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Abstract

This work reports the rapid aqueous microwave-assisted synthesis of monoclinic scheel-
ite BiVOy4 nanoparticles and their behavior under visible light. X-ray diffraction (XRD)
confirms phase-pure BiVO,4 with an average crystallite size of ~19 nm, consistent with trans-
mission electron microscopy (TEM) observations, while Nj sorption yields a BET surface
area of 7.5 m?/g. UV-Vis diffuse reflectance spectroscopy (DRS) indicates a direct band gap
of 2.55 eV. We evaluated the effects of catalyst dosage and initial Acid Orange 7 (AO7) con-
centration on visible-light degradation efficiency. Up to 77% removal was achieved within
120 min, with kinetics following a pseudo-first-order model (R? ~ 0.970-0.996). Under the
tested conditions, BiVOy, also exhibited a modest antibacterial effect against Escherichia coli
(~0.5 log reduction). These findings demonstrate that microwave-synthesized BiVOy is
a multifunctional material and provides a quantitative baseline for practical wastewater
treatment studies under visible light.

Keywords: Bismuth vanadate (BiVO,); microwave-assisted synthesis; energy band gap;
visible-light photocatalysis; Acid Orange 7; antibacterial properties; wastewater treatment

1. Introduction

Water represents a key natural resource essential for life support, human health, and
ecosystem balance. However, rising living standards are often accompanied by increased
industrial production and consumption, which lead to excessive pollution of water, air, and
soil [1]. The presence of pollutants such as pesticides, heavy metals, and pharmaceuticals
in the environment can cause severe ecological and public health risks [2].

Among various contaminants in aquatic ecosystems, organic dyes pose significant
environmental concern because of their extensive industrial application in textiles, leather,
paper, food processing, and cosmetics [3,4]. Within this group, azo dyes are the most widely
used, accounting for more than 60% of all synthetic dyes produced worldwide [5]. They are
characterized by one or more azo bonds, which provide high chemical stability, strong color
intensity, and remarkable resistance to light, temperature, and microbial degradation [5,6].
While these properties are desirable in industrial applications, they also make azo dyes
persistent in the environment. Moreover, their degradation products, including aromatic
amines, are often toxic, mutagenic, or carcinogenic to humans and aquatic life [7]. A
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representative of this group is AO7, an anionic azo dye widely used in textile dyeing
and paper printing. Its complex aromatic structure makes AO7 resistant to conventional
wastewater treatment methods, which poses a major environmental challenge [8].

Conventional water purification approaches, including coagulation, activated carbon
adsorption, reverse osmosis, ultrafiltration, and biological treatments, are frequently insuf-
ficient for the effective elimination of these pollutants [9]. As a result, advanced oxidation
processes (AOPs) have attracted considerable attention for the degradation of azo dyes,
particularly AO7 [8,10]. These processes generate reactive oxygen species (ROS) capable
of mineralizing pollutants into non-toxic end products such as CO,, water, and inorganic
ions [11]. Within this context, heterogeneous photocatalytic processes have achieved sig-
nificant progress, distinguished by their environmental compatibility and demonstrated
efficiency in wastewater treatment and air purification [12,13].

Titanium dioxide (TiO,) is the most extensively investigated photocatalyst due to its
stability and low toxicity. However, its 3.0-3.2 eV band gap confines activity to the UV
range (5% of the solar spectrum) [14,15]. Accordingly, recent studies have focused on
visible-light-responsive photocatalysts, which are capable of harvesting a larger fraction
of solar energy [16]. Among visible-light photocatalysts, BiVO, stands out owing to its
narrower band gap (~2.4 eV) and robust chemical/photostability, while being accessible
by straightforward syntheses [17-19]. Its electronic structure, involving O 2p and Bi 6s
hybrid orbitals, facilitates visible-light absorption more efficiently than TiO,, whose valence
band consists only of O 2p orbitals [20]. The monoclinic scheelite phase of BiVOy; is
recognized for superior photocatalytic activity compared to tetragonal forms, mainly due to
its narrower band gap and favorable charge-transport properties. This has been repeatedly
demonstrated in azo-dye degradation under visible-light irradiation [21,22].

