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Abstract: Efficient and excellent nanoparticles are required for the degradation of organic dyes in
photocatalysis. In this study, silver-manganese oxide nanoparticles (Ag-Mn-NPs) were synthesized
through a wet chemical precipitation method and characterized as an advanced catalyst that has
enhanced photocatalytic activity under sunlight irradiation. The nanoparticles were characterized
using scanning electron microscopy (SEM), XRD, UV-vis light spectra, and energy-dispersive X-ray
(EDX) spectroscopy, revealing their spherical and agglomerated form. The EDX spectra confirmed
the composition of the nanoparticles, indicating their presence in oxide form. These bimetallic oxide
nanoparticles were employed as photocatalysts for the degradation of malachite green (MG) dye
under sunlight irradiation in an aqueous medium. The study investigated the effects of various
parameters, such as irradiation time, catalyst dosage, recovered catalyst dosage, dye concentration,
and pH, on the dye’s photodegradation. The results showed that Ag-Mn oxide nanoparticles exhibited
high photocatalytic activity, degrading 92% of the dye in 100 min. A longer irradiation time led to
increased dye degradation. Moreover, a higher catalyst dosage resulted in a higher dye degradation
percentage, with 91% degradation achieved using 0.0017 g of the photocatalyst in 60 min. Increasing
the pH of the medium also enhanced the dye degradation, with 99% degradation achieved at pH
10 in 60 min. However, the photodegradation rate decreased with increasing dye concentration.
The Ag-Mn oxide nanoparticles demonstrate excellent potential as a reliable visible-light-responsive
photocatalyst for the efficient degradation of organic pollutants in wastewater treatment.

Keywords: malachite green; photocatalytic degradation; silver-manganese oxide nanoparticles;
wastewater remediation

1. Introduction

In the wake of global population growth and burgeoning industrial activities, the
contamination of water bodies with diverse pollutants has risen to alarming levels. This
rampant pollution poses a significant threat to water resources by exacerbating water
scarcity and jeopardizing water quality. The urgency to combat this problem is evident,
given its direct repercussions on water-supply security, human health, natural ecosystems,
and overall quality of life. Given that water is the source of life itself, tackling the issue of
severe water pollution is of utmost importance. The quest for clean water is pivotal for
not only meeting essential human needs but also upholding the wellbeing of other living
organisms and sustaining various commercial operations [1,2]. The escalating issue of water
pollution, primarily driven by the presence of non-biodegradable pollutants from diverse
industries, has become a pressing concern [3]. Among the most prevalent contaminants,
organic dyes pose a significant threat. These dyes not only disrupt the photosynthesis
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process but also have adverse effects on human health, such as skin irritation, allergies,
and even cancer [4]. Approximately 15% of the dyes released into water bodies through
textile effluents during the dyeing process contribute to this pollution. To solve this
problem, various approaches, including physicochemical and biological processes, have
been developed for dye treatment, each with its own advantages and disadvantages [5].

In previous studies, efforts directed toward addressing dye degradation in contami-
nated wastewater have been noteworthy, encompassing chemical and physical remedia-
tion techniques, including flocculation, electrocoagulation, activated-carbon sorption, and
UV-visible degradation. However, each of these methods possesses certain drawbacks
that hinder their widespread adoption [6-8]. These limitations often include challenges
in operational control, incomplete degradation, and high operational costs. Additionally,
some of these methods might not be environmentally sustainable owing to the generation
of secondary pollutants. The emergence of nanotechnology has opened new possibilities
for wastewater treatment, with silver nanoparticles proving to be effective in this regard.
Nanomaterials offer unique advantages owing to their specific characteristics, such as larger
surface area and smaller size, distribution, and morphology. These intrinsic properties
make nanoparticles highly suitable for catalytic degradation applications [9].

Photocatalytic degradation is a widely recognized and effective technique for com-
pletely breaking down organic compounds present in contaminated wastewater. By em-
ploying an appropriate photocatalyst and harnessing light radiation, this process generates
highly reactive hydroxyl (OHe) radicals. These radicals can transform water pollutants
into relatively benign end products, such as CO,, H,O, and other inorganic ions [10,11].
This conversion ensures the safety of both human beings and the environment. Photo-
catalytic degradation offers several advantages compared to other conventional methods.
It is an effective and candid instrumental technique, with easy-to-control operations and
nonselective oxidation. Additionally, it is cost-effective and capable of achieving complete
mineralization and degradation of synthetic organic dyes [12]. This process relies on the
presence of a semiconductor photocatalyst that becomes activated by absorbing photons.
Remarkably, the photocatalyst can accelerate the reaction without being consumed [13].
Metal nanoparticles are the most used photocatalysts, and their properties directly depend
on factors such as particle shape, size, geometry, and morphology [14]. Nanoparticles are
tiny grains with sizes below 100 nm and have attracted significant attention owing to their
unique chemical and physical properties. They have demonstrated potential applications
in various fields, including medicine, solar cells, and nanodevices [15].

