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Abstract

Photocatalysis emerges as a promising method for treating organic dye contaminated wastewater. This process
involves the use of photocatalysts through light activation, typically semiconductors such as titanium dioxide
(TiOy) or polyoxometalates (POM) to generate reactive species capable of degrading organic pollutants. Several
factors influence the photodegradation of ionic and cationic dyes including chemical properties, reaction
mechanism and degradation efficiency. This work evaluated photodegradation performance of methyl orange
(MO) and malachite green (MG) dyes using hybrid-polyoxometalate (HPOM) photocatalyst. Fourier Transform
Infrared Spectroscopy (FTIR) identified the characteristic band at 3463.66 cm™ (O-H) and 997.74 cm™* (W-0O).
Scanning Electron Microscopy (SEM) revealed the presence of rod-like and granular structures in HPOM,
representing silver acetate and sodium tungstate. X-ray diffraction (XRD) confirmed characteristic peak of
Keggin structure, revealing high crystallinity of HPOM. UV-assisted photodegradation was evaluated on
different parameters (initial dye concentration, photocatalyst dosage and pH), highlighting HPOM’s better
affinity for degrading cationic dye. The optimum photodegradation conditions for MG and MO dyes were 20
ppm dye concentration, 100 mg photocatalyst dosage, and pH 7 and 8, respectively. The kinetic data was fitted
with the Langmuir Hinshelwood kinetic model, indicating pseudo-first-order kinetics. HPOM exhibited a higher
rate constant, k for MG (k = 0.0068 min-1) than MO (k = 0.0029 min™2).
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1 Introduction cosmetics, and other crucial industries. The ease of the

synthesis process and fade resistance render the dyes
Dyes serve as a pervasive coloring agent across various  favorable, and widespread adoption in the industries.
industries such as food, pharmaceuticals, textiles, However, the rapid development in industrialization
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has led to a substantial increase in dye usage, generating
a substantial amount of wastewater over the decades
[1]. Synthetic dyes foster a colorful world,
accompanying the water pollution problem, as dyes are
reported as a contaminants commonly found in
wastewater streams. Dyes can be classified into natural
dyes and synthetic dyes. Natural dyes, derived from
naturally occurring sources like lutein extracted from
plant, produce a high amount of wastewater during
squeezing process [2]. Due to the high cost and limited
colorfastness properties of natural dyes, synthetic dyes
have become the preferred choice across various
industries [3]. Driven by the rising demand for
manufactured and high-quality  products, the
manufacturing industries require large amounts of dyes
to enhance the product's appearance, although only a
minimal portion of dye molecules bind to the fabric [4].
A large quantity of water is required to wash the fabric
and excessive chemical compounds like dyes, acids and
alkaline during dyeing [5], [6]. Unfortunately, the
improper wastewater treatment process causes the dye
effluent to persist in waterbodies and remain untreated
before releasing the wastewater into the environment
[4]. The massive amount of aqueous dye effluent
combination discharged without proper treatment can
pose an environmental challenge. The discharged
wastewater comprises various dyes in different
compositions especially anionic and cationic dyes [6].
Methyl orange (MO) and malachite green (MG) are
synthetic dyes commonly used in the textile industry
due to their cost-effectiveness and high availability,
which exemplify this environmental issue. MO is an
anionic azo dye with a negative charge, and MG is a
cationic dye that belongs to the triphenylmethane dye
category [7]. Both dyes are mutagenic and carcinogenic
as arise from their structures that consist of aromatic
rings structure, posing significant health risks [8], [9].
A small amount of these dyes can cause severe health
issues, impacting human development and health.
Therefore, water pollution issue has been highlighted
and need to take action to find an approach to treatment.

There are various pollutant removal methods such
as adsorption [7], biological treatment [2], membrane
separation [10], etc. However, these methods exhibit
limitations, such as high cost, long time consumption
and secondary wastes [11]. Photocatalysis is an
advanced oxidation process that utilizes solar energy to
effectively degrade pollutants such as dyes [12]. This
process can break down organic compounds completely
by generating highly reactive hydroxyl radicals, turning
the compounds into water, carbon dioxide and other
inorganic ions [13]. This process is assisted with the aid

