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Abstract: In this study, a series of photocatalytic materials based on MgFe;Os and WOs
semiconductors with various MgFe.04/WO3; mass ratios (1:4), (1:3), (1:2), (2:1), (3:1), and (4:1)
were successfully synthesized using hydrothermal method under mild conditions. The results
showed that all synthesized composites exhibited visible light absorption, with band gap energies
ranging from 1.92 eV to 2.06 eV. The coupling of MgFe,O. with WOs significantly enhanced
photocatalytic performance by effectively suppressing the recombination of photogenerated charge
carriers. Among the produced composites, MgFe,O4/WO3 (3:1) material demonstrated the most
efficient charge separation, leading to excellent degradation efficiencies regarding the degradation
of Methylene Blue (MB) organic dye in water. MgFe,04/WOs3 (3:1) photocatalyst presented a MB
degradation efficiency of bout 81%, corresponding to 1.64 times higher than that of pure MgFe;O4
and 2.67 times greater than that of WO3. These results suggest that the synergy between MgFe;04
and WOs; effectively reduces the recombination rate of charge carriers, thereby improving the
photocatalytic degradation of organic pollutants. The degradation of MB followed the pseudo-
second-order kinetics model, with R? within the range of 0.9769 - 0.9987 while HO" and O™ were
main reactive species responsible for MB degradation process. This finding highlights the potential
use of MgFe,04/WO3 photocatalysts for wastewater treatment application.

Keywords: Organic dyes, visible-light driven photocatalyst, water treatment, kinetics, enhanced
photocatalytic performance.

1. Introduction particularly in the textile dyeing sector. Among
) ) ) ) ) them, Methylene Blue (MB) is one of the most

Dyes are widely used in various industries commonly used dyes across multiple industrial
such as paper, printing, plastics, and applications and is recognized as one of the
- most prominent water pollutants [1]. Each year,
" Corresponding author. a substantial amount of MB is employed as a
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coloring agent for paper, silk, and cotton
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materials [2], resulting in significant quantities
of excessive MB being discharged into the
environment. However, the release of untreated
MB can pose serious risks to human health,
including symptoms such as nausea, cyanosis,
rapid heartbeat, and jaundice [3, 4]. Therefore,
it is essential to implement effective treatment
processes prior to discharge of MB into the
environment to minimize its harmful impacts.

Currently, numerous studies have explored
various methods for the treatment of organic
dyes, including adsorption, Fenton oxidation
process,  photocatalysis, and  persulfate
activation [5, 6]. Among these methods,
photocatalysis stands out due to its remarkable
advantages, including high efficiency, low
energy consumption, environmental
friendliness, and non-toxicity [7, 8]. Moreover,
photocatalysis has demonstrated excellent
efficiency in degrading organic compounds into
harmless end products such as CO and H:0O,
making it a highly promising approach for the
removal of organic pollutants from wastewater
[8]. However, some challenging issues related
to the visible light driven photocatalyst link
with i) The recombination rate of charge
carriers; and ii) The generation of ineffective
electrons and holes , which could not generate
radicals [5, 7, 14]. To fully optimize the
catalyst’s effectiveness, it is essential to
develop an appropriate photocatalytic system
capable of complete degrading these
contaminants.

MgFe,Os is an n-type  magnetic
semiconductor that is free of heavy metals and
exhibits high chemical stability [10, 11]. With a
band gap energy ranging from 1.9 to 2.3 eV,
MgFe,O4 can effectively absorb visible light
and has been widely applied in water treatment
using photocatalysis [11, 12]. However,
MgFe,O4 primarily reduces O, to generate
superoxide radicals (O27), but lacks the ability
to oxidize water to form hydroxyl radicals
(HO’), which limits its photocatalytic
efficiency. Therefore, numerous studies have
focused on coupling MgFe.Os with other
materials to simultaneously utilize both the
conduction band (CB) and valence band (VB),

