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Abstract

Antibiotics, including Azithromycin, have been increasingly detected in the environment over recent decades,
contributing to significant environmental pollution and posing risks to human health. This study aimed to evaluate the
photocatalytic removal efficiency of Azithromycin from aqueous solutions using Fe-doped TiO@FesO. hanocatalysts
under a 30-W UVC lamp, two 15-W lamps with an irradiance of approximately 15mW/cm2. The nanocatalysts were
synthesized via a sol-gel method, with their properties confirmed through SEM, XRD, FTIR, and VSM analyses,
verifying the incorporation of Fe ions into the TiO,@Fe304 structure. The effects of key variables were investigated,
including pH (3, 5, 7, 9, 11), initial Azithromycin concentration (50, 100, 150 mg/L), nanocatalyst dosage (500, 1000,
1500 mg/L), and reaction time (30, 60, 90 min). The maximum degradation efficiency of 95% was achieved at pH 3,
an initial Azithromycin concentration of 50 mg/L, a catalyst dosage of 1000 mg/L, and a reaction time of 90 minutes.
Given the high efficiency of this photocatalytic process, its application is recommended for the removal of
Azithromycin from water resources.
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Introduction

In recent decades, antibiotics have been
increasingly detected in various environmental
compartments, contributing to significant
pollution and posing risks to human health (1).
Among these, Azithromycin stands out as one of
the most widely used antibiotics globally,
prescribed for treating infections caused by
anaerobic bacteria and protozoa (2). It is also
utilized in veterinary medicine to control
parasites in livestock, poultry, and aquaculture
feed (3). Due to its high chemical stability,
resistance to biodegradation, and significant
aqueous solubility, Azithromycin is poorly
removed by conventional wastewater treatment
processes (4)(5). This persistence leads to its
accumulation in aquatic environments, where it
exerts toxic, carcinogenic, and mutagenic effects
on organisms and contributes to the rise of
antimicrobial resistance (6)(7)(8). Therefore, the
development of efficient strategies for the
removal of Azithromycin from contaminated
aquatic environments is essential to safeguard
both environmental integrity and public health.

Antibiotics in water and wastewater pose a
serious environmental challenge, and numerous
treatment technologies have been explored to
mitigate  their impact (9). Conventional
approaches such as adsorption, biological
treatment, and membrane filtration are commonly
used but often prove insufficient (10)(11)(12).
Adsorbents can quickly lose capacity and require
regeneration or disposal, membranes are
vulnerable to fouling and costly maintenance, and
biological systems are easily inhibited by the
toxic nature of antibiotics (13)(14)(12). An
alternative strategy involves oxidative processes.
Traditional oxidation may only partially degrade
contaminants, producing secondary pollutants
that can remain hazardous. In contrast, advanced
oxidation processes (AOPSs) operate through the
in situ generation of reactive oxygen species,
predominantly hydroxyl radicals, which exhibit
strong oxidative potential capable of degrading
and mineralizing complex organic compounds.
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(15). This makes AOPs highly effective for the
elimination of antibiotics and other persistent
compounds (16). The development of
nanotechnology-based solutions has added a new
dimension to water purification. Engineered
nanomaterials offer a large surface-to-volume
ratio, tunable surface properties, and enhanced
reactivity (17). Magnetic nanocomposites present
notable advantages by combining high sorption
capacity with magnetic separability, economic
viability,  reusability, and environmental
compatibility, rendering them highly effective
candidates for advanced water treatment
technologies. These features make them more
efficient and practical compared to many
conventional adsorbents (18)(19). Among
nanomaterials, iron nanoparticles have drawn
attention due to their strong redox activity,
enabling the removal of diverse pollutants,
including  halogenated organics, nitrates,
pesticides, dyes, heavy metals, and antibiotics
(20)(21)(22). Similarly, titanium dioxide (TiO2)
is currently the most extensively utilized
photocatalyst in wastewater treatment, owing to
its chemical stability, cost-effectiveness, non-
toxic nature, and high photoactivity under UV
irradiation. TiO2-based  systems have
consistently demonstrated high performance in
degrading pharmaceutical residues (23)(23)(24).

