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In this study, a magnetic nanocomposite based on iron oxide (Fe3O4) and modified fly
ash (FA) was synthesized and evaluated as a visible light-driven photocatalyst for the
removal of methyl orange (MO) dye from aqueous solutions. Two structural
configurations, supported type FesO4/FA and core/shell FesOs@FA, were prepared using
fly ash derived from the Al-Musayyib thermal power station in Iraq, with the latter
synthesized through a thermal-assisted hydrothermal route. Comprehensive
characterization (XRD, FESEM, FTIR, BET, VSM, and UV—-Vis DRS) confirmed the
successful formation of a stable heterojunction exhibiting enhanced crystallinity, surface
area (45.6 m?> g''), and superior magnetic and optical properties. The Fe3Os@FA
composite displayed outstanding photocatalytic activity under visible light, achieving
92.7% degradation of MO within 90 min under optimal conditions (pH = 3, catalyst dose
=2g L', H202=0.1 M, MO = 10 ppm). In contrast, under initial conditions and without
the addition of H20-, the FesOs@FA composite achieved a degradation efficiency of
50.2%, indicating its inherent photocatalytic capability under visible light irradiation.
Scavenger experiments identified hydroxyl radicals ("OH) as the predominant reactive
species responsible for oxidation. The composite retained 77.2% of its initial activity after
five successive cycles, demonstrating excellent magnetic recoverability and structural
stability. This work underscores the potential of repurposing industrial fly ash into
efficient, magnetically recoverable photocatalysts for sustainable wastewater treatment

applications.

1. INTRODUCTION

Water is an essential resource for both life and industry,
serving as a critical medium for numerous chemical processes.
However, anthropogenic activities have significantly
contributed to the pollution of surface water bodies, resulting
in severe consequences for ecosystems and global water
resources. The growing pressure on water availability presents
a critical threat to environmental sustainability and human
health [1]. Among various pollutants, dye-laden effluents from
the textile industry pose a significant environmental challenge
due to their high concentration and persistence of synthetic
dyes. Azo dyes, such as methyl orange (MO), represent a
major class of organic pollutants that are chemically and
thermally stable, making them difficult to remove by
conventional methods [2]. Traditional treatment techniques,
including physical, chemical, and biological methods, are
often ineffective in degrading these persistent compounds [3].
Consequently, there is a growing need to explore innovative
and sustainable water treatment technologies. Semiconductor
photocatalysts have emerged as promising candidates due to
their potential in environmental remediation, water
purification, and clean energy production [4]. Advanced
oxidation processes (AOPs) have gained attention for their
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ability to generate hydroxyl radicals, which can oxidize and
mineralize a wide range of organic pollutants [5]. Recent
research has demonstrated that semiconductors can effectively
photodegrade textile dyes in wastewater under light radiation.
Various photocatalytic materials have been explored,
including TiO», graphene, Ag-based compounds, metal oxide
semiconductors, conducting polymers, and magnetic materials
(ferrites and ferric-based composites) [6, 7]. However, several
challenges remain, including degradation efficiency, limited
stability, and the difficulty of regenerating and separating
these catalysts, which hinders their application on an industrial
scale [8]. This has motivated the search for low-cost,
sustainable support materials to enhance the performance of
photocatalysts [9].

One such material is fly ash (FA), an industrial byproduct
generated from the combustion of oil in thermal power plants.
After acid modification (e.g., HCI treatment), FA exhibits
improved surface properties and reactivity, making it suitable
for use as a photocatalyst support [10]. Various materials such
as MnFe;04, CuFe;04, ZnFe;04, and TiO; have been used as
supported on FA or other substrates to enhance their
photocatalytic performance [11-13]. Magnetic iron oxide
nanoparticles (Fe3O4) have attracted attention due to their
magnetic properties, ease of recovery, good adsorption
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capacity, and ability to facilitate electron transfer between the
photocatalyst and target molecules [14, 15]. However, Fe3O4
nanoparticles tend to aggregate due to their small size, leading
to decreased surface area and reduced catalytic performance.
To overcome this, Fe3O4 is often incorporated into support
materials to improve dispersion and facilitate magnetic
separation [16, 17].

Fly ash offers a chemically active surface rich in SiO, and
Al,O3, which can stabilize FesOs nanoparticles, enhance
dispersion, and reduce magnetite dipole interactions [18, 19].
In this regard, fly ash can effectively act as a substitute for SiO:
in traditional Fe304@SiO; core/shell systems. The FA shell
provides a silica-like surface that is highly compatible with
various surface functionalizations, while simultaneously
offering economic and environmental advantages as a
valorized industrial residue. However, the core/shell design
also presents certain limitations, including the need for precise
control over shell thickness and uniformity, potential diffusion
barriers for reactant molecules, and longer synthesis times
compared to simple supported photocatalysts. Nevertheless,
these challenges are outweighed by the superior interfacial
properties, recyclability, and photocatalytic efficiency
achieved by the optimized Fe3;O4@FA system. Compared with
physically supported FesOs/FA composites, the core/shell
configuration provides a more uniform distribution of Fe3O4
within the FA matrix, stronger interfacial coupling, and higher
magnetic recyclability.

This integrated structure ensures more efficient charge
transfer across the interface and minimizes the recombination
of photogenerated carriers, leading to enhanced photocatalytic
activity and long-term operational stability [20]. FA itself is a
heterogeneous material primarily composed of unburned
carbon and metal oxides such as Si, Fe, Ca, and Al. It is
classified as Class F or Class C based on its oxide content,
particularly SiO», Al,Os, Fe,Os, and SO; [21].

