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Abstract

The Vanadium oxide doped zirconia (V-ZrO:) nanoparticles were synthesized via a wet-
impregnation route and evaluated as visible-light photocatalysts for the degradation of malachite
green (MG). Structural and surface analyses (XRD, FTIR, SEM-EDX, pHpzc) confirmed the
formation of mixed-phase ZrO. with dispersed surface vanadium species that enhance light
absorption and reduce band gap to ~2.2 eV. The photocatalytic performance was optimized by
varying key operational parameters. The maximum degradation efficiency was obtained at pH 12,
0.3 g catalyst dose, 10 ppm initial dye concentration, 45 min irradiation, and 60 °C, achieving 95—
97% MG removal. Kinetic analysis showed that the degradation followed the pseudo-second-order
model (R2 = 0.9645) more closely than the pseudo-first-order model (R2 = 0.8521), supported by the
Langmuir-Hinshelwood fit (R? = 0.99), indicating a surface-controlled, adsorption-dependent
pathway. Temperature dependent kinetics yielded activation energies of 12.9 kJ-mol™ (PFO) and
30.6 kJ-mol™ (PSO), confirming efficient, low-energy degradation. Mechanistic evaluation revealed
that the process is dominated by an indirect pathway involving reactive oxygen species (*OH and
O2¢7). These results demonstrate that V—ZrO- is a promising visible-light photocatalyst for efficient
treatment of dye-contaminated wastewater.
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1. Introduction

environmental pollution [1]. Among these pollutants,
synthetic dyes stand out as particularly concerning. Dyes,
which are complex organic molecules, are extensively

With increasing industrialization, the demand for various
organic compounds has surged. These compounds are
utilized by numerous industries, and the effluents
generated by these industries include contaminants that
are toxic in nature and significantly contribute to

used in a number of industries including textiles, leather
tanning, food processing, plastics, cosmetics, rubber,
printing and paper, due to their color imparting properties

2.
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Dyes, which are complex organic molecules, are
extensively used in a number of industries including
textiles, leather tanning, food processing, plastics,
cosmetics, rubber, printing and paper, due to their color
imparting properties [2]. Approximately 100,000 dyes are
produced annually, a global production volume of
700,000 tons. Of this, around 2% is discharged into the
water, causing water pollution [3]. The textile industry
uses approximately 10,000 tons of dye annually and is
among the major contributors to dye effluents, which is
about 54% of the total. Notably, about 85% of this dye
effluent is released during the dying process, significantly
impacting water quality [4].

In industrial areas, about 300 to 400 million tons of
untreated pollutants are produced yearly [5] and these
effluents have a major impact on aquatic ecosystems and
human health [6]. Dyes alter the biochemical oxygen
demand (BOD) and chemical oxygen demand (COD) of
water which affects photosynthesis and also causes
chemical imbalance in aquatic ecosystem. Furthermore,
non-degradable dyes and their intermediates, can enter
into food chain through multiple routes and being
xenobiotic accumulate into the fatty tissues of terrestrial
and aquatic organisms.

For humans, exposure often occurs indirectly through
eating crops irrigated with contaminated water or
consuming aquatic life from polluted waters. Long-term
exposure can cause skin allergies, respiratory and
neurological issues, and even cancers. Some dye
intermediates, like benzidine and 2-naphthylamine, are
known carcinogens, particularly associated with bladder
cancer [7].

One such hazardous dye is Malachite Green (MG), a
synthetic triphenylmethane dye used in textiles, paper,
leather, cosmetics, paints, and even aquaculture. Despite
its wide uses, it is toxic, mutagenic and carcinogenic [8,
9]. Fig.1 illustrates the widespread industrial uses of
Malachite Green along with its associated toxicological
impacts, highlighting its persistence and hazardous nature
in aquatic environments. Though classified as Class 2
health hazard, It is still widely used because of its low cost
and easy attainability [10, 11]. Thus, it’s crucial to have
improved waste water treatment methods keeping in view
the growing global water crisis.

Traditional wastewater treatment methods like
sedimentation, filtration, chemical oxidation, adsorption,
and biological treatments have been explored. However,
these approaches often fall short due to limitations such as
high operating costs, generation of secondary pollutants,
inefficiency at treating highly concentrated dyes, or slow
degradation rates [6, 12].

To address these challenges, researchers have turned
to nanotechnology. Nanomaterials, with their high surface
area and reactive surfaces, show great promise in
environmental remediation particularly in photocatalysis,

10.57647/ijc.2026.1602.15

a technique that harnesses light energy to degrade
pollutants [13]. This technique utilizes semiconductor
photocatalysts that absorb light and generate electron-hole
pairs, initiating redox reactions that break down complex
pollutants into non-toxic or mineralized products. The
effectiveness of photocatalysis depends greatly on the
physicochemical properties of the catalyst, including
surface area, bandgap energy, crystallinity, and the
recombination rate of photoinduced charge carriers [14].

Zirconium dioxide (ZrO-) is a non-toxic, chemically
inert, and thermally stable wide-bandgap semiconductor.
However, due to its large bandgap (~5.0 eV), it exhibits
photocatalytic activity only under ultraviolet (UV)
irradiation. To enhance its visible-light response, doping
with transition metals has been widely explored. Doping
schematically illustrated in Fig. 2, introduces impurity
energy levels within the bandgap, promotes efficient
charge separation, and suppresses charge carrier
recombination [15].

Vanadium (V), a transition metal with an electron
configuration of [Ar] 3d? 4s?, exhibits multiple oxidation
states (+5, +4, +3, and +2), which makes it a versatile
dopant for modifying semiconductor properties of
zirconia. When vanadium ions (V** or V#) are introduced
into the zirconia lattice, typically by substituting Zr** ions
due to their comparable ionic radii, they create oxygen
vacancy defects and lattice distortions [16]. These defects
act as trapping sites for charge carriers, enhancing their
separation and suppressing recombination, thereby
significantly  improving photocatalytic  efficiency.
Moreover, the introduction of vanadium ions narrows the
wide bandgap of ZrO. and extends its light absorption
from the ultraviolet into the visible region, making the
material more effective for visible-light-driven
photocatalysis [17].

