus under real sunlight. (g) Illustration summarizing the proposed disinfection mechanism of
the ternary heterojunction under visible-light irradiation. Reprinted with permission from ref. [38].
Copyright 2023 Elsevier.

3.2. Black-Phosphorus-Based Antimicrobial Photocatalysts

The discovery of black phosphorus was made over a century [25]. It has gained
attention for its superior thermodynamic stability compared to other P allotropes in recent
years. Owing to its exceptional physicochemical properties, black phosphorus has now
been recognized as a promising candidate for photocatalytic applications. These properties
include (1) a tunable layer-dependent bandgap ranging from 0.3 to 2.0 eV; (2) a broad
light absorption range extending from UV to the near-infrared region; (3) a large specific
surface area in its few-layer form, offering abundant active sites for photocatalytic reactions;
and (4) an exceptionally high hole mobility of up to 1000 cm? V! S~ [16,39]. Our group
pioneer the utilization of black phosphorus as a metal-free cocatalyst, establishing it as
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a promising alternative to noble metals for photocatalytic bacterial inactivation [40]. We
synthesize a heterojunction photocatalyst by integrating black phosphorus with graphitic
carbon nitride and, for the first time, apply it to photocatalytic bacterial inactivation. A se-
ries of characterizations confirm the successful synthesis of the composite and its enhanced
visible-light absorption without disrupting the intrinsic structure of graphitic carbon ni-
tride. Furthermore, photoluminescence and transient photocurrent response measurements
reveal that this integration can effectively suppress charge carrier recombination, thereby
extending the lifetime of photo-generated electrons and holes. This arises from the for-
mation of a type-I heterojunction between black phosphorus and graphitic carbon nitride,
where photo-generated electron-hole pairs in graphitic carbon nitride migrate to black
phosphorus at different rates, effectively suppressing electron-hole recombination and
extending their lifetimes to facilitate enhanced ROS generation. Thus, the overall ROS gen-
eration ability of the heterojunction is significantly greater compared with that of graphitic
carbon nitride. As a result, this heterojunction exhibits a remarkable antibacterial perfor-
mance, achieving a complete 7-log inactivation of E. coli within 60 min under visible-light
irradiation. This disinfection efficiency is seven times higher than that of graphitic carbon
nitride. Bacterial scanning electron microscope observation and K* leakage experiment
confirm that the inactivation mechanism for E. coli is driven by ROS-induced membrane
damage and intracellular content leakage. Additionally, the heterojunction demonstrates
its stability, maintaining a 99.97% E. coli inactivation rate after three consecutive cycles. Fur-
thermore, we conduct an acute toxicity assessment using Vibrio fischeri, demonstrating that
the bioluminescence intensity before and after photocatalysis remains virtually unchanged,
confirming the non-toxic and environmentally friendly nature of the developed hetero-
junction. Our study offers insights into the design of purely metal-free heterostructure
photocatalysts based on black phosphorus for efficient photocatalytic water disinfection.

Although the type-I charge transfer demonstrated above can enhance the separation
efficiency of electron-hole pairs thermodynamically, this improvement comes at the expense
of reduced redox abilities for charge carriers, which is detrimental to the following pho-
tocatalytic reactions. Building on this, we recently fabricated an S-scheme heterojunction
photocatalyst by integrating black phosphorus with BiOBr [41]. In this band configuration,
BiOBr, serving as an oxidation-type component, possesses a more positive valence-band
potential, while black phosphorus, acting as a reduction-type component, features a more
negative conduction-band potential. Due to the Fermi level difference between these two
materials, when black phosphorus and BiOBr are in close contact, electrons in black phos-
phorus spontaneously transfer to BiOBr, establishing an internal electric field oriented
from black phosphorus to BiOBr. Under visible-light irradiation, this internal electric field
facilitates the transfer of photo-generated electrons in the conduction band of BiOBr to
recombine with the photo-induced holes in the valence band of black phosphorus. Thus,
the remaining electrons and holes possess stronger redox abilities and extended lifetimes,
thereby enhancing ROS generation. Consequently, the synthesized S-scheme heterojunc-
tion exhibits a significantly enhanced photocatalytic disinfection performance, achieving a
complete 7-log inactivation of E. coli after 7.5 min of visible-light irradiation. This study
offers new insights into the application of black-phosphorus-based S-scheme heterojunction
photocatalysts for efficient water disinfection.

4. Summary and Future Research Directions

In recent years, systematic research has been conducted on the design, synthesis, and
photocatalytic disinfection performance of red- and black-phosphorus-based materials. On
one hand, red phosphorus, including its amorphous and fibrous forms, has demonstrated
its intrinsic photocatalytic water disinfection ability. Moreover, photocatalytic reactors
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based on red phosphorus have been developed, further highlighting its potential for
practical water disinfection applications. Notably, red phosphorus can be integrated with
other materials to enhance the photocatalytic disinfection performance of the resulting
composites. This enhancement primarily arises from two aspects: (i) the formation of
heterojunctions by integrating semiconductors with matching band structures, which
facilitates charge carrier separation, and (ii) the intrinsic strong light absorption of red
phosphorus, which broadens the spectral response of the obtained composites. Additionally,
red phosphorus is well suited for coupling with carbonaceous nanomaterials, which can
further improve charge carrier separation. Certain carbonaceous materials also exhibit
a magnetic property, endowing the resulting composites with magnetic responsiveness,
thereby enabling convenient recovery and reuse. On the other hand, black phosphorus has
also attracted significant attention in photocatalytic water disinfection due to its unique
physicochemical properties. Research efforts have primarily focused on the construction
of black-phosphorus-based heterojunction photocatalysts, including type-I and S-scheme
configurations, to enhance charge carrier separation, thereby increasing the generation of
ROS within the photocatalytic systems.

Although significant progress has been made, several challenges persist, warranting
further investigation in future studies. First, one of the key advantages of red and black
phosphorus lies in their metal-free nature, which offers benefits such as environmental
friendliness, non-toxicity, and a composition based on the abundantly available P ele-
ment. However, many existing red- and black-phosphorus-based materials incorporate
metal components, thereby diminishing the unique advantages of their metal-free nature.
Future research should focus on the design and development of purely metal-free photo-
catalysts based on red and black phosphorus. This may involve tailoring their intrinsic
morphological structures or selecting metal-free semiconductors with complementary band
structures to construct heterojunctions, while also exploring the potential of the resulting
materials for photocatalytic water disinfection. Notably, while metal-free materials are
generally considered to pose a lower risk of secondary pollution compared to metal-based
catalysts, it remains essential to establish conclusive evidence. Future studies should,
therefore, investigate whether the synthesized materials release substances with potential
ecological risks.

Moreover, most existing studies primarily focus on evaluating the photocatalytic
disinfection performance of red- and black-phosphorus-based materials in pure water
or saline solution. However, the composition of authentic water matrices is far more
complex. Natural organic matter, carbonate species, and other background constituents
in authentic water matrices can significantly reduce the effectiveness of photocatalytic
disinfection by scavenging ROS, which is one of the key limitations for the large-scale
application of these red- and black-phosphorus-based materials. Additionally, certain
halide ions in these matrices may react with ROS, generating halogen radicals whose
impact on the efficiency of photocatalytic water disinfection remains unclear [42]. Therefore,
future research should focus on assessing the disinfection effectiveness of red- and black-
phosphorus-based materials in authentic water matrices, with a detailed evaluation of how
common water constituents affect the process of photocatalytic disinfection. Additionally,
it is essential to evaluate the production cost and long-term stability when considering the
application of these materials in real-world water disinfection.
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