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Abstract: NiFey;O4 nanoparticles were successfully synthesized via a coprecipitation method
using natural iron sand from Kata Beach, Pariaman, as the Fe source. The effect of synthesis
pH on the crystal structure, morphology, optical, magnetic, electrical, and photocatalytic prop-
erties of the materials was systematically explored. X-ray diffraction (XRD) confirmed a cubic
spinel structure for all samples, while Fourier transform infrared (FTIR) spectra revealed char-
acteristic tetrahedral and octahedral lattice vibrations between 400-600 cm™!. Scanning elec-
tron microscopy (SEM) showed significant morphological variations with pH adjustment. The
nanoparticles exhibited bandgap energies of 1.52-1.54 €V, enabling strong visible-light absorp-
tion, and displayed soft magnetic behavior with saturation magnetization (Ms) of 4.4-7.5 emu/g
and remanent magnetization (Mr) of 0.16-0.188 emu/g. A slight variation in bandgap energy
from 1.54 to 1.52 eV was observed across the pH range investigated. Notably, NiFeoO4 exhib-
ited excellent photocatalytic performance under sunlight, achieving degradation efficiencies of
98%, 84%, and 86% for Congo Red, Methylene Blue, and tetracycline antibiotic, respectively.
These findings highlight NiFe,O4 as a highly versatile and efficient material for environmental
remediation, particularly for treating water contaminated with organic pollutants.
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1. Introduction

The rapid expansion of industrial activities in the globalization era has significantly affected
the discharge of untreated effluents on environmental quality, particularly aquatic ecosystems.
Industrial and other anthropogenic liquid wastes have become major environmental concerns
that require effective and sustainable management to prevent secondary pollution (Bhaduri et
al., 2022). Congo red and MB are aromatic heterocyclic dyes widely used in textile coloration
due to their strong chromophoric properties and chemical stability (Sukandar et al., 2024). How-
ever, the fibres absorb only about 5% of the dyes, while the remaining portion is released into the
environment. This process contributes to severe environmental pollution, particularly in aquatic
systems, and poses health risks to humans, including bleeding, nausea, and skin irritation (Kur-
niasari et al., 2025; Ramu & Choi, 2021). Similarly, antibiotics, such as tetracycline, are widely
used in medical and veterinary practices, leading to antibiotic-contaminated wastewater, which
contributes to the emergence of resistant bacteria. Tetracycline is resistant to degradation by
conventional treatment methods due to its high chemical stability and water solubility, mak-
ing it a persistent contaminant in aquatic environments (Jasrotia et al., 2024). Conventional
wastewater treatment methods, including chemical coagulation and biological degradation, are
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often insufficient, energy-intensive, and environmentally unfriendly. Therefore, developing green,
efficient, and sustainable approaches to the removal of such pollutants is an urgent necessity.

Photocatalysis has emerged as a sustainable and efficient technique for degrading organic
pollutants under solar irradiation. This process has attracted increasing attention because of
its ability to decompose organic compounds in aqueous systems without the production of sec-
ondary contaminants. In recent years, various low-cost and low-toxicity photocatalysts have
been developed for this purpose. Spinel ferrites (MFesO4; M = Ni?t  Co?*, Cu?*, Mn2T, or
Zn*, or Fe?T) have been widely explored owing to their narrow band gap, high chemical stabil-
ity, and magnetic recoverability, which enable easy separation from treated water (Al-Tohamy
et al., 2022; Chakraborty et al., 2025). Nickel ferrite (NiFe3O4) has gained prominence as a soft
magnetic material with exceptional biocompatibility, recyclability, catalytic efficiency, and envi-
ronmental benignity (Biswas et al., 2024; Cheng et al., 2023; Salih & Mahmood, 2023). NiFe;O4
possesses an inverse spinel structure, where Fe™ ions occupy both tetrahedral (A) and octahe-
dral (B) sites, while Ni®* ions reside in the octahedral sites (Rahmayeni et al., 2019; Roberta
et al., 2024). Controlling particle size and crystallinity enables the tuning of magnetic behavior
from paramagnetic to ferrimagnetic, thereby enhancing the material’s applicability in diverse
fields (Yildirim et al., 2025). At the nanoscale, NiFesO4 exhibits superior physicochemical prop-
erties compared to its bulk form, supporting its wide-ranging use in environmental remediation,
catalysis, biosensing, drug delivery, and magnetic separation. The structural, magnetic, and
dielectric properties of green-synthesized Ag-doped NiFeaOy spinel ferrite (Malik et al., 2022;
Saha et al., 2024) can be investigated.