Malachite green (MG) is a valuable dye that stands out for its affordability, wide
availability, and effectiveness. It serves multiple purposes, functioning as a food-coloring
agent, food additive, medical disinfectant, and anthelminthic agent. Additionally, it finds
application in various industries, such as silk, wool, jute, leather, cotton, paper, and acrylic,
where it is used for dyeing processes [16]. In the global agricultural industry, malachite
green is extensively utilized as a biocide, proving highly effective against significant
protozoal and fungal infections. Notably, it is employed to control skin flukes and gill
flukes, providing effective management of these conditions [17].

The current research seeks to overcome these drawbacks by employing an innovative
approach. By synthesizing silver-manganese bimetallic oxide nanoparticles (Ag-Mn-NPs)
as a photocatalyst through a wet chemical precipitation method, this study aims to enhance
the degradation efficiency of organic dyes. The primary advantage of such catalysts lies in
leveraging the synergistic effects of bimetallic catalysts, where the high bandgap of one
catalyst (e.g., manganese oxide) is offset by the lower bandgap of the other (e.g., silver
nanoparticles). This leads to improved electron excitation, thereby enhancing the catalytic
activity of the mixed bimetallic nanoparticles. This approach addresses the limitations
posed by single-component catalysts and promises enhanced photocatalytic performance.
Furthermore, the meticulous examination of the morphology, structure, and elemental com-
position of the photocatalyst using scanning electron microscopy (SEM), XRD, UV-visible
spectra, and energy-dispersive X-ray spectroscopy ensures a comprehensive understanding
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of the catalyst’s characteristics. By focusing on these aspects, the study aims to optimize
the catalyst design and composition to maximize efficiency. The objectives of this study
are multifaceted. First, it aims to develop a cost-effective and efficient photocatalyst for
the degradation of malachite green dye. By focusing on the degradation of a widely used
dye with multiple applications, the study addresses a real-world pollutant challenge. Sec-
ond, the research delves into parameters that influence degradation efficiency, including
time, medium pH, photocatalyst dosage, amount of recovered photocatalyst, and dye
concentration. By systematically exploring these factors, the study aims to provide in-
sights into optimal conditions for dye degradation, thus advancing our ability to combat
water pollution.

In summary, the current research is a significant step forward from previous stud-
ies by introducing bimetallic oxide nanoparticles as an innovative approach to enhance
photocatalytic degradation. The characterization of the synthesized nanoparticles and the
systematic exploration of influential factors contribute to a more holistic understanding of
the process. By addressing drawbacks observed in earlier methods and seeking enhanced
efficiency, this study stands to contribute meaningfully to the field of water pollution
mitigation and sustainable water resource management.

2. Results and Discussion
2.1. Scanning Electron Microscopy (SEM) Analysis of the Ag-Mn Oxide Nanoparticles

The surface morphology of the Ag-Mn oxide nanoparticles was examined using SEM
(Scanning Electron Microscopy). Figure 1a shows the particle grains of Ag-Mn oxide nanoparti-
cles at 100 nm, demonstrating the successful synthesis of the nanostructures, with a particle size
in the nanometer range. The elemental silver and manganese in the prepared samples were
confirmed using EDX analysis, and the corresponding spectra for Ag-Mn oxide nanoparticles
are presented in Figure 1b. The EDX spectrum displays prominent peaks for silver (Ag) and
oxygen, while shorter peaks indicate the presence of manganese. A significant peak at approxi-
mately 3 keV was observed in the EDX profile of the Ag-Mn oxide nanoparticles, confirming
the presence of elemental silver in the synthesized nanoparticles [18]. The presence of oxygen
confirms that both the Ag and Mn nanoparticles are in the oxide form. Figure 2 displays the
UV-visible graph showing the optical properties of the prepared photocatalyst, which consists
of Ag-Mn bimetallic nanoparticles. This graph provides insights into how the material interacts
with ultraviolet (UV) and visible light, offering information about its absorbance and reflection
characteristics across a range of wavelengths. UV-visible spectroscopy is commonly used to
study the electronic transitions and surface plasmon resonances of nanoparticles, helping to
understand their potential for applications in various fields, such as catalysis, sensing, and
energy conversion. Moreover, the crystallinity of the synthesized silver-manganese bimetallic
nanoparticles was verified using X-ray diffraction (XRD) analysis. The XRD profile exhibited
four distinct peaks (two long and two moderately long) that are characteristic of the prepared
nanoparticles (as shown in Figure 3). These peaks precisely matched the standard values for
bimetallic nanoparticles.
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Figure 1. Scanning electron microscopy image of Ag-Mn oxide (a) and EDX spectrum (b).
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Figure 2. UV-visible graph for the prepared photocatalyst (Ag-Mn bimetallic nanoparticles).
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Figure 3. XRD analysis of the prepared photocatalyst.

