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Abstract

This paper explores the utilization of natural plant extracts in the green synthesis of photocatalytic nanomaterials for the dual purpose of dye
removal and antimicrobial applications. With increasing concerns over environmental pollution and antibiotic resistance, there is a growing
interest in sustainable and eco-friendly approaches for remediation and disinfection. “Natural plant extracts offer a rich source of bioactive
compounds with inherent properties that can be harnessed for the synthesis of functional nanomaterials. The green synthesis route not only
minimizes the environmental footprint but also enhances the biocompatibility and safety of the resulting nanomaterials. This review
discusses various plant extracts used in the synthesis process, highlighting their photocatalytic activity for dye degradation and antimicrobial
efficacy against pathogenic microorganisms. Furthermore, the mechanisms underlying the photocatalytic and antimicrobial properties of
these nanomaterials are elucidated, providing insights into their potential applications in water treatment and biomedical fields. The
synergistic effects between plant extracts and nanomaterials offer promising avenues for the development of sustainable and effective

solutions for environmental and healthcare challenges.
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Introduction

In recent years, the synthesis of nanomaterials using natural
plant extracts has gained significant attention in various
fields including  environmental  remediation  and
antimicrobial applications. The escalating concerns over
environmental pollution, particularly from synthetic dyes,
and the emergence of antibiotic-resistant microorganisms
have underscored the urgency to explore sustainable and
eco-friendly alternatives for remediation and disinfection
(Smith et al., 2020; Johnson & Patel, 2019) [ 61 Natural
plant extracts, rich in bioactive compounds such as
polyphenols, flavonoids, and terpenoids, offer a promising
avenue for the green synthesis of functional nanomaterials
(Jones & Lee, 2018) [,

The utilization of plant extracts in nanomaterial synthesis
represents a departure from conventional methods that often
involve the use of toxic chemicals and high-energy inputs.
Green synthesis methods offer several advantages including
reduced environmental impact, cost-effectiveness, and the
ability to produce biocompatible materials suitable for
various applications (Gupta et al., 2020; Kumar et al., 2019)
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491 Moreover, the inherent properties of plant extracts can
impart unique functionalities to the synthesized
nanomaterials,  enhancing  their  performance in
photocatalytic degradation of dyes and antimicrobial
activities (Li et al., 2020) [,

Several studies have demonstrated the efficacy of plant-
mediated  synthesis in  producing  photocatalytic
nanomaterials with enhanced dye removal efficiency. For
instance, Gupta et al. (2020) ™ reported the synthesis of
silver nanoparticles using Aloe vera extract, which exhibited
excellent photocatalytic activity for the degradation of
methylene blue under sunlight irradiation. Similarly, Kumar
et al. (2019) P synthesized zinc oxide nanoparticles using
Hibiscus rosa-sinensis leaf extract and demonstrated their
efficacy in the removal of various textile dyes from aqueous
solutions.

In addition to dye removal, the antimicrobial properties of
plant-mediated nanomaterials have also been extensively
investigated. The synergistic effects between plant extracts
and nanomaterials contribute to enhanced antimicrobial
activity against a wide range of pathogenic microorganisms,
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including bacteria, fungi, and viruses (Rajput et al., 2018;
Sharma & Mishra, 2019) [ 3 For instance, silver
nanoparticles synthesized using plant extracts such as Neem
(Azadirachta indica) and Tulsi (Ocimum sanctum) have
been shown to exhibit potent antimicrobial activity against
multidrug-resistant bacteria.

The exploration of natural plant extracts in the synthesis of
photocatalytic nanomaterials represents a promising strategy
to address the challenges of environmental pollution and
microbial contamination. By harnessing the diverse array of
phytochemicals present in plant extracts, researchers have
been able to tailor the properties of nanomaterials for
specific applications. This approach not only offers a
sustainable alternative to conventional synthesis methods
but also opens up new possibilities for the development of
multifunctional materials with enhanced performance (Wu
et al., 2021) 4. Furthermore, the use of plant-mediated
synthesis aligns with the principles of green chemistry,
emphasizing the importance of resource efficiency, waste
reduction, and environmental protection (Anastas &
Warner, 1998) [,

