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ABSTRACT

This study focuses on the preparation and characterization of
MoOs nanoparticles for the photocatalytic degradation of dyeing
wastewater. The XRD pattern of MoO shows distinct peaks at 28
values of 12.8°, 23.4°, 25.7°, 27.3°, and 39.0°, corresponding to
specific crystal planes and confirming its a-MoOs phase, validated
against JCPDS card number 05-0508. The morphology reveals
stacked or crumpled particles with a high surface area conducive
to catalytic activities. EDX analysis identifies molybdenum (Mo)
and oxygen (O) with characteristic peaks at 2.29 keV (Mo La),
17.48 keV (Mo Ka), 19.63 keV (Mo KB), and 0.52 keV (O Ka),
confirming the material's composition. MoO5’s layered structure,
influenced by van der Waals forces, offers unique interlayer
spacing  advantageous  for  photocatalytic  processes.
Photodegradation experiments showed progressive efficiency: at
10 minutes, MoO3 achieved 8.58%; by 40 minutes, it increased to
30.42%, and at 50 minutes, reached 42.3%. Efficiency peaked at
60 minutes with 50.52%, progressing to 60.8% at 70 minutes and
71.03% at 90 minutes, finally achieving 75.25% at 100 minutes.
These results demonstrate MoO5 nanoparticles' effectiveness in
degrading dye pollutants, highlighting their potential for sustainable
wastewater treatment applications.

Keywords: characteristic, degradation, MoOs, nanoparticles,
photocatalytic, wastewater

INTRODUCTION

The increasing production of textile goods has led to a substantial
rise in dyeing wastewater, which is one of the most challenging
types of industrial effluents to treat. Dyeing wastewater typically
contains high concentrations of synthetic dyes, surfactants, organic
chemicals, and toxic heavy metals. These contaminants are not
only resistant to conventional wastewater treatment methods but
also pose significant environmental and health risks due to their
persistence, toxicity, and potential for bioaccumulation. The
release of untreated dyeing wastewater into water bodies leads to
severe issues, such as the depletion of dissolved oxygen, reduced
light penetration, and the disruption of aquatic ecosystems.
Therefore, there is an urgent need for advanced treatment
technologies that can effectively remove these complex pollutants.
Among the various approaches, photocatalysis has emerged as a
promising technique due to its ability to utilize sunlight or artificial
light to degrade organic pollutants into non-toxic byproducts. In this
context, molybdenum trioxide (MoO3) nanoparticles have attracted
significant interest as efficient photocatalysts for the degradation of
dyeing wastewater (Alsukaibi , 2022; Periyasamy, 2024).
Molybdenum trioxide (MoO3) is a versatile transition metal oxide
known for its high thermal stability, unique electronic properties,

and strong oxidative capabilities. As a semiconductor material,
MoOs exhibits a wide band gap, typically around 2.7 to 3.0 eV,
which makes it suitable for photocatalytic applications under
ultraviolet (UV) or visible light irradiation. The nanoscale form of
MoOs offers enhanced surface area, increased reactivity, and a
greater number of active sites, making it an excellent candidate for
environmental remediation, particularly for the photocatalytic
degradation of organic dyes. Recent advancements in
nanotechnology have enabled the synthesis of MoO3 nanoparticles
with controlled size, shape, and morphology, leading to improved
photocatalytic performance. Moreover, MoOs nanoparticles can
generate reactive oxygen species (ROS) such as hydroxyl radicals
(*OH) and superoxide anions (O,~*) upon light excitation, which
play a crucial role in the oxidative degradation of pollutants (da
Silva-Junior et al. 2023, Qing et al. 2023).

The preparation of MoO3 nanoparticles generally involves various
synthesis methods, including hydrothermal, sol-gel, and chemical
vapor deposition techniques. Among these, the hydrothermal
method is widely favored due to its simplicity, cost-effectiveness,
and ability to produce nanoparticles with uniform size and
morphology. In this process, molybdenum precursors, such as
ammonium molybdate, are dissolved in an aqueous solution and
subjected to high temperature and pressure conditions, leading to
the formation of MoO3 nanocrystals. Key synthesis parameters like
temperature, pH, precursor concentration, and reaction time play a
critical role in determining the structural properties of the resulting
nanoparticles. Advanced synthesis approaches, such as
microwave-assisted hydrothermal and template-assisted methods,
have also been explored to fine-tune the size and morphology of
MoOs nanoparticles, further enhancing their photocatalytic
efficiency (Gavrilova et al. 2020).

