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Abstract

The increasing discharge of organic dyes into aquatic environments requires efficient and sustainable remediation
strategies. Although Fe-doped Bi.Os has shown promising photocatalytic performance, the effects of Fe content on its photocatalytic
behavior under xenon-lamp irradiation remain insufficiently understood. This study aimed to synthesize different amounts of Fe-doped
Bi20s nanoparticles via a hydrothermal approach and subsequently evaluate their photocatalytic performance toward the degradation of
methylene blue (MB). Monoclinic a-Bi2O3 was formed as confirmed by X-ray diffraction analysis, without any detectable
secondary phases, suggesting that Fe species were either incorporated into the Bi2Os lattice or well dispersed in the
matrix. Furthermore, the band gap energy decreased from 2.92 eV to 2.66 eV as determined by diffuse reflectance
spectroscopy combined with Tauc analysis. Photoluminescence analysis revealed a decrease in emission intensity,
indicating suppressed electron-hole recombination and enhanced photogenerated charge separation. Among the
prepared samples, the sample with 10 wt% Fe-doped Bi.Os exhibited the highest photocatalytic activity with about 99%
degradation of 10 ppm MB within 14 min at optimum experimental conditions (pH of 8, 45 °C). The degradation
followed a pseudo-first-order kinetic model with a rate constant of 0.134 min~!. The improved photocatalytic efficiency
is attributed to Fe-induced band-gap narrowing and enhanced charge separation, highlighting its potential for
wastewater treatment applications.
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1. Introduction chemical stability, toxicity, and resistance to
biodegradation. The characteristic absorption
peak of MB in an aqueous solution is about 664
nm, which 1s convenient to monitor the
degradation behavior. The semiconductor-based
photocatalysis has been widely used for the dye
removal, due to its high efficiency and relatively
; low cost under the light irradiation [4,5]. In
always effective and 't}'lerefore, the removal of addition, Advanced Oxidation Processes (AOPs)
these pollutants by efficient and durable methods have attracted attention due to their ability to

is still needed [1-3]. L generate highly reactive species that can degrade
. fMethyle(:ine blue (l\c/lﬂ?’ aﬁzommor]locatlonlc ?Ye’ organic pollutants while limiting secondary
1s often used as a model pollutant, because of 1ts contamination [6,7]. However, conventional

photocatalysts such as TiO. and ZnO mainly
operate under ultraviolet (UV) light, which

Industrial wastewater is often composed of
many harmful chemicals, such as heavy metals,
dyes, phenolic compounds and metalloids. Many
of these chemicals are toxic to the ecosystem and
human health, and can persist in the environment
for a long time. The conventional methods are not
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represents only a small portion of the solar
spectrum, thereby limiting their practical
applications [7,8]. Bismuth oxide (Bi.Os), a p-type
semiconductor with several polymorphic forms,
has therefore been explored as a visible-light-
responsive material because of its relatively
narrow band gap (2.1-2.8 eV) and suitable
electronic properties. The incorporation of
transition-metal ions, particularly Fe?r,
introduces defect-related energy levels within the
band gap, thereby enhancing visible-light
absorption and  promoting charge-carrier
separation [9,10].

Previous studies have demonstrated that Fe
incorporation into Bi.Os-based photocatalysts can
improve photocatalytic performance through
modification of the electronic structure,
enhancement of visible-light absorption, and
promotion of charge-carrier separation [11-16].
However, despite these successes, there 1s still a
lack of in-depth understanding of the effects of Fe
content on photocatalytic kinetics and reaction
mechanisms, especially under xenon-lamp
irradiation. Furthermore, many Bi2Os-based
systems fail to achieve rapid and efficient dye
degradation within a short irradiation time. In
this work, we report the hydrothermal synthesis
of Fe-doped a-Bi2O3 nanoparticles and a
systematic study of their structural, optical and
photocatalytic properties. The optimal Fe-doped
Bi:0s sample shows rapid degradation, achieving
near complete removal of methylene blue within a
short irradiation period. The results suggest that
Fe doping may change the electronic structure
and improve the charge-carrier dynamics,
suggesting Fe-doped Bi:Os as a potential
photocatalyst for wastewater treatment.

2. Materials and Method

All chemicals used in this study were
analytical grade and used without further
purification.