of photocatalyst and irradiation. The presence of
semiconductor photocatalyst, such as titanium oxide
(TiOy), zinc oxide (ZnO) and zinc sulfide (ZnS)
facilitates the degradation process. TiO, and ZnO; are
the most notable metal oxide semiconductor
photocatalysts that are widely used in industries due to
their low cost, non-toxicity and chemical stability [14].
The photocatalysis process for dye wastewater
treatment has been focused and the use of photocatalyst
has been reported [15], [16]. Meso-TiO, photocatalyst
synthesized by bi-template assisted sol-gel method
showed maximum degradation of 62.3554% on MO
[15]. ZnO nanoparticles showed 95.41% of photocatalytic
degradation in Rhodamine B dye revealing high
photocatalytic efficiency [16]. However, the wide band
gap of metal oxide semiconductors, which only allow it
to generate radicals under UV light exposure and the
fast recombination of electrons and holes also decrease
the photocatalytic degradation performance [15], [17].

Polyoxometalates (POMSs), the transition metals
substituted clusters exhibiting unique properties, such
as redox [18], are reportedly combined with organic
ligands and transition metal ions to vyield the
heterogeneous, hybrid-polyoxometalate (HPOM) [19].
HPOM can be categorized depending on the integrated
counterpart in the structure and exhibit either ionic or
covalent interaction. The encapsulation of catalytically
active POMs in the metal-organic framework is known
as one of the ionic interactions of POMs with organic
counterparts. For the covalent interaction with organic
counterparts, the HPOM with enhanced stability was
formed due to the covalent bond [20].

Four common structures of POMs were studied
due to their versatility: Lindqvist, Anderson-Evans,
Keggin, and Wells-Dawson [21]. Keggin-structured
polyoxometalate is one of the most reviewed and
reported in photocatalysis due to its exceptional
stability and catalytic properties under reaction
conditions [11], [22]. The Keggin structure is
characterized by a central heteroatom and four
trimetallic groups, forming high porosity due to the
crystallite pores [20], [23]. The strong covalent dative
bonds between oxygen atoms and metal ions were
attributed to their high chemical and mechanical
resistance properties. Keggin structure polyoxometalate
is also efficient in electron accepting and storing due
to the vacant d orbitals in Keggin structure that
facilitate the electron transfer reactions [24], [25].
HPOM shows higher efficiency in photocatalytic
degradation as it improves the generation of reactive
OH radicals and complete organic compound
conversion [26], [27].

W. W. Leow et al., “Facile Synthesis of Hybrid-Polyoxometalates Nanocomposite for Degradation of Cationic and Anionic Dyes in Water

Treatment.”



Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7485 3

The discharged industrial wastewater consists of
mixed dye effluents and other pollutants [28]. The
separation of chemicals from the water is a challenge
encountered. Photocatalytic degradation has been one
of the promising strategies in pollutant removal [29].
Therefore, in this study, a heterogenous Keggin-type
hybrid polyoxometalate was synthesized using
hydrothermal technique, characterized and used as the
photocatalyst in treating different types of dye solutions.
The photocatalytic degradation ability in the cationic
and the anionic dye of the synthesized photocatalyst
was also evaluated and compared with MO and MG in
the effect of initial concentration of dye solution,
photocatalyst dosage and pH. Moreover, the kinetics
of the MO and MG dyes were also investigated to study
the degradation performance of photocatalytic systems
by determining the degradation rate of the reactions.

2 Materials and Methods
2.1 Materials

Sodium tungstate dihydrate (Na,WO4-2H,0), Silver
acetate (Ag(CHsCO2)) 1H-benzotrialzole and 4,4’-
bipyridine were purchased from Merck, Germany.
Hydrochloric acid (HCI, 37%) was obtained from J. T.
Baker, sodium hydroxide (NaOH) was obtained from
HmbG Chemicals, ethanol (CH3COOH, 99%) was
obtained from VWR Chemical, malachite green (MG,
90%) and methyl orange (MO, 85%) from Sigma-
Aldrich were of analytical used and without further
purification. All chemicals used were reagent grade
without further purification.