Characterization of MoO; nanoparticles is essential for
understanding their structural, optical, and catalytic properties,
which directly influence their photocatalytic activity. Techniques
such as X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) are commonly
employed to determine the crystal structure, particle size, and
morphology of the synthesized nanoparticles. Fourier-transform
infrared spectroscopy (FTIR) and Raman spectroscopy provide
insights into the functional groups and molecular vibrations, while
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) is used to
assess the optical properties and band gap energy of the
nanoparticles. ~ Additionally, ~Brunauer-Emmett-Teller  (BET)
analysis helps evaluate the specific surface area, which is a critical
factor affecting the photocatalytic  performance. The
comprehensive characterization of MoO5 nanoparticles aids in
correlating their structural features with their catalytic efficiency,
facilitating the design of more effective materials for wastewater
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treatment (Dargahi et al. 2020; Inobeme et al. 2023).

The photocatalytic degradation process using MoO nanoparticles
involves the absorption of photons, leading to the excitation of
electrons from the valence band to the conduction band, creating
electron-hole pairs. These charge carriers interact with water and
oxygen molecules, generating ROS that degrade the dye
molecules into smaller, non-toxic compounds such as CO, and
H20. MoO3 nanoparticles have demonstrated high photocatalytic
activity against a wide range of dyes, including methylene blue,
rhodamine B, and methyl orange, making them suitable for treating
complex dye mixtures in wastewater. Furthermore, the
photocatalytic process can be optimized by modifying the surface
of MoO3 nanoparticles with metal or non-metal dopants, enhancing
their light absorption, charge separation, and stability under
irradiation. The recyclability and reusability of MoO3 nanoparticles
also contribute to their potential as a sustainable solution for
wastewater treatment (Hendrix et al. 2023).

In addition, the preparation and characterization of MoO3
nanoparticles hold significant promise for the efficient
photocatalytic degradation of dyeing wastewater. The unique
properties of MoOs, including its strong oxidative capability, high
stability, and tunable optical features, make it an excellent
photocatalyst for environmental applications. The optimization of
synthesis methods and the detailed characterization of the
nanoparticles are crucial for achieving high photocatalytic
performance. As research progresses, the development of
advanced MoO3-based nanocomposites and hybrid materials may
further enhance the efficiency and scalability of this approach,
paving the way for practical applications in industrial wastewater
treatment and contributing to cleaner and safer water resources
(Dostanic¢ et al. 2024).

MATERIAL AND METHODS

The dye wastewater used in this study was collected from one of
the Textile Industries at the Industrial Estate in Kaduna State. The
wastewater was collected from the wastewater tank before being
discharged. The sample collected was brought to the laboratory
and in diluted trioxonitrate(V) acid for analysis (Mathew et al.
2024a).

Synthesis of MoO3 nanoparticles via sol-gel method

Precisely 50 grams of molybdenum nitrate tetraoxomanganese(VIl)
into a 250 cm3 beaker, where approximately 100.0 cm3 of de-
ionized water to the beaker. The solution was placed in a magnetic
stirrer to agitate the solution for 30 minutes at a rate of 150
revolutions per minute (rpm). 0.5 M sodium hydroxide (NaOH) was
introduced into the solution in a dropwise manner, achieve the
desired pH levels of 12. After stirring for 5 minutes, a precipitate
was form. This precipitate was meticulously separated through
filtration, by using Whatman No. 1 filter paper. The collected
precipitate was thoroughly washed with deionized water and
ethanol to eliminate any residual, unreacted precursors.
Subsequently, the final product was subjected to drying in an oven
set at 105 °C for 24 hours. After the drying process, the product
was subjected to calcination in a furnace, maintained at a
temperature of 450 °C. This calcination process is essential to

with EDS and BET (Mathew et al. 2023a)

Effect of time

The effect of time on dye removal efficiency was investigated. A
fixed concentration of dye solution was prepared and mixed with a
predetermined amount of MoO3 nanoparticles. The mixture was
irradiated under simulated sunlight in a photoreactor. Aliquots of
the solution were collected at regular intervals (e.g., 10, 20, 30, and
60 minutes) and immediately centrifuged to separate the catalyst.
The supernatant was analyzed using a UV-Vis spectrophotometer
to measure the absorbance at the dye’s characteristic wavelength,
determining the degradation percentage over time (Mathew et al.
2023b).

