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Abstract

Methyl orange dye is a stable, non-degradable, and water-soluble compound, and its removal from the environment is possible with
conventional water treatment methods. In this study, bismuth ferrite nanoparticles substituted with nickel BiFe1x NixOs (x=0.00, 0.01,
0.03 & 0.05) were synthesized by the sol-gel method. This research was conducted to investigate the photocatalyst effect of bismuth
ferrite nanoparticles in the degradation of methyl orange (MO) dye. The characteristics of the nanoparticles were determined by
scanning electron microscopy (SEM), Fourier transform infrared (FT-IR), and X-ray diffraction (XRD) analysis—with Methyl orange
dye as a pollutant in this study. The selection and effect of different parameters in the photocatalytic degradation of methyl orange
dye, including dye concentration, pH, the number of nanoparticles, and the irradiation time, were investigated and optimized. The
findings of the research show the effectiveness of bismuth ferrite nanoparticles in the destruction of metallic orange color with a
concentration of 3 mg/liter, solution pH 2, number of nanoparticles 0.1 g, and irradiation time of 120 minutes under a mercury lamp.
The percentage of destruction of metallic orange color for nanoparticles (x=0.00, 0.01, 0.03 & 0.05) BiFe1x NixOs are: 60.48, 74.44,

76.33 and 75.82, respectively.
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1. Introduction

Water, as one of the vital elements, is not only essential
for the physical survival of humans but also plays a
significant role in domestic and industrial activities.
However, uncontrolled pollution of water resources has
become a serious challenge in water resource
management [1]. Population growth, industrial
development, and agricultural activities have caused a
substantial decline in clean water resources worldwide,
highlighting the critical importance of water treatment
and recycling.[2]. Among various industries, the textile
industry is considered a major source of water pollution
due to its high-water consumption and extensive use of
chemical dyes, especially azo dyes. The discharge of
wastewater containing chemical dyes such as methyl
orange, due to their high stability and significant toxicity,
poses serious environmental problems. Effective
removal of these pollutants from wastewater prior to
their release into natural aquatic environments is
essential.[3]. Methyl orange, an organic azo dye, is
widely used in wastewater treatment studies. This dye
contains an azo group (-N=N-) linked to two aromatic
rings, and its presence in water sources can cause

considerable environmental issues. Industrial wastewater
discharge containing this dye leads to significant
contamination of groundwater resources and threatens
aquatic life. Colored pollutants absorb sunlight at the
water surface, preventing light penetration into lower
layers, which reduces dissolved oxygen levels and results
in the death of aquatic organisms [4, 5]. Therefore,
removal of dyes from industrial wastewater before
entering natural water bodies is crucial for preserving
aquatic ecosystems. Photocatalytic processes using nano
photocatalysts under visible light irradiation have
emerged as an efficient approach for degrading organic
pollutants. Bismuth ferrite (BiFeOs or BFO), a
multiferroic material exhibiting both ferroelectric and
antiferromagnetic properties at room temperature, has
attracted attention due to its photocatalytic [6] activity
under visible light, thermal and chemical stability, and
facile magnetic separability. Nevertheless, limitations
such as rapid recombination of electron—hole pairs and
relatively wide band gap restrict its photocatalytic
efficiency to enhance the properties of BFO, various
strategies including doping with transition metal ions,
composite synthesis, and surface modification have been
employed. Nickel (Ni*") doping is particularly effective
due to its ionic radius similarity to Fe*" and its ability to
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induce structural and electronic modifications.
Incorporation of nickel into the BFO lattice reduces the
band gap, suppresses carrier recombination, and
improves material stability.