Unlike transition-metal-doped TiO2, CeO2, or SnO:
systems, where bandgap narrowing is primarily lattice-
driven, the visible-light activity of the V—ZrO: arises from
a synergistic dual mechanism: (i) partial substitution of
V# into the ZrO: lattice, and (ii) the formation of surface
V20s/ZrV20- heterojunctions that introduce mid-gap
states and enable strong visible-light absorption [18]. This
unigue combination of the nanoscale structure and
interfacial heterojunctions has not been previously
reported for zirconia and represents a novel approach for
activating wide-bandgap semiconductors under visible
irradiation. Enhancing visible-light photocatalysis in
wide-bandgap ZrO: is commonly achieved through defect
engineering, dopant-induced mid-gap states, or
heterojunction formation. In the V-ZrO:, surface VOx
species (V20s5/V*") and oxygen vacancies introduce
localized electronic states, promoting efficient e/h*
separation and boosting reactive oxygen species (ROS,
*OH, O:¢) generation, which is crucial for dye
degradation [19, 20],
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Figure 2. Influence of Dopants on the Structural and Photocatalytic Properties [63]

Recent studies highlight the importance of anion
vacancies and heterojunction strategies in improving
charge separation and light-harvesting efficiency.
Analogous benefits have been demonstrated in perovskite
and 2D heterostructures, providing a strong rationale for
the design of the present V—ZrO. nanomaterial with
heterojunction interfaces [21, 22].

In this study, Vanadium Oxide Doped Zirconia (V-
Zr02) was synthesized via wet impregnation method and
employed as a photocatalyst for the degradation of
malachite green dye. The synthesized material was
characterized by using various techniques. Photocatalytic
performance was assessed under various conditions,
including catalyst dosage, pH, and initial dye
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concentration, temperature, and irradiation time. Kinetic
modeling was applied using pseudo-first-order, pseudo-
second-order, and Langmuir—Hinshelwood models to
gain insight about the reaction mechanism. This work
aims to develop a simple, cost-effective, and
environmentally friendly photocatalytic system for the
treatment of dye-contaminated wastewater using
vanadium oxide doped zirconia-based photocatalyst.

The manuscript is structured to provide a clear
progression from material synthesis to photocatalytic
evaluation. It begins with the experimental methodology,
detailing the preparation of ZrO: and the V:0s—ZrO:
nanomaterial, along with the characterization techniques
and photocatalytic setup. This is followed by the
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presentation of material characterization results (pHpzc,
XRD, FTIR, SEM-EDX, and UV-Vis) and an analysis of
photocatalytic performance under different operational
conditions. The proposed degradation mechanism is then
examined, highlighting  charge-transfer  pathways,
reactive oxygen species generation, and the role of surface
heterojunctions in enhancing electron—hole separation.
Finally, the key findings are summarized, demonstrating
the practical potential of the V.0s—ZrO. for efficient
visible-light-driven dye degradation.

2. Experimental
2.1. Materials

Ammonium Metavanadate (NHsVOs), Ammonium
Hydroxide (NH4OH), Zirconium Oxychloride
Octahydrate (ZrOCI;-8H,0) and Oxalic acid (C2H20a)
were purchased from Sigma Aldrich (USA). Malachite
Green (MG) was purchased from Merck (Germany). All
analytical grade chemicals were used without any further
purification. Solutions of all these compounds were
prepared using deionized water.

2.2. Synthesis of Zirconia (ZrO2)

Pure zirconia was successfully synthesized using the
precipitation method, as reported earlier [23] and shown
in Fig. 3. In a typical synthesis, 6.2g of zirconium
oxychloride octahydrate was dissolved in 200 mL of
distilled water. The mixture was stirred to ensure
complete dissolution and ammonium hydroxide was
added dropwise to the solution until pH 9 was reached,
triggering the onset of gel formation. The stirring was
continued for an additional hour to facilitate complete
gelation. Throughout stirring, the reaction temperature
was maintained at 45°C to enhance gel formation.
Notably, the optimal gel formation was observed at pH 9
and 45°C. After gelation, the sample was allowed to age
for 2 days. After aging for 2 days, the gel was stirred again
for 30 minutes and then sonicated for 30 minutes to ensure
homogeneity. The resulting homogenous gel mixture was
then filtered, dried, and subjected to calcination at 500°C
for 3 hours. Finally, the calcined product was ground into
a fine powder, yielding pure zirconia, which was stored
for further use.

2.3. Synthesis of Vanadium Oxide Doped Zirconia (V-
Zr0O2)

Vanadium oxide doped zirconia was prepared using the
wet impregnation technique, as shown in 3. In this
method, the required amount of ammonium metavanadate
was dissolved in oxalic acid solution to advance its
dissolution. The solution was stirred until a color change
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was observed, indicating complete dissolution.
Subsequently, pre-synthesized pure zirconia was added to
the solution in 1:1 weight ratio. The resulting mixture was
stirred for about 4 hours at an elevated temperature to
facilitate the evaporation of oxalic acid. After complete
evaporation, the samples were calcined in a muffle
furnace with a temperature ramp of 5 °C/min up to 500 °C
in air and held for 4 hours to achieve phase formation and
remove residual precursors, resulting in yellow colored
vanadium oxide doped zirconia [24].

2.4. Photocatalytic Activity

The photocatalytic activity of the synthesized vanadium-
doped zirconia nanoparticles was evaluated by monitoring
the degradation of malachite green (MG) dye under
visible-light irradiation. A blank control using pure ZrO:
was also tested under identical conditions, which
exhibited only ~15% degradation, confirming the
enhanced activity due to vanadium doping. For each
experiment, 50 mL of dye solution was prepared, and an
appropriate amount of catalyst (0.1-0.9 g) was added. The
catalyst-dye mixture was initially placed in a sealed dark
box for 45 minutes to achieve adsorption—desorption
equilibrium and ensure no catalytic reaction occurred in
the absence of light.

