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Abstract

Recent advancements in nanoparticle research present promising solutions for
addressing the environmental impact of dyes in aquatic ecosystems. This study focuses
on the synthesis and application of zinc (Zn) and copper (Cu) nanoparticles, synthesized
through the co-precipitation method, to facilitate the photo catalytic degradation of
various dyes. Methylene blue, crystal violet, Rhoda mine B, and brilliant blue were
subjected to degradation experiments in acidic, basic, and neutral media to allow for a
comprehensive comparative analysis. The synthesized nanoparticles were thoroughly
characterized using XRD, SEM-EDS, and FT-IR techniques, revealing excellent
crystallinity and optical properties. The nanoparticles exhibited a robust response to UV
radiation, indicative of their potential in photo catalytic processes. Comparative analysis
revealed that zinc nanoparticles outperformed copper counterparts, attributed to their
superior photo induced electron transfer reactions and an alignment of band gap with
visible light energy. Surface reactivity, a crucial factor in photo catalysis, favored zinc
nanoparticles due to their more reactive surface compared to copper. Mechanistic
studies, conducted in the absence of light, confirmed the exclusively photo catalytic
nature of the degradation process. The rate of dye degradation demonstrated a direct
correlation with the concentration of nanoparticles, highlighting that an increase in
nanoparticle concentration enhances the degradation rate. Remarkably high
degradation efficiencies, averaging 95% for zinc nanoparticles and 85% for copper
nanoparticles, underscore the efficacy of zinc as a superior photo catalyst for
remediating dye-contaminated aquatic environments. The study contributes valuable
insights to the expanding field of nanoparticle-based environmental remediation,
offering sustainable solutions for addressing the detrimental impact of industrial dyes on
water ecosystems. Overall, the findings contribute to the knowledge base for developing
environmentally friendly approaches to tackle water pollution issues. The nanoparticles
utilized in this degradation process exhibit significant advantages, characterized by their
non-toxic nature, eco-friendly attributes, and cost-effectiveness. Notably, these
nanoparticles maintain their photo catalytic properties across multiple uses, enhancing
their efficiency and enabling their repeated application in treating diverse dye solutions.
The central impetus behind this research lies in mitigating the adverse impacts of
industrial and individual waste discharged into water bodies.
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1. Introduction

The detrimental effects of certain dyes on aquatic ecosystems stem from various
factors, underscoring the urgency of addressing their proper disposal [1]-[21]. These
dyes, commonly used in textiles [22]-[25], printing [26]-[29], cosmetics [30], [31], and
other applications [32]-[37], can harbor diverse chemical compositions [38]-[40], with
some exhibiting harmful properties that pose risks to both the environment and human
health when not handled responsibly [41]-[50]. The improper disposal of these dyes can
result in severe consequences for aquatic life and overall ecosystem health. One of the
primary concerns associated with these dyes is their potential toxicity to aquatic
organisms [51]-[65]. Upon introduction into water bodies, the chemical compounds
present in many dyes can exert adverse effects on fish, invertebrates, and other aquatic
species. These toxic dyes can disrupt normal physiological processes within these
organisms, leading to a myriad of detrimental outcomes [66]. Among these consequences
are compromised growth, diminished reproductive capabilities, and, in severe cases,
mortality [67]-[69]. The disruption of these vital processes can have cascading effects
throughout the aquatic ecosystem, affecting the entire food chain and ecosystem
dynamics. Inaddition, the persistence of toxic dyes in aquatic environments exacerbates
their impact on aquatic organisms. Dyes can persist in water bodies for extended periods,
continually exposing organisms to their harmful effects and impeding ecosystem
recovery. This persistence prolongs the duration of exposure and increases the likelihood
of adverse effects on aquatic life, further amplifying the threats posed by these
substances. The presence of toxic dyes in water bodies also poses challenges for water
quality management. The accumulation of these compounds can lead to alterations in
water chemistry and physical properties, potentially impairing water quality and
ecosystem function. Additionally, the release of dyes into water bodies can result in
changes in water color and clarity, further disrupting aquatic habitats and ecosystem
processes. Overall, the improper disposal of certain dyes represents a significant threat to
aquatic ecosystems, encompassing a range of detrimental effects on aquatic organisms
and ecosystem health.