Several synthesis methods have been reported for
producing size-controlled BFO nanoparticles,
including sol—gel, liquid phase sintering, hydrothermal,
solid-state reaction, laser ablation, electrospinning, and
magnetron sputtering. Among these, the sol-gel method
has garnered considerable interest owing to its
simplicity, low cost, uniform molecular-level elemental
distribution, and structural stability. This method has
been further developed into subtypes such as citric acid-
assisted sol-gel, ethylene glycol method, tartaric acid-
assisted sol—gel, and polyvinyl alcohol—ethylene glycol
composite techniques [7]. The use of tartaric acid as a
complexing agent in the sol—gel process plays a key role
in improving nanoparticle quality by forming stable and
uniform complexes with Bi** and Fe** ions [8, 9],
preventing premature precipitation, and enhancing the
purity and homogeneity of the final product.
Additionally, this approach allows sintering at lower
temperatures and reduces the formation of secondary
phases [10]. In this study, nickel-doped BiFeOs
nanoparticles were synthesized via the tartaric acid-
assisted sol-gel method, and their efficiency in removing
methyl orange dye from industrial wastewater was
investigated. To optimize the dye degradation process,
parameters including irradiation type, solution pH,
nanoparticle dosage, and irradiation time were examined
and adjusted. The results demonstrate that nickel doping
combined with tartaric acid-assisted  synthesis
significantly enhances photocatalytic activity, reduces
the band gap, and increases the specific surface area,
leading to improved removal efficiency of organic
pollutants. These novel materials represent an effective,
economical, and environmentally friendly option for
wastewater treatment.

2- Experimental

2-1- Materials

In this study, the sol-gel process, due to its advantages in
synthesizing nano powders, was employed for the
synthesis of rhombohedral perovskite-structured bismuth
ferrite  and  nickel-substituted  bismuth  ferrite
(BiFe, \Ni,Os).

2-2- Chemicals and Apparatus

The materials used in this research include: bismuth (I11)
nitrate pentahydrate (99%), iron (I11) nitrate nonahydrate
(99%), tartaric acid (99% purity) supplied by MERCK,
nickel (1) nitrate hexahydrate (99% purity) supplied by
FLUKA, nitric acid (65% purity) from RIEDEL-
DEHAEN, and methyl orange purchased from MERCK.
The vibrational spectra of the samples, prepared in solid
form as KBr pellets, were analyzed using a

spectrophotometer (Avatar.370-FT-IR Thermo Nicolet)
in the range of 400-4000 cm™. Crystal structures and
material identification were examined using an XRD
device (Philips Analytical X-Ray B.V). The surface
morphology of the nanoparticles was studied with a field
emission scanning electron microscope (FE-SEM,
HITACHI S-4160).

A drying oven (Pars Azma Co.) and an electric furnace
(SCI FINETECH) were utilized for drying the samples.
Solution mixing and temperature application were
performed using a magnetic stirrer (Heidolph MR Hei),
and pH measurements were conducted with a pH meter
(Metrohm). A Sartorius digital balance was used for
weighing, and a photochemical reactor was employed for
irradiation to investigate solution changes. The removal
of dyes was monitored using a UV-Vis
spectrophotometer (Varian, Cary Bio50).

2-3- Synthesis of BiFeOs

In this study, BFO nanoparticles were synthesized using
the sol-gel method with tartaric acid [11]. To prepare
this compound, 20 mL of deionized water was added to
a beaker, followed by the addition of 1 mL of
concentrated nitric acid. Then, 2.02 g of Fe(NOs)s-9H-0
was dissolved in the solution, and after obtaining a clear
solution, 2.52 g of Bi(NOs)s;-5H20 was added, resulting
in a completely transparent solution. After 2 hours, 1.5 ¢
of tartaric acid (CsHsOs) was added to the solution,
leading to the formation of a colloidal mustard-coloured
solution[12,13]. Subsequently, ammonia was added to
adjust the pH to 3. The materials were then ground and
placed in a crucible, which was heated in a furnace at
400°C for 3 hours. After washing with nitric acid, the
crucible was heated at 650°C in the furnace and finally
subjected to XRD analysis.

2-4- Synthesis of BiFe, xNixOs

To prepare BiFe, \NixOs (x = 0.01, 0.03, 0.05), 20 mL of
deionized water was placed in a beaker and heated to
60°C. Then, 1 mL of concentrated nitric acid was added.
Following this, the required amounts of Fe(NOs)s-9H20
(1.99 g, 1.95 g, 1.91 g), Bi(NOs);-5H:20 (2.52 g), and
Ni(NOs):6H.0O (x = 0.01, 0.03, 0.05) were mixed
together. After these salts completely dissolved, 1.5 g of
tartaric acid (CsHsOs) was added, resulting in the
formation of a mustard-colored colloidal solution. The
pH of the solution was then adjusted to 3 by adding
ammonia, yielding a lemon-colored solution.

