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Introduction

Multifunctional oleic acid functionalized iron
oxide nanoparticles for antibacterial and dye
degradation applications with magnetic recycling
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Shreya Sinha,
Saurabh Pathak,

Nanotechnology that synchronously mitigates biomedical and environmental challenges is imperative
for sustainable innovation. In this study, we report the synthesis of oleic acid (OA)-modified iron oxide
(FesO4) nanoparticles via co-precipitation, which exhibit potent bactericidal effects and rapid photo-
catalytic dye degradation. Their intrinsic magnetic properties enable efficient recovery and repeated
reuse, offering a robust platform for integrated remediation strategies. Comprehensive characterization
confirmed that the synthesized OA-functionalized FezO, nanoparticles (NPs) possess a single-phase
cubic structure (12.17 nm crystallite size), an intact OA coating with particle size 13.01 nm, direct/indirect
band gaps of 3.58/2.54 eV, and superparamagnetic behaviour exhibiting 40 emu g~' saturation,
confirming advanced functionality. The OA-coated FesO4 NPs exhibited a high zone of inhibition (ZOl)
of 9.28 mm against Escherichia coli DH5x bacteria at a low concentration of 50 ug pL~% surpassing
similar ferrite-based systems. The strong antibacterial activity is attributed to the generation of reactive
oxygen species (ROS) and the controlled release of Fe?*/Fe®* ions, which disrupt the bacterial cell
membrane, denature proteins, and damage DNA. The superparamagnetic nature of the NPs ensures
minimal coercivity and remanence, facilitating precise targeting and magnetic separation in biomedical
applications. Moreover, the OA-coated FesO4 NPs achieved 99.17% degradation of Rhodamine B (RhB)
dye under visible light irradiation in 340 minutes. This performance is rooted in the synergistic effects of
OA, which enhances light absorption and electron—hole pair separation, and FezO4, which drives redox
reactions through its conduction band electrons and valence band holes. The photocatalytic degradation
follows first-order kinetics, with a rate constant of 0.0079 min~%. Importantly, the magnetic properties
of the NPs allowed efficient recovery and reuse for four consecutive cycles, demonstrating long-term
stability and economic viability. This study underscores the interplay between surface functionalization,
magnetic behaviour, antimicrobial and catalytic properties, establishing OA-coated FezO4, NPs as a
potent, cost-effective solution for dual-action biomedical and environmental applications.

responsiveness, optical activity, and chemical stability, enabling
their integration into various high-performance applications.””

Multifunctional materials are increasingly central to advancements
in materials science, offering a unified solution to complex
challenges spanning biomedicine, environmental protection,
energy storage, and catalysis."* These materials combine
diverse properties such as mechanical robustness, magnetic
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Their development aligns with the growing demand for environ-
mentally sustainable and technologically efficient solutions.®®
Among these, magnetic nanoparticles (MNPs) have garnered
notable attention due to their high surface area-to-volume ratio,
unique magnetic properties, and adaptable surface chemistry,
enabling precise tuning for targeted uses.’**?

Iron oxide (Fe;O,) NPs exemplify this class of materials,
distinguished by their biocompatibility, superparamagnetic
behaviour, and amenability to functionalization.'®"*™** Their
ability to toggle between ferrimagnetic and superparamagnetic
phases, governed by size (~10-25 nm) and thermal conditions,
makes them ideal candidates for biomedical and environmen-
tal applications.'®™® Additionally, Fe;0, NPs exhibit significant
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magnetic anisotropy and high saturation magnetization, which
are desirable for targeted therapies, hyperthermia treatments,
and catalytic activities.'>'”**2° Surface functionalization—
frequently achieved with coatings like oleic acid (OA)—further
improves their stability, mitigates agglomeration caused by
van der Waals forces and magnetic dipole interactions, and
enhances their functional versatility.>*'™® MNPs exhibit
bifunctional efficacy in both countering antimicrobial resis-
tance and catalysing the remediation of environmental pollu-
tants, thereby solidifying their central role in advanced material
science. Their inherent magnetic, catalytic, and surface-active
properties, further enhanced through precise nano structural
engineering and surface functionalization, enable the fine-
tuning of synergistic interactions that bolster both bactericidal
activity and contaminant degradation. This study rigorously
investigates OA-functionalized Fe;O, MNPs, delineating their
potential as sustainable, cost-effective nanoplatforms for inte-
grated biomedical and environmental applications.

The rising prevalence of antibiotic-resistant pathogens under-
scores the urgent need for innovative antimicrobial strategies.>*
MNPs, particularly iron oxide-based systems, offer a promising
approach due to their ability to generate reactive oxygen species
(ROS) and release metal ions capable of disrupting microbial
integrity.”® The antibacterial mechanism of Fe;O, NPs is deeply
rooted in their surface charge, size, and functionalization, all
of which influence their interaction with negatively charged
bacterial membranes.”®*” The production of ROS, primarily
hydroxyl radicals (*OH), is the underpinning of the antibac-
terial efficacy of these systems. This is facilitated through a
Fenton-like reaction, where iron ions (Fe*'/Fe®*) catalyse the
decomposition of hydrogen peroxide (H,0,). The Fenton reac-
tion (Fe*" + H,0, — Fe®" + *OH + OH ) and the Haber-Weiss
reaction (Fe** + H,0, — Fe* + *OOH + H") generate highly
reactive *OH and other ROS.”® These potent oxidants readily
attack critical cellular components, including lipids in the bac-
terial membrane, leading to lipid peroxidation and membrane
disruption. Furthermore, ROS can oxidize proteins, inactivating
essential enzymes and disrupting cellular functions.”*! Addi-
tionally, they can damage nucleic acids, causing DNA strand
breaks and inhibiting DNA replication and transcription. The
release of Fe’* and Fe*" ions from the NPs can also disrupt
bacterial homeostasis by interfering with ion transport across
the cell membrane and disrupting cellular metabolism. Func-
tionalization with OA enhances the dispersibility of the NPs in
aqueous media, ensuring consistent interaction with microbial
surfaces and maximizing their antimicrobial efficacy.>

