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The photocatalytic degradation of paracetamol, a widely detected pharmaceutical contaminant, was
investigated using WOs3; nanopowders synthesized via a hydrothermal method. The obtained ma-
terials exhibited a hierarchical micro/nanostructured morphology composed of interconnected grains
and well-defined nanoplate-like particles. Optical characterization revealed an indirect band gap of
approximately 2.9 eV. The photocatalytic performance of WO3; was evaluated under light irradiation,
demonstrating a gradual decrease in paracetamol concentration with increasing irradiation time. The
degradation process followed pseudo-first-order kinetics, with an apparent rate constant ( kapp ) of
2.54 x 1072 min ~!. The enhanced photocatalytic activity is attributed to the developed surface mor-
phology and improved charge transport within the interconnected structure. These results highlight the
potential of WO3 nanopowders as effective photocatalysts for the removal of pharmaceutical pollutants
from aqueous environments.

Keywords: photocatalysis; nanopowders; paracetamol; pharmaceutical pollutants; kinetics; water treat-
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Introduction

Pharmaceutical contaminants have emerged as a significant class of environmental
pollutants due to their widespread use and continuous release into aquatic sys-
tems. Among them, paracetamol (acetaminophen) is one of the most commonly
consumed analgesic and antipyretic drugs, frequently detected in wastewater
and natural water bodies. Its incomplete removal in conventional treatment pro-
cesses raises concerns regarding its persistence and potential ecological impact.
Moreover, paracetamol exhibits moderate resistance to biological degradation
and may lead to the formation of harmful intermediate products during partial
oxidation [1-4].

Advanced oxidation processes, particularly semiconductor-based photocataly-
sis, have attracted considerable attention as efficient and environmentally friendly
methods for the degradation of pharmaceutical pollutants. Photocatalysis enables
the generation of reactive oxygen species under light irradiation, leading to the
mineralization of organic contaminants [5,6]. Among various photocatalytic
materials, tungsten oxide (WOj3 ) has been widely investigated due to its suitable
band gap, good chemical stability, and strong absorption in the visible region. In
addition, the photocatalytic performance of WOj is strongly influenced by its
morphology, particle size, and surface structure, which affect light absorption,
charge separation, and the availability of active sites [7-11]. Despite extensive
research on WOj3 -based photocatalysts, a comprehensive understanding of the
relationship between synthesis conditions, resulting morphology, and photocat-
alytic performance in the degradation of pharmaceutical compounds remains
limited [12].

In this work, WO3 nanopowders were synthesized via a hydrothermal method
and applied for the photocatalytic degradation of paracetamol under light irra-
diation. The influence of morphology and optical properties on photocatalytic
activity was systematically investigated. Special attention was devoted to the
analysis of degradation kinetics, which were found to follow a pseudo-first-order
model based on the Langmuir-Hinshelwood mechanism. The results of this
study provide insights into the design of efficient WOs -based photocatalysts for
wastewater treatment and environmental remediation.

Material and methods

Photocatalyst preparation

Chemicals: Distilled water with a resistivity of 18 M ()- cm, obtained from an
ELGA Purelab or ARIUM 611 DI water purification system, was used in all
experiments. Sodium tungstate dihydrate (Na, WO 4-2H, O, > 99%, Sigma-
Aldrich) and ammonium tungstate (ACS reagent, > 99%, Sigma-Aldrich) were
employed as tungsten precursors for the synthesis of tungsten oxide nanopowders.
Citric acid and nitric acid (98%, Acros Organics) were used as chelating and
pH-adjusting agents without further purification.
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Synthesis of WO3 nanopowders. For the hydrothermal synthesis of tung-
sten oxide powders, an aqueous solution containing 0.08 M sodium tungstate
dihydrate (Na, WO 4-2H, O) and 0.1 M citric acid was prepared. The solution
was stirred at room temperature for 1 h to ensure complete complexation of
tungsten species. Citric acid acted as a chelating agent, stabilizing tungstate
ions in solution and controlling the nucleation and growth of tungsten oxide
particles. Subsequently, hydrochloric acid (HCl, 5 M) was added dropwise to
adjust the solution acidity to pH = 1.5. The addition of HCI induced protonation
of tungstate species and promoted the formation of tungstic acid precursors,
triggering the condensation and crystallization processes. As-prepared precursor
solution was transferred into a Teflon-lined stainless-steel autoclave for hydrother-
mal treatment at elevated temperature. Approximately 50 mL of the growth
solution was poured into a 50 mL Teflon vessel, which was then placed inside a
stainless-steel autoclave and hermetically sealed. The autoclave was subsequently
introduced into a muffle furnace preheated to the synthesis temperature, where
hydrothermal synthesis was carried out at 180 °C for 4 h. After completion
of the reaction, the autoclave was allowed to cool naturally to room tempera-
ture. The obtained suspension was washed several times with distilled water to
remove residual ions and by-products, followed by drying at 90 °C in air for
approximately 12 h.