Various methods have been developed for synthesizing NiFeoO,4 using different precursors,
with the coprecipitation technique being among the most widely employed (Tripta & Rana,
2023). Most previous studies used iron salts as the primary iron source (Aggarwal et al., 2025).
Natural materials, such as iron sand, offer a sustainable, environmentally friendly alternative
for ferrite nanoparticle synthesis (Nengsih et al., 2024; Saputra et al., 2020). Iron sand, which
is abundant in many coastal and lowland regions, is particularly abundant in Indonesia, where
large deposits are distributed across Sumatra, Java, Kalimantan, Sulawesi, and Papua (Saputra
et al., 2020). It is widely used in various industries, including cement, steel, and ink manu-
facturing, and typically exhibits a dark gray to black color that intensifies with increasing iron
(Fe) content. Iron sand is composed mainly of magnetite (Fe3O4) and hematite (FeaOg3) along
with trace elements such as titanium, silica, manganese, calcium, and vanadium (Kristina et al.,
2024), iron sand possesses a high iron concentration suitable for ferrite synthesis. Several studies
have successfully used iron sand as a raw material for producing ferrite materials. For example,
iron sand from Pariaman Beach, West Sumatra, characterized by its lustrous black appearance,
contains abundant magnetite (Fe3O4), hematite (a-FepOs), and maghemite (7-FeaOg) phases
(Mardana et al., 2024; Salomo et al., 2018). This natural resource has been employed in ce-
ment production and ferrite fabrication (Kurniasari et al., 2025). Overall, the utilization of
iron sand as a precursor offers a cost-effective, abundant, and eco-friendly alternative to con-
ventional chemical reagents, supporting the sustainable development of ferrite-based materials
(Wulandhari & Erwin, 2020).

Unlike previous studies that primarily employed chemically derived Fe precursors or fo-
cused on individual photocatalytic parameters, this study integrates naturally extracted FezO4
from Pariaman iron sand with the systematic pH-controlled synthesis of NiFeoO4 nanoparti-
cles. The influence of the synthesis pH on the structural, optical, magnetic, and photocatalytic
properties of the materials was comprehensively investigated. The photocatalytic performance
of the NiFesO4 nanoparticles was evaluated under natural sunlight irradiation for the degra-
dation of Congo red and methylene blue individually, followed by their binary mixture, and
further extended to the degradation of tetracycline. In addition, the photocatalyst’s magnetic
recoverability was evaluated to facilitate catalyst separation and potential reuse.
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2. Methods
2.1 Materials

Iron sand from Kata Beach, Pariaman, West Sumatra Province, Indonesia; Ni(NO3)2-6H20,
NaOH (Merck); 37% HC], polyvinyl alcohol (PVA, Aldrich), silver paste, nichrome wire, distilled
water, pH indicator paper, and filter paper (Whatman) were used. The dyes (Congo Red (CR)
and Methylene Blue (MB)), and tetracycline were used as target pollutants.

2.2 Extraction of Fe3sO,4 from the Iron Sand

The iron-bearing beach sand used in this study was collected from Kata Beach, Padang
Pariaman City, West Sumatra Province, Indonesia. Before use, the sand was thoroughly washed
with distilled water to remove surface impurities and dried at 110 °C for 1 h. The magnetic
separation process was performed several times using a permanent magnet to isolate the magnetic
fraction, which was then finely ground with a mortar and pestle and passed through a 160-mesh
sieve. The obtained fine fraction was washed with distilled water and dried at 110 °C for 2 h to
obtain purified iron sand. The iron content of the magnetic sand was determined using X-ray
fluorescence (XRF). Subsequently, FesO4 was extracted from this material as the iron source
for the synthesis of NiFeoOy4. In this process, 20 g of the purified sand was dissolved in 50 mL
of 37% HCI at 80 °C under continuous stirring at 800 rpm for 30 min. The resulting solution
was filtered, and 2 M NaOH was added dropwise under stirring at 500 rpm until a black Fe3O4
precipitate formed. The precipitate was filtered, repeatedly washed with hot distilled water until
the pH reached neutrality, and dried at 110 °C for 120 min. Subsequently, the resulting Fe3O4
was characterized to confirm its structural and morphological properties (Mardana et al., 2024;
Nengsih et al., 2024).

2.3 Synthesis of NiFe,O,; Nanoparticles using Fe3;O, from Iron Sand

NiFe,O4 nanoparticles were synthesized via the coprecipitation method using FesO,4 ex-
tracted from natural iron sand as the Fe source, and Ni(NO3)2-6H20 as the Ni source. The
Fe3O4 from iron sand and nickel nitrate salt was weighed stoichiometrically. Subsequently,
Fe304 was dissolved in 37% (30 mL) HCI and stirred until homogeneous for 20 min at room
temperature. The mixture was then filtered using filter paper, and the filtrate was added to
Ni(NOj3)2:6H20, previously dissolved in 30 mL of distilled water. The resulting mixture was
stirred at 80 °C. Ferrite properties are markedly affected by synthesis conditions, particularly
pH (Jabbar et al., 2024). To investigate the effect of pH on NiFey,O4 formation, the pH of the
solution was adjusted to 11-13 by dropwise addition of 2 M NaOH, followed by stirring for 3 h.
The precipitate obtained was aged for 24 h and filtered. The precipitate was repeatedly washed
with distilled water until the wash solution reached neutral pH (7) and dried at 110 °C for
8 h. The dried powder was ground and subsequently calcined at 600 °C for 8 h. The samples
synthesized at pH 11, 12, and 13 were designated NiF11, NiF12, and NiF13, respectively, and
then stored for further characterization (Rahmayeni et al., 2019). A detailed flowchart of the
experimental procedure is provided in the Supplementary Data (Figure S1).

