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This study explores the powerful capabilities of a floatable photocatalyst, TiO,—Ag immobilized on
expanded clay (EC), for photocatalytic antibiotic degradation and pathogen inhibition in aquaculture
systems. The porous and floatable nature of EC makes it an ideal carrier for enhancing photocatalytic
activity, enabling the easy recovery and reusability of TiO,—Ag. The synthesis of TiO,—Ag/EC is optimized
by adjusting TiO,—Ag concentration, integration time, and stirring speed, with a peak Ti content of
2584.51 + 49.52 ppm achieved under specific conditions (35000 ppm TiO,—Ag, 12 hours integration,
100 rpm stirring). Remarkably, within 2 hours of sunlight exposure, TiO,—Ag/EC (10% w/v) reduced the
pathogenic density of Vibrio harveyi, Vibrio parahaemolyticus, and Escherichia coli from 10® CFU mL™t
to under 100 CFU mL™!, maintaining antibacterial efficacy even after seven cycles. Beyond pathogen
control, TiO,—Ag/EC degraded over 92% of tetracycline and oxytetracycline at pH 7-9 and achieved up
to 95.7% rifampicin removal at pH 5, within 4 hours of sunlight exposure. The degraded antibiotic

R 4 4th Aoril 2025 solution lost its bactericidal activity, suggesting the safety of the formed byproducts for the environment.
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Accepted 21st May 2025 Notably, at the TiO,—-Ag/EC addition ratio of 2.5% w/v, equivalent to a Ti concentration of approximately

62.5 ppm, the material reached a maximum COD removal efficiency of 82.7 + 2.0% after 40 hours of

DOI: 10.1039/d5ra02333e illumination. These results highlight the potential of TiO,—Ag/EC as a sustainable solution for eliminating

rsc.li/rsc-advances antibiotic residues, organic matter, and controlling disease spread in aquaculture environments.

resistant bacteria and human health.> A study by Pesi et al.
showed that up to 90% of aquatic bacteria have developed the

Introduction

The rapid expansion of high-density shrimp farming has given
rise to significant environmental challenges, particularly in the
form of pathogenic bacteria and antibiotic residues. Shrimp
feed typically contains 33-45% protein, however, only a fraction
of nitrogen (24-37%) and phosphorus (13-28%) are utilized by
the shrimp." The accumulation of excess organic nutrients not
only pollutes the water but also creates a favorable environment
for disease outbreaks, undermining shrimp growth and survival
rates. Traditionally, various types of synthetic antibiotics have
been widely used to control pathogens. However, up to 75% of
the antibiotics fed to aquatic animals are excreted into the
water, causing a high risk of the emergence of antibiotic-
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resistance to at least one antibiotic. Among them, antibiotic-
resistant genes are commonly found in Escherichia coli, Aero-
monas, and Vibrio genus.® These ongoing challenges highlight
the urgent need for effective treatment solutions that can
manage pathogen spread and reduce antibiotic residues in the
environment, thereby preserving water quality and ensuring the
sustainability of aquaculture.

Antibiotics degrade through several processes, including
photodegradation, hydrolysis, and biodegradation, with their
effectiveness largely influenced by environmental factors such
as pH, temperature, and chemical composition.* Biological
methods are favored due to their low cost and environmental
benefits, but modern antibiotics have complex chemical struc-
tures that can hinder bacterial growth and disrupt microbial
metabolism. This challenge complicates bacterial-based
degradation methods and raises concerns about the develop-
ment of antibiotic-resistant genes.” While physical filtration
membranes can adsorb antibiotics, they suffer from frequent
clogging, which increases maintenance costs and limits their
widespread application.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Chemical methods using photocatalysts like TiO,-Ag nano-
particles have gained attention for their ability to degrade
pollutants effectively. Photocatalysis offers distinct advantages,
including the use of light energy to generate reactive oxygen
species (ROS) that can break down pollutants under normal
temperature and pressure conditions, converting organic
contaminants into harmless byproducts like CO, and H,0.”
ROS can also penetrate bacterial cells, damaging vital compo-
nents such as proteins, DNA, and lipids, leading to cell death.
These properties make photocatalysis a promising approach for
addressing antibiotic pollution and controlling pathogenic
bacteria in the environment.® However, a major challenge is the
recovery of photocatalytic particles after use. These powder
nanoparticles often aggregate or remain suspended in the
solution, reducing their active surface area, limiting pollutant
interactions, and decreasing light absorption efficiency.
Furthermore, the lack of established regulations surrounding
the management of photocatalytic materials raises concerns
about secondary pollution from nano-sized particles.®

Therefore, in the last few years, attention has been paid to
designing the floatable photocatalyst to enable the easy recovery
and reusability of the material. In contrast to powder material,
floatable photocatalysts owe their unique advantage of direct
sunlight irradiation without the attenuation caused by water,
hence, enhancing photocatalytic performance.’ In previous
research, the expanded clay (EC) carriers were successfully
fabricated by pyrolyzing a mixture of clay and rice husk at 1200 ©
C, followed by rapid cooling. This process results in a rigid,
porous structure that efficiently integrates and protects the
TiO,-Ag photocatalyst. The floatable nature of expanded clay
enhances light exposure and maximizes oxygen involvement in
the photocatalytic degradation process at the water/air inter-
face. Preliminary results show that TiO,-Ag immobilized on
expanded clay can inhibit Vibrio parahaemolyticus by up to 99%
within 2 hours of halogen lamp illumination.” Building on
these findings, the present study will optimize the integration of
TiO,-Ag onto expanded clay and evaluate its ability to inhibit
a range of pathogenic bacteria and degrade commonly used
antibiotics in aquaculture environments. The photocatalytic
performance of TiO,-Ag/EC will be assessed under natural
sunlight to provide a realistic evaluation of its efficiency in the
wastewater treatment process. Ultimately, this research aims to
confirm the potential practical significance of TiO,-Ag/EC
composites as a sustainable solution for tackling pollution
and disease in aquaculture systems.