Numerous studies have explored the antibacterial properties
of MNPs. For instance, Ansari et al. have synthesized ZnFe,0,
NPs via co-precipitation method, achieving a zone of inhibition
(zOI) of 5.30 mm against Escherichia coli at 50 pg uL '.®
Similarly, Hatami et al. have synthesized CuFe,0O, and ZnFe,0,
NPs via co-precipitation route and have reported ZOI values
of 12 mm and 27 mm, respectively, under comparable
conditions.*> In an analogous study, Naik et al reported a
6 mm ZOI for NiFe,O, NPs prepared via the sol-gel auto-
combustion method.*® Further, MnFe,0, NPs demonstrated
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a ZOI of 6.2 mm when annealed at 500 °C via hydrothermal
method.>® Furthermore, CdFe,O, NPs demonstrated a ZOI
of 12 mm, while CoFe,O, NPs achieved a ZOI of 14 mm at a
concentration of 8 ug pL~" under similar conditions.*® Ikram
et al. reported the ZOI of 3.55 mm and 4.60 mm at a
concentration of 0.5 mg/50 pL and 1 mg/50 pL for Sr/St doped
Fe,O; nanorods.?® In another captivating study, functiona-
lized Fe;04 NPs exhibited a ZOI of 2 cm at a concentration of
100 ug mL ™', surpassing many other ferrite-based systems.?”
These results underscore the significance of surface functio-
nalization, with OA-coated Fe;O, NPs frequently demonstrating
superior activity due to enhanced ROS generation and metal ion
release.

In addition to their antibacterial applications, MNPs play a
crucial role in environmental remediation applications. Photo-
catalysis, an eco-friendly method for degrading organic pollu-
tants, has advanced significantly with the integration of
MNPs.**° Fe,0,, functionalized with materials such as OA,
serve as efficient photocatalysts by promoting the generation of
electron-hole pairs under visible light irradiation. The excita-
tion of electrons from the valence band (VB) to the conduction
band (CB) leaves holes in the VB, enabling redox reactions
crucial for pollutant degradation. These mechanisms are repre-
sented as: Fe;0, + hv — Fe;04 (6~ + h'); h" + H,O — *OH and
e + O, — °0, . The resultant *OH and superoxide anions
(*0,7) exhibit potent oxidative capabilities, breaking down
complex organic molecules into benign products like CO,
and H,0.*" OA surface functionalization mitigates NPs agglom-
eration, thereby augmenting the effective surface area and
curtailing electron-hole recombination. This enhanced disper-
sion facilitates optimal interfacial contact between the photo-
catalyst and target pollutants, resulting in superior degradation
kinetics.

Extensive studies have investigated the photocatalytic
potential of MNPs for degrading various organic pollutants.
For example, SiO,-coated Fe;O, NPs demonstrated a degrada-
tion efficiency of over 97% for Rhodamine B under visible light
irradiation.*” Similarly, TiO,-modified systems have shown
high photocatalytic activity, primarily due to enhanced charge
separation and increased ROS production.** ZnFe,O, NPs
achieved an impressive degradation efficiency of 97.5% for
Rhodamine B, highlighting their rapid catalytic performance.**
In another study, Zn-doped Fe;O, NPs exhibited a degradation
efficiency of 97.31% against Rhodamine B within 300 minutes.*’
Furthermore, the incorporation of co-catalysts such as Ag or Pt
has been shown to improve electron-hole pair separation, signifi-
cantly enhancing the photocatalytic degradation rates. Reusability
is a pivotal advantage of MNPs in photocatalysis. Their super-
paramagnetic properties facilitate efficient recovery and reuse,
with minimal performance loss over multiple cycles. Gupta et al.
evaluated the stability of NiFe,O, photocatalysts over seven con-
secutive cycles, observing only a minimal 6.0% loss in photo-
degradation efficiency after the seventh cycle. This underscores
the high durability and reusability of these photocatalysts, making
them ideal for extended applications.*® Similarly, Miao et al.
demonstrated the recyclability of Ni-doped Fe;O4, NPs over five

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consecutive cycles, with no significant loss in performance.*>
Tony et al. further showcased the exceptional stability of Mn 6-
Zn, ,Fe,0, ferrites, which retained their photocatalytic effi-
ciency across eight consecutive cycles.*® These studies highlight
the robust reusability of MNPs, making them promising candi-
dates for sustainable photocatalytic applications. Additionally,
the inclusion of H,0, as a co-catalyst significantly enhances
*OH production, accelerating pollutant degradation.*® The
integration of magnetic properties, high stability, and visible
light responsiveness positions Fe;O, NPs as a sustainable
solution for environmental remediation. Their dual capability
in antibacterial and photocatalytic applications exemplifies
their multifunctionality, making them indispensable in addres-
sing critical global challenges. Despite the extensive body of
research on iron oxide NPs, there remains a need to system-
atically investigate the synergistic effects of surface functiona-
lization on their multifunctional properties. Studies have
demonstrated the role of coatings such as silica, and OA
in enhancing stability and activity, yet a unified framework
connecting these findings is lacking.

This study focuses on the synthesis, characterization, and
application of OA-coated Fe;O, NPs for antibacterial and
photocatalytic applications. The NPs were synthesized using a
co-precipitation method, chosen for its operational simplicity,
scalability, and environmental compatibility. This method
facilitates the simultaneous precipitation of ferric and ferrous
ions under alkaline conditions, yielding magnetite NPs with
high purity and reproducibility. Subsequently, they were
surface-modified with OA to enhance their stability, dispersi-
bility, and compatibility in various environments. Structural
properties were thoroughly analysed using X-ray diffraction
(XRD), supported by Rietveld refinement to determine phase
purity, crystallite size, and lattice strain. Morphological features
were examined using high-resolution electron microscopy,
revealing uniform particle distribution and surface character-
istics. The optical properties of the NPs were evaluated through
UV-vis spectroscopy, demonstrating their potential for light-
driven catalytic processes, while FTIR analysis confirmed the
successful functionalization of Fe;O, with OA by identifying
characteristic vibrational modes. Magnetic properties were
investigated using a vibrating sample magnetometer (VSM),
where the magnetization data were modelled using Langmuir
and LAS function fittings to provide insights into their super-
paramagnetic behaviour and saturation magnetization. The
study explores the dual functionality of OA-coated Fe;O, NPs
in antibacterial and photocatalytic applications. The antimi-
crobial efficacy was assessed against pathogenic bacteria, high-
lighting their potential as an effective antibacterial agent.
Simultaneously, photocatalytic activity was demonstrated
through the degradation of organic pollutants under visible
light, showcasing their ability to act as a sustainable solution
for environmental remediation. By integrating comprehensive
structural, optical, and magnetic characterizations, this work
establishes OA-coated Fe;O, NPs as a promising material for
multifunctional applications while maintaining focus on the
primary objectives.