The environmental persistence of antibiotics,
particularly Azithromycin, in aquatic ecosystems
presents a substantial threat to ecological balance
and public health, thereby necessitating the
development of effective treatment strategies.
Titanium dioxide (TiO2) is a widely utilized
photocatalyst due to its chemical stability and
strong oxidative potential; however, its practical
performance is hindered by a wide band gap and
rapid  electron—hole  recombination.  The
incorporation of iron oxide (Fe:0:) has been
shown to effectively narrow the band gap,
enhance charge carrier separation, and improve
overall photocatalytic efficiency. Accordingly,
this study aims to synthesize magnetically
recoverable Fe-doped TiO2@Fes04
nanocatalysts, characterize their physicochemical
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properties, and assess their performance in the
photocatalytic degradation of Azithromycin
(AZM) from aqueous media.

Materials and methods

In this study, all chemicals were of analytical
grade and used without further purification.
Ferric chloride hexahydrate (FeCl3-6H20),
ferrous chloride tetrahydrate (FeCl2:4H20),
ferric nitrate (Fe(NOs)s), ammonia solution,
ethanol, deionized water, nitric acid (HNO3),
titanium(IV)  isopropoxide, sulfuric  acid
(H2S04), and sodium hydroxide (NaOH) were
obtained from Merck (Germany). Azithromycin
dihydrate (C38H72N:012:2H20), used as the
target contaminant in photocatalytic degradation
experiments, was purchased from Sigma-Aldrich.

Synthesis of Magnetic Iron Oxide (Fes0s)

Nanocatalysts

Fe;O, nanocatalysts were prepared by
dissolving 5 g FeCl,»4H,O0 and 4.71 ¢
FeCl;°6H,0 in 200 mL of double-distilled water
under stirring (600 rpm). Ammonia solution (1.5
mM) was added dropwise until pH > 8, forming
a black precipitate. The reaction proceeded for 2
hours wunder a nitrogen atmosphere with
continuous stirring. The product was washed
repeatedly with distilled water and dried at room
temperature to obtain the final nanocatalyst (25).

Synthesis of Fe-doped TiO,@Fes04

Nanocatalysts

In this study, Fe-doped TiO,@Fe;0, and Fe-
doped TiO, nanocatalysts were synthesized via
the sol-gel method, known for producing
uniform and highly reactive nanomaterials.

To begin, Fe (NOs)s;, ethanol, deionized
water, and HNO3 were stirred to form solution 1.
Separately, titanium (1V) isopropoxide, ethanol,
and Fe;O, nanoparticles were mixed to prepare
solution 2. Solution 1 was added dropwise into
solution 2 under stirring to initiate hydrolysis and
condensation. After forming a homogeneous
solution, the mixture was aged for 5 hours at
room temperature. The resulting gel was washed,
dried at 100°C for 2.5 hours, and calcined at
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500°C for 1 hour to enhance crystallinity and
photocatalytic performance (26).
Characterization of nanoparticles

The synthesized Fe-doped TiO@FesOs
nanocatalysts were extensively characterized to

confirm  their  structural,  morphological,
magnetic, and compositional  properties.
Techniques such as scanning electron

microscopy (SEM) and transmission electron
microscopy (TEM) were used to observe particle
size and morphology, X-ray diffraction (XRD)
was employed to determine crystal structure,
energy-dispersive X-ray spectroscopy (EDX)
confirmed elemental composition, and vibrating
sample magnetometry (VSM) was applied to

evaluate magnetic properties. These
comprehensive characterizations ensured that the
nanocatalysts possessed the desired
physicochemical  properties for  effective

photocatalytic degradation of target contaminants
such as azithromycin.

Photocatalytic
Nanocatalysts

The photocatalytic degradation of
azithromycin was investigated by evaluating the
effects of pollutant concentration, Fe-doped
TiO,@Fe;04 nanoparticle dosage, UV exposure
time, and initial solution pH. Azithromycin
solutions (1000 mL) were prepared at
concentrations of 50, 100, and 150 mg/L, and the
pH was adjusted to 3, 5, 7, 9, and 11 using 0.1 N
NaOH or H2SO04. Fe-doped TiO.@Fe;0,
nanocatalysts were added at doses of 500, 1000,
and 1500 mg/L. The suspensions were stirred in
the dark for 15 minutes to achieve adsorption—
desorption equilibrium before UV-C irradiation
using two 15-Watt lamps (Time contact: 30, 60,
and 90 min). Samples were collected at regular
intervals, and the nanocatalysts were separated
before analysis. Azithromycin concentrations
were measured using UV-Vis spectroscopy at
462 nm. The photocatalytic degradation
efficiency was calculated as (26):

Activity of Prepared

Ci _Co

x 100

removal % =

(1

l
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CO is the initial azithromycin concentration,
and Ce is the concentration after irradiation.
Optimal conditions were determined to maximize
degradation efficiency under UV-C light.