2.2. Photocatalytic Degradation of Malachite Green Dye

The discharge of dye effluents from the textile industry poses a significant threat to water
pollution. Various industries release dyes and other organic compounds as waste products,
which have detrimental effects on humans, animals, and plants. Malachite green, being a
stable and basic dye with aromatic compounds, is particularly problematic. Owing to its
stability and resistance to heat and light, the treatment of malachite green dye (MGD) is highly
necessary. Silver nanoparticles (AgNPs) have emerged as effective photocatalysts for treating
various dye pollutants. They offer several advantages, such as a high surface area-to-volume
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ratio, nontoxicity, cost-effectiveness, and a novel approach for addressing dye pollution. The
utilization of AgNPs as photocatalysts provides an efficient and environmentally friendly
method for treating dye contaminants [19]. In the present work, the photocatalytic activity of
the synthesized Ag-Mn oxide nanoparticles was investigated utilizing them to catalytically
degrade malachite green dye in an aqueous medium under sunlight irradiation.

2.2.1. Effect of Time on the Photocatalytic Degradation

Aqueous solutions containing 25 ppm of MG dye were subjected to degradation by
Ag-Mn oxide nanoparticles for different durations. Visual representations captured through
photographic images depict the dilution and catalytic behavior of MG during its degradation
process. These images show the evolution of MG’s appearance at different time intervals: 0, 20,
40, 60, 80, and 100 min (Figure 4a). Initially, at the start of the degradation process (0 min), the
photographic image exhibits a deep and intense green that is characteristic of the unaltered MG
dye. As the degradation process unfolds, an observable transformation occurs. At subsequent
time intervals, spanning 20, 40, 60, 80, and 100 min, a significant change in the color of the
dye becomes apparent. As time progresses, the color of the MG dye gradually shifts from a
darker, more saturated hue toward a progressively lighter shade. This shift from dark to light
coloration signifies the ongoing breakdown of dye molecules because of catalytic activity. The
transition from an initially concentrated and intense color to a more subdued and lighter tone
indicates the effective degradation of MG into simpler molecular components.
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Figure 4. Cont.
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Figure 4. Photographic images of dilution and catalytic behavior of malachite green (MG) after
degradation at different time intervals (a) UV-visible graph of MG dye degradation at different time
intervals (b) and percentage degradation of MG dye at different time intervals (c).

The UV-visible graph shows a gradual increase in the photodegradation of the mala-
chite green dye at longer irradiation times. The degradation of MG was evaluated based
on the relative intensity of its UV—-vis spectral peak, which exhibited the maximum ab-
sorbance at 617 nm (Figure 4b). Figure 4c illustrates the percentage degradation of the MG
dye. The graph clearly shows that the percentage of degradation increases as the sunlight
irradiation time increases. Specifically, the dye exhibited degradation rates of 51%, 59%,
72%, 81.5%, and 92% at 20, 40, 60, 80, and 100 min, respectively. In essence, this UV-visible
graph serves as visual proof of the photocatalytic degradation process’s effectiveness. The
gradual increase in the degradation percentage at longer irradiation times confirms the
sustained and consistent breakdown of MG dye molecules. This graph offers a quantitative
representation of the degradation kinetics, reflecting the relationship between the sunlight
exposure duration and dye degradation efficiency.

2.2.2. Effect of Dye Concentration on Photocatalytic Degradation

To assess the impact of the MG dye concentration on the photocatalytic degradation
process, the initial dye concentration was varied within the range 15-35 ppm. The study
aimed to determine a suitable dye concentration while maintaining a constant amount of
catalyst (0.0003 g) for a duration of 60 min. The photographic images capture the dilution
phenomenon occurring within solutions of MG dye at varying concentrations: 15, 20, 25,
30, and 35 ppm, as depicted in Figure 5a. These images provide a visual representation of
the dye’s behavior after undergoing degradation for a fixed duration of 60 min. Starting
with the 15-ppm dye solution, the photographic image displays the color and intensity of
the dye in its original state. As the dye concentration increases incrementally to 20 ppm,
25 ppm, 30 ppm, and 35 ppm, each subsequent image portrays a gradually deepening
and more concentrated coloration. The degradation process, which takes place over the
course of 60 min, induces changes in the appearance of the dye solutions. The photographic
images capture this alteration, show the progressive reduction in the dye’s vibrancy and
color intensity across the range of concentrations.

