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Abstract

Sm**-modified ZnWO4YVO. ternary heterostructure was developed as a reusable
photocatalyst for photocatalytic treatment of chemically diverse aquatic contaminants, Crystal
Violet (CV) and sulfamethoxazole (SMX). The novelty lies in integrating a ZnWO4/YVO4
heterointerface with Sm*" modification, thereby combining interfacial charge separation with
dopant-induced electronic/defect regulation, while demonstrating applicability to both dye and
pharmaceutical pollutants. XRD, Raman, XPS, SEM, TEM/HRTEM, SAED and AFM
confirmed the coexistence and crystalline integrity of monoclinic ZnWO. and tetragonal
YVO., successful Sm incorporation, and transformation toward finer, elongated
nanostructures. The crystallite size was reduced to approximately 20 nm upon Sm**
modification, as estimated from the XRD data using the Debye—Scherrer equation. UV-Vis
analysis showed a reduction in effective optical band gap from 3.05 to 2.87 eV with a red-
shifted absorption edge from 406 to 432 nm. TRPL lifetime increased from 3.12 to 5.78 ms,
while EIS revealed a marked reduction in charge-transfer resistance to 260 €2, supporting
improved carrier separation and migration. Under irradiation, Sm*/ZnWO4/YVOa achieved
93% CV and 97% SMX degradation within 90 min, compared with 78% and 58%, respectively,
for unmodified ZnWO4/YVOa. The processes followed pseudo-first-order kinetics with R?
values 0f 0.992 for CV and 0.981 for SMX. Optimal conditions were 20 mg/L catalyst dosage,
pH 3 for CV and pH 5 for SMX. The catalyst retained 87% CV and 89% SMX removal after
seven cycles. Enhanced activity is attributed to Sm?*-assisted charge transfer, reduced
recombination, and ROS generation, highlighting potential for reusable wastewater
remediation. The findings establish a structure property performance relationship for efficient

contaminant removal and practical real-world application.
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1. Introduction

The rapid growth of pharmaceutical, textile, dyeing, and chemical industries has resulted in the
continuous discharge of persistent organic contaminants into aquatic environments'. Among
these pollutants, synthetic dyes and pharmaceutical residues are of particular concern because
of their chemical stability, high water solubility, biological activity, and resistance to
conventional ~wastewater-treatment processes®. Crystal Violet (CV) is a cationic
triphenylmethane dye extensively used in textile, printing, biological staining, and related
industrial applications®. Its release into water is undesirable because of its persistence and
reported toxicological effects. CV possesses an extended conjugated aromatic structure and a
strong visible-light absorption band, which makes its removal from contaminated water
particularly important*. Photocatalytic oxidation has consequently received considerable
attention as an advanced treatment process because photogenerated charge carriers can
generate highly reactive species capable of attacking the conjugated chromophore and
progressively converting the dye into smaller molecular products’. Previous investigations
have demonstrated that CV degradation can involve hydroxyl radicals, superoxide species,
singlet oxygen, and photogenerated holes, with the relative contribution depending strongly on
the photocatalyst and reaction conditions®. In parallel with dye pollution, the occurrence of
sulfamethoxazole (SMX), a widely used sulfonamide antibiotic, has become an important
environmental concern. SMX is frequently detected in wastewater and aquatic environments
because conventional biological and physicochemical treatment processes do not always
achieve complete removal’. Its continuous introduction into water systems is particularly

problematic because residual antibiotics and their transformation products may contribute to



the development and dissemination of antimicrobial resistance®. Recent reviews have identified
SMX as one of the frequently encountered pharmaceutical contaminants and have highlighted
heterogeneous photocatalysis as a promising approach for its removal because semiconductor-
generated reactive oxygen species can attack chemically stable functional groups within the
SMX molecule’. Importantly, removal of the parent SMX molecule does not necessarily imply
complete detoxification or mineralization, since several transformation products can remain in
the treated solution!®. Consequently, the development of photocatalysts capable of both rapid
pollutant removal and extensive oxidative transformation is still necessary. Photocatalytic
degradation is fundamentally governed by the generation, separation, migration, and interfacial
utilization of photogenerated electrons and holes!!. Upon irradiation with photons having
energy equal to or greater than the semiconductor band gap, electrons are promoted from the
valence band (VB) to the conduction band (CB), leaving positively charged holes in the VB.
Efficient photocatalysis therefore requires suppression of electron—hole recombination and
effective transfer of the charge carriers to surface reaction sites'?. The photogenerated holes
can oxidize adsorbed water or hydroxyl groups to produce *OH, while conduction-band
electrons can reduce dissolved oxygen to generate *O:", followed by other reactive oxygen
species depending on the redox potentials and solution conditions'>. These highly reactive
species can attack aromatic rings, heteroatoms, conjugated bonds, and other susceptible
functional groups in organic pollutants. For CV, reported transformation routes include N-
demethylation, hydroxylation, cleavage of the conjugated triphenylmethane structure, removal
of aromatic groups, and subsequent ring-opening reactions'*. For SMX, reported photocatalytic
pathways include hydroxylation, isomerization, S-N bond cleavage, fragmentation, and
opening of the isoxazole ring. The development of heterostructure and doped semiconductor
photocatalysts provides an effective strategy for addressing the limitations of individual
photocatalysts'>. Combining two semiconductors with suitable electronic structures can
promote interfacial charge separation, extend the optical response, increase the number of
surface-active sites, and facilitate directional migration of photogenerated charge carriers'®.
Tungstate-based semiconductors are particularly attractive because the W—O framework can
participate in photoinduced redox processes, while their electronic structure can be modified
through compositional engineering and heterojunction formation. ZnWOs is a structurally
stable metal tungstate with a monoclinic wolframite-type structure and has been investigated
as a photocatalytic semiconductor!’. Nevertheless, like many single-component photocatalysts,
its practical photocatalytic efficiency can be restricted by rapid recombination of

photogenerated charge carriers and limited utilization of the solar spectrum'®. The formation



of semiconductor heterostructures has therefore been explored to improve charge separation
and photocatalytic activity; for example, ZnWOas-based heterostructures have been
demonstrated to modify light absorption and improve photocatalytic performance compared
with the individual component'®. YVO. provides an attractive complementary oxide
component for constructing a ZnWOQas-based heterostructure. YVOas possesses a tetragonal
zircon-type structure containing VO.*~ tetrahedral units and exhibits characteristic electronic
and optical properties arising from the V-O framework?’. Coupling YVOa with ZnWOa. can
provide an interfacial pathway for photogenerated charge transfer and may facilitate spatial
separation of electrons and holes?!. The intimate contact between the two semiconductor phases
can consequently reduce bulk charge recombination and increase the probability that charge
carriers participate in surface redox reactions. Incorporation of a rare-earth dopant such as Sm**
provides an additional route for tuning the electronic and defect structure of the composite.
Sm?** incorporation can modify the local lattice environment, introduce charge-compensation
defects, and influence charge-carrier trapping and migration®”. Studies of Sm*'-modified
tungsten-oxide systems demonstrate that rare-earth incorporation can alter the structural and
optical characteristics of the host lattice, providing a basis for using Sm*" as a
structural/electronic modifier rather than simply as an additional component®. The
incorporation of Sm?*" into ZnWO4/YVOs is therefore expected to provide a synergistic
combination of heterojunction formation and dopant-induced electronic modification®*. A
possible photocatalytic process can be described as follows: under irradiation, ZnWOa4 and
Y VOus absorb photons and generate electron—hole pairs; interfacial charge migration between
the two semiconductor phases promotes charge separation, while Sm**-associated defect states
may act as charge-trapping or transfer sites. The resulting electrons can interact with dissolved
O: to produce superoxide-related species, whereas photogenerated holes can oxidize surface

H>O/OH to produce hydroxyl radicals.

Accordingly, the present study investigates the synthesis, structural, morphological, optical,
and photocatalytic properties of Sm*/ZnWO4/Y VOa and evaluates its performance toward the
degradation of Crystal Violet (CV) and sulfamethoxazole (SMX) under light irradiation. The
novelty of this work lies in the development of a Sm*"-modified ZnWO4/YVOs ternary
heterostructure that combines the advantages of heterojunction formation with rare-earth-ion
modification to improve light utilization, charge separation, and photocatalytic efficiency. The
integration of ZnWO4 and YVOs is expected to facilitate interfacial charge transfer and

suppress the recombination of photogenerated electron—hole pairs, while Sm*" incorporation



can modify the local electronic structure and defect environment of the composite. The use of
two chemically distinct pollutants, namely the cationic triphenylmethane dye CV and the
sulfonamide antibiotic SMX, further demonstrates the potential versatility of the developed
photocatalyst toward different classes of emerging contaminants. The study further evaluates
the photocatalytic kinetics, influence of operational parameters, reactive species involved in
the degradation process, and catalyst reusability to establish the structure—property—
performance relationship of the Sm*/ZnWOQO4/YVOs heterostructure. To the best of our
knowledge, limited studies have systematically investigated Sm**-modified ZnWO4/Y VOs for

the simultaneous photocatalytic treatment of dye and pharmaceutical contaminants.
2. Materials and Methods
Materials

Zinc nitrate hexahydrate (Zn(NOs)2:6H20), sodium tungstate dihydrate (Na:WOa:2H20),
yttrium nitrate hexahydrate (Y(NOs);-6H20), ammonium metavanadate (NH4VOs), and
samarium nitrate hexahydrate (Sm(NOs)s-6H20) were employed as the precursor materials for
the synthesis of the Sm*"-modified ZnWO4/Y VOs ternary heterostructure. Crystal Violet (CV;
C25H30CIN;) and sulfamethoxazole (SMX; CioH1:1N30s:S) were selected as representative model
pollutants for evaluating the photocatalytic degradation performance of the synthesized

materials.
Hydrothermal Synthesis of Sm*-Modified ZnWO4/YVOs

Sm?**-modified ZnWO4/YVOs ternary heterostructure was synthesized through a hydrothermal
route using zinc nitrate hexahydrate (Zn(NOs):-6H20), sodium tungstate dihydrate
(Na:WO4:2H20), yttrium nitrate hexahydrate (Y(NOs);-6H20), ammonium metavanadate
(NH4VOs3), and samarium nitrate hexahydrate (Sm(NOs);-6H:20) as the respective Zn, W, Y,
V, and Sm precursors. Zn(NOs).:6H20 and Na:WOa4:2H.O were separately dissolved in
deionized water to maintain a 1:1 molar ratio of Zn*:WO4*". Similarly, Y(NOs)s-6H20 and
NH4VOs were separately dissolved to obtain a 1:1 molar ratio of Y?**:VO4*". The precursor
solutions were stirred individually until homogeneous and subsequently mixed under
continuous magnetic stirring. Sm(NOs);-6H-O was then added to the mixed ZnWO4+/YVO4
precursor suspension to introduce the desired Sm** modification. The resulting mixture was
continuously stirred to ensure homogeneous distribution of the constituent ions. The obtained
precursor suspension was transferred into a Teflon-lined stainless-steel autoclave at 200 °C for

the selected reaction duration. After completion of the hydrothermal reaction, the autoclave



was allowed to cool naturally to room temperature. The resulting precipitate was separated by
centrifugation at 8000 rpm, followed by repeated washing with deionized water and ethanol to
remove residual soluble species and impurities. The washed product was subsequently dried at

the selected temperature to obtain the Sm**-modified ZnWO4/Y VOus ternary heterostructure.

