Downloaded via UNIV OF HOUSTON MAIN on December 11, 2025 at 18:20:00 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEAPPLIED
NANO MATERIALS

www.acsanm.org Article

Magnetic Fe;0, Nanocubes Coated with Silica and Nb-Doped TiO,
for Recyclable Photocatalytic Degradation of Ciprofloxacin

Melissa Ariza Gonzalez, Minh Dang Nguyen, Quoc Minh Tran, Supawitch Hoijang,
Pailinrut Chinwangso, Francisco C. Robles Hernandez, Debora F. Rodrigues,* and T. Randall Lee*

Cite This: ACS Appl. Nano Mater. 2025, 8, 22540-22552 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Antibiotics, recognized as “emerging contaminants”,
have been detected in increasing concentrations within aquatic
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ecosystems, contributing to elevated pollution levels and oo §E s
accelerating the development of antimicrobial resistance. Cipro- Light %; g k)
floxacin (CIP), one of the most prescribed antibiotics globally, §§ § §

[ s g

exemplifies this challenge due to its persistence and resistance to
conventional wastewater treatment methods. The inefficiency of
existing water treatment approaches, often reliant on harmful
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chemical agents, exacerbates both health and environmental risks, ‘ _‘ °°P:.?.°c;3ys,s' 2 ' Highly
underscoring the need for a sustainable, effective, and eco-friendly -1 o ‘ K l) Catalyst

solution for antibiotic remediation. This study addresses this critical
issue by synthesizing strongly magnetic iron oxide nanocubes
(Fe;0, NCs) coated with silica (SiO,) and niobium-doped
titanium dioxide (Nb-TiO,)—Fe;0,@Si0,@Nb-TiO,—as a photocatalyst for CIP degradation under visible-light irradiation.
The magnetic Fe;O, core enables easy recovery and reuse of the nanoparticles (NPs), while Nb-TiO, doping improves
photocatalytic performance by reducing the bandgap and extending light absorption into the visible spectrum. The intermediate
SiO, shell mitigates interparticle interactions of the magnetic core and promotes the formation of a more crystalline TiO, structure.
Results demonstrate that the synthesized NPs remove from 90 to 96% of CIP across initial concentrations of S to 40 ppm under
visible light. The degradation followed pseudo-first-order kinetics, with the rate constant increasing as the initial CIP concentration
decreased. The catalysts retained their activity over five reuse cycles, highlighting their durability and potential as a sustainable
solution for antibiotic removal. This study emphasizes the integration of magnetic nanotechnology and photocatalysis as an
innovative, recoverable, and environmentally friendly approach to water treatment, contributing to global efforts to safeguard public
health and water resources.

Fe;0, Mineralization Products
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H INTRODUCTION sources facilitates the emergence of resistant bacterial strains,
diminishing treatment efficacy, elevating healthcare costs, and
contributing to rising global mortality rates.'’~"”
Ciprofloxacin (CIP) is among the most prescribed anti-
biotics worldwide and is widely used as an antibacterial agent
against a broad spectrum of pathogens. It is used to treat
various bacterial infections, including respiratory, urinary tract,
gastrointestinal, and skin infections."*"> Due to its extensive
use in human and veterinary medicine, along with its
persistence and resistance to degradation in conventional

Water is a vital resource on Earth, essential for the survival of
humans and other living organisms. It plays a crucial role in
safe drinking, sanitation, agriculture, and maintaining a healthy
ecosystem. However, the widespread production, consump-
tion, and improper disposal of antibiotics have led to their
persistent presence in water bodies, contributing to the global
issue of antimicrobial resistance (AMR) and ecological
imbalances.' ~® Major contamination sources include industrial
effluents, hospital and veterinary discharges, and wastewater
from antibiotic consumption.”* Even at low concentrations,
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persistence of antibiotics in water has made them a critical /
emerging contaminant, posing serious ecological and public oz
health implications.”” Their prolonged presence in water
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wastewater treatment processes, CIP is among the most
commonly detected antibiotics in wastewater and natural water
bodies."”"” The World Health Organization (WHO) recog-
nizes both the importance of CIP and the threat of CIP
resistance as critical public health concerns, highlighting the
need for improved monitoring and removal strategies.'*"®
Existing water treatment processes are often unable to fully
remove antibiotics from water and frequently rely on harmful
chemicals that introduce additional health and environmental
risks.>"? Developing sustainable, effective, and eco-friendly
strategies for antibiotic removal is essential to safeguard water
resources and address these risks.

Among emerging water treatment technologies, photo-
catalysis has shown significant promise for degrading persistent
contaminants like CIP.**"** Titanium dioxide (TiO,) is a
widely studied photocatalyst due to its high photocatalytic
degradation capacity, cost-effectiveness, environmental com-
patibility, and reusability.”**> However, its large bandgap
(~3.2 eV) restricts its activity to ultraviolet (UV) light, which
constitutes only ~5% of the solar spectrum, limiting its
practical application.”® To improve its photocatalytic effi-
ciency, TiO, can be modified through metal or nonmetal
doping, which extends light absorption into the visible range,
reduces electron—hole recombination for the degradation of
antibiotics in water.”’ >’

Magnetic nanoparticles (NPs), particularly iron oxide
(Fe;0,)-based materials, offer an innovative approach for
water treatment due to their ease of recovery using an external
magnetic field.””’' Modifying these NPs with photocatalytic
coating improves their performance, promoting dispersion and
stability.”” After pollutant degradation, magnetic separation
simplifies photocatalyst recovery, reducing material use and
eliminating energy-intensive techniques like filtration or
centrifugation. Fe;O, nanocubes (NCs) are promising for
water purification due to their enhanced magnetic properties;
they exhibit higher saturation magnetization than spherical
particles, improving their efficiency in magnetic separa-
tion.”*>** However, Fe;0, NPs are prone to oxidation or
degradation over time when exposed to oxygen, moisture, or
acidic conditions, leading to a loss of magnetic properties and
reduced performance.”® Surface modifications can mitigate
these effects, improving the stability and maximizing the
functionalities of NPs. However, direct TiO, coating on Fe;0,
can facilitate charge transfer from the shell to the core,
potentially causing the dissolution of iron ions into the
solution, which might reduce photocatalytic activity.”>”” To
overcome these challenges, a silica (SiO,) interlayer can be
introduced to improve structural stability, prevent aggregation,
and template a crystalline TiO, shell to enhance overall
photocatalytic performance.”®*® The incorporation of a
nonmagnetic SiO, shell has been widely reported to reduce
magnetic dipole—dipole interactions and limit agglomeration
in magnetic NP systems, thereby enhancing colloidal
stability.*"*!