The performance of BiVO, can be improved through material modifications that
increase light absorption and limit charge recombination. As reported for Eu>* doping,
the lifetime of photoexcited electrons was extended, enabling ~90% degradation of Methyl
Orange in 180 min under visible irradiation [23]. Heterojunction formation has also proven
highly effective. BiVO,4/TiO, composite achieved complete degradation of Acid Blue 113
in just 20 min [24], while AgBr-decorated BiVO, reached ~93% removal of AO7 in 80 min
under visible-light irradiation [25].

Beyond its photocatalytic activity, BiVO4 has also been recognized as exhibiting an-
tibacterial effects toward Escherichia coli, primarily through mechanisms involving the
generation of ROS and the resulting oxidative stress that compromises cellular membranes
and essential biomolecules [17,26]. Microwave-synthesized BiVO,4 nanoparticles have
been reported to inhibit the growth of Escherichia coli, thereby indicating concurrent pho-
tocatalytic and antibacterial activity in aqueous systems [26-28]. Furthermore, tetragonal
zircon-type BiVO,4 nanoparticles (2-8 nm) obtained via an ethylene glycol-assisted method
were reported to induce severe bacterial cell wall damage, which was attributed to the syn-
ergistic effect of ROS formation and electrostatic interactions between positively charged
Bi®* surface sites and negatively charged bacterial membranes [29,30].

Collectively, these results underscore the potential of BiVO, as a multifunctional
material capable of simultaneously enabling pollutant degradation and efficient micro-
bial inactivation, which is of particular importance for integrated water treatment and
disinfection applications.

Considering these favorable properties, this study aims to synthesize, characterize,
and evaluate the photocatalytic and antibacterial performance of BiVO, nanoparticles
prepared through a rapid, low-cost, and environmentally friendly microwave-assisted
route. This method provides uniform heating, short reaction time, and improved energy
efficiency. The obtained BiVO, samples were characterized by XRD to determine crystal
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structure and crystallite size, TEM to assess morphology and particle distribution, BET
analysis to evaluate specific surface area and porosity, and FTIR to identify vibrational
features. To evaluate the photocatalytic performance, AO7 degradation experiments were
carried out under visible light at the unadjusted pH, varying both the catalyst dosage and
initial dye concentration. Furthermore, the antibacterial activity of BiVO, nanoparticles
was tested against a representative bacterial strain, demonstrating their dual functionality
and potential application in integrated wastewater treatment and disinfection systems.

2. Materials and Methods
2.1. Materials

Unless otherwise stated, all reagents were of analytical grade, purchased from Merck
(Darmstadt, Germany), and used without further purification. Table 1 summarizes the
main chemicals applied in the synthesis and photocatalytic experiments.

Table 1. The main chemical reagents used in the experiments.

Reagent Name Chemical Formula Purity CAS No.
Bismuth nitrate pentahydrate Bi(NO3); x 5H,O >99% (AR) 10035-06-0
Ammonium metavanadate NH4VO3 99% 7803-55-6
Nitric acid HNO; >99% (AR) 7697-37-2

Acid Orange 7(AQO7) C16H11N>NaO4S 95% (dye grade) 633-96-5

2.2. Synthesis of BiVOy

BiVO, was obtained through a microwave-assisted aqueous synthesis. Bismuth nitrate
pentahydrate (Bi(NOj3)3 x 5HyO, 5.0 mL, 0.05 M) and ammonium metavanadate (NH4VOs3,
5.5 mL, 0.05 M) were dissolved separately and then combined in a G30 reaction vial
containing a magnetic stir bar, giving a total reaction volume of 10.5 mL. The initial pH of
the combined precursor solution was approximately 4.5, determined prior to microwave
heating and attributable to Bi3* hydrolysis in the nitrate medium. The mixed solution
was stirred for 5 min to ensure uniformity before the vial was closed with a septum and
standard cap. The synthesis was conducted in a mono-mode Anton Paar microwave reactor
(Anton Paar GmbH, Graz, Austria) under temperature-controlled conditions at 170 °C for
10 min. During the heating phase, the reactor applied up to 300 W of microwave power,
reaching the set temperature in about 1 min, and the internal pressure stabilized near 26 bar,
within the 30 bar operating limit. After natural cooling to room temperature, the product
dispersion was centrifuged at 12,000 rpm for 20 min, and the collected solid was rinsed
three times with deionized water and ethanol. No pH adjustment or mineralizing agent
was introduced at any step. The washed material was vacuum-dried at 70 °C for 180 min,
yielding a pale-yellow, phase-pure monoclinic BiVO4 powder with approximately 98%
recovery. Preliminary optimization on the same reactor confirmed that 170 °C for 10 min
reproducibly produced pure BiVOy, while longer or hotter programs did not alter the XRD
phase composition.