The materials were then ground and placed in a crucible,
which was heated in a furnace at 400°C for 3 hours. After
cooling, the materials were washed with acid and then
placed in the furnace again at 650°C for 4 hours. Finally,
the sample was analyzed using XRD to determine its
crystalline structure.
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2-5- Photocatalytic procedure

The photocatalytic activity of BFO nanoparticles and
nickel-doped BFO was investigated for the degradation
of methylene orange in an aqueous solution under
different light exposures and at room temperature.
Initially, calibration steps were performed to determine
the concentration of methylene orange (3 mg/L), which
was used for the experiments. Then, 300 mL of the
methylene orange solution at the determined
concentration was transferred into a 600 mL beaker, and
after adding the nano catalyst and hydrogen peroxide to
the beaker, the pH was adjusted to different values using
HCI and NaOH. Afterward, the beaker was placed inside
a photoreactor, and the solutions were stirred for 30
minutes at 750 rpm under dark conditions. Every 20
minutes, 3 mL samples were taken using a pipette and
transferred into a clean, dry centrifuge tube. The samples
were then centrifuged at 4000 rpm for 10 minutes to
separate the suspended photocatalyst particles. Finally,
the solution was transferred into the UV-Vis
spectrophotometer cell, and the absorption spectrum of
the solution was recorded in the range of 200 to 800 nm.
The mercury vapor lamp was then turned on, and the
solution was exposed to the light. The experiments were
performed using a homemade photoreactor equipped with
amercury vapor lamp and a magnetic stirrer. The distance
between the lamp and the stirrer was 18 cm. During each
step, the absorbance of the methylene orange solution was
measured at a wavelength of 461 nm (the maximum
absorption wavelength of methylene orange in water).
The photocatalytic degradation efficiency was calculated
based on the percentage of methylene orange degradation
using the following equation [14]:

Methyl Orange Degradation (%)= <" x 100

Co
Equation 1 - Percentage Degradation of Methyl Orange

In this equation, Co and C; represent the initial
concentration of the dye and the concentration at time t
(0-120 minutes) after lamp irradiation, respectively.

Tablel. Physical and Chemical Properties of Methyl Orange Dye
(MO)

Parameters Methyl orange

Molecular formulae Ci14H14N3NaOsS

molar mass 327.33g/mol
Appearance red powder
Structure

3- Results and discussion

3-1-Investigation of Factors Affecting the
Photocatalytic Activity of Nickel-Substituted
Bismuth Ferrite in Methyl Orange Degradation
The degradation of methyl orange dye was investigated
and measured under the influence of pH, nanoparticle
dosage, and irradiation time. Experimental results
demonstrated that nickel-substituted BFO nanoparticles
exhibit high efficiency in the degradation of methyl
orange dye, attributed to their unique chemical properties
and narrow energy band gap [15]. Optimization of the
parameters revealed that the degradation efficiency of
methyl orange by BiFeo.o7Nio.030s reached 76.33%
within 120 minutes.

3-2- The Effect of pH

The pH of the dye solution has a significant influence on
the interaction between the adsorbent surface and dye
molecules, affecting their attachment to the solid surface.
This phenomenon is primarily attributed to the effect of
pH on the surface characteristics of the adsorbent, as well
as the dissociation and ionization behavior of the
adsorbate molecules. Since adsorption of a dye or
pollutant onto the catalyst is the initial and critical step in
the degradation process, it is closely related to the zero-
point charge pH (pH,z) of the catalyst and the ionic
nature of the pollutant [16].

In this phase of the study, a specific concentration of
methyl orange solution was prepared and transferred into
a beaker. A known amount of catalyst was added,
followed by the addition of 0.5 mL of H>O.. The effect
of pH was investigated at levels 2, 3, and 4. Based on the
experimental results, pH = 2 was identified as the
optimum value for the degradation process (Fig. 1). This
can be attributed to the anionic nature of methyl orange
and the increased positive charge on the catalyst surface
under acidic conditions, which facilitates stronger
electrostatic attraction between the catalyst and dye
molecules, thereby enhancing adsorption and
degradation efficiency.