Figure 5b shows that the degradation rate decreased by increasing the dye concentra-
tion. The UV-visible graph shows that the photodegradation of the MG dye decreased
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by increasing the dye concentration. According to the Beer-Lambert law, the high dye
concentration decreases the path length of the entering photons, which results in lower
photon adsorption on the catalyst surface and, consequently, low photodegradation oc-
curs [20]. The reduction in degradation of the MG dye with increasing dye concentration
can be attributed to a higher availability of dye molecules for excitation and energy transfer
at higher initial dye concentrations. This phenomenon may be linked to the formation of
multiple monolayers of adsorbed dye on the nanoparticles, which is more favorable at
higher dye concentrations. Until the critical level is reached, the surface is not completely
covered, resulting in constant reaction rates [21]. However, beyond this critical level, fur-
ther increases in the initial dye concentration lead to a significant decline in degradation
efficiency for several reasons. As the dye concentration increases, more dye molecules are
adsorbed on the photocatalytic material surface, resulting in a greater absorption of UV
light by the dye molecules rather than the nanoparticles themselves. Consequently, there is
a decrease in the penetration of light at the photocatalytic surface, leading to a reduction
in the generation of hydroxyl radicals and, subsequently, a decline in dye degradation
efficiency. Additionally, the adsorbed dye on the photocatalyst surface hinders the reac-
tion between adsorbed molecules with photoinduced positive holes or hydroxyl radicals.
Hence, as the initial dye concentration increases, a larger catalyst surface area is required to
provide sufficient hydroxyl radicals for effectively attacking the available dye molecules
and facilitating complete dye degradation [22].

Figure 5c shows the percentage degradation of the MG dye, which decreases as the
dye concentration increases. The percentage degradation at 60 min of 15, 20, 25, 30, and
35 ppm dye solutions is 77%, 59%, 27.6%, 17.8%, and 4% respectively.

30 ppm 25 ppm ‘ 5 ppm

Figure 5. Cont.
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Figure 5. Photographic images of dilutions at different dye concentrations (a) UV-visible graph for
15, 20, 25, 30, and 35 ppm solutions of MG dye degraded for 60 min (b) and percentage degradation
of malachite green dye at 60 min (c).
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2.2.3. Effect of pH Solution on Photodegradation

The pH of the chemical reaction system plays a critical role in determining the surface
properties of the solid catalyst and the characteristics of the dissolved ions. It exerts
significant influence, making it a crucial factor to consider [23]. The degradation of dye
is influenced by the pH of the solution, as effluents from various industries, such as
dyes, paints, and textiles, are released at different pH levels. Therefore, the impact of
pH on the degradation rate of the dye was examined at pH 4, 7, and 10. The pH level
plays a crucial role in the photodegradation process of textile waste and the generation
of hydroxyl radicals. The comparative photographic images capture the transformation
of the original solutions before and after degradation at different pH levels: 4, 7, and
10 (Figure 6a). The arrangement of the images highlights the distinct changes in color and
appearance between the predegradation and postdegradation states. On the left side of
each paired image, the original solutions are depicted before the degradation process. These
solutions are characterized by their initial dark and intense coloration, which represents the
unaltered state of the dye at the respective pH levels. The darkness of the color indicates the
concentration and vibrancy of the dye molecules present in the solution. Conversely, on the
right side of each image pair, the solutions are shown after degradation at the specified pH
levels. In these images, the color of the solutions appears notably lighter and less intense
compared to their original state. This change in color is a direct result of the photocatalytic
degradation process that the dye molecules have undergone.

In Figure 6b, the UV-visible graph indicates the relationship between the photodegra-
dation rate of the MG dye and the pH of the medium. The graph indicates that as the pH of
the medium increases, the photocatalytic degradation of the dye also increases. This can be
attributed to the higher formation of active #OH radicals at higher pH levels, leading to an
enhanced degradation rate. Figure 6¢ presents the percentage degradation of the malachite
green dye at pH 4, 7, and 10. The graph clearly shows that the percentage degradation
of the dye increases with an increase in pH. After 60 min of degradation, the percentage
degradations at pH 4, 7, and 10 are 34%, 72%, and 99% respectively.

pH=07 pH=10

Figure 6. Cont.
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Figure 6. Original solutions before degradation and after degradation at pH 4, 7, and 10. Left side
of each image pair indicates original solutions before degradation, while the right side represents
original solutions after degradation (a) UV-visible graph of malachite green dye degraded for 60 min
at different pH levels of the medium (b) and percentage degradation of malachite green dye for
60 min at different pH levels (c).
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2.2.4. Effect of Catalyst Dosage on Photodegradation

