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Abstract

The increasing prevalence of synthetic dyes in industrial wastewater
presents significant environmental challenges because of the toxicity
and lack of effectiveness of conventional treatment methods. Methyl red,
a widely used azo dye, is particularly problematic due to its high
chemical stability. In this study, manganese tungstate (MnWO0,) was
synthesized using a coprecipitation method and evaluated for its
photocatalytic activity in methyl red degradation through UV-C
exposure. The synthesized MnWO, was characterized using several
techniques, including Fourier transform infrared spectroscopy (FTIR),
ultraviolet-diffuse reflectance spectroscopy (UV-DRS), and scanning
electron microscopy (SEM). SEM analysis revealed the formation of
needle-like, nanometer-sized MnWOo, particles with high aspect ratios,
which are expected to enhance photocatalytic efficiency. XRD confirmed
the development of a highly crystalline pure MnWO, phase, and FTIR
spectra showed characteristic peaks corresponding to Mn-0 and W-0
bonds. The UV-DRS results revealed that the material possesses a direct
band gap of 3.18 eV, suitable for UV-C light absorption. Photocatalytic
experiments demonstrated that MnWO, effectively degraded methyl
red, with the removal efficiency reaching nearly 60% after 180 minutes
of irradiation. These findings suggest that MnWO, is a promising
photocatalyst for environmental remediation, offering a simple, cost-
effective solution for dye degradation in wastewater.

Keywords: Manganese tungstate (MnWO,), Photocatalysis, Methyl
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Sentezlenen sentetik boyalarin sanayi atiksularindaki artan yayginligi,
toksisiteleri ve geleneksel aritma ydéntemlerine karst direngleri
nedeniyle énemli cevresel zorluklar yaratmaktadir. Yaygin olarak
kullanilan bir azo boyasi olan metil kirmizi, yliksek kimyasal kararlilig
nedeniyle ézellikle sorun tegkil eder. Bu ¢alismada, manganez tungstat
(MnWO,), ko-precipitasyon yéntemi kullanilarak sentezlenmis ve UV-C
isimimi  altinda -~ metil kirmizinin ~ fotokatalitik bozunumu  igin
degerlendirilmistir. Sentezlenen MnWO0,, X-1s11 kirintimi (XRD), Fourier
déniistim infrared spektroskopisi (FTIR), Ultraviyole-difiiz reflektans
spektroskopisi (UV-DRS) ve Taramali elektron mikroskobu (SEM) gibi
cesitli tekniklerle karakterize edilmistir. SEM analizi, yiiksek agisal
oranlara sahip igne benzeri, nanometre boyutlarinda MnWO,
parcaciklarinin olusumunu ortaya koymustur, bu da fotokatalitik
verimliligi artirmast beklenen bir ozelliktir. XRD, yiiksek kristal yapida
saf bir MnWO, fazinin olusumunu dogrulamis ve FTIR spektrumlari,
Mn-0 ve W-0 baglarina karsilik gelen karakteristik pikleri
gostermistir. UV-DRS sonuglari, malzemenin UV-C is1g1 emme i¢cin uygun
olan 3.18 eV'lik bir direk bant araligina sahip oldugunu gostermektedir.
Fotokatalitik deneyler, MnWO,'lin metil kirmiziyr etkin bir sekilde
bozdugunu ve 180 dakika sonra bozunma verimliliginin neredeyse
%60'a ulastigint gdstermistir. Bu bulgular, MnWO,"lin ¢evresel
iyilestirme icin umut verici bir fotokatalizor oldugunu ve atiksulardaki
boya bozulmasi icin basit ve maliyet etkin bir ¢6ziim sundugunu
gostermektedir.

Anahtar Kkelimeler: Mangan tungstat (MnWO,), fotokataliz, metil
kirmizi bozunumu, atiksu aritimi, boya bozunumu, c¢evresel
iyilestirme

1 Introduction

The growing prevalence of synthetic dyes in manufacturing-
related wastewater poses significant environmental challenges
because of their harmful nature and resistance to
biodegradation, and potential to accumulate in aquatic
ecosystems [1]-[7]. Among these dyes, methyl red, a widely
used azo dye, is particularly problematic owing to its strong
chemical stability and inability to undergo degradation
conventional wastewater treatment methods [8]-[10]. The
release of such pollutants into water bodies not only disrupts
ecosystems but also threatens human health, highlighting the
urgent need for effective remediation strategies [11]-[13].
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Advanced oxidation processes (AOPs) have been recognized as
an effective approach for breaking down persistent organic
contaminants. [14], [15]. Among these, photocatalysis has
gained significant attention due to its ability to utilize solar
energy to generate reactive oxygen species, responsible for
decomposing complex organic species into simpler, less
harmful byproducts [16], [17]. The effectiveness of a
photocatalytic process is largely determined by the
characteristics of the photocatalyst employed, including its
bandgap, stability, and surface characteristics [18], [19].