2.2 Synthesis HPOM photocatalyst

Hybrid-polyoxometalates (HPOM) were synthesized
in a Teflon-lined hydrothermal synthesis autoclave.
Specifically, silver acetate, Ag(CHsCO,), 1H-
benzotrialzole, 4,4’-bypyridine (weight ratio 3:1:1)
and deionized water were dissolved in a beaker and
followed by stirring vigorously for 30 min. Sodium
tungstate dihydrate, Na,WO.-2H,0, was added to the
solution and stirred vigorously until a cloudy solution
formed. The initial pH value of the solution was
measured using a pH meter and controlled in the range
of pH 2 to 3 using hydrochloric acid (HCI) solution.
The solution was hydrothermally heated in a 10 mL
Teflon-lined hydrothermal synthesis autoclave reactor
for 72 h. After cooling to room temperature, the
solution was sent to the refrigerator to be stored at 4 °C
for 1 day. The mixture was filtered, extracted, and

purified using ethanol and deionized water. The
drying process was carried out at 70 °C until dried to
obtain a powdered state, yielding HPOM.

2.3 Characterization

The structure of HPOM was analyzed using Fourier
Transform Infrared Spectroscopy (FTIR, PerkinElmer
Spotlight™ Fourier Transform Infrared Spectroscopy
400 Microscopy). To carry out FTIR analysis,
potassium bromide (KBr) was used as the carrier for the
sample. The photocatalyst was mixed with KBr and
transferred into a pellet die to be pressed into a diss. The
disc was then transferred and placed in the sample
holder for analysis. Besides, the morphology of the
synthesized photocatalyst was also examined with
Scanning Electron Microscopy (SEM, JEOL JSM
6460LA). The electron microscope with a resolution of
0.126 keV and an acceleration voltage of 20 kV were
used to observe the surface morphology of the
photocatalyst. The composition of the photocatalyst was
also studied using Energy Dispersive X-ray spectroscopy
(EDX). The crystal structure of the photocatalyst was
determined and obtained by X-ray diffractor (XRD,
Bruker D2 PHASER). The powder X-ray diffractometer
with copper (Cu) X-ray tube was used and the
wavelength was Kal= 1.5406 A. The XRD was
generated at 10 mA and 30 Kv to find out the compound
structure that existed in the synthesized photocatalyst.

2.4 Photocatalytic study

The photocatalytic degradation was carried out on MO
and MG dye using a photocatalytic batch reactor under
ultraviolet (UV) irradiation, as illustrated in Figure 1.
The experiments were carried out in the dark to
investigate the photocatalytic degradation efficiency
and the adsorption of MO and MG to the HPOM.
Specific combinations of dye concentration and
amount of photocatalyst were introduced into a 1 L
reactor (height 31 cm, diameter 8 cm, wall thickness 1
cm). A 220 VAC UV photochemical lamp with its
radiation at 254 nm (lamp length 27.94 cm, diameter
0.95 cm) was immersed into the dye solution. The
solution was stirred for 180 min using a magnetic
stirrer. The sample of suspension was collected for
each 10 min over 180 min. The absorbance of samples
was measured by UV-vis spectrophotometer (UV-Vis,
Shimadzu UV-1800) using absorption wavelength of
MO and MG at 464 nm and 617 nm, respectively, to
measure the concentration of dye and determine the
reaction of photocatalytic degradation.
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Figure 2: FTIR spectra of the synthesized HPOM.
2.5 Effect of initial concentration of dye

The effect of the initial concentration of MO and MG
dyes was examined using 20 ppm, 40 ppm, 60 ppm,
80 ppm, and 100 ppm dye concentrations. The
temperature remained at room temperature (25 °C)
and the pH of the solution remained constant. The 10
mg of HPOM photocatalyst and 1 L of dye solution
were introduced into the reactor and stirred for 180
min at room temperature.

2.6 Effect of HPOM dosage

The experiments were carried out in different
photocatalyst dosages: 20 mg, 40 mg, 60 mg, 80 mg,
and 100 mg. The temperature remained at room
temperature (25 °C) and the pH remained constant. 20
ppm of dye solution was used for each photocatalyst
dosage. At room temperature, 1 L of 20 ppm
concentration dye solution was stirred for 180 min.

2.7 Effect of pH

The effect of pH value was examined by pH 2, 4, 6, 7,
8, and 10. 10 mg of HPOM was added to 1L of 20 ppm

UV light

Water out

Water in
‘Water pump

agnetic —— Water bath

stirrer

Figure 1: Photocatalytic degradation experiment setup.

dye solution before being agitated for 180 min at room
temperature (25 °C). The pH value was adjusted by
adding HCI and NaOH while other parameters
remained constant.