3. Characterization

The crystal structure of the prepared heterostructure was investigated using an X-ray
diffractometer (XRD, Rigaku MiniFlex 600, Japan) with Cu Ka radiation (A = 1.5406 A). The
surface morphology of the heterostructure was examined using a field-emission scanning
electron microscope (FESEM, JEOL JSM-7610F, Japan). The nanostructure, lattice fringes,
and interfacial characteristics were further investigated using a transmission electron
microscope (TEM, JEOL JEM-2100, Japan) and a high-resolution transmission electron
microscope (HRTEM, FEI Tecnai G2 F20, USA), equipped with selected-area electron
diffraction (SAED). The elemental composition and spatial distribution of the constituent
elements were analyzed using an energy-dispersive X-ray spectroscopy (EDX/EDS) detector
coupled with the TEM/SEM system (Oxford Instruments X-Max, UK), along with elemental
mapping analysis. The surface chemical composition, oxidation states, and chemical bonding
characteristics of the heterostructure were investigated using X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, USA). The structural bonding and vibrational properties
were analyzed using a Raman spectrometer (HORIBA LabRAM HR Evolution). The surface
roughness and topographical features were characterized using an atomic force microscope
(AFM, Bruker Dimension Icon, USA). The specific surface area, pore volume, and pore-size
distribution of the heterostructure were determined using a Brunauer—Emmett—Teller (BET)
surface-area analyzer (Micromeritics ASAP 2020, USA). The optical absorption characteristics
and band-gap energy of the heterostructure were evaluated using a UV—Visible diffuse
reflectance spectrophotometer (UV—Vis DRS, Shimadzu UV-2600, Japan). A UV—Visible
spectrophotometer (Shimadzu UV-1800, Japan) was employed to monitor the photocatalytic
degradation of the dye. The mineralization efficiency of the degraded dye solution was further
evaluated by measuring the total organic carbon (TOC) using a TOC analyzer (Shimadzu TOC-
L, Japan).

4. Results and discussions

4.1 X-ray diffraction analysis



The crystalline structures and phase composition of the synthesized ZnWO4/YVO.
heterostructure and Sm-modified ZnWO./Y VOa4 were investigated by powder X-ray diffraction
(XRD), and the corresponding patterns are presented in Fig. 1 (a,b). The diffraction profiles
demonstrate the coexistence of crystalline ZnWO. and Y VOas phases, indicating the successful
formation of the heterostructured material. For the ZnWO./Y VOa heterostructure Fig. 1(a), the
diffraction reflections originating from ZnWOa can be indexed to the monoclinic wolframite-
type structure of ZnWO., which is consistent with JCPDS No. 15-0774. Literature reports
assign the characteristic ZnWOu4 reflections at approximately 15.3°, 18.7°, 23.7°, 24.3°, 30.4°,
31.1°,36.2°,40.9°,44.2°,45.8°,49.9° and 51.5° to the corresponding ZnWOs crystallographic
planes®. In particular, the reflection near 30.4° arises from closely spaced (111) and (—111)
planes, while the reflection around 36.2° can contain contributions from the (021)/(002) planes.
Similarly, the reflection near 41° may contain contributions from the (121)/(—121) planes.
These closely spaced reflections are characteristic of monoclinic ZnWOQOa4. The YVOa
component exhibits the characteristic diffraction pattern of tetragonal zircon-type YVOs, in
agreement with JCPDS No. 17-0341. Reported YVOa patterns show characteristic reflections
including (200), (112), (312), and (400), with the (200) reflection occurring at approximately
25° and the (112) reflection near 33—34°. The preservation of these reflections in the composite
confirms the presence of crystalline YVO4?°. The simultaneous observation of reflections
attributable to both monoclinic ZnWOs and tetragonal YVOs, without the appearance of
obvious additional impurity reflections, provides evidence for the formation of the

ZnWO04/Y VOs heterostructure.

For the Sm-modified ZnWO4/YVOs4 sample Fig. 1(b), the principal diffraction reflections of
both ZnWOs4 and YVOs are retained. This indicates that Sm modification does not destroy the
fundamental crystal structures of the ZnWOa4 and Y VO4 components. The absence of additional
crystalline Sm-containing reflections suggests that no detectable crystalline Sm-containing
secondary phase was formed under the present conditions. Compared with the unmodified
ZnWO04/YVOs sample, the Sm-modified material may exhibit slight peak broadening and a
decrease in relative diffraction intensity. Such changes can be associated with reduced
crystallite size, lattice distortion, defect formation, and microstrain generated during Sm
incorporation or surface modification. Similar changes in diffraction peak width and intensity
have been reported for modified ZnWOa4 systems, where changes in crystallinity and lattice
strain affect the XRD profile. The average crystallite size of the synthesized photocatalysts was

estimated using the Debye—Scherrer equation 1:



D= kA (1)

- BcosO

where D is the average crystallite size, k is the Scherrer constant (0.9), A is the wavelength of
the incident Cu Ka radiation (0.15406 nm), B is the full width at half maximum (FWHM) of
the selected diffraction peak in radians, and @ is the corresponding Bragg angle. The calculated
average crystallite size was approximately 28 nm for ZnWO4/YVOa, whereas the crystallite
size decreased to approximately 20 nm for Sm-modified ZnWOs/YVQOa. The reduction in
crystallite size following Sm modification may be attributed to the influence of Sm ions on the
nucleation and crystal-growth processes. The incorporation or surface modification by Sm can
inhibit the growth and aggregation of ZnWO./Y VO crystallites, resulting in smaller crystalline
domains. The reduced crystallite size may also be accompanied by increased lattice disorder
and microstrain, as reflected by the broadening of the XRD reflections. The decrease in
crystallite size from 28 to 20 nm is potentially beneficial for photocatalytic activity because
smaller crystallites provide a larger fraction of surface atoms and can increase the accessible

surface area and shorten the migration distance of photogenerated charge carriers.
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Figure 1. XRD patterns of (a) ZnWO4/YVOs and (b) Sm-modified ZnWO4/YVO4

heterostructures. The diffraction reflections are indexed according to monoclinic ZnWQOs4



(JCPDS No. 15-0774) and tetragonal YVO. (JCPDS No. 17-0341). The vertical reference lines

indicate the corresponding standard diffraction positions.
4.2 SEM Morphological and Elemental Analysis

The morphological and elemental characteristics of the as-prepared ZnWO4/YVOa
heterostructure and Sm-modified composite are presented in Fig. 2. The ZnWO4/YVO4
heterostructure Fig. 2(a) exhibits an elongated rod-like morphology with relatively compact
aggregation of particles. The rods display a non-uniform size distribution and variations in
morphology at the particle level. The corresponding EDX analysis and elemental mapping Fig.
2(b) confirm the presence of Zn, W, Y, V, and O, which are the constituent elements of the
ZnWO./Y VOa heterostructure?’. The spatial distributions of Zn and W are associated with the
ZnWO:s phase, whereas Y and V correspond to the YVOas phase. The relatively homogeneous
distribution of these elements throughout the analyzed region indicates the successful
formation of the heterostructure. The average particle size calculated using ImageJ software

was approximately 25 nm for the ZnWO4/Y VO. heterostructure Fig. 2(c).

In comparison, the morphology of the Sm-modified ZnWO4/YVO. composite is considerably
altered. As shown in Fig. 2(d), the Sm-modified sample exhibits highly elongated and thinner
rod/wire-like structures. This morphological transformation suggests that the incorporation of
Sm?** ions influence the nucleation and crystal-growth processes during composite formation.
Sm?* ions may interact with hydroxyl groups and oxygen-containing species during synthesis
and can modify the surface energies and relative growth rates of different crystallographic
planes. The morphological transformation may be associated with Sm**-induced changes in
nucleation and crystal-growth kinetics. In addition, the different ionic radius, charge density,
and coordination characteristics of Sm** compared with the constituent cations may contribute
to the modification of the crystal-growth process. The EDX spectrum and elemental mapping
of the Sm-modified ZnWO4/YVOs composite Fig. 2(e) confirm the presence of Zn, W, Y, V,
O, and Sm, demonstrating the incorporation of samarium into the composite. The Sm elemental
map shows a relatively homogeneous distribution throughout the analyzed region, while Zn,
W, Y, V, and O are also distributed across the rod-like particles. The corresponding overlay
image further demonstrates the spatial coexistence of these elements within the composite,
supporting the formation of the Sm-modified heterostructure?®. The average particle size
calculated from the SEM images using ImagelJ software was approximately 20 nm for the Sm-

modified ZnWOs/YVO:s composite, which is slightly smaller than that of the pristine



Number of counts

ZnWO4/YVOs heterostructure Fig. 2(f). The decrease in average particle size following Sm**
incorporation may be associated with the influence of Sm** ions on the nucleation and crystal-
growth processes, which can suppress particle growth and promote the formation of finer
structures. The incorporation of Sm** may also influence the electronic structure and charge-
transfer behavior of the composite by introducing additional defect or localized electronic
states®. These states may act as electron-trapping sites, potentially suppressing electron—hole
recombination and improving the availability of charge carriers for photocatalytic reactions.
Therefore, the incorporation of Sm*" may influence both the morphological evolution and
charge-transfer properties of the ZnWO4/Y VOs heterostructure, potentially contributing to its

enhanced photocatalytic performance.
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Figure 2. SEM morphological and elemental characterization of ZnWO4/YVOs and Sm-
modified ZnWO4/YVO. composites: (a) SEM image of ZnWO4/YVOs, (b) EDX spectrum and
elemental mapping, (c) ImageJ-based particle-size distribution, (d) SEM image of Sm-
modified ZnWO4/YVOs, (e) EDX spectrum and elemental mapping of the Sm-modified

composite (f) ImageJ-based particle-size distribution.
4.3 TEM Analysis

The transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and selected-
area electron diffraction (SAED) characteristics of the ZnWO4/Y VOs heterostructure and Sm-
modified ZnWO4/YVOa composite are presented in Fig. 3. For ZnWO4/Y VO heterostructure,
the low-magnification TEM image in Fig. 3(a) reveals the formation of well-defined elongated
rod-like structures with relatively uniform contrast and some degree of aggregation. The
observed anisotropic morphology is consistent with the rod-like morphology identified from
the SEM analysis*®. The coexistence of elongated structures and smaller attached particles
suggests intimate contact between the constituent ZnWQO4 and Y VO. phases, which is favorable
for interfacial charge transfer in the heterostructure. The corresponding HRTEM image in Fig.
3(b) provides direct evidence of the crystalline nature of the ZnWO./YVOa heterostructure.
Well-resolved and regularly spaced lattice fringes can be clearly observed within the rod-like
structures, confirming the high degree of crystallinity of the synthesized material®'. The
measured interplanar spacings of approximately 0.221, 0.167, and 0.114 nm are associated with
the selected crystalline planes indicated in the HRTEM image. The SAED pattern of
ZnWO4/YVOs4 in Fig. 3(c) exhibits a series of concentric diffraction rings composed of

numerous bright diffraction spots. This ring-type diffraction pattern confirms the

40




polycrystalline nature of the material. The diffraction rings can be indexed to the (010), (101),
(111), and (112) planes, consistent with the crystalline phases identified by XRD. The presence
of multiple well-defined rings further confirms that the rod-like structures observed by TEM

are composed of crystalline domains rather than amorphous material.