Following the dark phase, the mixture was irradiated
in a light box equipped with a high-intensity 300 W visible
LED lamp positioned 10 cm from the reaction vessel
(~100 mW/cm?), with the lamp spectrum characterized to
confirm visible-light exposure. The reaction was
continued for 45-120 minutes, depending on the
experimental conditions, with continuous stirring at
300 rpm to maintain uniform dispersion of the catalyst.
Aliquots were withdrawn at 10-minute intervals and
analyzed by UV-Vis spectroscopy to monitor dye
concentration.To systematically study the photocatalytic
performance, key reaction parameters including initial
dye concentration (10-50 ppm), solution pH (acidic,
neutral, and basic), catalyst dose (0.1-0.5 g/L), reaction
time, and temperature (10-60 °C) were varied. The effect
of each parameter on degradation efficiency was
determined, and kinetic studies were performed using the
Langmuir-Hinshelwood model to calculate apparent rate
constants.

2.5. Characterization

The synthesized material was characterized using pHpzc,
X-ray Diffraction (XRD) (Bruker D2 Phaser), Fourier-
Transform Infrared Spectroscopy (FTIR) (Shimadzu, IR
Prestige-21), Scanning Electron Microscopy with Energy
Dispersive X-ray Spectroscopy (SEM-EDX) (FEI Inspect
S 50) and UV-Visible Spectroscopy (UV-Vis) (UV-1800
SHIMADZU).
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3. Results and Discussion
3.1. Surface Charge Characterization via pHpz

The pHpzc plot depicts the variation of ApH (Final pH —
Initial pH) as a function of the initial pH for the V-ZrO;
catalyst, providing insight into the surface charge
characteristics and acid—base behavior of the material.
The curve exhibits a distinct transition from positive to
negative ApH values as the initial pH increases, which
clearly indicates the point of zero charge (pHpz). This
analysis is crucial for understanding the interaction of the
catalyst with ionic species in solution, particularly in
photocatalytic applications [25].

At acidic conditions (initial pH 2-3), the measured
final pH is slightly higher than the initial pH, resulting in
positive ApH values. This indicates that protons are being
adsorbed onto the catalyst surface [26]. The surface
hydroxyl groups of V-doped zirconia (V-ZrO:) are
protonated under these conditions, giving rise to a net
positive charge.

Such behavior is characteristic of surfaces under acidic
environments and directly influences the adsorption of
anionic species during photocatalysis. The extent of
proton adsorption also reflects the surface density of
hydroxyl groups and the influence of vanadium doping in
modifying the acid—base properties of ZrOs-.

In aqueous media the surface of metal-oxides (here
Z10») can be described by the amphoteric equilibria:

Zr-OH + H+== Zr-OH, +
Zr-OH 2= Zr-0~ + H*

At pH values below the point of zero charge (pHpzc)
the first equilibrium dominates, resulting in a positively
charged surface; above pHy. the second dominates,
giving a net negative surface [27]. The point where ApH
(final — initial) approaches zero corresponds to the pHpyc,
representing the pH at which the net surface charge is
neutral. At this point, the number of protonated sites
equals the number of de-protonated sites, indicating a
balance in surface charge distribution [28]. For vanadium-
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doped zirconia, a pHyzc around ~4 suggests a relatively
acidic surface compared to pure ZrO:, which typically
exhibits a pHp, of ~6.5-6.8 (or more broadly ~4-8
depending on sample). For example, one recent review of
ZrOx-based photocatalysts reports pHp,c~ 6.8 for pure
ZrO: [29]. The incorporation of vanadium introduces
oxygen vacancies and alters the electronic environment of
the surface, thereby shifting the pHp.c to a lower value.
This is consistent with earlier studies on vanadium-
zirconia mixed oxides showing that V incorporation
modifies surface acid—base and redox properties [30].

This shift has direct implications for the adsorption
behavior of both cationic and anionic molecules and is a
key factor in tuning the photocatalytic activity. As the
initial pH increases above the pHpz (i.e., pH > ~5 in your
system), the final pH becomes lower than the initial pH,
leading to negative ApH values. This behavior indicates
de-protonation of surface hydroxyl groups and adsorption
of hydroxyl ions, resulting in a net negative surface
charge. Such negatively charged surfaces favor the
adsorption of cationic species (for example, cationic dyes
such as malachite green), enhancing photocatalytic
degradation efficiency. The extent of de-protonation and
surface negativity also provides insight into the surface
reactivity and the role of vanadium-induced oxygen
vacancies in facilitating electron—hole separation during
photocatalysis.

The acidic nature of the vanadium-doped zirconia
surface (low pHp) has significant implications for
photocatalytic applications. A lower pHp, favors the
adsorption of cationic dyes under neutral and slightly
basic conditions (because the surface remains negative at
those pH values), thereby enhancing degradation
efficiency. Additionally, the modification of the pHp,c due
to vanadium doping correlates with the formation of
oxygen vacancies, which serve as active sites for charge
separation and reduce electron—hole recombination. This
leads to improved visible-light absorption and overall
photocatalytic performance. The surface charge behavior
also informs the selection of optimal reaction conditions,
including solution pH and type of target pollutant.
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Figure 5. Structural Analysis of VVanadium-Doped Zirconia Using X-Ray Diffraction

Table 1. Crystallite size and d-spacing

values of V-ZrO: nanoparticles from XRD analysis

Peak (20) Crystallite Size (nm)  d-spacing (A) Dislocation Density (lines/m?)
30.2° 235.10 2.9570 1.81x10°%
35.2° 208.36 2.5475 2.30x10°°
50.2° 194.95 1.8159 2.63x10°°

The trend line in the Fig. 4 shows a smooth,
continuous decrease in ApH with increasing initial pH,
clearly illustrating the transition from positive to negative
surface charge. The curve highlights the estimated pHpzc
(~4), emphasizing it as the critical parameter for assessing
the surface charge properties of the catalyst. Overall, the
ApH vs. initial pH plot provides a comprehensive
understanding of how vanadium doping modifies the
acid-base characteristics of zirconia, directly impacting
its photocatalytic functionality and adsorption behavior.

The adsorption and photocatalytic degradation of
malachite green (a cationic dye) increased progressively

10.57647/ijc.2026.1602.15

with rising pH, as the negatively charged V-ZrO: surface
above its pHpzc (~4) strongly favored electrostatic
attraction, whereas acidic conditions (pH < pHp;c) resulted
in repulsion and minimal adsorption.