Incorporating a niobium-doped TiO, (Nb-TiO,) shell layer
onto the magnetic NPs provides a promising approach to
improve photocatalytic performance and functional durability
while facilitating catalyst recovery and recycling after use.”” Nb
doping not only decreases the rate of electron—hole
recombination,”** but also modifies TiO, surface properties
by increasing surface area and active sites, thereby providing
additional reactive sites for pollutant degradation.™* Although
Nb-TiO, has not been specifically tested for antibiotic

degradation, it has been synthesized for applications such as
carbon dioxide reduction,**° hydrogen evolution, ™ organic
compound degradation,”*” and photovoltaic applications.***’
This integration of Nb doping and magnetic recoverability
creates a more sustainable and reusable photocatalyst, which is
particularly advantageous for wastewater treatment applica-
tions.

Existing water treatment processes often fail to adequately
remove antibiotics, relying on harmful chemicals that pose
additional risks to health and the environment. Therefore,
there is a pressing need to develop sustainable, effective, and
eco-friendly approaches for antibiotic removal. This study
addresses this challenge by synthesizing Fe;O, NCs coated
with SiO, and Nb-TiO, (Fe;0,@Si0,@Nb-TiO,) as a
photocatalytic material to degrade CIP under visible-light
exposure (see Scheme 1). The magnetic nature of the Fe;O,

Scheme 1. Schematic Representation of the Photocatalytic
Degradation Process of Ciprofloxacin Using Fe;0,@SiO,@
Nb-TiO, NPs with an External Magnetic Source for
Separation, Recovery, and Reuse

Photocatalysis

- 3
Recycle 'O;

core enables easy retrieval and reuse of NPs after treatment,
while Nb doping in TiO, extends light absorption to the visible
range by reducing the bandgap and enhancing light-harvesting
capacity. This study aims to develop a safe and efficient
approach for antibiotic remediation, prioritizing environmental
sustainability and public health, and demonstrates the potential
of integrating magnetic nanotechnology with photocatalysis for
recoverable and effective and water treatment solutions.

B EXPERIMENTAL SECTION

Materials. Iron(III) acetylacetonate (Fe(acac);, 99%),
benzyl ether (99%), oleic acid (90%), poly(oxyethylene)-
nonylphenyl ether) (Igepal CO-520), cyclohexane (99%),
tetraethyl orthosilicate (TEOS, 98%), hydroxypropyl cellulose
(HPC, My, ~ 100,000), titanium butoxide (TBOT, 97%),
niobium(IV) ethoxide (NbOEt, 99%), and ciprofloxacin (CIP)
were purchased from Sigma-Aldrich (USA). 4-Biphenylcarbox-
ylic acid (99%) was obtained from Acros Organics (USA, now
Thermo Scientific Chemicals, USA). Ammonium hydroxide
(28—30%) was sourced from VWR Chemicals BDH (USA).
Ethanol was purchased from Koptec (USA). Water was
purified to a resistance of 18 MQ-cm, employing an Academic
Milli-Q Water System (Millipore Corporation) and filtered
through a 0.22 ym membrane before use. All glassware used in
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Scheme 2. Step-by-Step Schematic Representation of the Synthesis of Fe;O0,@SiO,@Nb-TiO, NPs
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the experiments was cleaned with piranha solution (3:1
H,S04H,0,) and aqua regia solution (3:1 HCL:HNO,)
prior to use.

Synthesis of Size-Controlled Fe;0, Nanocubes.
Magnetic Fe;0, NCs were synthesized using a modified
version of the method reported by Kim and coworkers,
involving the thermal decomposition of Fe(acac);™” In a
typical synthesis procedure, 0.706 g of Fe(acac), and 0.4 g of
4-biphenylcarboxylic acid were added to a 100 mL two-neck
round-bottom flask, followed by the addition of a mixture of
1.14 g of oleic acid and 16 mL of benzyl ether. The solution
was degassed under a nitrogen atmosphere for 1 h at room
temperature while being stirred by magnetic stir bar to dissolve
the precursors. The reaction mixture was then heated to 293
°C and maintained at this temperature for 30 min. The Fe;O,
NCs were collected using a magnet, washed thoroughly with
ethanol and then Milli-Q water, and dried at 60 °C overnight.

Synthesis of Fe;0,@SiO, Nanoparticles. To coat the
magnetic Fe;O, NCs with Nb-TiO,, a SiO, shell was deposited
to prevent electronic interaction and corrosion of the core, as
well as to facilitate crystallization of the photocatalyst. The
core—shell Fe;O,@SiO, NPs were synthesized using a
modified version of the reverse microemulsion method
previously reported.”’ Oleic acid-stabilized Fe;O, NCs (22
mg) were dispersed in 8.8 mL of cyclohexane under
ultrasonication for 45 min and then transferred to a 40 mL
vial. Separately, 1.0 g of Igepal CO-520 was dissolved in 22 mL
of cyclohexane, sonicated for 10 min to form a homogeneous
suspension, and subsequently combined with the Fe;O,
dispersion. To this mixture, 200 uL of ammonium hydroxide
was added, followed by the dropwise addition of 150 uL of
TEOS. The resulting mixture was stirred continuously for 24 h
at room temperature. The Fe;O,@SiO, NPs were isolated
using a magnetic separator, washed thoroughly with ethanol
and Milli-Q water to remove residual surfactants, and
redispersed in Milli-Q water.

