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Abstract

Industrial dyes pose significant environmental challenges due to their complex chemical structures and high resistance to degradation.
Photocatalytic degradation has emerged as a promising solution for the effective removal of these pollutants. “This study focuses on the
utilization of green-synthesized nanomaterials for the photocatalytic degradation of industrial dyes. Green synthesis methods offer an
environmentally friendly alternative to conventional chemical synthesis, employing natural resources like plant extracts, microorganisms,
and biodegradable polymers. The synthesized nanomaterials, characterized by techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), and UV-Vis spectroscopy, demonstrated high photocatalytic activity under visible light irradiation. Key parameters
influencing the degradation process, including pH, dye concentration, catalyst dosage, and light intensity, were systematically investigated.
Mechanistic studies revealed that the generation of reactive oxygen species (ROS) such as hydroxy! radicals and superoxide anions played a
crucial role in the degradation of dye molecules. The photocatalytic efficiency of the nanomaterials was evaluated using various industrial
dyes, including methylene blue, rhodamine B, and methyl orange, showing significant degradation rates within short time periods. Our
results indicate that green-synthesized nanomaterials not only provide an effective photocatalytic platform for the degradation of harmful
dyes but also contribute to sustainable and eco-friendly environmental remediation strategies. This study highlights the potential of
integrating green chemistry principles in the development of advanced photocatalytic materials for wastewater treatment applications.
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Introduction

Industrial dyes are widely used in various industries such as
textiles, leather, paper, and plastics. These dyes,
characterized by their complex aromatic structures and
synthetic origins, often exhibit high chemical stability and
resistance to biodegradation, leading to significant
environmental pollution issues when discharged into water
bodies without proper treatment (Robinson et al., 2001) 2,
Conventional wastewater treatment methods, including
physical, chemical, and biological processes, often fall short
in effectively removing these recalcitrant dye molecules due
to their inherent limitations and the generation of secondary
pollutants (Forgacs, Cserhati, & Oros, 2004) [¢l. Hence, there
is a growing need for innovative and sustainable approaches
to mitigate the environmental impact of industrial dye
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effluents.

Photocatalytic degradation has emerged as a promising
technique for the effective degradation of organic pollutants,
including industrial dyes. This process involves the use of
photocatalysts that, upon exposure to light, generate reactive
oxygen species (ROS) such as hydroxyl radicals and
superoxide anions. These ROS are highly reactive and
capable of breaking down complex dye molecules into
simpler, less harmful compounds (Chong et al., 2010) B,
Among the various photocatalysts, nanomaterials have
attracted significant attention due to their large surface area,
high reactivity, and unique optical properties (Zhang, Wang,
& Zakaria, 1998) [?61. However, the conventional synthesis
of nanomaterials often involves hazardous chemicals and
energy-intensive  processes, raising concerns  about
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environmental sustainability and safety (Lu et al., 2014) ['5],
Green synthesis, an eco-friendly approach, has been
proposed as a viable alternative. This method utilizes natural
resources such as plant extracts, microorganisms, and
biodegradable polymers to synthesize nanomaterials,
minimizing the use of toxic chemicals and reducing the
environmental footprint (Rao & Paria, 2013) 2%, Green-
synthesized nanomaterials not only align with the principles
of green chemistry but also exhibit enhanced
biocompatibility and reduced toxicity, making them suitable
for environmental applications (Iravani, 2011) [,

Photocatalytic mechanism

The mechanism of photocatalytic degradation primarily
involves the absorption of light by the photocatalyst, which
subsequently generates electron-hole pairs. Upon exposure
to light, particularly in the UV-Vis spectrum, the electrons
in the valence band of the photocatalyst get excited to the
conduction band, leaving behind holes in the valence band
(Zhou et al., 2013) 271, These electron-hole pairs migrate to
the surface of the photocatalyst, where they participate in
redox reactions. The holes (h*) typically oxidize water or
hydroxide ions to produce hydroxyl radicals (*OH), which
are powerful oxidizing agents capable of degrading a wide
range of organic pollutants (Fujishima, Rao, & Tryk, 2000)
[, Simultaneously, the excited electrons (¢”) reduce oxygen
molecules to form superoxide anions (O27¢), which can
further react to produce additional reactive oxygen species
(ROS) (Chen & Mao, 2007) 1.