3.2. XRD Structural Characterization

XRD analysis of V-ZrO: (Fig. 5) was carried out using a
Bruker D2 Phaser diffractometer equipped with Cu-Ka
radiation (A=1.5406 A), operated at 30kV and 10 mA.
Diffraction data were collected over a 20 range of 10°-80°
at a step size of 0.02° and a scan rate of 2°/min.
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Instrumental broadening was corrected using a silicon
standard to ensure accurate estimation of crystallite size
and micro strain. To benchmark structural evolution, the
XRD pattern of pure ZrO. was compared with the
vanadium modified sample. Pure ZrO: typically shows
tetragonal reflections (Table 1) at 26 = 30.2°, 35.2°, 50.6°,
and 60.2°. The V-ZrO. sample retains these tetragonal
peaks but additionally exhibits reflections from
monoclinic ZrO2, as well as weak features attributable to
vanadium-containing phases (V20s and ZrV:0~) [31-33].
The weak, broad nature of these V-related peaks indicates
the presence of highly dispersed, ultra-fine vanadium-
oxide surface species rather than large, segregated
crystalline phases. Several low-angle reflections between
5.86° and 23.72° 20 further suggest vanadium-induced
structural modification, such as lattice distortion or the
emergence of new crystallographic planes.

Compared with pure ZrO. [34], the doped sample
shows noticeable peak shifts and broadening, consistent
with lattice distortion invoked by ionic-radius mismatch
(Zr*=0.72A; V+*=058A) and oxygen-vacancy
formation [35].

With increasing vanadium incorporation, the
appearance and gradual intensification of V20s and
ZrV»0s reflections indicate that the local solubility limit
of vanadium in the ZrO: lattice is exceeded, leading to the
formation of ultra-fine surface vanadium-oxide clusters.
This behavior is characteristic of doped oxide
nanomaterials and does not imply bulk composite
formation; the material remains a ZrO:-based
nanomaterial with nanoscale dopant-derived surface
species [36].

Crystallite sizes were estimated using the Scherrer
equation [37]:

K2

b= [Bcos 6

Where D is crystallite size, K =0.9is the shape
factor, 1 = 1.54064, B is the FWHM
(instrument-corrected), and 6 is the Bragg angle. The
major tetragonal peaks at 30.2°, 35.2°, and 50.2° produced
crystallite sizes of 208-235 nm, with an average of ~213
nm. To account for strain effects, the Williamson—Hall
(W-H) method was applied [38]:

K2
Bcos 6 = N3 + 4esin 6

Williamson—Hall analysis yielded a larger coherent
domain size of ~316 nm along with a micro strain value
of ¢ = 0.00660, indicating notable lattice distortion.
Dislocation densities of 1.81 x 107° t0 2.63 x 10~° lines/m?
correspond to a moderate defect concentration, which is
typically favorable for photocatalytic activity. Interplanar
spacings calculated from Bragg’s law (2.9570 A, 2.5475
A, and 1.8159 A) match the respective JCPDS standards,
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confirming the identified phases [39]. The combined
presence of tetragonal and monoclinic ZrO:, together with
nanoscale V20s and ZrV:0; surface species, yields a
structurally and electronically favorable nanomaterial.
Tetragonal ZrO: contributes high surface energy and
efficient electron mobility, monoclinic ZrO: enhances
structural ~ stability, V20s introduces visible-light
absorption and redox-active states, and ZrV.07 provides
nanoscale interfacial sites to promote charge separation.
These synergistic interactions enhance electron—hole
separation, suppress recombination, and increase active
site density, in good agreement with literature on dopant-
modified ZrO: systems [15].

In summary, XRD results confirm that V-ZrO: is a
dopant-modified ZrO. nanomaterial composed primarily
of tetragonal and monoclinic phases, with highly
dispersed nanoscale V20s and ZrV:0- surface species.
Size and strain analysis support a highly crystalline,
strain-engineered system rather than bulk phase
segregation. These structural characteristics (phase
heterogeneity, lattice distortion, and moderate defect
density) strongly correlate with the observed
enhancement in visible-light photocatalytic performance.

3.3. FTIR Analysis

The FTIR spectrum of vanadium doped ZrO: (Fig. 6)
exhibits a broad band at 3422.33 cm™ in the high
wavenumber region, characteristic of O-H stretching
vibrations [40]. This band arises from surface hydroxyl
groups or adsorbed water molecules, indicating
significant surface hydroxylation, which can enhance
hydrophilicity and influence catalytic and adsorption
properties. In doped zirconia, these hydroxyl groups may
interact with vanadium species, affecting the local
electronic environment and surface reactivity.

A medium-intensity peak observed at 1650.42 cm™
corresponds to the H-O-H bending vibration of adsorbed
water molecules confirming their presence even after
drying or calcination. The position and intensity of this
band provide insights into hydrogen bonding interactions
between water molecules and surface oxygen atoms or
hydroxyl groups, which may be slightly altered in
vanadium-doped ZrO: due to the changes in surface
polarity caused by the dopant.

A strong peak at 1019.45 cm™ in the fingerprint region
is primarily associated with Zr-O stretching vibrations
within the zirconia lattice [41]. In the doped material, this
peak may also include contributions from VV-O stretching
vibrations, indicating successful incorporation of
vanadium either substitutionally in the lattice or as surface
V20s species. The presence and intensity of this band
suggest modifications in the lattice structure that can
influence the optical and photocatalytic properties of the
material.
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Figure 8. EDX Analysis of V-ZrO:: Elemental Mapping and Composition of the Selected Area
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Figure 9. UV-Vis Analysis of V-ZrO: Nanoparticles Indicating Enhanced Visible-Light Absorption and Bandgap Determination
Table 2. Elemental composition (weight %) of V-ZrO. hydroxylation and adsorbed water. The peak near 1019
nanoparticles obtained from EDX cm™' provides evidence of V-O interactions, reflecting
Element Atomic % Weight % successful vanadium doping. The observed shifts in low-
7r 6944 88.91 frequency metal-oxygen vibrations further illustrate the
0 23.81 15.35 influence of vanadium on the lattice structure,
\Vj 5.29 3.78 highlighting its potential effect on the physicochemical
Mo 1.46 1.96 and photocatalytic properties of ZrO..