Results and Discussion

SEM Analysis

Scanning Electron Microscopy (SEM) was
used to examine the morphology and size
distribution of the Fe-doped TiO,@Fes04
nanocatalysts. The SEM images (Figure 1) reveal
that the particles are generally well-formed, with
sizes below 100 nm and predominantly smooth
surfaces. Some aggregation is observed, which
can be attributed to the fine particle size and the

magnetic nature of the nanocatalysts. Overall, the
images indicate a uniform morphology with
discrete nanoparticles that occasionally cluster,
reflecting both their nanoscale dimensions and
inherent magnetic interactions. In the study by
Tan et al., the microstructural analysis of
TiO2/Fes04 nanocomposites revealed no notable
differences among the samples. The

nanoparticles were predominantly spherical and
of small size, with no significant aggregation
observed in the SEM micrographs. The average
particle size was determined to be 92.6 + 7.2 nm,
and the structures exhibited visible porosity,
which could be beneficial for enhancing surface-
related properties (27)

Figure 1. SEM images of Fe-doi)ed TiO:@Fe304 nanocatalysts. Scale br: 200 nm

XRD Analysis

The X-ray diffraction (XRD) pattern of the
Fe-doped TiO2@Fe304 nanocatalysts (Figure 2)
displays sharp and well-defined peaks, indicating
a highly crystalline structure. Reflections at
25.32°, 37.78°, 47.98°, 54.20°, 55.02°, 62.11°,
and 69.21° validate the anatase phase. Minor
peaks at 62.11°, 69.21°, 70.48°, and 75.23°
indicate partial Fe3" incorporation due to ionic
radius similarity with Ti**, causing slight lattice
distortion. This substitution stabilizes the anatase
phase, limits rutile formation, and preserves
photocatalytic efficiency (28).
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VSM Analysis

Magnetic nanocatalysts exhibiting
superparamagnetic behavior at room temperature
are ideal for efficient separation and reuse. The
magnetic  properties of the synthesized
nanocatalysts were characterized using Vibrating
Sample Magnetometry (VSM). As illustrated in
Figure 3, the Fe-TiO,@Fes;04 nanocatalysts
demonstrated a maximum saturation
magnetization of around 20.5 emu/g. These
results confirm that all samples possess
superparamagnetic characteristics, facilitating
their practical recovery and reuse in catalytic
applications.
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Figure2. The X-ray diffraction spectrum of Fe-doped TiO-@Fes3Osnanocatalysts
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Figure 3. Magnetic properties of the synthesized nanocatalyst sample Fe-doped TiO2 @ Fe3Oq

FTIR

Fourier-transform infrared (FTIR)
spectroscopy provides a spectrum of the infrared
radiation absorbed by a sample, allowing
identification of materials based on absorption
frequencies and intensities. Figure 4 highlights
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the characteristic peaks corresponding to
functional groups in the Fe-TiO:@Fe;Oa
nanocatalysts. The Ti—O-Ti vibrational modes
and the bending vibrations of C—H bonds in pure
TiO: appeared in the ranges of 478.76-685.87
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cm' and 1395.74 cm™', respectively. Weak
absorption bands observed at approximately
2354.55 and 2309.60 cm™' are attributed to the
Fe-doped TiO: spectrum. A peak at 2926.96 cm™
corresponds to the CH: groups from the precursor

3900 3400 2900 2400

1900

titanium  (IV) isopropoxide. Additionally,
absorbance bands at 3429.45 and 1614.65 cm™
are associated with the O—H stretching vibrations
and bending vibrations of adsorbed water
molecules, respectively (28).
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Figure 4. FTIR of Fe-TiO2@Fe304 nanocatalysts