The repercussions of releasing dyes into water bodies extend beyond immediate
toxicity, encompassing far-reaching consequences that disrupt the delicate equilibrium of
aquatic ecosystems. The alteration of water quality due to dye contamination has
cascading effects on essential environmental factors crucial for the well-being of aquatic
plants and animals. Changes in water color and transparency, induced by dye release,
impact sunlight penetration and oxygen availability—both critical for sustaining the
health of aquatic life. Disruption in these factors can have a profound impact on the
delicate balance of the aquatic food chain, posing a pervasive threat to the overall health
and sustainability of the ecosystem. An alarming consequence associated with certain
dyes is the induction of eutrophication. Dyes may contain nutrients that contribute to this
process, leading to the excessive growth of algae and aquatic plants [70].
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This unchecked growth can result in oxygen depletion in water, creating "dead zones"
where life cannot thrive. Eutrophication poses a direct risk to the sustainability of aquatic
ecosystems [71], further underscoring the environmental hazards associated with
improper dye disposal. The bioaccumulation of dye compounds in the tissues of aquatic
organisms introduces an additional layer of threat up the food chain [72]. As smaller
organisms containing these compounds are consumed by larger ones, the concentration
of harmful substances escalates. This bioaccumulation poses risks to predators at the top
of the food chain, including humans if they consume contaminated fish, amplifying the
potential for adverse health effects. Moreover, certain dyes have the capacity to disrupt
the reproductive processes of aquatic species. This interference can result in diminished
population sizes, leading to long-term consequences for the sustainability of aquatic
ecosystems. The disruption of reproductive cycles could potentially alter the composition
and dynamics of aquatic communities, with far-reaching implications for the entire
ecosystem.

The aggregation of dyes and their byproducts in water bodies not only poses a threat
to aquatic organisms but also significantly contributes to habitat destruction, particularly
in sensitive ecosystems like coral reefs. This accumulation induces stress in resident
organisms and causes harm to their habitats, adding another layer of complexity to the
multifaceted threat posed by certain dyes to the delicate balance and long-term health of
aquatic ecosystems. To sum up, the deleterious effects of certain dyes extend beyond
direct toxicity to encompass alterations in water quality, disruptions in the aquatic food
chain, eutrophication, bioaccumulation, disruptions in reproductive processes, and
habitat destruction. These combined impacts underscore the urgent need for effective
remediation strategies to mitigate the environmental consequences of dye contamination.

Traditional methods associated with dye removal, including physical and chemical
approaches [73], [74], have shown limitations in effectively addressing the toxicity of
dyes. This limitation has led to the development of advanced and efficient approaches,
notably nanotechnology. Nanotechnology, involving the application of nano-sized active
materials, has emerged as a promising and innovative solution due to its non-toxic
nature, cost-effectiveness, and high performance in degrading dyes [74].

Nanoparticles, particularly those made of materials like CuO and ZnO are a major
attraction in environmental remediation due to their unique properties [75], [76]. With
high surface area, reactivity, and the potential for targeted delivery, nanoparticles can be
engineered to adsorb, degrade, or immobilize contaminants, making them suitable for
various remediation strategies such as adsorption, catalysis, and nano-filtration. Ongoing
research in this field aims to advance the understanding of nanoparticles' interactions
with contaminants and the environment. Scientists explore new types of nanoparticles,
improve their efficiency, and focus on developing eco-friendly synthesis methods to
minimize the environmental footprint of nanoparticle production. This continuous
advancement in nanotechnology for environmental remediation holds promise for the
development of sustainable and effective strategies to address the challenges posed by
dye contamination in aquatic ecosystems.
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In our study, the focus lies on CuO and ZnO nanoparticles (NPs) as the subjects of
investigation. We synthesized these nanoparticles to analyze their photocatalytic
degradation efficiency against a selection of dyes, including methylene blue, crystal
violet, brilliant blue, and rhodamine-B. The synthesis of nanoparticles for the assessment
of photocatalytic degradation involved employing the chemical precipitation method. To
ensure a comprehensive understanding of the synthesized particles, various techniques
were utilized to characterize their purity and properties. The Fourier Transform Infrared
(FTIR) analysis played a pivotal role in the identification of nanoparticles, examining the
transmittance or absorbance of infrared rays within the range of 4000 cm-1 to 400 cm-1.
This technique provided valuable insights into the molecular composition and functional
groups present in the synthesized CuO and ZnO nanoparticles. Furthermore, X-ray
Diffraction (XRD) was employed to determine essential parameters such as particle size
and crystallinity of the synthesized nanoparticles. This technique allowed for a detailed
examination of the crystal structure, aiding in understanding the physical characteristics
of the nanoparticles. The surface morphological information of the nanoparticles was
retained through the implementation of Scanning Electron Microscopy with Energy
Dispersive X-ray Spectroscopy (SEM-EDS). This technique enabled the observation of
the nanoparticles at a microscale level, providing information about their surface
structure and elemental composition.