In contrast, the Sm-modified ZnWO./YVOQO4 composite exhibits a noticeable morphological
transformation, as shown in Fig. 3(d). The TEM image reveals the formation of highly
elongated, thinner rod/wire-like structures with a more pronounced anisotropic morphology
compared with the pristine ZnWO./Y VOa sample. This observation agrees well with the SEM
results and indicates that Sm modification influences the nucleation and subsequent crystal-
growth process. The formation of thinner and more elongated structures may result from the
interaction of Sm** species with the growing ZnWO.4/Y VOs crystallites, which can alter surface
energies and preferential growth along specific crystallographic directions. The HRTEM image
of the Sm-modified composite in Fig. 3(e) shows clear, continuous lattice fringes,
demonstrating that the Sm modification preserves the crystalline nature of the ZnWO4/YVOa4
framework. The enlarged inset provides additional evidence of the ordered lattice structure.
The well-defined fringes indicate that the incorporation of Sm does not destroy the crystallinity
of the heterostructure, in agreement with the XRD results. At the same time, slight lattice
imperfections or local distortions may be introduced by Sm modification, which is consistent
with the peak broadening and reduced crystallite size observed in the XRD analysis. The SAED
pattern of the Sm-modified ZnWO4/YVO4 composite in Fig. 3(f) also displays distinct
concentric diffraction rings with bright spots, confirming its polycrystalline crystalline
structure®”. The observed rings are indexed to the (010), (101), (111), and (112) planes. The
persistence of these diffraction rings after Sm modification demonstrates that the fundamental
crystalline structure of the ZnWO4/YVO. heterostructure is maintained. Therefore, the
TEM/HRTEM/SAED observations collectively confirm that Sm modification induces a
morphological transformation toward thinner elongated structures while retaining the
crystalline character of the ZnWOQO4/YVOs heterostructure. The particle sizes estimated from
the TEM images using Imagel] were approximately 29 nm for ZnWO4/YVOs and 20 nm for
Sm-modified ZnWO4/YVOQOa, which are closely consistent with the corresponding XRD
crystallite sizes of 28 and 20 nm, respectively. The small difference observed for the pristine
ZnWO4/YVOs sample can be attributed to the distinction between particle size measured
directly from TEM and crystallite size estimated from XRD. The close agreement between the

two techniques confirms the nanoscale crystalline nature of the synthesized composites.
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Figure 3. TEM and HRTEM analyses of the ZnWO4/YVO. and Sm-modified ZnWO4/YVO4
composites: (a) low-magnification TEM image of ZnWO4/YVOs, (b) HRTEM image showing
lattice fringes, (c) corresponding SAED pattern indexed to the selected crystallographic planes,



(d) low-magnification TEM image of Sm-modified ZnWO4/YVOs, (¢) HRTEM image with
enlarged lattice-fringe inset, and (f) corresponding SAED pattern of the Sm-modified

composite.
4.4 AFM morphological analysis

The surface morphology and three-dimensional topographical characteristics of the prepared
ZnWO04/YVO4 and Sm-modified ZnWO4/YVO4 samples were investigated by atomic force
microscopy (AFM), as shown in Fig. 4(a,b). The corresponding 2D AFM height images and
3D surface-rendered images provide information about the particle distribution, surface
texture, and height variation across a 2 X 2 um? scanned area. Fig. 4(a) represents the
ZnWO4/YVOs heterostructure. The AFM image reveals a relatively compact surface composed
of elongated rod-like/irregularly elongated features with noticeable aggregation. The 3D
topographical image confirms pronounced height variations across the surface, indicating that
the rod-like particles are distributed at different vertical levels. The height scale extends to
approximately 120 nm, demonstrating a relatively rough and heterogeneous surface
morphology. This topographical feature is consistent with the rod-like morphology observed
from SEM and TEM. Fig. 4(b) corresponds to the Sm-modified ZnWO4/YVOs composite®. A
more pronounced elongated wire/rod-like surface structure can be observed, with numerous
thinner features distributed across the scanned region. Compared with the ZnWO4/YVO4
sample, the Sm-modified material exhibits a more interconnected and finely structured surface
morphology. The corresponding 3D AFM image further demonstrates the distribution of these
elongated structures over the substrate, with a maximum height of approximately 100 nm
according to the displayed height scale®*. The altered surface topography can be associated
with the influence of Sm** incorporation on nucleation and crystal-growth processes. Overall,
the AFM observations support the SEM and TEM results, demonstrating that Sm?3*
modification induces a morphological transformation toward finer, more elongated structures.
Such surface modification can increase the accessible surface area and expose additional active

sites, which may be beneficial for photocatalytic reactions.
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Figure 4. AFM surface morphology and three-dimensional topographical images of (a)
ZnWO04/YVOs4 and (b) Sm-modified ZnWO4/Y VOs heterostructures.

4.5 BET surface area and N: adsorption—desorption analysis

The N: adsorption—desorption isotherms of ZnWO4/YVOs and Sm-ZnWO4/YVOs are
presented in Fig. 5. Both samples exhibit a characteristic Type III adsorption isotherm,
accompanied by a distinct hysteresis between the adsorption and desorption branches,
indicating the presence of textural porosity and capillary condensation within the aggregated
structures. The adsorption amount increases progressively with increasing relative pressure
(P/Po), with a more pronounced increase in the higher-pressure region, suggesting weak
adsorbate—adsorbent interactions and the contribution of interparticle voids. The ZnWO4/YVO4
sample exhibited a specific surface area of approximately 34 m? g~!, whereas the Sm**-modified
ZnWO4/YVOs exhibited a specific surface area of approximately 26 m* g™'. The decrease in
particle size after Sm modification can provide a larger number of exposed surface sites and

interparticle voids, which is favorable for adsorption of pollutant molecules and photocatalytic



reactions®. The comparatively higher N> uptake of the Sm-modified sample further suggests
an increase in accessible surface area/textural porosity. Thus, Sm modification effectively

alters the surface texture of ZnWO4/YVOs and can contribute to its enhanced photocatalytic

performance.
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Figure 5. N: adsorption—desorption isotherms of ZnWO+/YVO: and Sm—ZnWO+/YVO.

exhibiting Type III isotherm characteristics.
4.6 FTIR analysis of ZnWO0.4/YVOs and Sm-modified ZnWO4+/YVO4

The FTIR spectra of ZnWO./YVO4 and Sm**-modified ZnWO4/Y VOas can be interpreted based
on the characteristic vibrational modes of the tungstate, vanadate, hydroxyl, and adsorbed-
water groups given in Fig 6. The broad absorption band appearing around 3200-3500 cm™* can
be assigned to the stretching vibration of surface O—H groups, mainly associated with adsorbed
moisture. The band near ~1600—-1650 cm™ corresponds to the bending vibration of molecular
H-O-H from surface-adsorbed water?’. These bands are commonly observed in metal-oxide
photocatalysts. In the lower-wavenumber region, the bands between approximately 400 and
900 cm™ are characteristic of the metal-oxygen framework. For ZnWOs., vibrations in this

region are associated with W—O stretching/bending, Zn—O vibrations and Zn—O-W linkages,



while the WOs/ZnOs octahedral units contribute strongly to the fingerprint region*®. ZnWOa
spectra show characteristic features around ~470-600, ~700-830 and ~870 cm™.
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Figure 6. FTIR spectra of ZnWO4/YVOs and Sm-modified ZnWO4/YVO. showing

characteristic O-H, H-O—H and metal-oxygen vibrational modes.

4.7 XPS analysis

X-ray photoelectron spectroscopy (XPS) was employed to investigate the elemental
composition and chemical states of the Sm**-modified ZnWO4/Y VOs heterostructure Figure 7.
The survey spectrum confirms the presence of Zn, W, Y, V, O and Sm, together with a weak
C 1s signal originating mainly from adventitious surface carbon. The high-resolution Zn 2p
spectrum displays two characteristic peaks at approximately 1021.7 and 1044.6 eV,
corresponding to Zn 2ps/> and Zn 2pi/2, respectively, confirming the presence of Zn?*" in the
ZnWO4 component. The W 4f spectrum exhibits two prominent contributions at approximately
34.2 and 36.4 eV, assigned to W 4f5/> and W 4£s/2, respectively, characteristic of W 37, The V
2p spectrum shows peaks at approximately 516.1 and 523.6 eV, corresponding to V 2ps/> and
V 2pi/2, indicating the presence of V" in YVOa. The Y 3d region presents the characteristic
spin—orbit doublet at approximately 156.8 and 158.7 eV, assigned to Y 3ds/> and Y 3ds/2,
respectively, consistent with Y38, Importantly, the Sm 3d spectrum confirms the incorporation

of Sm species into the heterostructure, with the characteristic Sm 3d doublet and associated



satellite features. The O 1s spectrum can be deconvoluted into three components, attributed to
lattice oxygen (O*"), oxygen associated with surface defects/oxygen vacancies, and surface-
adsorbed oxygen or hydroxyl species®®. The presence of these surface oxygen species may
provide additional active sites for adsorption and reactive oxygen species generation during
photocatalysis. The C 1s spectrum consists mainly of the C—C/C=C component at
approximately 284.8 eV, together with higher-binding-energy contributions associated with C—
O and O—C=0 species. Overall, the XPS results confirm the successful coexistence of Zn, W,
Y, V, O and Sm in the Sm**-modified ZnWO4/Y VO. heterostructure and support the formation
of the chemically integrated heterostructure. The presence of Sm species and surface oxygen-
defect-related components may contribute to enhanced interfacial charge transfer and improved

photocatalytic activity toward SMX degradation.

(a) Survey ols (b) Zn 2p (ZnWO,/YVO ;:Sm3*)
Zn 2p3);
1021.4 eV
= e Cls W 4f Z0.2p,;;
3 O Auger / I k= 1044.5 eV ey
) S 4
2 | Sm**-ZaWO,/YVO, = >
g ————-'k___,%—“l_h_‘_“_‘_“‘ E’ 5
= [Yvo, E E
1200 1000 800 600 400 200 o 1050 1045 1040 1030 1033 1030 1036 1015 40 37 36 34 32
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) Y 3d (ZaWO,/YVO,:Sm**) (€) V2p (ZaWO,/YVO,:Sm™*) = () O 1s (ZnWO,/YVO,:Sm3*)
P32
Y 3ds/ .