Effect of catalyst loading

To evaluate the effect of catalyst loading on photocatalytic
degradation, MoO3 nanoparticles were dispersed in 100 mL of
dyeing wastewater at varying concentrations (0.1 g/L, 0.2 g/L, 0.3
g/L, and 0.5 g/L). The suspension was stirred and irradiated under
simulated sunlight using a 300 W xenon lamp. Samples were
collected at regular intervals and analyzed using a UV-Vis
spectrophotometer to monitor dye concentration. The degradation
efficiency was calculated, and the optimal catalyst loading was
determined by the maximum removal efficiency achieved with
minimal catalyst waste (Sinar-Mashuri et al. 2020).

Effect of pH

To investigate the effect of pH on photocatalytic degradation, the
pH of dyeing wastewater solutions was adjusted to 3, 5, 7, 9, and
11 using dilute HCI or NaOH solutions. A fixed concentration of the
dye solution was prepared, and 0.1 g of MoO3 nanoparticles was
added as the photocatalyst. The solutions were stirred in the dark
for 30 minutes to establish adsorption equilibrium before exposure
to simulated sunlight. Aliquots were collected at regular intervals,
filtered, and analyzed using a UV-Vis spectrophotometer to monitor
the degradation efficiency at different pH values (Mousavi et al.
2023).

RESULTS AND DISCUSSION

From fig. 1, MoOs exhibits an orthorhombic crystal structure, which
is associated with the a-MoOs; phase, the most stable and
commonly observed form of MoOs. The XRD pattern of MoOs is
characterized by distinct peaks at 26 values of 12.8°, 23.4°, 25.7°,
27.3°, and 39.0°, corresponding to the (020), (110), (021), (040),
and (060) planes, consistent with JCPDS card number 05-0508,
thus validating the phase identification of a-MoOs (Harini et al.
2022). Similarly, Norouzi et al. (2022) confirmed the presence of
peaks corresponding to the orthorhombic a-MoOs structure in their
XRD analysis. The low broadening of peaks can be attributed to
|attice strain or the nanocrystalline nature of the material.

MoO,

Intersity (a.m)

| .

T T T T T
10 20 30 40 50 60 70 80

produce nanoparticles (Mathew et al. 2024b). 2theta (Degree) 20
Fi 1: XRD Result of MoO3 N rticl
Characterization of MoO3s Nanoparticles lgure gsult orlo%s Ranoparticles
The zeolite-A, nanoparticles was characterized using different
analytical instruments such as XRD, HRSEM, and HRTEM coupled
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The HRSEM image of MoOs nanoparticles (Fig. 2) exhibits a
layered orthorhombic crystal structure. These particles are stacked
or crumpled, leading to a high surface area that is advantageous
for catalytic activities (Jamil et al., 2022). The HRSEM image also
shows some degree of porosity, which further enhances the
material’s surface area.

Figure 2: HRSEM image of MoOs nanoparticles

The EDX spectrum of MoOs (Fig. 3) features characteristic peaks
for molybdenum (Mo) and oxygen (O). Molybdenum shows
prominent peaks at approximately 2.29 keV (Mo La), 17.48 keV
(Mo Ka), and 19.63 keV (Mo KB), while a peak represents oxygen
at around 0.52 keV (O Ka), similar to ZnO. The peaks
corresponding to molybdenum confirm the presence of MoOs, with
molybdenum in its +6 oxidation state. This is supported by the
findings of Xiao et al. (2024), who noted the versatility of
molybdenum in different oxidation states, including +6, and its
implications in various chemical reactions (Xiao, et al. 2024).
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Figure 3: EDX image of MoOs nanoparticles

MoQs, as observed in SAED, suggests that it may possess a higher
density of grain boundaries, which can act as active sites for
photocatalysis.