Transition-metal tungstates, including materials such as
Bi2WO0s, ZnWO04, and CaWO0s4, have shown remarkable potential
in photocatalytic applications due to their narrow bandgap,
excellent thermal stability, and robust electronic properties [6],
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[20]-[22]. For example, Bi,WO¢ has been widely researched for
its superior photocatalytic performance when exposed to
visible light, making it a benchmark material in this field [23],
[24]. Similarly, ZnWO, has been recognized for its ability to
degrade various organic pollutants under UV light [25], [26].
Despite these advancements, manganese tungstate (MnWO0,), a
member of the same family of tungstates, remains
underexplored.

MnWO, exhibits unique electronic and structural properties
that make it a promising candidate for photocatalytic
applications [27], [28]. Its narrow bandgap enables effective
utilization of visible light, while its robust crystalline structure
ensures stability under operational conditions [29], [30].
Recent studies have highlighted the potential of manganese-
based oxides in environmental remediation, suggesting that
MnWO, could exhibit excellent photocatalytic properties [31]-
[33]. However, comprehensive investigations into its synthesis,
characterization, and application for dye degradation,
specifically for azo dyes like methyl red, are still lacking.

This study aims to address this gap by synthesizing MnWO,
using a coprecipitation method and characterizing its
morphological, structural, and optical characteristics through
various techniques. The synthesized material's photocatalytic
activity is evaluated for methyl red degradation upon exposure
to visible light, providing insights into its effectiveness as an
environmentally friendly catalyst.

The outcomes of this research are expected to contribute to the
growing body of knowledge on transition-metal tungstates and
their application in environmental remediation. By
investigating the capacity ofMnWO, in degradating methyl red,
this study not only highlights its practical applicability but also
lays the foundation for future research on manganese-based
photocatalysts in addressing environmental pollution.

2 Materials and methos
Materials

The chemicals used in the synthesis, including sodium
tungstate dihydrate (Na,WO0,:2H,0) and manganese chloride
tetrahydrate (MnCl,-4H,0), had analytical grade quality and
were purchased from Thermo Scientific. These chemicals were
used as received, without any additional purification.

Synthesis of Manganese Tungstate

To synthesize manganese tungstate, 6 mmol of sodium
tungstate dihydrate and 6 mmol of manganese chloride
tetrahydrate were individually dissolved in 50 mL of ultra-pure
water. Manganese chloride solution was gradually added drop
by drop to the sodium tungstate solution with constant stirring.
During the addition, the formation of a precipitate was
observed.

After the addition was complete, stirring was continued for an
additional 1 hour to ensure thorough mixing. The obtained
precipitate was separated by filtration and repeatedly washed
with distilled water to eliminate impurities. The filtered
product was heat treated at 600°C for 5 hours. Finally, the
calcined material was ground into a fine powder using an agate
mortar, yielding the manganese tungstate product.

Characterization

The MnWO, sample synthesized via the coprecipitation method
was subjected to various characterization techniques to
analyze its properties. Phase analysis was carried out using a

Rigaku Miniflex X-ray diffractometer with Cu Ka radiation. XRD
patterns were recorded over a 28 range of 10° to 90°. FTIR
spectrum was collected using an ATR attachment (Spectrum
Two, Perkin Elmer) in the wavenumber range of 400-4000
cm™. UV-DRS measurements were conducted to determine the
band gap energy of the sample. The sample's morphology was
analyzed using a Phenom ProX SEM fitted with a CeBg electron
gun.