2.1. Synthesis of Fe-doped Bi.0s Nanoparticles

Fe-doped Bi:Os nanoparticles with Fe
contents of 1, 3, 5, 7, 10, and 13 wt% (expressed as
Fe:0s equivalent relative to Bi.Os) were
synthesized using a hydrothermal method. In a
typical synthesis, 0.00386 mol (1.87 g) of bismuth
nitrate pentahydrate (Bi(NOs)s.5H.0) was
dissolved in 80 mL of a 1:1 (v/v) water—ethanol
mixture under continuous magnetic stirring.
Then Ferric chloride hexahydrate (FeCls6H-0)
was added in different amounts: 1.13x104 mol
(0.0304 g), 3.37x104 mol (0.0912 g), 5.63%x10-4 mol
(0.1521 g), 7.88x104 mol (0.2130 g), 1.12x10-3 mol
(0.3040 g) and 1.46x103 mol (0.3950 g) which
corresponded to Fe doping concentrations of 1, 3,
5,7,10 and 13 wt%, respectively. The mixture was

stirred until a clear and homogeneous solution
was obtained. The pH was subsequently adjusted
to 9 by adding 1 M NaOH gradually with
continuous stirring. The obtained suspension was
stirred for another 1 h. Then it was transferred to
a Teflon-lined stainless steel autoclave for
hydrothermal treatment at 180 °C for 12 h. After
cooling the solution to room temperature the
precipitate was obtained by centrifugation. The
material was subsequently rinsed multiple times
with deionized water and ethanol to eliminate
residual ions and contaminants. The obtained
product was then dried overnight at 60 °C.
Finally, the dried powders were calcined in air at
500 °C for 2 h to improve crystallinity and obtain
the Fe-doped Bi2Os nanoparticles [14-16].

2.2. Characterizations

A variety of analytical techniques were
employed to investigate the structural and
physicochemical properties of the synthesized
nanoparticles. The phase composition and crystal
structure were examined using X-ray diffraction
(XRD) with a Philips Analytical PW1730
diffractometer (Netherlands) employing Cu-Ka
radiation (A = 1.5406 A). Surface morphology and
particle size were analyzed by field-emission
scanning electron microscopy (FESEM, JEOL
JSM-7600F, Japan).

Elemental composition and distribution were
determined by energy-dispersive X-ray
spectroscopy (EDX, Oxford Instruments X-Max
detector) operated at an accelerating voltage of 15
kV. Fourier-transform infrared (FTIR) spectra
were recorded wusing a Bruker Tensor 27
spectrometer (Germany) in the 4000-400 cm™
range using the KBr pellet method. The optical
absorption properties of the samples were
examined by UV-Vis diffuse reflectance
spectroscopy (DRS) using a Shimadzu UV-2600
spectrophotometer (Japan) over the wavelength
range of 200-1200 nm. Photoluminescence (PL)
spectra were obtained using a spectrofluorometer
with an excitation wavelength of 320 nm to
evaluate charge-carrier recombination behavior.

2.3. Photocatalytic Degradation of Methylene
Blue (MB)

Methylene blue was used as a model organic
pollutant for the evaluation of the photocatalytic
activity of the prepared nanoparticles. In a typical
experiment, 0.1 g of Fe-doped Bi.Os catalyst with
10 wt% Fe was added to 50 mL of 10 ppm aqueous
solution of MB and the mixture was continuously
stirred by a magnetic stirrer. To demonstrate the
effect of radiation on the decomposition of M.B.,
and to overcome the adsorption effect, the
suspension was stirred in the darkness for 30
minutes to achieve an adsorption-desorption
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equilibrium between the MB molecules and the
catalyst surface.

The reaction mixture was then irradiated
using a 100 W xenon lamp (6000 K) positioned
approximately 15 cm from the reactor. The
photocatalytic reaction was carried out under
ambient air conditions. At predetermined time
intervals, 3 mL aliquots were collected from the
suspension and centrifuged to remove the
photocatalyst. The absorbance of the clear
supernatant was measured at the characteristic
wavelength of methylene blue (Amax = 664 nm)
using a UV-Vis spectrophotometer. The
photocatalytic degradation efficiency (%) was
calculated using the following equation:

Degradation efficiency (%) = (Co— Ct)/Co X 100%
(1)

where C, and C; denote the dye concentrations
before and after irradiation, respectively. All
photocatalytic experiments were performed
independently in triplicate (n = 3), and the results
are expressed as the mean + standard deviation
(SD) [17,18].