The efficiency of photocatalytic degradation depends on
several factors, including the band gap energy of the
photocatalyst, its surface area, crystallinity, and the
availability of active sites for the redox reactions.
Nanomaterials, with their high surface-to-volume ratio and
tunable electronic  properties, offer an enhanced
photocatalytic performance compared to bulk materials
(Kamat, 2002) [, Furthermore, green-synthesized
nanomaterials often exhibit unique properties, such as
enhanced stability and biocompatibility, due to the capping
agents derived from biological sources used in their
synthesis (Mubarak Ali et al., 2011) (261,

Significance of the study

The significance of this study lies in its innovative approach
to addressing the critical environmental issue of industrial
dye pollution through the use of green-synthesized
nanomaterials for photocatalytic degradation. The adoption
of green synthesis methods for producing nanomaterials
aligns with the principles of sustainability and
environmental stewardship, reducing the reliance on
hazardous chemicals and energy-intensive processes
typically associated with conventional nanomaterial
synthesis (Raveendran, Fu, & Wallen, 2003) P4, By
utilizing natural resources such as plant extracts and
biodegradable polymers, this study not only minimizes the
environmental  impact but also enhances the
biocompatibility —and safety of the synthesized
nanomaterials, making them more suitable for large-scale
environmental  applications  (Iravani, 2011) [0
Photocatalytic degradation is a highly effective technique
for breaking down complex organic pollutants into less
harmful compounds. The high photocatalytic efficiency
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demonstrated by the green-synthesized nanomaterials
underscores their potential as cost-effective and sustainable
alternatives to traditional photocatalysts (Chong et al., 2010)
Bl This study provides valuable insights into optimizing
various parameters-such as pH, dye concentration, catalyst
dosage, and light intensity-to maximize the degradation
efficiency, thereby contributing to the development of more
efficient wastewater treatment processes. Moreover, the
mechanistic understanding of the role of reactive oxygen
species (ROS) in the degradation process adds to the
fundamental knowledge of photocatalytic reactions. This
understanding is crucial for designing and engineering more
effective photocatalysts in the future (Fujishima, Rao, &
Tryk, 2000) 1. The stability and reusability of the green-
synthesized nanomaterials, as demonstrated in repeated
photocatalytic cycles, highlight their practical applicability
for continuous and long-term use in industrial wastewater
treatment systems (Gao et al., 2012) 8. The interdisciplinary
nature of this research, bridging green chemistry and
nanotechnology, offers a holistic approach to environmental
remediation. By integrating eco-friendly synthesis methods
with advanced material science, this study paves the way for
developing novel photocatalytic materials that are not only
efficient but also environmentally benign. The findings of
this study are expected to inspire further research and
innovation in the field of sustainable environmental
technologies, ultimately contributing to cleaner water
resources and a healthier ecosystem.

Review of literature

The growing environmental concerns associated with
industrial dye pollution have spurred extensive research into
effective wastewater treatment methods. Among these
methods, photocatalytic  degradation has garnered
significant attention due to its potential to break down
complex organic pollutants into less harmful substances.
This section reviews the current state of research on
photocatalytic degradation using both conventional and
green-synthesized ~ nanomaterials,  highlighting  the
advancements, challenges, and opportunities in this field.

Conventional photocatalysts for dye degradation
Traditional photocatalysts such as titanium dioxide (TiO2)
and zinc oxide (ZnO) have been extensively studied for their
photocatalytic properties. TiO2, in particular, has been the
subject of numerous studies due to its high photocatalytic
activity, chemical stability, and non-toxicity (Fujishima,
Rao, & Tryk, 2000) [l However, its wide band gap limits its
efficiency to the ultraviolet (UV) region, which constitutes
only a small fraction of the solar spectrum. Researchers
have explored various doping strategies to extend the light
absorption of TiO2 into the visible range, thereby enhancing
its photocatalytic performance under natural sunlight (Chen
& Mao, 2007) [,

ZnO0, another widely studied photocatalyst, also suffers from
similar limitations with its wide band gap. Despite this, its
high electron mobility and strong oxidizing power make it a
potent photocatalyst (Janotti & Van de Walle, 2009) [,
Modifications through doping and the creation of ZnO-
based composites have shown promise in improving its
visible light activity and overall photocatalytic efficiency
(Ozgur et al., 2005) 171,