Experimental
Materials

The pathogenic bacteria, Escherichia coli, Vibrio harveyi, and
Vibrio parahaemolyticus, and the probiotic Lactobacillus acid-
ophilus were provided by the Key Laboratory of Bioprocess and
Biochemical Synthesis Engineering, Institute of Biology, VAST.
All the chemicals used in this study, including tetracycline
(99%) and oxytetracycline hydrochloride (95%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA), while the Rifampicin
(95%) was purchased from biowWorld (Dublin, Ohio, US). The de
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Man-Rogosa-Sharpe (MRS) and Luria-Bertani medium (LB,
Sigma-Aldrich, UK) were used to culture the E. coli and L. acid-
ophilus bacteria, respectively. The pathogens, V. harveyi and V.
parahaemolyticus, were activated in the thiosulfate citrate bile
salts sucrose agar plate (TCBS, Sigma-Aldrich, UK), then were
aerobically inoculated in LB medium until reaching a desired
bacterial density. The MRS medium contains (g L™'): peptone
(10), meat extract (10), yeast extract (5), glucose (20), K,HPO, (2),
NH,CI (2), CH;COONa (5), MgSO, (0.2), C¢Hy,N;0- (5), tween
(80-100 pl), pH-6.5.

In the current study, the photocatalytic activity of the TiO,-
Ag/EC was assessed under the natural sunlight irritation at the
Institute of Biology (VAST), which is located at 21°02'57.2"N
105°48'06.8"E. The experiments were conducted during the
time of July to September with the measured light density
ranging from 70 to 100 klux, and temperature of 30 to 35 °C.

Optimizing the immobilization of TiO,-Ag into expanded clay
carrier

The expanded clay material (EC) and TiO,-Ag photocatalyst
were prepared using the method outlined in a previous study by
Hoang et al.™ The properties of the EC carrier, including surface
areas, pore volume, and pore size, were examined using N,
physisorption isotherms at 77 K (Tristar-3030 system,
Micromeritics-USA). The EC material was then rinsed with
water and dried at 60 °C for 5 hours to eliminate dirt and
impurities. Subsequently, TiO,-Ag particles were dispersed in
a 0.05% alginate solution with varying titanium concentrations
(20 000, 25 000, 30 000, or 35000 ppm). EC was then added to
glass beakers containing the prepared TiO,-Ag solutions at
a mass ratio of 1:2 (w/v). During the integration process of
TiO,-Ag onto EC, the beakers were magnetically stirred at
100 rpm. After 6, 12, or 18 hours, the EC material was separated
from the solution by filtration and subsequently dried at 60 °C
for another 5 hours. The titanium and silver content integrated
into the EC material (TiO,-Ag/EC) was analyzed by the induc-
tively coupled plasma mass spectrometry (ICP-MS, ICP Mass
Spectrometer, Nexion 2000, PerkinElmer, USA) and the energy-
dispersive X-ray spectroscopy (EDX) analysises (Hitachi S-4800
FE-SEM equipped with a Bruker Quantax EDS syste). Based on
the results, a comparison was made to determine the optimal
initial concentration of the TiO,-Ag solution and the integra-
tion time to achieve the highest integration efficiency.

Measurement of hydrogen peroxide formation by the TiO,-Ag/
EC material

The TiO,-Ag/EC (3 g) material was added to a 50 mL beaker
containing 30 mL of deionized water (HI70346, Hanna Instru-
ments, USA). The beakers were irradiated under sunlight for 4
hours. At the end of each hour, a sample was collected to
measure the concentration of hydrogen peroxide formed at
230 nm using a quartz cuvette (UV-1601 Spectrophotometer,
SHIMADZU, Japan).'> The negative control consisted of beakers
without any added material. After the first cycle, the material
was collected and air-dried at room temperature for approxi-
mately 24 hours before being reused in subsequent tests. The
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experiment was conducted in triplicate and repeated for a total
of 10 cycles.

Anti-pathogen activity of TiO,-Ag/EC material

The antibacterial activity of the TiO,-Ag integrated EC material
(TiO,-Ag/EC) was evaluated against several pathogenic bacteria,
including Vibrio harveyi, Vibrio parahaemolyticus, and Escher-
ichia coli. The biomass of these bacterial strains was separately
dissolved in a sterile saline solution (0.9% NaCl) to achieve
a bacterial density of 10° CFU mL ™. TiO,~Ag/EC particles were
then added to each transparent glass vial containing 5 mL of the
prepared bacterial solutions. For comparison, an experimental
vial containing EC material without TiO,-Ag integration served
as the negative control. After 2 hours of exposure to sunlight,
samples were collected to measure the remaining bacterial
density in the vials, allowing us to determine the antibacterial
effectiveness of the TiO,-Ag/EC material. The antibacterial
effectiveness (4) was calculated using the following formula,
where N, and N, represent the bacterial densities before and
after treatment with TiO,-Ag/EC, respectively.

A =log Ny — log N, = log(Ny/N,)

Following each experiment, the TiO,-Ag/EC material was
gently rinsed with water and left to air dry at room temperature
for approximately 24 hours before being reused in subsequent
tests. The experiment was repeated over seven cycles using the
same method to assess the stability of the material's antibac-
terial activity.