Photocatalytic activity evaluation

Photocatalytic experiments were carried out using an aqueous solution of parac-
etamol. A known amount of photocatalyst was dispersed in the solution and
stirred in the dark for 30 min to establish adsorption—desorption equilibrium.
Subsequently, the suspension was irradiated with UV-visible light under con-
tinuous stirring. At regular time intervals, aliquots were collected, centrifuged
to remove the catalyst, and analyzed by UV-Vis spectroscopy. The degradation
efficiency was calculated using the relation: 1 = (Cy — C)/Cp x 100% , where
Co and C are the initial and remaining dye concentrations, respectively. The
photocatalytic kinetics were analyzed using a pseudo-first-order model according
to the Langmuir-Hinshelwood mechanism: In(Cy/C¢) = kt, where k is rate
constant, C is the initial concentration and C; is the concentration at time .

Characterization techniques

Sample morphology was examined using scanning electron microscopy (SEM,
ZEISS Crossbeam 540). Structural ordering and vibrational properties of the
materials were characterized by Raman spectroscopy (Solver Spectrum NT-MDT,
473 nm excitation), while crystalline phases and lattice structure were identified
via X-ray diffraction (XRD, Rigaku SmartLab, Cu K« radiation, A = 1.5406 A).



Eurasian Journal of Physics and Functional Materials, Vol.10 (2). 181

. " =
oo = 10pm g 1 | - 3 ¥ ——
B Vs LS AL PR " - ol £ % gl um i ‘1 100 nm

Figure 1. SEM images of WO3 powders at different magnifications: (a) low-magnification overview showing
agglomerated microstructured surface (scale bar 10 u m); (b) intermediate magnification revealing densely packed
micro-grains (scale bar 1 u m); (c) high-magnification image showing well-defined nanoblock/nanoplate-like particles
with sizes in the range of ~ 80-150 nm (scale bar 100 nm).

Results and Discussion

The morphology of the WO3; powders was examined by scanning electron mi-
croscopy (SEM) (Figure 1). At low magnification (Figure 1a), the sample exhibits
a highly agglomerated microstructured surface composed of irregular clusters
distributed over several micrometers. At higher magnification (Figure 1b), the
structure is resolved into densely packed micro-grains forming a porous network.
The grains appear interconnected, which may facilitate charge transport and
improve accessibility of reactive sites during photocatalytic processes. The high-
magnification image (Figure 1c) reveals that the material consists of well-defined
nanoblock or nanoplate-like particles with characteristic lateral dimensions in the
range of approximately 80-150 nm. The relatively uniform particle size distribu-
tion and the presence of sharp edges indicate good crystallization of the WO3
phase. Such hierarchical micro/nanostructured morphology is beneficial for
photocatalytic applications, as it increases the effective surface area and enhances
light harvesting due to multiple scattering within the agglomerated structure.
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Figure 2. UV-Vis diffuse reflectance spectrum of WO3; powders and the corresponding Tauc plot (insert) derived using
the Kubelka-Munk function.

The optical band gap was estimated from the Tauc plot using the Kubelka—
Munk transformation (Figure 2). The extrapolation of the linear region of hv
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yields an indirect band gap of approximately ~ 2.9 eV, corresponding with other
works [13,14]. The absorption edge located around 400450 nm indicates that
WO3 can be activated under near UV and partially visible light irradiation.
Additionally, slight tailing of the absorption edge may be attributed to defect
states such as oxygen vacancies, which can improve charge separation and
enhance photocatalytic performance.
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Figure 3. (a) Raman spectrum and (b) XRD pattern of WO3 nanopowders.