Figure 4: HRTEM and S Images of MoO

Table 1 presents some parameters analysed in dyeing wastewater.
The high COD value of 1525.8 mg/L obtained indicates that the
dyeing wastewater contains a significant amount of oxidizable
pollutants, such as dyes, surfactants, and other organic
compounds used in the dyeing process. This high COD level
suggests a substantial organic load, which can lead to oxygen
depletion in receiving water bodies, adversely affecting aquatic life
(Mohamed et al., 2022; Saha et al., 2022). The BOD value of
25243 mg/L is relatively high, indicating the presence of
biodegradable organic compounds in the wastewater. While this
value is lower than the COD, the significant difference between
COD and BOD suggests that a large portion of the organic matter
is not easily biodegradable. High BOD levels can lead to oxygen
depletion in water bodies, resulting in the death of aquatic
organisms and the disruption of the ecosystem (Rudaru et al.,
2022). The pH of the dyeing wastewater is 6.61, which is slightly
acidic. The pH level is crucial because it affects the solubility and
toxicity of chemicals in the water. The slightly acidic nature of the
wastewater could be due to the use of acidic dyes or other acidic
chemicals in the dyeing process, which can lead to significant
environmental concerns if not properly managed (Delletesse,
2023).

Table 1: Some Physiochemical Parameters of Dyeing Wastewater

Parameter Value
The HRTEM image of MoOs (Fig. 4) reveals layered structures due COD (mglL) 1525.8
to the orthorhombic crystal structure. The lattice fringes
corresponding to the (021) and (110) planes are typically visible, BOD (mglL) 25243
reflecting the anisotropic nature of MoOs. The interlayer spacing in pH 6.11
MoOsis generally larger compared to ZnO, which is a characteristic Cl- (mglL) 607.75
feature of its layered structure by the presence of van der Waals Alkalinity (mg/L) 325.12
forces that bind the MoOs octahedra together, forming bi-layer TDS (mglL) 1052.05
structures (Papadimitropoulos et al. 2022). The high crystallinity of o '
MoOs, as evidenced by the clear lattice fringes, is also essential for Turbidity (NTU) 57.2
its photocatalytic activity, particularly in facilitating intercalation and Conductivity (uS/cm) 20255

deintercalation processes that are critical for photocatalysis. The
SAED pattern of MoOs usually shows diffraction rings or spots
corresponding to the orthorhombic structure. The presence of
diffraction rings, rather than spots, can indicate the polycrystalline
nature of MoOs, where multiple crystallites with random
orientations contribute to the diffraction pattern. This
polycrystallinity arises from the aggregation of multiple crystallites
with random orientations, which contributes to the observed
diffraction patterns (Larciprete, 2024). The diffraction rings are
often indexed to planes such as (021), (110), and (111), which are
characteristic of orthorhombic MoOs. The polycrystalline nature of