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

View Article Online

Paper

Experiment

Materials

The ferrous sulfate heptahydrate [FeSO,-7H,0], ferric sulfate
hydrate [Fe,(SO,);-xH,0], oleic acid [C;5H340,] and ammonia
solution [NH,OH] were used as precursor materials and were
purchased from Thermo Fisher Scientific Pvt. Ltd. All chemicals
were used as received. Type I distilled water (~18.2 MQ cm™")
was used in the synthesis process for making the aqueous
solution.

Synthesis of OA-coated Fe;O,

The synthesis of OA-coated Fe;O, NPs was carried out using a
modified co-precipitation technique. The synthesis adheres to a
stringent Fe*'/Fe** stoichiometric ratio of 2:1, imperative for
phase-pure Fe;0, formation. Ferric sulfate hydrate and ferrous
sulfate heptahydrate were dissolved in deionized water to yield
a homogeneous precursor solution, wherein OA, functioning as
a capping and stabilizing ligand, was introduced to mitigate
agglomeration and enhance colloidal stability. The functiona-
lization process is primarily driven by the interaction between
the carboxylic (-COOH) group of OA and the iron atoms on the
nanoparticle surface. This chemical bonding imparts a robust
organic coating that stabilizes the Fe;0, core. The hydrophobic
alkyl chain of OA provides steric hindrance, mitigating mag-
netic dipole-dipole interactions and van der Waals forces,
which are major contributors to nanoparticle agglomeration.
This dual role of OA not only ensures the NPs long-term stabi-
lity in dispersion but also significantly influences their physi-
cochemical properties, such as magnetic responsiveness and
surface reactivity. 4 mL of OA was added under vigorous stirring
at an elevated temperature of 80 °C. This temperature was
chosen to optimize the solubility of the reagents, promote
uniform interaction of OA with nascent NPs, and facilitate
surface functionalization. Ammonia solution (NH,OH) was
then added dropwise to the precursor mixture until a pH of
~11 was achieved. At this alkalinity, hydroxyl ions catalysed the
nucleation and growth of Fe;O, NPs. The black precipitate,
indicative of Fe;O, formation, was separated using magnetic
decantation to minimize contamination and ensure high yield.
The precipitate was subjected to iterative washing with DI water
to remove excess OA, ammonia, and other reaction byproducts.
This step is critical for achieving phase purity and optimal
surface chemistry. The purified NPs were dried overnight in an
oven at 70 °C to remove residual moisture, followed by gentle
grinding using an agate mortar and pestle. This ensured the
production of a fine, uniform powder suitable for further
characterization and applications.

Antibacterial assay

In order to evaluate the antibacterial activity of Fe;O, NPs, agar
well diffusion method was employed as explained by Diogo
et al® against the Gram-negative bacteria Escherichia coli
(E. coli) DH50 strain of bacteria. The method is carried out
by dissolving different concentrations such as 25 ug uL~' and
50 pg pL ' of Fe;0, in dimethyl sulfoxide (DMSO) and
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sterilized using UV radiation and filtration. The media plate
was made by pouring sterilized Luria broth (LB) agar in the
Petri plate and allowed it to solidify. A matured E. coli bacterial
culture was uniformly distributed onto the solidified agar plate.
Subsequently, the wells were drilled into the agar plate by using
sterilized steel cork borers. The different concentration of
Fe;0, NPs as mentioned above with antibiotic (positive control)
and the solvent (negative control) poured into the well to test
the antibacterial properties. The plates were placed into the
incubator for 24-36 hours at 37 °C. The size of zones around
the wells were noted after 24-36 hours, which reflects the
antibacterial properties of the Fe;O, NPs in comparison with
the known standard antibiotic.

Photocatalytic degradation experiment

To investigate the photocatalytic activity of OA-coated FezO,4
NPs, RhB dye, a commonly used model pollutant, was selected
for degradation experiments. For this, 50 mg sample of the OA-
coated Fe;0, NPs was mixed with the 50 mL RhB dye solution
of 10 ppm concentration. The adsorption-desorption equili-
brium was achieved by first keeping the solution in dark for
30 minutes. Then, it was exposed to the visible light source
(200 W Tungsten lamp, 4 > 420 nm) to initiate the photo-
catalytic degradation phenomenon. To enhance the photocata-
Iytic activity, the desired amount of H,O, was added to the
solution and stirred magnetically throughout the experiment to
ensure uniform mixing. After a regular time interval, 3 mL of
the solution was withdrawn, centrifuged and the supernatant
was analysed via UV-vis spectrophotometer at a wavelength of
554 nm which is characteristic of the RhB dye. The degradation
experiment was carried out for duration of 340 minutes and
photocatalytic degradation efficiency was calculated by using
the formula, as follows:

C()*Cf

Degradation (%) = C
0

x 100 (1)
where C, and C, are the initial concentration of RhB dye and
final concentration at time ‘¢’.

Characterization techniques

The Bruker D8 Advance was utilised to obtain X-ray diffraction
pattern over a 20 range of 10° to 80° at a scan rate of 2° min™ ',
using Cu-Ko radiation of X-ray source. Fourier Transform
Infrared Spectroscopy (FTIR) was employed to identify the
functional groups within the material by examining their char-
acteristic vibrational fingerprints. The spectra were recorded
using the model Thermo Scientific Nicolet iS20 between range
500 to 4000 cm™*. The band gap of the material was estimated
via UV-vis spectrophotometer (Thermo Scientific Genesys 180).
The samples were analysed in a quartz cell and ultrapure
distilled water (Type 1) was used as the reference solvent. The
transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) pattern were acquired using
the model TECNAI G2 20 S-TWIN at 200 kV to analyse the
microstructures of the sample. An ADE-EV9 vibrating sample
magnetometer (VSM) was used to investigate the magnetic
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properties of the material with maximum applied magnetic
field of £10 kOe.