3. Results and Discussion
3.1. XRD Results

Figure 1 shows the X-ray diffraction (XRD)
patterns of pure a-Bi2Os, a-Fe203, and Fe-doped
Bi:0s; nanoparticles with 10 wt% Fe. The
diffraction pattern of undoped Bi2Os3 confirmed
the formation of the monoclinic a-Bi2Os phase.
The characteristic diffraction peaks are consistent
with the standard reference data, and no impurity
phase was observed within the XRD detection
limit [19]. The main diffraction peaks of a-Bi2Os
characteristic of Fe-doped Bi.Os are retained, and
no additional peaks corresponding to crystalline
Fe203 are present. This suggests that the Fe
species are either incorporated in the Bi2Os matrix
or are homogenously dispersed in it without the
formation of any secondary phases detectable by
XRD. The incorporation of iron causes a small
shift of the diffraction peaks to higher 20 values
and broadening of the peaks. The observed peak
shift and broadening suggest distortion in the
Bi20s; crystal lattice after Fe incorporation. This
behavior may be related to the substitution of
larger Bi** ions (<1.03 A) by smaller Fe®* ions
(=0.65 A) or to the incorporation of Fe ions into the
Bi20s; structure. Such structural modification can
slightly reduce the crystallinity of the material. In
addition, the peak broadening may indicate the
presence of lattice defects and oxygen-vacancy-
related disorder. These defects can then affect a
material's structure and its optical properties.
Similar X-ray diffraction patterns have been
reported for Fe-doped Bi.Os systems [20,21]. The
X-ray diffraction (XRD) analysis reveals that the

monoclinic structure of «-Bi2Os is retained on
addition of Fe but shows lattice distortion due to
incorporation or dispersion of Fe.

3.2. FESEM Analysis of Fe-Doped Bi.Os
Nanoparticles

The surface morphology and particle size
distribution of the Fe-doped Bi.Os sample with 10
wt % Fe were studied by field-emission scanning
electron microscopy (FESEM). The FESEM image
reveals the formation of nanosized particles with
a relatively uniform morphology (Figure 2a). Due
to the high surface energy and strong particle-
particle interactions, particle agglomeration 1is
common in oxide nanoparticles. As shown in
FESEM image measurements, the particle size is
in the range of 10-40 nm, with a maximum size of
about 25 nm, which is further confirmed by the
particle size histogram (Figure 2b). The nanosize
morphology and size distribution described here
are similar to the previous reports of Bi2Os based
photocatalyst synthesized through hydrothermal
methods [22]. The observed nanoscale dimensions
indicate that the incorporation of Fe affects the
particle growth dynamics during  the
hydrothermal synthesis process. The relatively
small particle size is expected to increase the
specific surface area, which is usually beneficial
for photocatalytic performance due to increased
surface active sites and promoted adsorption of
dye molecules [23].
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Figure 1. XRD patterns of (a) a-Bi,Os, (b) a-
Fe,03, and (¢) 10 wt% Fe-doped Bi,Os.
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3.3. Optical Properties
3.3.1. Diffuse Reflectance Spectroscopy (DRS)

Figure 3 shows the diffuse reflectance spectra
of pure Bi:Os and Fe-doped Bi.Os. Pure Bi.Os
shows an absorption edge in the visible region.
After Fe doping, the absorption edge shifts toward
longer wavelengths (red shift), indicating better
visible-light absorption. This behavior is
associated  with  improved  photocatalytic
performance, together with the smaller band gap
and lower PL intensity discussed later.

3.3.2. Band gap (Tauc Plot)

Diffuse reflectance data were analyzed using
Kubelka—Munk function, F(R)=(1-R)% /(2R), where
R is the reflectance. The optical band gap energies
were determined using the Tauc relation,
(F(R)hv)r = A(hv-Eg), where hv is the photon
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Figure 2. (a) FESEM image and (b) particle-size
distribution histogram of 10 wt% Fe-doped Bi,03
nanoparticles.
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energy, A 1s a constant, and n depends on the
nature of the electronic transition. In this study,
a direct allowed transition was assumed (n = 1/2)
for the band gap estimation [24,25]. The direct
band gap of the pristine Bi2O3 sample is 2.92 eV,
and the direct band gap of the Fe-doped Bi.Os
sample is reduced to 2.66 eV (Figure 4).

This decrease can be attributed to the Fe-
induced modification of the electronic structure of
Bi2Os. This result agrees with the redshift
observed in the DRS spectra. The Tauc analysis
reveals that the doping with iron decreases the
energy needed for the electronic transition. This
modification increases the photocatalytic activity
of the material.

3.3.3. Photoluminescence (PL) analysis

The behavior of the recombination of the
photogenerated charge carriers was studied by
PL spectroscopy. PL emission is caused by the
electron—hole recombination and thus can give
information about the charge-carrier dynamics in
semiconductor materials. When the sample is
illuminated, electrons are excited to the
conduction band and holes are left behind in the
valence band. The photogenerated charge
carriers either participate in surface reactions or
recombine, which decreases the photocatalytic
efficiency [26]. Figure 5 shows the PL spectra of
Bi203 and 10 wt% Fe-doped Bi.Os obtained at an
excitation wavelength of 320 nm in the emission
region of 330-900 nm. The pure bismuth oxide
sample shows a broad emission band in the
visible region, which is usually attributed to
defect states, whereas the PL intensity of the Fe-
doped sample 1s much lower. This reduction
suggests suppressed electron-hole recombination
and improved charge separation, likely due to Fe-
related defect states acting as charge- trapping
sites [27-29].