2.3. Characterization

XRD measurements were carried out on a Bruker diffractometer (Cu Ka, 40 kV, 30 mA;
Bruker, Billerica, MA, USA). Diffraction data were collected at room temperature over a
20 range of 10-70°, using a scanning speed of 3° min~! and a 0.5 mm divergent slit. The
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average crystallite size was calculated from the most intense diffraction peak according to
the Scherrer equation (Equation (1)):

K
~ Bcosd

1)

where D is the crystallite size, k is the shape factor, A is the wavelength, 3 is the FWHM,
and 0 is the Bragg angle.

TEM images were obtained using an FEI Tecnai F20 microscope (FEI, Hillsboro, OR,
USA) operated at 200 kV after drop-casting the sample dispersion onto lacey carbon grids.

The textural properties of the material were examined by nitrogen adsorption—
desorption isotherms recorded at 77 K using a Quantachrome Autosorb iQ3 analyzer (Quan-
tachrome Instruments, Boynton Beach, FL, USA). Prior to measurement, samples were
vacuum-degassed by gradual heating until the pressure stabilized below 50 mTorr/min,
indicating complete removal of adsorbed gases and moisture. Specific surface area was
determined via BET analysis (p/po = 0.05-0.30), and pore characteristics were derived from
the shape of the isotherm.

FTIR spectroscopy was carried out on a Thermo Scientific Nicolet iS50 (Thermo Fisher
Scientific, Waltham, MA, USA) spectrometer equipped with a built-in all-reflective ATR
diamond accessory. Spectra were recorded in the range of 400-4000 cm~! with a spectral
resolution of 4 cm ™! at room temperature.

The optical properties were evaluated by UV-Vis DRS using a Shimadzu 1800 spec-
trophotometer (Shimadzu, Kyoto, Japan) equipped with an integrating sphere in the
wavelength range of 300-800 nm. The reflectance data were converted into absorbance
using the Kubelka-Munk function (Equation (2)):

(1-R)>

FR) =R

)
where R is the observed reflectance.
The optical band gap (Eg) was then estimated according to the Tauc relation
(Equation (3)):
F(FKM(R) x hv)'/™ = A(hv — Eg) 3)

where Fi(R) is the Kubelka—Munk function, R is the observed reflectance in the UV-Vis
spectrum, hv is the photon energy, A is a proportionality constant, and n characterizes the
electronic transition type. Assuming a direct-allowed transition (n = 1/2), Eg was extracted
from the linear portion of (F(R) hv)? vs. hv extrapolated to (F(R) hv)? = 0.

2.4. Evaluation of Photocatalytic Activity

The photocatalytic performance of BiVO, was evaluated by degrading Acid Orange 7
(AO?7) in aqueous solution under visible-light irradiation. A 300 W Osram Vitalux lamp was
positioned ~30 cm above the reactor, providing broadband emission across the UV-visible—
IR range (UVB 280-315 nm: 3.0 W; UVA 315400 nm: 13.6 W). The incident irradiance

2 measured with an R-752 universal radiometer

at the liquid surface was ~30 mW cm™
equipped with a PH-30 (DIGIRAD) sensor. All tests were performed in a sealed reactor
under these standardized conditions. To convey measurement precision, the kinetic plots
include standard deviation (SD) error bars reflecting the estimated experimental uncertainty
(=2-3%).

BiVOy4 (10, 15, or 20 mg) was dispersed in 50 mL of AO7 solution (15-25 ppm) and
magnetically stirred. After a 60 min dark-equilibration period to minimize initial adsorption
transients, the suspension was irradiated. A photolysis blank (identical irradiation, no

catalyst) was run in parallel.
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At predefined times (up to 120 min), 1.5 mL aliquots were withdrawn, clarified
by centrifugation (12,000 rpm, 20 min), and analyzed by UV-Vis spectroscopy. AO7
concentration was tracked at its absorption maximum (Amax ~ 484 nm), and the temporal
decay of C/C( was used to follow decolorization kinetics.

The degradation efficiency (D) was calculated using Equation (4):

Co—Ct

D(%) = =2— x 100 4)

where Cy represents the initial concentration of AO7, while C; corresponds to the concen-
tration after irradiation for time.