Results and discussion
Crystallographic analysis of OA-coated Fe;O, NPs

The crystalline structure of OA-coated Fe;O4 NPs was elucidated
using X-ray diffraction (XRD) analysis. The diffraction patterns
(Fig. 1a) revealed characteristic Bragg reflection peaks at 18.32°,
30.18°, 35.50°, 37.22°, 43.15°, 53.54°, 57.07°, 62.67°, and 74.39°,
corresponding to the (111), (220), (311), (222), (400), (422),
(511), (440), and (531) crystal planes. These peaks confirm the
formation of a single-phase cubic spinel structure of Fe;O,,
with no detectable impurities or secondary phases. The pre-
dominant (311) peak aligns with the established diffraction
pattern for Fe;0,, indicative of its high crystallinity and phase
purity. The average size (D) was determined using the Debye-
Scherrer equation: D = kA/fncos B, where k is the Scherrer
constant (0.9 for cubic systems), 4 represents the X-ray wave-
length (~1.54 A for Cu-Ka radiation), f is the full-width at half-
maximum (FWHM) of the diffraction peak in radians, and 0 is
the Bragg angle.””*® The calculated average crystallite size was
approximately 12.17 nm. This nanoscale crystallinity plays a
pivotal role in dictating the magnetic and catalytic properties of
the NPs, making them suitable for multifunctional applica-
tions. The lattice parameter (a) was calculated using the inter-
2sin0
where &, k, [ are the Miller indices of the most intense peak
(311).%"° The derived lattice parameter was 8.3740 A, in excel-
lent agreement with the standard value for Fe;O,. Further, the
unit cell volume (V) and X-ray density (d,) were calculated using

planar spacing equation for cubic systems: a = 4

the following relationships: d, = and V = a®>.°>°”' Here,

V4
NA (03)
Z is the number of formula units per unit cell (8 for Fe;0,), M is
the molecular weight of Fe;0,4, and N, is Avogadro’s number.
The calculated values, including d, = 11.7006 g cm™ >, are
presented in Table 1. Dislocation density (d) and surface area
(S.A.) were computed using the following formulae:**

5= @)

6

SA =5 3)

These metrics, listed in Table 1, provide insights into structural
imperfections and surface reactivity, crucial for tuning the
material’s functionality. Rietveld refinement of the powder
XRD data was conducted using the Fullprof software to deter-
mine precise structural parameters. The refinement procedure
utilized the Thompson-Cox-Hastings pseudo-Voigt function,
incorporating axial divergence effects. Iterative adjustments were
made to refine parameters such as scale factor, background,
atomic occupancies, and instrumental broadening. (Fig. 1a) illus-
trates the results of the Rietveld refinement. An excellent
goodness-of-fit value (3> = 1.01) was obtained, confirming the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Rietveld refinement analysis of OA-coated FesO4 NPs, (b)
Crystal structure of OA-coated FezO4 NPs with the (311) crystal plane
highlighted, and (c) electron density map showcasing atomic distribution.

reliability of the structural model. The refinement confirmed
that Fe;O, crystallizes in a cubic phase with the space group
Fd3m (no. 227) and lattice parameters of @ = b = ¢ = 8.3781 A.
Table 1 summarizes the refined structural parameters. (Fig. 1b)
depicts the crystal structure of Fe;O, visualized using the
VESTA software. The structure was derived from the Rietveld

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis, and the figure highlights the (311) crystal plane,
corresponding to the most intense peak in the diffraction
pattern. (Fig. 1c) displays a Fourier transform map that visually
depicts the electron density distribution (EDD) within the
material. By analyzing the EDD, we can gain valuable insights
into the positions of atoms, the nature of the bonds between
them (covalent, ionic, etc.), and how the electrons are distrib-
uted within these bonding regions. Here, red color represents
a high electron density region whereas fluorescent green color
represents a low-energy density region. The closed shell con-
tours followed by low electron density region indicate the
predominant ionic bonding nature.>

Optical properties: FTIR and UV-vis spectroscopy

Fourier transform infrared (FTIR) spectroscopy was utilized to
confirm the functionalization of Fe;O, NPs with OA and to
investigate the vibrational modes associated with the synthe-
sized sample. The FTIR spectrum (Fig. 2a) displayed several
characteristic peaks indicative of both the magnetite core and
the OA coating. The prominent absorption band at 564 cm™*
corresponded to the Fe-O stretching vibration in the tetrahe-
dral sites of the Fe;O, spinel structure, confirming the for-
mation of magnetite.”* This peak, being a fingerprint of Fe;0y,
establishes the crystalline integrity of the core material. The OA
coating was confirmed by characteristic peaks associated with
the carboxylate group (-COO™). The peaks at 1530 cm™ " and
1424 cm™' were attributed to asymmetric and symmetric
stretching vibrations of -COO~, indicating the chemical bind-
ing of OA to the NPs surface.'**> The presence of peaks at
2917 cm ™" and 2849 cm ™', corresponding to asymmetric and
symmetric stretching of CH, groups, confirmed the hydro-
carbon chain of OA.>*"® These assignments are consistent with
the reported literature, providing quantitative evidence of the
effective functionalization. Additionally, a broad band between
3000-3500 cm ' was observed, attributed to O-H stretching
vibrations from adsorbed water or surface hydroxyl groups.>”~*°
The peak at 1709 cm ™' was assigned to the C=O stretching
vibration of unbound OA, potentially due to storage conditions.
Samples were dried prior to measurement to minimize moist-
ure; however, due to moderate thermal treatment (90-95 °C)
rather than high-temperature annealing, residual moisture
adsorption occurred. Consequently, the broad FTIR band
reflects contributions from both adsorbed water and unbound
OA, including unreacted molecules with polar heads that
interact with ambient moisture. A similar observation has been
reported in previous literature,*”®" further validating its presence
in the spectra. These FTIR results establish the dual role of OA as a
surface stabilizer and dispersant, preventing aggregation of the
NPs and enhancing their colloidal stability in solution. To further
analyze the bonding strength between the metal and oxygen ions
in the Fe;0, structure, the force constant (K) was calculated using
the following relationship:

K = 4n*cV’m 4)

Here, ¢ is the speed of light (~3 x 10® m s7'), v is the
vibrational frequency (in em™") associated with the Fe-O bond

Mater. Adv., 2025, 6, 2253-2268 | 2257
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Table 1 Crystallographic parameters of OA-coated FezO4 NPs
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D (nm) Rietveld refined parameters
Atomic positions
Sample D-S a=b=c(Ad) V(@A) di(gem™3) 5 (x10°m?) S.A  Atoms x y z Occupancy Strain
OA-coated Fe;0, 12.17 8.3740 583.8 11.7006 6.75 42.23  FeT 0.125 0.125 0.125 0.04167 0.5940
FeM 0.500 0.500 0.500 0.08333
(6] 0.255 0.255 0.255 0.16667
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Fig. 2 (a) FTIR spectra of OA-coated FezO4 NPs, (b) Tauc plot for direct

and indirect band gap energy of OA-coated FezO4 NPs.

(calculated from 564 cm %), and m is the reduced mass of the
Fe and O atoms, given by: m = mg. X mo/(Mmp. + Mmg). Using
atomic masses of iron (55.85 ¢ mol ') and oxygen (16.00 g mol ),
the reduced mass was determined to be 2.065 x 10~ > g. Substitut-
ing these values, the force constant for the Fe-O bond was
calculated to be K = 2.328 N cm . This high force constant
reflects the strong ionic bonding within the magnetite structure,
contributing to its thermal and structural stability.

UV-Vis spectroscopy was employed to investigate the optical
absorption properties of the OA-coated Fe;O, NPs within the

2258 | Mater. Adv, 2025, 6, 2253-2268

wavelength range of 200-800 nm at room temperature. The
spectra (Fig. 2b) exhibited a maximum absorption peak between
200-204 nm which is close to the reported wavelengths of around
233 nm and 250 nm indicating the successful formation of Fe;0,
NPs.%> The band gap energy values for the synthesized sample can
be calculated by using Kubelka-Munk equation and were evalu-
ated by plotting Tauc plot using the equation:

(ahv)" = (hv — Eg) (5)

here o is the absorption coefficient which relates a material’s
ability to absorb light (4) to the thickness (¢) of the cuvette
(x =2.303 A t"), & is the Planck’s constant, v is the photon’s
frequency, n is the order of electron transition and E, is the
band gap energy. The Tauc plot method was used to determine
material’s optical direct and indirect band gap energies. For
indirect band gaps, the plot utilized («4)"? and kv while for
the direct band gap, the (zhv)” was plotted against photon
energy. The linear portion was then extrapolated to the x-axis
(energy equal to zero) which corresponds to the optical direct
and indirect band gap respectively of OA-coated Fe;O, NPs as
depicted in (Fig. 2b). The estimated band gap energies (3.58 eV
for direct and 2.54 eV for indirect) fall within the range reported
in the literature.®**

Morphology of OA-coated Fe;O, NPs

Fig. 3 illustrate high-resolution transmission electron micro-
scopy (HR-TEM) images of the synthesized OA-coated Fe;O,
NPs, demonstrating their uniform spherical morphology, sur-
face coating and well-dispersed nature. The observed isolation
of individual NPs (Fig. 3a) is attributed to the steric repulsion
provided by the OA coating, effectively counteracting the van
der Waals forces that typically promote agglomeration.®® Using
Image] software, the particle size was quantified and found to
have an average diameter of ~13.01 nm, as determined from
the corresponding histogram analysis (shown in inset of
Fig. 3a). A higher magnification image (5 nm scale) provided
in (Fig. 3b) further highlights the uniformity and structural
integrity of the NPs. The TEM images (Fig. 3b) confirm that the
OA coating forms a uniform layer around the NPs, minimizing
aggregation and enhancing dispersion. This improved disper-
sion increases the availability of reactive surfaces, facilitating
efficient bacterial trapping and interaction in antibacterial
applications while also promoting enhanced light absorption
and charge separation in photocatalysis. Comparable high-
resolution images have also been presented in previous studies
which support our findings.’***®” Also, the inset of the figure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
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(400)

(a) TEM micrograph of the OA-coated FesO,4 NPs with the inset showing the particle size distribution histogram, (b) HRTEM image of the NPs

showing OA coating on NPs. Inset of the figure shows the lattice spacing corresponding to (311) plane. (c) SAED pattern illustrating multiple solid rings

indicating polycrystalline nature of the NPs.

shows the lattice spacing of 0.265 nm which is associated with
the (311) planes of the spinel ferrites. The selected area electron
diffraction (SAED) pattern (Fig. 3c) reveals a series of well-
defined distinct concentric bright rings, confirming the poly-
crystalline nature of the Fe;O, NPs. These rings correspond to
the diffraction from multiple crystallographic planes, indicative
of the long-range periodicity within the nanostructure. The
observed diffraction pattern aligns with prior studies by Shete
et al.,°® reinforcing the structural integrity and phase purity of
the synthesized Fe;O, NPs. Additionally, the indexed reflection
planes in the SAED pattern exhibit excellent agreement with the
X-ray diffraction (XRD) data, affirming the crystallographic
structure of the synthesized material.