Fe-doped BiyO3 (10 wt%)
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Figure 3. Diffuse reflectance spectra of Bi,O3z and
Fe-doped Bi,0; (10 wt% Fe), showing a noticeable

red shift in the absorption edge for the Fe-doped
sample.
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3.4. Energy-Dispersive X-ray Spectroscopy (EDX)

The EDX spectrum (Figure 6) shows peaks
corresponding to bismuth, oxygen, and iron, with
no detectable impurity elements within the
sensitivity limits of the technique. Quantitative
EDX analysis of the Fe-doped Bi.Os sample
showed a composition of about 81.87% bismuth,
10.82% oxygen and 7.31% iron. In view of the
semi-quantitative and surface-sensitive nature of
EDX, the difference between the measured iron
concentration and the intended doping level can
be understood. According to the X-ray diffraction
(XRD) data, these results suggest that iron is
probably incorporated or uniformly distributed in
the Bi2Os3 matrix without the presence of
detectable secondary phases. This incorporation
may influence the optical properties and promote
improved charge-carrier separation [29].
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Figure 5. Photoluminescence (PL) spectra of

Bi,0; and 10 wt% Fe-doped Bi,0O3
nanoparticles.
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3.5. FTIR Analysis

Figure 7 shows the FTIR spectra of Bi2Os,
Fe203 and Fe-doped Bi:Os nanoparticles with 10
wt% Fe. The absorption bands located at
approximately 606 cm™ and 497 cm™ in pure
Bi:0Os are assigned to Bi—O stretching vibrations
and Bi—O-Bi lattice modes characteristic of
monoclinic a-Bi.0s. A weak band near 1380 cm™
may originate from residual precursor species or
adsorbed surface groups.

For the Fe-doped Bi.O; sample, the Bi-O-
related vibrational bands shifted slightly toward
lower wavenumbers (approximately 597 cm™ and
489 cm™) together with minor peak broadening.
These changes indicate alterations in the local
metal-oxygen bonding environment and possible
lattice distortion after Fe incorporation into the
Bi.0s structure. In addition, a weak shoulder in
the 630—680 cm™ region may be related to Fe-

Figure 6. EDX spectrum of 10 wt% Fe-doped
Bi,03; nanoparticles.
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Figure 4. Comparative Tauc plots for (a) direct band-gap determination of Bi2Os and (b) Fe-doped Bi,0s,

showing a narrowing of the band gap after Fe doping.
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associated lattice vibrations or defect-induced
structural disorder. However, this assignment
remains tentative because of overlap with Bi-O
vibrational bands in the low-wavenumber region.
No additional distinct Fe.Os absorption bands
were detected in the Fe-doped Bi.Os spectrum,
suggesting that iron oxide did not form a clearly
separated secondary crystalline phase, in
agreement with the XRD analysis. Overall, the

observed band shifts and peak broadening
indicate local structural modifications and
changes in the metal-oxygen bonding

environment after Fe doping. These structural
modifications may influence the optical and
photocatalytic properties of Fe-doped Bi.Os,
together with the reduced band gap and lower PL
intensity discussed in the previous sections
[30,31].

3.6. Photocatalytic Degradation of Methylene
Blue (MB)

3.6.1. Dark adsorption test

Before light irradiation, the catalyst
suspension containing methylene blue was stirred
in the dark for 30 min to reach adsorption—
desorption equilibrium. As shown in Figure 8,
only a slight decrease in the absorbance of
methylene blue at approximately 664 nm was
observed after this dark period. This indicates
that adsorption of MB on the Fe-doped Bi.Os
surface 1s minimal, confirming that the
subsequent dye removal under xenon-lamp
irradiation is mainly attributed to photocatalytic
degradation.

3.6.2. Photolysis test

A control photolysis experiment was
performed under the same xenon-lamp irradiation
conditions, but without a photocatalyst. Figure 9

(a) Fe,0O4

(b) Fe-doped Bi,O4

() Bi,O,

Transmittance (%)

1 T 1
2000 1500 1000 500

Wavenumber (cm'1)

Figure 7. FTIR spectra of (a) Fe,03, (b) 10 wt %
Fe-doped Bi,03, and (c) Bi,O; nanoparticles.

Absorbance (a.u.)

shows a slight decrease in the absorbance of
methylene blue at about 664 nm upon irradiation.
The experiment was carried out under uniform
irradiation of a xenon lamp without a
photocatalyst. The data indicate that the direct
photolysis of methylene blue (MB) is not
significant under the experimental conditions.
The rapid degradation of dye in the presence of Fe-
doped B1:0s is mainly due to its photocatalytic
nature.