Synthesis of Fe;0,@Si0,@Nb-TiO, Nanoparticles. The
Fe;0,@Si0,@Nb-TiO, NPs were synthesized using a two-
step procedure following the method described by Lee and
coworkers.”” In the first step, the Fe;0,@SiO, NPs were
functionalized with HPC. Initially, 44 mg of Fe;O,@SiO, NPs
were dispersed in 10 mL of Milli-Q water with sonication for
30 min. Subsequently, 26 mg of HPC was added to the
suspension for functionalization, followed by an additional 60
min of sonication. The solution was centrifuged to remove
residual water, and the NPs were redispersed in ethanol. An
additional 26 mg of HPC and 400 uL of Milli-Q water were
added to the suspension, and the mixture was sonicated for 90

min. In the second step, the solution was transferred to a 100
mL round-bottom flask and stirred vigorously at room
temperature to form a homogeneous dispersion. The precursor
solution, containing a mixture of TBOT and NbOEt in
ethanol, was then added dropwise to the dispersion, and the
reaction was stirred continuously overnight at room temper-
ature. Following this, the mixture was refluxed at 90 °C for 90
min. The resulting product was centrifuged, washed with
ethanol, and dried in an oven at 60 °C overnight. The dried
powder was then calcined at 550 °C for 3 h. For the control
study, Fe;0,@Si0,@TiO, NPs (i.e., without Nb doping) were
synthesized using the same procedure as described earlier,
except that NbOEt was omitted from the precursor solution.
The synthesis process is illustrated in detail in Scheme 2, which
provides a step-by-step schematic representation of the
preparation of Fe;O0,@SiO,@NDb-TiO, NPs.
Characterization Methods. The lower magnification
imaging was performed using a JEM-2010 FX transmission
electron microscope (TEM) operating at 200 kV. The
scanning transmission electron micrographs (STEM), high-
angle annular dark-field (HAADF) imaging, high resolution
transmission electron microscopy (HRTEM), and energy
dispersive X-ray spectroscopy (EDS) maps were obtained by
using the FEI Titan Themis3 system equipped with image and
probe aberration corrections and an electron monochromator
at 300 kV. TEM samples were prepared by depositing the NPs
on 200-mesh holey carbon-coated copper grids. X-ray
diffraction (XRD) analysis was conducted using a diffrac-
tometer with Cu Ka radiation (1 = 1.540562 A) over a 20
range of 5—80°. X-ray photoelectron spectroscopy (XPS)
analysis was carried out using a PHI 5700 X-ray photoelectron
spectrometer equipped with a monochromatic Al Ka source
with 10 mA emission current and 15 kV emission bias; all
spectra were calibrated using the C 1s peak at 284.8 eV.
Magnetic properties were measured at 300 K using a vibrating
sample magnetometer (LakeShore VSM 7300 Series)
equipped with a LakeShore 735 Controller and a LakeShore
450 Gmeter. Photoluminescence (PL) measurements were
performed using a PerkinElmer LS-55 fluorescence spectrom-
eter to evaluate the electron—hole recombination rate of the
semiconductor nanostructures. The detection and quantifica-
tion of trace elements during dissolution and photodissolution
experiments were performed using inductively coupled plasma
mass spectrometry (ICP—MS). Diffuse reflectance spectra
(DRS) were recorded for all crystalline NP samples using a V-
770 UV—vis—near-infrared spectrophotometer (Jasco, Inc.).
The removal efficiency of CIP was determined by measuring
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Figure 1. TEM images of (a) Fe;0, NCs, (b) Fe;0,@SiO, NPs, and (c—f) Fe;0,@Si0,@Nb-TiO, NPs.

absorbance values using a UV—vis spectrophotometer and a
SynergyMX microtiter plate reader (Biotek).

Photocatalytic Experiments. The photocatalytic per-
formance of Fe;0,@Si0,@TiO, NPs (denoted as undoped
NPs) and Fe;0,@SiO,@Nb-TiO, NPs (denoted as doped
NPs) was evaluated for the degradation of CIP under visible
light irradiation using an LED light source with a wavelength of
460 nm. A 120 cm LED strip (14.4 W/m) was wrapped around
a 200mL quartz flask. The estimated light intensity at the
sample surface was ~86 mW cm™> Prior to photocatalysis, 15
mL of CIP solutions (5—40 ppm) with 100 mg of NPs were
stirred in the dark for 30 min to establish adsorption—
desorption equilibrium on the surface of the NPs, ensuring
optimal photocatalytic efficiency and stability. Each experiment
was conducted using a 20 mL glass vial. For each CIP
concentration, a control without NPs and a vial covered with
aluminum foil to prevent light interactions with CIP and NPs
were included, along with three replicates of the CIP-NPs vials.
The photocatalytic reaction was initiated under visible light
while continuously stirring to maintain the suspension of the
photocatalyst. At predetermined time intervals, 300 yL of the
mixture were withdrawn, and the photocatalyst was magneti-
cally separated from the solution. The remaining solution was
analyzed using a UV—vis spectrophotometer. The reaction was
monitored every 20 min until the contaminant concentration
stabilized, indicating the maximum removal efficiency. The
extent of CIP degradation was quantified by measuring the
absorbance values on a UV—vis spectrophotometer, and a
normalized plot of CIP concentration versus time was
generated to illustrate the degradation profile. The photo-
degradation efficiency of CIP, expressed as percentage, was
calculated using eq 1:

Photodegradation of CIP (%) = [(C, — C)/C,] X 100
(1)

where C, and C represent the concentrations of CIP (ppm) at
initial state and time t (i.e., at different time intervals of visible
light irradiation), respectively. To facilitate comparative
analysis, CIP photodegradation kinetics were evaluated using
the pseudo-first-order kinetics model, as described in eq 2:

—In(C/C,) = kt @)

where k is the pseudo-first-order rate constant (min~') and ¢
represents the reaction time.

