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INTRODUCTION

Clean and safe water is the sine qua non for survival of
living beings on this planet [1,2]. As a result of unplanned urb-
anization, human population explosion, rapid industrialization
effluents are discharged directly to waterbodies causing enor-
mous amount of water pollution [3]. Different industries like
textiles, mining, pharmaceuticals also release wastewater in
large quantities directly to the environment [4]. For the purpose
of removing pollutants and guaranteeing compliance with the
environmental regulations, efficient water and wastewater treat-
ment is essential. One of the primary contributors to these
hazardous pollutants is the excessive usage of dyes [5]. Due
to toxic, carcinogenic and mutagenic nature, organic dyes are
harmful for living organisms and they have adverse effects on
human and animal health [6]. Though different methods like
coagulation, adsorption, ion-exchange, sedimentation and ultra-
filtration are available for dye removal, these are inadequate

Enhancing Photocatalytic Degradation of Methylene Blue and Malachite Green under Solar Light
Irradiation: Mechanistic Insights and Efficiency of BiVO4 and Sr-Doped BiVO4 Nanoparticles

PRAFULLA KUMAR PANDA, RISHABH KAMAL, RASMIREKHA PATTANAIK, DEBAPRIYA PRADHAN and SURESH KUMAR DASH
*

Department of Chemistry, ITER, Siksha 'O' Anusandhan (Deemed to be University), Bhubaneswar-751030, India

*Corresponding author: E-mail: sureshdash@soa.ac.in

Received: 16 October 2024; Accepted: 6 December 2024; Published online: 31 December 2024; AJC-21859

Water pollution from untreated dye discharge has become a significant concern for all living organisms and the treatment of polluted
water has become a priority. In this study, a monoclinic–tetragonal hetero-structured BiVO4 and strontium doped (15, 20 and 25 wt.%)
BiVO4 NPs were synthesized using a simple co-precipitation method. The structural, optical and morphological properties of the catalysts
were characterized using XRD, FTIR, UV-DRS, FESEM, TEM, PL and BET analysis. The XRD pattern exhibited the retentions of
crystalline structure of BiVO4 after Sr doping. The Sr-BiVO4 exhibited a reduced band gap energy of 2.3 eV, significantly lower than that
of the pristine BiVO4. Additionally, Sr-BiVO4 had an increased surface area of 16.2 m2/g nearly twice that of the pristine material.
Photocatalytic activities of the prepared samples were evaluated with changing parameters such as pH, initial concentration, catalyst dose
and agitation time towards the degradation of methylene blue (MB) and malachite green (MG) dyes under solar light irradiation. The results
showed that Sr-BiVO4 achieved a degradation efficiency of 91% for methylene blue and 94% for malachite green at pH ~ 9 with a 20 mg
catalyst dose in 120 min. The dye degradation followed a pseudo-first-order kinetic model and the catalyst demonstrated an excellent stability
even after five consecutive runs. The active species test carried out using p-benzoquinone, isopropyl alcohol and Na-EDTA revealed that
superoxide radicals played a key role in the degradation mechanism.

Keywords: Sr-BiVO4, Methylene blue, Malachite green dyes, Photodegradation, Kinetic studies, Recyclability, Active species.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.

and expensive and result in additional contamination or simply
transfer pollutants from one phase to another [2-7].