Antibiotic degradation ability of TiO,-Ag/EC material

The photocatalytic degradation capability of the TiO,-Ag/EC
material was assessed using three types of antibiotics: tetracy-
cline (TET), oxytetracycline (OTC), and rifampicin (RIF). Reac-
tion solutions were prepared for each antibiotic at varying
concentrations (10, 20, and 30 ppm) and pH values (3, 5, 7, and
9). To initiate the experiment, three grams of the TiO,-Ag/EC
material were added to 30 mL of the antibiotic solution and
stirred gently in the dark for 30 minutes to reach an equilibrium
adsorption state. After this period, the mixture was exposed to
sunlight for 4 hours. During the experiment, samples were
taken at 1, 2, 3, and 4 hours to measure the remaining
concentrations of TET, OTC, and RIF. The concentrations were
determined using optical methods at specific UV wavelengths:
354 nm for TET," 352 nm for OTC,* and 335 nm for RIF." In
the negative control, EC material without TiO,-Ag was included
in the reaction solution. The degradation efficiency of the
antibiotics (H) was calculated using the following formula:

H (%) = ((Cy — C)Co) x 100%

where C, represents the initial concentration of the antibiotic,
and C, is the remaining concentration of the antibiotic in the
reaction vial at time ¢.

The stability of the TiO,-Ag/EC material for degrading the
antibiotic tetracycline was evaluated at an initial concentration
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of 10 ppm and a pH of 7. After the first cycle, the material was
collected and air-dried at room temperature for approximately
24 hours before being reused in subsequent tests. The experi-
ment was conducted in triplicate and repeated for a total of 10
cycles.

Kinetic study on the antibiotics photocatalytics degradation
process

Furthermore, the degradation kinetics of each tested antibiotic
were analyzed using a pseudo-first-order (PFO) kinetic model,
expressed by the equation:

In(Cy/C)) = kt

where k denotes the reaction rate constant for antibiotic
degradation.

Toxicity of photo-catalytically degraded antibiotic solutions
on bacterial growth

In this study, the effect of photocatalytically degraded antibiotic
solutions on bacterial growth was examined. The biomass of the
probiotic Lactobacillus acidophilus and the pathogen Vibrio
parahaemolyticus was prepared at a concentration of 10> CFU
mL " and added (2% v/v) to Eppendorf tubes containing 100 uL
of the appropriate growth media for each bacterial strain,
specifically MRS and LB. Then, antibiotic solutions of tetracy-
cline (TET), oxytetracycline (OTC), and rifampicin (RIF)
(10 ppm, pH 7) after degradation by TiO,-Ag/EC, labeled as
TET1s, OTCrs, and RIFp,, were diluted using MRS or LB
medium and added to each bacterial tube at different antibiotic
concentrations: 0, 5, 10, 15, 20, 25, and 30% (v/v).

Additionally, control groups were established where the
bacterial tubes were supplemented with either: (1) antibiotic
solutions that were photodegraded under light using a material
that did not contain TiO,-Ag, labeled as TETgc, OTCgc, and
RIFgc, or (2) the original TET, OTC, and RIF solutions at
a concentration of 10 ppm, pH 7. These were included for
comparison with the effects observed from the TET,, OTCry,
and RIFp, solutions on bacterial growth. The tubes without any
added antibiotics served as the negative control.

The experimental model is illustrated in Fig. S1.1 After 24
hours of incubation at 35 °C, samples were collected to measure
the optical density (OD) of the bacterial solutions at 600 nm.
The experimental tubes containing antibiotics that exhibited
significantly different (p < 0.05) lower ODg, values compared to
the negative control were determined to have reached the
minimum inhibitory concentration necessary to inhibit bacte-
rial growth.

COD removal capacity of TiO,-Ag/EC material

A stock solution with a chemical oxygen demand (COD)
concentration of 250 mg L~ was prepared by adding shrimp
feed (Tomboy, Skretting Vietnam) to distilled water at a 0.07%
w/v ratio, followed by sterilization.'® This stock solution was
used to simulate aquaculture environments with varying
organic contamination levels (25, 50, and 100 mg L™ ). TiO,-Ag/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EC material was then added to each COD solution at a 10% w/v
concentration. The samples were exposed to sunlight for 8
hours daily, from 8:30 AM to 4:30 PM. After each 8 hours
exposure period, samples were collected to measure the
remaining COD concentration in the environment, following
the method outlined by LaPara et al."” The efficiency of COD
removal was calculated using the following equation:

Degradation efficiency (%) = ((Cy — C,)/Cy) x 100%

where C, is the initial COD concentration at the beginning of
the experiment, and C, is the remaining COD concentration in
the reactor at time ¢.

To assess the impact of the TiO,-Ag/EC material addition
ratio on treatment efficiency, six transparent glass beakers were
prepared, each containing 1 liter of a solution with a COD
concentration of 100 mg L~ ". Different ratios of TiO,-Ag/EC
material (0.5%, 1%, 2.5%, 5%, and 7.5% w/v) were added to
each beaker, and the photocatalytic degradation process was
carried out under sunlight. Samples were collected to measure
the remaining COD, ammonia, and nitrite concentrations in the
environment after each 8 hours exposure period. Based on the
obtained results, the appropriate concentration of photo-
catalytic material addition was selected to achieve high COD
degradation efficiency.

Results and discussion

Optimizing the immobilization of TiO,-Ag on expanded clay
carrier

In this study, the synthesized TiO,-Ag were uniformly dispersed
in the alginate polymer solution. During this synthesis process,
the long chains of the alginate polymer envelop the nano-
particles, which not only enhances the stability of the material
system but also plays a vital role in the subsequent integration
of TiO,-Ag onto the EC carrier.