Stability Tests of Nanoparticles: lon Dissolution
under Light and pH Conditions. The stability of the NPs
was evaluated across a range of pH values (3, S, 7, 10, and 13)
to study ion dissolution behavior on both doped and undoped
catalyst materials. Milli-Q water was adjusted to the desired pH
using 0.1 M HCl and 0.1 M NaOH. Subsequently, the doped
and undoped NPs (100 mg) were introduced into these pH-
adjusted solutions, mixed, and stirred at room temperature.
After 24 h, the samples were separated using an external
magnet, filtered through a 0.2 ym syringe filter (VWR sterile
syringe filter), and centrifuged to remove any residual NPs. For
photodissolution testing, the NPs were dispersed in pH-
adjusted solutions and exposed to visible light for 24 h with
vigorous stirring to ensure proper suspension. Following the
dissolution and photodissolution procedures, the resulting
solutions were analyzed using ICP—MS to quantify iron,
titanium, and niobium ion concentrations. Each condition was
analyzed in triplicate to ensure reproducibility. For ICP—MS
calibration, standard solutions of iron, titanium, and niobium
were prepared at concentrations of 1, 5, 10, 1S, and 20 ppm to
ensure accurate quantification.

Reusability Test of Nanoparticles. The reusability and
removal efficiency of Fe;O0,@SiO,@Nb-TiO, NPs were
evaluated through photocatalytic treatment under visible light
for CIP degradation. After each cycle of contaminant removal,
the NPs were rinsed thoroughly with Milli-Q water to recover
the photocatalyst for subsequent use. Removal efficiency was
measured at the end of each cycle. For consistency, a freshly
prepared CIP solution with the same initial concentration (30
ppm) was used in each cycle, with three replicates. This
process was repeated over multiple cycles to assess the
reusability and long-term stability of the photocatalyst.

B RESULTS AND DISCUSSION

Morphology, Structure, and Size of Nanoparticles.
The morphology, structure, and size of the synthesized NPs
were characterized using TEM. Representative TEM images
illustrating each synthesis step are presented in Figure 1. In
Figure la, Fe;0, NCs exhibit uniform cubic morphologies.
The encapsulation of these Fe;O, NCs within a smooth,
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Figure 2. HRTEM images and FFT simulated diffraction patterns of the NPs, highlighting structural and compositional details. (a) shows the as-
synthesized Fe;O, NP, with the inset confirming the exclusive presence of Fe;O, through its FFT diffraction pattern. (b) displays a composite NP,
where region (FFT#1) reveals Fe;0, and (FFT#2) shows the presence of both Fe;O, and TiO,, indicating the core—shell structure. The FFT
diffraction patterns in the insets further support this analysis, with planes labeled as “F” for Fe (iron) and “A” for anatase, demonstrating the

successful synthesis and structural integration of the composite material.
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Figure 3. (a) HAADF image of the Fe;0,@SiO,@Nb-TiO, NPs with corresponding STEM-EDS spectrum and elemental maps showing the
spatial distribution of Fe, Si, Ti, O, and Nb. (b) High-resolution XPS spectra of O Is, Si 2p, Ti 2p, and Nb 3d for Fe;0,@Si0,@Nb-TiO, NPs. (c)
XRD spectra of Fe;0,, Fe;0,@Si0,, Fe;0,@Si0,@TiO,, and Fe;0,@SiO,@Nb-TiO, NPs.

spherical silica SiO, is evident in Figure 1b. The final product,
Fe;0,@Si0,@NDb-TiO, NPs, is shown in Figure 1c—f, where a
Nb-TiO, layer can be observed as a coating on the SiO, shell.
The distinct layers surrounding the Fe;O, NCs confirm the
successful formation of the composite structure. It is
noteworthy that the Nb-TiO, layer appears less uniform,
likely due to the inherent porosity of the TiO, matrix. To
assess particle size distribution at each synthesis stage, TEM
images of approximately 150 NPs were analyzed (Figure S1).
The Fe;0, NCs exhibited a monodisperse average particle size

22544

(i.e., the edge length) of ~28 + 2 nm. The addition of the SiO,
shell increased the average particle size to ~36 + 2 nm, while
the subsequent deposition of the Nb-TiO, coating further
increased the average particle size to ~42 + 4 nm.

The HRTEM images in Figure 2 illustrate the Fe;O, NCs in
their as-synthesized form and as a composite with a Nb-TiO,
coating layer. Figure 2a highlights two key observations. First,
it reveals the Fe;O, NP with a characteristic lattice spacing of
0.48 nm, which is consistent with the (111) plane of the
inverse spinel cubic structure commonly described by the
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Fd3m space group. The surface shown in Figure 2a
corresponds to the (100) crystallographic plane family, as do
the other visible facets, indicating that the crystal is oriented
along the [001] zone axis. The second observation pertains to
the size disparity between the bare NPs and the composite
NPs, clearly demonstrating an increase in size due to the
coating layers. This size enhancement is consistent with the
statistical analysis presented. Figure 2b depicts the composite
NP, where the core remains Fe;O, (FFT#1), and the shell
predominantly consists of TiO, (FFT#2) in the anatase phase.
The core region exhibits structural features indicative of both
materials contributing to the composite, while the outer edges
are primarily composed of TiO,. The identification of SiO,
within the composite is challenging due to its relatively lower
abundance and amorphous nature. The difficulty in detecting
SiO, can be attributed to its possible presence as short-range
domains or in an amorphous state, rendering its structural
identification complex. Conversely, the presence of TiO, in the
anatase phase is evident, and analysis of the planes in Figure 2b
enables the successful identification of the I4,/amd space
group characteristic of anatase.

Chemical Composition and Crystallographic Struc-
tures of Nanoparticles. The chemical composition and
elemental distribution of the Fe;O,@SiO,@Nb-TiO, NPs
were analyzed using TEM equipped with STEM-EDS. As
shown in Figure 3a, the STEM-EDS spectrum confirms the
presence of all expected elements—iron (Fe), silicon (Si),
titanium (Ti), niobium (Nb), and oxygen (O)—indicating the
successful synthesis of the core—shell structure. In addition,
the elemental mapping illustrates the spatial distribution of
these elements, confirming the core—shell structure of the
composite. The Fe signal corresponds to the Fe;O, magnetic
core, while Si signal highlights the uniform SiO, intermediate
layer. The Ti and Nb signals verify the incorporation of Nb
into the TiO, shell, supporting the formation of designed
structure. The O distribution is consistent with the composite
stoichiometry, enveloping the nanostructure and affirming its
structural integrity. Notably, the Nb map reveals low-
concentration domains, indicative of single or few-atom
clusters, which are characteristic of dopants, further validating
the successful doping of the TiO, shell. The corresponding
elemental weight percentages obtained from EDS analysis are
provided in Table S1.