2. Materials and Methods

2.1 Chemicals and Reagents

The experiment utilized specific reagents and chemicals to investigate the
photocatalytic degradation of dyes. Rhodamine B (RB), Crystal Violet (CV), Brilliant
Blue (BB), and Methylene Blue (MB) were obtained in high-grade purity (99%) from
Himedia laboratories Pvt. Ltd. Mumbai, India. Sodium hydroxide pellets (NaOH),
Ammonia solution (NH4OH), Copper chloride (CuClz), Copper sulfate (CuSOs),
Hydrochloric acid (HCI), and Zinc chloride (ZnCl2) were procured from various
reputable suppliers with high purity grades.

All solutions were prepared using double distilled water during the experimental
work. A 2.0 M NaOH stock solution was created by dissolving sodium hydroxide pellets
in distilled water. The stock solutions of the dyes (RB, CV, BB, and MB) were prepared
by dissolving specified amounts of each dye in 100ml of double distilled water.

The degradation of dyes was monitored using a model no. 301 UV-visible digital
spectrophotometer from Enegix Equipements Company, Thrissur, India. The
spectrophotometer had 2 cell holders, and a 3.5 ml quartz cuvette with a path length of
1mm was employed to measure the absorbance of the dye solutions. The absorbance
values were obtained at regular intervals of 30 minutes under the influence of UV rays to
observe the complete degradation of the dyes. Control experiments were conducted by
keeping a set of solutions in the dark, confirming that the observed changes were due to
photocatalytic degradation rather than adsorption.
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The experiments were conducted in different mediums, including acidic, basic, and
neutral conditions. The comparative behavior of Cu and Zn nanoparticles in degrading
the dyes in various mediums was analyzed and represented graphically. This detailed
methodology provides insights into the experimental setup and procedures employed to
assess the photocatalytic degradation efficiency of CuO and ZnO nanoparticles for the
selected dyes.

2.2 Synthesis of Cu-nanoparticles

The synthesis of copper (Cu) nanoparticles involved the following steps:

e Reactant Preparation:
100ml of 0.1M copper sulfate (CuSQOs) solution was prepared by dissolving 2.4gm of
CuSOg4 in 100ml of double distilled water.

e Precipitation Reaction: 30ml of 1M sodium hydroxide (NaOH) solution was added to
the copper sulfate solution. This addition was carried out while maintaining a pH range
of 10-14. The mixture was subjected to constant stirring at 750rpm.

e Controlled Conditions: The synthesis reaction occurred at a controlled temperature of
75°C.

e Stirring Process: The reaction mixture was stirred continuously for approximately 3 to 4
hours.

e Precipitate Formation: As a result of the reaction, a black precipitate of copper
nanoparticles was formed.

e Washing Process: The obtained black precipitate was washed thoroughly with distilled
water and ethanol.

e pH Adjustment: The washing process included adjusting the pH back to 7 (neutral).

The overall synthesis process involved the controlled addition of sodium hydroxide to
copper sulfate, leading to the formation of copper nanoparticles as indicated by the black
precipitate. The subsequent washing steps were crucial to remove impurities and adjust
the pH to a neutral level. This detailed procedure ensures the production of purified
copper nanoparticles suitable for further analysis or applications.

2.3 Synthesis of Zn- nanoparticles
The synthesis of Zinc Oxide (ZnO) nanoparticles involved the following steps:

e Solution Preparation: 6.6gm of Zinc chloride (ZnCl,) was added to 200ml of distilled
water to obtain a 0.2M solution.

e Alkaline Addition: About 20ml of sodium hydroxide (NaOH) solution with a
concentration of 2M was added thoroughly to the ZnCl> solution.

e Ammonia Addition: Ammonia solution (25% w/w) was added dropwise (approximately
15-20ml) to the Zn(OH)2 solution until a white precipitate of zinc hydroxide formed.

e Precipitate Collection: The formed precipitate of zinc hydroxide was filtered from the
solution.

e Washing Process: The collected precipitate was washed several times with distilled
water to remove impurities.

e Drying: The washed precipitate was dried at a temperature of 80°C for about 16 hours.
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e Calcination: The dried Zn(OH). nanoparticles were subjected to calcination at a high
temperature of 600°C for about 6 hours.

e Product Formation: The calcination process resulted in the transformation of Zn(OH)>
nanoparticles into Zinc Oxide (ZnO) nanoparticles.