thereby enhancing overall photocatalytic
performance [13]. Tungsten trioxide (WOs3)
possesses a suitable band gap (~2.7 eV), high
stability, and strong oxidative potential, making
it widely studied for the photocatalytic
degradation of organic pollutants [14, 15].
However, its CB potential is not sufficiently
negative to facilitate the reduction reaction
required for generating superoxide radicals
(02), which limits its catalytic activity [16].
Therefore, WOs is often combined with other
semiconductors to better utilize its redox
capabilities and to suppress the recombination
of photogenerated e/h*™ pairs [16, 17]. The
combination WOz and another semiconductor
would create a heterojunction which not only
make use of valence band (VB) of WO; and
conduction band (CB) of the combined
semiconductor, but also benefit from the
restriction of charge carrier recombination rate.
Inspired by that principle, the current study
focuses on the designing and producing
MgFe04/WO3 heterojunction enhance
photocatalytic  performance by suppressing
electron-hole recombination and simultaneously
utilizing both oxidation (h*) and reduction (e”)
processes to generate O,” and HO" radicals,
thereby enabling efficient degradation of MB. In
addition, this research aims to make use of the
magnetism of MgFe.O4 nanoparticles to facilitate
the recovery of MgFe,O4/WO; photocatalyst after
each treatment process. The influence of pollutant
concentration on the degradation process was
comprehensively investigated. In addition, the
reaction kinetics were thoroughly evaluated.

2. Experimental

2.1. Chemicals

Hydrochloric acid (37%), FeCls.6H,0
(98%), MgCl,.6H.O (99%), Na;WO4-2H>0
(99%), L-ascorbic acid (99%) were purchased
from Sigma Aldrich. NaOH (> 96%),
CH3CH2OH (99.7%), MB (98.5%) were from
Xilong Chemical, China. All chemicals were of
analytical grade, and directly used without
further purification.
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2.2. Synthesis of Materials

2.2.1. Synthesis of MgFe;0x

5.406 g of FeCls.6H.O and 2.033 g of
MgCl2.6H.0O were dissolved in 100 mL of
deionized (DI) water under vigorous stirring. A
5 M NaOH solution was then added dropwise to
the mixture, followed by heating at 90 °C for 2
hours. The resulting precipitate was thoroughly
washed with 90% ethanol and DI water until
pH 7.0. The product was subsequently dried
under vacuum at 60 °C for 6 hours, then ground
into a fine powder and calcined at 900 °C for 3
hours to yield MgFe,O. [18].

2.2.2. Synthesis of WO3

5 g of Na;WO4-2H,0 were completely
dissolved in 200mL of DI water under
continuous magnetic stirring. Subsequently, a
0.5 M HCI solution was added dropwise until a
yellow precipitate of tungstic acid formed, and
the mixture was stirred for an additional 2 hour.
The resulting precipitate was washed several
times with DI water and 90% ethanol, then
dried at 100 °C, grounded into fine powders,
and calcined at 600 °C for 2 hours to obtain
WO3 [19].

2.2.3. Synthesis of MgFe;04/WO;

A predetermined amount of MgFe;O, and
WO; (e.g., 0.75 g of MgFe;O4 and 0.25 g of
WO; for 3:1 ratio) was dispersed in 50 mL of
ethylene glycol to facilitate the dispersion of
MgFe,O4 and WOs nanoparticles in solution,
and form a homogeneous suspension. The
mixture was then subjected to hydrothermal
treatment at 125°C for 5 hours. The resulting
product was washed with DI water and 90%
ethanol, followed by drying at 60 °C for 12 hours
to obtain the MgFe.O4/ WOz composites [20]

2.3. Material Characterization

X-ray diffraction (XRD), Energy Dispersive
X-ray (EDX) - Mapping, Scanning Electron
Microscopy (SEM), Photoluminescence
spectroscopy (PL), UV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS) and Fourier
Transform Infrared Spectroscopy (FT-IR)
measurement methods were deployed to
characterize the as-produce catalysts. Detailed

analytical procedure for each method was
presented in our previous reports [5, 7, 9].
Briefly, XRD was conducted by using a model
Miniflex 600, Rigaku, Japan; SEM/EDX-
mapping was performed on a SEM model
Hitachi TM4000 coupled with an EDX model
AZtec-Energy, Oxford, UK. PL, and UV-Vis
DRS were performed on PL model
FluoroMax®, Horiba, Japan while the other
was conducted using a UV-Vis spectrometry,
model UH4150, Hitachi, Japan. FT-IR
measurement was carried out with the aid of a
FT-IR model 4600, Jasco, Japan. Point of zero
charges (pHpzc) of the material in solutions was
performed by using drift method as presented
previously [21, 22].