When the EC is introduced into the prepared nanoparticle
solution, the stirring during the integration process causes the
alginate chains, which are bound to the TiO,-Ag nanoparticles,

TiO,-Ag/Alginate

TiO,-Ag integrated on EC
(TiO,-Ag/EC)

EC carrier

Fig. 1
bilization of TiO,—Ag on the EC carrier (b).
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to continue surrounding the EC (Fig. 1a). The Brunauer-
Emmett-Teller analysis indicated that the original EC has
a total surface area of 2.41 m”> g, displaying moderate meso-
porosity with an average pore diameter ranging from 8 to 18 nm,
along with minimal microporosity. These properties suggest
that the outer porous structure of the EC offers optimal docking
sites for the nanoparticles, facilitating efficient integration
(Fig. S2t). As the TiO,-Ag solution concentration increased
from 20000 ppm to 35000 ppm, and the integration time
extended from 6 to 12 to 18 hours, more nanoparticles were
incorporated into the EC's surface pores. The integration effi-
ciency peaked at a TiO,-Ag concentration of 35000 ppm, with
the Ti density on the EC reaching its maximum of 2503.95 £+
35.80 ppm after 12 hours. No further increase in Ti content was
observed when the integration time was extended to 18 hours
(Fig. 1b and Table 1). Additionally, the EDX results clearly
demonstrate that the original EC carrier contains a low Ti
content of 0.51 £+ 0.11% and does not include any silver. In
contrast, the Ti content in the fabricated TiO,-Ag/EC signifi-
cantly increases to 17.22 + 1.80%, while the Ag content rises to
0.75 & 0.12%. Furthermore, the immobilization of TiO,-Ag
nanoparticles enhances the total surface area of TiO,~Ag/EC to
3.17 m> g~ ! (Fig. S2 and S3f1). The distribution of TiO,-Ag
nanoparticles on the EC carrier can be observed in the FESEM
images at various magnifications (Fig. 2).

In similar research, Kaur et al. optimized the integration of
TiO, onto clay beads for the degradation of the fungicide car-
bendazim.*®* Though the exact Ti content integrated into the
support was not specified, the authors found that an initial TiO,
concentration of 20 000 ppm, with two integration steps over 24
hours, resulted in the thickest TiO, layer. However, no further
increase in TiO, thickness occurred after repeating the inte-
gration. In contrast, the present study found that the integra-
tion of TiO,-Ag reached saturation much more quickly, after
just one 12 hours integration step with an initial TiO,-Ag
concentration of 35 000 ppm. The difference may arise from the
uniform dispersion of TiO,-Ag within the alginate and the
continuous stirring that occurred during the integration
process in this study, contrasting with the static condition of
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Table 1 Variation in Ti and Ag concentrations immobilized on EC under varying time and TiO,—Ag concentration conditions

Original EC

Ti content in

Ti (ppm)

38.94 £ 5.32

Ti content on EC (ppm)

Ag (ppm)

Ag content on EC (ppm)

TiO,-Ag Time Sample

20 000 ppm 6h TiO,-Ag/ECq_s0k
12 h TiO,~Ag/EC15 0k
18 h TiO,~Ag/EC 1550k

25 000 ppm 6h TiO,-Ag/ECq_z5K
12 h TiO,-AZ/EC15 551
18 h TiO,~Ag/EC15 a5k

30000 ppm 6h TiO,-Ag/ECq_30k
12 h Ti0,~Ag/EC15_s0k
18 h TiO,~Ag/EC15_30k

35000 ppm 6h TiO,-Ag/ECq 35k
12 h TiO,-AZ/EC15_35
18 h TiO,~Ag/EC15 35k

524.32 + 63.21
597.26 & 20.40
755.85 + 28.53
685.36 £+ 10.06
814.33 £+ 30.11
864.63 & 6.79
631.09 + 89.44
957.00 + 52.95
1198.60 + 42.39
1691.25 + 19.02
2503.95 £ 35.80
2584.51 £ 49.52

154.47 + 24.74
132.63 &+ 37.65
133.66 + 8.12
306.71 & 63.58
116.71 + 2.76
226.00 & 39.93
354.75 + 34.21
405.17 £ 52.73
350.73 + 34.85
793.5 £ 92.62
961.62 + 54.55
332.45 + 23.85

the TiO, nanoparticles during the integration process described
by Kaur et al*® This study investigated a novel strategy for
improving TiO,-Ag nanoparticles’ immobilization efficiency.
The approach emphasizes two principal factors. First, alginate
chains function as an effective matrix for coating the porous
surface of the EC carrier, facilitated by water flow induced
through mechanical stirring. However, careful optimization of
stirring speed is required to prevent excessive shear stress,
which may lead to detachment of the immobilized TiO,-Ag
nanoparticles from the carrier surface. Overall, the results
demonstrate that the immobilization efficiency is governed by
multiple parameters, including the physicochemical properties
and concentration of TiO,-Ag, as well as the morphological
characteristics of the EC carrier.

Previously, various methods have been employed in previous
research to integrate photocatalytic substances into materials,
including high-temperature treatment, sol-spray coating, elec-
trodeposition, chemical vapor deposition (CVD), and dip-
coating.” Electrodeposition, for example, allows for the
formation of photocatalytic layers with controllable thicknesses
tailored to specific structures.** Dunlop et al. used electrode-
position to coat semiconductor materials with TiO, under an
electric current and subsequently heated them at 500 °C to
enhance stability.* Similarly, thermal treatment is a common

10.0um [ IMS-NKL &

method for integrating TiO, onto carriers, with annealing
temperatures around 400 °C promoting the transformation of
TiO, from anatase to rutile, a more stable form.*> However,
these techniques, though efficient, are impractical for aqua-
culture applications due to the significant costs and sophisti-
cated equipment required.