Magnetic measurement using vibrating sample magnetometry

Fig. 4 illustrates the hysteresis behavior of the OA-coated Fe;0,
NPs, as measured using vibrating sample magnetometry (VSM)
under an applied magnetic field ranging from —10 kOe to +10 kOe.
The magnetization (M) versus applied magnetic field (H) curve
(Fig. 4a) exhibits a well-saturated s-shaped profile with negli-
gible coercivity (H.) and remanent magnetization (M,), as high-
lighted in the inset. These characteristics confirm the
superparamagnetic nature of the synthesized NPs, attributed
to their average size lower to that of the critical size, as
supported by structural and morphological analyses.”® Addi-
tionally, the M-H curve was fitted with the Langevin equation
(Fig. 4a, red line), further corroborating the superparamagnetic
behavior of the Fe;0, NPs. The absence of significant hysteresis
underscores the suitability of these NPs for applications requir-
ing rapid magnetic response without residual magnetization.>>
The M-H curve was fitted with the Langevin function using
eqn (6) (Fig. 4a, red line), further validating the superparamag-
netic behaviour of the Fe;O, NPs.

M(H) = M(L (%) +yH (6)

. . L HY .
Here, M, is the saturation magnetization, L<%) is the

Langevin function a ratio of magnetic to the thermal energy,
 is defined by the magnetic susceptibility and H is the applied

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Room temperature M—H curve of the OA-coated FezO4 NPs
with a Langevin function fit, confirming their superparamagnetic behavior.
The inset provides an enlarged view of the M—H curve near the origin,
highlighting the negligible coercivity and remanence. (b) LAS fit of the M—H
curve, further validating the magnetic characteristics and saturation mag-
netization of the NPs.
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Table 2 Magnetic parameters obtained from M—-H curve of OA-coated FezO4 NPs

M, values (in emu g™ )

Sample LAS-fit Langevin-fit

M, (emu g ) S b

X (emu g ' Oe ™)

OA-coated Fe;0,

32.35

34.81

ot
]
M

- (=) oo
i i A

Zone of Inhibition (mm)

25 pg/pL

50 pg/pL
Concentration of Fe304 NPs

Fig. 5 (a) Antibacterial activity of the OA-coated FesO4 NPs at different
concentrations using agar well diffusion method on E. coli DH5a. strain of
bacteria. (b) Error-bar graph representing the ZOI (in mm) at various
sample concentrations.

magnetic field. The high correlation of the experimental
data with the Langevin function fit underscores the robust

0.30

0.009 8.76 x 10* 3.96 x 1074

superparamagnetic properties of the OA-coated Fe;O, NPs,
highlighting their suitability for applications requiring rapid
magnetic response and negligible hysteresis. The saturation
magnetization of the OA-coated Fe;O, NPs was determined to
be 34.80 emu g, significantly lower than the bulk Fe;0, value
(~80 emu g ). This reduction is attributed to the increased
surface-to-volume ratio and dimensional confinement inherent
to the nanoscale regime, which results in suppressed magnetic
interactions and surface spin canting. Furthermore, the average
particle size of ~13 nm, as calculated from morphological
analysis, supports the superparamagnetic behaviour without
magnetic domain formation, consistent with the characteristics
reported by Pathak et al.®®”" (Fig. 4b) depicts the fit of the
magnetization curve using the law of approach to saturation
(LAS) as described by the following equation:

b
M(H):Ms(l _ﬁ) +ycH (7)
8 K
h -0
where, b 105 k2 M2 (8)

Here, K; is defined by the cubic anisotropy constant and ¢ is
known as the high field susceptibility. The constants such as b,
1¢ are determined by fitting. The value of K; is obtained from
eqn (8) (3.7 x 10* erg cm °).°® Furthermore, the squareness

M
ratio (S), defined as = ﬁr7 was found to be less than 1. This

S
observation underscores the suitability of the OA-coated Fe;0,

NPs for biomedical applications, where low coercivity and
remanence are advantageous. In contrast, a higher squareness
ratio is typically required for memory storage device appli-
cations.”” The extracted values for b, y;, M;, Ms and S, are
presented in Table 2.

Antibacterial activity

The agar well diffusion method was employed to assess the
antibacterial efficacy of Fe;0, NPs against E. coli DH5a, a Gram-
negative bacterium. The ZOI created around the well was
measured and compared with the known antibiotic ampicillin.
The diameter of the created zones defines the potential of the

Table 3 Comparison of FesO4 NPs with other ferrite materials for antibacterial property

S. no. Ferrite NPs Concentration Bacteria ZOI (mm) Ref.

1 CuFe,0, 600 pg uL~* E. coli 12.0 (& 0.9) 32

2 NiFe,0, 100 pg mL ™" E. coli 6 33

3 CoFe,0, 100 pg pL~* E. coli — 73

4 ZnFe,0, 50 pg pL~? E. coli DH5a. 5.30 (& 0.6) 26

5 OA-coated Fe;0, 25 ug uL~* E. coli DH5a 4.83 (£ 0.32) [Present study]
50 pg pL =t 9.28 (£ 0.13)

2260 | Mater. Adv, 2025, 6, 2253-2268
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NPs. The different concentrations of NPs such as 25 pug pL ™"
and 50 pg puL~" have been taken for the test with ampicillin
(antibiotic) as a negative control and DMSO as a positive
control shown in Fig. 5a. The average diameter of the ZOI
for the Fe;O, NPs is 4.83 mm (at 25 pg pL™ ') and 9.28 mm
(at 50 pg pL~"), respectively (shown in Fig. 5b). The results
showed that as the concentration of NPs increased, the ZOI also
increased, indicating dose-dependent inhibition. Table 3 shows
the comparison of ZOI of different studies for different NPs.

The bactericidal effect exhibited by OA-coated Fe;O4 NPs is
attributed to their small size and increased surface to volume
ratio as described by Dabagh et al. and others.”®*” Heavy metal
ion release and ROS production are two key elements that
determine the effectiveness of the NPs.>® The heavy metal ions
Fe*" and Fe®" were released by Fe;O, NPs and these positive
ions attached to the negatively charged bacteria surface, thus
creating disturbance at the outer cell membrane of microbe.*?
After entering into the cell, these ions damage the cellular
organelles, which involves cell division, cellular respiration and
DNA replication. Thus, ROS produced inside the cell due to the
oxidative stress and affects the intracellular function of the cell.
The ROS are very powerful oxidising agents (*OH, *O, , and
HOO?*) which are not able to penetrate the cell wall and thus
damage the organic molecules, such as lipids, nucleic acids,
proteins, carbohydrates, DNA, and amino acids causing inhibi-
tion of cell growth.>*

Bacteria + *OH — Inhibition of bacteria

The positively charged Fe** and Fe** ions are also attracted
by the negatively charged cellular proteins causing denaturation of
proteins. Finally, microbial death resulted from diminished cell
permeability, the ROS generation and protein deactivation trig-
gered by nanomaterial interaction. Fig. 6 depicts an illustrative
representation of the antibacterial mechanism.