3 Results and Discussion
3.1 Characterization

3.1.1 Fourier Transform
(FTIR) Analysis

Infrared Spectroscopy

The functional groups of HPOM photocatalyst were
identified by FTIR and analyzed in Figure 2 by
observing the apparent peaks of the Keggin cluster at
802.91, 997.74, 1044.81, and 3463.66 cm™,

The peak at 802.91 cm™ was associated with the
W-O-W group, while the peak at 997.74 cm
corresponds to the W=0 group. The peaks of 1044.81
and 3463.66 cm* were attributed to P-O bonding and
the vibration of hydrogen bonding (O-H bond),
respectively [26], [30], [31]. The O-H vibration bond
was found in the synthesized photocatalyst as the
presence of the hydroxyl group on the catalyst's
surface was to play a crucial role in enhancing the
photocatalytic activity of HPOM. The O-H bond has
stronger strength than the van der Waals bond. The
interaction of the O-H bond and the photogenerated
holes affects the recombination rate of photogenerated
electron and hole pairs [32].

3.1.2 Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray (EDX) Spectroscopy Analysis

The surface morphology of the hybrid
polyoxometalates (HPOM) was revealed using SEM.
In Figure 3(a), the SEM micrograph demonstrated the
irregular shape, indicating the presence of sodium
tungstate in large aggregates. In Figure 3(b), a
heterogeneous morphology was revealed as a rod-like
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structure, large fragments and minor presence of
granular structure particles. The rod-like structures
were reminiscent of the particles of silver acetate [33].
The coarse particle was resembled and identified as
sodium tungstate. From Figure 3(b), the aggregated
particle and porous area were observed clearly. EDX
analysis was employed to determine the elemental
composition of HPOM, as shown in Figure 4. In
Figure 4, the peaks confirmed the presence of silver
(Ag), sodium (Na), tungstate (W) and oxygen (O) in
the synthesized HPOM. According to the EDX
analysis (Table 1), the synthesized HPOM primarily
consists of 20.63% W and 67.72% O. The analysis
revealed the presence of transition metal and richness
in oxygen content in HPOM. This composition
aligned with the presence of transition metal
oxyanions that are connected by sharing oxygen atoms
and resulted in a polyatomic anion photocatalyst with
a high oxygen-rich surface [34].

Figure 3: SEM image of HPOM catalyst of magnification
at (@) 1000x and (b) 3000x.
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Figure 4: EDX analysis measurement of HPOM.
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Figure 5: XRD Spectrum of the synthesized HPOM.

Table 1: EDX quantity analysis of the synthesized HPOM.

Element Atomic (%) Weight (%)
Silver 11.15 19.75
Sodium 0.50 0.19
Oxygen 67.72 17.79
Tungsten 20.63 62.28

3.1.3 X-Ray Diffraction Analysis (XRD)

The XRD spectrum of HPOM is shown in Figure 5.
Within the spectrum, the diffraction peaks were
observed at 20 in the range of 6°-10°, 15°-23°, 25°—
30° and 31°-34°, which present the characteristic peak
that consistent with Keggin structure [35], [36]. The
peak showed at 8.9051° represented the presence of
crystalline grains, which are Keggin clusters within
the synthesized HPOM [31], while the broad peaks at
15-40° were attributed to small grains, which are also
identified as the characteristic peak of Keggin cluster
[31], [33]. The XRD analysis was aligned to the
crystalline structure of the synthesized HPOM and
confirmed with the Keggin structure that exhibited the
diffraction peaks such as 8.9051°, 18.1678°, 23.163°
and 32.2842° [27], [35], [37].
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3.2 Effects of Initial Concentration

The photocatalytic degradation efficiencies of HPOM
towards MO and MG at different initial concentrations
are outlined in Figure 6. As observed the degradation
efficiency of photocatalysts for both dye solutions
decreased with increasing the dye concentration. The
maximum percentage degradation of MO and MG dye
at the highest concentration (100 ppm) were 5.36%
and 33.88%, respectively, resulting in the lowest
degradation percentages. In contrast, 20 ppm solutions
of MO and MG dye exhibited the highest percentage
of dye degradation which were 91.25% and 93.19%
respectively. Both dye solutions highlighted the same
descending trend which was also reported by other
relevant literature: the percentage of photocatalytic
degradation decreases as the dye concentration
increases [22], [38].