The sequence of photographic images visually captures the dilution phenomenon
observed within solutions of the catalyst at varying dosages: 0.0001 g, 0.0005 g, 0.0009 g,
0.0013 g, and 0.0017 g, as shown in Figure 7a. These images provide a comprehensive view
of how the dosage of the catalyst influences the appearance of the solutions. The effect
of the catalyst dosage becomes more pronounced as the images progress. Solutions with
higher catalyst dosages display a more noticeable change in color and intensity compared
to those with lower dosages. This change in color is indicative of the catalyst’s influence on
the degradation process. The impact of catalyst dosage on the photodegradation rate of
the MG dye was investigated by varying the amount of catalyst ranging from 0.0001 g to a
maximum of 0.0017 g per 20 mL of dye solution at a constant time of 60 min. In Figure 7b,
the UV-visible graph depicts the degradation of MG in aqueous media containing different
catalyst amounts. It is evident that the photodegradation rate of malachite green increases
as the catalyst dosage increases. Initially, the degradation rate shows a rapid increase,
followed by a gradual decrease, and eventually reaches a nearly constant level. This
behavior may be attributed to the aggregation or agglomeration of catalyst particles, which
reduces the availability of active surface sites. A higher catalyst dosage leads to an increased
surface area that is available for catalyst interactions and a higher concentration of free
radicals per milliliter of the MG solution. This, in turn, results in a higher percentage of
dye removal (Bhushan et al., 2020). Figure 7c presents the percentage degradation graph
of the MGn dye degraded using different amounts of the photocatalyst for 60 min. The
percentage degradation values are 62%, 72%, 77%, 86%, and 91% when employing 0.0001 g,
0.0005 g, 0.0009 g, 0.0013 g, and 0.0017 g of the catalyst, respectively.

Figure 7. Cont.
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Figure 7. Photographic images of dilutions at different catalyst dosages (a) UV-visible graph of MG
dye degraded with different amounts of photocatalyst for 60 min (b) and percentage degradation of
malachite green dye for 60 min with different amounts of photocatalyst (c).
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2.2.5. Effect of Recovered Catalyst on Photodegradation

The process of photocatalytically degrading MG dye was conducted using both the
original catalyst (located in the back row) and the recovered catalyst (positioned in the
front row), observed at various time intervals, as depicted in Figure 8a. After filtration, the
recovered catalyst was thoroughly washed with distilled water to remove any adsorbed
dye. Notably, distinct visual changes were observed in the appearance of the dye and its
interaction with the catalysts. For the original catalyst, the dye’s vibrant color gradually
faded, indicating its breakdown into simpler molecules owing to photocatalytic activity.
As degradation continued, the dye’s color lightened. In contrast, the recovered catalyst
led to a darker hue, suggesting less effective reactivity and reusability. The differing color
outcomes highlight the distinct roles of catalysts in degradation, underlining their potential
for efficient pollutant remediation. Figure 8b presents the UV-visible graph showing the
photocatalytic activity of the recovered catalyst in degrading the MG dye, albeit with a
lower efficiency compared to the original catalyst. The decrease in photocatalytic activity
can be attributed to the active sites on the photocatalyst’s surface being blocked by the
deposition of photoinsensitive hydroxides. Figure 8c displays the percentage of MG
dye degradation by the original and recovered photocatalysts. The results indicate that
the original catalyst degraded 91% of the dye, while the recovered catalyst achieved a
degradation of 81% within a 60-min timeframe.

Figure 8. Cont.
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Figure 8. Malachite green dye degraded using the original catalyst (back row) and recovered catalyst
(front row) at different time intervals (a). UV—visible graph of MG dye degradation with different
doses of recovered photocatalyst (b), and percent degradation of MG dye by original and recovered
photocatalyst (c).
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2.3. Proposed Mechanism for Photodegradation of MG Dye Degradation Using Ag-Mn
Oxide Nanoparticles

Photocatalytic degradation typically involves multiple stages, including adsorption—
desorption, the generation of electron-hole pairs, recombination of these pairs, and chemi-
cal reactions [24]. However, the photocatalytic degradation of MG molecules comprises
three primary steps: (1) efficient adsorption of MG molecules, (2) substantial absorption of
incident light photons, and (3) initiation of charge-transfer reactions leading to the genera-
tion of oxidizing and reducing radicals [25]. Figure 9 shows the proposed mechanism for
the photocatalytic degradation of the organic compound, malachite green dye.

“\Nf

ci =) Degradatile products (CO,+H,0)

O K

s

N “NHT
|

Malachite Green

ol 0,

)

I

Sunlight (UV-light)

PAS )
Degradable producdts (CO,+H,0) — ~q = N -
I Malachite Green

Figure 9. Proposed mechanism for the photocatalytic degradation of MG dye.

When sunlight irradiates the surface of photocatalysts (Ag-Mn-oxide nanoparticles),
electrons (e™) in the valence band (VB) of the metals are excited to the conduction band (CB),
resulting in the generation of positive holes (h*) in the valence band (VB). The positive holes
either directly oxidize dye molecules to reactive intermediates owing to their high oxidative
potential or react with water (H,O) molecules and produce hydroxyl radicals (OH). The
electrons present in the conduction band of the metals react with O, molecules and reduce
them to superoxide anion radicals (O, ™). These radicals are highly reactive and cause dye
degradation. The important possible reactions are summarized in the following equations.