Photocatalytic Behavior Evaluation of Manganese
Tungstate

Photocatalytic experiments were conducted using a custom-
designed photocatalysis system equipped with six UV-C lamps
arranged in a circular pattern around a quartz cylindrical
reactor. The solution in the reactor was continuously stirred
using a magnetic stirrer, while air was bubbled through the
system to ensure homogeneity and oxygenation. To prevent
overheating caused by UV-C exposure, the reactor’s outer
chamber was cooled with air.

Methyl Red (MR) dye was prepared at a concentration of 400
ppm in an ethanol-distilled water mixture with a 40:60 ratio.
From this stock solution, a 10 ppm MR solution was prepared
by diluting it with distilled water to a total volume of 500 mL.
The solution's pH was modified to 1.5 with the addition of HCI.
For the photocatalytic experiments, 200 mg of manganese
tungstate catalyst was added to the MR solution. The mixture
was agitated and aerated in the reactor for 30 minutes to
achieve adsorption equilibrium before initiating UV-C
irradiation.

The photocatalytic activity of the manganese tungstate was
assessed by a Perkin Elmer Lambda 35 UV-Vis
Spectrophotometer. Absorbance measurements were taken
initially at 0 minutes, immediately after the adsorption
equilibrium was reached. Subsequently, the system was
exposed to UV-C light, and UV-Vis measurements were taken at
15-minute intervals over a total irradiation time of 180
minutes. The absorbance was recorded across the wavelength
range of 300-650 nm to monitor the degradation of MR dye.

3 Results and discussion

Figure 1 displays SEM images of the synthesized MnWO,
samples, at 5000X magnification (Figure 1A) and 15000X
magnification (Figure 1B). The SEM images clearly reveal
needle-like, nanometer-sized MnWO, particles. This
morphological structure can be attributed to the anisotropic
growth process, where growth occurs more rapidly along one
axis than along the others during the coprecipitation synthesis
of MnWO0,. The needle-like morphology of MnWO, offers a high
aspect ratio, which is expected to enhance its photocatalytic
performance.
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Figure 1. SEM images of synthesized MnW04 samples A-
5000X and B-15000X magnification.

The MnWO, was effectively produced through a
straightforward coprecipitation method, and subsequently
subjected to heat treatment in an open atmosphere. XRD
confirmed the development of a highly crystalline pure MnWO,
phase. As shown in Figure 2, the XRD pattern aligns well with
the reference data from JCPDS Card No. 01-080-0152, with all
observed peaks corresponding to the MnWO, phase. The sharp
and distinct peaks in the pattern indicate that the synthesized
sample possesses high crystallinity.
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Figure 2. XRD pattern of the synthesized manganese tungstate
sample, confirming its phase purity and good crystallinity. The
diffraction peaks correspond closely with those of the
standard JCPDS Card No. 01-080-0152, indicating the
successful formation of the MnWO, phase.

The FTIR spectrum of the synthesized MnWO, was shown in
Figure 3. The absorption peaks at 880 cm™ and 793 cm™
correspond to the symmetric and asymmetric stretching
vibration modes of the W-0 bond in the WO, terminal group,
respectively [34]. The peak observed at 727 cm™ is attributed
to the asymmetric stretching vibrations of the W-0 bond in the
(W,04)8 structural network. Peaks at 579 cm™* and 558 cm™
are assigned to the stretching vibrations of the Mn-0 bond [35],
[36].

Additionally, a weak band at 521 cm™ is ascribed to the
stretching vibrations of the Mn-0O-Mn bond, while the low-
intensity peak at 455 cm™ corresponds to the in-plane
deformation modes of the longest W-0 bond. Lastly, the peak

at 425 cm™ is attributed to the in-plane deformation vibration
mode of the W-0 bond in the WO, terminal groups [36].
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Figure 3. FTIR spectrum of the synthesized MnWO4. Inset
shows the bands in the range of 400-1000cm-!

The light absorption characteristics MnWO, sample were
examined using UV-DRS (see Figure 4). A prominent reflection
peak at 518 nm was observed, which is attributed to the
electronic transition between the 0-2p and Mn-3d levels in
MnWO,. Additionally, a weaker band at 563 nm corresponds to
the spin-forbidden transition between the eg and tzg orbitals of
Mn-2p [37]. These findings align with those reported by Van
Hanh et al. [38].
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Figure 4. Reflectance data of the synthesized MnWO04 sample
via UV-DRS.