The structural properties of the WO3; powders were characterized by Raman
spectroscopy (Figure 3a). The spectrum recorded in the range of 50-1000 cm ~!
exhibits characteristic bands consistent with the monoclinic phase of WO3. The
two most prominent bands, located at 710 cm 1 and 806 cm !, are assigned
to symmetric stretching vibrations of bridging O-W-O bonds. The band at
273 cm ! is attributed to bending vibrations of O-W-O bond [15-17]. The
well-defined nature of these bands indicates a high degree of crystallinity of the
WO3; sample. The positions and relative intensities of all observed bands are in
good agreement with previously reported data for monoclinic WO3 . The Raman
peak parameters are summarized in Table 1.

Table 1.
Parameters of Raman peaks for WOs.

Ti/WO3 | FWHM (cm™!) | I (intensity)
O-W-0O bending 273 12.8 2335
O-W-O stretching 710 19.7 3724
O-W-O stretching 806 18.3 6547

The crystal structure of the WO3 powders was examined by X-ray diffrac-
tion (XRD). The diffraction pattern (Figure 3b, Table 2) reveals a set of sharp
and well-resolved reflections that are fully indexed within the monoclinic WO3
structure and are in good agreement with the reference card PDF#01-083-0950.
The most intense peaks are observed in the 20 range of approximately 23-25°,
corresponding to the (002), (020), and (200) crystallographic planes. Additional
reflections are detected at 20 = 26.7, 28.7, 33.2, 34.2 and 35.5, which can be
assigned to the (120), (112), (022), (202) and (122) planes, respectively [18-21]. The
observed set of diffraction maxima is fully consistent with the standard pattern
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for monoclinic WO3. The strongest diffraction peak observed at 20 = 23.6°,
corresponding to the (020) reflection, indicates a preferential growth of WO3
crystallites in the (020) direction. To determine the average crystallite size, the
peak broadening was analyzed using the Scherrer equation, D = KA/(Bcosf),
in which K represents the shape factor (0.9), A denotes the X-ray wavelength
(1.5406 A), B is the full width at half maximum (FWHM) expressed in radians,
and 0 is the Bragg diffraction angle. Based on this analysis, the crystallite size
derived from the (020) reflection was found to be ~ 25 nm.

Table 2.
Parameters of XRD for WOs5.
Crystal planes | WO3

(002) 23.1
(020) 23.6
(200) 24.3
(120) 26.7
(112) 28.7
(022) 33.2
(202) 34.2
(122) 35.5
(222) 41.7
(004) 47.2
(040) 48.3
(400) 50
(114) 50.5
(024) 53.6

Overall, the combination of Raman spectroscopy and XRD analysis demon-
strates a high degree of structural ordering of the synthesized WO3 powders.
The presence of sharp and intense Raman-active vibrational modes together with
well-defined and narrow XRD reflections confirms the formation of a highly
crystalline monoclinic WO3 phase with good long-range structural order and
low defect concentration.

Figure 4 presents the full UV-Vis absorption spectra recorded during the
photocatalytic degradation of paracetamol at a concentration of 50 mg/L using
WO;3 powders as the photocatalyst. A progressive attenuation of the character-
istic absorption peak at 243 nm was observed with increasing irradiation time,
demonstrating the effective photocatalytic decomposition of paracetamol under
the applied experimental conditions [22]. The continuous attenuation of this peak
without the emergence of new distinct absorption bands suggests that the process
is governed by photocatalytic degradation rather than simple adsorption. Under
light irradiation, WO3 generates electron-hole pairs that lead to the formation
of reactive oxygen species, which are responsible for the oxidative degradation
of paracetamol [18]. These results demonstrate the strong photocatalytic per-
formance of WO3 powders and their potential application in environmental
remediation.
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Figure 4. Photocatalytic degradation of paracetamol in the presence of WOj3 -based powders under light irradiation.
The normalized concentration ( C/Cy ) as a function of irradiation time demonstrates the degradation efficiency of the
catalyst.