The chloride concentration of 607.75 mg/L is relatively high, which
can have detrimental effects on aquatic life and soil if the
wastewater is discharged untreated. High chloride levels can lead
to an increase in the salinity of water bodies, which affects the
osmoregulation of aquatic organisms. Solomon (2023) has shown
that even concentrations below 230 mg/L can negatively impact
aquatic organisms, particularly in waters with low background
calcium levels. The alkalinity of 325.12 mg/L indicates that the
wastewater has a moderate capacity to buffer acidic inputs, which
is important for maintaining a stable pH during treatment
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processes. High alkalinity can be beneficial in neutralizing acids
generated during biological treatment processes, but it can also
indicate the presence of excessive chemicals used in the dyeing
process, such as sodium carbonate (Kim et al, 2020). Total
Dissolved Solids (TDS) represent the combined content of all
inorganic and organic substances dissolved in the water. The TDS
value of 1052.05 mg/L suggests that the wastewater contains a
significant amount of dissolved substances, including salts,
minerals, and organic compounds. High TDS levels can affect the
taste and quality of water and can lead to scaling in pipes and
equipment (Wang, 2021). The turbidity value of 57.2 NTU
(Nephelometric Turbidity Units) indicates that the wastewater
contains a high level of suspended particles, such as dyes, fibers,
and other colloidal matter. High turbidity can reduce light
penetration in water bodies, affecting photosynthesis in aquatic
plants and disrupting the aquatic food chain (Mukarugwiro et al.,
2023). The high conductivity value of 2025.5 puS/cm indicates a
significant presence of dissolved ions, such as salts, acids, and
bases, which are commonly found in dyeing wastewater. High
conductivity can be harmful to aquatic life, as it can affect the
osmotic pressure and ion exchange processes of organisms. The
presence of these ions is not only a consequence of the dyeing
processes but also reflects the complex interactions between dyes
and other chemical substances used (Wang et al., 2023).
Photodegradation of dyeing wastewater was measured at 10 min
intervals, with the performance metrics expressed as percentages
using MoOQs (see Fig. 5). In the initial stage of photodegradation (0-
30 min), the photocatalysts exhibited varying degrees of activity. At
10 min, MoO; achieved a photodegradation efficiency of 8.58%.
Kedves et al. (2023) reported that the presence of MoOs in a
heterojunction with ZnO not only enhances the photocatalytic
efficiency but also extends the absorption spectrum into the visible
range, thereby improving the overall performance of the composite
material. As the irradiation time increased to 20 min, the
photodegradation efficiencies of MoOs was 15.72%. Here, the
trend observed at 10 min persisted with MoOs. At 30 min, the
photodegradation efficiency was 25.5% for MoOs.

80

sites or the continued separation of charge carriers facilitated by
the heterojunction. By 60 min, the photodegradation efficiency was
50.52% for MoOs. The trend of the composite outperforming the
individual catalysts persisted, with the efficiency gap widening. This
sustained superiority of the MoO3s composite can be linked to the
continuous generation of ROS and the effective degradation of
intermediate dye products that may have formed during the earlier
stages (Hussain et al., 2024). At 70 min, the efficiency was 60.8%
for MoOs. In the final stage of photodegradation (80-100 min), the
efficiencies of the photocatalysts continued to increase, with 62.16
% for MoOs. At 90 min, the efficiencies were 71.03% for MoOs. The
ability of the composite to outperform individual components by
such a large margin highlights the potential for designing tailored
photocatalysts with optimized properties for specific applications.
Finally, at 100 min, the photodegradation efficiencies reached
75.25% for MoOs. A similar report was performed by Gautam et al.
(2023) on the fabrication of Curcuma longa mediated novel
Ni@ZnO/MoO3 composite anchored with g-C3N4 for sunlight-driven
photocatalytic activity.

The effect of dosage on the photodegradation of dyeing
wastewater using MoOs is presented in Fig. 6. MoOs is another
semiconductor photocatalyst known for its high oxidation states
and ability to generate reactive oxygen species. At a catalyst
loading of 0.25 g, MoOs achieves an efficiency of 40.52%, which is
lower than that of ZnO at the same loading. This difference can be
attributed to the lower photocatalytic activity of MoOs under similar
conditions, possibly due to its narrower bandgap or less effective
charge separation compared to ZnO. For instance, it has been
reported that various morphologies of MoOs, such as nanobelts
and nanorods, exhibit low photocatalytic activity, primarily because
of the wide bandgap that restricts the absorption of visible light (Sun
et al., 2023). As the catalyst loading increases, the efficiency of
MoOQs improves, reaching 50.06% at 0.3 g and 61.1% at 0.35 g.
These values are still lower than those observed for other literature
such as Zn0, indicating that MoOs may require a higher catalyst
loading or longer irradiation time to achieve degradation levels like
Zn0. At 0.4 g, the efficiency of MoOs rises to 79.4%, showing a
significant improvement. At 0.45 g, MoOs achieves a
photodegradation efficiency of 90.85%. Finally, at 0.5 g, the
efficiency of MoOs reaches 96.9%, which is nearly complete
degradation. This slight difference suggests that while MoOs is a