On the contrary, heterogeneous photocatalysis as an efficient
water treatment process has gained attention in recent years to
meet the global challenges related to environment, energy and
sustainability because of several advantages such as no waste
byproducts, eco-friendliness, low cost and completely minerali-
zation [8]. Toxic organic compounds can be destroyed quite
successfully by using photocatalysts made of nanostructured
semiconductors [9]. Nanocomposites consisting of various semi-
conductors have the capability to customize the band gap of
photocatalysts, expanding the range of photo-response and
the generation of electron-hole pairs, thereby improving the
photo-catalytic efficiency in the degradation of organic
pollutants. The alignment of band edges in the photocatalysts
could mitigate the recombination of electron-hole pairs.
Numerous studies have been dedicated to investigating mixed
nanocomposites for their potential in catalytic applications [10].
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TiO2, ZnO and WO3 have greater band gap energies and
poor visible light absorption, whereas binary oxide semicond-
uctors have poor charge transport characteristics (Fe2O3) and
stability (Cu2O), limiting their practical usage as photocatalysts.
However, the high band gap and electron hole recombination
are the main limitations of these photocatalysts, lowering their
photocatalytic effectiveness. Moreover, they absorb roughly
2-3% of the solar spectrum while staying active in the ultraviolet
region [11]. As a result, the quest for effective photocatalysts
is in high demand. The most significant properties of an effec-
tive photocatalyst are a wide surface area, a narrow band gap,
quick charge carrier transformation and the capacity to absorb
solar radiation within the visible region. BiVO4, an n-type semi-
conductor, is the ideal alternative due to its low band gap (2.4
eV), non-toxicity, corrosion resistance, stability and superior
dispensability [12,13]. BiVO4 consists of three crystal phases
viz. monoclinic scheelite, tetragonal zircon and tetragonal sche-
elite [14-16]. Out of them, monoclinic BiVO4 has a band gap
of 2.4 eV, making it a potential visible light photocatalyst for
dye degradation [16,17]. BiVO4 is synthesized through a variety
of processes, including hydrothermal, co precipitation,
template assisted and sol-gel [18-22]. The efficiency of BiVO4

has been much below expectations due to its weak electron-
hole separation yield.

Therefore, by altering the band structure through doping
or the formation of a composite with other materials like metal,
metal oxide, polymeric materials and non-metals, its efficiency
can be further increased. Doping improves the catalytic activity
of BiVO4 composite by reducing its band-gap and shifting the
band between the valence and conduction bands [23]. A
practical strategy to enhance the efficacy of semiconductor
photocatalysts in degrading organic pollutants is the integration
of rare metals. This is accomplished by improving the light
absorption by introducing intra-band gap states and decreasing
the band gap and recombination efficiency of electron-hole
pairs produced by light. Research has shown that through the
process of up-conversion, the presence of rare metals can greatly
increase the photocatalytic efficiency of semiconductors. This
process makes it easier to convert low-energy incident light
into higher-energy emitted light because it exhibits a nonlinear
optical response [24]. Metal-doped BiVO4 photocatalysts have
attracted considerable interest in the realm of photocatalysis
for their superior efficiency in breaking down organic contami-
nants and producing hydrogen via water splitting. The incorp-
oration of noble metals such as Au, Ag, Pt and Pd onto the
BiVO4 surface significantly improves the photocatalytic activity.
The metal modification of BiVO4 photocatalysts can also involve
other metals like Ag, Pt and Pd, each offering unique advantages
in terms of charge separation, active site generation and plas-
monic effects [25-28]. These modifications aim to address the
limitations of pristine BiVO4, such as its inefficient quantum
yield and low visible-light response, thereby improving the
overall photocatalytic efficiency. These modifications result
in the synergistic effects that significantly boost the efficiency
of BiVO4 in degrading organic pollutants in water treatment
processes. Furthermore, metal-modified BiVO4 exhibits long-
term stability and enhanced photocatalytic activity, making it

a promising candidate for sustainable and efficient water
treatment applications.

Strontium, one of the alkaline earth metals, has been used
as a dopant in numerous semiconductors. So, to increase photo-
catalytic efficiency, strontium is doped with BiVO4. The present
study describes a straightforward co-precipitation approach
for synthesizing BiVO4 nanoparticles and Sr doped BiVO4 nano-
particles. Both are used to photodegrade the poisonous dyes
methylene blue and malachite green dyes under sunlight irrad-
iation.

EXPERIMENTAL

Bi(NO3)3·5H2O, NH4VO3 and NaOH (all procured from
Merck) have been used at 99% purity. High purity acetic acid
was added to HNO3. Deionized double distilled water has been
used to prepare the solution.

Synthesis of BiVO4: An easy co-precipitation process led
to the formation of BiVO4. The bismuth and vanadium pre-
cursors, namely bismuth nitrate pentahydrate [Bi(NO3)3·5H2O]
and ammonium metavanadate (NH4VO3) in a 1:1 molar ratio,
were mixed in 1 M nitric acid solution. After the formation of
reddish-yellow colour, a 1 M NaOH solution was slowly intro-
duced with vigorous agitation to elevate the pH to 10. The
resulting pale yellow solution was centrifuged and rinsed with
distilled water thoroughly. After drying in oven for 3 h, the
filtrate was calcined in a muffle furnace at 500 ºC. The yellow-
coloured material was finely pulverized and collected.