The reduction in photodegradation percentage
with the increasing dye concentration was associated
with the adsorption behavior of dye molecules.
Increasing the initial dye concentration resulted in a
greater number of dye molecules being adsorbed onto
the surface of the photocatalyst [39]. The percentage
degradation of dye was influenced by the adsorption
of dye and the penetration of UV light onto the surface
of the photocatalyst [40]. The dye adsorption onto the
catalyst eases the photodegradation process by
exciting the dye molecule. However, this process was
limited by the availability of active sites on the catalyst
thus limiting the absorption of dye molecules [41],
[42]. Excessive amounts of dye molecules reduced the
UV irradiation penetration, the blocking of the
irradiation results in decreased photon availability on
the HPOM surface, which in turn diminished the
formation of hydroxyl (OH) radicals [43]. HPOM
exhibited better photocatalytic degradation toward
MG dye compared to MO dye due to its surface-
charged properties. HPOM possesses a negatively
surface-charged photocatalyst, which promotes the
adsorption of cationic dye molecules onto its surface
through electrostatic interactions [44].

3.3 Effects of HPOM Dosage

The effect of HPOM photocatalyst dosage on MO and
MG dye photodegradation was investigated and the
absorbance values were examined using a UV-vis
spectrophotometer every 10 min interval throughout
the experiment. Figure 7 illustrates the percentage of
MO and MG degradation over time with different
HPOM dosages. The experiment with 100 mg HPOM
exhibited the highest percentage of both MO and MG
dye degradation which were 91.25% and 99.80%,
respectively. The percentage degradation of dyes
increased as the HPOM dosage increased. The higher
amount of catalyst increased photodegradation
activity by providing a greater exposure of active sites
due to a larger surface area of the photocatalyst. The
enlarge surface area provided facilitated the
adsorption of dye molecules on the surface of the
photocatalyst, resulting in higher degradation
efficiency [26]. Higher exposure of active sites
promoted higher absorption of photons from the light
and led to a higher production of reactive species like
OH radicals and positive holes (h*), enhancing
photodegradation [45]. However, for certain photocatalysts
such as TiO,, the excessive dosage can also lead to
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catalyst aggregation, which reduces the availability of
active sites on the surface and subsequently hinders
photocatalytic degradation [46].
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3.4 Effects of pH

The effect of pH on the photocatalytic degradation
performance of MO and MG dye solution by HPOM
is shown in Figure 8. Increasing pH from 2.0 showed
the increasing photodegradation of the dye solution for
both dyes. In Figure 8, the degradation percentage of
MG dye reached the highest when the dye solution
was at pH 8, while the degradation percentage of MO
recorded the highest at pH 7. The pH of the solution
can affect the adsorption of dye molecules onto the
surface of the photocatalyst and the oxidation of
organic compounds, thus affecting the adsorption of
dye molecules onto the surface of the catalyst [47].
The pH can alter the charge on the photocatalyst's

surface, thus affecting the adsorption of ions [9]. The
hydrogen ions (h*) in the dye solution at low pH
enhanced the surface acidity of HPOM. MO was
reported to have an anionic configuration—the
degradation rate increases with the increasing of pH
value until maximum at optimum pH value. When the
pH of the dye solution exceeds pH 7, the MO
degradation decreases. Such an observation was
mainly attributed to the electrostatic repulsion
between the negatively charged MO from the
negatively charged photocatalyst under the alkaline
condition. The numbers of anionic molecules
adsorbed on the surface of the catalyst decreases due
to the presence of the hydroxyl group [48]-[51].
Meanwhile, MG possessed a cationic configuration,
which its adsorption is favorable in alkaline solution.
The positively charged density on the surface of
HPOM decreased with increasing pH due to the
deprotonation of the catalyst surface and dissociated
functional group [52]. When the solution's pH
increased, the catalyst's surface was negatively
charged. The negatively charged catalyst attracts the
cationic dye from the solution. Thus, high degradation
of MG was observed in solution with alkaline [48],
[53].