The photocatalytic degradation kinetics were analyzed according to the Langmuir—
Hinshelwood pseudo-first-order model (Equation (5)):

—ln<gt) =Kt xt 5)

0

where Kt is the apparent pseudo-first-order rate constant.

2.5. Antibacterial Properties

Antimicrobial activity of the BiVO4 nanoparticles was examined against the Gram-
negative bacterium Escherichia coli ATCC 25922. An overnight culture of E. coli was prepared
in tryptic soy broth (Torlak, Belgrade, Serbia) supplemented with 0.6% yeast extract (Torlak,
Serbia). The culture was centrifuged, washed twice with sterile physiological saline (0.9%
NaCl), and resuspended to a final concentration of approximately 107 CFU/mL. Afterwards,
100 pL of the bacterial suspension was added to 9.9 mL of a BiVO, nanoparticle suspension
(1 mg/mL), which had been previously irradiated with UV light for 30 min to enhance
photocatalytic activity. The sample was incubated at 37 °C with shaking at 120 rpm for
4 h, in parallel with a control (E. coli without BiVOy,). Following incubation, serial decimal
dilutions were prepared and plated on sterile tryptic soy agar (TSA) plates. The plates were
incubated for 24 h at 37 °C, after which colony-forming units (CFU) were counted. The
percentage of bacterial growth inhibition was calculated as follows (Equation (6)):

C—-C

R(%) = == x 100 6)

where Cj is the number of CFU from the control sample and C is the number of CFU from
the treated sample.

The experiment was performed in triplicate and statistical analysis of the results was
performed using OriginPro (OriginLab Corporation, Northampton, MA, USA). One-way
analysis of variance (ANOVA), followed by Tukey’s test, was used to determine statistical
significance. A p-value of p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Structural and Morphological Properties of the Microwave-Synthesized BiVOy

Figure 1 shows the structural and morphological characterization of the synthesized
BiVO,4 powder. The XRD pattern (Figure 1a) matches the JCPDS 01-074-4894 reference,
confirming single-phase monoclinic scheelite (clinobisvanite, space group 12/b). The main
reflections at 26 ~ 18.9°, 28.9°, 30.5°, 35.2°, and 39.7° correspond to the (011), (112), (004),
(020), and (211) planes of monoclinic BiVOy, respectively, indicating a highly crystalline,
phase-pure material obtained by microwave-assisted synthesis. The average crystallite
size, estimated from the most intense peak at 20 ~ 28.9° using the Scherrer equation, was
~19 nm, consistent with TEM results.
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TEM (Figure 1b) further reveals nanosized particles with a relatively uniform distri-
bution and an average size of ~20 nm, in agreement with the XRD-derived crystallite size
(~19 nm). Most nanoparticles are near-spherical to slightly irregular—typical of microwave-
assisted rapid nucleation and growth [17,20]. The TEM also indicates that the majority of
the particles are discrete, although some degree of agglomeration can be observed, which
is commonly reported for BiVO, nanoparticles owing to their high surface energy [21,26].
The ~19-20 nm crystallite size, together with high phase purity, shortens carrier migration
paths and mitigates bulk recombination, which supports the visible-light activity reported
later, despite the modest BET surface area.

(b) |

W

BiVO,
Card No: 01-074-4894
| | -’
10 15 20 25 30 40 45

H i | .II” KNI
35 50 55 60 65 7

20 (%

Figure 1. (a) XRD pattern of BiVO, with reference bars (card No: 01-074-4894); (b) TEM image of
BiVOy nanoparticles.

0

3.2. Textural, Vibrational, and Optical Properties of the Microwave-Synthesized BiVOy

Figure 2 summarizes the textural and vibrational characterization. The N, adsorption-
desorption isotherm (Figure 2a) corresponds to IUPAC Type II with negligible hysteresis,
consistent with a non-porous to weakly porous compact powder [17,31]. The BET-specific
surface area is 7.5 m?/g, a value typical of dense, microwave-synthesized BiVO, and
indicative of limited external porosity [17]. In such systems, photocatalytic performance is
governed primarily by visible-light harvesting and charge-carrier dynamics rather than
by surface area. The ~20 nm crystallite size shortens e™ /h* migration paths, reduces
bulk recombination, and thereby mitigates the influence of the modest BET value [19].
Numerous reports document that materials with relatively low SBET can still deliver
satisfactory activity when charge separation and transport are efficient [24]. Related BiVO,
systems with structural or morphological control likewise show moderate visible-light
performance at modest surface areas, attributed to nanoscale ordering, morphology tuning,
and defect-assisted charge separation [24,25].