Y 3dy R 516.0 eV

X 159.6 v
161.8ev 4 %

V2pi
523.1eV

prasy Surface adsorbed O
532.8 eV

Intensity (a.u.)
3 Intensity (a.u.)
Intensity (a.u.)

T T T T T
166 164 162 100 159 158 154 524 522 500 516 516 514 5;(, 5;4 5;2 5;;0 553
Binding energy (eV) Binding energy (eV) Binding energy (eV)
.Sm3+ Sm3+
(g) Sm 3d (ZaWO,/YVO,:Sm3*) Sm 3dss (h) Ci1s (ZnWO,/YVO4:Sm**) ciC/c=C
- Sm 3dy,, 1083.9 eV -~ 284.8 eV
=
; 1124.7 eV &
|  sm3dy, Sm 3ds, z g
'z (Satellite) (Satellite) K] 0-C=0
o y L
E Q E 288.9 eY 2
el 2 7
T T T T T T T T
1140 1120 1000 1080 292 290 286 284 284 282
Binding energy (eV) Binding energy (eV)

Figure 7. XPS survey and high-resolution deconvoluted spectra of the Sm?*'-modified
ZnWO4/YVOs heterostructure: (a) survey spectrum, (b) Zn 2p, (¢c) W 4f, (d) V 2p, (e) Y 3d, (f)
Sm 3d, (g) O 1s, and (h) C 1s.



4.8 Raman Spectroscopic Analysis

The Raman spectra of pristine YVOas, ZnWOs4, and the Sm*/ZnWO4/YVO4 composite were
recorded in the range of 100—1000 cm™ to investigate the vibrational characteristics and
structural integrity of the constituent phases. As shown in Fig. 8, both the individual materials
and the composite exhibit distinct Raman-active vibrational bands, confirming the presence of
the characteristic metal-oxygen and polyatomic anion vibrations associated with YVOa and
ZnWOQ.. For YV O, prominent Raman bands are observed at approximately 145, 398, and 867
cm'. The bands in the lower- and intermediate-frequency regions can be associated mainly
with lattice vibrations and bending modes of the VO4*" units, whereas the strong high-
frequency band around 867 cm™' is characteristic of the stretching vibration of the VO4*~
tetrahedral group*’. These vibrational features are consistent with the tetragonal zircon-type
structure of YVOas. The Raman spectrum of ZnWOs exhibits characteristic bands, with a
prominent feature around 332 cm™ and another strong band near 707 cm™. The lower-
frequency modes are related predominantly to lattice vibrations involving Zn—O/W-O
framework motions, while the high-frequency band around 707 cm™ is associated with
vibrations of the WOs octahedral units, particularly W—O stretching*!. The presence of these
characteristic modes confirms the formation of the ZnWOa phase. The Sm**/ZnWO4/YVO4
composite retains the characteristic vibrational signatures of both ZnWOQO4 and YVOs, with
bands located near 145, 332, 398, 707, and 867 cm™'. The simultaneous observation of these
modes provides evidence for the coexistence of the two oxide phases within the composite.
Compared with the corresponding pristine materials, slight changes in Raman-band intensity
and/or position may arise from interfacial interactions between ZnWO4 and YVOs and from
the incorporation of Sm** ions into the composite lattice*>. Such changes can be attributed to
local structural distortion, modified metal-oxygen bonding environments, and changes in
lattice symmetry induced by Sm** incorporation. Importantly, no additional intense Raman
bands attributable to an unwanted crystalline impurity phase are evident in the composite
spectrum. Therefore, the Raman results support the successful formation of the
Sm*/ZnWO4/Y VOs heterostructure and are consistent with the structural information obtained

from XRD analysis.
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Figure 8. Raman spectroscopic analysis of YVOis, ZnWOs, and Sm**/ZnWO4/YVOa

heterostructure showing the characteristic vibrational modes of the constituent phases.

4.9 Photoluminescence analysis

The photoluminescence spectra of ZnWO4/YVO4 and Sm**-modified ZnWO4+/YVOs are
presented in Fig. 9. ZnWO./YVOs exhibits a broad blue emission centered at approximately
460 nm, which can be associated with the intrinsic emission of the ZnWO. host and
defect/charge-transfer states involving the WOs octahedral units. Following Sm?**
incorporation, additional sharp emission bands appear at approximately 569, 612 and 653 nm.
These emissions are assigned to the characteristic *“Gs/> — “Hs/2, *“Gs/> — °H/> and *Gs/> —
SHo/ transitions of Sm**, respectively*’. The emergence of these characteristic Sm** emissions
confirm the successful incorporation of optically active Sm?** centers into the ZnWO4/Y VOs
host Fig. 9(a). The modification of the host PL intensity after Sm*" incorporation is also
indicative of changes in the radiative recombination pathways and local electronic structure of

the heterostructure.

The excitation spectra of ZnWO4/YVO. and Sm*"-modified ZnWO4/Y VOa4 were recorded by
monitoring the emission at 612 nm, corresponding to the characteristic *Gs/> — °H/> transition

of Sm** Fig 9. (b). The ZnWO4/YVOa heterostructure exhibits a broad excitation band in the



near-UV region, which can be attributed mainly to excitation of the host lattice and charge-
transfer processes associated with the metal-oxygen framework*. In comparison, the Sm?*-
modified sample exhibits enhanced and more structured excitation features in the UV region,
arising from the characteristic 4f—4f transitions of Sm*" ions. The efficient excitation of Sm**
centers followed by population of the “Gs/> excited level gives rise to the characteristic visible
emissions at approximately 569, 612 and 653 nm. These results confirm the optical activation
of Sm*" centers within the ZnWO./YVOs host and indicate effective interaction between the
host lattice and Sm** ions. The CIE 1931 chromaticity diagram was employed to evaluate the
emission color characteristics of the ZnWO4/YVO4 and Sm**-modified ZnWO./YVOa4 samples.
The ZnWO4/YVO. sample exhibits a chromaticity coordinate of approximately (x, y) = (0.32,
0.14), corresponding to the blue-violet region and consistent with the dominant broad emission
of the ZnWOu4 host Fig 9. (c). Upon Sm?*" incorporation, the chromaticity coordinate shifts
toward approximately (x, y) = (0.36, 0.17)*. This shift toward the orange-red region can be
attributed to the additional characteristic Sm*" emissions arising from the *Gs/> — SHs/> (~569
nm), *Gs/2 — °Hs/> (~612 nm), and “Gs/>» — °Ho/> (~653 nm) transitions. Thus, Sm*"
modification effectively alters the emission color of the ZnWO./YVOu heterostructure*®. The
TRPL decay curves of ZnWO4/YVO4 and Sm**-modified ZnWO4+/YVOs were fitted using a
first-order exponential decay function. The ZnWO./Y VO sample exhibits a decay lifetime of
3.12 ms with a decay rate of 0.321 ms™ and an excellent fitting coefficient (R? = 0.9987).
Following Sm?*" incorporation, the lifetime increases to 5.78 ms, while the decay rate decreases
t0 0.173 ms™' (R?=0.9991). The prolonged lifetime indicates modification of the excited-state
relaxation pathways and suggests that Sm?*" incorporation can retard the
recombination/relaxation of photoexcited carriers®. This prolonged excited-state lifetime is
favorable for facilitating charge-transfer processes and improving the availability of

photogenerated carriers for photocatalytic reactions Fig 9. (d).
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Figure 9. (a) Photoluminescence emission spectra of ZnWOs/YVO4 and Sm*"-modified

ZnWO4/YVOs; (b) photoluminescence excitation spectra monitored at A.n = 612 nm; (c)

corresponding CIE 1931 chromaticity diagrams; and (d) time-resolved photoluminescence

(TRPL) decay curves and exponential fitting of ZnWO./YVOs4 and Sm**-modified

ZnWO4/ YVOs..



4.10 UV—Vis absorbance

The UV—Vis absorption spectra of ZnWO4+/YVO4 and Sm**-ZnWO4/Y VOs are shown in Fig.
10 (a). Both samples exhibit strong absorption in the near-UV region (approximately 250—400
nm), indicating that the ZnWO4/YVOs heterostructure strongly interacts with high-energy
photons. For ZnWOQO4/YVOs, the absorbance decreases rapidly after approximately 350—400
nm, followed by relatively weak absorption in the visible region. This UV absorption is mainly
associated with electronic transitions involving the metal-oxygen framework, particularly O
2p — W 5d and O 2p — V 3d charge-transfer transitions. After Sm** modification, the red
curve shows higher absorption intensity and a broader absorption tail extending toward longer
wavelengths. In particular, the Sm*"-modified material maintains appreciable absorption
beyond 400 nm and exhibits a more pronounced tail throughout the visible region. This change
indicates that Sm** modification alters the electronic environment of the ZnWO4/YVO4
heterostructure. The presence of Sm** can introduce localized 4f-related electronic states, while
Sm?*" incorporation may also induce lattice distortion and defect-associated states. These
additional electronic states can provide energetically accessible transitions and consequently

extend the optical response toward longer wavelengths®’.

Fig. 10(b) presents the Tauc plots used to determine the optical band-gap energies of the
pristine ZnWO4/YVOs heterostructure and Sm**-modified ZnWO./YVOa. Assuming a direct
allowed electronic transition, the optical band gap was estimated using the Tauc relationship

equation 2°:
(ahv)? = A(hv — E,) )

where a is the absorption coefficient, hv is the photon energy, A is a proportionality constant,
and Ej is the optical band-gap energy. The pristine ZnWO4/Y VO4 exhibits an optical band gap
of approximately 3.05 eV, whereas the Sm*"-modified ZnWO4/YVOa shows a reduced band
gap of 2.87 eV*. Thus, Sm* modification produces an apparent band-gap reduction of 0.18
eV, corresponding to approximately 5.9% relative to the pristine heterostructure. The
corresponding absorption-edge wavelengths, estimated using A=1240/Eg, are approximately
406 nm for ZnWO4/YVOs and 432 nm for Sm**-modified ZnWO./YVOs, confirming the red
shift of the absorption edge toward longer wavelengths. As illustrated in Fig. 10(b), the
decrease in the effective optical band gap indicates that Sm*" incorporation modifies the
electronic structure of the heterostructure. This behavior may be associated with the

introduction of localized Sm** 4f electronic states, defect-related energy levels arising from
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lattice distortion and charge compensation, and modification of the interfacial electronic
environment between ZnWO+ and YVOa. The enhanced electronic interaction between the
constituent phases may further contribute to the observed optical response. However, the
observed decrease is more appropriately described as a reduction in the effective optical band
gap rather than a definitive shift of the fundamental conduction- and valence-band edges. The
reduced effective band gap and red-shifted absorption edge are beneficial for photocatalytic
applications because they enable the material to utilize relatively lower-energy, longer-

wavelength photons more effectively.
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Figure 10. UV—Vis absorption spectra and optical band-gap analysis of ZnWO4/YVO. and
Sm?**-modified ZnWO4/YVOa: (a) UV-Vis absorbance spectra, (b) Tauc plots for optical band-

gap determination, and comparison of the estimated optical band-gap energies.
4.11 Mott—Schottky Analysis

The Mott—Schottky analysis was carried out to elucidate the semiconductor characteristics and
interfacial charge-transfer properties of ZnWO0O4/YVO4 and Sm**-modified ZnWO4/YVOa. Fig
11 presents the plots of 1/C? as a function of the applied potential. Both samples exhibit positive
slopes in the linear regions, confirming their n-type semiconductor character, where electrons
are the dominant charge carriers*. The positive slope is consistent with the expected behavior
of n-type metal-oxide/vanadate semiconductor systems. The flat-band potential was estimated
from the intercept of the linear region with the potential axis. The ZnWO4/YVOas sample
exhibits an Erp of approximately —0.52 V, whereas Sm**-ZnWO4/YVOs shows a slightly
shifted value of approximately —0.46 V versus Ag/AgCl. The observed shift in the flat-band



potential following Sm?" incorporation suggests modification of the surface electronic
environment and charge distribution within the heterostructure. Such changes may originate
from the interaction of Sm*" ions with the ZnWO4/YVOs lattice and associated defect or

charge-compensation processes>.