Synthesis of Sr doped BiVO4: Using a co-precipitation
technique, different percentages of strontium-doped BiVO4

(15%, 20% and 25%) were obtained. A 100 mL aqueous solution
containing 0.1 M Bi(NO3)3·5H2O and different concentrations
of Sr(NO3)2 was produced and allowed to agitate at room temp-
erature for 30 min. After that, 10 mL ammonia/ethanol solution
was added dropwise to the first solution and then vigorously
stirred for 0.5 h. In the same vessel, the manufactured gel was
aged for the entire night. The following day, the precipitate
was filtered and repeatedly washed with water to order to remove
excess ethanol and ammonia.

The remaining bulk was calcined for 3 h at 650 ºC after
being dried for 5 h at 100 ºC in an oven. Sr–BiVO4, the material
that had been calcined, was ground into a fine powder and
employed for further experiments. Sr(x)–BiVO4 was the label
applied to the manufactured nanocomposite materials (x = 15,
20 and 25).

Characterization: The crystalline structure of the samples
was analyzed using a powder X-ray diffractometer (Philips
PW 1830, Japan) employing (CuKα) radiation, with the 2θ
angle scanned from 10º to 80º, X-ray diffraction (XRD) was
utilized to examine the crystalline architecture and surface
topography of BiVO4 nanoparticles. Using a transmission electron
microscope (TEM) Jeol/JEM 2100 and a field emission scan-
ning electron microscope (FE-SEM) ZEISS SUPRA 55, the
textural characteristics were investigated. The elemental comp-
osition was determined using EDS technique. Fourier-transform
infrared (FTIR) spectroscopy, performed using a Perkin-Elmer
Spectrum instrument (version 10.4.3), was employed to identify
the characteristic vibrational modes of BiVO4 nanoparticles
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and a UV-DRS spectrophotometer (Perkin-Elmer Lamda 365)
was used to examine the optical properties. The specific surface
area and pore size distribution of the BiVO4 samples were deter-
mined using a nitrogen adsorption-desorption analyzer (Quanta-
chrome Instruments v11.05). A UV-vis spectrophotometer (Sys
TM 2202) was employed to quantify the concentration of
methylene blue (MB) and malachite green (MG) solutions
before and after the photocatalytic degradation experiments.

Photocatalytic analysis: Using bismuth vanadate (BiVO4)
and strontium-doped bismuth vanadate (x)Sr-BiVO4 nano-
particles as catalysts, the photocatalytic degradation process
of both methylene blue (MB) and malachite green (MG) dyes
was studied. The photocatalytic efficiency of the BiVO4-based
materials was evaluated under varying conditions viz. initial
dye concentration (20, 40, 60 and 80 ppm), solution pH (3, 5,
7, 9 and 11), photocatalyst dosage (10, 20, 30, 40 and 50 mg)
and contact time (30, 60, 90, 120 and 150 min), to identify the
optimal parameters for enhanced pollutant degradation. From
February to June, the study was conducted under direct sunlight
with a solar insolation of 3000 Wh/m2. Variations in pH, catalyst
dosage, agitation time and starting concentration all enhanced
the efficacy of the photocatalytic process. Deionized water (1 L)
was used to dissolve 0.1 g of methylene blue and malachite
green to obtain 100 ppm stock solutions. Then, as per require-
ment, this solution was diluted to 20, 40, 60 and 80 ppm. During
the photocatalytic evaluation, a 100 mL conical flask was utilized
to mix 25 mL of specified concentration solution with the
appropriate quantity of catalyst. The pH of the solutions was
altered either by adding 0.01 M CH3COOH or NH4OH solutions.
The resulting mixture was shaken in dark for 0.5 h in order to
investigate the adsorption-desorption equilibrium. Following
exposure to solar irradiation, the reaction mixture was shielded
with an asbestos pad to prevent the intrusion of UV light. The
reaction mixture was then subjected to stirring, followed by
centrifugation and filtration to separate the photocatalyst from
the solution. To study the photocatalytic degradation process,
the filtrate was collected. Subsequently, the concentration of
the degraded dyes was determined using a UV-Vis spectrophoto-
meter at the respective absorbance wavelengths (662 nm for
methylene blue and 616 nm for malachite green). The kinetics
of the photodegradation of the dyes were studied by measuring
small volumes of each solution at 30, 60, 90 and 120 min
intervals.