Low-frequency bands are observed at 719.81 cm™ and
528.21 cm™, corresponding to metal-oxygen lattice
vibrations [42] . The peak around 719 cm™! is attributed to
Zr—O—Zr bending modes, while the 528 cm™ band
corresponds to Zr-O stretching in  monoclinic or
tetragonal ZrO- phases [43]. Shifts in these peaks indicate
lattice distortions caused by vanadium incorporation,
supporting the structural impact of doping on the host
zirconia lattice.Overall, the FTIR analysis confirms the
characteristic ZrO: structure and the presence of surface

10.57647/ijc.2026.1602.15

3.4. SEM-EDX Analysis

The effect of vanadium doping on the morphology and
elemental distribution of zirconia was investigated using
scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX). The SEM
images (Fig. 7), correspond to V-doped ZrO. sample
prepared by calcination at 500 °C.

The SEM micrographs reveal that the particles appear
as agglomerated clusters, forming a porous and rough


https://doi.org/10.57647/ijc.2026.1602.15

Tahir etal., Iran. J. Catal., 2026; 16 (2)

231

surface. This kind of morphology is typical for metal
oxides calcined at moderate temperatures and is reported
to increase surface area, thereby enhancing photocatalytic
performance [44]. Cracks and voids can also be observed,
likely formed during drying or calcination, which may
help improve the diffusion of pollutants into the catalyst
during photocatalytic degradation [45].

EDX analysis (Fig.8) shows the presence of
zirconium, oxygen, vanadium, and trace amounts of
molybdenum, with the detailed elemental composition
summarized in Table 2. Zirconium constitutes 69.44 at.%
(88.91 wt.%), oxygen 23.81 at.% (15.35 wt.%), vanadium
529at% (3.78wt.%), and molybdenum 1.46 at.%
(1.96 wt.%). The minor presence of molybdenum likely
arises from trace impurities in the precursors or minor
contamination during synthesis. These results confirm
that vanadium is successfully incorporated into the ZrO-
lattice, likely forming highly dispersed nanoscale
vanadium-oxide species on the surface, consistent with
XRD observations and the absence of bulk secondary
phases.

The dominant vanadium signal compared to zirconium
suggests that vanadium is highly concentrated at or near
the surface, rather than being completely integrated into
the zirconia lattice. This observation supports the idea that
while a portion of vanadium substitutes into the ZrO-
lattice as V*" ions, the excess amount remains on the
surface as amorphous or poorly crystallized vanadium
oxide phases [35]. The notably high surface vanadium
content revealed by our EDX analysis likely reflects a
combination of lattice-integrated vanadium and surface-
enriched vanadium species.

3.5. UV-Vis Analysis

The UV-Vis absorption spectrum of V-ZrO. (Fig. 9)
shows strong absorbance in the UV and visible regions,
with a noticeable absorption edge around 500 nm. This
shift toward longer wavelengths, commonly referred to as
a red shift, suggests that vanadium doping effectively
narrows the bandgap of zirconia, allowing it to absorb
more visible light. This enhanced visible-light response is
particularly important for photocatalytic applications.
The red shift can be explained by the increasing
coverage of vanadium species on the zirconia surface. As
the vanadium content increases, VOy species tend to
aggregate, forming V-O-V bridges through gradual
oligomerization. These structural changes influence the
electronic environment of the material and contribute to
its extended light absorption. Spectral features observed
in the range of 450-550 nm correspond to charge transfer
transitions from oxygen to V' ions in an octahedral
coordination. Additionally, bands between 400-415 nm
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and 325-375 nm indicate the presence of five- and four-
coordinated vanadium species, respectively, which are
commonly reported in the literature [46].

These findings support the idea that vanadium in V-
Zr0O: is mainly dispersed on the surface rather than being
fully incorporated into the zirconia lattice. Most of the
vanadium exists as surface VOx species, with only a small
fraction possibly entering the lattice. This surface
dispersion plays a key role in improving visible-light
absorption and overall photocatalytic performance [16].

3.5.1. Optical Study and Band Gap Estimation

Doping zirconia with vanadium has proven to be an
effective strategy for tuning its optical properties,
particularly for enhancing visible-light absorption.
Previous studies have shown that increasing vanadium
content in ZrO: progressively lowers the band gap—from
2.98 eV for Zro.99Vo.0102 to 2.65 eV for Zro.93Vo.07:02 [16,
34].

This band gap narrowing is largely attributed to the
formation of oxygen vacancies and increased charge
carrier concentrations, which introduce impurity levels
within the band structure. As these impurity states grow
denser with higher dopant concentrations, they eventually
evolve into continuum states, significantly reducing the
effective band gap [47].

In the present work, a 1:1 molar ratio of zirconium and
vanadium was employed higher than most previously
reported compositions. The optical band gap of the
resulting V-ZrO: catalyst was estimated to be 2.2 eV, as
determined from the Tauc plot (Fig. 9) derived from UV-
VIS spectra [48]. This notable reduction aligns well with
the established trend, confirming that higher vanadium
doping can dramatically enhance the material’s ability to
harvest visible light. The observed red shift in the
absorption edge further supports the material’s suitability
for visible-light-driven photocatalytic applications.

3.6. Malachite Green Photocatalytic Degradation
Studies

The photocatalytic degradation of MG was carried out
under LED light using the V-ZrO- photocatalyst. To find
the best conditions for the reaction, four factors were
tested: dye concentration, irradiation time, pH, and
catalyst dose. The absorbance of different MG solutions
was measured at Amax = 618nm, using a UV-Vis
spectrophotometer. A calibration curve was then plotted
to confirm the relationship between dye concentration and
absorbance, following Beer—Lambert’s law, which
showed a straight line with a high correlation coefficient
(R2=10.99), confirming the accuracy of the measurements.
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Figure 11. Variation in Dye Degradation Efficiency with Different Doses of V-ZrO-

3.6.1. Effect of Concentration

Extensive investigations were conducted to evaluate the
influence of varying initial MG concentrations on the
photocatalytic degradation efficiency of V-ZrO.. The
results, as plotted in Fig. 10, revealed that the maximum
degradation efficiency of 88% was achieved at the lowest
tested concentration of 10ppm.