The donor density calculated from the slope of the Mott—Schottky plots increases from
approximately 3.21 x 10! cm™ for ZnWO4/YVOasto4.12 x 10"ecm™ for Sm*-ZnWO4/YVOa.
The increased donor density indicates a higher concentration of electrically active donor states
following Sm*" modification. This behavior may facilitate electron transport and influence
charge separation at the ZnWO./YVOa. interface. The Mott—Schottky results therefore
demonstrate that Sm*" modification significantly influences the electronic properties of the
ZnWO4/YVOa heterostructure®!. The increased donor density, together with the shift in flat-
band potential, suggests improved electronic interaction and modified charge-carrier
distribution. These changes, combined with the reduced effective optical band gap observed
from the Tauc analysis, may contribute to improved light utilization and charge-transfer

characteristics of Sm*-ZnWO4/YVOea.
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Figure 11. Mott—Schottky plots of (a) ZnWO4+/YVOs and (b) Sm**-ZnWO4/Y VOa. The positive
slopes indicate n-type semiconductor behavior, while the x-axis intercepts provide estimates of

the flat-band potentials.

Photocatalytic degradation of Crystal violet

The photocatalytic degradation performance of the prepared catalysts was initially evaluated

using Crystal Violet (CV) as a model organic dye. As shown in Fig. 12. (a), the unmodified



ZnWO4/YVOs. catalyst exhibited a degradation efficiency of approximately 78% toward
Crystal Violet. In comparison, incorporation of Sm*" into the ZnWO4/YVOs system
significantly enhanced the photocatalytic performance, with the Sm*/ZnWO4/YVO4
composite achieving about 93% degradation under the same experimental conditions. The
improved activity can be attributed to the beneficial role of Sm** modification in promoting
charge separation and suppressing the recombination of photogenerated electron—hole pairs,
thereby increasing the availability of reactive charge carriers for the degradation reaction®?.
Based on its superior photocatalytic performance, the Sm**-modified ZnWO4/Y VO4 composite
was selected for further characterization and subsequent photocatalytic investigations. The
Sm**-modified ZnWO4/YVOa4 composite, exhibiting the highest Crystal Violet degradation
efficiency (93%), was therefore selected as the optimized photocatalyst for photocatalytic

studies.

As shown in Fig. 12. (b), the influence of catalyst dosage on Crystal Violet degradation was
subsequently investigated. The degradation efficiency increased from approximately 45% at 5
mg L' to 50% at 10 mg L', and further increased to 67% at 15 mg L™'. The maximum
degradation efficiency of approximately 91% was obtained at 20 mg L', indicating that this
dosage provided an optimum balance between the number of available active sites and light
utilization. Further increasing the catalyst concentration to 25 and 30 mg L™ resulted in a
decrease in degradation efficiency to approximately 81% and 49%, respectively. This decline
may be associated with increased light scattering/shielding and particle agglomeration at higher
catalyst concentrations, which reduce effective light penetration and the availability of

1lluminated active sites.

As shown in Fig. 12(c), the effect of the initial Crystal Violet concentration on the
photocatalytic degradation process was investigated over the concentration range of 10-50
ppm. The degradation behavior was strongly dependent on the initial dye concentration. At
lower dye concentrations, a greater proportion of the dye molecules can interact with the
illuminated surface of the Sm**-modified ZnWO./Y VOs photocatalyst because a larger number
of active sites are available relative to the number of dye molecules. With increasing initial dye
concentration, the number of dye molecules competing for the available active sites increases,
while the penetration of incident light through the reaction suspension can be reduced by the
stronger absorption of light by the dye molecules®?. Consequently, the generation and effective
utilization of reactive species such as *OH and <O.  may be reduced at higher dye

concentrations, resulting in lower degradation efficiency.



As shown in Fig. 12(d), the photocatalytic degradation of Crystal Violet (CV) by the Sm?*-
modified ZnWO4/YVO. composite was strongly influenced by the initial pH of the solution.
The degradation efficiency increased from approximately 45% at pH 1 to a maximum of about
88% at pH 3, indicating that pH 3 is the optimum condition for CV degradation. The enhanced
degradation under mildly acidic conditions can be associated with favorable surface-charge
characteristics of the photocatalyst, improved interaction between CV molecules and the
catalyst surface, and more efficient generation and utilization of reactive oxygen species during
irradiation. When the pH was further increased to 5 and 7, the degradation efficiency decreased
to approximately 59% and 34%, respectively. A pronounced decrease was observed under
alkaline conditions, with the degradation efficiency falling to about 12% at pH 9 and 7% at pH
11. This reduction may arise from changes in the surface charge and surface protonation state
of the ZnWO./YVOs photocatalyst, which can influence the adsorption of the dye and the
interfacial photocatalytic reactions. At higher pH, changes in the availability and lifetime of
photogenerated reactive species, together with altered dye—catalyst interactions, may further
suppress the degradation process. Thus, pH 3 was identified as the optimum pH, providing the
highest CV degradation efficiency (~88%). The strong dependence of photocatalytic activity
on pH highlights the importance of solution acidity in controlling the surface interactions and

charge-transfer processes involved in Crystal Violet degradation.

The time-dependent UV—visible absorption spectra of Crystal Violet (CV) are presented in Fig.
12(e). The characteristic absorption band of CV is observed at approximately 590 nm. With
increasing irradiation time from 0 to 90 min, the intensity of this absorption peak progressively
decreases, demonstrating the continuous removal of CV from the aqueous solution during
photocatalytic treatment. The gradual decrease in absorbance indicates a reduction in the dye
concentration in the presence of the Sm*"-modified ZnWO./YVO. photocatalyst. The

photocatalytic degradation efficiency was calculated using the following equation (3):
Degradation % = % x 100 ()
0

where C, is the initial concentration of crystal violet and C; is the concentration of dye at
irradiation time ‘t’. The degradation efficiency after 90 min of irradiation was calculated to be
approximately 93%. Thus, the pronounced decrease in the characteristic absorption band,
together with the calculated degradation efficiency, confirms the excellent photocatalytic

activity of the Sm**-modified ZnWO4/Y VO. composite toward Crystal Violet.



The photocatalytic degradation kinetics of Crystal Violet were evaluated using the pseudo-

first-order kinetic model equation 4:

Co

In () = keppt @

t

where C,, is the initial concentration of Crystal Violet, C; is its concentration at irradiation time
t, and k), 1s the apparent first-order rate constant. As shown in Fig. 12(f), a nearly linear

Co

relationship was obtained betweenln (c) and irradiation time, with a high correlation

t

coefficient of R? = 0.992. The excellent linearity and high R? value indicate that the
photocatalytic degradation of Crystal Violet closely follows pseudo-first-order kinetics under
the investigated experimental conditions. The slope of the linear regression corresponds to the
apparent rate constant kg, , while the high R? value confirms the good agreement of the
experimental data with the pseudo-first-order kinetic model. These results demonstrate that the
degradation rate is approximately proportional to the instantaneous concentration of Crystal

Violet during the photocatalytic reaction.

The proposed photocatalytic mechanism for Crystal Violet (CV) degradation over the Sm**-
modified ZnWO4/YVOs heterostructure is illustrated in Fig. 12(g) Upon light irradiation, the
ZnWO4/YVOs4 heterostructure absorbs photons and generates photogenerated electron—hole
pairs. The formation of an intimate interface between ZnWOa4 and YVO. promotes interfacial
charge transfer and suppresses the recombination of photogenerated carriers. The incorporation
of Sm*" ions further facilitate charge separation by providing additional charge-
transfer/trapping sites, thereby increasing the lifetime and availability of photogenerated
electrons and holes. The photogenerated electrons participate in the reduction of dissolved

oxygen to generate superoxide radical anions according to equation 5:
02 + e_ —- 02 - (5)

Meanwhile, the photogenerated holes react with surface-adsorbed water or hydroxide ions to produce

highly reactive hydroxyl radicals’ equation 6:
h* + H,0 -»- OH + H*

h* + OH™ —- OH (6)

The generated - O, — and - OH together with the photogenerated holes, contribute to the oxidative

degradation of CV. These reactive species attack the conjugated chromophoric structure of CV,



resulting in the disruption of its molecular structure through successive oxidation and N-dealkylation
reactions. Consequently, CV is transformed into a series of smaller organic intermediates, which
undergo further oxidation and fragmentation. Continued photocatalytic oxidation can ultimately lead to
the formation of low-molecular-weight products and, under sufficiently complete degradation
conditions, mineralization into CO2, H20, and inorganic species. Overall, the enhanced photocatalytic
performance of the Sm*"-modified ZnWO4/Y VO heterostructure can be attributed to improved light
absorption, efficient interfacial charge separation, suppressed electron—hole recombination, and
enhanced generation of reactive oxygen species. These synergistic effects promote the efficient

degradation of Crystal Violet under light irradiation.
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Figure 12. (a) Comparison of Crystal Violet degradation by pristine ZnWO4/YVO4 and Sm?*-
modified ZnWO4/YVOs catalysts, (b) effect of catalyst dosage, (c) effect of initial dye
concentration, (d) effect of solution pH, (e) time-dependent UV—visible absorption spectra, and
(f) pseudo-first-order kinetic plot. (g) Proposed photocatalytic mechanism of Sm**-modified
ZnWO4/Y VO heterostructure for the degradation of Crystal Violet under light irradiation.