Conversely, at pH values higher than the optimum,
degradation efficiency decreased. This reduction is due
to the increase in negative surface charge of the catalyst,
leading to electrostatic repulsion between the catalyst
and the anionic dye molecules, which in turn reduces
adsorption and the subsequent degradation performance.
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Fig.1. The percentage degradation rate of methyl orange (MO)
at different pH levels (2, 3 & 4) was investigated. The
experimental conditions included an MO concentration of 3
mg-L™, 0.50 mL of H20:, 0.10 g of pure BFO nanoparticles,
and exposure to UV light irradiation.

3-3- The effect of irradiation

The procedure was as follows: initially, a specified
amount of methyl orange was transferred into a beaker
after adjusting the volume. Then, BFO nanoparticles
were added, followed by the addition of 0.5 mL of
hydrogen peroxide. The pH was then adjusted, and the
solution was transferred to the photochemical reactor.
Degradation was measured at various time intervals
(Fig.2). This process showed that with an increase in
time, the percentage of dye degradation increased.
However, over time, the adsorption rate on the solid
surface and the molecules in the solution phase
decreased. This phenomenon indicates that the catalyst
reached saturation, and its capacity to accept new
molecules was exhausted. Moreover, the increase in
adsorption can be attributed to the frequency of collisions
between the pollutant and the catalyst. As the residence
time increases, the likelihood of collisions grows,
leading to enhanced pollutant adsorption by the catalyst.
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Fig.2. Degradation efficiency of methyl orange dye over 30—
120 minutes using 0.1 g nanoparticles, 0.5 mL H>0, 300 mL
of 3 mg/L dye solution at pH 2 under mercury lamp
irradiation

3- 4- The effect of catalyst amount

Figure 3 shows that in the absence of BFO nanoparticles,
the degradation is minimal, indicating the crucial role of
the nanoparticles. To optimize the amount of
nanoparticle, various quantities (0, 0.05, 0.10, 0.15, and
0.20 g). were tested. The results revealed that 0.1 g of the
catalyst is the optimal amount. As the amount of catalyst
increased to 0.1 g, the number of active sites on the
catalyst surface also increased, leading to a higher
degradation rate of the dye. However, when the
nanoparticle amount increased to 0.15 g and 0.2 g,
turbidity formed in the solution due to the higher
concentration of nanoparticles. The resulting turbidity
caused light scattering in the solution, which prevented
photons from penetrating deeply into the solution. As a
result, the rate of photocatalytic degradation reactions
decreased.
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Fig.3. The rate of percentage of degradation of MO at different
catalyst dosages (0, 0.05, 0.10, 0.15 & 0.20 g). Experimental
conditions: concentration of 3 mg L™! of MO, 0.50 mL Hz Oz,
under UV light irradiation and pH 2
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3-5-The performance of nickel-doped bismuth
ferrite (BFO) in the removal of methyl orange
dye was investigated by using different
concentrations of nickel

In this study, the effect of different nickel doping
concentrations (1%, 3%, and 5%) on bismuth ferrite
(BFO) for the removal of methyl orange dye was
investigated. For this purpose, 0.01, 0.03, and 0.05 g of
nickel were doped into the BFO, and each sample was
mixed with 0.1 g of nanoparticles and 0.5 mL of hydrogen
peroxide. The solution was then exposed to the
photoreactor under UV light at pH = 2 for 2 hours.
Afterward, the methyl orange dye degradation was
monitored at a wavelength of 461 nm using a
spectrophotometer.

The results showed that after a 120-minute reaction time,
the degradation percentage of methyl orange reached
76.33% for the 0.03% nickel-doped BFO, which was the
highest degradation rate among the other samples. This
increase in adsorption and dye

removal over the defined time period can be attributed to
the enhancement of the photocatalytic activity of bismuth
ferrite with nickel doping. The improvement in
photocatalytic performance is related to the change in
nanoparticle size and the alteration of the structure of
bismuth ferrite due to nickel substitution.