The hydrothermal synthesis conditions, particularly the temperature (180 °C),
reaction duration (4 h), and the use of citric acid as a chelating agent, play a
decisive role in determining the structural, optical, and electronic properties of the
resulting WO3 nanopowders. The controlled nucleation and growth promoted
by citric acid complexation, combined with the acidic environment (pH = 1.5),
favors the formation of well-crystallized monoclinic WO3 with a nanoplate-like
morphology. The high crystallinity confirmed by XRD and Raman spectroscopy
results in a well-defined band structure with an optical band gap of ~2.9 eV.

The linear relationship between In(C/Cp) and irradiation time, as illustrated
in Figure 5, confirms that the photodegradation of paracetamol follows pseudo-
first-order kinetics within the Langmuir-Hinshelwood model [23]. The high
correlation coefficient (R?* = 0.979) indicates an excellent agreement with the
kinetic model. The apparent rate constant (kapp = 2.54 x 1072 min ~!) demon-
strates the efficient photocatalytic activity of the WOs3; nanopowders. This
performance can be attributed to the effective generation of reactive oxygen
species and improved charge separation under light irradiation. According to
the Langmuir-Hinshelwood mechanism, the degradation process involves ad-
sorption of paracetamol molecules onto the catalyst surface followed by their
oxidation. Minor deviations observed at the initial stage may be related to the
establishment of adsorption—desorption equilibrium. Overall, the obtained rate
constant is comparable to or exceeds values reported for similar WO; -based
systems, highlighting the promising potential of the synthesized material for
wastewater treatment applications.

The stability and reusability of the WO3 nanopowders were evaluated through
three consecutive photocatalytic degradation cycles under identical experimental
conditions. As shown in Figure 6, the photocatalytic activity remains relatively
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Figure 5. Pseudo-first-order kinetic plot for the photocatalytic degradation of paracetamol over WOj; -based powders
under light irradiation.

stable with only a slight decrease after repeated use. After 90 min of irradiation,
the degradation efficiencies remained above 85% for all cycles, indicating good
photocatalytic stability of the synthesized WO3; nanopowders. The minor re-
duction in activity after repeated cycling may be associated with partial surface
adsorption of intermediate products or slight catalyst loss during washing and
recovery processes. Overall, the obtained results demonstrate that the synthesized
WO3 powders possess good reusability and structural stability, highlighting their
potential for practical wastewater treatment applications.
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Figure 6. Reusability and stability of WO3; nanopowders during repeated photocatalytic degradation of paracetamol
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To evaluate the structural stability of the WO3 nanopowders after photocat-
alytic reaction, Raman spectra were recorded before and after photocatalysis
(Figure 7). The characteristic Raman bands of monoclinic WO3; remain clearly
visible after the experiment, confirming preservation of the main crystal struc-
ture. A slight shift and broadening of several Raman bands can be observed
after photocatalysis, which may be associated with minor surface modification,
adsorbed reaction intermediates, or changes in defect concentration during irra-
diation. However, no new Raman bands corresponding to secondary phases or
decomposition products appear, indicating that the WO3 nanopowders retain
their structural integrity during the photocatalytic process.

before photocatalysis
after photocatalysis

Intensity (arb.un.)

0 500 1000 1500
Raman shift (cm™)

Figure 7. Raman spectra of WO3 nanopowders before and after photocatalytic degradation experiments,
demonstrating preservation of the monoclinic WOj3 structure after repeated use.