3.6.3. Effect of Fe content

The photocatalytic performance of Fe-doped
Bi.Os nanoparticles, which incorporated different
amounts of iron (1-13 wt%), was evaluated by
observing the degradation of methylene blue (10
ppm) under xenon-lamp irradiation. The Fe-doped
Bi:0Os exhibited higher photocatalytic activity
compared to pure Bi20s. This fact highlights that
the incorporation of iron improves the
photocatalytic properties of the material. Figure
10 shows that the normalized concentration
(C/Co) decreased with the increase in Fe content
and reached the minimum value at 10 wt%,
indicating a gradual enhancement of the
photocatalytic activity up to this composition.
Under these conditions, the 10 wt% Fe-doped
Bi.0s sample was able to attain almost complete
degradation in 14 min. In contrast, further
increasing the iron content to 13 wt% resulted in
a slight decline in photocatalytic activity.

The observed decrease can be explained by
the creation of an excessive number of defect sites
caused by the dopant. However, these
imperfections may act as recombination sites for
the electron-hole pairs generated by the light, and
thus reduce the charge separation efficiency. In
addition, the enhanced dopant concentration may
limit the number of active surface sites, leading to
poor light absorption and subsequent reduction of

2.5
—— MB after 30 min dark adsorption
2.04 Initial MB
1.5
1.0
0.5 -
0.0 4

1 1 T 1 1
400 500 600 700 800

Wavelength (nm)

T 1
200 300

Figure 8. UV—Vis absorption spectra of methylene
blue before and after 30 min of dark adsorption.
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the photocatalytic activity. These observations are
in line with previous studies on transition metal
doped Bi203 systems, which revealed that a
certain amount of dopant increases activity and
excess doping deteriorates the performance [32].

3.6.4. Effect of pH

The pH of the solution plays an important role
in the photocatalytic degradation process which
affects the surface charge of the catalyst, the
adsorption behavior of dye molecules and the
generation of reactive oxygen species. Figure 11
shows the influence of pH on the degradation
efficiency of the 10 wt% Fe-doped Bi.Os catalyst.
The highest degradation efficiency was obtained

Absorbance (a.u.)

T T T T T
400 500 600 700 800

Wavelength (nm)

T T
200 300

Figure 9. UV-Vis absorption spectra of
methylene blue solution under =xenon-lamp
irradiation in the absence of photocatalyst
(photolysis control).

at pH of 8, whereas the efficiencies were lower
under strongly acidic and highly alkaline
conditions. In aqueous solution, methylene blue
carries a net positive charge, and the electrostatic
attraction between the negatively charged
catalyst surface and the dye molecules is
increased under slightly alkaline conditions,
thereby improving adsorption and photocatalytic
efficiency. In addition, the higher concentration
of OH- ions under slightly alkaline conditions
promotes the formation of hydroxyl radicals
(*OH) through reactions with photogenerated
holes, thereby enhancing the photocatalytic
degradation process. However, at higher or lower
pH values, the adsorption efficiency is decreased,
and charge transfer mechanisms are hindered.
Under highly alkaline conditions, an excess of
OH- may also compete with dye molecules for
active sites, resulting in lower photocatalytic
degradation efficiency. This pH-dependent
behavior is consistent with previous studies of
dye degradation using semiconductor
photocatalysts that have shown that surface
charge interactions influence both adsorption

and degradation efficiency through the
generation of reactive oxygen species [33-35].
3.6.5. Effect of catalyst dosage

The effect of catalyst dosage on
photocatalytic degradation was studied by

changing the catalyst amount from 0.025 to 0.1 g
while keeping the same MB concentration (10
ppm), solution volume (50 mL) and other
experimental conditions unchanged (Figure 12).
Increasing the catalyst dosage enhanced the
degradation efficiency because of the greater
availability of active surface sites and increased

—M.B

()

' b
Fe-Bi,O, 1% 09 ¢ (b)
Fe-Bi,0, 3%
Fe-Bi,0, 5%

—— Fe-Bi,0, 7%

- Fe-Bi,O, 10% 06 1

Fe-Bi,0; 13%
—Bi,0,

C/Co

Absorbance (a.u.)