4- The structure of the synthesized photocatalysts
4-1- FE-SEM analysis of BFO

The results obtained from the (FE-SEM) analysis, shown
in Figure 4, are used to examine the morphology and
determine the size of the synthesized particles. For
Bismuth Ferrite (BFO), the images indicate that in the
absence of nickel and with varying nickel substitution
percentages, the nanoparticles are in the nanoscale range
with smooth surfaces and uniform particle distribution.
The images revealed that as the nickel substitution
percentage in the BFO structure increased, the
synthesized nanoparticles took on irregular shapes with
different particle sizes. Additionally, the particle size
decreased with increasing nickel content. Furthermore,
the pore size of the BFO nanoparticles decreased with the
increase in nickel substitution, which led to an enhanced
selectivity for the penetration of molecules in the sample
solution, such as pollutants, into the BFO network. This
structural modification likely contributed to improved
photocatalytic performance, as smaller pores can offer a
greater surface area for interactions between the catalyst
and the pollutants.

MIRA3 TESCAN

View field: 1.38 pm Det: InBeam
SEM MAG: 100 kx | Date{midly): 0310221

Fig. 4[17] FE-SEM images of nanoparticles: (a) BFO(c)
BiFeo.97Ni0.0303

4-2- XRD analysis

The main objective of this study is to investigate the
effect of BFO (Bismuth Ferrite) on the removal of methyl
orange dye. The XRD patterns of BFO, shown in Figure
5, reveal that the BFO structure exhibits a perovskite
structure with the space group Rsc. The XRD spectra of
the samples were compared with those of other recorded
samples using XPert software, as shown in the diagram
below. As observed in Figure 5, the results indicate that
nickel doping in bismuth ferrite leads to a slight
improvement in the photocatalytic activity. The XRD
analysis suggests that the doping of nickel into the BFO
structure causes minor modifications in the crystallinity
and phase composition, which could enhance the
photocatalytic degradation of methyl orange dye. The
increase in photocatalytic activity is likely due to the
changes in the structural properties induced by the nickel
substitution, which affect the catalyst's surface area,
charge carrier dynamics, and light absorption
characteristics.
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Fig. 5. XRD patterns with the perovskite schematic and RsC
space group for the nanoparticles [17] BiFeOs, BiFeo.99Ni0.0103,
BiFeo.97Ni0.0303

4-3- FT-IR spectrum

FT-IR analysis was performed to identify the functional
groups present in the synthesized photocatalysts, as
shown in Fig.6. The FT-IR spectrum of the pure BFO
sample exhibits distinct absorption bands around 564.32
cm™', 589.45 cm™!, and 419.31 cm™, which are attributed
to the stretching and bending vibrations of Fe—O bonds.
These bands confirm the presence of FeOs octahedral
units in the perovskite structure. Additionally, a broad
band observed near 3449.95 cm™' corresponds to the
stretching vibration of hydroxyl groups (v(O-H)),
indicating moisture adsorption or the presence of surface—
OH groups. In the spectrum of the Ni-doped sample
(BiFeo.97Ni0.0303), similar vibrational bands related to Fe—
O bonds appear at approximately 565.12 cm™ and 614.19

cm!, accompanied by slight shifts. This shift may
indicate lattice distortion caused by the incorporation of
Ni ions. Furthermore, the broad band at 3436.43 cm™ is
associated with the stretching vibration of surface —-OH
groups (v(O-H)), while the absorption band at 1631.51
cm! corresponds to the bending vibration of molecular
water (8(O-H)). These features confirm the successful
formation of the perovskite phase and the presence of
surface hydroxyl groups, which play a key role in
photocatalytic activity
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Fig.6. FT-IR spectrum of the un-doped and BiFeo.97Nio.0303
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Fig.7. UV-Vis spectrum (Amax = 461 nm) after 120 min under
optimal conditions: BFO = 0.1 g, pH = 2, dye = 3 ppm.
5-kinetic study

For this purpose, the pseudo-first-order rate constant for

the photodegradation of Methyl Orange was determined
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based on the following linear equation (Lente, 2018). In
this equation, A and k represent the absorbance of
Methyl Orange at a given irradiation time and the
pseudo-first-order rate  constant

Additionally, X and E denote the amplitude and the

respectively.

endpoint of the photodegradation process, both having
the same unit as the measured quantity A
A=Xe M+ E
Equation 2