Quenching experiment: In order to capture the reactive
species produced during the photocatalytic process, solutions
of several quenchers, such as isopropanol for hydroxyl radicals,
p-benzoquinone for superoxide radicals and silver nitrate for
electrons, were obtained for the quenching experiment. The
setup for the experiment was same as for the photocatalytic
tests. In brief, a 100 mL conical flask was charged with 25 mL
of dye solution at the desired concentration, followed by the
addition of catalyst. The pH of solution was changed as nece-
ssary. The dye solution was then mixed with a certain volume
of the quencher solution and the volume was varied to study the
effect of quencher concentration on the photocatalytic process.

The mixture was agitated for 30 min in dark in order to
achieve equilibrium between adsorption and desorption. After

that, the mixture was exposed to solar light and covered to
stop UV radiation from penetrating. Periodically, small samples
of each solution (30, 60, 90, 120 and 150 min) were obtained
for analysis. The concentration of the dyes after degradation
was quantified using a UV-vis spectrophotometer at the charac-
teristic absorbance wavelengths. The significance of various
reactive species in the photocatalytic process was determined
by comparing degradation rates with and without the quenchers.

Recyclability studies: Centrifugation was used to remove
the BiVO4 and (x)Sr-BiVO4 nanoparticles from the solution
following the quenching process. Then, the collected nano-
particles were repeatedly washed with ethanol and deionized
water to remove any remaining dye. For reuse, the cleaned
BiVO4 nanoparticles were dried for 12 h at 60 ºC. In a similar
setting, a new cycle of photocatalytic degradation of methylene
blue and malachite green dyes was carried out, employing the
dried nanoparticles as catalyst. To demonstrate the efficiency
after five runs, the stability and recyclability of photocatalyst
were examined. After every cycle, the tests were conducted in
the same settings as described above.

RESULTS AND DISCUSSION

XRD studies: The phase of crystallization is ascertained
by X-ray diffraction analysis, as the XRD patterns of BiVO4

as shown in Fig. 1. The identified diffraction peaks at 2θ values
of 18.6º, 28.7º, 34.5º, 35.2º, 39.5º, 45.7º, 46.9º, 49.9º, 53.2º,
55.7º, 58.2º and 59.0º correspond to (001), (013), (004), (200),
(020), (211), (015), (123), (204) and (59.0). Each peak corres-
ponds to the monoclinic structure of BiVO4 (JCPDS No. 83-
1699). The Debye-Scherrer’s equation, as shown in eqn. 1, was
applied to calculate the particle size of BiVO4 nanoparticles,
resulting in a size of 34.8 nm [8].

K
D

cos

λ=
β θ (1)

where K represents Scherrer’s constant (K = 0.94); λ is the X-
ray wavelength (1.54178 Å); β denotes the full-width at half-
maximum (FWHM) of the diffraction peak and θ corresponds
to the Bragg angle of the respective peak [29].
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Fig. 1. XRD patterns of BiVO4 and (x)Sr-BiVO4 (where x = 15, 20 and 25 wt.%)
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When comparing the diffraction peaks of pure BiVO4 to
those of Sr-doped BiVO4 at different concentrations (Sr(15%)-
BiVO4, Sr(20%)-BiVO4, Sr(25%)-BiVO4), it is evident that the
peaks shift to lower 2θ angles in the doped samples. This shift
suggests an increase in the lattice parameters, likely due to the
incorporation of larger Sr2+ ions into the BiVO4 lattice, which
causes an expansion of the unit cell [30,31].