Many studies have investigated the use of FA to improve its
economic value and reduce its environmental footprint,
including applications in wastewater treatment, adsorbent
production, zeolite synthesis, cement additives, and ceramic
fillers [22, 23]. Beyond its structural and functional benefits,
the incorporation of fly ash into photocatalysts represents a
sustainable approach to reclaiming industrial residues into
value-added materials for environmental remediation.
Accordingly, this study aims to synthesize and evaluate a
Fe;04@FA core/shell nanocomposite as a visible light
photocatalyst for the degradation of MO. We hypothesize that
the core/shell configuration will exhibit superior
photocatalytic activity, charge separation efficiency, and
operational stability compared to the supported type
composite, owing to its enhanced interfacial contact and
structural homogeneity. This research not only valorizes local
fly ash waste into a high-performance photocatalytic material
but also demonstrates a sustainable pathway for converting
industrial residues into functional nanocomposites applicable
in wastewater purification.

2. MATERIALS AND METHODS
2.1 Materials
Fly ash was collected from the Al-Musayyib oil-fired

thermal power plant (Iraq) and stored in containers before use.
Ferrous chloride tetrahydrate (FeCl,-4H,O, 98%), ferric
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chloride hexahydrate (FeCls-6H,03, 98%) were obtained from
Sigma-Aldrich (Europe) and Dae-Jung (Korea). Hydrochloric
acid (HCI, 35-38 wt%), sodium hydroxide (NaOH, pellets),
and hydrogen peroxide (H20,, 30 wt%) were supplied by
Sigma-Aldrich (Germany). Methyl orange (MO) was
purchased from Fisher Scientific (USA) and used as the model
pollutant.

2.2 Modification of fly ash

Figure 1 illustrates the modification process of Iraqi fly ash
(FA), which involves sequential washing and thermal
treatment. FA is a major by-product of fossil-fuel-based power
generation; at the Al-Musayyib oil-fired thermal power plant
(Iraq), annual production is 5,000 t, creating storage and
environmental burdens. According to chemical analysis, the
untreated FA exhibits low SiO, (6.8 wt%) and a very high loss
on ignition (LOI = 48 wt%) with moderate CaO (12.3 wt%),
indicating substantial unburned carbon and entrained volatiles
that limit surface reactivity and adsorption performance [24].

To improve its suitability for environmental applications,
raw FA (10 g) was first calcined at 900°C for 3 h in air to
reduce LOI by removing residual carbon and to
dehydroxylate/stabilize the aluminosilicate framework,
thereby enhancing surface reactivity and subsequent leaching
efficiency. The calcined powder was then acid-activated in 3.5
M HCI (100 mL, room temperature, 3 h) under agitation.
Afterward, the suspension was filtered, and the solid was
rinsed with distilled water to a neutral pH. The modified FA
was obtained by drying at 120°C for 12 h and storing in airtight
containers before use [25]. This combined thermal acid
protocol directly addresses the unusually high LOI of the Iraqi
FA, yielding a cleaner, more reactive FA surface amenable to
both supported (Fes04/FA) and core/shell (Fe;Os@FA)
interfacial designs.

2.3 Synthesis of Fe3;Os MNPs

The co-precipitation approach was used to create Fe;O4
magnetic nanoparticles (MNPs). In this procedure, (0.006 mol,
1.622 g) of FeCl3'6H,O and (0.003 mol, 0.597 g) of
FeCl,'4H>0 were dissolved in 200 mL of deionized water at a
molar ratio of 2:1. After 40 minutes of stirring at 60°C, 3 M of
NaOH solution was added gradually (drop by drop) until the
pH reached 11. An external magnet separated the produced
Fe;04 MNPs, and the water was drained. The Fe;O4 MNPs
were washed three times with ethanol and deionized water to
eliminate any remaining ions. The Fe3;O4 nanoparticles were
dried in an oven at 60°C for 16 hours [26].

2.4 Synthesis of supported Fe;O4/FA nanocomposites

The Fe;04/FA nanocomposites were synthesized by an in-
situ co-precipitation route [27]. Stoichiometric FeCls-6H-0
and FeCly-4H,0 (2:1 molar ratio) were dissolved in 50 mL of
deionized water under magnetic stirring at 60°C. Modification
FA was added to achieve a Fe3Os: FA weight ratio of 1:1
(w/w), and stirring continued for 40 min. Subsequently, 3 M
NaOH was added dropwise while monitoring with a calibrated
pH meter until pH = 11, inducing in-situ co-precipitation of
Fe304 onto the FA surface and yielding a black suspension.
The product was magnetically separated, washed with ethanol
and deionized water until neutral pH, and dried at 60°C for 16
h, as illustrated in Figure 2.
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Figure 3. Fabrication of core/shell Fe;O4@FA photocatalyst

2.5 Synthesis of core/shell Fe;Os@FA nanocomposite

The Fe;04@FA nanocomposite was prepared by a simple
thermal-assisted mixing route, as illustrated in Figure 3. In a
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typical procedure, Fe;Os nanoparticles were ultrasonically
dispersed in a small volume of deionized water for 10 min to
obtain a uniform and stable suspension. Subsequently, an
equal mass of modification FA powder (1:1 w/w) was



introduced into the Fe3Os4 suspension, and the resulting
mixture was continuously stirred at 60°C for 60 min to
promote intimate interfacial contact and uniform coating of the
FA layer around the Fe;04 cores. The homogeneous slurry was
then oven dried at 60°C for 16 h to remove residual moisture
and achieve constant mass. The dried composite was
subsequently calcined in air using a programmed heating
profile: ramping from room temperature to 400°C at
8°C-min”!, followed by a 130 min dwell at the same
temperature. These controlled calcination steps enhanced
crystallinity and reinforced the core/shell interfacial bonding
while minimizing Fe;O4 oxidation. Finally, the calcined
Fe;04@FA nanocomposite was allowed to cool naturally to
room temperature and stored in airtight containers for further
characterization [20].