The band gap (Eg) of the synthesized MnWO, was calculated
through the extrapolation of the Tauc plot derived from the
Kubelka-Munk function. This involved extending the linear
portion of the plot to the x-axis where [F(R)hv]» equals zero.
Here, F(R) denotes the Kubelka-Munk function or remission
function, h stands for Planck's constant (J:s), and v represents
the frequency of the photon (s™). For the direct band gap, n =
2, and for the indirect band gap, n = 1/2. MnWO, sample
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exhibited [39], [40] both an indirect band gap of 1.72 and 2.76
eV and a direct band gap of 3.18 eV (see Figure 5 and Figure 6).
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Figure 5. [F(R)hv]1/2 versus energy plot via UV-DRS showing
the indirect band gap of the synthesized MnWOa.
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Figure 6. [F(R)hv]?2 versus energy plot via UV-DRS showing the
direct band gap of the synthesized MnWO4 sample.

The direct band gap of 3.18 eV for MnWO, positions it as a
competitive photocatalyst compared to TiO, (~3.2 eV) [41] and
Zn0 (~3.37 eV) [42]. However, its band gap is slightly larger
than that of g-C3N4 (~2.7 eV) [43] and BiVO, (~2.4 eV) [44],
which are known for their superior visible-light absorption. To
enhance the photocatalytic performance of MnWO,, future
studies could explore doping with transition metals or non-
metals to reduce the band gap and improve visible-light
absorption, as well as forming heterojunctions with other
semiconductors to enhance charge separation.

The photocatalytic activity of Mn\WO, was evaluated by using
the catalyst in an acidic methyl red dye solution. In the UV-Vis
analysis, the absorption peak at 518 nm was attributed to
methyl red. Following the addition of 200 mg of MnWO,, the
solution was left in the dark for 30 minutes to establish a state
of adsorption balance. After this adsorption period, UV-C lamps
were switched on, and air bubbles were introduced into the

reaction vessel. UV spectroscopy measurements were taken at
15-minute intervals, starting from the 0th minute, until the total
photocatalytic reaction time reached 180 minutes. Figure 7
presents the UV spectra of the methyl red solution during the
photocatalytic reaction, recorded between 0 and 180 minutes.
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Figure 7. UV-Vis spectra of methyl red solution during
photocatalytic breakdown by MnWO, during a period of 180
minutes. Spectra were recorded at 15-minute intervals,
starting from the 0th minute immediately after the adsorption
equilibrium was reached, showing the change in absorption at
518 nm as the photocatalytic reaction progressed.

The UV spectra shown in Figure 7 reveal a gradual decrease in
the absorbance at 518 nm. This reduction in absorbance
indicates the successful degradation of Methyl Red dye over the
course of the photocatalytic reaction.
D . . _ 100 Co —Cp)
egradation Ef ficiency = 100 — 9]
0

The degradation efficiency of the photocatalytic reaction is
calculated according to the equation (1) where C: and Co
represent the absorbance values of the methyl red solution at
time t and at 0 minutes, respectively, as measured by a UV-Vis
spectrometer and presented as a removal efficiency plot in
Figure 8.
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Figure 8. Removal efficiency of MnWO4 on the
photodegradation of Methyl Red dye

As shown in Figure 8, the photocatalytic activity initially
increased slowly during the first 15 minutes. From 15 to 45
minutes, the removal efficiency remained relatively constant at
approximately 5%. In the latter phase of the photocatalytic
reaction, the removal efficiency increased rapidly, reaching
nearly 60% by the end of the 180-minute reaction.

4 Conclusion

In this study, manganese tungstate (MnWO,) was effectively
produced through a simple coprecipitation method and
evaluated for its photocatalytic performance in degradating
methyl red. The characterization findings confirmed the
successful formation of MnWO, with high crystallinity and
suitable optical properties for UV-C light absorption. SEM
analysis revealed that the MnWO, particles exhibited a needle-
like morphology with high aspect ratios, which likely
contributed to their enhanced photocatalytic activity. The
photocatalytic experiments demonstrated that MnWO,
effectively degraded methyl red under UV-C irradiation, with a
degradation efficiency of nearly 60% after 180 minutes. This
research offers significant understanding and perspectives on
the photocatalytic properties of MnWO, and its potential
application in environmental remediation, particularly for the
treatment of dye-contaminated wastewater.
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