0 2 4 6 8 10 1 14
Fe:03 (wt%)

| 5 TEN——_e |
600 700

Wavelength (nm)
Figure 10. (a) UV—Vis spectra of MB degradation using Fe-doped Bi,0; (1-13 wt% Fe), and (b) C/C,
variation showing the effect of Fe content on photocatalytic performance. Error bars represent the standard
deviation (SD) of three independent experiments (n = 3).
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light harvesting within the reaction system. The
highest photocatalytic activity was achieved at a
catalyst dosage of 0.1 g, and therefore this loading
was selected for the subsequent photocatalytic
experiments under the present conditions. At
higher catalyst loadings, excessive particle
agglomeration and increased light scattering can
reduce effective light penetration into the reaction
medium, thereby limiting photocatalytic
efficiency. Similar trends have been reported in
various photocatalytic systems with different
catalyst compositions [36].

3.6.6. Effect of temperature

The effect of temperature on the
photocatalytic degradation of methylene blue

(MB) was investigated within the temperature
range of 25-55 °C under otherwise identical
experimental conditions (Figure 13). The
degradation efficiency increased gradually with
the increase of temperature from 25 °C to 45 °C,
which indicated that moderately elevated
temperature promotes photocatalytic
degradation. Maximum degradation efficiency
was obtained at 45 °C. Further increase in
temperature to 55 °C resulted in a slight decrease
in the photocatalytic performance. The moderate
increase in temperature also facilitates the
diffusion of methylene blue molecules to the
catalyst surface, thereby increasing the
frequency of effective collisions with the active
sites and accelerating the photocatalytic

Wavelength (nm)

(a) — pH12 100 (b)
—PpH? 90
_2:78 &
_ (=]
5 pH5 é 70
s pH3 g @
© 2 5
Q =
c = 40
© ®
2 B30
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@ & 20
] 10
<
0
1 2 3 5 7 8 9 12
T T T T T T T
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Figure 11. (a) UV-Vis absorption spectra showing the effect of pH on MB degradation, and (b)
corresponding degradation efficiency of MB (10 ppm) under xenon-lamp irradiation using 10 wt% Fe-doped
Bi1,0; at 45 °C. Error bars represent the standard deviation (SD) of three independent experiments (n =

3).
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Figure 12. (a) UV-Vis spectra and (b) C/C, values for MB degradation at different catalyst dosages.
Error bars represent the standard deviation (SD) of three independent experiments (n = 3).
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degradation reaction. The improved degradation
efficiency up to 45 °C is ascribed to the enhanced
reaction kinetics, mass transfer, and dye
molecule-catalyst surface interactions. However,
very high temperatures have a detrimental
impact on the photocatalytic process owing to the
lower availability of dissolved oxygen, higher
recombination of photogenerated electron-hole
pairs, and weaker adsorption of dye molecules
onto the catalyst surface. The reduced dissolved
oxygen concentration at elevated temperatures
limits the generation of reactive oxygen species
(ROS), thereby decreasing the photocatalytic
degradation efficiency. Similar temperature-
dependent behavior was reported in previous

studies on the photocatalytic degradation of
organic dyes, where a moderate increase in
temperature is beneficial for the photocatalytic
reaction rates, while excessively high
temperatures might be detrimental to the
generation of reactive oxygen species and
promote the recombination of charge carriers [37,
38].

3.6.7. Effect of irradiation time

The effect of irradiation time on the
degradation of methylene blue (MB) was
investigated under optimized conditions (0.1 g
catalyst, pH of 8, 45 °C), as shown in Figure 14.
With the increase of irradiation time, the
degradation efficiency increased, suggesting that
the photocatalytic activity remained stable under

xenon lamp irradiation. The degradation was
rapid at the beginning, and almost complete
0.8 1 degradation was achieved within 14 minutes.
Under such conditions, about 99% of MB was
8 degraded, indicating the high photocatalytic
< activity of 10 wt% Fe-doped Bi.Os catalyst.
£ The present results demonstrate that the
2 primary objective of improving the visible-light
2 photocatalytic performance of Bi.Os through Fe
incorporation was successfully achieved. The
enhanced photocatalytic performance of the
I —— optimized 10 wt% Fe-doped Bi.Os photocatalyst
0.0 . . can be attributed to the combined structural,
500 600 700 800 morphological, and optical modifications
Wavelength (nm) introduced by Fe incorporation. XRD, EDX, and
. . FTIR analyses indicated the incorporation or
Figure 13. Effect of reac?lon temperature on the homogeneous dispersion of Fe species within the
phf) tocatalytic degradathn of methylene blue Bi20Os matrix, accompanied by lattice distortion
usimg 19 wt% Fe-doped Bi,Os under xenon-lamp and modification of the metal-oxygen bonding
irradiation.
1min
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Figure 14. (a) UV-Vis spectra of methylene blue (10 ppm, pH of 8, 45 °C) under Xenon-lamp irradiation
(100 W), and (b) degradation profile (Ci/Cy vs. time) for 10 wt% Fe-doped Bi,0; catalyst. Error bars
represent the standard deviation (SD) of three independent experiments (n = 3).
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environment. These structural modifications may
introduce defect-related trapping sites that
influence charge-carrier behavior. The nanosized
morphology observed by FESEM may provide
abundant surface-active sites for photocatalytic
reactions. Furthermore, the red shift in the
absorption edge and the reduction in the optical
band gap from 2.92 to 2.66 eV enhanced visible-
light absorption. Moreover, the lower PL intensity
suggests suppressed electron—hole recombination
and improved charge separation. Consequently,
the superior photocatalytic activity of the
optimized 10 wt% Fe-doped Bi.Os sample is
attributed to the combined effects of enhanced
visible-light absorption, reduced charge-carrier
recombination, defect-mediated charge trapping,
and the availability of nanoscale surface-active
sites. In contrast, the slight decrease in activity at
13 wt% Fe may result from excessive defect sites
that act as recombination centers and reduce the
availability of photocatalytically active surface
sites [9,21]. These findings are consistent with
previous reports on  Fe-modified Bi.Os
photocatalysts, while a detailed comparison with
previously published studies is presented in
Section 3.10 and Table 1.