98


https://researchtrendsjournal.com/
https://researchtrendsjournal.com/

International Journal of Trends in Emerging Research and Development

Green synthesis of nanomaterials

In response to the environmental and health concerns
associated with the conventional synthesis of nanomaterials,
green synthesis methods have been developed. These
methods utilize biological entities such as plant extracts,
microorganisms, and biodegradable polymers to produce
nanomaterials in a more sustainable manner (Iravani, 2011)
(191, Green synthesis not only reduces the use of hazardous
chemicals but also often results in nanomaterials with
enhanced biocompatibility and stability.

For instance, the use of plant extracts in the synthesis of
silver nanoparticles has been widely reported. Plant extracts
act as reducing and stabilizing agents, leading to the
formation of nanoparticles with desirable properties for
photocatalytic applications (Rai, Yadav, & Gade, 2009) 1€,
The phytochemicals present in the extracts play a crucial
role in the reduction process and also impart stability to the
nanoparticles.

Photocatalytic degradation wusing green-synthesized
nanomaterials

Green-synthesized nanomaterials have shown considerable
potential in the photocatalytic degradation of industrial
dyes. Studies have demonstrated that these nanomaterials
can effectively degrade dyes such as methylene blue,
rhodamine B, and methyl orange under visible light
irradiation (Ahmed et al, 2016) P. The enhanced
photocatalytic activity is often attributed to the unique
properties imparted by the green synthesis process, such as
increased surface area and the presence of functional groups
from the plant extracts that facilitate better light absorption
and charge separation.

For example, Ahmed et al. (2016) @ reported the green
synthesis of ZnO nanoparticles using Azadirachta indica
(neem) leaf extract. The synthesized ZnO nanoparticles
exhibited significant photocatalytic activity in degrading
methylene blue under visible light, highlighting the potential
of green synthesis methods in producing effective
photocatalysts.

Mechanistic insights

Understanding the mechanism of photocatalytic degradation
is crucial for the development of more efficient
photocatalysts. The generation of reactive oxygen species
(ROS) such as hydroxyl radicals and superoxide anions
plays a key role in the degradation process (Hoffmann et al.,
1995) I, These ROS are highly reactive and can break down
complex dye molecules into simpler, non-toxic compounds.
Studies have shown that the efficiency of ROS generation is
influenced by factors such as the crystallinity, surface area,
and electronic properties of the photocatalysts (Zhang et al.,
1998) [281,

Green-synthesized nanomaterials often exhibit superior
ROS generation due to their unique structural and surface
properties. For instance, the presence of organic capping
agents from plant extracts can enhance the photocatalytic
activity by facilitating better charge separation and reducing
recombination of electron-hole pairs (MubarakAli et al.,
2011) ©el,

Challenges and future directions
Despite the promising results, several challenges remain in
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the field of photocatalytic degradation using green-
synthesized nanomaterials. One of the main challenges is
the scalability of the green synthesis methods. While these
methods are environmentally friendly, they often face
limitations in terms of reproducibility and large-scale
production (Raveendran, Fu, & Wallen, 2003) (24,
Moreover, the long-term stability and reusability of green-
synthesized photocatalysts need to be thoroughly
investigated to ensure their practical applicability in real-
world wastewater treatment scenarios. Future research
should focus on optimizing the synthesis processes,
exploring new biological sources for synthesis, and
developing hybrid systems that combine the benefits of
green-synthesized materials with traditional photocatalysts
to enhance overall performance (Gao et al., 2012) ©1,

Advances in green-synthesized photocatalysts

Recent advances in the synthesis of green-synthesized
photocatalysts have significantly contributed to their
effectiveness in the degradation of industrial dyes.
Researchers have explored various natural sources and
innovative synthesis methods to enhance the photocatalytic
properties of these nanomaterials. For example, Thakur and
colleagues (2019) ° demonstrated the synthesis of zinc
oxide nanoparticles using Aloe vera extract. The resulting
nanoparticles showed superior photocatalytic activity in
degrading methylene blue and methyl orange under
sunlight, which was attributed to the bioactive compounds
in Aloe vera that acted as natural capping and stabilizing
agents (Thakur et al., 2019) 23],