The FTIR spectrum (Figure 2b) displays well-resolved bands characteristic of mono-
clinic scheelite BiVOy. Features at ~805 and ~603 cm ™! are assigned to asymmetric and
symmetric stretching modes of VO,3~ units, while the band near ~510 cm ™! arises from
Bi-O vibrations [17,19]. No additional absorptions are observed in the 800-1200 cm ! and
14001700 cm ™! regions, excluding common phosphate/silicate/carbonate impurities; a
weak signal at ~1380 cm ! is consistent with trace nitrates from precursors [19]. Taken to-
gether, the sharp internal vibrations and the absence of extraneous bands corroborate phase
purity and a well-ordered VO, framework, in agreement with XRD/TEM. Such structural
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ordering is conducive to efficient charge-carrier separation with mitigated recombination,
supporting the satisfactory visible-light activity observed despite the modest SBET [24].
Finally, the direct band gap of 2.55 eV positions BiVOy for efficient visible-light harvest-
ing while maintaining sufficient oxidizing power. Combined with nanoscale crystallites,
this balance enables interfacial charge transfer and underpins the first-order-like behavior
within the L-H window reported in Section 3.3.

(@) (b)
30
& 5] T Adsorption f ’E
o —e— Desorption ° =
® 2] o >
_ ==
oD o
)
o 154 ? =
= . 3,
3) ® *,':'
~ 10 : e [
(7] [ .
g 5 BET Area=7.5m?2/ g ,f. :
° -
> ol € '
00 02 04 06 08 10 1400 1200 1000 800 600
Relative pressure (p/p,) Wavenumber (cm™)

Figure 2. Textural and vibrational characterization of BiVOy: (a) N adsorption—desorption isotherm;
(b) FTIR spectrum.

Eg was determined from the Tauc plot (Equations (2) and (3)) assuming a direct-
allowed transition giving 2.55 eV (Figure 3). This value is consistent with reported mono-
clinic BiVOy (~2.4-2.6 eV) [17]. The consistency of the obtained result with the literature
further corroborates the formation of a pure monoclinic scheelite phase, as confirmed by
XRD, and underlines the semiconductor’s suitability for visible-light-driven photocatalytic
applications. The band gap position ensures efficient utilization of the solar spectrum while
maintaining sufficient oxidative potential, thus providing a favorable balance between light
absorption and redox activity.

1000

o]

[=]

(=]
1

(F(R)hv))*(eV)?

200 -

20 25 30 35 40 45 50
Energy (eV)

Figure 3. Tauc’s plot for BiVO, from Kubelka—-Munk-transformed UV-Vis DRS; the linear fit of (F(R)
hv)? vs. hv extrapolated to (F(R) hv)2 =0 yields and Eg = 2.55 eV (direct, n = 1/2).
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3.3. Photocatalytic Performance of the Microwave-Synthesized BiV Oy

AQY7 in aqueous solution served as the model pollutant to evaluate the visible-light
photocatalytic activity of BiVOy. Prior to irradiation, dye—catalyst suspensions were mag-
netically stirred in the dark for 60 min to reach adsorption—desorption equilibrium; the
concentration after this step was taken as Cy. A blank conducted under identical visible-
light irradiation but without BiVO4 showed only ~10% AO7 loss over 120 min, indicating
minimal direct photolysis. Accordingly, the decreases observed under irradiation in the
presence of BiVOy are attributed to photocatalytic conversion rather than adsorption or
photolysis. The influences of catalyst dosage and initial dye concentration are examined
below; pH was not systematically adjusted and remained near its native value (~4.5).

The direct band gap (2.55 eV) enables visible-light absorption, while ~19-20 nm crys-
tallites shorten carrier migration paths and facilitate interfacial charge transfer. Under the
native pH, dye-surface electrostatics together with light-utilization constraints govern the
observed trends in the apparent rate constant k with dosage and initial AO7 concentration.
These factors rationalize the increase in k with catalyst mass up to 15-20 mg and its higher
value at lower AO7 loads.