2.4. Experiments of the Pollutant Degradation

The degradation of MB (10 mg/L) was
carried out by adding 0.1 g of photocatalyst into
200 mL of the dye solution. The suspension was
stirred in the dark for 30 min to allow partial
adsorption of the studied dye onto the catalyst’s
surface, followed by illumination using a 20 W
compact fluorescent lamp (3000-6000 lumens),
located at 20 cm from the reaction mixture. At
30-min intervals, 3 mL of the solution were

withdrawn, filtered through a 0.45um
membrane, and analyzed for residual MB
concentration using a UV-Vis

spectrophotometer (model UH5300, Hitachi) at
a wave length of 664 nm. The effect of dye
concentration (5-20 mg/L) was also
investigated. The degradation efficiency was
calculated using the following equation:

(Co = Ce)

E(%) = ——

.100

where Coand C; represent the initial dye
concentration and the concentration at timet
(min), respectively.

3. Results and Discussion

3.1. Structural Properties of the Produced

Materials

The XRD patterns of MgFe,04, WOs3, and
MgFe,O4/WO; composites are presented in



Figure la-b. The diffraction peaks at 20 =
30.34°, 35.66°, 43.26°, 53.52°, 57.23° and
62.63° correspond to the (220), (311), (400),
(422), and (440) planes of MgFe,Os [20].
Meanwhile, the peaks at 26 = 23.05°, 23.57°,
24.43°, 26.54°, 28.66°, 33.21°, 34.26°, 35.64°,
41.67°, 47.28°, 48.23°, 50.03°, 55.96°, and
62.41° are indexed to the (002), (020), (200),
(120), (112), (022), (202), (122), (222), (004),
(040), (140), (420), and (340) planes, which are
characteristic of WOs3; [22]. In the six
MgFe,O4/WO; composites with varying mass
ratios, the XRD spectra exhibit peaks
corresponding to both MgFe;Os and WO3
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crystals, with changes in intensity reflecting the
MgFe,Os and WO; ratios. These results
confirm  the  successful  formation  of
MgFe,04/WO3 composites with high purity and
well-defined crystalline structure.

Figure 1c-d display the UV-Vis DRS
spectra of the produced materials in the
300-800 nm range, confirming their high ability
to absorb visible light. Based on the Tauc plots
(Figure le—f), the band gap energies (Eg) of
MgFe;Os and WOs; were determined to be
1.87eV and 2.71eV, respectively, while the
MgFe,O4/WO3; composites exhibited Eg values
ranging from 1.92 to 2.06 eV.
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Figure 1. XRD (a-b), UV-Vis DRS (c-d), Tauc (e-f) and PL (g-h) of MgFe;04, WO3 and MgFe;04/WO:s.

These results indicate that the materials are
capable of generating electron-hole pairs under
visible light irradiation. The positions of the
conduction band (CB) and valence band (VB)
are critical for the generation of reactive
species. The CB of MgFe;O, (-0.53 V vs. NHE)
is more negative than the O,/O," reduction
potential (-0.33V vs. NHE), enabling the
reduction of O, to form Oz [23]. Meanwhile,
the VB of WO; (+3.31V vs. NHE) is more
positive than the H,O/HO" oxidation potential
(+2.80 V vs. NHE), facilitating HO" formation
[24]. Therefore, the MgFe,O4/WOQO3 composite
can effectively utilize the CB of MgFe;O, and

the VB of WO; to generate O, and HO"
radicals, thereby enhancing its photocatalytic
performance.