2.6 Characterization and equipment

The synthesized photocatalysts were characterized by X-ray
diffraction (XRD), field emission scanning electron
microscopy (FESEM), Fourier-transform infrared
spectroscopy (FTIR), N2 adsorption—desorption (BET/BJH),
vibrating sample magnetometry (VSM), and UV-visible
diffuse reflectance spectroscopy (UV—Vis DRS). XRD (AL-
2700B, Cu Ko, A = 0.15406 nm) was performed at 40 kV and
30 mA over 10-80° (20) with a 0.02° step and 2° min! scan
rate; peaks were indexed to ICDD standards and crystallite
sizes estimated by the Scherrer equation. FESEM (ZEISS
Ultra Plus) was used to assess morphology and dispersion.
FTIR (Agilent) spectra were collected over 650-4000 cm™.
Textural properties were obtained from N isotherms on a BET
analyzer (BELSORP MINI II): samples were degassed at
150°C for 6 h under N2 and analyzed at 77 K to derive BET
surface area, total pore volume, and BJH pore-size distribution
(adsorption branch). Magnetic properties were measured at
room temperature by VSM (VSM1100, Weistron) over
—10,000 to +10,000 Oe. UV-Vis DRS (Hitachi U-3900H,
200-800 nm) data were converted via the Kubelka—Munk
function, and apparent band gaps were determined from Tauc
plots using the appropriate transition exponent (n).

2.7 Evaluation of photocatalytic degradation

The photocatalytic activity of MO was evaluated under
visible light irradiation using two architectures: FesOs@FA
and Fe;O4/FA. Tests were conducted in a batch reactor (1,000
mL Pyrex beaker; Figure 4). Illumination was provided by
four 30 W BAOBAO BBI295 LED spotlights (white light;
brightness comparable to xenon lamps) arranged
symmetrically at the four corners of a 31.5 x 20 cm base, each
positioned 10 cm from the beaker wall [28].

The assembly was housed in a tightly sealed wooden
enclosure with an exhaust fan; forced ventilation removed
residual heat and vapors, maintaining the reaction near
ambient temperature. According to the manufacturer, these
LEDs emit within the visible range (400-780 nm) with
negligible UV content. Based on the lamp geometry and
optical efficiency, the irradiance at the solution surface was
estimated to be approximately 20 mW cm. Unless otherwise
stated, runs were performed with 100 mL of a 20 mg L™ MO
solution prepared in distilled water and a catalyst loading of 1
g L. The suspension was maintained under gentle magnetic
stirring to ensure homogeneous dispersion and uniform
exposure of the catalyst to the light field. Before irradiation,
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the mixture was stirred in the dark for 60 min to establish
adsorption—desorption equilibrium [29], then irradiated for 90
min to initiate photodegradation. Aliquots (2 mL) were
withdrawn every 15 min, promptly quenched by rapid
magnetic separation, and filtered prior to UV—Vis analysis at
465 nm [30]. The degradation performance (DP) of the
photocatalyst was calculated using Eq. (1) [30]:

Co_Ct

DP(%) =

X 100% (1)

o

where, C, is the initial MO (20 ppm), and C; is the MO at a
given time ¢ during the photocatalysis process.

Figure 4. The batch photoreactor is utilized in the
photocatalysis procedure

3. RESULTS AND DISCUSSION
3.1 Characteristics results

3.1.1 Morphological study

The morphological features of the synthesized
photocatalysts were examined by FE-SEM. As shown in
Figure 5(a), FesOs4 nanoparticles display a quasi-spherical
morphology with pronounced aggregation; magnetic
agglomeration driven by strong interparticle interactions and
high surface energy obscures particle boundaries, with
individual sizes estimated at 80—120 nm [31].

As shown in Figure 5(b), raw fly ash exhibits highly
irregular morphologies with rough, porous surfaces and a
broad size distribution of approximately 300 nm to 2 um,
reflecting a heterogeneous aluminosilicate matrix with high
adsorption potential [32]. As shown in Figure 5(c), the
Fe;04/FA composite shows Fe;O4 particles more uniformly
distributed across the FA surface. The Fe;O4 particle size
remains 90—120 nm, but aggregation is markedly reduced
relative to bare Fe;Os, increasing interfacial contact with dye
molecules. The FA scaffold serves as a support that limits
severe agglomeration and provides anchoring sites, thereby
enhancing the availability of photocatalytic sites [33].
Consistently, Fe3O4/FA demonstrated improved structural
integration and favorable catalytic performance in degradation
tests. Most notably, as shown in Figure 5(d), the core/shell
Fe;04@FA architecture reveals Fe;O4 cores of 100 nm
encapsulated by a relatively uniform FA shell (30-50 nm
thick). The shell mitigates core aggregation and improves
dispersion in aqueous media while exposing additional active



surface sites; it also couples the adsorptive capacity of FA with nanocomposite compared with both the bare and the supported
the magnetic photocatalytic core, which rationalizes the counterparts [34].
superior  photocatalytic  activity observed for this
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Figure 6. The FTIR for the composite

3.1.2 FTIR analysis

The FTIR spectra of Fe;04, FA, Fe3O4/FA, and Fe;Os@FA
composites, as shown in Figure 6(a—d), reveal distinct
chemical interactions among the constituent phases. All
samples exhibit a broad O—H stretching vibration near 3400
cm’!, attributed to surface hydroxyl groups and adsorbed
moisture. The intensity of this band is enhanced in both
composites, particularly in Fe;O4@FA, owing to the presence
of hydroxylated aluminosilicate phases derived from FA [35].
The bending mode of water molecules observed by 1630 cm'!
further confirms the adsorption of moisture, a feature
commonly reported for ferrite—silicate systems. As shown in
Figure 6(b), the FA spectrum displays a strong band centered
around 1005 cm™! corresponding to the asymmetric stretching
of Si—0O-Si/Si—O—Al bonds, which are typical of amorphous
aluminosilicate frameworks.