3.3.1. The Effect of Catalyst Dosage on the Degradation of Acid Orange 7

Figure 4 shows the time-resolved UV-Vis spectra of AO7 under visible-light irradiation
in the presence of 15 mg BiVO,, with a slight hypsochromic shift (Amax ~ 484 nm). The
shoulder within 440-520 nm progressively collapses, while the near-UV features around
250-320 nm attenuate more slowly, consistent with the stepwise loss of conjugation in the
dye chromophore [32].

_ 10 0 min
;_—: 10 m}n

3 0.8 20 min
U 40 min
C:J 60 min
Q 0.6 1 80 min

= 100 min
© 04- 120 min
W

£

< 0.2

0.0

300 | 35|0 | 4(|)0 . 4é0 . 5(|]0 | SéO 6(|)0 | 6&0 | 700
Wavelenght (nm)

Figure 4. UV-Vis absorption spectra of the AO7 solution (20 ppm) for 15 mg of BiVOj,.

Figure 5 shows the effect of BiVO,4 dosage on AO7 degradation and the temporal decay
of C/Cy at 484 nm. Figure 5a presents the temporal decay of the normalized concentration
(C/Cp) at the absorption maximum of AO7 (Amax ~ 484 nm). In the absence of BiVOy, only
about 10% of AO7 was removed after 120 min, confirming that the degradation is primarily
photocatalyst-driven. Increasing the catalyst dosage from 10 to 15 mg markedly enhanced
degradation efficiency, with ~68% removal compared to ~55% for the lower loading. A
further increase to 20 mg resulted in only a slight additional improvement, reaching ~72%
after 120 min, indicating that the system operates close to its optimum catalyst loading.
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(a)

The corresponding pseudo-first-order kinetic plots (Figure 5b) exhibit good linearity,
consistent with the Langmuir-Hinshelwood model. The calculated rate constants increased
with catalyst dosage, being lowest for 10 mg and highest for 20 mg, although the difference
between 15 and 20 mg remained relatively small. This trend reflects a balance between the
number of active surface sites and the efficiency of light utilization. At higher dosages, more
reactive sites are available; however, excessive amounts can lead to light scattering, shield-
ing effects, and partial particle aggregation, which ultimately limit further improvements
in photocatalytic activity [33,34].

Based on these results, a dosage of 15 mg BiVO,4 was used to study the effect of initial
AOQ7 concentration, balancing efficiency and avoiding high-loading drawbacks.

(b)

1.0 - 1.44{ ® Direct photolysis
\ .
-\l\.\- 12.] v BTVO4 10 mg
0.8 - ® BivVO,15mg
' ~ 1044 BiVO,20mg
@)
< 0.8
0.6 o= e
c 0.6 1
047 - \'\\_. I 0.4
—Mm— Direct photolysis
0.2 i L BIV04 10 mg 0.2 i
—e—BiVO, 15 mg
00 BiVO, 20 mg 0.0
"0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 5. Effect of BiVO, catalyst dosage on the photocatalytic degradation of AO7 (20 ppm) under
visible-light irradiation, including direct photolysis are as follows: (a) temporal decay of normalized
concentration (C/Cp) with time; (b) pseudo-first-order kinetic plots with SD error bars.

3.3.2. Influence of the Initial Acid Orange 7 Concentration on Visible-Light
Photodegradation Performance

After establishing 15 mg BiVOy as the optimal catalyst dosage, the effect of the initial
AQ7 concentration was investigated. Figure 6a shows that the degradation efficiency
decreases with increasing dye concentration. At 15 ppm, about 77% of AO7 was removed
within 120 min, while the efficiency declined to ~69% at 20 ppm and ~70% at 25 ppm.
This reduction is associated with stronger coloration of the solution at higher concentra-
tions, which limits light penetration, as well as the saturation of active sites by excess
dye molecules, reducing the availability of reactive oxygen species for photocatalytic
reactions [35-37].

Kinetic plots (Figure 6b) follow pseudo-first-order kinetics, with linear fits yielding
apparent rate constants of 0.00983 min~! for 15 ppm, 0.00963 min~! for 20 ppm, and
0.00811 min~! for 25 ppm. The higher value obtained at 15 ppm indicates that the reaction
proceeds faster at lower pollutant loads, while the decrease in k with increasing concentra-
tion reflects competition among dye molecules for both photons and active sites. Correlation
coefficients (R? > 0.95) further support the applicability of the Langmuir-Hinshelwood
kinetic model (Table 2) [38,39].
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Figure 6. Effect of initial AO7 concentration (15 ppm, 20 ppm, and 25 ppm) on the photocatalytic
degradation over BiVOy (15 mg) under visible-light irradiation are as follows: (a) temporal decay of
normalized concentration (C/Cgp) with time; (b) pseudo-first-order kinetic plots with SD error bars.