The PL spectra in Figure 1g-h reveal that
all MgFe,04/WO3; composites with varying
mass ratios exhibit significantly lower
photoluminescence intensities compared to the
individual MgFe,Os and WO3 samples. This
decrease in PL intensity indicates a more
effective suppression of e’/h* recombination due
to the synergistic interaction between the two
components, thereby enhancing the
photocatalytic performance of the composite
materials. Notably, the MgFe,04/WQO; sample
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with a 3:1 ratio shows the lowest PL intensity,
suggesting superior photocatalytic activity. This
finding will be further supported by the MB
degradation results discussed in subsection 3.2.
Based on the XRD, UV-Vis, and PL analyses,
the MgFe,04/WO; composite with 3:1 (wt./wt.)
ratio was selected for further in-depth
characterization, including SEM-EDX and FT-
IR analyses.

Figure 2a—c illustrate the surface
morphology of the samples, showing that
MgFe204 consists of uniformly distributed
spherical nanoparticles [26], while WOs3
exhibits a block-like structure with a smooth
surface [27]. The MgFe.04/WQ3; composite

displays morphological features characteristic
of both components, confirming their
successful integration. The EDX spectrum
(Figure 3a) reveals the elemental composition
of the materials. For MgFe;QO., the presence of
Mg (12.24wt.%), Fe (63.71wt.%), and O
(24.05 wt.%) indicates high purity, with no
impurities detected. Similarly, WOj3 consists of
W (83.12wt.%) and O (16.88wt.%), also
demonstrating  high  purity. In  the
MgFe,04/WO; composite, the presence of Mg
(8.44 wt.%), Fe (50.75 wt.%), O (21.48 wt.%),
of the individuals, confirming the successful
combination of both components and the high
purity of the resulting material.

Figure 2. SEM of MgFe,0. (a), WO3 (b), MgFe,04/WOs (c) and EDX- Mapping of MgFe,04/WOs (d).
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The FT-IR spectra in Figure 3b reveal the
characteristic bonding features of MgFe;04,
WOs3, and the MgFe,O4/WOs heterostructure.
The absorption bands at 450 cm™ and 593 cm?
correspond to the Mg—O and Fe—O vibrations in
MgFe,04 [18], respectively. For WOs, the peak
at 768 cm™ is attributed to W=0 stretching,
while the band at 859 cm™ corresponds to
W-0-W bending vibrations [28]. Additionally,
broad bands in the 3000-3700 cm™ region are
assigned to O-H stretching vibrations, likely
due to surface-adsorbed water molecules 0. The

MgFe,04/WO3; composite retains all the
characteristic  peaks of its individual
components, confirming the  successful

formation of the composite material.

Based on the results of XRD, SEM, EDX,
PL, and FT-IR analyses, it can be concluded
that the MgFe,0/WO; composite was
successfully synthesized with high purity and a

well-defined heterostructure. The XRD patterns
confirm the coexistence of both crystalline
phases of MgFe.O, and WO3;, while SEM
images show that the characteristic surface
morphologies of the individual components are
preserved in the composite. EDX analysis
verifies the presence of Mg, Fe, W, and
O elements without detectable impurities,
indicating high material purity. The reduced PL
intensity reflects effective suppression of
electron—hole recombination, which contributes
to enhanced photocatalytic performance.
Furthermore, the FT-IR spectra confirm the
presence of the characteristic bonds of both
components in the composite. Altogether, these
findings demonstrate the successful integration
of MgFe;O4 and WOs, forming a promising
hetero-structured material for environmental
remediation applications.