Hydrogen peroxide formation by the TiO,-Ag/EC
photocatalytic activity

TiO,-Ag nanoparticles exhibit enhanced reactive oxygen species
(ROS) formation activity under visible light compared to TiO,
alone, primarily due to the localized surface plasmon resonance
effect of the silver nanoparticles.” One of the major ROS
compounds generated by TiO,-Ag is hydrogen peroxide (H,0,).
During sunlight irradiation, electrons from the conduction
band can reduce O, to produce H,0,. However, to date, the
resultant product concentrations have been limited in study.
In this research, TiO,-Ag immobilized on -electrospun
composite (EC) material was tested for its H,O, production
ability. The results, presented in Fig. S4,7 showed that H,O,
concentration increased with irradiation time, reaching a peak
value of approximately 280 mM after 4 hours. The material
demonstrated highly stable H,0, production, maintaining

Fig. 2 FESEM images of TiO,—Ag nanoparticles integrated on EC materials at magnifications of 5 k (a), 10 k (b), and 25 k (c).
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a concentration of 266.22 + 13.42 mM even after being
continuously tested for 10 cycles. These results provide evidence
of the photocatalytic activity of the TiO,-Ag/EC material.

Antibacterial activity of TiO,-Ag/EC

The prolonged overuse of antibiotics for disease prevention and
treatment presents significant risks to both environmental and
human health. A comprehensive review of studies published
from 2002 to 2023 by Suyamud et al. identified three pathogenic
bacterial genera, including Escherichia coli, Aeromonas, and
Vibrio as the common carriers of antibiotic resistance genes
within aquaculture systems.® In recent years, photocatalytic
materials have gained significant attention for their promising
ability to eliminate pathogenic bacteria. Typically, TiO, mate-
rials require UV light to excite electrons from the valence band
to the conduction band, generating highly reactive oxygen
species (ROS) radicals. However, in this study, Ag-modified TiO,
nanoparticles were employed to enhance the visible light
absorption ability of the material. After two hours of sunlight
exposure, the TiO,-Ag/EC material successfully inactivated V.
parahaemolyticus, V. harveyi, and E. coli pathogens, reducing
their concentrations from approximately 10° CFU mL ™" to 7, 68,
and 12 CFU mL ™", respectively. These reductions correspond to
antibacterial efficiencies of 6.0, 5.1, and 5.8 log reductions (Ny/
N,), as shown in Fig. 3. A study by Zhang et al. also examined the
use of TiO,-Ag integrated into a ceramic carrier to inhibit E. coli
pathogens. However, after a 2 hours irritation, the material
achieved only a 2-3 log reduction in bacterial count, which is
significantly lower than the effectiveness of the TiO,-Ag/EC
material (Table 2).

(a)

== EC
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1 2 8 4 5 6 7
Reuse times
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To enhance the reuse of TiO,-Ag/EC, the materials were
gently rinsed with distilled water and air-dried in the dark at
room temperature before undergoing further testing. The
results showed that after four cycles of reuse, the TiO,-Ag/EC
material retained substantial antibacterial activity, achieving
an efficiency of over a 4 log reduction (Ny/N,) against V. para-
haemolyticus and V. harveyi (Fig. 3). Although the antibacterial
efficiency gradually decreased from 5.1-6.0log reductions to
2.5-3.2log reductions (N¢/N,) at the 7th reuse, the material
remained highly effective at eliminating pathogenic bacteria. It
reduced bacterial concentrations from 10° CFU mL™" to
approximately 10> CFU mL ™" within just 2 hours of treatment.
The antibacterial performance of TiO,-Ag/EC is comparable to
other materials, such as TiO,/Ag/Ni films,* Mn- and Co-doped
TiO,,”® and TiO, nanoparticles encapsulated in cellulose
acetate films,* as previously reported (Table 2).

Additionally, Joost et al. have suggested that during photo-
catalysis, reactive oxygen species (ROS) disrupt bacterial cell
integrity, leading to the leakage of intracellular components.
While titanium dioxide (TiO,) can kill bacteria within 20
minutes, electron microscopy reveals that cell debris may
persist on the surface even after 60 minutes of treatment.*
These residual debris can hinder light absorption and block the
active sites of the photocatalyst, thereby diminishing its efficacy
upon reuse.”** Therefore, after bacterial inactivation by TiO,,
prolonging the reaction time is essential to ensure complete
degradation of the cell components. Besides, methods such as
heating, ultrasonic treatment, or the use of basic solutions can
effectively eliminate accumulated impurities, thus regenerating
the surface of the photocatalyst for future applications.** Cao
et al. reported that heating TiO, to 420 °C was required to

(
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~—"
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== EC TiO2-Ag/EC
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Fig. 3 Pathogen inhibition ability of TiO,—Ag/EC against V. harveyi (a), V. parahaemolyticus (b), E. coli (c), and TiO,—Ag/EC antibacterial efficacy (d).
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remove all organic compounds adsorbed during the toluene
degradation process.*” In contrast, the present study demon-
strated that simple water rinsing was sufficient to preserve the
antibacterial activity of TiO,-Ag/EC after seven uses, empha-
sizing the ease of use of the material for preventing pathogen
spread in aquaculture systems.