NPs + hv — NPs (h" +e™) (1)
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h* + Dye — Oxidation of the dye molecules 2

h* + OH™ /H,0O — "OH (©)]

e +0, = '0 4)

'OH + 'Oy + dye — degradable/less-toxic species ®)

Various catalysts have been synthesized to enhance the efficiency of photocatalysis.
Among these, metal-oxide nanoparticles stand out owing to their low toxicity and ease of
transformation to hydroxides or oxides. An important attribute is the material’s bandgap,
which determines the energy difference between the oxidation and reduction processes.
The bandgap significantly influences the photocatalytic performance of nanomaterials,
where a narrower bandgap corresponds to higher photocatalytic activity. An increase in
light absorption accompanied by a redshift indicates that the photocatalyst maintains its
performance over time, making it both reliable and cost-effective [26].

Photocatalysts are commonly produced using nanoparticles of metal oxides, such as
TiOy, ZnO, Bi; O3, Fe; 04, WO3, CuO, CuyO, and SnO; [27]. These metal-oxide nanoparticles
come in various shapes, including nanoparticles, nanospheres, nanofibers, nanotubes,
nanoribbons, and nanosheets. In Table 1, a comparison is provided for the degradation
of MG dye in previous studies using different metal-oxide nanoparticles, along with the
experimental conditions employed.

Table 1. Some previous studies conducted for malachite green dye degradation by various metal-
oxide-based nanoparticles.

Oxl\i/f:leehli\lIM ”?eyctll\;}:i;llz Morphology Photocatalytic Experimental Setup  Degradation Efficiency [%] Ref.
Xanthan Ultra-sonication Lobul 10 IIEII g_c;ta}l\yst, 450 ppm of ?/[G fl ye Abu Elella et al., 2021
gum/SiO, with polymerization obule pH =7, the tzg?)pel.’ature of30°C, 99.5 [28]
min,
Co-precipitation T Daylight, 60 min. UV light, 60 min, John Abel et al., 2019
CuMn; Oy ‘method Flake-like structure bandgap value 2.54 6V 94.80, [29]
Chitosan/TiO» - Spherical nanoparticles 70 ppm, 90 m1n3, eb\a/ndgap value ~ 90.70 Bahal et al., 2019 [30]
rGO/CuS Co_prfictll}::)?non Irregular hexagonal 100 mg photocatalyst, 10 ppm dye, 97.60 El-Hout et al., 2020 [31]
under sunlight at room
temperature, bandgap value 2 eV
- . Under sunlight, UV lamp, it took
ZnFe; Oy Probe sonication Spongy like about %80 min, 2. 4F¢;V 98-88 Surendra et al., 2020 [32]
. . Presence of Hy Oy, 20 ppm dye, UV .
Hematite Combustion Spherical and irregular source of 250 W, 0.1 g catalyst, 100 Alharbi and
structure N Abdelrahman, 2020 [33]
70 min, bandgap 1.45 eV
Sonochemical . 10 ppm dye, 10 mg catalyst, visible Muthukumaran et al.,
Cu,0 method Uniform Icosahedron lamp, 45 min, 2.26 eV 91.89 2019 [34]
10 ppm dye concentration, 20 mg
ZnO Sol-gel method Spherical structure catalyst, UV lamp, 40 min, bandgap 99 Sukri et al., 2020 [35]
33eV
Green synthesis 100 ppm dye, 10 mm catalyst, Brindhadevi et al., 2020
Zn0 method frregular hexagon 150 min, bandgap value 3.37 eV Complete [36]
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Table 1. Cont.