FTIR  studies: The symmetric and asymmetric stretching
vibrations  at 900-700 cm–1 is attributed due to the V-O bond
[11,27], as depicted in Fig. 2. The prominent absorption bands
at 3410 cm–1 and 1600 cm–1 are attributed to the H-O-H stret-
ching and bending vibrations, respectively, corresponding to
the presence of adsorbed water molecules on the catalyst surface.
The Bi-O stretching vibration of the band is indicated by the
peak at 532 cm–1 [32]. The absorption bands at 3410 cm–1 and
1600 cm–1 in the FTIR spectrum of strontium-doped bismuth
vanadate (BiVO4) may not solely indicate the H-O-H stretching
and bending vibrations but could also be attributed to other
impurities or structural characteristics of BiVO4. Studies have
shown that different dopants and synthesis methods can intro-
duce variations in the FTIR spectra of BiVO4, potentially leading
to the overlapping peaks that might be mistaken for specific
functional groups. Additionally, the presence of impurities or
mixed phases, as observed in various synthesis routes like laser
ablation, sol-gel and solid-state methods, can also contribute
to additional peaks in the FTIR spectrum, complicating the
interpretation of vibrational modes [33-37]. Therefore, when
analyzing FTIR spectra of doped BiVO4 materials, it is crucial
to consider the influence of dopants, impurities and structural
variations to accurately assign vibrational bands and under-
stand the material’s composition.

UV-DRS spectral studies: Fig. 3a displays the UV-DRS
spectra of BiVO4, which demonstrate the catalyst’s capacity to
both generate strong photocatalytic activity and absorb visible
light. The catalyst exhibits a significant absorption peak between
300 and 420 nm. The tauc plot is represented as follows:

(αhν)1/2 = A (hν–Eg)n (2)
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Fig. 2. FTIR spectra of undoped BiVO4 and (x)Sr-doped BiVO4 (where x =
15, 20 and 25 wt.%)

where α is the absorption coefficient; A is the constant; and n
control the change from indirect (n = 2) to direct (n = 1/2).
The calculation of the band gap energy (Eg) involves projecting
the linear portion of the (αhν)1/2 versus (hν) graph. Thus from
the Tauc plot (Fig. 3b), the band gap energy of BiVO4 was
found to be 2.3 eV [38].

The procedure consists of initially computing the absorp-
tion coefficient (α) from the UV-Vis absorbance measurements.
Following this, the plot of (αhν)n against hν is constructed, with
n being 1/2 for direct transitions and 2 for indirect transitions.
A linear regression analysis is then employed in the most linear
segment of the graph and extending this linear fit to the x-axis
(photon energy axis) yields the band gap energy. Direct transi-
tions entail a direct recombination of electrons and holes with
minimal momentum alteration (n = 1/2), whereas indirect transi-
tions involve phonon interactions, resulting in greater momentum
changes (n = 2). Research findings have shown that BiVO4
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Fig. 3. (a) UV-DRS spectra of undoped BiVO4 (blue) and (x) Sr-doped BiVO4 (where x = 15, 20 and 25 wt.%) and (b) determination of band
gap energy for undoped BiVO4 (blue) and (x)Sr-doped BiVO4 (where x = 15, 20 and 25 wt.%) from Tauc plot
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displays an indirect band gap, as indicated by the linearity
observed in the (αhν)2 versus hν plot, thereby confirming a
band gap energy of 2.3 eV [39,40].

Doping can significantly enhance light absorption in BiVO4

by introducing new energy levels within the band gap, thereby
improving the light absorption capabilities of the material.
When dopants like tungsten or molybdenum are incorporated
into the BiVO4 lattice, they create shallow donor levels–energy
states situated just below the conduction band [41]. These levels
facilitate the excitation of electrons into the conduction band
upon light absorption, increasing charge carrier density and
enhancing photocatalytic activity. Additionally, doping induces
changes in the band structure of BiVO4, altering the positions
of the valence band maximum (VBM) and conduction band
minimum (CBM), which effectively modifies the band gap
energy (Eg). A reduced band gap enables the material to absorb
a wider spectrum of light, including visible light, crucial for
photocatalytic applications. Furthermore, doping improves the
separation of photogenerated electron-hole pairs by creating
an electric field in the space-charge region, thereby reducing
recombination rates and allowing more electrons to participate
in photocatalytic reactions. Experimental evidence shows that
doped BiVO4 exhibits improved photocurrent responses under
light irradiation compared to undoped samples, with Sr-doped
BiVO4 demonstrating higher photocurrent densities, indicative
of enhanced light absorption and utilization [42].