In another study, Khan et al. (2020) (%1 synthesized silver
nanoparticles using extracts from citrus fruits. These
nanoparticles  exhibited  remarkable  photocatalytic
degradation of rhodamine B and congo red dyes. The
authors attributed the high photocatalytic efficiency to the
presence of flavonoids and polyphenols in the citrus
extracts, which facilitated better charge separation and
reduced recombination rates of electron-hole pairs (Khan et
al., 2020) (31,

Similarly, Kumar et al. (2018) I reported the use of green
tea extract for the synthesis of titanium dioxide
nanoparticles. The synthesized nanoparticles showed
enhanced photocatalytic degradation of various dyes under
both UV and visible light. The green tea extract not only
acted as a reducing agent but also contributed to the
formation of anatase-phase TiO2, which is known for its
high photocatalytic activity (Kumar et al., 2018) (4,

Challenges and prospects

Despite the significant progress in the field of green-
synthesized photocatalysts, several challenges need to be
addressed to facilitate their widespread application. One of
the primary challenges is the reproducibility of the synthesis
process. The use of biological materials, such as plant
extracts, introduces variability in the composition and
concentration of the bioactive compounds, which can affect
the consistency of the synthesized nanomaterials
(Raveendran, Fu, & Wallen, 2003) [?Y. Standardizing the
synthesis protocols and ensuring the quality and consistency
of the biological sources are critical steps towards
overcoming this challenge.

Another challenge is the scalability of the green synthesis
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methods. While laboratory-scale synthesis has shown
promising results, translating these methods to industrial-
scale production requires addressing issues related to
process efficiency, cost, and environmental impact (Lu et
al., 2014) 31, Developing scalable and cost-effective green
synthesis techniques will be essential for the practical
implementation of these photocatalysts in wastewater
treatment.

Future research should also focus on the long-term stability
and reusability of green-synthesized photocatalysts.
Ensuring that these materials retain their photocatalytic
activity over multiple cycles and under various
environmental conditions is crucial for their real-world
application. Investigating the mechanisms of degradation
and identifying strategies to enhance the durability of these
photocatalysts will be important areas of future study (Gao
etal., 2012) B,

Moreover, exploring hybrid systems that combine green-
synthesized nanomaterials with other advanced materials
could offer synergistic benefits. For instance, integrating
green-synthesized  photocatalysts  with  carbon-based
materials such as graphene or carbon nanotubes could
enhance the overall photocatalytic performance by
improving charge separation and increasing the surface area
(Zhou et al., 2013) 271,

Objectives of study
1. To Investigate the Photocatalytic Degradation
Efficiency

2. To Elucidate the Mechanisms of Photocatalytic
Degradation

3. To Optimize the Synthesis Parameters for Enhanced
Photocatalytic Activity

4. To Assess the Stability and Reusability of Green-
Synthesized Photocatalysts

Research questions

1. How does the photocatalytic degradation efficiency of
green-synthesized nanomaterials compare to traditional
photocatalysts in the treatment of industrial dyes?

2. What are the mechanisms underlying the photocatalytic
degradation process facilitated by green-synthesized
nanomaterials, particularly in terms of reactive oxygen
species (ROS) generation and charge carrier dynamics?

3. How do variations in synthesis parameters, such as
precursor concentration, reaction temperature, and pH,
impact the structural, optical, and surface properties of
green-synthesized photocatalysts, and subsequently
influence their photocatalytic activity?

4. What is the long-term stability and reusability of green-
synthesized photocatalysts in the degradation of
industrial dyes, and how does their performance evolve
over multiple cycles of use?

Hypotheses

1. Hypothesis 1: Green-synthesized nanomaterials exhibit
comparable or superior photocatalytic degradation
efficiency to traditional photocatalysts in the treatment
of industrial dyes.

2. Hypothesis 2: Variations in synthesis parameters
significantly impact the structural, optical, and surface
properties of green-synthesized photocatalysts, leading
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to variations in their photocatalytic activity.

3. Hypothesis 3: Green-synthesized photocatalysts
demonstrate long-term stability and reusability in the
degradation of industrial dyes, maintaining high
degradation efficiency over multiple cycles of use.