2.4 Characterization of NiFe;Oy

The composition of the elements in the iron sand extract was analyzed by X-ray fluores-
cence (XRF) spectroscopy. Crystal structure and size information were obtained using X-ray
diffraction (XRD) (PANalytical). Interactions between molecules and functional groups were
observed using Fourier transform infrared (FT-IR) spectroscopy (PerkinElmer Universal ATR
sampling Accessory). The surface morphology and elemental content of the nanoparticles were
observed using Scanning Electron Microscopy Energy Dispersive X-Ray (SEM-EDX) (Hitachi
Flex Sem). More detailed analysis of the structure, particle shape, and crystallinity was per-
formed using transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and



International Journal of Technology 17(5) 1860-1878 (2026) 1863

selected area electron diffraction (SAED) (TEM, JEM-1400). The magnetic properties of the
nanoparticles were observed using a vibrating sample magnetometer (VSM) (VSM-250 Electro-
magnetic). The optical properties of the resulting nanoparticles were observed using Diffuse Re-
flectance Spectroscopy UV-Vis (DRS UV-Vis, FE Inspect S50). The elemental oxidation states
and chemical composition of ferrites were examined via X-ray photoelectron spectroscopy (XPS)
using the XPS-Kratos Analytical Axis Supra technique. Additionally, the adsorption—desorption
isotherms were obtained using a surface area and pore size analyzer (SAA: Quantachrome Nova
4200€).

2.5 Photocatalytic Performance of NiFe;O,

The photocatalytic performance of NiFesO4 was assessed using Congo red, methylene blue,
and tetracycline as representative organic pollutants. Stock solutions (1000 ppm) of each com-
pound were prepared by dissolving 1 g of each compound in distilled water and diluting to
1000 mL. Subsequently, these stock solutions were diluted to obtain working concentrations of
20, 30, 40, 50, and 60 mg/L for the dyes and 15, 20, 25, 30, and 35 mg/L for the antibiotic.
Working solution aliquots were transferred into Petri dishes, and 20 mg of NiFesO4 nanoparticles
was added to each. The suspensions were magnetically stirred in the dark for 30 min to estab-
lish adsorption—desorption equilibrium. The mixtures were then exposed to natural sunlight for
120 min between 11:00 a.m. and 1:00 p.m. in the chemistry laboratory yard of Andalas Uni-
versity. As sunny and rainy weather alternates throughout the year in Padang, West Sumatra,
all photocatalytic experiments were performed under comparable clear and sunny conditions.
The average sunlight intensity, measured using a mobile application, was 47,314 lux. The sun-
light intensity was measured consistently using the same smartphone application throughout
all experiments to monitor the relative consistency of illumination conditions between experi-
ments. The temperature of the solution during the photocatalytic reaction was maintained at
29 + 2 °C. The solution volumes were readjusted to their initial levels with distilled water, and
the catalyst was separated by centrifugation. The absorbance of the resulting supernatants was
measured using a UV—Vis spectrophotometer at wavelengths of 498 nm for Congo red, 665 nm
for methylene blue, and 270 nm for tetracycline. The degradation efficiency was calculated using
Equation (1):

Ao — A

Degradation (%) = A x 100% (1)

where Ag is the initial concentration, and A; is the concentration at time ¢. Control ex-
periments without a catalyst (blank samples) were also performed under identical irradiation
conditions. Several parameters related to the photocatalytic activity test, including catalyst
type, concentration, irradiation time, catalyst dosage, reusability, and degradation kinetics,
were investigated (Rahmayeni et al., 2021; Zulhadjri et al., 2025). The two dyes were mixed
in equal volumes and concentrations. The reusability test was conducted under the optimum
photocatalytic degradation conditions obtained. Each experiment was repeated three times to
evaluate degradation efficiency.

3. Results and Discussion
3.1 Characteristics of Fe;O, Extracted from Padang Pariaman Beach Sand

Iron sand was collected from Kata Beach, Pariaman, West Sumatra, Indonesia, and is char-
acterized by its black and lustrous appearance. Iron sand was used as a source of Fe for the
synthesis of FesO4 compounds. Elemental composition analysis using X-ray fluorescence (XRF)
revealed that the FesO4 contained 83.91% Fe. Surface morphology analysis using scanning
electron microscopy (SEM) and elemental composition analysis using energy-dispersive X-ray
spectroscopy (EDX) (Figures la and 1b) showed that FesO4 consists of irregularly sized, ag-
glomerated grains, attributed to its strong magnetic nature. Furthermore, the EDX spectrum
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confirmed the proportional composition of iron (Fe) and oxygen (O) atoms. The diffraction
pattern of the FesO,4 sample corresponds well with the standard ICSD pattern #159976. The
characteristic diffraction peaks observed at 20 = 30.18°, 35.62°, 43.25°, 53.68°, 57.27°, and
62.81° correspond to the (220), (311), (400), (422), (511), and (440) Miller indices, respectively,
confirming the ferrite structure (Figure 1c). The crystallite size of the synthesized magnetite
(Fe3O4) sample was calculated to be 14.8 nm using the Debye-Scherrer equation (Zulhadjri
et al., 2025). The FTIR spectrum of FezO4 (Figure 1d) exhibits two main absorption bands
characteristic of the spinel structure, namely the high-frequency band (v1) at 533.7 cm™! and
the low-frequency band (o) at 460.1 cm™!, confirming the formation of Fe3O4. The magnetic
properties of Fe3O4 were analyzed using vibrating sample magnetometry (VSM), as shown in
the hysteresis curve (Figure le), which indicates a ferrimagnetic behavior with a saturation
magnetization of 57.2 emu/g, a remanent magnetization of 13.72 emu/g, and a coercivity of ap-
proximately 20.9 Oe. The saturation magnetization of Fe3Oy, is higher than that reported in a
previous study (27.36 emu/g), in which Fe3O,4 was synthesized from iron sand collected from the
Gelar River (Mardana et al., 2024). All characterization results confirm that the Fe3O,4 phase
was successfully extracted from iron sand. These findings confirm that FesO4 can be effectively
used as a precursor for the synthesis of NiFeoOy.
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Figure 1 (a) SEM image, (b) EDX spectrum, (c¢) XRD pattern, (d) FTIR spectrum, and (e)
magnetization hysteresis (M—H) loop of Fe3Oy4