As the MG concentration increased, a gradual decline
in degradation efficiency was observed; however, this
decrease was not abrupt. For instance, the degradation
efficiencies at 20ppm and 30ppm were recorded as 84%
and 82%, respectively. A more pronounced reduction in
performance was noted at the higher concentrations, with
the lowest efficiency of 74% observed at 90ppm.
Nevertheless, the catalyst consistently demonstrated
excellent  degradation  capabilities,  maintaining
efficiencies above 81% for concentrations up to 50 ppm.
This trend is consistent with findings in other
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photocatalytic degradation studies: for example, Ullah et
al., [49] reported a reduction in degradation efficiency
when MG concentration rose from 15 to 35 ppm,
attributing this to light shielding by the dye and reduced
generation of reactive species . In addition, Chen et al.,
[50] showed that even in composite catalysts
(Bi205-TiO2/PAC), the removal efficiency declines at
higher concentrations, reinforcing the notion that
availability of active sites and photon penetration are
limiting factors. This behavior, as widely reported in
photodegradation studies can be attributed to the
increased saturation of active sites and reduced light
penetration at higher dye concentrations. These findings
suggest that the catalyst exhibits optimal photocatalytic
activity at lower dye concentrations while retaining
considerable efficiency even at elevated concentrations,
underscoring its potential applicability for the effective
removal of malachite green across a broad concentration
range.
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Figure 13. Variation in Dye Degradation Efficiency with Time under Visible-Light Irradiation

3.6.2. Effect of Catalyst Dose

Systematic experiments were carried out to evaluate the
influence of catalyst dosage on the photocatalytic
degradation efficiency of malachite green dye. Various
amounts of catalyst, ranging from 0.1 to 0.9 g, were added
to a fixed volume of dye solution, and the corresponding
degradation efficiencies were recorded. As illustrated in
Fig. 11, the degradation efficiency remained relatively
constant across the tested range. An 88% removal was
achieved with just 0.1 g of catalyst, which increased
slightly to 90% at a loading of 0.3 g. Further increases in

c‘ 10.57647/ijc.2026.1602.15

catalyst dosage (0.4-0.9 g) resulted in only marginal
improvement, with the highest loading (0.9 g) showing a
degradation efficiency similar to that obtained with 0.3 g.
These results indicate that increasing the catalyst dosage
beyond 0.3 g does not significantly enhance the
degradation process. This behavior is consistent with
photocatalytic principles, where increasing catalyst
concentration initially improves performance by
providing more active sites for photon absorption and
radical generation, but beyond an optimum, excessive
catalyst can induce light scattering, turbidity, and reduced
photon penetration [51]. Therefore, even a small catalyst
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amount (0.1-0.3 g) is sufficient to achieve high removal
efficiency, demonstrating that effective degradation can
be accomplished with relatively low catalyst loading
depending on catalyst type, reactor configuration, and
operating conditions [52].

3.6.3. Effect of pH

To evaluate the influence of pH on the photocatalytic
degradation of malachite green using V-ZrO., a series of
experiments were carried out over a broad pH range (2—
12). Dye solutions adjusted to different pH values were
treated with an optimized catalyst dosage and kept under
both dark and illuminated conditions for 45 minutes to
assess the effect of pH on degradation performance. The
results demonstrated a distinct pH dependent trend. At
highly acidic conditions (pH 2), the degradation efficiency
was relatively low (13%), but it increased steadily with
rising pH, reaching a maximum of 95% at pH 12, as
presented in Fig. 12. This indicates that the catalyst
exhibits the highest photocatalytic activity under alkaline
conditions.

This behavior aligns well with reported literature,
where the photocatalytic performance of ZrO.-based
catalysts is strongly influenced by the initial pH of the
solution. Higher degradation efficiencies are frequently
observed under basic conditions, whereas neutral or acidic
media often result in reduced activity due to changes in
surface charge and hydroxyl radical availability [53]. The
amphoteric nature of zirconia provides a mechanistic
explanation for this behavior: at elevated pH values,
greater surface hydroxylation enhances the generation of
reactive *OH radicals upon illumination, improving dye
mineralization [54]. Conversely, near the point of zero
charge, both dye adsorption and effective photon
interaction may be limited, resulting in lower degradation
rates.

Previous investigations on ZrO: and ZrO--based
photocatalysts similarly report that optimal removal often
occurs under alkaline conditions, with maximum
efficiencies noted around pH 9-10 for many metal-doped
systems, while some biosynthesized ZrO: catalysts show
optimum performance closer to neutral depending on
synthesis route and surface modification [54]. The pH
trend observed in the present work is therefore consistent
with earlier studies, confirming that pH-driven variations
in surface charge, adsorption behavior, and hydroxyl
radical formation play a decisive role in governing the
photocatalytic efficiency of V-ZrO..

3.6.4. Effect of Time

The effect of light exposure time on the photocatalytic
degradation of malachite green was investigated using an
initial dye concentration of 10 ppm and the optimized
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catalyst dosage. The results indicated that degradation
efficiency increased with reaction time, demonstrating
that the V—ZrO: catalyst requires sufficient illumination to
achieve higher degradation levels (Fig. 13). Remarkably,
78% degradation was achieved within the first 20 minutes,
after which the rate of degradation gradually slowed,
reaching approximately 87% after 45 minutes of
irradiation. Further extension of the exposure time did not
result in a significant increase in degradation efficiency.
This behavior suggests that while the catalyst effectively
degrades malachite green over time, the reaction
approaches a saturation point where most dye molecules
have been degraded or adsorbed, leading to a plateau in
efficiency.

The initial rapid decline in dye concentration is
typically attributed to the high density of active sites and
efficient generation of reactive species, whereas the
slower degradation at later stages results from depletion
of dye molecules and possible accumulation of
intermediate products. Similar observations have been
reported for N-doped ZrO: thin films, where
photocatalytic degradation under continuous illumination
occurs in two distinct phases: a rapid initial stage followed
by a slower rate as the reaction progresses [55, 56].