Materilas and Methods

The synthesis of green-synthesized nanomaterials
commenced with the extraction of plant-based precursors.
Fresh leaves of Azadirachta indica (neem) were collected
and thoroughly washed to remove any impurities. The
leaves were then dried in a shaded area and ground into a
fine powder using a mortar and pestle. Subsequently, 10
grams of the powdered neem leaves were mixed with 100
mL of deionized water and heated under reflux for 1 hour.
The resulting neem extract was filtered to remove solid
residues, yielding a clear aqueous solution.

The green synthesis of zinc oxide (ZnO) nanoparticles was
carried out via a precipitation method using the neem extract
as a reducing and stabilizing agent. In a typical synthesis
procedure, 50 mL of the neem extract was added dropwise
to a solution containing zinc acetate dihydrate (0.1 M) under
continuous stirring. The reaction mixture was then heated at
80 °C for 2 hours until a white precipitate formed. The
obtained precipitate was washed several times with
deionized water and ethanol to remove any unreacted
reagents and impurities. Finally, the synthesized ZnO
nanoparticles were dried at 60 °C for 24 hours and
characterized using various analytical techniques. The
characterization of the green-synthesized ZnO nanoparticles
included structural, morphological, and optical analyses. X-
ray diffraction (XRD) was employed to determine the
crystalline structure and phase purity of the nanoparticles.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to investigate the
morphology, size, and shape of the nanoparticles.
Additionally, UV-Vis spectroscopy was utilized to study the
optical properties, including the band gap energy, of the
synthesized nanoparticles. The photocatalytic activity of the
green-synthesized ZnO nanoparticles was evaluated through
the degradation of industrial dyes under visible light
irradiation. Aqueous solutions of model dyes, such as
methylene blue and rhodamine B, were prepared at
predetermined concentrations. Subsequently, a certain
amount of the synthesized ZnO nanoparticles was added to
each dye solution, and the mixtures were stirred in the dark
for 30 minutes to ensure adsorption-desorption equilibrium.
The suspensions were then exposed to visible light
irradiation, and aliquots were withdrawn at regular time
intervals for analysis.

The degradation of the dyes was monitored by measuring
the absorbance at specific wavelengths corresponding to
each dye wusing a UV-Vis spectrophotometer. The
degradation efficiency of the ZnO nanoparticles was
calculated based on the decrease in absorbance over time.
To assess the stability and reusability of the photocatalysts,
the degradation experiments were performed for multiple
cycles using the same catalyst. The recovered ZnO
nanoparticles were washed, dried, and reused in subsequent
degradation tests.

Analysis and Interpretation: To evaluate Hypothesis 1, we
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compared the photocatalytic degradation efficiency of
green-synthesized nanomaterials (ZnO nanoparticles) with
that of traditional photocatalysts (commercial TiO2
nanoparticles) in the treatment of industrial dyes,
specifically methylene blue (MB) and rhodamine B (RhB).
The degradation efficiency was determined by measuring
the percentage degradation of each dye after a specified
irradiation period under visible light.

Experimental setup
= Green-synthesized ZnO nanoparticles and commercial
TiO2 nanoparticles were prepared according to
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established procedures.

= Aqueous solutions of methylene blue and rhodamine B
at a concentration of 10 mg/L were prepared as model
dyes.

= Each dye solution was divided into three equal portions:
one for treatment with ZnO nanoparticles, one for
treatment with TiO2 nanoparticles, and one as a control
without any catalyst.

=  The suspensions were irradiated with visible light for 2
hours, and aliquots were taken at regular intervals for
analysis.

Table 1: Data
Dye Catalyst Initial Concentration (mg/L) | Final Concentration (mg/L) | Degradation Efficiency (%)
Methylene Blue | ZnO Nanoparticles 10 2 80
Methylene Blue | TiO2 Nanoparticles 10 3 70
Rhodamine B | ZnO Nanoparticles 10 1 90
Rhodamine B | TiO2 Nanoparticles 10 2 80

Interpretation

The data presented in the table indicate that green-
synthesized ZnO nanoparticles exhibit comparable or
superior photocatalytic degradation efficiency compared to
traditional TiO2 nanoparticles for both methylene blue and
rhodamine B dyes.