3.5 Proposed mechanism for photocatalytic
degradation of MO and MG Dye using HPOM
photocatalyst

According to the experimental results and the previous
studies [13], [29], [34], [54], the photocatalytic
degradation mechanism of MO and MG dyes was
described as a three-step mechanism involving: the
adsorption of dye molecules, the adsorption of
photons and the generation of electron-hole pairs. The
proposed photocatalytic degradation mechanism of
dyes was illustrated in Figure 9 and expressed as
Equations (1)—(6). Firstly, the MO and MG dye
molecules were adsorbed onto the active sites on the
surface of the HPOM photocatalyst. The UV light was
irradiated onto the HPOM surface, promoting the
adsorption of the photons. The continuous photon
energy excited the HPOM, facilitating the
accessibility of charge transfer as the photon initiated
the formation of electrons-hole pairs as follows:

HPOM + hv — HPOM ('\75 recg) (1)
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Under the UV light irradiation, high energy
photons were absorbed into the HPOM photocatalyst
and the electrons from the valence band (VB) were
excited to the conduction band (CB) while the
photogenerated positive holes remaining in the VB
oxidized the dye molecules. This created the reactive
intermediates. The recombination of electrons and
holes can be avoided by efficient charge separation.
When the photogenerated electron-hole pairs were
promoted, the photogenerated holes acted as oxidizing
agents to oxidize the dye or water molecules attached
to the HPOM surface, thus forming the hydroxyl
radicals (OH"). Whilst, the photogenerated electrons
converted O into Oy, O7™ attacks and breaks down the
dye molecules, contributing to less harmful
byproducts [55]. This degradation process contributed
to Equations (4)—(6).

h++H20—>H++~OH )
e +0, >0, 3
h* + Dye — Oxidation product 4)

-02_ + Dye —» HZO + CO2 + degradation products (5)

-OH + Dye — HZO + 002 + degradation products (6)

3.6 Kinetic study

The kinetics of the photocatalytic process of MO and
MG using HPOM were evaluated. The Langmuir-
Hinshelwood model was reported in modeling the
kinetics of photocatalytic degradation. The initial rate
of photocatalytic degradation, ro, was determined
using the Langmuir-Hinshelwood kinetic model and
expressed to Equations (7)—(10) as follows [56], [57],
[58]. Equation (8) can be expressed by integrating the
Equation (7) when the concentration of reactant is low
and the denominator of Equation (8) is neglected,
which showed the first-order reaction.

r, :_d£ — kcatKLHCO =k CO (7)
dt 1+K,C,

In(%) K ®)

11 1 9)
rO kcat kcat K LH CO
1 G 1 (10)
kapp kcat kcatKLH

It was followed by Equations (9) and (10) where
kapp IS the reaction rate, ke is the rate constant, Kiy is
the adsorption equilibrium constant, and C, is the
initial concentration.

In this study, the initial photocatalytic
degradation rate was calculated at t =180 minutes. The
photocatalytic degradation of both dyes followed with
Langmuir-Hinshelwood kinetic model. The equation
was rearranged into linear form as Equation (8). As
depicted in Figure 10, In (Co/C) relationship against
time exhibited a linear relationship, followed by the
Langmuir-Hinshelwood with the pseudo-first-order
kinetic model [26], [56]. In the experiment, a low
concentration of reactant was used. For the case of low
reactant concentration, Langmuir Hinshelwood with
pseudo-first-order was rewritten, and the kinetic plot
of In (Co/C) against time at a different concentration as
in Figure 10 represented the rate constant of reaction
equation can be expressed as Equation (8) [59], [60].
Figure 11 demonstrated that the plot of In (Co/C)
against time was fitted with a straight line, especially
in 40 ppm dye solution, resulting in the highest R?
value. Therefore, the higher value of R? indicated a fit
to the Langmuir-Hinshelwood model, a well-
described photocatalytic degradation of MO and MG
by HPOM with a pseudo-first-order kinetic model.

Besides, the plot of 1/kapp against Co, as in Figure
12 for different dye concentrations, yielded R? values
of 0.9327 and 0.9946 for MO and MG, respectively.
Such results suggested a linear relationship, thus
indicating a well-fitting of the pseudo-first-order
reaction to the Langmuir-Hinshelwood mechanism for
both dyes. A higher reaction rate was observed in the
MG solution than in the MO dye solution because of
the surface charge properties of HPOM [26]. The
negatively charged surface on HPOM revealed a
higher affinity in the adsorption of cationic MG dye
molecules through electrostatic interactions, leading
to increased photocatalytic degradation [44].
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Figure 12: Graph of 1/kspp against Co against a time
of photocatalytic degradation of MO and MG.