Interaction of
NPs with
bacterial cell
v

: f’

Electrostatic
interaction
("

Membrane
disruption

©

Nanoparticles

DNA damage Mitochondrial
WM ; dysfunction

Protein damage

O,

®
@ Bacterial Cell death

Fig. 6 Antibacterial mechanism of the OA-coated FesO,4 NPs.
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Fig. 7 (a) Absorbance spectra, (b) first order kinetic plot of n(A/Ao)
vs. time, (c) degradation efficiency of RhB dye using OA-coated FezO4
NPs.
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Photocatalytic activity

The photocatalytic performance of OA-coated Fe;O, NPs was
evaluated by exposing them to visible light irradiation (1 >
420 nm) and the absorption spectra were obtained at the
wavelength of 554 nm (Amay). (Fig. 7a) shows the UV-Vis
absorption vs. time plot which indicated the decrease in
absorption spectra of the RhB dye with the passage of time.
Exposing the RhB dye solution to the OA-coated Fe;O, NPs
under visible light irradiation led to a progressive reduction in
the absorbance intensity of the dye over time. Extending the
visible light exposure to 340 minutes enhanced the degradation
efficiency, achieving an impressive removal of approximately
99.17% of the RhB dye. This significant enhancement can be
attributed to the OA functionalization, which reduces charge
recombination by acting as a charge-separating layer, thereby
extending the lifetime of excited charge carriers. The prolonged
charge carrier separation facilitates higher ROS generation,
which drives the degradation process more efficiently. The
improved light absorption and charge transfer dynamics due
to OA functionalization further contribute to the superior
photocatalytic performance observed in our study. A compara-
tive analysis of the photocatalytic efficiency of Fe;0, NPs is
provided in Table 4, reinforcing the impact of surface functio-
nalization on enhanced degradation capability. The degrada-
tion rate kinetics of RhB dye in the presence of OA-coated Fe;0,
NPs was analyzed, and the slope of the kinetic curve was used
to calculate the value of rate constant which came out to be
0.0079 min~'. These results suggest that OA-coated Fe;O, NPs
exhibit high photocatalytic performance. While the OA coating
primarily serves as a dispersing agent in the dye solution, the RhB
dye itself interacts primarily with the hydrophobic hydrocarbon
chain ie. ‘tail’ of the OA molecule due to the strong attraction
between the hydrocarbon chain and the dye’s aromatic rings.
Additionally, the observed degradation behavior follows a first-
order kinetic model (shown in Fig. 7b), as described by eqn (9).
Further, (Fig. 7c) demonstrates the achieved degradation effi-
ciency of the dye after 340 minutes of exposure.

A

where A, and A are the initial and final absorbance at time ‘¢ in
minutes and k represents the rate constant.

©)

Effect of catalyst dose

To investigate the effect of catalyst dose on the degradation
efficiency of RhB dye, experiments were conducted using vary-
ing amounts of catalyst: 20 mg, 40 mg, 60 mg, and 80 mg.

Table 4 Comparing the photocatalytic efficiency of FesO4 NPs
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Fig. 8 (a) A/Ap vs. time graph, (b) rate kinetics and (c) bar graph repre-

senting the rate constants at different catalyst dosage.

S.no.  Ferrite NPs Source Catalyst dose (g L")  Dye Degradation (%)  Dye concentration (ppm)  Ref.

1 Fe;0,4 Visible 0.4 RhB 23.8 5 74

2 Fe;04 Visible 0.4 RhB 16 5 75

3 Fe, O3 Visible 1.25 RhB 38.03 24.25 76

4 Fe;04 Visible 0.51 RhB 92.5 10 77

5 Fe;0, Visible 1 RhB ~66 10 78

6 OA-coated Fe;0,  Visible lamp 1 RhB 99 10 [Present study]
2262 | Mater. Adv., 2025, 6, 2253-2268 © 2025 The Author(s). Published by the Royal Society of Chemistry
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The experiment was performed by taking the various amounts
in 60 mL of dye solution each, with the dye concentration kept
fixed. The results demonstrated the catalyst dose significantly
influenced the photocatalytic degradation efficiency of the
RhB dye. With increase in catalyst dose, the photocatalytic
activity increased with higher catalyst dose, with the optimum
degradation percentage observed at a catalyst dose of 60 mg.
At catalyst dose of 20 mg and 40 mg, the degradation percen-
tage of 53.23% and 54.81% and the maximum degradation of
76.44% was observed at 60 mg of catalyst dose. On further
increasing the catalyst dose to 80 mg, the degradation percen-
tage resulted in slight reduction showing 75.55% degradation
efficiency. This trend can be explained by two factors. Initially,
as the catalyst dose increases, more active sites become avail-
able, leading to a greater generation of electron-hole pairs,
which in turn enhances the photocatalytic activity. However,
at higher catalyst concentrations, particle-particle interactions
result in a screening effect that reduces the penetration of
photons to the photocatalyst surface. This shielding effect
decreases the overall photodegradation efficiency, as fewer
photons are available to initiate the photocatalytic reactions.”®
(Fig. 8a) illustrates the A/A, (absorbance ratio) versus time, depict-
ing the rate kinetics of the photocatalyst at different dosages.
First-order rate kinetics were applied, and the rate constants were
calculated from the slopes of the fitted data, as shown in (Fig. 8b).
The calculated rate constants for 20 mg, 40 mg, 60 mg, and 80 mg
of catalyst are 0.00187 min~ ", 0.0021 min~", 0.00358 min™ ", and
0.00352 min~", respectively (shown in Fig. 8c). Based on these
results, the optimal catalyst dose was chosen to be 60 mg, where
the maximum degradation efficiency was observed.