The kinetic parameters extracted from the pseudo-first-order fits are compiled in
Table 2, allowing side-by-side comparison across both series (mass and concentration).

Table 2. Apparent rate constants (k) and correlation coefficients (R?) for AO7 degradation over BiVOy
under visible light.

Run AO7 (ppm) Catalyst Mass (mg) k (min—1) R?

Mass series at AO7 = 20 ppm
my 20 10
my 20 15
ms 20 20
Concentration series at mass 15 mg
G 15 15
Cy 20 15
G 25 15

0.00635
0.00963
0.01036

0.967
0.996
0.989

0.00983
0.00963
0.00811

0.995
0.996
0.983

In comparison with conventional TiO, P25, the superior visible-light response of BiVOy
becomes evident. Because of its wide band gap (~3.2 eV), TiO, P25 primarily absorbs UV
light and typically exhibits very low apparent rate constants (k <1 x 1073 min~—!) under
visible-only irradiation [11,14]. In contrast, reported values for BiVO, during azo-dye
degradation commonly fall within (8 x 1073)~(1.5 x 10~2) min~!, depending on morphol-
ogy, synthesis route, and interfacial design [17,19]. Heterojunctions (e.g., BiVO,4/TiO;) and
plasmonic or metal modifications (e.g., Ag-BiVO;,) further improve charge separation and
kinetics. The present microwave-synthesized BiVOy is consistent with these observations,
as summarized in Table 3.

Table 3. Comparison of pseudo-first-order rate constants (k) and experimental conditions for dye
degradation under visible light over TiO, P25 and BiVOy-based photocatalysts.

Photocatalyst

Pollutant

m (mg) Co (ppm) Light Source k (min—1) Ref.

TiO, P25
TiO, P25
BiVO,
BiVO,

Acid Orange 7
Methylene Blue
Acid Orange 7 15 20
Mordant Blue 9

100 10
100 10

0.0016
0.0036
0.00963
0.0126

10 W white LEDs (visible)
500 W halogen
300 W Osram Vitalux lamp
300 W solar simulator

[40]
[41]
This work

100 10 [21]
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Table 3. Cont.

Photocatalyst Pollutant m (mg) Cp (ppm) Light Source k (min—1) Ref.
BiVO,/TiO, Acid Blue 113 1000 40 1.6 kW Xe lamp 0.083 [24]
Eu/BiVOy Methyl Orange 200 10 500 W Xe lamp 0.0039 [23]
Ag/BiVOy Methylene Blue 100 10 Visible light (A > 420 nm) 0.031 [22]
Ag/BiVOy Rhodamine B 100 10 Visible light (A > 420 nm) 0.023 [22]

3.4. Possible Photocatalytic Pathway for the Degradation of Acid Orange 7

Figure 7 outlines a plausible route for AO7 degradation on visible-light-active BiVOy.
Upon irradiation, photoexcited electron-hole pairs generate reactive oxygen species (*O,,
*OH) in parallel with direct hole oxidation (h*). Azo-bond cleavage initiates the sequence,
which proceeds along two principal trajectories. On the benzene-derived branch, sulfonated
aromatic amines evolve through stepwise oxidation to sulfonated hydroxybenzenes and,
after desulfonation, to benzoic acid-type derivatives. On the naphthalene-derived branch,
hydroxylated intermediates form and convert into additional hydroxylated naphthalenes,
quinone species, and ultimately benzoic acid-type compounds. Prolonged oxidation on
both branches plausibly promotes aromatic ring opening to low-molecular-weight aliphatic
carboxylic acids and, in late stages, mineralization [10,32]. The sequence in Figure 7 accords
with our spectral trends—most notably the attenuation of the 484 nm chromophore band—
and with mechanisms reported for AO7 and structurally related azo dyes [42].

o (IDI_@ OH
Na O—S -N

PN &

NH, i on

o OH
I
O QT
i l o OH
OO o O‘
HO—S OH
“ SO

v | b
so4z-+o:<z>:o %9 . ©:;<O
OH
O
|
Benzoic Acid Derivatives
|

Degradation Products

Aliphatic Carboxyilc acids

Figure 7. Plausible visible-light-driven AO7 degradation mechanism over BiVOy, from azo-bond
cleavage to oxidation intermediates and lower-molecular-weight products (Modified from [42]).