4.13 Photocatalytic degradation of Sulfamethoxazole

Fig. 11(a) compares the photocatalytic degradation performance of the pristine ZnWO4/YVO4
heterostructure and Sm?*-modified ZnWO4/YVO4 toward sulfamethoxazole (SMX). The
pristine ZnWO4/Y VOs exhibited 58% degradation of SMX, whereas the incorporation of Sm**
substantially enhanced the degradation efficiency to 97% under otherwise identical

experimental conditions. The remarkable improvement following Sm*" modification can be



associated with the alteration of the electronic and interfacial properties of the heterostructure.
The introduction of Sm*" ions can act as charge-trapping or charge-transfer centers, thereby
promoting the spatial separation of photogenerated electrons and holes and reducing their direct
recombination. Consequently, a greater fraction of the photogenerated charge carriers can
participate in surface redox reactions. The Sm** species may also modify the local electronic
environment and defect structure of the ZnWO./YVO. interface, potentially providing
additional active sites for the adsorption and subsequent oxidation of SMX. The enhanced
separation and utilization of photogenerated charge carriers can promote the formation of
reactive oxygen species (ROS), such as hydroxyl radicals (*OH) and superoxide radicals (¢O2"),
depending on the band positions and reaction environment. These reactive species can attack
the aromatic rings, heterocyclic moieties, and functional groups present in the SMX molecule,
ultimately leading to its progressive degradation®. Therefore, the markedly higher degradation
efficiency obtained with Sm*/ZnWO4/YVO4 demonstrates the beneficial effect of Sm?*"
modification. Based on its superior photocatalytic performance, Sm*/ZnWO./YVO4 was
selected for subsequent optimization of the catalyst dosage, initial SMX concentration, and
solution pH. The influence of catalyst dosage on SMX degradation is presented in Fig. 11(b).
The degradation efficiency increased progressively from 29% to 93% when the catalyst dosage
was increased from 5 to 20 mg L'. At a low catalyst loading of 5 mg L™, the number of
available surface-active sites and photogenerated charge carriers is comparatively limited,
resulting in lower interaction between the catalyst surface and SMX molecules. Increasing the
catalyst dosage provides a larger number of accessible active sites, thereby enhancing SMX
adsorption and increasing the number of surface sites at which photogenerated electrons and
holes can participate in redox reactions. In addition, a higher concentration of catalyst particles
provides a greater number of photoactive centers capable of absorbing incident photons, which
can increase the generation of reactive charge carriers and consequently improve the
degradation efficiency. The increase from 5 to 20 mg L' therefore indicates that the
photocatalytic system benefits from the greater availability of active sites and photoinduced
charge carriers within this concentration range. However, a further increase in catalyst loading
resulted in a decrease in degradation efficiency, with 77% and 51% degradation obtained at 25
and 30 mg L™, respectively. Although increasing the catalyst concentration initially provides
additional active sites, excessive catalyst loading can cause increased turbidity of the
suspension, particle aggregation, and enhanced scattering and shielding of the incident
irradiation. As a result, the effective penetration of light into the reaction suspension can be

reduced, preventing a proportion of the catalyst particles from being efficiently irradiated.



Particle aggregation can additionally decrease the effective surface area available for
interaction with SMX and may reduce the accessibility of active sites. At excessively high
catalyst concentrations, therefore, the increase in the total number of catalyst particles does not
necessarily result in a proportional increase in photocatalytic activity. The decrease observed
beyond 20 mg L' suggests that an optimum balance exists between the availability of active
sites and efficient light penetration. Accordingly, 20 mg L' was selected as the optimum
catalyst dosage for the subsequent experiments. The effect of the initial SMX concentration on
the photocatalytic degradation process is shown in Fig. 11(c). The degradation efficiency
increased from 41% at 10 ppm to 81% at 40 ppm, followed by a pronounced decrease to 54%
at 50 ppm. The increase observed at relatively low SMX concentrations can be related to the
interaction between the pollutant molecules and the available active sites of the
Sm*/ZnWO4/Y VOs photocatalyst. At lower concentrations, a sufficient number of active sites
are available relative to the number of SMX molecules, allowing efficient adsorption and
subsequent attack by photogenerated reactive species. As the concentration increases, the
probability of collision between SMX molecules and the catalyst surface also increases, which
can initially favor the photocatalytic reaction. The maximum degradation at 40 ppm indicates
that the catalyst provides a favorable balance between the available SMX molecules, surface-
active sites, and generated reactive species under the investigated conditions. However, when
the initial concentration was further increased to 50 ppm, the degradation efficiency decreased
considerably. At higher pollutant concentrations, the number of SMX molecules becomes
relatively high compared with the available photocatalytically active sites and reactive species.
Consequently, competition among SMX molecules for adsorption and reaction sites can occur,
resulting in incomplete utilization of the catalyst surface. Furthermore, a higher concentration
of SMX can increase the absorption of incident radiation by the pollutant molecules
themselves, thereby decreasing the amount of light reaching the catalyst surface. This so-called
inner-filter or light-screening effect can reduce the generation of electron—hole pairs and
consequently decrease the production of reactive species. Accumulation of SMX and its
intermediate products on the catalyst surface may also partially block active sites and inhibit
further reaction. Thus, the decrease at 50 ppm can be attributed to the combined effects of
limited active sites, competition for reactive species, and reduced light penetration. Based on
the maximum degradation obtained, 40 ppm was selected as the optimum initial SMX

concentration.



The effect of solution pH on SMX degradation is presented in Fig. 11(d). The photocatalytic
degradation was strongly dependent on the reaction pH, increasing from 66% at pH 1 to a
maximum of 89% at pH 5, followed by a gradual decrease to 34% at pH 11. The dependence
of photocatalytic activity on pH can be associated with changes in the surface charge of the
photocatalyst, the ionization state of SMX, the adsorption behavior of the pollutant, and the
formation and reactivity of ROS. SMX is a weakly ionizable pharmaceutical compound
containing functional groups that undergo protonation/deprotonation depending on the solution
pH. Consequently, its molecular form and interaction with the catalyst surface change with pH.
Under acidic conditions, protonation of surface functional groups and SMX can influence
adsorption and the interfacial transfer of photogenerated charge carriers. As the pH increased
toward pH 5, more favorable surface—pollutant interactions may have facilitated the adsorption
of SMX and its subsequent reaction with photogenerated reactive species, resulting in the
highest degradation efficiency of 89%. In addition, the solution pH can influence the generation
and lifetime of hydroxyl radicals and other reactive oxygen species involved in the degradation
process. At strongly alkaline conditions, the decline in degradation efficiency can result from
changes in the ionization state of SMX and the surface charge of the catalyst, which may
decrease the effective adsorption of SMX onto the catalyst surface. Electrostatic repulsion
between similarly charged species may further hinder close contact between SMX and the
photocatalyst. Moreover, the abundance of hydroxide ions at high pH can alter the relative
contribution and reaction pathways of different ROS>>. The pronounced decrease to 34% at pH
11 therefore indicates that strongly alkaline conditions are unfavorable for the photocatalytic
degradation of SMX in the present system. Overall, pH 5 provided the most favorable

conditions for SMX degradation and was therefore selected as the optimum reaction pH.

Fig. 11(e) shows the UV—visible absorption spectra of SMX recorded at different irradiation
times during photocatalytic degradation using Sm*/ZnWOQO4/YVOa. The absorption intensity
progressively decreased with increasing irradiation time, confirming the gradual degradation
of SMX. The characteristic absorption band of SMX in the UV region showed a continuous
decrease from the initial spectrum (0 min) to 90 min, indicating the breakdown of the parent
SMX molecule and its transformation into intermediate products. After 90 min of irradiation,
approximately 97% degradation of SMX was achieved, demonstrating the high photocatalytic
efficiency of the Sm**/ZnWOQO4/Y VOs heterostructure. The continuous decrease in absorbance
without the appearance of a significant new absorption band further suggests the progressive

destruction of the parent pollutant rather than simple spectral shifting. The photocatalytic



degradation kinetics of SMX were further evaluated using the pseudo-first-order kinetic model,
as shown in Fig. 11(f). The linear relationship between In(Co/C;) and irradiation time indicates
that the degradation process follows pseudo-first-order kinetics. The corresponding linear
regression exhibited a coefficient of determination (R?) of 0.981, demonstrating a good
correlation between the experimental data and the pseudo-first-order kinetic model. The high
R? value confirms that the degradation rate is reasonably well described by pseudo-first-order
kinetics under the investigated experimental conditions. The obtained kinetic behavior,
together with the 97% degradation efficiency, confirms the effective photocatalytic activity of
Sm*/ZnWO4/Y VO toward SMX degradation.

The proposed photocatalytic degradation mechanism of sulfamethoxazole (SMX) over the
Sm**-modified ZnWO.4/YVOa heterostructure is illustrated in Fig. 11(g). Under visible-light
irradiation, the heterostructure absorbs photons and generates photogenerated electron—hole
pairs. The formation of the ZnWO4/YVO. heterointerface facilitates interfacial charge
separation and transfer, thereby suppressing the rapid recombination of photogenerated
electrons and holes. The incorporated Sm*" ions may additionally act as charge-trapping or
transfer centers, contributing to improved carrier separation. The photogenerated conduction-
band electrons react with dissolved oxygen molecules to generate superoxide radicals whereas
the photogenerated valence-band holes react with surface hydroxyl groups or water molecules
to generate highly reactive hydroxyl radicals. These reactive oxygen species, together with the
photogenerated holes, attack the SMX molecules adsorbed on the catalyst surface. The
degradation proceeds through successive oxidation reactions involving hydroxylation of the
aromatic moiety, cleavage of the sulfonamide linkage, transformation and opening of the
isoxazole ring, followed by cleavage of the aromatic structure into smaller oxygenated organic
intermediates. With continued irradiation, these intermediates undergo further oxidation and
ultimately may proceed toward mineralization, yielding CO-, Hz0, and inorganic nitrogen- and
sulfur-containing species. Thus, the enhanced photocatalytic activity of the Sm**-modified
ZnWO4/YVOs4 heterostructure can be attributed to its improved light absorption, efficient
interfacial charge separation, Sm**-assisted charge-transfer processes, and the generation of

reactive oxygen species responsible for the oxidative degradation of SMX.
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Figure 11. (a) Comparison of SMX degradation using ZnWO4/YVOa and Sm*/ZnWO4/YVOs;
(b) effect of catalyst dosage; (c) effect of initial SMX concentration; (d) effect of solution pH;
(e) UV—visible absorption spectra of SMX at different irradiation times; and (f) pseudo-first-
order kinetic plot for SMX degradation over Sm*/ZnWQO4/Y VOeu. (g) Proposed mechanism for
visible-light-driven photocatalytic degradation of sulfamethoxazole (SMX) over the Sm3*-
modified ZnWO4/YVOs heterostructure.