Antibiotics photodegradation activity of TiO,-Ag/EC

The excessive accumulation of antibiotics in the environment
has led to the emergence of antibiotic-resistant genes and
bacteria. Thus, this study assessed the TiO,-Ag/EC material not
only for its capacity to inhibit pathogenic bacteria but also for
its effectiveness in degrading several widely used antibiotics in
aquaculture, including tetracycline (TET), oxytetracycline
(OTC), and rifampicin (RIF). During the treatment process, the
TiO,-Ag/EC material was introduced to an antibiotic solution
and allowed to remain static in the dark for 30 minutes to
achieve adsorption equilibrium, followed by exposure to natural
sunlight for photocatalytic degradation. The environmental pH
and initial antibiotic concentrations were identified as critical
factors influencing degradation efficiency. Thus, the degrada-
tion process was evaluated at four pH levels (3, 5, 7, and 9) and
three antibiotic concentrations (10, 20, and 30 ppm).

TiO,-Ag typically exhibits an isoelectric point (pH,,.) of 6.6.
Hence, at pH levels below this threshold, the material possesses
a positive surface charge, whereas at pH values above 6.6, it
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oxytetracycline (OTC) are classified as amphoteric substances,
possessing the capability to both donate and accept protons.
Moreover, the two antibiotics display similar pK, values: pK,;
ranges from 3.27 to 3.30, pK,, from 7.32 to 7.68, and pK,; from
9.11 to 9.69.>* At pH levels either below 3 or above 9, TET, OTC,
and TiO,-Ag all exhibit the same charge, which leads to elec-
trostatic repulsion and consequently limits the degradation
processes. According to Sun et al. reactive oxygen species (ROS)
have short lifespans and are easily decomposed as they move
away from the photocatalyst surface.’® Therefore, it is crucial to
maintain close binding of pollutants to the TiO,-Ag/EC surface
to accelerate the photocatalytic reaction rate.

As the pH increases from 3 to 7, the positive charge on TiO,—
Ag decreases, while TET and OTC become neutral, reducing
electrostatic repulsion and significantly enhancing degradation
efficiency. For example, at pH 3, degradation efficiency for TET
and OTC was 86.9-89.6%, which increased to 92.3-95.1% at pH
7, with an initial antibiotic concentration of 10 ppm. At pH
levels of 7-9, the antibiotic compounds and TiO,-Ag carry
negative charges, however, the charge density of both compo-
nents may still be low, allowing degradation efficiency to
remain high, reaching 94.6% for TET and 97.8% for OTC (Fig. 4
and 5).

In the photocatalytic degradation process of TET and OTC, it
is suggested that the reactive oxygen species (ROS) produced by
TiO,-Ag initiate oxidative reactions such as hydroxylation,
quinonization, decarbonylation, demethylation, and dehydra-

acquires a negative charge.®® Tetracycline (TET) and tion. These reactions lead to the cleavage of carbon-carbon (C-
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Fig. 4 Photodegradation of tetracycline (TET) by TiO,—Ag/EC material at various environmental pH and initial antibiotics concentrations.
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Fig. 5 Photodegradation of oxytetracycline (OTC) by TiO,—Ag/EC material at various environmental pH and initial antibiotics concentrations.

C) and carbon-nitrogen (C-N) bonds, disruption of the fused,
linearly connected ring structures of the antibiotics, and ulti-
mately resulting in mineralization of antibiotics into harmless
end products like carbon dioxide (CO,), ammonium (NH,"),
and water (H,0).%

In case of the rifampicin (RIF), the ROS initially cleave the
carbon atom bonded to the amino group, triggering demethy-
lation. This process breaks the tetrahydrofuran ring, resulting
in mineralization into CO, and H,0.*” The RIF has the two pK,
values of 1.7 and 7.9.%® As the pH shifts from 3 to 5, RIF becomes
neutral, while the positive charge on TiO,-Ag decreases,
enhancing the binding of RIF to the photocatalyst and resulting
in a degradation efficiency of 95.7%. However, RIF degradation
is inhibited at higher pH values. At pH 7, 76.7% of the initial RIF
concentration (10 ppm) was degraded after 4 hours, while this
decreased to 69.9% at pH 9 (Fig. 6).

Simultaneously with the photocatalytic process, antibiotics
can directly absorb photons, which alters their chemical struc-
tures and contributes to their degradation.** Compounds with
alternating saturated and unsaturated bonds, such as TET,
OTC, and RIF, are more likely to undergo direct photon
absorption.*® The results showed that the photolysis process
could degrade 53.7% to 63.6% of TET and OTC at an initial
concentration of 10 ppm (Fig. 4 and 5). However, as the anti-
biotic concentration increased to 20 or 30 ppm, the photolysis
efficiency dropped below 50%. Rifampicin is more resistant to
degradation in the absence of TiO,-Ag/EC. At a concentration of
10 ppm (pH 7), only 15.7% of the initial RIF was removed after 4

18332 | RSC Adv, 2025, 15, 18324-18337

hours of photolysis, while the addition of TiO,-Ag/EC increased
the degradation efficiency to 76.7% (Fig. 6). The obtained
results consistent with findings from Dai et al., which reported
lower photolysis efficiency for TET degradation compared to
photocatalytic treatments.*' Research by Zambrano et al. further
emphasizes the effectiveness of TiO, in antibiotic degradation,
revealing that several antibiotics, including tetracycline, cipro-
floxacin, sulfadiazine, and sulfamethoxazole, take 100 to 240
hours to degrade under UV-C exposure, while TiO, enhanced
the degradation efficiency to 99-100% in just 3.5 to 15.6 hours.**
These findings proved the critical role of TiO,-Ag/EC in
improving the efficiency of antibiotic degradation, highlighting
its potential for addressing residual antibiotics in the
environment.

To evaluate the stability and reusability of the TiO,-Ag/EC
catalyst, we conducted repeated cycles of tetracycline (TET)
degradation under identical conditions, initial concentration of
10 ppm at neutral pH (7.0), for up to 10 cycles. As shown in
Fig. S5, the catalyst maintained over 80% removal efficiency for
the first six cycles. However, a noticeable decline was observed,
with efficiency dropping to below 40% by the 10th cycle.