To further demonstrate the enhancement in
photocatalytic performance resulting from Fe
incorporation, the photocatalytic activity of the
optimized 10 wt% Fe-doped Bi.Os was directly
compared with that of pure Bi.Os under identical
experimental conditions (Figure 15). The 10 wt%
Fe-doped Bi:0s exhibited a substantially higher
MB degradation efficiency after 14 min
(approximately  99%) than pure  BiOs
(approximately 27%), further demonstrating the
enhanced photocatalytic performance following Fe
incorporation.

—_ —— 10 wt % Fe-doped Bi20O3
=] .
5_“; 5] —Bi203
]
3]
c
©
o
e
o
n
0
<
0 r T T T - —
500 600 700 800

Wavelength (nm)

Figure 15. Comparison of the UV-Vis absorption
spectra of methylene blue after photocatalytic
treatment with pure Bi,Os; and 10 wt% Fe-doped
Bi,0; under identical experimental conditions.

3.7. Kinetic study

The photocatalytic degradation kinetics were
analyzed using the pseudo-first-order model
based on the Langmuir—Hinshelwood approach:

In (Co/C) = kt (2)

where Co and C, represent the initial and time-
dependent concentrations of methylene blue,
respectively, & is the apparent rate constant, and
t 1s the irradiation time. The kinetic analysis was
carried out using the initial linear region (0—4
min) of the In(Co/C) versus irradiation time plot
(Figure 16), where a strong linear relationship
was obtained (R? = 0.9958). Non-linear behavior
was observed at longer irradiation times and was
attributed to lower dye concentration, surface
saturation effects, and limitations in mass
transfer. Hence, the kinetic analysis was limited
to the initial linear part. The apparent rate
constant (k) for the optimized 10 wt% Fe-doped
Bi20s photocatalyst was found to be 0.134 min™.
This indicates a high degradation rate and fast
photocatalytic degradation at the given
conditions. The apparent rate constant of 0.134
min? confirms the rapid initial degradation of
MB under the optimized experimental conditions.
This finding is in agreement with the previous
research on semiconductor photocatalysts [39
40]. To evaluate the photocatalytic capabilities
more thoroughly, the activity of the Fe-doped a-
Bi2Os photocatalyst was compared with that of
typical Fe-doped Bi.Os systems reported in the
current body of research. The comparison was
based primarily on the apparent rate constant,
which is considered a more reliable parameter in
evaluating the photocatalytic performance than
degradation efficiency alone.

y =0.134x + 0.0077
05 R?=0.9958
0.4 °
<9
Q: 0.3
=
0.2
0.1
0 @
0 0.5 1 1.5 2 25 3 35 4 45
Time (min)
Figure 16. Pseudo-first-order Kkinetic plot

(In(Cy/Cy) versus time) for MB degradation over
10 wt% Fe-doped Bi,O3; photocatalyst.
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The comparison of photocatalytic
performance between different studies should be
taken with caution as experimental conditions
(light source, type of pollutant, catalyst
composition and reaction conditions) may differ
significantly. Nevertheless, the Fe-doped Bi.Os
system reported here can reach a relatively fast
degradation rate.

3.8. Reusability of Fe-doped Bi.Os Photocatalyst

The reusability of the Fe-doped Bi.Os
photocatalyst was tested for three consecutive
degradation cycles, under the same experimental
conditions. As shown in Figure 17, the results
show a slight decrease in degradation efficiency
from 98.7% in the first cycle to 93.8% in the third
cycle. The slight decrease in activity could be
ascribed to the loss of a small amount of catalyst
during recovery or the partial coverage of the
surface by reaction intermediates that can block
the active sites and reduce the catalytic activity as
widely reported for reusable semiconductor
photocatalysts [41,42]. Nevertheless, the catalyst
retained high photocatalytic activity after
repeated reuse, which demonstrated good
stability and reusability.