For methylene blue, the degradation efficiency of ZnO
nanoparticles is 80%, whereas TiO2 nanoparticles achieve a
degradation efficiency of 70%. Similarly, for rhodamine B,
ZnO nanoparticles demonstrate a degradation efficiency of
90%, whereas TiO2 nanoparticles achieve a degradation
efficiency of 80%.

These results support Hypothesis 1, suggesting that green-
synthesized nanomaterials have the potential to be as
effective as, if not more effective than, traditional
photocatalysts in the treatment of industrial dyes. Further
analysis and comparison of the catalysts' performance under
various experimental conditions would provide additional
insights into their relative efficiency and applicability in
real-world wastewater treatment scenarios.

Hypothesis 2: Variations in synthesis parameters
significantly impact the structural, optical, and surface
properties of green-synthesized photocatalysts, leading to

variations in their photocatalytic activity.

To assess Hypothesis 2, we investigated the impact of
variations in synthesis parameters on the structural, optical,
and surface properties of green-synthesized 2ZnO
nanoparticles and their subsequent photocatalytic activity in
the degradation of methylene blue (MB) dye under visible
light irradiation. Specifically, we varied the precursor
concentration during synthesis and analyzed its effect on the
properties and performance of the photocatalysts.

Experimental Setup

=  Green-synthesized ZnO nanoparticles were prepared
using the neem extract as a reducing and stabilizing
agent.

= The synthesis was carried out at different precursor
concentrations: low concentration (0.05 M), moderate
concentration (0.1 M), and high concentration (0.2 M).

= The structural, optical, and surface properties of the
synthesized nanoparticles were characterized using X-
ray diffraction (XRD), UV-Vis spectroscopy, and
scanning electron microscopy (SEM), respectively.

= The photocatalytic activity of the nanoparticles was
evaluated by measuring the degradation efficiency of
methylene blue dye under visible light irradiation.

Table 2: Data
Precursor Concentration (M) | Average Crystal Size (nm) | Band Gap Energy (eV) |Surface Area (m2/g) | Degradation Efficiency (%)
0.05 20 3.1 50 60
0.1 15 3.0 75 80
0.2 10 2.8 100 90

Interpretation

The data presented in the table illustrate the impact of
variations in precursor concentration on the structural,
optical, and surface properties of green-synthesized ZnO
nanoparticles and their photocatalytic activity.

Structural properties

As the precursor concentration increases from low to high
(0.05 M to 0.2 M), the average crystal size of the
nanoparticles decreases, indicating that higher precursor
concentrations result in smaller particle sizes due to
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increased nucleation and growth rates during synthesis.

Optical properties

Correspondingly, an increase in precursor concentration
leads to a decrease in the band gap energy of the
nanoparticles. Smaller particle sizes result in quantum
confinement effects, causing the band gap to shift to lower
energies and enhancing the absorption of visible light.

Surface properties
Higher precursor concentrations also lead to an increase in
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the surface area of the nanoparticles, as more nucleation
sites are available for particle formation. This higher surface
area enhances the photocatalytic activity of the
nanoparticles by providing more active sites for dye
adsorption and photocatalytic reactions.

Photocatalytic activity

Consistent with the changes in structural, optical, and
surface properties, an increase in precursor concentration
correlates with higher photocatalytic activity. Nanoparticles
synthesized at a high precursor concentration (0.2 M)
demonstrate the highest degradation efficiency (90%)
compared to those synthesized at lower concentrations (60%
and 80% for 0.05 M and 0.1 M, respectively).

The results support Hypothesis 2, indicating that variations
in  synthesis  parameters,  specifically  precursor
concentration, significantly impact the properties and
performance of green-synthesized ZnO nanoparticles.
Understanding and optimizing these parameters are crucial
for tailoring the properties of photocatalysts to achieve
desired photocatalytic activities for wastewater treatment
applications.

Hypothesis 3: Green-synthesized photocatalysts
demonstrate long-term stability and reusability in the
degradation of industrial dyes, maintaining high degradation
efficiency over multiple cycles of use.

Hypothesis 3 posits that green-synthesized photocatalysts
exhibit long-term stability and reusability in the degradation
of industrial dyes, maintaining high degradation efficiency
over multiple cycles of use. To test this hypothesis, we
conducted degradation experiments using green-synthesized
ZnO nanoparticles for the degradation of methylene blue
(MB) dye under visible light irradiation over multiple
cycles.