XPS was used to analyze the elemental composition,
chemical states, and incorporation of Nb into the TiO, lattice
in Fe;O,@SiO,@Nb-TiO, NPs. The survey XPS spectra
(Figure S2) revealed the presence of O, Si, Ti, and Nb,
consistent with the EDS data, confirming the successful
deposition of these elements on the sample surface. High-
resolution XPS spectra provided detailed insights into the
chemical states of O 1s, Si 2p, Ti 2p, and Nb 3d, as shown in
Figure 3b.

Analysis of the O 1s spectrum provided further insight into
the surface chemistry of the NPs. Two main contributions
were identified: lattice oxygen (O—Ti or O—Nb) at ~530.2
eV, and surface peroxo (O—O) species at ~533.0 eV, the latter
being more prevalent in the Nb-doped NPs. The formation of
peroxo species is expected under wet-chemistry-synthesis
conditions,"’ arising from the substitution of terminal —OH
groups and remaining structurally stable under catalytic
conditions.>” Their presence promotes partial electron transfer
from metal centers (Ti, Nb) to O—O groups, thereby
decreasing metal electron density.”* This additional surface

chemical environment likely contributes to the emergence of
two distinct Ti** and Nb*" states in the doped NPs.

The Si 2p spectrum displayed a peak at 103.7 eV, confirming
the presence of SiO,. The Ti 2p spectrum exhibited Ti 2p;,,
and Ti 2p,, peaks at 457.7 and 463.2 eV, respectively, which
are characteristic of Ti*" in TiO, for the undoped Fe;0,@
SiO,@Ti0, sample. Deconvolution of the Ti 2p spectrum, for
the Fe;0,@Si0,@NDb-TiO, sample, revealed two sets of Ti*"
species: the first at 458.9 eV (Ti 2ps,,) and 464.5 eV (Ti
2p,1/,), corresponding to stoichiometric TiO,, and the second
at 460.2 eV (Ti 2p;/,) and 465.7 eV (Ti 2p,,), attributed to
Nb-induced modifications in the Ti** chemical environment or
altered surface coordination, both of which reduce electron
density around Ti.>® Relative with the undoped Fe;0,@SiO,@
TiO, sample (Figure S3) the Nb-doped NPs exhibit a slight
positive shift in Ti binding energies. This shift is ascribed to
substitutional Nb*" incorporation into the anatase lattice,
where the higher electronegativity of Nb promotes electron
withdrawal from adjacent Ti atoms, thereby decreasing Ti
electron density. The emergence of an additional, more
oxidized Ti species likely arises from variations in local
chemical environments, consistent with the presence of two
Nb coordination environments.

Furthermore, the Nb 3d spectrum displayed peaks at 210.3
and 207.6 eV, corresponding to Nb 3d;, and Nb 3d;,
respectively, indicative of Nb in the pentavalent oxidation state
(Nb**). Deconvolution of the Nb 3d spectrum revealed two
doublets. The first set at 207.3 eV (Nb 3d;,,) and 210.0 eV
(Nb 3d;,,), and the second at 208.5 eV (Nb 3d;/,) and 211.2
eV (Nb 3d;),), both consistent with Nb** in slightly different
coordination environments. The binding energy separation
between these Nb environments (1.2 eV) is comparable to that
observed for the two Ti environments (1.3 eV), suggesting a
common structural origin. This similarity can be attributed to
the slightly larger ionic radius of Nb** (0.640 A) relative to
that of Ti** (0.605 A), which can induce lattice strain, promote
formation of structural defects, and generate unsaturated metal
coordination sites or surface peroxo-based species, as
discussed.

The results above confirm the substitution of Ti*" ions by
Nb** ions within the TiO, lattice, facilitated by their similar
ionic radii and charges, enabling the formation of a solid
solution within the anatase structure. The combined effects of
lattice distortion, defect generation, and peroxo-induced
electronic modification provide a coherent rationalization for
the observed binding energy shifts and the coexistence of
multiple Nb and Ti chemical environments. These findings are
consistent with previously reported studies.***”*>

The crystal structure and composition of the NPs were
characterized using XRD, as shown in Figure 3c. The
distinctive diffraction peaks observed for Fe;O,@SiO,@Nb-
TiO, illustrate the high crystallinity of the composite material.
The Fe;O, NPs exhibited an inverse spinel ferrite structure,
with diffraction peaks indexed to the (220), (311), (222),
(400), (422), (511), (440), and (533) planes at 26 values of
30.2°, 35.5°, 37.2°, 43.2° $3.6°, 57.1° 62.7°, and 74.2°,
respectively, consistent with JCPDS card no. 01-089-0950.
After SiO, coating, no significant structural changes were
observed, although a reduction in the relative crystallinity was
noted, likely due to the presence of amorphous SiO,,
consistent with the TEM observations. The deposition of
TiO, introduced additional diffraction peaks at 26 values of
25.2°, 38.5° 47.9° and 54.9°, corresponding to the anatase
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(101), (112), (200), and (211) planes, respectively, as
identified by JCPDS card no. 01-071-1166. The Fe;O, peaks
at 260 values of 35.5°, 43.2° §7.1°, and 62.7° remained
prominent, exhibiting the successful incorporation of TiO,
onto the Fe;O, magnetic core. Nb doping in the TiO, shell led
to broadening of the characteristic anatase peak at 25°
suggesting reduced crystallite size or increased lattice disorder,
consistent with structural modifications induced by Nb
incorporation. Despite these changes, the composite retained
its crystalline nature, indicating that Nb incorporation did not
disrupt the overall structural integrity of the material.