3.2 Characterization of NiFe,Oy
3.2.1 Crystal structure

The crystal structure of the synthesized NiFe,O4 nanoparticles was investigated to evaluate
their phase formation, crystallinity, and structural properties. The XRD pattern of the NiFesOy
sample (Figure 2a) matched the standard diffraction data (ICSD #158834). The diffraction
peaks observed at 260 = 30.5°, 35.7°, 43.5°, 53.7°, 57.4°, and 63.1° are indexed to the (220),
(311), (400), (422), (511), and (440) planes, respectively. These indices confirm the successful
formation of crystalline NiFeoO4 with no detectable impurity phases in the NiF13 sample. The
other two samples (NiF11 and NiF12) exhibited minor impurity phases corresponding to -
FesO3 (maghemite) at 260 = 44.6° (Alshehri et al., 2024). Scherrer’s equation, Equation (2),
was used to estimate the average crystallite size of the nanoparticles (Kurniawan et al., 2025;
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Rahmayeni et al., 2025):

kA
b= B cosb 2)

where D is the crystallite size, k is the shape factor (k = 0.89), A is the wavelength of the
incident X-ray radiation (Cu-Ka) (A = 1.542 A), 3 is the full width at half maximum in radians
(FWHM), and 6 is Bragg’s angle in radians. The crystallite sizes of NiFe;O4 were determined
to be 5.78, 5.16, and 4.63 nm for samples synthesized at pH 11, 12, and 13, respectively. The
decrease in crystallite size with increasing pH is attributed to faster nucleation at higher pH,
leading to a greater number of nuclei. Consequently, the crystallites formed are smaller due to
the rapid and short nucleation process (Jabbar et al., 2024).
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Figure 2 a) XRD pattern and b) FT-IR spectra of NiF11, NiF12, and NiF13

3.2.2 Chemical bonding and functional groups

Chemical bonding and metal-oxygen vibrations were examined to confirm the formation of
the spinel ferrite structure. Figure 2b shows the FT-IR spectra of NiFeoO4 synthesized under
different pH conditions. The observed absorption bands are attributed to the lattice vibrations of
metal-oxygen bonds involving nickel and iron cations within the spinel structure. The absorption
bands observed at 539, 545, and 536 cm ™! for samples NiF11, NiF12, and NiF13, respectively,
correspond to the M—O stretching vibrations at tetrahedral sites, while those appearing at 479,
488, and 460 cm~! are attributed to M-O stretching vibrations at octahedral sites (Majid et
al., 2021). The obtained FT-IR spectra are in good agreement with previously reported data,
thereby confirming the successful formation of NiFeoO4 NPs using iron sand as the Fe source.
The slight variation in band positions can be attributed to differences in the bond lengths
between metal ions and oxygen atoms: shorter M—O bonds at tetrahedral sites result in higher
vibrational frequencies, whereas longer M—O bonds at octahedral sites lead to lower vibrational
frequencies (Riyanti et al., 2023).

3.2.3 Morphology and composition

The morphology of the NiFesO4 samples analyzed by SEM is presented in Figure 3(a—c).
Figures 3a and 3b show the morphologies of the NiF11 and NiF12 samples, respectively, which
appear as aggregated granular structures with non-uniform particle sizes. This heterogeneity
can be attributed to particle agglomeration occurring during the synthesis process, a common
phenomenon in the formation of magnetic nanomaterials due to the attractive forces between
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particles arising from their inherent magnetic properties (Saputra et al., 2020). The NiF13
sample synthesized at pH 13 exhibited a more uniform morphology with a narrow particle
size distribution, as shown in Figure 3c. The solubility of metal ions is enhanced, resulting
in a higher nucleation rate relative to particle growth. This favors the rapid formation of
smaller particles, thereby minimizing aggregation into larger clusters (Ghahfarokhi & Shobegar,
2020). The micrograph further reveals that the surface of the NiF13 sample is porous and
evenly distributed, which can significantly enhance its performance as a photocatalyst for the
degradation of organic pollutants in water. Elemental analysis of the NiFesO4 samples using
EDX confirmed the presence of Ni, Fe, and O, with compositions remaining consistent across
the samples (Supplementary Data, Figure S2 and Table S1).
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Figure 3 SEM (a—c) images of NiF11, NiF12, and NiF13 samples, and TEM (d), particle size
distribution histogram (e), HRTEM (f), and SAED (g) images of the NiF13 sample