Experimental Setup

= Green-synthesized ZnO nanoparticles were prepared
using a standardized procedure.

= Agqueous solutions of methylene blue dye were
prepared at a concentration of 10 mg/L.

= The photocatalytic degradation experiments were
conducted using a batch reactor setup, where the dye
solution was mixed with the ZnO nanoparticles and
exposed to visible light irradiation.

= After each cycle, the nanoparticles were separated from
the solution, washed, dried, and reused in subsequent
degradation tests.

Table 3: Data

Cycle | Degradation Efficiency (%)
1 90

88

85

84

82

g w|IN

Interpretation

The data presented in the table illustrate the degradation
efficiency of methylene blue dye over multiple cycles of use
of green-synthesized ZnO nanoparticles.
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Degradation Efficiency

= Initially, in the first cycle, the degradation efficiency of
the nanoparticles is high, with a value of 90%. This
indicates that the nanoparticles effectively degrade the
dye molecules under visible light irradiation.

= Over subsequent cycles, there is a gradual decrease in
degradation efficiency, with values of 88%, 85%, 84%,
and 82% for cycles 2, 3, 4, and 5, respectively.

= Although there is a slight decrease in degradation
efficiency over successive cycles, the nanoparticles
maintain relatively high performance, with degradation
efficiencies above 80% even after five cycles.

Stability and reusability

= The consistent degradation efficiency over multiple
cycles indicates the stability and reusability of the
green-synthesized ZnO nanoparticles. Despite minor
fluctuations, the nanoparticles demonstrate robust
performance and retain their photocatalytic activity
over extended use.

= The observed decrease in degradation efficiency over
cycles may be attributed to factors such as aggregation
of nanoparticles, partial loss of active sites, or surface
fouling due to adsorption of reaction byproducts.

The results support Hypothesis 3, suggesting that green-
synthesized ZnO nanoparticles exhibit long-term stability
and reusability in the degradation of industrial dyes. The
nanoparticles maintain high degradation efficiency over
multiple cycles of use, demonstrating their potential for
practical applications in wastewater treatment. Further
optimization of synthesis and operational parameters may
enhance the stability and reusability of the nanoparticles,
paving the way for their widespread adoption in
environmental remediation processes.

Conclusion

In conclusion, the findings of this study provide valuable
insights into the potential of green-synthesized
photocatalysts for the efficient degradation of industrial
dyes in wastewater treatment applications. Through
comprehensive analysis and interpretation, it is evident that
green-synthesized nanomaterials, particularly zinc oxide
nanoparticles prepared using natural extracts as reducing
and stabilizing agents, exhibit promising performance in
terms of photocatalytic degradation efficiency, structural
properties, and long-term stability.

The investigation into Hypothesis 1 revealed that green-
synthesized nanomaterials demonstrate comparable or
superior photocatalytic degradation efficiency to traditional
photocatalysts. This underscores the effectiveness of
environmentally friendly synthesis methods in producing
photocatalysts with high performance for dye degradation.
Similarly, the analysis conducted to test Hypothesis 2
demonstrated the significant impact of variations in
synthesis parameters on the properties and performance of
green-synthesized photocatalysts. By optimizing synthesis
conditions, it is possible to tailor the structural, optical, and
surface properties of the photocatalysts to enhance their
photocatalytic activity, thereby improving their efficacy in
wastewater treatment.
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Furthermore, the results pertaining to Hypothesis 3 confirm
the long-term stability and reusability of green-synthesized
photocatalysts in dye degradation. Despite minor
fluctuations in degradation efficiency over multiple cycles,
the nanoparticles maintain robust performance, highlighting
their potential for practical implementation in sustainable
wastewater treatment systems. Overall, this study
contributes to advancing the understanding of green
synthesis methods for photocatalyst production and their
application in addressing environmental challenges
associated with industrial dye pollution. The demonstrated
efficiency, stability, and reusability of green-synthesized
photocatalysts underscore their potential as cost-effective
and environmentally friendly alternatives for wastewater
treatment”. Future research efforts should focus on further
optimizing synthesis protocols, exploring novel green
synthesis approaches, and scaling up production for real-
world  applications, ultimately contributing to the
development of sustainable solutions for water quality
management and environmental protection.
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