£ competent photocatalyst, ZnO is more efficient under the given
’§ experimental conditions (Sun et al., 2023).
&
&
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Figure 5: Effect of time using MoOs under UV-visible light g
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During the mid-stage of photodegradation (40-70 min), the 50 4
differences in photocatalytic efficiency became more pronounced.
At 40 min, the photodegradation efficiencies increased to 30.42 % 40 +
for MoOs. This anomaly could be due to the saturation of active T T T T T T
0.25 0.30 0.35 0.40 0.45 0.50

sites on the composite material, which may have temporarily
reduced its effectiveness. At 50 min, the photodegradation
efficiencies rose significantly, with MoOs at 42.3%. This recovery
suggests that any temporary reduction in activity was overcome as
the reaction progressed, possibly due to the regeneration of active

Catalyst loading (g)

Figure 6: Effect of catalyst loading using MoO3s under UV-visible
light
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The photodegradation of dyeing wastewater was assessed at six
different pH levels (2, 4, 6, 8, 10, and 12) using MoOs
photocatalysts (see Fig 7). The results demonstrate a consistent
increase in degradation efficiency as the pH increases. The
efficiency of photodegradation generally increases with the pH
level for the MoOs photocatalysts. At pH 2, the degradation
efficiencies are relatively low, with MoO3 at 15.48%. As the pH
increases to 12, there is a significant rise in degradation efficiency
with MoOs at 60.65% reaching the highest efficiency of 77.95%.

da Silva-Junior, M. G., Arzuza, L. C. C., Sales, H. B., Farias, R. M.
D. C., Neves, G. A, Lira, H. L., & Menezes, R. R.
(2023). A Brief Review of MoOsand MoOs-Based
Materials and Recent Technological Applications in Gas
Sensors, Lithium-lon Batteries, Adsorption, and
Photocatalysis. Materials (Basel, Switzerland), 16(24),
7657. https://doi.org/10.3390/ma16247657

Dargahi, M., Masteri-Farahani, M., Shahsavarifar, S., & Feizi, M.
(2020).  Microemulsion-mediated  preparation  of
Ce2(MoO4)3 nanoparticles for photocatalytic

70 degradation  of crystal violet in  aqueous
MO solution. Environmental science and pollution research
2 60 international, 27(11), 12047-12054.
£ https://doi.org/10.1007/s11356-020-07816-2
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304 coagulation-flocculation process. Afinidad. Journal of
Chemical Engineering Theoretical and Applied

204 Chemistry, 80(600). https://doi.org/10.55815/422668
Dostani¢, J., LonCarevi¢, D., Hadnadev-Kosti¢, M., & Vuli¢, T.
10 I e e e IS m——— (2024). Recent Advances in the Strategies for

2 4 [ 8 10 12
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Figure 7: Effect of pH using MoOs under UV-visible light

MoOs is another semiconductor that has been explored for
photocatalytic applications. The performance of MoOs in this study
shows a similar trend to that of ZnO reported by Pascariu et al.,
(2020), with increasing degradation efficiency as the pH rises.
However, at each pH level, MoOs consistently exhibits lower
photodegradation efficiency. This lower efficiency can be attributed
to the narrower bandgap of MoOs which limits its ability to generate
enough electron-hole pairs under UV light (Pascariu et al. 2020).
Moreover, MoOs has a lower conduction band edge, which might
result in less effective reduction processes. Despite these
limitations, the increase in efficiency with pH indicates that MoOs
also benefits from higher pH levels due to enhanced +OH radical
formation.

Conclusion

The study successfully synthesized and characterized MoOs
nanoparticles for the photocatalytic degradation of dyeing
wastewater, demonstrating their efficiency as a sustainable
treatment solution. The prepared nanoparticles exhibited excellent
structural and optical properties, as evidenced by XRD, SEM, EDX
and TEM analyses, confirming their suitability for photocatalysis.
The photocatalytic experiments revealed that MoO3 nanoparticles
effectively degraded organic dyes under simulated UV-visible,
achieving significant removal efficiencies within short reaction
times. Factors such as the effect of catalyst loading, pH, and time
were optimized to maximize performance, with higher dosages and
UV-visible conditions favouring enhanced degradation. These
findings establish MoO nanoparticles as a promising material for
addressing the environmental challenges posed by dyeing industry
effluents.
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