To gain a deeper understanding of the NiFesO4 microstructure, the NiF13 sample was
analyzed using TEM, HRTEM, and SAED techniques. The TEM image (Figure 3d) revealed
that the NiF13 nanoparticles exhibited a relatively uniform granular morphology with particle
sizes ranging from approximately 10 to 30 nm. Particle size analysis of 100 randomly selected
nanoparticles (Figure 3e) yielded an average particle size of 18.07 nm, indicating a relatively
narrow size distribution and good particle uniformity. The observed particle size is larger than
the crystallite size determined from XRD, suggesting that each particle consists of one or more
aggregated crystallites, which is commonly observed in ferrite nanoparticles due to magnetic
interactions and high surface energy. The HRTEM image showed crystal lattice fringes, although
they were not clearly resolved (Figure 3f). The selected area electron diffraction (SAED) pattern
further confirmed this observation (Figure 3g). The separated dotted rings in the SAED patterns
revealed the particles’ crystalline structure. These rings were indexed to the (220), (311), (400),
(511), and (440) crystallographic planes, consistent with the cubic spinel structure (Abouhaswa
et al., 2024; Rahmayeni et al., 2025). Overall, the nanoscale particle size of NiF13 may enhance
its photocatalytic performance by providing more accessible active sites for pollutant adsorption
and photocatalytic reactions, while its relatively low crystallinity may facilitate charge trapping
and suppress electron—hole recombination.
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3.2.4 Magnetic properties

The magnetic properties of NiFesO4 nanoparticles synthesized under different pH condi-
tions were systematically investigated using a VSM instrument at room temperature, with a
maximum applied magnetic field of 1000 Oe. As depicted in the hysteresis curves in Figure 4a,
the saturation magnetization (Ms) of NiFesO,4 decreases with increasing synthesis pH, register-
ing values of 7.55, 6.97, and 4.40 emu/g for NiF11, NiF12, and NiF13 synthesized at pH 11, 12,
and 13, respectively. This reduction in Ms is closely associated with particle-size reduction, as
smaller ferrite nanoparticles typically exhibit lower saturation magnetization due to finite size
and surface effects.
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Figure 4 Hysteresis curve of NiFesO4 with different synthesis pH values (a), UV-Vis DRS
spectra (b), Tauc plot [(ahv)? versus hv| curves of NiF11, NiF12, and NiF13 samples (c), N
adsorption—desorption isotherms (d), and pore size distribution of the NiF13 sample (e)

The crystallization process can be controlled by adjusting the pH, which influences the
cation distribution in the octahedral and tetrahedral sites. Such redistribution alters the su-
perexchange interactions, thereby modifying the magnetic response. Furthermore, elevated pH
conditions affect the nanoparticle growth kinetics, which further contributes to the observed
decrease in the saturation magnetization (Ghahfarokhi & Shobegar, 2020). The hysteresis curve
profiles indicate that the synthesized NiFesO4 nanoparticles exhibit soft magnetic behavior.
These results are consistent with previous reports of NiFeoOy4 synthesized at pH 9 and 11 via
the coprecipitation method, although the observed saturation magnetization is lower than the
values obtained through spray pyrolysis. The inherent magnetic properties of NiFeoOy4 render
it highly suitable for photocatalytic applications, as the material can be efficiently retrieved
from aqueous media using an external magnetic field, facilitating catalyst reuse and operational
sustainability (Biswas et al., 2024).

The NiFeyO4 sample exhibited soft magnetic behavior with relatively low coercivity (Hc).
The increase in thermal energy reduces the energy barrier for domain motion, resulting in nearly
zero coercivity. The magnetic properties facilitate the efficient recovery of the photocatalyst
using an external magnetic field, enabling its reuse in subsequent photocatalytic cycles. The
Supplementary Data (Table S2) summarizes the corresponding magnetic parameters, including
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saturation magnetization (Ms), remnant magnetization (Mr), and coercivity (Hc).

3.2.5 Optical properties

Among the various factors influencing the photocatalytic activity, the most critical is the
light absorption capability, which is inherently governed by the electronic structure of the mate-
rial. UV—Vis spectroscopy was employed in the wavelength range of 400-800 nm to investigate
the optical properties of the synthesized samples. As shown in Figure 4b, the NiFesO4 samples
exhibited strong absorption in the wavelength range of 400-800 nm, corresponding to the visi-
ble region, indicating their suitability as visible-light photocatalysts under sunlight irradiation.
The optical bandgap energy of the NiFesO4 samples was determined using the Tauc relation, as
expressed by Equation (3):

(ahv)V/" = A(hv — E,) (3)

This equation describes the relationship between the material’s optical bandgap energy
(E4) and the photon energy (hv), where h denotes Planck’s constant and « is the absorption
coefficient (Rasheed et al., 2025). The exponent n in the Tauc relation depends on the nature of
the electronic transition; typically, n = 1/2 for a direct allowed transition. The proportionality
constant A is specific to each material and is associated with the transition probability and the
type of electronic excitation (Chakraborty et al., 2025; Debnath & Das, 2020). The bandgap
energies of NiF11 and NiF12 are identical at 1.54 eV due to their overlapping absorption spectra,
while NiF13 shows a slightly lower value of 1.52 eV (Figure 4c). The bandgap energy of NiFe;Oy4
decreases with increasing synthesis pH, which is consistent with previous studies on NiFesOy
synthesized via the coprecipitation method (Kristina et al., 2024).

Several factors, including crystallite size, lattice parameters, and impurity concentration,
influence a material’s bandgap. A reduction in particle size typically results in a narrower band
gap. The slight variation in bandgap energy with increasing synthesis pH may arise from the
combined effects of crystallite size, structural defects, cation distribution, and impurities. The
spatial restriction of electron and hole movement limits charge carrier mobility, thereby narrow-
ing the energy separation between the valence and conduction bands. Consequently, electrons
require less energy to transition between these bands, enhancing the material’s potential for the
photocatalytic degradation of diverse pollutants (Khatun et al., 2025).