Stability test

The stability and reusability of the OA-coated Fe;O, NPs was
tested by performing degradation experiments using RhB dye.
After each cycle, the magnet was attached at the bottom of
the beaker and solution was decanted. The resulted sample
was washed multiple times in similar manner to desorb the
adsorbed RhB dye, followed by drying in humidity chamber at
70 °C for subsequent cycles. The degradation activity was
assessed by monitoring the photocatalytic degradation rate,
revealing minimal reduction even after four consecutive cycles
(as shown in Fig. 9a). The excellent reusability of OA-coated

—&—Cycle 1
—o—Cycle 2
—d— Cycle 3
—¥—Cycle 4

Degradation (%)
-
=

S50 0 50 100 150 200 250 300 350

Time (minutes)

Fig. 9
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Fe;04 NPs is attributed to the stability of their magnetic and
surface properties, ensuring consistent performance across
multiple cycles. The OA coating effectively prevents aggrega-
tion, preserves a high surface area, and stabilizes surface states
essential for the efficient generation of ROS. This confirms that
the NPs retain their photocatalytic activity due to preserved ROS
generation and stable superparamagnetic behavior, making
them highly effective for repeated applications. In addition, a
morphological analysis of the material was conducted to eval-
uate any structural changes that might have occurred after the
recyclability test. (Fig. 9b) presents the FESEM images of the
NPs captured before and after conducting the degradation
experiment after four consecutive cycles. The morphology of
the NPs before the experiment is shown in (Fig. 9b), high-
lighting their initial structure and surface characteristics.
(Fig. 9c) shows the NPs after four cycles of degradation experi-
ment. A comparison of the images reveal no significant changes
in the morphology or surface structure of the NPs after the
recyclability test. This observation underscores the excellent
photostability of the prepared functionalized sample, demon-
strating its ability to maintain structural integrity and perfor-
mance even after repeated use in photocatalytic degrada-
tion experiments. Such stability is a crucial attribute for the
practical application of photocatalysts in long-term and sus-
tainable pollutant degradation processes.

Fig. 10 illustrates the schematic representation of the photo-
catalytic mechanism of OA-coated Fe;O, NPs. When a particu-
lar wavelength of visible light falls on the surface of OA-coated
Fe;0,4 NPs, the electron present in the VB absorbs that energy
and gets excited to the CB which leads to the generation of
electron-hole pairs. This photo-excited electron participates in
redox reaction by reacting with the oxygen present in the
atmosphere and results in producing superoxide radicals
whereas the hole present in the valence band reacts with the
water molecules present in the proximity of the solution
resulting in producing *OH. These radicals further react with
the molecules of RhB dye pollutant leading to the degradation
of the dye molecules by producing carbon dioxide and water
molecules.’® Further, the enhancement in degradation percen-
tage is mainly attributed to the additional *OH generated upon
introducing H,0,.”” This occurs through electron transfer from
the conduction band of the photocatalyst to H,0,, creating

(a) Stability test of the OA-coated FesO4 NPs as a photocatalyst, demonstrating their reusability over multiple cycles. (b) FESEM images of OA-

coated FezO4 NPs showing the morphology before the degradation experiment and (c) after the recyclability test, highlighting structural changes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic representation of RhB dye degradation in presence of
OA-coated FesO4 NPs under visible light irradiation.

highly reactive *OH that intensify the overall degradation
process. The possible dye degradation reactions are shown in
eqn (10)-(16):

Fe;O, + hv — Fe;04 (e~ + h') (10)

e +0, > *0y” (11)

h* + H,0 — *OH (12)

H,0, +e~ —» OH + *OH (13)
H,0, +°0,” —» OH™ +°*OH + O, (14)
°0, + Dye — Degradation products (15)
*OH + Dye — Degradation products (16)

Conclusion

In this study, OA coated-Fe;0, NPs were synthesized via an eco-
friendly and scalable co-precipitation method. Comprehensive
characterization using XRD, FTIR, UV-Vis spectroscopy, HRTEM,
and VSM confirmed the high crystallinity, effective functionaliza-
tion, and robust magnetic properties of the synthesized NPs. XRD
analysis revealed a single-phase cubic structure with a crystallite
size of 12.17 nm, calculated using Debye-Scherrer’s formula. FTIR
and UV-Vis spectroscopy confirmed both the functionalization
and optical properties of the samples. Furthermore, VSM analysis
demonstrated the superparamagnetic nature of the NPs, with an
M; value of 34.80 emu g~ '. These multifunctional NPs exhibit
superior antibacterial and photocatalytic activities, underscoring
their dual applicability in biomedical and environmental
domains. The antibacterial efficacy of the NPs was demonstrated
through dose-dependent inhibition against Escherichia coli DH50.
At a concentration of 50 pg uL ', the NPs achieved a maximum
ZOI of 9.28 mm, significantly outperforming similar ferrite-based
systems reported in literature. This superior activity is attributed
to the generation of ROS and the controlled release of Fe**/Fe**
ions, which synergistically disrupt bacterial membranes, denature
proteins, and damage genetic material. The role of OA in

2264 | Mater. Adv., 2025, 6, 2253-2268
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enhancing the dispersibility and interaction of NPs with microbial
surfaces further amplifies their efficacy. The NPs also demon-
strated remarkable photocatalytic degradation of RhB dye under
visible light irradiation. Achieving 99.17% degradation within
340 minutes, the photocatalytic process follows first-order kinetics
with a rate constant of 0.0079 min~'. This exceptional perfor-
mance is driven by the synergistic effects of OA coating on the
Fe;0, surface, which enhance charge separation, light absorption,
and surface area availability. Furthermore, the magnetic recover-
ability of the NPs allowed efficient separation and reuse over four
cycles, maintaining stability and performance, thus validating
their economic and practical viability for environmental remedia-
tion. This work advances the understanding of multifunctional
NPs, showcasing how surface functionalization can tailor their
physicochemical properties to address critical global challenges.
Overall, this study positions OA-coated Fe;O, NPs as a potent,
cost-effective solution for dual-action applications, bridging the
gap between sustainable nanotechnology and real-world biome-
dical and environmental needs.
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