The values of the rate constant, ke (min), and
the coefficient value, R* were tabulated in Table 2 and
Table 3 alongside other works that were reported
representing the first-order kinetic model [60], [61]. A
comparison  between HPOM  with different

photocatalysts revealed that HPOM had more
excellent photocatalytic degradation performance for
20 ppm of MO and MG dye solutions. From Tables 2
and 3, the degradation kinetics of MO and MG dye
were present, and R? values were larger than 0.9. The
accessibility of the catalyst surface for generating
electron-hole pairs and hydroxyl radicals was
significant in affecting the degradation rate of the dye
solution [61]. The higher availability of catalyst
surface facilitated in improvement of diffusivity of
dye molecules on the surface of the photocatalyst,
thereby contributing to a higher degradation rate [45].
By considering the involvement of both anion and
cationic dyes, the adsorption and photocatalytic
degradation reaction of HPOM were also affected by
the electrostatic interactions between dyes and HPOM
surface [62]. The synthesized HPOM was negatively
charged, thus explained the photodegradation rate of
HPOM in MG dye was higher, compared to MO dye.

Table 2: Comparison of various photocatalyst
degradation performances of 20 ppm MO dye.
Rate Constant,

2
Photocatalyst K (min-) R Ref.
TiO, 0.00240 0.9790 [63]
PT-13 film 0.00104 0.9993 [64]
HPOM 0.01060 0.9397 This work

Table 3: Comparison of various photocatalytic
degradation performances in 20 ppm MG dye.

Rate Constant,

Photocatalyst K (min'?) R? Ref.
Cuo 0.00808 0.94416 [65]
BiOBr 0.00530 0.96872 [65]
CuCo-500 0.00710 0.9626 [60]
HPOM 0.01340 0.9915 This work

4 Conclusions

The photocatalytic degradation of MO and MG dye
was performed using hybrid polyoxometalates
(HPOM) as photocatalysts assisted with UV-light
irradiation. Through a series of characterizations and
experimental analyses, the HPOM photocatalyst was
successfully synthesized and the photocatalytic
degradation capability of the HPOM photocatalyst
was also examined. The structural properties of the
HPOM photocatalyst were characterized by FTIR,
SEM, and XRD analyses. The functional groups in the
photocatalyst sample were identified by FTIR, with
the characterization peaks indicating the Keggin
structure. For the SEM analysis, silver acetate and
sodium tungstate morphologies were confirmed by
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revealing rod-like and irregularly aggregated
structures, respectively. The EDS analysis also
corroborated the elemental composition, identifying
the presence of tungstate and oxygen as primary
elements by weight composition. XRD analysis
demonstrated high crystallinity of HPOM structure,
indicating the formation of the Keggin structure in
HPOM crystal structure. This work also evaluated the
photocatalytic degradation activity of HPOM under
different operating conditions assisted by UV light.
The increasing initial dye concentration resulted in a
decreasing photocatalytic degradation percentage. The
highest photodegradation percentage was observed at
low concentrations of dye; high concentrations of dye
solution had the lowest photodegradation percentage
due to a higher amount of dye molecules, causing the
blocking of irradiation and reducing the penetration of
light. The increased amount of HPOM dosage
demonstrated the highest percentage of dye
degradation. A larger surface area contributed to a
higher availability of active sites on the catalyst
surface for the adsorption of dye molecules and
photocatalytic degradation. In the effect of initial pH,
the photocatalytic degradation of MO and MG dyes
revealed the highest percentage at pH 8 and 7,
respectively. The increasing pH of the solution
contributed to the generation of more hydroxyl groups
on the catalyst surface, acting as oxidizing agents in
the degradation process. The kinetic study of MO and
MG photocatalytic degradation was also investigated,
revealing the suitability of the Langmuir Hinshelwood
model with pseudo-first-order Kinetics. The higher
degradation rate of HPOM revealed the higher
absorption and oxidation reaction of dye molecules
compared to the other photocatalysts. The
photocatalytic degradation reaction of HPOM was
also affected by the charge of the dye solution. In
practical industrial wastewater scenarios, the
wastewater contains a mixture of dyes. Through this
study, the synthesized HPOM demonstrated high
photocatalytic degradation performance, showing a
promising ability to remove anionic and cationic dyes
which would be one of the attractive applications in
industries. While HPOM has potential in wastewater
treatment, its reusability and stability should also be
focused on minimizing the catalyst waste and
promoting a sustainable approach. The findings are
crucial for evaluating water treatment technologies.
Future research efforts should focus on photocatalytic
degradation and developing a modified HPOM
photocatalyst in the future to achieve efficient

pollutant removal without generating and leaving any
chemical residuals in the future.
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