3.2.6 Surface area and porous structure

The surface area and porous structure were evaluated to determine the textural properties
that influence adsorption and photocatalytic performance. The BET analysis of the NiF13 sam-
ple, presented in the nitrogen adsorption—desorption isotherms (Figure 4d—e), shows a type IV
curve with an H3 hysteresis loop, indicating a mesoporous structure (Zulhadjri et al., 2025). The
NiF13 sample exhibits a specific surface area of 95.7 m?/g, a total pore volume of 0.4437 cm?/g,
and a pore width in the range of 5-50 nm, consistent with the SEM observations. The meso-
porous structure enhances the material’s efficiency in adsorbing dye molecules and antibiotics,
thereby accelerating the degradation process. An increase in relative pressure results in a higher
volume of adsorbed Ns gas. In the initial stage of adsorption, represented by the branch preced-
ing the hysteresis loop, monolayer adsorption occurs. Once monolayer adsorption is complete,
the isotherm curve exhibits a distinct hysteresis loop, indicating that the gas becomes confined
within the pores of the material, leading to capillary condensation (Lee et al., 2025).

3.2.7 Surface chemical composition and electronic states

X-ray photoelectron spectroscopy (XPS) was conducted to quantitatively analyze the ele-
mental composition and valence states of metal ions in the synthesized NiF13 sample (Figure 5).
The survey spectrum over the binding energy range of 0-1400 ¢V (Figure 5a) displays distinct
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peaks corresponding to Ni, Fe, O, and C (Baby et al., 2020; Fang et al., 2022). High-resolution
spectra of O 1s, Fe 2p, and Ni 2p are shown in Figure 5b—d. The spin—orbit coupling in Ni and
Fe leads to the splitting of the 2p states into 2pz/; and 2p;/, components. The O 1s peak at
529 eV is attributed to lattice oxygen, while the Fe 2p3,, and 2p;/ peaks at 710 and 723 eV
indicate the presence of Fe3*. Peak deconvolution reveals tetrahedral and octahedral site occu-
pancy, consistent with previous reports. The Ni 2p spectrum exhibited peaks at 854 and 872 eV,
confirming the formation of NiFesOy4. Further analysis of Ni 2pg/; shows two components cor-
responding to Ni?T in tetrahedral sites and Ni3* in octahedral sites. The detected C 1s peak
is ascribed to adventitious carbon from the XPS instrument (Rahmayeni et al., 2019; Yildirim

et al., 2025).
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Figure 5 XPS analysis of NiF13 nanoparticles with (a) survey scan, (b) O 1s spectrum, (c)
Fe 2p spectrum, and (d) Ni 2p spectrum

3.3 Photocatalytic Performance

The photocatalytic performance of NiFeoO4 was evaluated to investigate its ability to de-
grade organic pollutants under natural sunlight irradiation. The photocatalytic activity was
assessed using two representative textile dyes, Congo Red (CR) and Methylene Blue (MB), to-
gether with the antibiotic tetracycline, under direct sunlight between 11:00 a.m. and 1:00 p.m.
CR is an anionic azo dye (C32H22NgNagOgS2) containing azo (-N=N-) and sulfonate (-SO3)
functional groups that impart a negative charge to the molecule. In contrast, MB is a cationic
dye (C16H18CIN3S) with a heterocyclic aromatic structure containing positively charged nitro-
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gen atoms. Both dyes are widely used as colorants in the textile, paper, and biological industries,
as well as redox indicators in analytical chemistry (Vadivel et al., 2024).

A dark adsorption experiment was conducted using Congo Red only to distinguish the
contribution of adsorption from the photocatalytic process. Under dark conditions, the NiF13
catalyst exhibited only 11% Congo Red removal, whereas direct photolysis in the absence of
the catalyst resulted in 22% degradation after 120 min under otherwise identical experimental
conditions. These results demonstrate that adsorption only marginally contributed to pollutant
removal, confirming that the enhanced degradation observed under sunlight irradiation mainly
originated from the catalyst’s photocatalytic activity.
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Figure 6 Catalytic performance of NiFe;O4 in the degradation of Congo Red (CR) and
Methylene Blue (MB) dyes: (a) effect of catalyst type (NF11, NF12, and NF13), (b) effect of
irradiation time, (c) effect of catalyst dosage, and (d) effect of initial dye concentration using

NF13 as catalyst

Figure 6 illustrates the photocatalytic performance of the NiF series catalysts toward the
degradation of CR and MB under natural sunlight irradiation. Figure 6a shows the photocat-
alytic activities of NiF11, NiF12, and NiF13. NiF13 exhibited the highest mean photocatalytic
degradation efficiency for both Congo red and methylene blue at an initial concentration of
50 mg L' using 20 mg of catalyst in 20 mL of dye solution after 120 min of sunlight irradiation.
One-way ANOVA revealed a statistically significant difference in the photocatalytic degradation
efficiencies among the three catalysts (F' = 35.64, p < 0.001). Therefore, NiF13 was selected for
subsequent optimization experiments. The enhanced photocatalytic activity of NiF13 can be
attributed to its smoother, more homogeneous, and porous surface morphology, which provides
abundant active sites for dye adsorption and degradation. Conversely, the relatively high mag-
netic properties of NiF11 and NiF12 may promote particle agglomeration, thereby reducing the
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effective surface area and photocatalytic activity.