Processes 2025, 13, 3485

12 0f 15

Although the proposed pathway is consistent with well-established degradation
routes, it should be regarded as a literature-informed mechanistic hypothesis. The interme-
diates are representative rather than experimentally verified in this study, and no claim of
complete mineralization is made. Verification would require complementary analyses such
as LC-MS for organic intermediates, ion chromatography for SO4?>~ and small acids, TOC
monitoring for mineralization degree, and radical-quenching/EPR tests to elucidate the
roles of *OH, *O,~, and h*.

3.5. Antibacterial Properties

The results demonstrated that BiVO, nanoparticles exhibited a measurable antibacte-
rial effect against Escherichia coli ATCC 25922, used as a model Gram-negative pathogen.
After 4 h of incubation with UV-preactivated BiVO, nanoparticles, the number of viable
bacterial cells was reduced compared to the untreated control (Figure 8). Based on colony
counting from serial decimal dilutions, the bacterial concentration in the control group was
2.4 x 10° CFU/mL, while the BiVO,-treated sample averaged 7.3 x 10° CFU/mL. This
corresponds to approximately 67% inhibition, or a reduction of ~0.5 log units.

~ »/’_‘ z
Control m\\

Figure 8. Photography of the TSA plate with serial dilutions of untreated E. coli (left) and the sample
treated with UV-activated BiVO, nanoparticles (right).

One-way ANOVA with Tukey’s test showed a statistically significant reduction in
viable E. coli counts (p < 0.05). Although the decrease did not reach the often-cited 1-log
threshold for strong antibacterial activity, UV-preactivated BiVO,4 produced a moderate, re-
producible effect under ambient (non-UV) conditions, which is relevant where continuous
UV exposure is impractical. The nanoscale morphology (~19 nm) and the visible-light-
active direct band gap (2.55 eV) of the synthesized monoclinic BiVO, promote efficient
charge separation and ROS generation—features that likely underlie the observed antibac-
terial response [26]. This effect is plausibly mediated by nanoparticle adhesion to the
bacterial envelope with ensuing membrane perturbation, aided by the high surface-area-to-
volume ratio, together with oxidative stress from ROS associated with photoactive surface
states. Electrostatic interactions between positively charged surface sites and the negatively
charged cell envelope can further increase permeability and facilitate ROS-mediated dam-
age to lipids, proteins, and nucleic acids, thereby reducing culturability [43]. For context,
TiO, (P25) showed a higher E. coli reduction (~1.7 log after 180 min under visible light)
compared to the present BiVO, system [44]. This difference primarily arises from the much
stronger irradiation and more favorable reactor configuration used in that study, rather
than from any intrinsic antibacterial superiority of TiO, under visible light. By contrast,
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Ag-modified BiVO4 commonly achieves near-complete inactivation under visible light.
For example, Ag/BiVO, nanostructures have fully photoinactivated E. coli within 60 min
under LED visible irradiation [45]. This superior performance is ascribed to localized
surface-plasmon-assisted excitation and the role of Ag nanoparticles as electron sinks,
which suppress electron-hole recombination and enhance interfacial ROS generation.

4. Conclusions

Microwave-assisted synthesis yielded phase-pure monoclinic BiVO,4 with nanosized
(~19 nm) crystallites, a specific surface area of 7.5 m? /g, and a direct band gap of 2.55 eV,
enabling efficient utilization of visible light. The structural and electronic features enabled
stable photocatalytic performance toward AO7 degradation, with the reaction following
pseudo-first-order kinetics and achieving a degradation efficiency of approximately 77%
after 120 min under visible irradiation. A moderate but statistically significant antibacterial
effect was also observed under ambient, non-UV conditions, confirming the ability of
UV-preactivated BiVO; to retain residual ROS activity and surface reactivity. The results
demonstrate that efficient charge separation and interfacial processes can occur even at
modest surface areas when crystallinity and band-gap alignment are optimized. Future
work may explore Eu** doping or other modifications to improve visible-light activity and
charge-carrier lifetime. In addition, mechanistic analyses such as radical scavenging, EPR
spectroscopy, and LC-MS/TOC measurements are recommended to verify the dominant
reactive species and clarify the photocatalytic degradation mechanism.
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