—"9F6204fw03
—— MgFe,04/WO
o (@) —— WO, (b) _wgo 294/WU3
're MO w MgFe,0, E
W e - Bl —— MgFe,0,4
E) - 8
& c
2 o '_2
] ’ z ‘
= A ] ap————il 1
0 Fe - R W=0 \ ’l
y ‘ \
Fo Mo e Fe-O0 | IIJ
. r “OH '»,
T - T 4000 3500 3000 2500 2000 1500 1000 500
2 4 W 6 8 Wavelength (cm™)
Figure 3. EDX (a) and FT-IR (b) of MgFe;04, WO3, MgFe,04/WQ3.
3.2. Comparison of the Photocatalytic min. The  composite  samples  had
Performance of MgFe,0s,, WO; and MgFe,04:WO; mass ratios of 1:4, 1:3, 1:2, 2:1,
MgFe,04/WO3 3:1, and 4:1, denoted as MgFe>04/WO3 (1:4) to

To evaluate the photocatalytic performance
of the produced materials, the degradation of
MB was carried out using MgFe20., WO3, and
six MgFe-04/WO; composites under identical
conditions: pH 7.0, [MB] = 10 mg/L, catalyst
dosage = 0.5 ¢g/L, and a reaction time of 150

MgFe,04/WO5 (4:1), respectively. As shown in
Figure 4a, the individual components, MgFe,04
and WOs, achieved degradation efficiencies of
only 46.91% and 28.78%, respectively. In
contrast, all composite samples exhibited
significantly improved performance, with
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degradation efficiencies ranging from 62.25%
to 78.55%. In which, The MgFe,04/WO; (3:1)
sample showed high degradation efficiency
(76.73%) and the lowest e/h* recombination

No... (20...) 1-12

rate, indicating an optimal balance of light
absorption and charge separation. Thus, it is a
promising photocatalyst for treating organic
pollutants in water.
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Figure 4. Comparison of MB degradation efficiency among MgFe;04, WOs3, and various MgFe,04/WOs ratios
under the conditions: [Cat.] = 0.5 g/L, [MB] = 10 mg/L, pH 7.0 (a); and the effect of MB concentration on
degradation efficiency at [Cat.] = 0.5 ¢g/L, pH 7.0 (b).

3.3. Impact of MB Concentration

The effect of organic  pollutant
concentration was investigated using MB
solutions with concentrations ranging from 5 to
20 mg/L. As shown in Figure 4b, the
degradation efficiency gradually decreased with
increasing pollutant concentration. The highest
removal efficiency of 80.69% was achieved at
the lowest MB concentration. However, when
the MB concentration increased to 20 mg/L, the
efficiency dropped to 57.43%. This decline can
be attributed to the higher color intensity of the
solution at elevated concentrations, which
limits light penetration and subsequently
reduces the generation of reactive species under
illumination. Moreover, increasing the pollutant
concentration while keeping the catalyst dosage
constant leads to insufficient active sites on the
photocatalyst surface, resulting in fewer
radicals available to degrade the excess dye
molecules, thus lowering the overall
degradation performance [5, 9].

3.4. Kinetics of the Photodegradation Process

Three kinetics models were deployed to
describe the degradation of MB in solution. The

pseudo-zero-order, pseudo-1%*-order, and
pseudo-2"-order kinetics can be written as
follows:

(Co-Ct) =ko. t

-In Co/Ct = kl. t

(Co-C)/(Co.C)) = ko. t

where ko (mg.L*min?), ki (min?), and k.
(L.min"t.mg™) are respectively the reaction rate
constants for respective kinetics models.

Experimental results indicated that the
degradation of MB followed the pseudo-
second-order kinetics model most accurately
(Figure 5a—c). The correlation coefficient (R?)
values for this model ranged from 0.9769 to
0.9987, significantly higher than those obtained
from the pseudo-zero-order (R? from 0.5811 to
0.9035) and pseudo-first-order models (R? from
0.8660 to 0.9878). The reaction rate constant
(k) for the pseudo-second-order model
decreased as the initial MB concentration
increased. Specifically, at 5 mg/L, the rate
constant was 0.0058 mg.Lt.min?, which
decreased to 0.0005 mg.Lt.min? at 20 mg/L.
Although the rate constant at 5 mg/L was
notably higher than that at 10 mg/L, the overall
degradation efficiency after 150 min was
comparable (80.93% vs. 76.73%). Therefore, an
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initial MB concentration of 10 mg/L is
considered optimal for the photocatalytic
degradation process. The durability and
recovery of the catalyst and its application in
wastewater samples will be conducted in our
future studies to evaluate its application in real
world wastewater treatment.