To evaluate the photocatalytic performance of WO3; nanopowders in the
present study, a comparative analysis was carried out considering key parameters
such as synthesis method, morphology, degradation rate, and light source. The
results are summarized in Table 3, which presents previously reported data on
the photocatalytic degradation of paracetamol using various WOj3 -based and
composite photocatalysts. Although such comparisons are inherently relative
due to variations in experimental conditions including catalyst dosage, light
source type, irradiation power (W), reaction time (min), and pH they remain
valuable for assessing the overall efficiency and practical applicability of different
photocatalytic systems in water purification. As shown in Table 1, a wide range
of synthesis approaches, including hydrothermal, solvothermal, sol-gel, and
impregnation—precipitation methods, have been employed to fabricate photocata-
lysts with diverse morphologies such as nanoparticles, porous structures, rod-like
architectures, and spherical grains. These structural differences significantly
influence the photocatalytic activity by affecting surface area, light absorption,
and charge carrier dynamics.
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Table 3.
Summary Table of Photocatalysts for Degradation.
Material Synthesis Morphology Degradation | Light source | Reference
Method Rate
(min~T1)
NiWO4/CoWOy hydrothermal porous 0.019 min T UV light [24]
Cup,O/WO3/TiO, hydrothermal nanoparticles 0.044 min—T | 150W Xenon [25]
lamp
Zeolite/Fe30,/CuS/CuWOy | hydrothermal nanoparticles 0.049 min—! Sunlight [22]
covering a porous
surface structure
Bi,WO4-CNP-TiO, NTA solvothermal | rod-like structures | 0.0024 min—1| LCS-100 W [26]
solar
simulator
CFA/GO/WO5NRs + PbZ" | hydrothermal netlike balls 0.015 min T 250 HW [27]
lamp,
visible light
Cu@ZnWOy,-K impregnation- |  spherical grains 0.015 min T Sunlight [28]
precipitation
method
FMMWCNTs@GLYMO@WOs3 | hydrothermal nanoparticles 0.019 min T 170W [29]
Citizen COB
LED lamp,
visible light
In-WO3/rGO solvothermal spherical 0.014 min ! visible light [30]
nanoparticles
WO3/TiO, /SiO, sol-gel agglomerated 0.012 min~!T | Xenon lamp, [31]
spherical UV-VIS light
nanoparticles
WOj3 nanopowders hydrothermal nanoplate-like 0.025 min T UV-visible This
particles light work

Notably, the WO3; nanopowders synthesized in this work via the hydrother-
mal method exhibit a degradation rate of 0.025 min ~! under UV-visible light
irradiation, which is competitive with or superior to many previously reported
systems. This enhanced performance can be attributed to their nanoplate-like
morphology, which likely provides an increased active surface area and facilitates
efficient charge separation. Overall, the comparative analysis highlights that the
developed WO3; nanopowders demonstrate promising photocatalytic activity
for paracetamol degradation and can be considered as an effective candidate for
environmental remediation applications.

Conclusion

In this work, WO3; nanopowders were successfully synthesized via a hydrother-
mal method and evaluated as photocatalysts for the degradation of paraceta-
mol under UV-visible light irradiation. SEM analysis revealed a hierarchical
micro/nanostructured morphology composed of well-defined nanoplate-like
particles with lateral dimensions of approximately 80-150 nm, while Raman
spectroscopy and XRD confirmed the formation of a single-phase monoclinic
WO3 structure with high crystallinity. The optical band gap, determined from
Tauc plot analysis, was estimated at approximately 2.9 eV, indicating the ability
of WOs3 to absorb near-UV and partial visible light. Photocatalytic experiments
demonstrated the progressive decomposition of paracetamol monitored by the
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attenuation of the characteristic absorption peak at 243 nm. The degradation pro-
cess followed pseudo-first-order kinetics according to the Langmuir-Hinshelwood
model, yielding an apparent rate constant of kapp = 2.54 x 1072 min ~! with a
high correlation coefficient (R*> = 0.979). The observed photocatalytic activity is
attributed to the developed surface morphology, which enhances light harvesting
and provides a large number of accessible active sites, as well as to the presence
of defect states that promote charge carrier separation. Comparative analysis
with previously reported WO;-based and composite photocatalytic systems
confirmed that the synthesized nanopowders exhibit competitive performance
despite the simplicity of the synthesis route and the absence of co-catalysts or
composite modification. From an industrial standpoint, the simple and scalable
hydrothermal synthesis employed here makes WO3 nanopowders attractive for
large-scale photocatalyst production. Their proven activity in pharmaceutical
pollutant degradation underscores their potential for wastewater treatment and
environmental remediation, contributing to the advancement of sustainable water
purification technologies.
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