A slight redshift to 960-980 cm™ in both the supported and
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core/shell composites, as seen in Figures 6(c, d), indicates the
formation of Fe-O-Si linkages, confirming interfacial
chemical bonding between Fe3O4 and FA [36]. Additionally, a
weaker band observed in the 780-820 cm'! region corresponds
to the symmetric stretching of Si—O—Si groups, retained in all
FA-containing samples [37].

Importantly, the Fe~O stretching vibration at 580-600 cm'!
persists in all spectra, signifying the retention of the spinel
ferrite structure of Fe3Os even after hybridization. The
combination of these features confirms the successful
integration of FA into the Fe;O4 matrix while maintaining the
structural integrity of magnetite. The FesO4«@FA composite,
as depicted in Figure 6(d), demonstrates clear structural
evidence of interfacial Fe—O-Si bonding accompanied by
pronounced surface hydroxylation. These features arise from
the crystallinity improvement and controlled surface
dissolution of Ca- and Fe-bearing phases during calcination at



400°C, which collectively promote the formation of Fe—O—-Si
linkages acting as efficient catalytic traps. Such interfacial
structures enhance the adsorption and activation of dye
molecules, thereby contributing to the superior photocatalytic
performance observed for the composite [38, 39].

3.1.3 X-ray diffraction investigation

Figure 7 presents the XRD diffraction patterns of Fes;Ou,
FA, Fes04/FA, and FesO4@FA nanocomposites. The pure
Fe;04 sample shows distinct and sharp reflections at 20 =
30.2°, 35.5°, 43.2°, 53.4°, 57.3°, and 62.9°, corresponding

respectively to the (220), (311), (400), (422), (511), and (440)
planes of the cubic spinel structure of magnetite (JCPDS No.
19-0629) [38]. The intense and well-defined (311) peak
indicates high crystallinity and preferred crystal orientation.
By applying Scherrer’s equation to the most intense
reflections, the average crystallite size of Fe;O4 was calculated
to be approximately 28.5 nm, with a microstrain of about 7.8
x 107 and a dislocation density near 5.8 x 10 nm2. These
results confirm that the prepared Fe;O4 nanoparticles possess
a uniform spinel lattice with minimal structural defects.
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Figure 7. The XRD diffraction patterns of the synthesized photocatalysts

The XRD pattern of FA exhibits a broad amorphous hump
extending between 20 = 20-35°, assigned to disordered
aluminosilicate glassy phases typical of thermally generated
FA [40]. Superimposed crystalline peaks at 26.6° (101) and
33.2° (112) correspond to quartz (SiO,) and mullite
(3A1,03°2S10,), respectively, confirming that FA contains
both amorphous and crystalline domains. This heterogeneous
composition and fine structural disorder (estimated crystallite
size = 15.5 nm) provide numerous active sites that can interact
with Fe3O4 during composite formation.

For the Fe3O04/FA composite, the diffraction pattern retains
all major Fe3O4 reflections together with the broad amorphous
background of FA. However, the (311) peak becomes broader
and less intense compared to pure Fes;Os, indicating the
introduction of interfacial strain and partial lattice disorder
resulting from Fe;O4 dispersion across the FA surface. The
calculated crystallite size decreases to about 16.4 nm,
suggesting that the FA matrix limits the crystal growth of
Fe304 and promotes finer domain formation [41].

In contrast, the Fe;O4@FA nanocomposite displays all the
characteristic spinel reflections of Fes3O4, particularly a
moderately sharp peak at 35.5°, signifying that the magnetite
phase remains intact after encapsulation. The crystallite size
determined from multiple reflections averages 24.1 nm, while
the microstrain and dislocation density decrease to 2.0 x 1073
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nm? and 5.4 x 1073, respectively. This slight increase in
crystallite size relative to the supported sample, combined with
the reduced strain, indicates that the FA shell acts as a
structural buffer, minimizing lattice distortion and stabilizing
the Fe3O4 crystalline core [42].

3.1.4 Surface properties

Figure 8 shows the N> adsorption—desorption isotherm of
the FesOs4@FA nanocomposite, which was analyzed to
determine its surface texture and porosity. The isotherm
exhibits a typical type IV profile with a distinct Hs hysteresis
loop, confirming the presence of a mesoporous structure. Prior
to analysis, the sample (0.2003 g) was degassed at 120°C for
2 h under N: flow and analyzed at 77 K using a BELSORP
MINI II surface area analyzer, ensuring complete removal of
physisorbed moisture and gases.