Building on the important role of the SiO, interlayer in
enhancing TiO, crystallinity, a comparative analysis was
performed using dual-shell NPs synthesized with and without
this intermediate layer. This approach enabled a controlled
assessment of the interlayer’s influence on TiO, crystallization
behavior. As demonstrated (Figure S4), direct deposition of
TiO, onto Fe;0, cores led to an amorphous coating, even after
calcination. In contrast, introducing the SiO, interlayer
markedly enhanced the formation of a crystalline TiO, shell.
XRD data (Figure S4a) further emphasizes the interlayer’s
crucial role in enabling crystallinity, irrespective of doping.
This effect was observed consistently in both doped and
undoped NPs. Additionally, TEM and STEM-EDS analyses
(Figure S4b and S4c) of TiO, shells deposited directly on bare
Fe;0, cores, for both doped and undoped samples, confirmed
that while TiO, deposition is feasible without the SiO,
interlayer, the resulting shell remains amorphous. Collectively,
these results highlight the crucial role of the SiO, interlayer in
facilitating the crystallization of TiO, within the dual-shell NP
structures.

Magnetic Properties of Nanoparticles. The magnetic
properties of the synthesized NPs, one of the most critical
features of these materials for their application, were evaluated
using VSM to measure the magnetic moment and coercivity as
a function of the applied magnetic field. The resulting
hysteresis loops, which illustrate the relationship between
material magnetization and the applied magnetic field,*” are
presented in Figure 4. The magnetization curves for Fe;O,,
Fe;0,@Si0,, Fe;0,@Si0,@Ti0,, and Fe;0,@SiO,@Nb-
TiO, NPs exhibit ferrimagnetic behavior, which remains
preserved in the Fe;O, cores despite successive coatings with
SiO, and TiO,. Under an external magnetic field, the NPs
demonstrated a strong magnetic response. The saturation
magnetization (M;) value of Fe;O, nanocrystals was recorded
at 73 emu/g. Coating with an amorphous SiO, layer reduced
the M to 41 emu/g, while subsequent coatings with TiO, and
Nb-TiO, layers further reduced in Mg to 22 emu/g and 19
emu/g, respectively. These reductions are attributed to the
nonmagnetic nature of the SiO, and TiO, coatings, which
increase the nonmagnetic volume of the NPs, thus reducing
the overall Mg value of dual shell NPs.

To maintain highly magnetic NPs after coating with dual
shells of nonmagnetic materials, ferromagnetic Fe;O, was
selected for its higher M;, ensuring sufficient response. The
superparamagnetic cores would give low saturation magnet-
ization, but effective separation would be reduced after forming
dual-shell nanostructures. The particle size (~28 nm) is near
the superparamagnetic to ferromagnetic transition size, leading
to minimum coercivity and remnant magnetization, which
minimizes agglomeration or magnetic-induced clusterings
while supporting rapid magnetic response.”””® Despite these
reductions, the Fe;O,@SiO,@Nb-TiO, NPs retained ferri-
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Figure 4. Hysteresis loops recorded at each synthesis stage for Fe;O,,
Fe;0,@Si0,, Fe;0,@Si0,@Ti0,, and Fe;0,@SiO,@Nb-TiO, NPs,
showing the changes in magnetic properties as successive coating
layers were added. The inset image demonstrates the efficient
separation of the NPs using an external magnet, highlighting their
retained magnetic responsiveness despite the addition of encapsulat-
ing layers.

magnetic behavior, allowing rapid response to an external
magnetic field. This characteristic facilitates efficient separation
of the NPs from the solution during photocatalytic processes,
emphasizing the practicality of these materials in such
applications.

Optical Behavior of Nanoparticles. PL spectroscopy,
which measures the energy of emitted photon during
electron—hole recombination, provides insights into the
recombination behavior of photoinduced charge -carriers.
Higher PL intensity typically corresponds to a higher rate of
electron—hole recombination.”” Figure S illustrates the
optical properties of the synthesized NPs. As shown in Figure
Sa, the PL intensity decreases with the incorporation of Nb
into TiO,, indicating that Nb doping effectively suppresses
electron—hole recombination and suggesting more efficient
charge separation and extended carrier lifetimes, both of which
are essential for enhancing photocatalytic activity.”" The
suppression facilitates the generation of oxidized and reduced
radicals, thereby improving photocatalytic performance under
visible light.** Notably, both doped and undoped NPs exhibits
the same PL peak position at 445 nm, indicating that the
primary emission pathway in TiO, is preserved upon Nb
incorporation, while the reduced intensity reflects suppressed
electron—hole recombination. These observations are con-
sistent with previous reports showing that Nb doping reduces
PL intensity by lowering the density of recombination centers,
thereby improving photocatalytic efficiency.”” These findings
demonstrate that Nb doping not only reduces the electron—
hole recombination rate but also facilitates electron transfer,
thereby improving photocatalytic activity.

The solid-state diffuse reflectance spectra of Nb-doped and
undoped Fe;0,@Si0,@TiO, NPs, along with commercial
TiO,, are shown in Figure 5b. The corresponding Tauc plots in
Figure Sc are used to estimate their optical bandgap energies.
The bandgap energies of the Nb-doped and undoped Fe;0,@
SiO,@TiO, NPs were determined to be 2.79 and 2.90 eV,
respectively, consistent with previous reports.*”> These values
are significantly lower than that of the commercial TiO, (3.22
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Figure 5. (a) PL spectra for Nb-doped and undoped Fe,0,@SiO,@TiO, NPs. (b) Solid-state diffuse reflectance spectra and (c) Tauc plots of Nb-
doped and undoped Fe;0,@SiO,@TiO, NPs, compared to commercial TiO,.
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Figure 6. Ion dissolution behavior of Fe;0,@SiO,@Nb-TiO, NPs in (a) the absence and (b) the presence of visible-light irradiation with different

solution pH levels.

eV), indicating the promising photocatalytic potential of the
synthesized materials under visible light irradiation. The
bandgap values were obtained from reflectance spectra
transformed using the Kubelka—Munk function, followed by
Tauc-plot analysis and linear fitting, as described by Makula et
al.® This approach enabled the resolution of distinct optical
transitions, which were fitted using a baseline method. The
corresponding transformed reflectance spectra and fitting plots
for the observed transitions are presented (Figure SS) for both
undoped and doped NPs.