Surface and morphological studies: The FESEM image
of pure BiVO4 revealed the aggregation of nanoparticles, comp-
rising numerous irregular and smaller crystals. These primary
particles were closely sintered together, resulting in the form-
ation of larger aggregates. Incase of doped BiVO4, the FESEM
image showed the deposition of rectangular shape nanoparticles
on the spherical shaped particles, which were due to doping
of Sr indicating that the morphology of BiVO4 is influenced by
doping. The elemental composition of the materials was confi-
rmed through EDX analysis, as shown in Fig. 4a. The EDX
spectrum of pure BiVO4 reveals the presence of Bi, V and O,
indicating the high purity of the catalyst. For the Sr-modified
BiVO4, the detection of Sr, along with Bi, V and O, confirms
the successful incorporation of Sr into the BiVO4 lattice. The
TEM image (Fig. 5) provides a clear visualization of the micro-
structural features of the BiVO4 microspheres. The magnified
TEM image of BiVO4 having a diameter of 30 nm illustrates
the uniformity and clarity.

Brunauer-Emmett-Teller (BET)  studies: For BiVO4, the
specific surface area is 9.42 m2/g and the pore diameter is
3.646 nm. On the other hand, for (20)Sr-BiVO4, the specific
surface area is 16.7 m2/g and the pore diameter is 1.985 nm.
This indicates that (20)Sr-BiVO4 has a larger surface area per
gram than BiVO4, suggesting that strontium doping has increased
the available surface for interaction (Fig. 6). This could poten-
tially enhance its performance in applications where surface

(b)

(d)

Fig. 4. FESEM, EDX analysis of pure BiVO4 (a),(b), doped BiVO4 (c),(d)
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Fig. 5. TEM images of BiVO4 microspheres and elemental composition in the sample
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Fig. 6. (a) Doped (20) Sr-BiVO4; N2 adsorption/desorption isotherms and (b) BJH pore size of doped (20)Sr-BiVO4

interactions are important. However, the pore diameter of
(20)Sr-BiVO4 is smaller than that of BiVO4, which might influ-
ence the accessibility of these surfaces in applications involving
larger molecules or particles [38].

Photoluminescence (PL) studies: The PL spectra of pure
BiVO4 and (20)Sr-BiVO4 demonstrate the recombination, migr-
ation and transfer of photogenerated electron-hole pairs in semi-
conductors. The peaks were displayed in the figure at roughly
494 nm (Fig. 7). A higher rate of e– and h+ recombination is
indicated by the intensity of pure BiVO4, which is higher than
that of Sr-doped BiVO4. The lower intensity of (20)Sr-BiVO4

suggests that Sr doping effectively prevented the excess e–/h+

pair recombination because increased charge carrier separation
lowers the rate of electron-hole pair recombination and incre-
ases photocatalytic activity by involving more free charge carriers
[43].

Photocatalytic studies: The assessment of the photo-
catalytic effectiveness of the produced BiVO4 was conducted
on the methylene blue (MB) and malachite green (MG) under
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Fig. 7. PL spectra of undoped BiVO4 (black) and (20)Sr-doped BiVO4 (red)
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solar radiation. Several aspects, including the pH of dye solution,
the concentration of dye, the amount of catalyst and the time
duration of radiation exposure, were taken into consideration
in order to gain a thorough understanding of the elements impa-
cting degradation efficiency.

Eqn. 3 was used to calculate the photocatalytic degradation
efficiency of the catalyst towards methylene blue (MB) and
malachite green (MG) dyes:

0 t

0

C C
Degradation (%) 100

C

−= × (3)

where C0 is the dye concentration at time t = 0; and Ct is the
dye concentration at time t during agitation in the presence of
a light source.

Influence of pH: In order to investigate the pH depen-
dency, the degradation procedure was conducted across a range
of pH values (3, 5, 7, 9 and 11). Adjustments to the pH of dye
solution were made using dilute HCl or NaOH solution. Previous
studies have reported that BiVO4 exhibits a point of zero charge
(pHpzc) at approximately 3.5, implying that at this specific pH
value, the catalyst surface carries a neutral charge. The surface
charge of catalyst is negative above pH 3.5 and positive below
pH 3.5 [15]. Fig. 8 shows the percentage of degradation for
both methylene blue and malachite green. The pH values lower
than 9, highest degradation rates of 91% and 94% have been
attained for methylene blue and malachite green, respectively.
Dye degradation is the result of the maximum degradation
caused by the negatively charged surface of BiVO4 above pH
3.4 at an alkaline pH [17].