On the basis of these results, NiF13 was selected as the optimum catalyst for subsequent
experiments. Therefore, the effect of irradiation time was investigated by varying the exposure
period from 30 to 120 min. As shown in Figure 6b, the degradation efficiency gradually increased
with increasing irradiation time because prolonged sunlight exposure promoted the generation of
reactive oxygen species, particularly hydroxyl radicals (-OH), which accelerated the degradation
of dye molecules (Aggarwal et al., 2025). However, extending the irradiation time beyond
120 min only marginally improved the degradation efficiency. Therefore, 120 min was selected
as the optimum irradiation time for all subsequent photocatalytic experiments.

The dosage of the catalyst significantly influences the photocatalytic degradation efficiency.
To evaluate this effect, various amounts of NiF13 catalyst (10, 20, 30, and 40 mg) were tested
under identical conditions: dye concentration of 50 mg L', dye volume of 20 mL, and sunlight
irradiation for 120 min (Figure 6¢). The degradation rate increased with catalyst loading due
to the greater number of accessible active sites and enhanced surface area, which promote the
generation of reactive -OH radicals (Rahmayeni et al., 2021). Additionally, the improved light
penetration within the suspension facilitates efficient photon use. However, excessive catalyst
loading decreases the photocatalytic efficiency because increased solution turbidity and particle
agglomeration reduce light penetration and limit photon absorption (Chavan et al., 2024; Ullah
et al., 2023). Therefore, 20 mg was identified as the optimum catalyst dosage for subsequent
analyses.

The effect of the initial CR concentration (20-60 mg/L) on the photocatalytic performance
was investigated to determine the optimum concentration (Figure 6d). The optimal value was
obtained at 50 mg/L for both CR and MB using 20 mL of dye solution, 20 mg of NF13 catalyst,
and a reaction time of 120 min. As shown in the graph, CR exhibited a higher degradation
efficiency (98%) than MB (84%). This indicates that CR is more susceptible to degradation,
likely due to its molecular structure, which facilitates attack by -OH radicals. These radicals
are the active species responsible for photocatalytic degradation under sunlight irradiation. The
UV—Vis absorption spectra of both dyes at different concentrations before and after irradiation
are provided in the Supplementary Data (Figure S3). The reaction kinetics of the CR and MB
dye degradation processes were determined using Equation (4):

ln<[[j]]:)> = —kt (4)

where Ag and A; represent the absorbance of the dye at the initial time and time ¢, re-
spectively, and k is the apparent rate constant (Mohammed et al., 2024). The linear plots
indicate that the degradation of CR and MB dyes follows a pseudo-first-order kinetic model,
with correlation coefficients (R?) of 0.968 and 0.931 for CR and MB, respectively (Figure 7a).
Pseudo-first-order kinetic analysis is presented as evidence for the photocatalytic performance.
However, the uncertainty associated with the kinetic parameters was not determined in this
study and should therefore be considered when interpreting the kinetic results.

The photocatalytic process can be described using the following reaction equations:
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Scavenger testing is a crucial technique used in photodegradation studies to identify the
dominant reactive species responsible for pollutant degradation. Various scavengers were intro-
duced into the reaction system under optimal conditions to elucidate the roles of charge carriers
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and reactive species in dye degradation. These reagents selectively trap target species, thereby
suppressing their interaction with dye molecules. Figure 7b shows the effect of different scav-
engers on CR degradation. Trapping experiments using NaCl, MgCls, ammonium acetate, HyO2,
and EDTA were performed to clarify the photocatalytic mechanism of the synthesized nanopar-
ticles, as these compounds are known scavengers for -OH, h*, and -O; radicals (Coromelci et
al., 2022; Vargas-Bustamante et al., 2025). The addition of scavengers significantly reduced the
degradation efficiency of CR over NiF13. Ammonium acetate and EDTA showed the strongest
inhibitory effects, decreasing the degradation efficiency from 97% to 65%, while NaCl, HoOo,
and MgCly reduced the degradation efficiency to 71%, 71%, and 83%, respectively. Although
the scavenger experiments provide valuable insight into the dominant reactive species involved
in the photocatalytic process, these results indirectly infer the proposed mechanism. Direct
confirmation of reactive oxygen species generation and pollutant mineralization would require
complementary analyses, such as total organic carbon (TOC) measurements.
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Figure 7 (a) Pseudo-first-order kinetic model of CR and MB, (b) effect of different scavengers
on CR degradation, (c) absorption spectra of the mixed dye solution (CR+MB) before and
after the degradation process, and (d) percentage of dye degradation at different
concentrations using NF13 as the catalyst

Therefore, the proposed mechanism should be interpreted within the scope of this experi-
mental evidence, and the reported results represent photocatalytic degradation efficiency rather
than the complete mineralization of the pollutants.