The reduced bandgap in the undoped sample compared to
commercial TiO, can be attributed to differences in
crystallinity, particle size, and interface effects introduced by
the Fe;0, and SiO, layers. To clarify the contribution of Fe;O,
to the overall optical response, the DRS of bare Fe;O,,
Fe;0,@Si0,, and the TiO,-based core—shell NPs are
provided (Figure SS). This comparison allows for a clearer
distinction between the optical behavior of the core materials
and the TiO, shell, supporting the interpretation that the
enhanced visible-light absorption and reduced bandgap are
primarily influenced by the TiO, layer and its interaction with
Nb dopants rather than the underlying structure.”

The Nb-doped NPs exhibited a substantial improvement in
light absorption within the visible spectrum, as observed in the
broaden absorption spectrum attributed to the incorporation

of Nb ions. This doping effectively narrowed the bandgap of
TiO,, shifting its bandgap to lower energy window and
extending the absorption range. The bandgap reduction
demonstrates Nb** incorporation into the TiO, lattice, which
modifies the optical properties of the material. Both Nb-
undoped and doped Fe;0,@SiO,@TiO, NPs exhibited
reduced bandgaps compared to the commercial TiO,,
affirming the advantages of the composite structure. The
enhanced photocatalytic activity can be attributed to the
effective separation of photogenerated electron—hole pairs, as
corroborated by the PL spectra. These results highlight the
capability of Nb doping and composite design to engineer the
optical bandgap and enhance the catalytic performance of the
material for applications under visible light irradiation.

lon Dissolution of Nanoparticles: pH and Light
Stability. The application of many metal oxide nanomaterials
is often constrained by dissolution, which can enhance toxicity
and limit their utility.* This challenge is particularly
pronounced in photocatalytic processes, where corrosion and
degradation compromise long-term efficiency.®”*® Dissolution
and photodissolution experiments performed prior to photo-
degradation studies demonstrated that ionic dissociation is
minimally influenced by the pH of the solution and has little
impact on the surface properties or photocatalytic performance
of the materials. A preliminary test after 12 h indicated no
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Figure 7. (a) Normalized concentration profiles for the degradation of different CIP concentrations using Fe;0,@5i0,@Nb-TiO, NPs. (b) Fitted
kinetic degradation curves for various CIP concentrations using Fe;O,@SiO,@Nb-TiO, NPs. (c) Normalized CIP concentration profiles for
various synthesized NPs under visible light and dark conditions, with initial CIP concentration of S ppm. (d) Photodegradation percentages of

various CIP concentrations using doped and undoped NPs.

significant changes in dissolution behavior. To provide a more
comprehensive evaluation, the experimental duration was
extended to 24 h, which confirmed that dissolution remained
minimal relative to the total catalyst concentration.

Figure 6 depicts the dissolution behavior of Fe, Ti, and Nb
for Fe;O,@Si0,@Nb-TiO, NPs under various pH conditions,
both with and without visible-light irradiation after 24 h, to
evaluate their stability for potential applications in photo-
catalytic water treatment under different conditions. In the
absence of visible light (see Figure 6a), the NPs exhibited
stability with minimal dissolution (below S ppm), observed
only for Fe and Ti ions under extreme acidic (pH 3) and basic
(pH 13) conditions. Light irradiation (see Figure 6b) had
negligible effects on overall dissolution trends, with minor
variations compared to conditions without light. Under both
conditions, Fe dissolution was highest at acidic pH, Ti
dissolution peaked under alkaline conditions (pH 10), and
Nb dissolution remained insignificant across all pH levels.
Although Fe ion dissolution reached approximately 4 ppm
under strongly acidic conditions (pH 3), this level was
observed only under conditions that are not representative of
typical environmental scenarios. At near-neutral pH, Fe
dissolution was substantially lower, consistent with the limited
solubility of the composite material. According to WHO

22548

guidelines, no health-based limit is established for iron in
drinking water, as concentrations up to 1-3 mg/L are
generally not considered toxic due to iron’s low toxicity and
nutritional relevance.®” Therefore, the levels of Fe ions
observed in this study, particularly under environmentally
relevant pH conditions, are unlikely to pose a significant risk to
human health or aquatic ecosystems. These findings emphasize
the critical role of pH in dissolution behavior and highlight the
importance of light stability for optimizing the performance of
photocatalysts in water treatment applications.
Photocatalytic Performance of Nanoparticles: Cipro-
floxacin Degradation. A detailed analysis of the photo-
catalytic degradation of CIP under various experimental
conditions using both doped and undoped NPs is provided
in Figure 7. The degradation of CIP was monitored by
measuring its absorbance at the maximum absorption wave-
length (270 nm) using UV—vis spectroscopy. Prior to visible-
light exposure, the NPs were stirred in the dark with CIP
solutions for 30 min to establish adsorption—desorption
equilibrium. Control experiments conducted without a photo-
catalyst and without light irradiation (Figure S6) revealed
minimal degradation of CIP (~16%), confirming the limited
contribution of photolysis and adsorption to the overall
degradation process. A preliminary experiment with 5 ppm of
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CIP was conducted to determine the optimal catalyst
concentration, which was established as 100 mg for all
subsequent experiments.

Figure 7a displays the normalized CIP concentration over
160 min for various initial CIP concentrations. As anticipated,
higher initial CIP concentrations correspond to lower
degradation efficiencies when a constant catalyst amount was
used. The Nb-doped Fe;O0,@SiO,@TiO, NPs achieved CIP
photodegradation of 96, 95, 95, 94, and 90% for initial CIP
concentrations of 5, 10, 20, 30, and 40 ppm, respectively.
These results significantly outperformed Nb-undoped Fe,;O,@
SiO,@TiO, NPs, which exhibited degradation rates of 70, 66,
51, 46, and 42% under the same conditions and visible-light
exposure (see Figure S6). This enhanced performance is
attributed to improved electron—hole separation and greater
radical generation enabled by Nb doping.