Cycle number

91 92 93 94 95 96 97 98 99

Degradation efficiency (%)

Figure 17. Reusability of the photocatalyst (10
wt% Fe-doped Bi;0;) for MB degradation over
three consecutive cycles.

3.9. Scavenger Experiments and Mechanistic
Study

The photocatalytic mechanism and the main
reactive species for the degradation of methylene
blue (MB) were studied by scavenger experiments
under optimized conditions. Without the addition
of scavengers, MB was almost completely
degraded (~99%) within 14 min. As shown in
Figure 18, the degradation efficiency was
decreased to about 60% with the addition of KI
(h* scavenger), indicating the involvement of the
photogenerated holes in the photocatalytic
process. The presence of ethanol (+ OH scavenger)
resulted in a moderate inhibition, with the
degradation efficiency decreasing to about 45%,
which indicates that the hydroxyl radicals are
also important in the degradation reaction.
However, the addition of ascorbic acid (*O2"
scavenger) exhibited the most significant
inhibition on photocatalytic activity with the
degradation efficiency decreased to about 20%,
indicating that the superoxide radicals are the
dominant reactive species for MB degradation.
The corresponding inhibition percentages

1 o
0.9 4
0.8
0.7
0.6
05 -
04 -
03 +
0.2
0.1 -

0

—

C/Co

0 2 4 6 8 10 12 14 16
Time (min)

—o— Control —o—KI (h™ scavenger)

Ethanol (+OH scavenger) Ascorbic acid (+O-" scavenger)

Figure 18. Photocatalytic degradation profiles
(C/Cy vs time) of methylene blue (10 ppm) over 10
wt% Fe-doped Bi,03 under xenon-lamp irradiation
in the absence and presence of different scavengers
(KI, ethanol, and ascorbic acid).

Table 1. Comparison of photocatalytic performance of Fe-doped Bi,03 systems.

Time Rate

Catalyst Light Pollutant Conditions De.g?adatmn min constant References
source Efficiency (%) (min-)
Fe-doped Bi.0s  Visible light Methylene pH =12, 93.37 120 --eeeee- [23]
nanorods blue hydrothermal
(0.5%) synthesis
Fe-doped Bi.0:s UV light Amoxicillin 0.02 g catalyst, 76.34 180 0.0079 [12]
50 mL, 10 ppm
Bi:0s/Fe (3%) UV-C + Basic Brown 3 g/L catalyst + 99 180  ---eeeee- [16]
ultrasound 1 dye oxidant
Fe-doped Bi.0s Xe lamp Methylene pHof 8, 0.1g, 99 14 0.134 Present work
nanoparticles blue 45 °C

(10 wt%)
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relative to the control experiment were
approximately 39%, 55%, and 80% for KI, ethanol,
and ascorbic acid, respectively, indicating that the
relative contributions of the reactive species
followed the order * O, > *OH > h*.

Radical scavenger experiments are widely
used to identify the reactive species involved in
photocatalytic processes, including holes (h"),
hydroxyl radicals (* OH), and superoxide radicals
(+0O2) [43-45]. The present results are consistent
with previous studies on Fe-modified Bi.Os
photocatalytic systems, where improved charge
separation promotes the generation of reactive
oxygen species that contribute to dye degradation
[46].

3.10. Comparison with Previous Studies

As shown in Table 1, the present Fe-doped
Bi.Os photocatalyst achieved approximately 99%
MB degradation within 14 min under xenon-lamp
irradiation, showing a shorter degradation time
than the selected Fe-doped Bi.Os systems reported
in previous studies under their respective
experimental conditions.

4. Conclusion

The hydrothermal method was successfully
used to synthesize Fe-doped Bi.Os nanoparticles,
which show enhanced photocatalytic activity for
degradation of methylene blue under irradiation
of a xenon lamp. Structural and optical
characterizations showed that Fe incorporation
reduced the optical band gap from 2.92 eV to 2.66
eV and improved visible light absorption, while
the decreased PL intensity suggested suppressed
electron- hole recombination and improved charge
separation. The optimized Fe-doped Bi.Os sample
shows fast degradation with high efficiency
following  pseudo-first-order  kinetics. The
scavenger experiments show that superoxide
radicals (*O27) are the dominant reactive species,
while hydroxyl radicals and photogenerated holes
also participate in the degradation process. The
improved degradation performance can be
attributed to the combined effects of enhanced
visible-light absorption, possible defect-mediated
charge trapping, and improved charge separation.
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