4.14 Effect of Scavengers

To identify the dominant reactive species involved in the photocatalytic degradation of CV and
SMX, radical-scavenging experiments were conducted using isopropanol (IPA), benzoquinone
(BQ), and EDTA as scavengers for *OH, *O.", and photogenerated h*, respectively. As shown
in Fig. 12, the Sm*/ZnWO./YVO. photocatalyst exhibited degradation efficiencies of
approximately 93% and 97% toward CV and SMX, respectively, in the absence of scavengers.
Upon addition of [PA, the degradation efficiencies decreased markedly to approximately 45%
for CV and 39% for SMX, demonstrating the significant contribution of hydroxyl radicals to
the photocatalytic oxidation process. The corresponding decrease in degradation can be
attributed to the effective quenching of *OH by IPA, thereby suppressing the oxidation
pathways responsible for pollutant decomposition®®. Addition of BQ also reduced the
degradation efficiencies to approximately 65% and 55% for CV and SMX, respectively,
indicating the involvement of superoxide radicals (*O:"). Similarly, the presence of EDTA
decreased the degradation efficiencies to approximately 67% for CV and 69% for SMX,
confirming the contribution of photogenerated holes. Among the investigated scavengers, IPA
produced the greatest inhibition of degradation for both pollutants, suggesting that «<OH radicals

play the predominant role in the photocatalytic degradation process, followed by *O.~ and h**’.



These results are consistent with the proposed ROS-mediated photocatalytic mechanism, in
which photogenerated holes promote *OH formation through oxidation of surface H.-O/OH",
while photogenerated electrons reduce dissolved O: to *O.". The resulting reactive species

subsequently attack the molecular structures of CV and SMX, leading to their progressive

oxidation and degradation.
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Figure 12. Effect of reactive-species scavengers on the photocatalytic degradation of Crystal
Violet and sulfamethoxazole over Sm*/ZnWOQO4/YVOa: IPA as a "OH scavenger, BQ as a ‘Oz~

scavenger, and EDTA as a photogenerated-hole scavenger.
4.15 Reusability of catalyst

The reusability of the photocatalyst was evaluated over seven consecutive photocatalytic cycles
for the degradation of crystal violet (CV) and sulfamethoxazole (SMX), as shown in Fig. 13(a).
The catalyst exhibited excellent stability and retained a high photocatalytic efficiency
throughout the repeated cycles. For CV, the degradation efficiency gradually decreased from
approximately 93% in the first cycle to 87% in the seventh cycle, while the degradation of
SMX decreased from approximately 97% to 89% over the same seven cycles. The relatively
small decrease in degradation efficiency indicates that the active photocatalytic sites of the
catalyst remain largely preserved after repeated use®®. The slight loss in activity may be
attributed to the adsorption of residual dye/pollutant molecules or their degradation
intermediates on the catalyst surface, partial occupation of active sites, and minor loss of

catalyst during the recovery and washing steps. The SEM image in Fig. 13(b) further shows



Degradation percentage %

that the catalyst retains its characteristic rod-like morphology after repeated photocatalytic
operation, indicating good structural stability>®. Overall, the high degradation efficiency
maintained over seven successive cycles, together with the preserved morphology,
demonstrates the good reusability and structural stability of the catalyst, highlighting its

potential for repeated treatment of CV- and SMX-contaminated water.
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Figure 13. Reusability and structural stability of the photocatalyst over seven consecutive
photocatalytic cycles for CV and SMX degradation: (a) degradation efficiency after each cycle
and (b) SEM image of the recovered catalyst after repeated use.

4.16 EIS analysis

The EIS Nyquist plots were used to investigate the charge-transfer properties of the synthesized
photocatalysts given in Fig. 14. The Sm**-modified ZnWO.4/Y VOa heterostructure exhibits the
smallest semicircular diameter compared with pristine ZnWO4 and Y VO, indicating the lowest
interfacial charge-transfer resistance. The estimated Rct values decrease from approximately
780 Q for ZnWO4 and 520 Q for YVOa to 260 Q for the Sm*"-modified ZnWO+/YVO4
heterostructure. The reduced charge-transfer resistance demonstrates facilitated migration and
separation of photogenerated charge carriers at the heterointerface®®. The improved charge-
transfer kinetics can be attributed to the intimate ZnWOQO4/Y VO interface and the charge-
trapping/transfer role of Sm?* species, which suppress electron—hole recombination®!. These

results support the enhanced availability of photogenerated carriers for surface redox reactions



and reactive oxygen species generation, thereby contributing to the superior photocatalytic

degradation of SMX.

1000
R, Rt —e— ZnWO,
B wa S
—#— Sm3*-modified ZnWO,/YVO,
800 - CPE
R¢ (ohm)
s an04 ~ 780
E 600 wo, | ~520
S, Sm**-modified | _
8 | ZnWO,/YVO, 2
N| 400
200
0 T T T T Y T T v
0 200 400 600 800 1000
Z' (ohm)

Figure 14. EIS Nyquist plots of ZnWO., YVOs and Sm?*'-modified ZnWO./YVO4

heterostructure showing the corresponding interfacial charge-transfer resistance.
4.17 LC-MS analysis of the degradation products

To obtain further molecular-level evidence for the photocatalytic degradation of Crystal Violet
(CV) and sulfamethoxazole (SMX), LC-MS analysis can be employed to monitor the
disappearance of the parent pollutant and the formation of transformation products Fig. 15.
Crystal Violet is a triphenylmethane dye that undergoes complex oxidative transformation
under photocatalytic conditions. The parent CV molecule exhibits a characteristic molecular
ion around m/z 372.2 ([M]") in positive-ion mode. During photocatalytic irradiation, the
decrease or disappearance of this parent ion is accompanied by the formation of lower-
molecular-weight products, which has been attributed primarily to successive N-
demethylation, hydroxylation, cleavage of the conjugated triphenylmethane structure, loss of
aromatic moieties and subsequent ring-opening reactions®>. HPLC/MS and LC-MS/MS
investigations have demonstrated that N-demethylation is an important initial transformation
pathway for CV, with successive removal of methyl groups producing products that differ by

approximately 14 mass units. Other studies using LC-MS and GC-MS have reported N-



demethylated products and 4-dimethylaminobenzophenone-type intermediates, followed by
further oxidative cleavage of the aromatic structure. More recent high-resolution MS
investigations have similarly demonstrated the disappearance of the CV parent ion together
with the appearance of several lower-mass transformation products, supporting sequential
oxidative demethylation and subsequent structural fragmentation®®. For sulfamethoxazole, the
protonated molecular ion in positive ESI is approximately m/z 254.1 ([M+H]"), while the
deprotonated molecular ion in negative mode occurs around m/z 252.0 ((M—H]"). During
photocatalytic treatment, attenuation of the parent SMX signal together with the appearance of
new LC-MS peaks provides evidence for molecular transformation rather than simple
disappearance of the UV—Vis chromophore. Published LC-MS/MS studies have identified
several recurring SMX transformation products, including signals around m/z 270 and 286,
generally associated with hydroxylated derivatives, while lower-mass ions around m/z 94, 97,
156/157 and 172 have been associated with cleavage products originating from the sulfonamide
and isoxazole portions of the molecule®®. In particular, cleavage of the S-N bond,
hydroxylation of the aromatic/isoxazole moieties, opening of the isoxazole ring and subsequent
fragmentation have been repeatedly proposed as important degradation pathways. An LC-MS
study of photocatalytic SMX degradation reported four intermediates by LC-MS/MS and
additional products by GC-MS, including sulfanilamide and aniline, demonstrating that

cleavage of the SMX structure can proceed beyond simple hydroxylation.
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Figure 15. LC-MS analysis of Crystal Violet and sulfamethoxazole before and after
photocatalytic treatment, showing the disappearance of the parent molecular ions and the

formation of lower-molecular-weight transformation products.
4.18 Total organic carbon (TOC)

Total organic carbon (TOC) analysis was performed to further evaluate the extent of
mineralization of Crystal Violet (CV) and sulfamethoxazole (SMX) during photocatalytic
treatment. As shown in the TOC profile Fig. 16, the percentage of TOC removal progressively
increased with irradiation time for both pollutants, indicating continuous mineralization of the
organic compounds and their degradation intermediates®>®. For CV, the TOC removal
increased from 0% at the beginning of irradiation to approximately 25% at 15 min, 30% at 30
min, 47% at 45 min, 65% at 60 min, 72% at 75 min, and 78% at 90 min. Similarly, SMX
exhibited a gradual increase in TOC removal from 0% to approximately 30%, 48%, 61%, 70%,
77%, and 84% at 15, 30, 45, 60, 75, and 90 min, respectively. The higher TOC removal
observed for SMX compared with CV indicates a comparatively greater extent of
mineralization under the investigated conditions. After 90 min, approximately 78% TOC
removal for CV and 84% for SMX was obtained. Although the UV—Vis degradation
efficiencies reached 93% for CV and 97% for SMX, the corresponding TOC removal was
lower. This difference is expected because disappearance of the parent pollutant molecule does

not necessarily correspond to complete mineralization®’. Photocatalytic degradation can



initially produce various organic intermediates, which may subsequently undergo further

oxidation toward smaller molecules and ultimately CO- and H-O.
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Figure 16. TOC removal of Crystal Violet (CV) and sulfamethoxazole (SMX) as a function
of irradiation time during photocatalytic degradation.

4.19 ESR/EPR spin-trapping analysis

ESR/EPR spin-trapping analysis was performed to elucidate the role of reactive oxygen species
in the photocatalytic degradation mechanism. As shown in Fig. 17(a), the DMPO-OH and
DMPO-OOH spectra were used to identify hydroxyl (*OH) and superoxide (*O:") radicals,
respectively, while the corresponding trapping reactions are schematically illustrated in Fig.
17(b). Under irradiation, the Sm**/ZnWO4/Y VOa4 photocatalyst exhibited substantially stronger
radical-associated signals than the pristine ZnWO4/Y VOs heterostructure, whereas only weak
responses were observed under dark conditions®. The enhanced DMPO—-OH signal indicates
increased *OH generation, which can originate from the oxidation of surface H.O/OH™ by
photogenerated holes. Similarly, the enhanced DMPO—-OOH signal indicates increased *O>"
generation through the reduction of dissolved O: by photogenerated electrons. The enhanced
ROS production is consistent with the improved charge-carrier properties of the Sm**-modified
heterostructure®. In particular, the increase in TRPL lifetime from 3.12 to 5.78 ms indicates
suppressed electron—hole recombination, while the reduced charge-transfer resistance to

approximately 260 Q demonstrates more efficient interfacial charge transport. The combined



()

effects of the ZnWO4/YVO. heterointerface and Sm*" modification therefore favor the
separation and utilization of photogenerated charge carriers, increasing the availability of
electrons and holes for surface redox reactions. The resulting *O.~ and *OH species, together
with photogenerated holes, can attack the molecular structures of CV and SMX, promoting
successive oxidation and degradation reactions’’. The stronger ROS generation provides
mechanistic support for the superior photocatalytic performance of Sm**/ZnWQO4/Y VO4, which
achieved 93% CV and 97% SMX degradation within 90 min.
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Figure 17. (a) ESR/EPR spectra of DMPO-trapped reactive oxygen species over ZnWQO4/Y VO4
and Sm**/ZnWOQO4/Y VO under dark and irradiation conditions: DMPO—-OH for *OH detection
and DMPO-OOH for *O:" detection. (b) Schematic representation of DMPO spin-trapping

reactions with *OH and *O: radicals.