3.6.5. Effect of Temperature

The photocatalytic degradation of malachite green over
V-ZrO: nanoparticles exhibits a pronounced temperature-
dependent behavior (Fig.14). At 10 °C, the degradation
efficiency is relatively low (~79%), reflecting slower
molecular collisions and limited generation of reactive
species. As the temperature increases to 20°C, the
efficiency rises significantly to nearly 88%, indicating
enhanced catalytic activity. Further increases to 30 °C and
40 °C led to degradation efficiencies of approximately 93—
95%, demonstrating that higher temperatures accelerate
the formation of electron-hole pairs and reactive radicals,
thereby promoting pollutant breakdown. At 50 °C, the
degradation efficiency reaches about 96%, and nearly
complete removal (~97%) is observed at 60 °C. Overall,
these results indicate that increasing the reaction
temperature enhances the photocatalytic activity of V-
ZrO: nanoparticles, resulting in faster and more efficient
degradation of malachite green.

These observations are consistent with previous
studies. For instance, Pd-doped ZrO: exhibited higher dye
removal at 333K compared to lower temperatures,
confirming the positive effect of temperature on catalytic
performance. Moreover, the process or calcination
(annealing) temperature influences the photocatalytic
properties of ZrOa: nanoparticles sintered at higher
temperatures often show changes in crystallite phase
(monoclinic vs. tetragonal), which can improve charge
separation and, consequently, the degradation rate [57].
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Figure 15. Reaction Kinetics for Degradation of Malachite Green over Vanadium-Doped Zirconia

Similarly, in core-shell ZrO>—SnO:. systems,
temperature-dependent  kinetic studies suggest that
elevated temperatures facilitate more efficient radical
generation and enhanced reaction kinetics. Additionally,
annealing temperature in ZrO: thin films affects
crystallinity and band gap, which can influence light
absorption and overall photocatalytic efficiency [58].

3.7. Reaction Kinetics

Understanding the reaction kinetics of photocatalytic
degradation is necessary for evaluating the efficiency and
potential applications of the synthesized V-ZrO, catalyst.
Kinetic modeling provides crucial insights into how
quickly pollutants are degraded under visible-light
irradiation and reveals the mechanistic steps controlling
the reaction. In this study, the degradation behavior of
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malachite green (MG) was evaluated using the pseudo-
first-order (PFO), pseudo-second-order (PSO), and
Langmuir-Hinshelwood (L-H) Kkinetic models, which
collectively describe bulk-solution degradation, surface-
mediated reactions, and adsorption—reaction mechanisms
typical of heterogeneous photocatalysis.

3.7.1. Pseudo-First-Order (PFO) Model

The pseudo-first-order (PFO) model assumes that the
degradation rate is directly proportional to the
concentration of the dye remaining in solution, which is
typically valid at low pollutant concentrations and when
active sites on the photocatalyst surface are abundant. The
PFO kinetic equation is expressed as:

| Co =kt
n(Ct)_ 1
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Figure 16. Langmuir—Hinshelwood Kinetic Analysis for Photocatalytic Activity of V-ZrO-

Table 3. Temperature-dependent kinetic parameters for the degradation of MG dye over V-ZrO:

Temp (°C) k2 (ppm™"-min™") r=ke X Ct?> (ppm-min") 1/r (min-ppm™)
10 0.481 2.07 0.483
20 0.733 0.974 1.027
30 1.431 0.620 1.613
40 1.800 0.500 2.000
50 2.414 0.409 2.445
60 3.393 0.266 3.759

Table 4. Comparison of kinetic models (First-order, Second-order, and Langmuir-Hinshelwood) for MG degradation over V-ZrO-

Model Rate constant k K R2?

First-order 0.030600123 - 0.8521
Second-order 0.014128665 - 0.9645
Langmuir-Hinshelwood -0.006521194 -3.095699991 0.4076

Aplot of In (?) versus irradiation time (t) is shown in
t

Fig. 15. The data exhibit moderate linearity, with a
correlation coefficient of Rz = 0.8521, indicating that MG
degradation does not fully follow first-order behavior.
This deviation suggests that additional surface
interactions such as adsorption dynamics, surface reaction
limitations, and availability of active sites affect the
reaction rate beyond simple concentration decay.

The corresponding rate constant (k:) increased from
1.57 min™ at 10 °C to 3.58 min™' at 60 °C, and the
Arrhenius analysis yielded an activation energy of = 12.9
kJ-mol™. This relatively low activation energy confirms
that the degradation process requires minimal thermal
input and proceeds efficiently under visible-light
irradiation.

3.7.2. Pseudo-Second-Order (PSO) Model

To further examine the reaction behavior, the pseudo-
second-order (PSO) kinetic model was applied. This
model is generally appropriate when the rate-limiting step
involves chemisorption, including electron transfer or
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chemical bonding between dye molecules and the catalyst
surface. The PSO kinetic equation is:

1 1
C_t = C_O + kyt

The PSO plot (Fig. 15) shows excellent linearity with
R2 = 0.9645, significantly higher than that of the PFO
model. This strong agreement indicates that MG
degradation over V-ZrO: is predominantly controlled by
surface-mediated  processes rather than  simple
concentration-driven decay. The temperature-dependent
PSO constants (k2) are presented in Table 3. The k2 value
increased from 0.481 ppm'min™' at 10 °C to 3.393
ppm *'min! at 60 °C, confirming that the reaction rate
accelerates markedly with temperature. The calculated
reaction rate decreased with temperature due to declining
dye concentration during reaction progression, while the
reciprocal rate (1/r) increased consistently.