The sequential process involves the controlled addition of NaOH and ammonia to
induce the formation of zinc hydroxide, which is then subjected to filtration, washing,
and drying. The final step of calcination at a high temperature converts the zinc
hydroxide into Zinc Oxide nanoparticles. This detailed procedure ensures the synthesis
of purified ZnO nanoparticles suitable for various applications or further analysis.

3. Results and discussion
3.1 Characterization of nanoparticles

FTIR
Frontier Transmission Infrared Spectroscopy (FTIR) is a valuable analytical technique
utilized in characterizing synthesized nanoparticles, offering insights into their size,
shape, and nature. In FT-IR, each chemical functional group within the nanoparticles
absorbs infrared light at specific wavelengths, generating a distinctive "fingerprint" that
aids in identification. This is achieved by detecting the transmittance or absorbance of
infrared rays over a variable range of wavelengths.
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Figure 1 FTIR of CuO nanoparticles.

In the case of ZnO and CuO nanoparticles, FT-IR analysis was conducted within the
range of 4000 cm-1 to 400 cm-1. The obtained spectra provided key information about
the molecular vibrations and functional groups present in the synthesized nanoparticles.
For CuO nanoparticles, a well-defined peak in the FT-IR spectrum was observed at
609.10 cm-1. This specific peak serves as confirmation of the formation of CuO
nanoparticles. Additionally, a peak at 2981.30 cm-1 was noted, which can be attributed
to the absorption of the O-H group present in the nanoparticles (Figure 1).
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Similarly, for ZnO nanoparticles, the FT-IR spectrum exhibited a distinct peak at
478.34 cm-1, providing confirmation of the formation of ZnO nanoparticles (Figure 2).
These characteristic peaks in the FT-IR spectra serve as unique identifiers for the
synthesized nanoparticles, allowing researchers to confirm the successful formation of
CuO and ZnO nanoparticles and providing valuable information about their chemical
composition and structure.
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Figure 2 FTIR of ZnO nanoparticles.

XRD

X-ray Diffraction (XRD) stands as a fundamental tool in crystallography, playing a
crucial role in the study of crystal structures. It provides comprehensive information
about various aspects such as unit cell dimensions, lattice parameters, and interatomic
distances. In the realm of nanomaterials and nanoparticles, XRD is employed to gain
insights into their size, shape, and crystal structure. The figure 3 and figure 4 below
illustrates the XRD patterns obtained for both Zinc (Zn) and Copper (Cu) nanoparticles,
confirming their nanocrystalline form and ensuring phase purity. The graph
accompanying the figure highlights the diffraction peaks observed on the XRD patterns
of both nanoparticles, providing information about the intensity of these peaks. The
diffraction peaks serve as distinctive markers, allowing researchers to deduce essential
details about the crystalline nature of the synthesized nanoparticles. The presence and
positioning of these peaks contribute to a deeper understanding of the structural
characteristics, confirming the nanocrystalline nature of the particles. In summary, XRD
analysis in this study plays a pivotal role in characterizing the synthesized Zn and Cu
nanoparticles, providing crucial insights into their crystallographic properties, which
include size, shape, and phase purity.

SEM-EDS

The Scanning Electron Microscopy (SEM) technique was employed to examine the
morphology of the synthesized nanoparticles (Figure 5 and Figure 6). Based on the
obtained data, the Cu nanoparticles (NPs) exhibited a spherical shape, indicating a three-
dimensional structure with characteristics resembling a sphere. On the other hand, the Zn
nanoparticles displayed a rod-like structure, suggesting an elongated,
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cylindrical morphology. Notably, both types of nanoparticles exhibited particle sizes
less than the 100nm scale, signifying their nanoscale dimensions. Additionally, the data
indicated that the nanoparticles, both Cu and Zn, possessed low polydispersity.
Polydispersity refers to the distribution of particle sizes within a sample. A low
polydispersity index suggests that the nanoparticles have a relatively uniform size
distribution, enhancing their suitability for various applications.
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Figure 4 Figure 3 XRD of CuO nanoparticles.

In summary, the SEM analysis provided valuable information about the
morphological characteristics of the synthesized nanoparticles. The spherical shape of Cu
nanoparticles and the rod-like structure of Zn nanoparticles, both within the nanoscale
range and exhibiting low polydispersity, contribute to their potential applications in
diverse fields.
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Figure 6 Scanning Electron Microscopy ZnO.