Metal Synthesis . . . .. o
Oxide NM Technique Morphology Photocatalytic Experimental Setup  Degradation Efficiency [%] Ref.
Visible light, 120 min, pH 2.3 to 14,
BiOCl Hydrolysis method Tetragonal structure under normal room temperature, Remarkable Sarwan et al., 2017 [37]
bandgap 3.2 eV
- Nanotubes, . .
TiO;: Fe Sol-gel method orthorhgmbic Sunlight, 210 min, bandgap 2.57 eV Complete He, 201 [38])
Chemical _ . .
CeO, precipitation Cubic fluorite Visible light, 80 min, bandgap value 99 Kang et al., 2017 [39]
290 eV
method
. Micro-emulsion . 10 mg catalyst, 10 ppm dye, visible y
TiO, method Spherical light, 50 min, bandgap 3.2 eV 96.40 Ma et al., 2018 [40]
- P 3 g catalyst, 80 ppm concentration,
Mn-doped Wet d1ffus19nal Tetragonal visible light, 180 min, bandgap Faster degradation Mohamed and Shawky,
ZnO impregnation 326V 2018 [41]
0.2 g catalyst, 15 ppm dye, pH-10,
ZnO/CuO Hydrothermal - UV lamp, 240 min, bandgap value 82 Batool, 2018 [42]
method
442 eV
45 min, 500-Watt tungsten lamp,
. Soft chemical . 60 min, visible light, pH 4.66, Nithiyadevi and
ZnO:Ag method Spherical structure temperature of 30 °C, bandgap of 88.8 Ravichandran, 2017 [43]
2.67 eV
Solvothermal . 500 kW Xe lamp, 30 min, at room . "
Snlny Sg method Spherical structure temperature, bandgap 1.53 eV Strong degradation Luetal., 2017 [44]
} . 2 ppm dye, 50 mg catalyst, 370 W
C;\/Gvco)4 Hydrothermal Agglomerated with 1o 0 alide visible light, 60 min, 93 Babu et al., 2020 [45]
method polycrystalline nature 22 eV
CuWO4-GO Ball-milling method Microstructure 0.05g catallyst, 10 ppm dye, visible 95 Du et al., 2020 [46]
amp, 80 min,
Microwave-assisted Irregular shape 30 mg catalyst, 50 ppm dye, 60 min . de Andrade et al., 2021
MnfFe; Oy combustion method agglomerates under natural pH condition Maximum complete [47]
Fe-Cu
binary Electro;: Sgun Hair like structure 1 3 me ca;la l_yit’l_ll(\)ﬁ)lppm %%e . 91.40 Zafari et al., 2021 [48]
oxides metho solution, pH =1, amp, min
Ag-Mn- Wet chemical . .
oxide recipitation aqueous solution containing 909 This stud
nanoparti- P mlih 4 25 ppm of MG, 100 min ° y
cles etho
- 60 min of deg;iialtaon, atpH4,7, 34%, 72%, and 99% This study

respectively

2.4. Bandgap Energy Analysis

The addition of manganese to silver in the production of photocatalysts serves a
crucial purpose driven by the intrinsic properties of these materials. Specifically, the energy
difference between the valence band and the conduction band, known as the bandgap
energy, plays a pivotal role in the catalytic activity of the resulting compound. Manganese
possesses a bandgap energy of 1.3 eV [49], indicating its capacity to absorb light energy and
promote electronic transitions. On the other hand, pure silver exhibits a significantly higher
bandgap energy of 2.5 eV [50]. This higher energy requirement for electronic excitation in
pure silver limits its effectiveness as a photocatalyst, resulting in reduced catalytic activity.

The strategic blending of manganese with silver nanoparticles addresses this limita-
tion by lowering the overall bandgap energy of the composite material. This reduction in
bandgap energy enables easier electronic excitation within the material upon light absorp-
tion. As a result, the photocatalytic degradation of the MG dye by the composite material
is substantially enhanced. The introduction of manganese to the composite system also
contributes to this enhancement. When manganese is present, the electrons within the
silver nanoparticles can readily transition from the valence band to the conduction band
of the manganese component. This transition occurs with minimal energy expenditure,
owing to the favorable alignment of energy levels between manganese and silver.

In essence, the synergy between manganese and silver creates a photocatalyst with
improved efficiency. By mitigating the energy barrier for electronic excitation through
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the reduction in the bandgap energy, the composite material becomes highly proficient
at harnessing light energy to facilitate catalytic reactions. This phenomenon underscores
the significance of using manganese in conjunction with silver for producing advanced
photocatalysts that have superior performance characteristics.

An UV-Vis spectrophotometer was employed to investigate both the absorption region
and optical activity of the prepared photocatalyst. To determine the optical bandgaps, a
Tauc equation, represented by Equation (3), was utilized:

(ahv) 15 = A(hv — Eg) (6)

By plotting («hv) 1,5 vs. hv, the extrapolation of a linear fit to the X-axis provides
insights into the bandgaps (Eg). The application of a Tauc plot confirmed that the bandgap
of the Ag-Mn nanoparticles was 1.23 eV, as visually depicted in Figure 10. This bandgap
of 1.23 eV suggests that the prepared photocatalyst exhibits potential for visible-light
utilization in photocatalytic processes [51].

——Eg=1.23¢eV

3,000,000 - —s

2,500,000 ~

200 400 600 800 1000 1200 1400
A

2,000,000 -

1,500,000

(ahv)’(eV cm™)?

1,000,000 +

500,000 ' | T | ' T ' | T T g T y 1
0 1 2 3 4 5 6 7

Photon Energy (eV)

Figure 10. Bandgap plot of the prepared Ag-Mn oxide nanoparticles from the UV-vis DRS results.