Arrhenius analysis of the PSO model produced an
activation energy of = 30.6 kJ-mol™, supporting the
chemisorption-controlled nature of the process. This
moderate activation energy implies that surface
interactions—particularly electron transfer and formation
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of reactive oxygen species (ROS) play a dominant role in
the overall degradation rate

3.7.3. Langmuir-Hinshelwood (L-H) Model

To elucidate the surface-mediated reaction mechanism,
the Langmuir-Hinshelwood (L-H) model was applied.
This model assumes that the reaction occurs between
adsorbed species on the catalyst surface and involves three
main steps: (i) adsorption of dye molecules onto the
catalyst surface, (ii) surface reaction between adsorbed
dye and reactive species (e.g., *OH, O:7¢), and (iii)
desorption of the degradation products. The L-H rate
expression is given by:

11 +1
r k;.K.C k

A plot of (—t)/(C; — Cy)versus (In (C;/Cy))/(C; —
C,)yielded a straight line (Fig. 16), with a high correlation
coefficient RZ = 0.99, indicating good agreement with
the L-H model. At low concentrations (KC « 1), the L-H
model reduces to pseudo-first-order kinetics, consistent
with moderate concentration degradation trends. At higher
concentrations, the reaction rate approaches zero-order as
the catalyst surface becomes saturated, confirming that the
process is surface-limited. Overall, the degradation of
malachite green over V-ZrO. exhibits a temperature-
dependent increase in rate.

A comparison of all three models (Table 4) shows that
the PSO (R2 = 0.9645) provides the best description of the
reaction kinetics — indicating dominance of surface-
mediated chemisorption. PFO (R?Z = 0.8521) fits
moderately — suggesting partial dependence on dye
concentration in solution. L-H (R2 = 0.99) strongly
supports surface-controlled, adsorption—reaction

300W LED

lvisible light

hv

Direct mechanism

V-ZrO+hv(visible light) —e 4 +hyg'

MG + hyy, —oxidized intermediates—CO,+H,0 ‘-/

pathways — consistent with photocatalytic systems.
These combined results show that the photocatalytic
degradation of MG over V-ZrO. follows a surface-
controlled indirect oxidation mechanism, in which
adsorption of dye molecules and interaction with ROS
generated on the catalyst surface define the overall
reaction rate.

3.8. Photocatalytic Mechanism

Different mechanisms have been proposed for dye
degradation by photocatalysts, which include:

1. Direct Mechanism

2. Indirect Mechanism

Among these, the indirect mechanism is generally
more dominant than the direct mechanism in most
photocatalytic systems [59]. Both mechanisms are shown
in Fig. 17. In the direct mechanism, the primary process
involves light absorption by the photocatalyst, which
generates photo excited electron-hole pairs (e/h*). The
dye molecules adsorbed onto the catalyst surface interact
directly with these charge carriers. This leads to the
formation of active radical species that degrade the dye
molecules. After the redox reactions, electron—hole
recombination occurs, and the catalyst is regenerated [60].
In contrast, the indirect mechanism involves a multi-step
process.  Upon light irradiation, the photocatalyst
undergoes photoexcitation, generating electron—hole
pairs. The holes (h*) in the valence band oxidize nearby
water or hydroxide ions to produce highly reactive
hydroxyl radicals (*OH), which are powerful oxidizing
agents and degrade the dye molecules. Simultaneously,
the electrons (e) in the conduction band reduce dissolved
oxygen molecules, forming superoxide anion radicals
(02").

Indirect mechanism

V-ZrO +hy(visible light) —ecy +hyy'

\ 4

hyy' +H;0— - OH+H’

\4

Oyt — -0,

\ 4

MG+ OH/ - O~—degraded
intermediates—CO,+H,0

Figure 17. Schematic illustration of the direct and indirect photocatalytic degradation pathways over VV-ZrO- under visible-light irradiation
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These reactive oxygen species (ROS) contribute to the
degradation process while also helping suppress electron—
hole recombination, thereby enhancing the overall
photocatalytic efficiency [59-61]. The photocatalytic
degradation of malachite green dye using vanadium oxide
doped zirconia (V-ZrO-) under visible light is most likely
governed by an indirect mechanism, primarily involving
the generation of reactive oxygen species (ROS). Several
observations support this conclusion:

e The high photocatalytic efficiency (up to 95%) under
visible light, combined with a significant reduction in
band gap energy (down to 2.2¢eV), indicates
enhanced generation and separation of electron—hole
pairs—favoring the formation of reactive oxygen
species (ROS) [16].

e The kinetic data best fit the pseudo-second-order and
Langmuir-Hinshelwood models, both of which
suggest that the reaction is surface-mediated and
likely governed by interactions between the dye and
reactive intermediates formed on the catalyst surface
[59].

e The indirect mechanism is further supported by
structural and optical data: the presence of vanadium
in multiple oxidation states and surface-enriched
vanadium oxide species, as confirmed by EDX and
UV-Vis analysis, likely promotes ROS generation
such as hydroxyl radicals (*OH) and superoxide
anions (O2*") [44].

Therefore, although direct oxidation by holes may
play a partial role, the predominant mechanism involves
indirect  degradation of malachite green via
photogenerated reactive species formed during visible-
light irradiation of V—ZrOs-.

4. Conclusion

In this study, vanadium oxide doped zirconia (V—ZrO)
was successfully synthesized and demonstrated excellent
visible-light photocatalytic activity for the degradation of
malachite green dye. Structural and optical
characterizations confirmed the presence of surface-
enriched vanadium species, mixed-phase ZrO., enhanced
visible-light absorption, and a narrowed band gap (~2.2
eV), all of which contribute to improved photocatalytic
performance. Systematic optimization revealed that the
highest degradation efficiency was achieved at pH 12, 0.3
g catalyst dose, 10 ppm MG concentration, 45 min
irradiation, and 60 °C, resulting in up to 95-97% dye
removal.

Kinetic modeling showed that the degradation process
is best described by the pseudo-second-order model (R2 =
0.9645), further supported by the Langmuir—Hinshelwood
fit (R? = 0.99), indicating that the reaction is primarily
governed by surface-mediated interactions and
adsorption-driven mechanisms.
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Temperature-dependent studies yielded activation
energies of 12.9 kJ-mol™ (PFO) and 30.6 kJ-mol™ (PSO),
reflecting the energetically favorable and efficient nature
of the photocatalytic process. Mechanistic evaluation
confirmed that the degradation of MG proceeds
predominantly through an indirect oxidation pathway
involving reactive oxygen species (*OH and O:)
generated at vanadium-ZrO- interfaces. These findings
establish V-ZrO: as a promising, efficient, and visible-
light-responsive photocatalyst for dye-contaminated
wastewater treatment. Further studies on catalyst
recyclability, stability, and mineralization are
recommended to support large-scale environmental
applications.
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