Effect of pH

Figure 5 shows the effect of pH on the
Azithromycin antibiotic decomposition under
acidic, neutral, and basic conditions. The removal
efficiency is highly dependent on pH, with acidic
conditions favoring higher degradation rates.
According to the data, efficiency is 86% at pH 3,
80% at pH 5, 68% at pH 7, 50% at pH 9, and 40%
at pH 11 (with 68% efficiency observed at pH 7).
In acidic environments, the catalyst surface is
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positively charged, enhancing electrostatic
attraction to Azithromycin molecules and
promoting hydroxyl radical generation while
minimizing electron-hole recombination. As pH
increases to neutral or alkaline levels, the surface
becomes negatively charged, leading to
repulsion, reduced adsorption, and lower radical
production. For maximum removal, pH 3 is
optimal, as it maximizes favorable interactions
and reactive species formation in the system (29).
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Figure 5. Effect of pH on AZM Removal Efficiency Using Fe-doped TiO,@Fe;O,4 Nanocatalysts

Effect of Initial Azithromycin Concentration

After determining the optimum pH, the effect
of different Azithromycin concentrations was
investigated on the removal efficiency. The
photocatalytic removal efficiency of
Azithromycin using Fe-TiO.@Fe3;0,
nanocatalysts under UV light decreases as the
initial concentration increases (Figure 6). Based
on the provided data, at 50 mg/L, the removal
efficiency reaches 100%, dropping to 80% at 100
mg/L and further to 60% at 150 mg/L. This trend

50 100

occurs because higher concentrations lead to
saturation of the catalyst's active sites, increased
competition among Azithromycin molecules for
reactive oxygen species like hydroxyl radicals,
and the accumulation of degradation
intermediates that can inhibit further reactions.
Lower concentrations allow for more effective
adsorption and degradation, as there are sufficient
active sites and radicals available (5)(30). To
maximize removal, the optimal concentration is
50 mg/L, ensuring the highest efficiency without
overwhelming the photocatalytic system.
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Figure 6. Effect of Initial AZM Concentration on Its Removal Efficiency

Nanocatalysts

Effect of Fe-doped TiO.@Fes0. dosage

Increasing the catalyst dose initially improves
removal efficiency but can lead to a plateau or
slight decline beyond an optimal point. The data
shows 50% efficiency at 500 mg/L, peaking at
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Using Fe-doped TiO,@FezO,4

90% at 1000 mg/L, and then decreasing slightly
to 85% at 1500 mg/L (Figure 7). At lower doses,
there are insufficient active sites for radical
generation and pollutant adsorption. Higher doses
provide more surface area and reactive sites, but
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excessive ~ amounts  cause  nanoparticle
aggregation, increased solution turbidity, and
reduced UV light penetration due to scattering
(31). The optimal dose for maximization is 1000
mg/L, balancing sufficient catalytic activity with
minimal interference to light absorption and
overall process efficiency.

Effect of Contact Time

Removal efficiency increases with longer
contact time, allowing more opportunities for
interactions between Azithromycin and reactive

species. From the data, efficiency is 70% at 30
minutes, 90% at 60 minutes, and 95% at 90
minutes (Figure 8). Initially, degradation is rapid
due to abundant pollutant availability, but it slows
as concentrations decrease and intermediates
form. Extended time ensures near-complete
degradation  without  significant  catalyst
deactivation in this timeframe. The optimal
contact time for maximizing removal is 90
minutes, as it provides sufficient duration for the
reaction to approach completion, yielding the
highest efficiency observed.
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Figure 7. Effect of Fe-doped TiO@Fes04 concentration on photocatalytic degradation efficiency of AZM
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Figure 8. Effect of contact time on the photocatalytic degradation efficiency of AZM Using Fe-doped

TiO:@Fe;04 Nanocatalysts
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Conclusion

This study evaluated the efficiency of
Azithromycin photocatalytic oxidation from
aqueous solutions using synthesized Fe-doped
TiO,@Fes0, nanocatalysts. The nanocatalysts
were prepared via a simple sol-gel method, with
characterization confirming the successful
incorporation of Fe ions into the TiO;
nanocomposite structure. The maximum removal
efficiency of Azithromycin was achieved using a
30-W UVC lamp, two 15-W lamps with an
irradiance of approximately 15mW/cm? under
optimal conditions: pH 3, initial Azithromycin
concentration of 50 mg/L, catalyst dosage of
1000 mg/L, and a reaction time of 90 minutes.
These conditions yielded a removal efficiency of
up to 95%, as determined by experimental data.
Given the high efficiency of this photocatalytic
process, its application is recommended for
Azithromycin removal in water purification
processes.
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