The outcomes of MB degradation obtained
in this study are comparable and better than
several photocatalysts previously reported. For
instance, Barbosa et al., [7] reported a MB
degradation efficiency of 83% by using
WQO3/CuWO, heterojunction film, which is

comparable to MgFe,O4/WO; in this work.
However, WO3/CuWO, heterojunction system
requires 240 min to reach such an efficiency
while MgFe;O4/WO; needs only 150 min.
Similar studies on MgFe;Os or WOj3; based
photocatalyst also reported high degradation
efficiencies for different types of organic dyes
such as methyl orange (MO), direct blue 71
(DB-71), Rhodamine B (RhB) and malachite
green [11-14]. These imply the potential
application of MgFe.04/WOs photocatalyst for
the removal of organic pollutants in water.
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Figure 5. the pseudo-zero-order (a), pseudo-first-order (b),
and pseudo-second-order Kinetic models (c) of MB photodegradation process.

3.5. Mechanism of MB Degradation

The proposed mechanism for the
photocatalytic degradation of MB using the
MgFe,04/WO5 catalyst is illustrated in Figure 6
and described by Egs (1-5). Under visible light
irradiation, both MgFe.O, and WO; absorb
photons and generate e/h* pairs due to their
suitable band gap energies. Subsequently,
electrons from the conduction band (CB) of
WQO; transfer to the valence band (VB) of
MgFe;O4. This charge transfer effectively
suppresses the recombination of photogenerated
electrons and holes. The electrons remaining in
the CB of MgFe;,O, react with dissolved
oxygen to produce O, while the holes in the
VB of WOs; can oxidize water molecules to
generate HO". These highly reactive oxygen
species (O, and HO") are primarily responsible
for breaking down MB molecules into

intermediate compounds and eventually
converting them into harmless end-products
such as COz and H:0O [5, 7, 9, 14] (Figure 6).

The enhanced photocatalytic performance
of the MgFe,0,/WO; composite can be
attributed to the synergistic interaction between
its two components, which allows for efficient
utilization of the conduction and valence band
potentials. This synergy minimizes charge
recombination and promotes the generation of
powerful oxidizing radicals, thereby accounting
for the superior degradation efficiency observed
with the MgFe,04/WOj3 system.

MgFe2O4+ hu — MgFe;04" (e + h*) 1)

WOz+ ho — WO5'(e" + h) @)
0, +e& — 05" 3)
h*+ H:0 — HO' 4)

0., HO+MB—intermediates—CO+H;0  (5)
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Figure 6. Photocatalytic mechanism of MB degradation using MgFe,O4/WOs3 photocatalyst.

4, Conclusion

In this study, a series of MgFe,04/WOs3
composites with different mass ratios between
two components were successfully synthesized,
all exhibiting visible light-driven photocatalytic
activity, with band gap energies ranging from
192 eV to 2.06 eV. The combination of
MgFe,O4 and WOs; significantly enhanced the
photocatalytic ~ efficiency by effectively
suppressing the recombination of
photogenerated electron-hole pairs. Among the
produced materials, the composite with a 3:1
MgFe,O4 to WO3 (mass ratio) demonstrated the
most effective charge separation and the best
photocatalytic performance. It was selected for
further evaluation of the influence of various
operational factors, including the initial
pollutant concentration, on the photocatalytic
activity. Under consistent reaction conditions
(pH 7.0, catalyst dosage of 0.5 g/L, 10 mg/L
MB solutions, and 150 min of visible light
irradiation), the 3:1 MgFe,0./WQO; composite
exhibited an MB degradation efficiency of bout
81%, meaning 1.64 times greater than pure
MgFe,O4 and 2.67 times higher than pristine
WQ;. The photocatalytic degradation followed
the pseudo-second-order kinetics model while
the MB degradation process was controlled by
highly reactive oxygen species including Oy"
and HO". These results support the development

of next-generation photocatalysts with high
performance and practical applicability for
wastewater treatment.
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