Influence of initial dye concentration: The effect of varied
methylene blue and malachite green dyes (20, 40 and 60 ppm)
concentrations on degrading effectiveness was also examined
while keeping the BiVO4 dose at 20 mg and pH 9. The methylene
blue and malachite green had the highest percentage of dye
degradation at 20 ppm, with 94% and 98%, respectively. The
efficiency of degradation decreased with increasing concentra-
tion, attributed to the excess of dye molecules acting as barriers

between solar light and catalytic surfaces, thereby hindering
the generation of charge carriers and resulting in reduced
performance [44].

Influence of catalyst dose: The photocatalytic degrada-
tion was investigated using different catalyst loadings of 10,
20 and 30 mg of BiVO4 per 100 mL of dye solution, while
maintaining a constant pH of 9 and an initial dye concentration
of 20 ppm for both methylene blue (MB) and malachite green
(MG) dyes. As seen in Fig. 9, the highest degradation rate of
93.2% of methylene blue and 97.1% of malachite green was
observed at 20 mg of catalyst; however, this rate declined as
the catalyst dose was increased. The degradation rate increased
as a result of the availability of additional active sites. Neverthe-
less, overcrowding caused a collision of catalyst particles after
20 mg of catalyst for methylene blue and malachite green,
which decreased the formation of charge carriers and slowed
the rate of degradation [45].

Influence of time: The dye solution containing a specific
amount of BiVO4 was shaken in solar light for 120 min to
confirm the impact of agitation time. The during the degrada-
tion process, the UV-Vis analysis was conducted at the intervals
of 20 min. The maximum degradation of 95.3% and 96.7 %
for methylene blue and malachite green was reached in 120
min. At the beginning of agitation period of up to 120 min, the
degradation percentage of methylene blue dye increased and
then it started to decline (Fig. 10). Significant decline occurred
in the first 60 min, then increased until 120 min, when equili-
brium was reached. After 120 min, the percentage of degradation
was again reduced since the concentration of dye in the solution
decreased with increasing time [26].

Trapping experiment: Experiments employing the active
species trapping assist explain photocatalyst degradation. The
photocatalytic degradation involves several photogenerated
species, including h+, (OH•) and (O2

•−) Scavengers that can trap
h+, (OH•) and (O2

•−) include ethylenediaminetetraacetic acid
(EDTA), p-benzoquinone (BQ) and isopropyl alcohol (IPA).
To elucidate the mechanistic pathways involved in the photo-
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Fig. 8. Photocatalytic degradation of methylene blue (a) and malachite green (b) by undoped BiVO4 and Sr-doped BiVO4 at various wt.% and
pH
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Fig. 9. Photocatalytic degradation of methylene blue and malachite green vs. dose (mg)
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Fig. 10. Photocatalytic degradation of methylene blue (a) and malachite green (b) with changing time

catalytic degradation of methylene blue (MB) and malachite
green (MG) dyes by Sr-BiVO4 composite, which demonstrated
the highest degradation efficiency, reactive species trapping
experiments were conducted. The degradation rates of methylene
blue (MB) and malachite green (MG) rapidly decrease with the
addition of BQ, a O2

•−) scavenger, highlighting the significant
role of (O2

•−) photogenerated charge carriers in the photocatalytic
mechanism. Conversely, the presence of EDTA for h+ trapping
did not affect the efficiency of dye degradation. Moreover, the
inclusion of IPA as an (OH•) scavenger slightly hinders the
photocatalytic dye degradation indicating that OH• plays a
minor role in the process. These findings (Fig. 11) collectively
suggest that (O2

•−) predominantly drives the degradation of dyes
in this system [27].

Advanced oxidation processes (AOPs) produce highly
reactive oxygen species (ROS) with high oxidising ability, such
as OH•, O2

•−, h+ and HO2
•. These species can oxidize organic

contaminants to CO2 and inorganic ions, reduce inorganic
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Fig. 11. Influence of reactive species scavengers on the photocatalytic
degradation of methylene blue and malachite green
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contaminants to non-toxic ions and inactivate microorganisms
that produce no noxious compounds [45]. The holes in the
valence band react with water and forms hydroxyl radical, which
degrades the dye molecule. The transfer of electron from CB
of one catalyst to other reduces the electron hole recombination
and helps in increasing the photocatalytic activity [46]. The
possible photodegradation mechanism of meatl doped bismuth
vanadate is shown in Fig. 12.