3. Materials and Methods
3.1. Chemicals

Manganese chloride (MnCly.2H,0), silver nitrate (AgNO3), sodium hydroxide (NaOH),
nitric acid (HNOs), hydrochloric acid (HCl) and sulfuric acid (H,SO4) were purchased
from Frontier Chemical Company, while malachite green dye was purchased from Danyal
Trading Company at Mingora Pakistan.

3.2. Instrumentation

The morphological study of bimetallic oxide NPs was conducted using JEOL, JSM-5910
scanning electron microscopy (SEM). The elemental composition analysis of A-MWCNT-
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supported and unsupported bimetallic oxide NPs was performed using EDX (Model INCA
200/Oxford Instruments, Oxford, UK). The photodegradation study of malachite green
in an aqueous medium was conducted using a UV-visible spectrophotometer. The X-ray
diffraction (XRD) patterns of the prepared catalyst were collected using a PHILIPS X’ Pert
PRO X-ray diffractometer and Cu K-« radiation. The range of XRD pattern collection was
set from 10° to 80°, with a fine step increment of 0.01°.

3.3. Preparation of Silver—-Manganese Oxide Nanoparticles

To prepare silver-manganese bimetallic oxide nanoparticles (Ag-Mn-NPs), a round-
bottom flask was used to combine 100 mL of AgNOj3 solution (0.1 M) and 100 mL of
MnCly.2H,O solution (0.1 M). Dropwise, a 0.2 M NaOH solution was added to the mixture
while stirring continuously until a basic pH of 10 was reached. The resulting mixture
was then heated to 60 °C and stirred for 2 h. During this process, the silver nitrate
and manganese chloride underwent a chemical transformation and formed Ag-Mn oxide
nanoparticles, which appeared as a precipitate. After cooling, the mixture was filtered,
and the Ag-Mn oxide nanoparticles were thoroughly washed with distilled water multiple
times to remove any remaining unreacted chemicals or impurities. Finally, the Ag-Mn
oxide NPs were dried either in sunlight or using an oven and stored for further use.

3.4. Photodegradation of Malachite Green Dye Using Ag-Mn Oxide Nanoparticles

The Ag-Mn oxide nanoparticles prepared in this study were utilized as a photocatalyst
for the degradation of malachite green (MG) dye under sunlight irradiation. A 25-ppm
solution of malachite green dye was prepared, and 0.0001 g of Ag-Mn oxide nanoparticles
was added separately to 20 mL of the dye solution in 50 mL beakers. The samples were
allowed to reach adsorption-desorption equilibrium by keeping them in the dark for 20 min.
Subsequently, the mixtures were exposed to sunlight and stirred continuously for different
durations of irradiation time. After sunlight irradiation, the catalyst nanoparticles were
separated from the dye solution using a filtration process. The degradation of MG dye was
monitored using a UV-visible spectrophotometer. This study investigated the effects of the
catalyst dosage, recovered catalyst duration, dye concentration, time, and medium pH on
the photodegradation of MG dye.

In the catalyst dosage and recovered catalyst dosage studies, various amounts of the
catalyst were used while keeping other parameters constant to examine their impacts on
photodegradation. The pH study involved preparing different solutions at pH values of
4,7, and 10 to assess the effect of pH on dye degradation. Acidic solutions were prepared
by adding dropwise a 0.1 M HNOj3 solution, while basic solutions were prepared by adding
dropwise a 0.1 M NaOH solution to distilled water before preparing the dye solutions. The
time study involved photodegrading the dye solution for different time intervals (20, 40,
60, 80, and 100 min) while maintaining other parameters constant. Similarly, in the dye
concentration study, different solutions at concentrations of 15, 20, 25, 30, and 35 ppm were
subjected to photodegradation under consistent conditions.

3.5. UV-Vis Analysis

The photodegradation study of the malachite green dye was conducted using a UV-
vis spectrophotometer. The percentage degradation of dyes was calculated using the
following formulas:

Degradationrate (%) = <CO C_ C> x 100 (7)
0

Degradationrate (%) = (AO A_ A> x 100 8)
0
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where C stands for initial dye concentrations, C stands for the concentration of the dye
after sunlight irradiation, Ay shows the initial absorbance, and A is the dye absorbance
after sunlight irradiation.

4. Conclusions

The present study found that Ag-Mn oxide nanoparticles exhibited strong photocat-
alytic activity for degrading malachite green dye. Within 100 min, approximately 92% of
the dye was successfully degraded. Moreover, longer irradiation times led to increased dye
degradation. Furthermore, the degradation of the MG dye was enhanced by employing
larger amounts of the catalyst, as evidenced by the degradation of 91% of the dye using
0.0017 g of the photocatalyst over 60 min. Additionally, increasing the pH of the medium
resulted in enhanced dye degradation, with 99% of the dye degraded in just 60 min at
pH 10. Conversely, the photodegradation rate decreased with higher concentrations of
the dye.
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