HR-TEM

High-Resolution Transmission Electron Microscopy (HRTEM) stands as an
indispensable tool in the characterization of nanomaterials, providing valuable insights
into their structural and morphological properties. In our research, HRTEM has been
employed to analyze the ultrastructure of CuO and ZnO nanoparticles (NPs), offering a
comprehensive understanding of their unique features at the nanoscale. The application
of HRTEM allows for the visualization of individual nanoparticles, enabling precise
measurements of size, shape, and crystallinity. This level of resolution is particularly
crucial in our investigation, as it aids in elucidating the intricate details of CuO and ZnO
nanoparticles.
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Figure 7 TEM of CuO.

Figure 8 ZnO TEM.

The micrographs obtained through HRTEM reveal a highly ordered arrangement of
specific structural features, shedding light on the inherent characteristics of the material.
This detailed analysis enhances our comprehension of the nanoscale properties, paving
the way for a more comprehensive understanding of CuO and ZnO nanoparticles and
their potential applications.

3.2 Application

Photocatalytic degradation of dyes

The figure 9 the experimental setup employed for the photocatalytic degradation of
dyes under sunlight. In this process, various dye solutions were exposed to natural
sunlight to assess the photocatalytic activity of synthesized nanoparticles, specifically
CuO and ZnO. The exposure to sunlight serves as the external stimulus necessary for
initiating and driving the photocatalytic degradation reactions.
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The experimental arrangement showcases a systematic approach to evaluate the
efficacy of the nanoparticles in harnessing solar energy for the degradation of dyes,
providing valuable insights into their photocatalytic performance under environmentally
relevant conditions.

Figure 9 Experimental setup employed for the photocatalytic degradation

Below is a table presenting the percentage of degradation achieved for various dyes
within a 3-hour experimental duration:

Table 1 Percentage inhibition of different dyes.

Dye CuO ZnO
degraded Nanoparticles Nanoparticle
Methylene blue 98.4% 98%
Rohadamine 82% 89%
Brilliant blue 88% 90%
Crystal violet 84% 96%

This table succinctly summarizes the outcomes of the study, showcasing the
effectiveness of the synthesized nanoparticles in degrading different dyes within the
specified time frame.

Calculation of the rate of reaction

The efficiency of photocatalysts is significantly influenced by their band gap energy,
representing the energy difference between the valence and conduction bands. In the
domain of photocatalysis, aligning the band gap energy with the energy of photons in the
light spectrum is crucial for optimal performance. Zinc oxide (ZnO), a widely used zinc
compound in photocatalysis, demonstrates a band gap energy ranging from 3.0 to 3.4 eV,
making it well-suited for ultraviolet (UV) light energy. In contrast, copper, with a
considerably higher band gap energy of around 7 eV, exhibits reduced responsiveness to
visible or UV light. This limitation diminishes its capacity to absorb photons and initiate
photocatalytic reactions compared to zinc. Zinc oxide, particularly in the form of ZnQO,
exhibits robust photocatalytic activity, especially under UV light exposure.
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The absorption of UV light by ZnO generates electron-hole pairs that actively
participate in redox reactions with adsorbed species, such as water molecules or
pollutants, resulting in their degradation or conversion. This makes zinc oxide effective
for applications like water and air purification under UV irradiation. On the contrary,
copper, due to its higher band gap energy and lower reactivity with light, displays lower
photocatalytic activity compared to zinc-based materials. Stability and corrosion
resistance are crucial considerations, with zinc oxide being known for its stability and
resistance to corrosion under environmental conditions. This stability is essential for
maintaining catalytic properties over time. In contrast, copper's susceptibility to
oxidation and corrosion raises concerns about potential degradation or loss of catalytic
activity in photocatalytic applications. Additionally, the recyclability of the catalyst is a
significant parameter. Zinc-based photocatalysts, such as ZnO, often demonstrate
enhanced recoverability and recyclability due to their stability, retaining catalytic activity
across multiple usage cycles. This recyclability is crucial for practical applications where
the ability to reuse the catalyst is a key consideration.