O2 + e– (CB) → O2
•−•−•−•−•− (3)

h+(VB) + H2O → OH•−•−•−•−•− + H+ (4)

MB/MG + O2
•−•−•−•−•− + OH••••• → H2O + CO2 (5)

Fig. 12. Mechanism of photocatalysis for the degradation of methylene blue
and malachite green by Sr-doped BiVO4

Kinetic study of photocatalytic degradation: The investi-
gation into the degradation rates of methylene blue (MB) and
malachite green (MG) dyes under light exposure, catalyzed
by BiVO4 and (20)Sr-BiVO4, follows a pseudo-first-order kinetics
(eqn. 4):

0C
Kt ln

C
= (4)

where K represents the pseudo-first-order rate constant; t signi-
fies time; and C and C0 denote the dye concentrations at time
‘t’ and at the initial point (t = 0), respectively. The graphs illus-
trate a linear correlation between the natural logarithm of the
initial concentration to the concentration at time ‘t’ ln(C0/C)
and the duration of light exposure, displaying a positive slope
that corresponds to the first-order kinetic model [45] (Fig. 13).

Reusability studies: To demonstrate the efficiency after
five runs, the stability and recyclability of the prepared photo-
catalyst were examined. After every cycle, the analysis were
performed in the same conditions as previously indicated.
Following each photocatalytic run, the catalysts were separated
by filtration and meticulously washed with deionized water to
remove any residues, ensuring their readiness for the next cycle
of use. Following reusability experiments, in which the photo-
degradation efficiencies of the Sr-Doped BiVO4 sample in five
continuous cycles were examined. Even after five recycles, the
catalyst still showed excellent reusability, with no discernible
decrease in degrading efficiency (Fig. 14).
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Fig. 14. Reusability of (20)Sr-doped BiVO4 for methylene blue and
malachite green photo degradation for five cycles
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Fig. 15 illustrates the absorption of solar energy by BiVO4

photocatalyst, characterized by a band gap energy of 2.3 eV.
The charge separation of e–/h+ during photo-excitation creates
holes in the valence band (h+). The hydroxyl radicals (OH•••••)
that are produced when water reacts with the photo-induced
holes in the valence band have a potent oxidizing effect.
Degradation occurs when dye molecules close to the BiVO4

surface are attacked by OH radicals. Anionic superoxide radical
(O2

•−•−•−•−•−) is formed simultaneously when oxygen absorbs electrons
from the conduction band (e–). After being protonated, the pro-
duced superoxide (O2

•−•−•−•−•−) radicals produce hydroperoxyl radicals
(HO2

•••••) and H2O2, which again separate to produce reactive
hydroxyl radicals (OH•••••) [22]. Thus, the present work demons-
trated an improved photodegradation efficiency in a shorter
time [26,47-52].

Modifications to BiVO4: By enhancing band-gap or charge
separation characteristics, composite synthesis with BiVO4

550 600 650 700

 

Wavelength (nm)

 

00 min

 

20 min

 

40 min

 

60 min

 

80 min

Fig. 15. Decrease in absorbance of methylene blue and malachite green with
increasing time

boosts the photocatalytic activity [23]. The literatures reported
in Table-1 can be observed with different modification of BiVO4

and their efficiencies on various toxic dyes.

Conclusion

The BiVO4 photocatalyst, synthesized through a facile and
economical method, demonstrated exceptional performance,
was characterized using UV-DRS, FTIR, FE-SEM and XRD
to identify its crystal structure and the optical characteristics.
The findings demonstrated that the nanoparticles had retained
their structure and were homogeneous. The ability of the
produced catalyst to degrade methylene blue and malachite
green dyes was used to assess its effectiveness in photocatalytic
applications. The results shown that the highest degradation
percentages of 95.3% and 96.9% were reached, respectively,
for methylene blue and malachite green dyes with (20)Sr-BiVO4

under sunlight irradiation for 120 min at pH 9 and at the catalyst
dose of 0.20 g.
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