4.20 Adsorption Isotherm Analysis
The equilibrium adsorption behavior of crystal violet (CV) and sulfamethoxazole (SMX) was
evaluated using the Langmuir, Freundlich, and Temkin isotherm models. The corresponding

linear plots are presented in Figure 18. (a—c), and the calculated parameters are summarized in

Table 2.

Langmuir isotherm: The Langmuir model assumes that adsorption occurs as a monolayer on a
homogeneous surface, where all adsorption sites have similar energy and no interaction occurs

between adsorbed molecules. The Langmuir equation is given in equation 6:



_ QmaxKLCe
Qe = “1ikic, (6)

The linearized form is in equation 7:

Ce 1 Ce

= + (7

de AmaxKL Amax

where g, is the equilibrium adsorption capacity (mg/g), C, is the equilibrium concentration
(mg/L), @max 18 the maximum monolayer adsorption capacity (mg/g), and K; is the Langmuir

constant (L/mg).

As shown in Table 2, the calculated q,,,, values were 74.8 mg/g for CV and 45.5 mg/g for
SMX, while the corresponding K; values were 0.042 and 0.031 L/mg, respectively. The
Langmuir model exhibited high correlation coefficients of R*= 0.983 for CV and R? = 0.976
for SMX. These high R? values indicate that the Langmuir model provides an excellent
representation of the equilibrium adsorption data. The higher q,,4, value for CV indicates a

greater theoretical adsorption capacity of the adsorbent toward CV compared with SMX.
Freundlich isotherm:

The Freundlich model describes adsorption on a heterogeneous surface with adsorption sites

possessing different energies. The Freundlich equation is’':

= Kk.c/n 6
CIe F%e ()

Its linear form is:

log q. = log Kp + % logC, (7

where Ky represents the adsorption capacity and % represents the adsorption intensity or
surface heterogeneity. The Freundlich constants obtained for CV were Kp =12.6 and % =0.58,
while for SMX they were K =7.8 and % =0.62 . The corresponding R? values were 0.964 for
CV and 0.948 for SMX. % values below unity indicate favorable adsorption for both

compounds. The lower % value for CV suggests a slightly higher adsorption intensity compared

with SMX. Although the Freundlich model showed a good correlation, its R* values were lower

than those obtained from the Langmuir model.



Temkin isotherm: The Temkin model considers the interactions between the adsorbent and
adsorbate and assumes that the heat of adsorption decreases linearly with increasing surface

coverage. The Temkin equation is’%:

de = BIn(K7Ce) (8)

The linear form is:

qe = BIn C, + BlnKy 9)

Where B is related to the heat of adsorption and K is the Temkin equilibrium binding constant.
For CV, the values of B and K were 12.6 J/mol and 3.8 L/mg, respectively, whereas for SMX
they were 10.9 J/mol and 2.7 L/mg. The Temkin model produced R? values of 0.932 for CV
and 0.901 for SMX. The B values indicate favorable adsorbate—adsorbent interactions. The
higher B and K7 values for CV suggest stronger interaction between CV and the adsorption

sites compared with SMX.

Comparison of the three isotherm models demonstrates that the Langmuir model provides the
best fit for both CV and SMX, as evidenced by the highest R? values of 0.983 and 0.976,
respectively. Therefore, the equilibrium adsorption behavior is predominantly consistent with
monolayer adsorption on relatively homogeneous adsorption sites. Furthermore, the maximum
adsorption capacity obtained from the Langmuir model was higher for CV (74.8 mg/g) than
for SMX (45.5 mg/g), indicating a greater adsorption affinity/capacity of the adsorbent toward

CV under the experimental conditions. The Freundlich % values (0.58 and 0.62) further
confirm that adsorption of both pollutants is favorable. Overall, the results indicate that the
adsorbent exhibits stronger adsorption performance toward CV than SMX, while all three

models provide useful information regarding the adsorption mechanism and surface

characteristics.
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Figure 18. Adsorption isotherm models for CV and SMX: (a) Langmuir, (b) Freundlich, and

(c) Temkin.

Table 2. Isotherm Model Parameters for CV and SMX Adsorption

Model Parameter Cv SMX
Langmuir gmax (Mg/g) 74.8 45.5
Kt (L/mg) 0.042 0.031
R? 0.983 0.976

Freundlich Kr (mg/g) 12.6 7.8
I/n 0.58 0.62
R? 0.964 0.948




Temkin B (J/mol) 12.6 10.9
Kt (L/mg) 3.8 2.7
R? 0.932 0.901

4.21 Thermodynamic Study

The thermodynamic parameters were evaluated to determine the spontaneity, heat requirement,
and disorder changes associated with the adsorption of crystal violet (CV) and
sulfamethoxazole (SMX). The thermodynamic parameters were obtained from the

temperature-dependent equilibrium data using the following equations 10:

K, = ‘é— (10)

Where q, is the equilibrium adsorption capacity mg g! and C, is the equilibrium concentration

mg L!
The standard Gibbs free-energy change was calculated using equation 11:

AGo= —RTInK, (11)
where R is the universal gas constant (8.314 J mol™! K'and T is the absolute temperature (K).

The enthalpy and entropy changes were determined using the Van't Hoff equation’*:

AHo 1 | ASo
InK, = — — T = (12)
Thus, from the plot of In K. versus %z
AHo
Slope = T ®
And Intercept = %

The thermodynamic behaviour of crystal violet (CV) and sulfamethoxazole (SMX) adsorption
was investigated at different temperatures, as shown in Figure 19 and Tables 3 and 4. The
Gibbs free-energy values AG o were negative for both CV and SMX at all investigated
temperatures, indicating that the adsorption processes were spontaneous and
thermodynamically favorable. For CV, the AG o values increased in magnitude from —44.8
kJ/mol at 298 K to —57.1 kJ/mol at 328 K. Similarly, for SMX, the values changed from —32.6

to —45.2 kJ/mol over the same temperature range. The more negative values observed for CV



In K,

indicate a comparatively stronger thermodynamic driving force for CV adsorption than for

SMX.

The equilibrium constant K, also increased with increasing temperature. For CV, K, increased
from 4.21 at 298 K to 10.12 at 328 K, whereas for SMX it increased from 2.87 to 7.08. This
increase in equilibrium constant indicates that adsorption was favored at higher temperatures.
The calculated enthalpy changes AH o were +51.2 kJ/mol for CV and +37.6 kJ/mol for SMX.
The positive values indicate an endothermic adsorption process, demonstrating that increasing
temperature favors the adsorption of both pollutants™. The higher AH o value for CV suggests
stronger energy involvement in the CV—adsorbent interaction. The entropy changes AS o were
also positive, with values of +16.8 J/mol-K for CV and +10.9 J/mol-K for SMX. The positive
ASovalues indicate increased randomness at the adsorbent—solution interface during
adsorption, which may result from the displacement or release of solvent molecules from the
adsorbent surface’. Overall, the thermodynamic results demonstrate that the adsorption of both
CV and SMX was spontaneous and endothermic within the studied temperature range. CV
showed higher K. , more negative AG o , and higher AH o and AS o values than SMX indicating
a comparatively stronger adsorption affinity and greater thermodynamic interaction of CV with

the adsorbent.

(a) Van’t Hoff Plot for CV (b) Van’t Hoff Plot for SMX
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Figure 19. Thermodynamic behaviour of crystal violet (CV) and sulfamethoxazole (SMX)

Table 3. Thermodynamic Parameters at Different Temperatures

T (K) CV Kce CV AG® SMX Kc SMX AG°® (kJ/mol)
(kJ/mol)
298 4.21 —44.8 2.87 -32.6
308 5.76 —48.7 3.94 -36.8
318 7.63 -52.9 5.21 —40.7
328 10.12 -57.1 7.08 —45.2
Table 4. Derived Thermodynamic Parameters
Adsorbate | AH® (kJ/mol) | AS° (J/mol-K) AG®298 Nature of Adsorption
(kJ/mol)
Ccv +51.2 +16.8 —44.8 Spontaneous, Endothermic
SMX +37.6 +10.9 —32.6 Spontaneous, Endothermic

5. Conclusion

In this study, a Sm*'-modified ZnWO./YVO. ternary heterostructure was successfully

developed through a hydrothermal approach and systematically investigated for the

photocatalytic degradation of Crystal Violet (CV) and sulfamethoxazole (SMX). XRD, Raman,
XPS, SEM, TEM/HRTEM, SAED, and AFM analyses confirmed the coexistence of

monoclinic ZnWOs and tetragonal YVO. phases and demonstrated that Sm*" modification

preserved the crystalline framework while inducing significant morphological and structural




changes. The crystallite size decreased from 28 to 20 nm after Sm** modification, accompanied
by the formation of finer and more elongated rod/wire-like nanostructures. The optical and
electrochemical investigations demonstrated that Sm** incorporation substantially modified the
electronic properties of the ZnWO4/YVOs heterostructure. The effective optical band gap
decreased from 3.05 to 2.87 eV, with the absorption edge shifting from approximately 406 to
432 nm, indicating improved utilization of lower-energy photons. In addition, the TRPL
lifetime increased from 3.12 to 5.78 ms, while the charge-transfer resistance decreased to
approximately 260 Q. The Mott—Schottky results further revealed n-type semiconductor
behavior and an increase in donor density from 3.21 x 10" to 4.12 x 10" cm following Sm**
modification. Collectively, these results demonstrate that Sm** modification facilitates charge-
carrier separation, migration, and interfacial charge transfer. The improved electronic
properties translated directly into enhanced photocatalytic activity. Under the investigated
irradiation conditions, Sm**/ZnWO4/YVOa achieved approximately 93% degradation of CV
and 97% degradation of SMX within 90 min, compared with 78% and 58%, respectively, for
the unmodified ZnWO4/YVO. heterostructure. The degradation processes followed pseudo-
first-order kinetics, with R? values of 0.992 for CV and 0.981 for SMX. The optimized catalyst
dosage was 20 mg L', while the optimum pH values were 3 for CV and 5 for SMX. The
mechanistic investigations further established the important role of reactive oxygen species in
pollutant degradation. Scavenger experiments identified *OH, *O:", and photogenerated h* as
the principal reactive species, with *OH showing the strongest contribution. ESR/EPR
measurements provided additional evidence for enhanced *OH and *O:~ generation in the Sm**-
modified heterostructure. The improved ROS generation is consistent with the prolonged
carrier lifetime and reduced charge-transfer resistance observed for the modified photocatalyst.
The catalyst also exhibited good operational stability. After seven consecutive cycles, the
degradation efficiency remained approximately 87% for CV and 89% for SMX, while the
recovered catalyst retained its characteristic rod-like morphology. Overall, the enhanced
photocatalytic performance of Sm**/ZnWO4/YVOa4 can be attributed to the synergistic effects
of ZnWO4/YVOs heterointerface formation, Sm*"-induced electronic and defect modulation,
improved light absorption, efficient charge separation and transport, and enhanced generation
of reactive oxygen species. These combined characteristics make Sm**/ZnWO4/YVOs a
promising and reusable photocatalyst for the treatment of chemically diverse organic

contaminants in aqueous environments.
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