Figure 7b presents the fitted kinetic degradation curves for
the different CIP concentrations, demonstrating that the
pseudo-first-order kinetics model effectively describes the
degradation rates of CIP. As shown in Table S2, the
experimental data showed a good fit to the pseudo-first-order
kinetics model, with regression coefficient (R* values) close to
1. While R® values slightly decreased at higher CIP
concentrations, they consistently remained above 0.93. In
addition, the photodegradation rate decreased with increasing
CIP concentration, which is attributed to reduced light
penetration and photon absorption by the catalyst at higher
CIP concentrations.”® Figure 7c further compares the photo-
catalytic activity of Fe;0,, Fe;O,@SiO,, Fe;O,@SiO0,@TiO,,
and Fe;O0,@Si0,@Nb-TiO, NPs under light and dark
conditions. Only the doped NPs achieved full degradation
under visible light, confirming the positive role of Nb
incorporation in enhancing photocatalytic activity.

Figure 7d illustrates the photodegradation percentages for
various CIP concentrations, showing complete degradation of
S and 10 ppm CIP within 180 min, while 20, 30, and 40 ppm
required up to 280 min for complete degradation (see Figure
S6). These findings highlight the superior photocatalytic
performance of Fe;0,@SiO,@Nb-TiO, NPs, emphasizing
the improvement achieved through Nb doping. This enhance-
ment is consistent with previous studies reporting improved
performance of magnetic TiO,-based photocatalysts (Table
S3). The observed performance enhancement is attributed to
the narrow bandgap, enabling visible-light absorption and
reduced electron—hole recombination rate facilitated by Nb
doping.

Reusability of Nanoparticles. The reusability of Fe;0,@
SiO,@Nb-TiO, NPs was evaluated to determine their
potential for long-term use in removing CIP from water.
Given that antibiotics like CIP are frequently detected in water
systems at concentrations of 28—31 ppm, a concentration of
30 ppm was used for reusability cycle studies.'” The
experiments demonstrated that the NPs, owing to their
magnetic core—shell structure, can be rapidly separated using
an external magnetic field and easily redispersed, enabling their
reuse. Over five consecutive cycles, the CIP photodegradation
declined from 94% in the first cycle to 77% in the fifth cycle
(see Figure 8). This decline in efficiency is likely attributed to
several factors such as the minor loss of Fe and Ti ions, surface
obstruction, structural degradation, and NP aggregation over
multiple cycles. However, the catalyst loss was minimal, with
only 13 mg of the initial 100 mg being lost, indicating that the
reduction in CIP degradation was primarily due to this minor
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Figure 8. Reusability test for the photocatalytic degradation of CIP by
Fe;0,@Si0,@Nb-TiO, NPs under visible-light irradiation. Exper-
imental conditions: CIP concentration = 30 ppm, catalyst dosage =
100 mg, reaction time = 220 min. The error bars represent the
standard deviations derived from three independent experimental
replicates conducted for each cycle.

catalyst loss rather than a loss in intrinsic NP activity. The
slightly acidic pH of the solution may have contributed to the
ion leaching observed.

The Fe;0,@Si0,@Nb-TiO, NPs demonstrated superior
reusability compared to similar catalysts reported in the
literature (Table S3). While other heterogeneous photo-
catalysts based on graphene oxide or metal—organic frame-
works show variable removal efficiencies (typically 60—92%)
and maintain activity over five reuse cycles, the current system
offers comparable or improved reusability with consistent
performance under visible-light irradiation.°”’® In contrast,
some UV-active systems rely on energy-intensive light sources
and might require longer irradiation times to achieve similar
degradation levels under visible light. Despite a modest decline
in efficiency, the Fe;O,@SiO,@Nb-TiO, NPs sustained high
activity across five cycles (see Figure 8). Simple rinsing
between cycles effectively removed residual contaminants
without the need for extensive drying steps, thereby enabling
faster turnaround times overall, while preserving the NPs’
structure, active surface sites, and preventing aggregation
typically caused by drying. This straightforward process
contributed to the maintenance of catalytic activity above
76% after five cycles. These results confirm the high efficiency,
cost-effectiveness, and stable degradation performance of
Fe;0,@Si0,@Nb-TiO, NPs for water remediation, with
minimal loss of photocatalytic activity over multiple reuse
cycles.

B CONCLUSIONS

This study successfully synthesized and applied Fe;O,@SiO,@
Nb-TiO, NPs as highly eflicient photocatalysts for the
degradation of CIP under visible-light irradiation. The NPs,
composed of a magnetic Fe;O, core, a silica shell, and a Nb-
doped TiO, coating, exhibited superior photocatalytic activity,
ferrimagnetic behavior, and excellent reusability. Structural and
spectroscopic analyses confirmed the successful incorporation
of Nb into the TiO, lattice, leading to a reduced bandgap
energy of 2.67 eV and a decreased electron—hole recombina-
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tion rate, thereby boosting photocatalytic efficiency. Photo-
catalytic experiments demonstrated CIP photodegradation
ranging from 99 to 96% for initial concentrations between $
and 40 ppm, with complete degradation achieved within 280
min for higher concentrations. The NPs retained their
photocatalytic activity over five reuse cycles, with CIP
degradation declining moderately from 94 to 76%, highlighting
their durability and stability. Additionally, the ferrimagnetic
properties of the dual shell photocatalyst (Mg of 19 emu/g)
enabled rapid recovery and reuse with minimal efficiency loss.
These findings highlight the potential of Fe;O,@SiO,@Nb-
TiO, NPs as sustainable and eco-friendly solutions for
addressing antibiotic contamination challenge in water
systems. By integrating magnetic nanotechnology with
advanced photocatalytic properties, this study contributes to
the development of recoverable and efficient materials for
water treatment, paving the way for future applications in
environmental remediation and public health protection.
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