According to the Brunauer—Emmett-Teller (BET) analysis,
the nanocomposite possesses a specific surface area of 45.6 m?
g’!, a total pore volume of 0.141 cm?® g”!, and an average pore
diameter of 12.4 nm. These textural parameters clearly situate
the material within the mesoporous domain (2—-50 nm), which
is highly favorable for adsorption and photocatalysis due to
enhanced diffusion and improved accessibility of reactants to
active surface sites [43, 44].
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The Barrett-Joyner—Halenda (BJH) pore-size distribution,
shown in Figure 9, exhibits a unimodal peak centered at 9.21
nm, confirming a narrow and uniform pore distribution typical
of FA-derived aluminosilicates. The Hs hysteresis loop
reflects slit like pores originating from the layered FA shell,
which promotes efficient capillary condensation and reactive
species diffusion. Compared with pure Fe;O4 nanoparticles,
whose surface area typically ranges between 30 and 40 m? g'!
[45], the observed increase in BET surface area for the
Fe;04@FA composite can be attributed to the incorporation of
porous aluminosilicate components from fly ash. These
amorphous phases introduce additional surface roughness,
inhibit the magnetic aggregation of Fe3O4 nanoparticles, and
promote the formation of interconnected pore channels [33].
Moreover, the enhanced surface area and well-defined pore
network are strongly correlated with the improved
photocatalytic performance of the Fe;Os@FA composite. A
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higher surface area facilitates efficient light harvesting and
generates more active reaction sites, while mesoporous
channels accelerate mass transport during dye adsorption and
degradation. Similar enhancements in surface textural
properties and catalytic efficiency have been reported for
magnetically modified aluminosilicate materials, confirming
that the synergistic combination of Fe3;Os and fly ash
effectively promotes adsorption—photodegradation coupling
[46].

3.1.5 The magnetic properties of photocatalysts

As shown in Figure 10, vibrating sample magnetometry
(VSM) was employed to evaluate the magnetic response of
Fe304, Fe;04/FA, and Fe;O04s@FA. The Fe3O4 nanoparticles
exhibited a high saturation magnetization (M;) = 60 emu g,
consistent with a well-crystallized spinel magnetite phase;
however, superparamagnetism is more reliably inferred from
the loop shape, namely the near-zero remanence and low
coercivity that indicate soft magnetic behavior enabling rapid
field on/field off response, rather than from M; alone. In the
Fe;04/FA composite, M; decreased to = 9.2 emu g'!, which is
attributed to mass dilution by the non-magnetic
aluminosilicate matrix, increased interparticle spacing that
weakens dipolar coupling, and interfacial “dead-layer” spin
disorder at FesOs and FA contacts [47]. In contrast, the
Fe;Os@FA composite displayed Ms = 37.3 emu g!, markedly
higher than the supported structure at the same Fe3O4 loading,
because the encapsulation geometry forms a coherent
magnetic core and a continuous FA shell that minimizes
surface spin canting/oxidation and preserves interparticle
exchange pathways through improved structural homogeneity
[6]. The S-shaped hysteresis loop with narrow coercivity
observed for Fe;O4@FA confirms soft-magnetic behavior and
ensures efficient magnetic capture and redeployment of the
catalyst during cyclic operation. Overall, the saturation-
magnetization order Fe3Os > FesO4@FA > FesO4FA
underscores the decisive role of architecture in balancing
magnetic recoverability with interfacial stability, which is
crucial for long-term photocatalytic reuse.
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Figure 10. Synthetic photocatalysts' magnetic hysteresis
curves

3.1.6 Optical characteristics of synthetic photocatalysts
Figure 11(a) shows the UV—Vis diffuse reflectance spectra
(DRS) of the synthesized photocatalysts, highlighting their



optical absorption behavior in the visible region. Among the
examined materials, the Fe;O4@FA nanocomposite exhibited
the most intense and extended absorption profile throughout
the 400-800 nm range, significantly exceeding that of
Fe304/FA and pure Fe304. This superior absorption is ascribed
to enhanced interfacial charge transfer and electronic coupling
between FesO4 and the amorphous aluminosilicate matrix of
FA in the core/shell configuration, which facilitates light
scattering suppression, homogeneous Fe;O4 dispersion within
the FA shell, and improved charge mobility. Such synergistic
effects collectively enhance visible light harvesting and
photocatalytic activation [47, 48]. The optical band gap energy
(Eg) of the samples was estimated from Tauc plots derived
from the Kubelka—Munk function using Eq. (2):

ahv = A(hv — Eg)"/? )
where o is the absorption coefficient, h is Planck’s constant, v
is the photon frequency, A is a proportionality constant, and n
depends on the nature of the electronic transition (n = 2 for
indirect transitions). The Eg value is determined from the
intercept of the extrapolated linear portion of the (ahv)? versus
(hv) curve [48, 49]. According to Figure 11(b), the calculated
band gap energies were 3.17 eV for FesO4@FA, 3.52 eV for
Fe;04/FA, and 4.75 eV for pure Fe3Os4, confirming a
substantial red shift in the absorption edge of the composite
relative to the pristine magnetite.
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Figure 11. Photocatalysts' optical characteristics
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The reduction of the band gap in the Fe;O4@FA composite
implies that the composite structure enhances electron
delocalization and interfacial energy level alignment, allowing
photoexcitation of charge carriers under visible light
irradiation. Notably, the pure Fe3O4 sample with its wider band
gap of 4.75 eV absorbs predominantly in the ultraviolet region
(A =260 nm), thereby exhibiting poor photocatalytic activity
under visible light. In contrast, the narrowed band gap of the
Fe;04@FA composite facilitates electron—hole generation
upon solar illumination, improving charge separation and
minimizing recombination losses. Consequently, the optical
data strongly corroborate the enhanced visible light-driven
photocatalytic efficiency observed for the Fe;Os@FA
nanocomposite compared to its supported and pristine
counterparts.