Interestingly, this decrease in activity does not appear to be
associated with the relatively stable concentrations of H,O,
produced by TiO,-Ag/EC in deionized water, as illustrated in
Fig. S4.7 This suggests that the diminished photocatalytic effi-
ciency may be more related to surface fouling, likely caused by
the adsorption of intermediate degradation products rather
than to catalyst leaching.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photodegradation of rifampicin (RIF) by TiO,—Ag/EC material at various environmental pH and initial antibiotics concentrations.

Although we did not directly measure TiO,-Ag leaching in
this study, the immobilized nature of the TiO,-Ag on the EC
carrier and the consistent ROS generation imply minimal
catalyst loss. For practical applications, it is recommend further
enhancing catalyst stability by applying a chitosan coating to
the TiO,-Ag/EC material. Chitosan is poorly soluble at neutral
PH, such as that found in aquaculture environments, and could
help prevent the detachment of TiO,-Ag without compromising
photocatalytic activity.*

Kinetic study on the antibiotics photocatalytics degradation
process

To further investigate the degradation of these antibiotics by
TiO,-Ag/EC, the kinetics of the process using the pseudo-first-
order (PFO) kinetic model was also analyzed. The R values
for all models ranged from 0.87 to 0.99, showing a good fit for

Table 3 The rate constant (k) and R? value for antibiotic degradation
using TiO,—Ag/EC material under sunlight

Oxytetracycline Tetracycline Rifampicin

k Rk Rk R
pH3 545x10° 099 553x10° 095 4.92x10° 0.97
pH5 571 x10% 098 6.24x10° 098 9.23x10° 0.87
pH7 6.40x 107> 090 7.30x 107° 0.99 4.58 x 107> 0.92
pHY9 10.83 x10° 0.99 831 x10° 098 3.45x10° 0.95

© 2025 The Author(s). Published by the Royal Society of Chemistry

the experimental data. The degradation rate constants (k) for
TET, OTC, and RIF at a concentration of 20 ppm under different
pH conditions are shown in Fig. S21 and Table 3. Specifically,
the rate constants for TET and OTC increased from 5.45 x 10°
and 5.53 x 10> at pH 3 to their highest values of 10.83 x 10~°
and 8.31 x 10~% at pH 9, which correlates with the increased
degradation efficiency that was observed under basic condi-
tions. In contrast, RIF degradation was most efficient in mildly
acidic conditions, pH 5, with the highest rate constant of
9.23 x 10,

Impact of degraded antibiotic solutions on the growth of
bacteria

The addition of probiotics, particularly Lactobacillus species, to
aquaculture environments or feeds is commonly used to
enhance digestion, growth performance, and overall produc-
tivity. However, the growth of Lactobacillus is sensitive to envi-
ronmental factors, as it is a non-spore-forming bacterium.*
Therefore, this study aimed to evaluate the effectiveness of
photocatalytic and photolysis processes in reducing the toxicity
of residual antibiotics on the growth of Lactobacillus
acidophilus.

Tetracycline (TET) and oxytetracycline (OTC), both members
of the tetracycline antibiotic group, have chemical structures
with multiple binding sites for metal ions, such as the B-dike-
tone system (C11, C12), enol group (C1, C3), and carboxamide

group (C2).** These antibiotics form complexes with
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Fig. 7 Effects of original antibiotics (TET, OTC, and RIF), photolyzed

antibiotics (TETgc, OTCgc, and RIFgc), and photocatalytically degraded

antibiotics by TiO,—Ag/EC materials (TETta, OTCra, and RIFta) on the growth of L. acidophilus (left) and V. parahaemolyticus (right).

magnesium ions (Mg**), which inhibit protein synthesis in the
30S ribosomal subunit, contributing to their antibacterial
effectiveness. In this study, the growth of L. acidophilus was
completely inhibited at antibiotic concentrations of 5% (0.5 mg
mL ") for both TET and OTC. An increase to 10% concentration
also resulted in the inactivation of V. parahaemolyticus bacteria.
Nevertheless, after 4 hours of photocatalytic treatment using
TiO,-Ag/EC material, over 92% of the TET and OTC content was
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degraded. As a result, the treated antibiotic solutions, TETy,
and OTCr,, lost their ability to inhibit the growth of L. acid-
ophilus and V. parahaemolyticus at the tested concentrations. At
the 30% supplementation level, the growth of bacterial strains
in TETt, and OTCr, was comparable to those in the negative
control, which contained no antibiotics (Fig. 7).

Yuan et al. proposed that reactive oxygen species (ROS)
generated during photocatalysis can break the chemical bonds
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Fig. 8 Dependence of the COD removal activity of TiO,~Ag/EC on initial COD concentrations: 25 mg L™ (a), 50 mg L~* (b), and 100 mg L™* (c).
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in oxytetracycline (OTC), converting it into harmless byproducts
such as 1,4-benzenedicarboxylic acid, 4-oxopentanoic acid, and
glycerin.*® Nevertheless, the intermediate products formed
during the photolysis of OTC may have altered functional
groups but retained a tetra-phenyl structure, allowing them to
penetrate bacterial membranes, including those of luminescent
bacterial strains.”” Furthermore, in the present study, the
photolysis of antibiotics in the presence of EC without TiO,-Ag
resulted in only partial degradation of TET and OTC, with effi-
ciencies of 57.5% and 64.0%, respectively (Fig. 4 and 5). As
aresult, at TETgc and OTCgc concentrations of 15%, the growth
of both bacterial strains was effectively inhibited. Similar
results were observed with the antibiotic rifampicin (RIF),
where L. acidophilus was completely inhibited at a concentra-
tion of 5% RIFgc but grew normally in the presence of 30%
RIFy, (Fig. 7).