The photocatalytic performance of NiF13 was further evaluated for the simultaneous degra-
dation of CR and MB dyes. Equal concentrations of both dyes (2060 mg/L) were mixed in
a total volume of 20 mL (10 mL CR and 10 mL MB) and treated with 20 mg of NiF13 under
120 min of sunlight irradiation. The UV-Vis spectra (Figure 7c) show a significant decrease
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in absorbance after 120 min, indicating effective degradation of the dye mixture. However, the
degradation efficiency decreased with increasing dye concentration. This reduction is attributed
to the higher number of CR and MB molecules, which hinder light penetration to the catalyst’s
active sites (Figure 7d), leading to a reduced generation of hydroxyl radicals during the photo-
catalytic process (Chavan et al., 2024). After 120 min of irradiation, the degradation percentage
reached 95% at a dye mixture concentration of 20 mg/L.
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Figure 8 Photocatalytic activity of NiFeaO4 (NF13) toward tetracycline degradation: (a)
effect of tetracycline concentration, (b) irradiation time, (c) catalyst loading, (d) reusability
tests, () XRD pattern, and (f) FTIR spectrum of NF13 after use

The photocatalytic performance of NiF13 was further evaluated for tetracycline degrada-
tion in water, examining the tetracycline concentration, irradiation time, and catalyst dosage
(Figure 8a—c). Tetracycline concentrations of 15, 20, 25, 30, and 35 mg/L were tested because
tetracycline is relatively resistant to degradation. The optimum concentration was found to be
30 mg/L, which was then used for subsequent irradiation time, catalyst dosage, and reusabil-
ity tests. Under the optimal conditions of 30 mg/L tetracycline, 20 mg catalyst, and 120 min
irradiation, the degradation efficiency reached 86%. The stability of NiFesO4 was assessed by
reusing the catalyst under the same conditions for four consecutive cycles. Reusability tests over
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four cycles demonstrated that the catalyst remained stable, with a slight decrease in the fourth
cycle attributed to material loss during the experiments (Figure 8d).

The stability of the synthesized NiFesO4 (NiF13) was assessed after photocatalytic exper-
iments using X-ray diffraction (XRD) and Fourier transform infrared (FTIR) analyses (Figure
8e—f). Both the diffraction patterns and spectral features confirm that the material retains
its structural integrity and chemical functionality, demonstrating good stability and suitability
for repeated use in the photocatalytic degradation of organic pollutants in water. A compari-
son of the synthesis methods, precursor materials, and photocatalytic performance of NiFesOy
nanoparticles reported in previous studies is provided in the Supplementary Data (Table S3).
The comparison indicates that the synthesis route, precursor materials, and operating conditions
influence the photocatalytic performance. In the present study, NiFesO4 synthesized from natu-
ral iron sand achieved degradation efficiencies of 98%, 84%, and 86% for Congo Red, Methylene
Blue, and tetracycline, respectively, and 95% for the Congo Red—Methylene Blue mixed solution
under solar light irradiation. The performance falls within the range reported for NiFeaO4 pho-
tocatalysts under different experimental conditions, while demonstrating that natural iron sand
can serve as an effective and sustainable Fe precursor for the synthesis of magnetic NiFesOy
photocatalysts.

The proposed photocatalytic degradation mechanisms of Congo Red, Methylene Blue, and
tetracycline are illustrated in the Supplementary Data (Figure S4). In each case, the process
involves the generation of reactive species such as hydroxyl radicals (-OH), superoxide radicals
(-O5 ), and photogenerated holes (h™), which attack the dye or antibiotic molecules, leading to
their successive breakdown into proposed lower-molecular-weight degradation products (Biswas
et al., 2024; Nugrahaningtyas et al., 2025).

Overall, increasing the synthesis pH systematically tailored the structure and properties of
NiFezOy, resulting in a smaller crystallite size, a more homogeneous morphology, slight variation
in bandgap energy, and enhanced photocatalytic performance. NiF13 exhibited the best overall
balance between material properties and photocatalytic activity.

The structural characterization and photocatalytic results demonstrate that the optimized
NiF13 possesses a favorable combination of structural, optical, magnetic, and surface proper-
ties that contribute to its superior photocatalytic performance. The BET analysis revealed a
porous structure with a relatively high specific surface area, providing abundant active sites
for photocatalytic reactions. The optimized magnetic NiFeo,O4 exhibited remarkable multifunc-
tionality as a recyclable photocatalyst for the degradation of dyes and antibiotics under solar
irradiation, highlighting its significant potential for environmental remediation. Further mecha-
nistic investigations and extended stability evaluations would provide additional insight into its
photocatalytic behavior and practical implementation in wastewater treatment.

4. Conclusions

NiFeoO4 nanoparticles were successfully synthesized via a co-precipitation method using
natural iron sand as the Fe source. The synthesis pH played a decisive role in tailoring the crys-
tallite size, morphology, optical properties, magnetic behavior, and photocatalytic performance
of the obtained NiFeyO4 nanoparticles. Increasing the synthesis pH from 11 to 13 reduced the
crystallite size from 5.78 to 4.63 nm while preserving the spinel crystal structure, resulting in
enhanced photocatalytic activity. Among the investigated samples, NiF13 exhibited the best
photocatalytic performance, with degradation efficiencies of 98%, 84%, and 86% for Congo Red,
Methylene Blue, and tetracycline, respectively, and 95% for the Congo Red-Methylene Blue
mixed solution under solar irradiation. Furthermore, the soft magnetic properties of NiFesOy
enabled rapid magnetic recovery after the photocatalytic process, demonstrating its potential as
a recyclable photocatalyst for environmental remediation. Overall, these findings demonstrate
that pH optimization is an effective strategy for tailoring the structure—property—performance
relationship of NiFesO4 synthesized from natural iron sand. Future studies employing com-
plementary mechanistic analyses and extended stability evaluations will further strengthen the
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understanding of the photocatalytic process and support the practical application of NiFesOy
in sustainable wastewater treatment.
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