3.2 Photocatalytic degradation

The degradation of MO under visible light irradiation
without H,O» was used to evaluate the intrinsic photocatalytic
activity of the synthesized materials (Figure 12). Distinct
differences were observed among the samples, demonstrating
the influence of chemical composition and structural
architecture on photocatalytic performance. FA exhibited the
highest removal of MO during the dark adsorption stage,
reaching 44% after 60 min and 52.7% after 90 min of visible
light exposure. This behavior results from FA’s complex
surface composition rich in SiO, (54.4%), Al,O3 (14.96%),
Ca0 (18.6%), and Fe,03 (5.84%) its inherently porous texture
that offers abundant hydroxyl and basic sites. These active
sites facilitate dye adsorption and contribute to limited
photoactivity under visible light, consistent with earlier reports
on thermally activated fly ash [49, 50].
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Figure 12. Photocatalytic degradation performance of MO
using the photocatalysts at 1 g L™, without H20-, at pH 7.5,
and with an initial MO concentration of 20 ppm

After coupling FA with Fes3Os, the overall adsorption
capacity decreased slightly because magnetic nanoparticles
partly covered the open pores and reduced the optical
reflectivity of the surface. However, the Fe;O4@FA composite
still exhibited the highest photocatalytic degradation (50.2%),
with an adsorption share of 28.6%. This improvement arises
from the strong interfacial coupling between Fe3O4 and the
aluminosilicate framework, which facilitates charge transfer,



broadens visible light utilization, and suppresses electron/hole
recombination. The FA shell serves as a porous dielectric
matrix that stabilizes Fe3;O0s MNPs, enhances charge
migration, and provides hydroxylated sites for the generation
of reactive oxygen species (ROS) [50]. The Fes;Os/FA
composite displayed moderate photocatalytic activity (42.6%
MO removal), superior to pure Fe3;O4 but lower than the
core/shell material. Its relatively loose interface likely
restricted charge-carrier transport and reduced the number of
accessible reaction sites, confirming that the interfacial
coherence achieved in the core/shell geometry is essential for
efficient photocatalysis. As expected, pure Fe3Os4 showed
minimal degradation (3.45%) because of its wide band gap,
limited surface area, and rapid charge carrier recombination
under visible light [51]. In summary, although Fe3;O4 loading
slightly reduced the dye uptake ability of FA by masking part
of its adsorption sites, the core/shell configuration markedly
enhanced interfacial charge transfer and suppressed
recombination;  consequently, overall  photocatalytic
degradation improved despite the lower initial adsorption.

3.3 Impact of operational conditions

3.3.1 Impact of catalyst dosage

The photocatalytic activity of the Fe;O4s@FA composite
was evaluated under visible light at varying catalyst dosages
(0.5, 1, 2, and 3 g L), with the results presented in Figure 13.
All tests were conducted over a 90-minute irradiation period.
The removal efficiency was found to be highly dependent on
the catalyst dosage, reflecting the balance between surface
active sites and light accessibility within the suspension.

Adsorption in dark

Photocatalytic degradation
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Figure 13. The influence of photocatalyst dosage on
degradation activity at MO dye initial concentration = 20
ppm, without H>O, and pH =7.5

At the lowest dosage (0.5 gL™), the removal efficiency
reached only 32.9%, likely due to the insufficient number of
available active sites and limited light absorption. An increase
to 1 g L significantly enhanced the degradation performance,
achieving 50.2% removal, primarily due to the improved
surface contact and photocatalytic activation. The highest
efficiency was recorded at 2 g L', with 72.1% removal after
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90 minutes. This improvement can be attributed to the optimal
dispersion of the catalyst and the increased number of reactive
sites available for dye adsorption and photo-induced reactions.

Interestingly, further increasing the dosage to 3 g L' did not
yield a substantial gain in performance, with a slight decrease
to 70.85% observed. This marginal decline is most likely
related to excessive catalyst loading, which can induce
agglomeration and light scattering, thereby reducing the
effective photon flux reaching the catalyst surface [52].

It is also worth noting that the catalyst dosage strongly
influenced the initial adsorption behavior in the dark. Higher
dosages resulted in more pronounced adsorption prior to
irradiation, suggesting that the removal process benefits from
a synergistic interplay between dye adsorption and subsequent
photocatalytic degradation. This dual mechanism, particularly
prominent at 2 g L' of FesO4@FA, appears to provide the
most favorable conditions for efficient dye removal under
visible light exposure.

3.3.2 The impact of MO concentration

Figure 14 shows that the photocatalytic activity of the
Fe;04@FA nanocomposite was greatly influenced by the
initial concentration of MO according to visible light exposure
for 90 minutes in the absence of H»O,. At a low dye
concentration of 10 ppm, the nanocomposite achieved the
highest degradation efficiency of 62.7%. However, as the
concentration climbed to 20 and 30 ppm, the removal rate
dropped to 50.2% and 47.9%, respectively.
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Figure 14. The impact of MO concentration on degradation
efficiency under conditions of pH = 7.5, without H,O,, and
dose=1gL™

This inverse correlation is well documented in
heterogeneous photocatalysis and is mainly due to the
saturation of the functional sites on the face of the
photocatalyst at higher dye concentrations, as well as the
increased optical density of the solution, which restricts light
penetration and reduces photon absorption by the catalyst [53].

Moreover, the higher concentration of dye molecules may
lead to the accumulation of intermediate products on the
catalyst face, which can block functional sites and hinder the
formation of reactive species, ultimately suppressing
photocatalytic activity. At 10 ppm, the dye molecules are



sufficiently dispersed, allowing for more efficient adsorption
on the composite surface and enhanced interaction with
photogenerated electron/hole pairs. This condition promotes
greater generation of ROS and consequently, higher
degradation rates [54, 55]. These results underscore the
importance of optimizing initial dye concentration to achieve
effective photocatalytic degradation, particularly when
working ~ with  visible  light-responsive  core/shell
nanostructures.