Various strategies have been employed to enhance the
efficiency of the photocatalytic process, mainly by
optimizing the kinetics of pollutant degradation. These
strategies include the proper selection of photocatalysts,
doping with specific elements or compounds, coupling
with other semiconductors, modifying the crystal
structure and morphology, and improving surface
properties. In this study, various parameters were
investigated and analyzed to achieve maximum
efficiency in the photocatalytic degradation of methyl
orange. In this context, doping with nanoparticles, metal
ions, and nanocomposites significantly enhances the
performance of semiconductors. To achieve this goal, a
comparative investigation was performed on the
photocatalytic degradation of methyl orange employing
BFO nanoparticles doped with different concentrations
of Ni ions (0.01, 0.03, and 0.05). The photocatalytic
performance of these nanoparticles in the degradation of
methyl orange was compared in Figure 8 for different Ni
doping concentrations of 1%, 3%, and 5%. The
degradation efficiencies of methyl orange in BiFe, \Ni,Os
samples with x = 0.01, 0.03, and 0.05 were74.4%,
76.33%, and 76%, respectively, after 120 minutes under
optimized conditions. Therefore, the highest degradation
of methyl orange within the shortest time was achieved
using the Ni-doped BFO photocatalyst with 3% nickel
content. This finding correlates well with the optical
bandgap values of the samples. Moreover, high

concentrations of Ni and other dopants may lead to the

formation of recombination centers within the BFO
lattice, resulting in a decrease in the photocatalytic
activity of the nanoparticles. The results demonstrated
that the presence of Ni dopant ions in the BFO lattice
structure significantly enhances the reaction rate of
methyl orange degradation. It was anticipated that Ni-
doped BFO would exhibit superior photocatalytic
performance compared to undoped BFO in the

degradation of methyl orange.
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Fig.8.Photocatalytic degradation of methyl orange using Ni-
doped BiFeOs nanoparticles (0.01, 0.03 & 0.05 doping) under
UV light at pH 2, with 3 mg/L dye and 0.1 g catalyst
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a) pseudo-first-order reaction kinetics of photocatalytic
degradation of methyl orange dye 1%
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degradation of methyl orange dye 5%

Table2. The data for the pseudo-first-order kinetics equation,

Ni- BFO R k (min™)
BiFeo.99Nio.0105 0.9664 0.0104
BiFeo.s7Nio.030s 0.9821 0.0117
BiFeg osNio.050s 0.9932 0.9932
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Table3. Comparison other catalyst activity in

Time
0,

Catalyst Method Source pH (min) %RE Ref
Ag- Solar
modified co- simulato
Cr- gelation r, 420 W 3 60 9 18]
doped xenon
BaTiOs lamp
aerogel
Ti02- Green uv 7 200 92 [19]
NPs .

synthesis
SnO2/Ti  Hydrothe Xenon 5 120 91 120]
02 rmal
Titanium Simulate
nanotube Non- d solar
array ferrous light,
(non- Fenton 100
ferrous photocat ~ mW/cm? 3 60 9.7 [21]
Fenton alysis , AM
system) 1.5G

spectrum

Present -
Work Sol-Gel UV-A 2 120 76.33

5. Conclusion

In this study, nickel-doped bismuth ferrite (BFO)
nanoparticles from the perovskite oxide family were
synthesized using the sol-gel method. The structural and
morphological properties of BFO were characterized by
X-ray diffraction (XRD) spectroscopy, which indicated
theRsC structure [22], and by Field Emission Scanning
Electron Microscopy (FE-SEM). The FE-SEM images
reveal that the BFO nanoparticles exhibit a uniform
distribution of sizes and a consistent structure[23]. The
BFO nanoparticles were then used as a photocatalyst for
the degradation of methyl orange dye[24], and the
process was studied using UV-Vis spectroscopy In this
project, key parameters influencing the degradation
efficiency of methyl orange dye, including pH, dye
concentration, catalyst amount, and irradiation time,
were examined and optimized. The optimal conditions
were found to be: mercury lamp irradiation with an
intensity of 250 watts, dye concentration of 3 mg/L, 0.1
g of photocatalyst, and a solution pH of 2. During the
degradation process of methyl orange dye by the
synthesized catalysts, BiFeo.s7Nig.0303(nickel-doped
bismuth ferrite) achieved a degradation rate of 76.33%
after 120 minutes, demonstrating the effectiveness of this
catalyst for dye removal..
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