COD removal

In addition to the concerns regarding the spread of pathogens
and antibiotic residues, the accumulation and subsequent
decomposition of excess feed contribute to an increasing
concentration of organic matter in the waterbody, which can
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lead to the deterioration of water quality in the aquaculture
environment. The findings presented in Fig. 8 demonstrate that
the TiO,-Ag/EC material (10% w/v) can effectively reduce the
initial chemical oxygen demand (COD) concentration of
25 mg L' by 92.9 £ 0.7% after 32 hours of sunlight exposure.
Notably, the removal efficiency remained high, exceeding 86%
after 40 hours of treatment when COD concentrations increased
to 50 mg L' and 100 mg L. It is worth mentioning that while
photolysis of organic compounds occurred under sunlight, the
efficiency of this process was relatively lower, at approximately
25.5% across all three tested COD concentrations.

To evaluate the impact of TiO,-Ag/EC concentration on COD
removal efficiency, varying concentrations of TiO,-Ag/EC,
ranging from 0.5% to 10% w/v, were introduced to
a 100 mg L™ COD solution. As illustrated in Fig. 9, an increase
in TiO,-Ag/EC concentration from 0.5% to 2.5% w/v resulted in
a reduction of the remaining COD from 33.6 + 5.5 mg L™ to
18.4 + 3.1 mg L', achieving a maximum COD removal effi-
ciency of 82.7 £ 2.0% after 40 hours of illumination. Munien
et al. revealed that UV illumination with a TiO, concentration of
600 ppm can achieve a COD removal rate of 25.88% in domestic
wastewater.*® Additionally, Orojlou et al. found a significantly
higher COD removal efficiency of 94.5% in industrial
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Fig.9 Effects of various concentrations of TiO,—Ag/EC additions: 0.5% (a), 1% (b), 2.5% (c), 5% (d), and 7.5% (e) w/v on COD removal efficiency.
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wastewater at an increased TiO, concentration of 2000 ppm.*
In contrast, the TiO,-Ag/EC composite was synthesized with an
integrated Ti content of approximately 2500 ppm, hence, an
addition ratio of 2.5% w/v TiO,-Ag/EC corresponds to a photo-
catalyst concentration of about 62.5 ppm. Nevertheless, the
floatable properties of TiO,-Ag/EC enhance light absorption
and oxygen interaction, thereby improving photocatalytic
activity. As a result, this material can achieve a COD removal
efficiency exceeding 80% when applied to an initial COD
concentration of 100 mg L~ " over a treatment period of 40
hours.

However, as the TiO,-Ag/EC concentration increased to 5%
and 7.5% w/v, the efficiency subsequently decreased to 65.2 +
6.7%. A similar phenomenon was reported by Zhang et al.,
where the rise in the concentration of the photocatalyst KBNNO
([KNbO3]y.o-[BaNiy sNby 503—6]o.,) from 1800 to 2000 mg L "
did not significantly enhance the removal efficiency of methyl
blue dye.* This phenomenon can be explained by the fact that
at lower photocatalyst densities, the number of photons
absorbed and converted into reactive oxygen species (ROS)
radicals is limited, resulting in lower degradation efficiency.
Conversely, when the photocatalyst concentration exceeds
a certain threshold, the nanoparticles may shadow one another,
which reduces light absorption and overall photocatalytic
activity. Therefore, it is essential to identify the minimum
concentration of material needed to achieve effective treatment
efficiency for each treatment model to reduce investment costs.

In addition to the COD decomposition process, the forma-
tion of inorganic compounds such as NH," and NO,” was
observed, with their concentrations increasing over time
(Fig. 9). The reactor containing 2.5% w/v TiO,-Ag/EC demon-
strated the most effective performance in degrading organic
compounds, resulting in high concentrations of NH," and
NO, ", measured at 18.7 = 1.2 mgN L' and 7.9 + 0.2 mgN L™},
respectively. Therefore, a combination of multiple strategies is
essential for effectively addressing the nitrogen pollution
generated during the degradation of organic compounds in
aquaculture systems.

Conclusions

The present study demonstrates the effectiveness of the float-
able photocatalyst material, TiO,-Ag/EC, in addressing envi-
ronmental issues commonly encountered in aquaculture
systems. The integration of the photocatalyst within the EC
materials is influenced by both the characteristics and
concentration of TiO,-Ag, as well as the structural features of
the material itself. The TiO,-Ag/EC (10% w/v) material can
eliminate pathogenic bacteria such as Vibrio harveyi, Vibrio
parahaemolyticus, and Escherichia coli within just 2 hours of
sunlight exposure. Moreover, the antibacterial activity of the
TiO,-Ag/EC material remains effective even after seven uses. In
addition to its antibacterial properties, TiO,-Ag/EC has
demonstrated the ability to degrade three types of antibiotics:
tetracycline, oxytetracycline, and rifampicin. The degradation
efficiency varies based on pH conditions and the initial
concentrations of the antibiotics. Notably, the floatable
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properties of TiO,-Ag/EC enhance light absorption and oxygen
interaction, thereby improving photocatalytic activity. With an
additional ratio of 2.5% w/v, TiO,-Ag/EC achieves a COD
removal efficiency exceeding 80% when applied to an initial
COD concentration of 100 mg L™ " over a treatment period of 40
hours. These findings suggest that the TiO,-Ag/EC material has
significant practical potential for improving water quality in the
aquaculture system.
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