The degradation of rhodamine B by copper oxide (CuO) and zinc oxide (ZnO)
nanoparticles at varying quantities of 0.1gm and 0.01gm for each nanoparticle has been
meticulously illustrated through graphs in both acidic and basic mediums. The presented
data, depicted graphically, clearly demonstrates that the rate of degradation was notably
faster when utilizing ZnO nanoparticles in comparison to CuO nanoparticles. This trend
was consistently observed in both acidic and basic mediums. The distinct properties of
zinc and copper, both being transition metals, play a crucial role in influencing their
effectiveness as photocatalysts. Notably, zinc is often regarded as a superior
photocatalyst compared to copper. The graphical representation of the experimental
results visually highlights the enhanced efficiency of ZnO nanoparticles in facilitating
the degradation of rhodamine B under the specified experimental conditions. This
observation further emphasizes the significance of selecting appropriate photocatalysts
based on their unique properties, as the choice of metal oxide nanoparticles significantly
impacts the overall photocatalytic performance in the degradation of dyes.

As the quantity of nanoparticles increases, the degradation process exhibits
accelerated and enhanced efficiency. Figures 10 depict the graphical representation of the
degradation plot for methylene blue dye using 0.01gm of zinc and copper nanoparticles,
respectively, in both acidic and basic mediums. Similarly, Figures 11 illustrate the
degradation plots for methylene blue dye with an increased quantity of nanoparticles
(0.1gm), specifically zinc and copper, in both acidic and basic mediums. These graphs
visually capture the correlation between the amount of nanoparticles and the efficiency
of the photocatalytic degradation process. The observed trends provide valuable insights
into the dosage-dependent impact of zinc and copper nanoparticles on the degradation of
methylene blue dye under varying pH conditions.

The degradation process for each dye followed a similar approach as that observed for
rhodamine B. However, due to the more pronounced and clearer results in the acidic
medium, subsequent graphs focus exclusively on the degradation of dyes in the presence
of 0.01gm nanoparticles under acidic conditions.
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Figure 11 Degradation plots for methylene blue dye with an increased quantity of
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Figure 12 Degradation plot of brilliant blue dye.
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Figure 13 Degradation plot of crystal violet dye.
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Figure 14 Degradation plot of methylene blue dye.

Figure 12 illustrates the degradation plot of brilliant blue dye when subjected to
0.01gm of copper and zinc nanoparticles separately in an acidic medium. Similarly,
Figure 13 presents the degradation plot of crystal violet dye under the influence of
0.01gm copper and zinc nanoparticles in an acidic medium. Lastly, Figure 14 showcases
the degradation plot of methylene blue dye using 0.01gm of copper and zinc
nanoparticles in an acidic medium. These graphs not only highlight the degradation
efficiency of each dye in response to the presence of nanoparticles but also emphasize
the superior degrading strength of zinc nanoparticles. The enhanced responsiveness of
zinc nanoparticles to UV radiation is consistently evident across all plotted figures.
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Conclusion

In conclusion, the present study underscores the pivotal role of zinc (Zn) and copper
(Cu) nanoparticles in the photocatalytic degradation of various dyes, offering a
promising avenue for addressing the environmental impact of industrial dyes in aquatic
ecosystems. The thorough synthesis of nanoparticles through the co-precipitation
method, coupled with comprehensive characterization using XRD, SEM-EDS, and FT-
IR techniques, has provided valuable insights into their structural and optical properties.
The excellent crystallinity and robust response to UV radiation make these nanoparticles
effective candidates for photocatalytic processes. The comparative analysis of zinc and
copper nanoparticles reveals the superior performance of zinc in degrading dyes,
attributed to its enhanced photoinduced electron transfer reactions and alignment of
bandgap with visible light energy. The surface reactivity of zinc nanoparticles further
contributes to their superior photocatalytic efficiency compared to copper. Mechanistic
studies confirm the exclusive photocatalytic nature of the degradation process,
highlighting the significance of light in driving the reaction. Furthermore, the
concentration-dependent enhancement of the degradation rate emphasizes the potential
scalability and efficiency of this approach. Notably, zinc nanoparticles exhibit
remarkably high degradation efficiencies, averaging 95%, showcasing their effectiveness
as a superior photocatalyst for remediating dye-contaminated aquatic environments.
The findings contribute to the growing field of nanoparticle-based environmental
remediation, offering sustainable and eco-friendly solutions to combat water pollution
caused by industrial dye discharge. The non-toxic nature, cost-effectiveness, and the
retained photocatalytic properties of these nanoparticles across multiple uses further
enhance their applicability in treating diverse dye solutions. The central motivation
behind this research, focused on mitigating the adverse impacts of industrial and
individual waste on water bodies, aligns with the global pursuit of environmentally
friendly approaches to address water pollution challenges. The demonstrated advantages
of these nanoparticles position them as promising tools in the ongoing efforts to protect
and restore the health of aquatic ecosystems.
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