3.3.3 The impact of pH

Figure 15 demonstrates that the initial pH of the solution
significantly affects the photocatalytic degradation of MO
utilizing the FesO4@FA composite under visible light
irradiation. The degradation efficiency varied significantly
over the measured pH range, with the catalyst dose at 1 g L!
and the initial dye concentration at 20 ppm. The highest
removal efficiency, reaching 72%, was recorded at pH = 3,
whereas moderate activity (50.2%) was observed at pH = 7.5,
and a noticeable decline to 42.2% was seen at pH 11 after 90
minutes of irradiation. The increased photocatalytic activity in
acidic media is most likely caused by a favorable electrostatic
interaction between the photocatalyst's protonated surface and
the anionic MO molecules. At lower pH, the composite's
surface charge becomes more positive, improving adsorption,
electron-hole separation, and producing reactive oxygen
species such as hydroxyl radicals ("OH), leading to more
efficient breakdown [56]. Electrostatic repulsion between the
negatively charged surface of the catalyst and the anionic dye,
which restricts surface interaction, is the cause of the activity
drop at alkaline pH. Furthermore, the decreased efficiency
under basic conditions may also be caused by the excess OH~
ions in the solution scavenging ‘OH radicals [57]. These
findings underscore the importance of solution pH as a
governing factor in photocatalytic systems, and support prior
observations that acidic environments tend to favor improved
photocatalytic activity for materials containing ferrite and fly
ash constituents.
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Figure 15. The impact of pH solution on the degradation of
photocatalytic activity with operating conditions of dosage =
1 g L', without H>O,, and C, =20 ppm
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3.3.4 The addition of H>O>

Under constant operational parameters (irradiation time:
90 minutes, catalyst dosage: 1 g L', pH = 7, and MO initial
concentration: 20 ppm), the addition of H.O: was evaluated for
its influence on the activity of photocatalytic Fe;Os@FA
composite. As illustrated in Figure 16, a baseline degradation
efficiency of 50.2% was achieved without the presence of
H,0,, highlighting the inherent photocatalytic activity of the
nanocomposite under visible light.
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Figure 16. The impact of H>O, concentration on MO
efficiency of degradation under working conditions (pH =
7.5, Co =20ppm, and dosage =1 gL™")

The introduction of 0.05 M H,O; significantly improved the
degradation to 70.9%, while further increasing the
concentration to 0.1 M resulted in a marginal enhancement,
reaching 75.6%. The significant increase in efficiency
underscores the importance of H,O, in generating ROS,
specifically hydroxyl radicals (H.O, — 2°0OH), which
accelerate the breakdown of dye molecules. The oxidant also
helps to improve charge separation by scavenging electrons,
which reduces recombination losses [58]. However, the
marginal gain between 0.05M and 0.1 M suggests the
presence of an optimal concentration threshold, beyond which
additional peroxide offers diminishing returns. Excessive
H>0, may also participate in radical scavenging, effectively
neutralizing ROS and limiting further degradation efficiency
[59].

4. STABILITY AND REUSABILITY STUDIES

The long-term photocatalytic stability and reusability of the
Fe;04@FA nanocomposite were evaluated through five
successive MO degradation cycles under fixed conditions
(MO = 10 ppm, catalyst dosage=2 g L', H O, =0.1 M, pH=
3, irradiation time = 90 min). As shown in Figure 17, the initial
removal efficiency reached 92.7% in the first cycle and
gradually decreased to 89.1%, 84.5%, 84.2%, and 77.2% in
subsequent runs. This moderate attenuation indicates effective
recyclability with limited deactivation across repeated use
under oxidative conditions.
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After each run, the powder was magnetically recovered,
washed alternately with ethanol and distilled water (5 times)
to remove adsorbed intermediates and residual oxidant, and
dried at 60°C before reuse [30]. Structural and functional a0
stability of the recycled catalyst. As shown in Figure 18(a-d),
the catalysts maintained their structure and performance after
five reuse cycles. FESEM (Figure 18(a)) reveals that the
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are largely preserved, with only mild agglomeration. UV—Vis
DRS (Figure 18(b)) exhibits nearly unchanged visible light
absorbance, indicating that the light-harvesting capability -401
remains intact. VSM and XRD (Figure 18(c, d)) further
confirm retention of the soft-magnetic response and the spinel
magnetite reflections, with only minor, non-significant Appliod ield (O¢)
variations that do not impair performance.
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Figure 18. Characterization of fresh and reused Fe;Os@FA
after the fifth cycle

The observed decline in activity is plausibly ascribed to
surface fouling by partially oxidized by-products, transient
masking/deactivation of active sites, and small material losses
during washing/recovery. Notably, maintaining > 77%
removal after five cycles under acidic, peroxide-assisted
3 e, . operation highlights the mechanical and interfacial robustness
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supports consistent magnetic separability, enabling practical
reutilization in wastewater treatment [60].

5. SCAVENGER EXPERIMENTS
PHOTOCATALYTIC MECHANISM

AND

To identify the dominant ROS governing the
photodegradation of MO using the Fe;0s@FA
nanocomposite, targeted scavenger experiments were
performed. Selective quenchers were introduced to intercept
specific ROS: isopropanol for hydroxyl radicals ("OH),
sodium oxalate for photogenerated holes (h*), Fe(II)-EDTA
for hydrogen peroxide (H,0O>), p-benzoquinone for superoxide
radicals ("O2"), and potassium dichromate for electrons (e”), as

illustrated in Figure 19.

Figure 19. Fe;04@FA demonstrated photocatalytic removal
efficiency against MO in the presence of various scavengers
(MO dye initial concentration = 20 ppm, photocatalyst
dosage =1 g L', running time = 90 min, and initial pH = 7.5)

The most significant suppression of photocatalytic activity
occurred in the presence of isopropanol, revealing *OH as the
predominant oxidative species in the degradation pathway.
Noticeable but less pronounced declines were observed when
using sodium oxalate and Fe(II)-EDTA, confirming that both
h* and H»O, participate meaningfully in the reaction
mechanism. Conversely, the presence of potassium
dichromate and p-benzoquinone caused minimal reduction,
suggesting that e and "O,  play minor roles in this system.
Based on these outcomes, the descending order of ROS
involvement can be summarized as follows:

‘OH>h*>H,0,>¢ >0y

These findings are consistent with the band structure of
Fe304, which is considered the principal active phase within
the composite. The band gap energy (Eg) of FesOs was
determined to be 4.75 eV, and the positions of the conduction
band (CB) and valence band (VB) were calculated using
Pearson’s electronegativity method according to Egs. (3)-(5)
[61].

Evi=X—Ee+0.5Eg 3)

Ecs=Evp—Eg 4)

where, Ee is the energy of free electrons on the hydrogen scale
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(4.5eV), and X is the absolute electronegativity of the
composite, estimated via the geometric mean approach:

X(AmBnC1) = ™"\ /X XEX! 5)
where, A, B, and C are the elements, and m, n, and [ are the
moles of these elements. Using these relations, the estimated
positions of the CB and VB were -1.105 eV and +3.645 eV,
respectively. This favorable band alignment allows the
composite to operate efficiently under visible light, enabling a
multi-step photocatalytic mechanism.

Upon irradiation with visible light, the composite absorbs
photons and generates electron/hole pairs (Eq. (6)).

The excited electrons in the conduction band reduce
dissolved oxygen to form superoxide radicals (Eq. (7)), which
undergo protonation to yield hydroperoxyl radicals (Eq. (8)).
These intermediates are subsequently reduced to form
hydrogen peroxide (Eq. (9)), which, in turn, can be reduced by
electrons to produce highly reactive hydroxyl radicals (Eq.
(10)). Simultaneously, the photogenerated holes in the valence
band oxidize water molecules or hydroxide ions to generate
additional "OH radicals (Egs. (11) and (12)). These ROS
synergistically attack MO molecules, resulting in complete
mineralization into CO2, H20, and other innocuous byproducts

(Eq. (13)):

Fe;04@FA +hv — e +h' (6)

e +0,— 0 7

‘0, + H" — HO 8)

HO* + ¢ — H,0, 9)

H,0,+e¢ — "OH+ OH- (10)

h*+ H,O — "OH + H* (11)

h*+ OH — 'OH (12)

*OH/h*/H20; + C14H14N3SO3Na — CO, + H,O (13)

NHE(eV)

-0.33=0/02 -
0.0 T
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1.99 = "OH/"OH Degradation products
{ CO2+ Hx0)
2.27 =H0/"0H "

Figure 20. A possible pathway for MO photodegradation on
the Fe;O4@FA surface



This mechanistic pathway aligns with the newly calculated
CB and VB positions and demonstrates that the Fe;Os@FA
composite exhibits sufficient redox potentials to promote the
generation of both oxidative and reductive ROS (Figure 20).

The superior photocatalytic efficiency of Fe;O4@FA arises
from the synergistic interplay between the active Fe3O4 phase
and the porous fly ash support. The fly ash structure enhances
surface adsorption and provides abundant surface hydroxyl
groups that facilitate ROS formation. Meanwhile, Fe3O4
enables broad-spectrum light absorption and offers magnetic
separability, allowing for easy recovery and reuse. This
integration promotes effective charge separation, suppresses
electron—hole recombination, and sustains ROS generation,
thereby accelerating dye degradation under visible light
irradiation.

6. CONCLUSIONS

The Fe;04@FA magnetic nanocomposite was synthesized
by a thermal-assisted mixing route and comprehensively
evaluated by UV—Vis DRS, FESEM, VSM, FTIR, BET, and
XRD, demonstrating a viable pathway to valorize industrial fly
ash into a functional, magnetically separable photocatalyst.
Owing to its core/shell architecture, the composite exhibited a
narrowed optical band gap (3.17 eV versus 4.75 eV for pure
Fe304), improved visible light harvesting, and more effective
charge separation while mitigating nanoparticle aggregation
features  that  collectively  enhanced  photocatalytic
performance. Under optimized conditions (pH = 3, catalyst
dose =2 g L', H,O, = 0.1 M, MO = 10 ppm), the material
achieved 92.7% removal within 90 min and retained 77.2%
efficiency after five reuse cycles, confirming magnetic
recoverability and structural durability.

Even without H,O,, the composite delivered 50.2% MO
degradation under visible light, indicating intrinsic
photocatalytic activity beyond dark stage adsorption.
Mechanistically, the results are consistent with interfacial
charge transfer at the Fe;O4 and FA junction and a dominant
role for hydroxyl radicals ("OH) in the oxidation pathway.
Future investigations should focus on employing the
Fe;04@FA composite in continuous-flow photocatalytic
reactors using real industrial effluents to validate its large-
scale applicability. Additionally, the incorporation of
secondary magnetic oxides or co-catalysts could further
enhance charge separation efficiency and overall degradation
kinetics without compromising the adsorption properties
provided by fly ash. Exploring hybridization with visible light
active semiconductors (e.g., BiOCl, TiO,, or Ag,O) may also
yield superior photoresponse and durability. Furthermore,
extending its use toward the remediation of other
environmental contaminants such as heavy metals, pesticides,
fertilizers, and various organic dyes, as well as investigating
its potential role in microbial immobilization and disinfection,
would broaden its multifunctional application scope.

Ultimately, these proposed directions aim to bridge the gap
between laboratory-scale  synthesis and real-world
environmental deployment, contributing to the advancement
of sustainable photocatalytic technologies for wastewater
purification and solid-waste utilization.
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