The successful synthesis of photocatalytic nanomaterials
using natural plant extracts relies on understanding the
mechanisms involved in the reduction and stabilization of
metal ions by phytochemicals. Plant extracts serve as both
reducing and capping agents, facilitating the nucleation and
growth  of nanoparticles while preventing their
agglomeration (Rajput et al., 2018) M. Moreover, the
presence of functional groups such as hydroxyl, carboxyl,
and amino groups in phytochemicals enables strong
interactions with metal ions, promoting the formation of
stable nanomaterials with well-defined morphologies
(Ghosh et al., 2019) Bl This synergistic interplay between
plant extracts and metal precursors not only ensures the
successful synthesis of nanomaterials but also imparts
specific properties conducive to photocatalytic activity and
antimicrobial efficacy (Kumar et al., 2020) (8],

Significance of the study

The significance of this study lies in its contribution to the
development of sustainable and effective solutions for two
pressing global challenges: environmental pollution and
antimicrobial resistance. By exploring the green synthesis of
photocatalytic nanomaterials using natural plant extracts,
this research offers a pathway towards mitigating the
detrimental impacts of synthetic dye pollutants on
ecosystems and human health. The photocatalytic properties
of these nanomaterials hold promise for the efficient
degradation of diverse classes of dyes, thereby facilitating
the purification of contaminated water sources.
Additionally, the antimicrobial activity of plant-mediated
nanomaterials presents a potential strategy for combating
microbial pathogens, including antibiotic-resistant strains, in
various settings such as healthcare facilities and water
treatment plants. The biocompatibility of these materials
further enhances their suitability for biomedical
applications, such as wound healing and medical device
coatings. Overall, this study underscores the importance of
leveraging nature-inspired approaches to address complex
environmental and public health challenges in a sustainable
manner.
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Literature review

The green synthesis of photocatalytic nanomaterials using
natural plant extracts has garnered considerable attention in
recent years due to its potential applications in
environmental remediation and antimicrobial activities. This
section provides a detailed review of relevant literature
highlighting key studies in the field.

Several researchers have investigated the use of various
plant extracts for the synthesis of photocatalytic
nanomaterials with enhanced dye removal efficiency. For
example, Gupta et al. (2020) [ reported the synthesis of
silver nanoparticles using Aloe vera extract, demonstrating
their efficacy in the degradation of methylene blue under
sunlight irradiation. Similarly, Kumar et al. (2019) ©
utilized Hibiscus rosa-sinensis leaf extract to synthesize zinc
oxide  nanoparticles, which  exhibited  promising
performance in the removal of textile dyes from aqueous
solutions (Gupta et al., 2020; Kumar et al., 2019) [* 9,

In addition to dye removal, the antimicrobial properties of
plant-mediated nanomaterials have also been extensively
studied. Rajput et al. (2018) I synthesized silver
nanoparticles using Azadirachta indica (Neem) leaf extract
and evaluated their antimicrobial activity against multidrug-
resistant bacteria. Similarly, Sharma and Mishra (2019) 13
reported the antimicrobial efficacy of silver nanoparticles
synthesized from leaf extracts of Ocimum sanctum (Tulsi)
and Solanum nigrum against various microbial pathogens
(Rajput et al., 2018; Sharma & Mishra, 2019) [% 131,

The mechanism underlying the green synthesis of
photocatalytic nanomaterials involves the reduction and
stabilization of metal ions by phytochemicals present in
plant extracts. Ghosh et al. (2019) B! elucidated the role of
functional groups such as hydroxyl, carboxyl, and amino
groups in facilitating the nucleation and growth of
nanoparticles while preventing their agglomeration. This
synergistic interaction between plant extracts and metal
precursors ensures the successful synthesis of stable
nanomaterials with tailored properties suitable for
photocatalytic and antimicrobial applications (Ghosh et al.,
2019) &1,

Recent advances in the green synthesis of photocatalytic
nanomaterials have emphasized the importance of exploring
novel plant sources and optimizing synthesis parameters to
enhance the efficiency and scalability of the process.
Researchers have investigated a wide range of plant
extracts, including those from fruits, leaves, stems, and
roots, to identify bioactive compounds capable of reducing
metal ions and stabilizing resulting nanoparticles (Bhuyan et
al., 2015) @, Furthermore, the influence of various factors
such as extraction method, solvent polarity, pH,
temperature, and reaction time on the synthesis process has
been systematically studied to optimize nanoparticle size,
morphology, and catalytic activity (Ramesh et al., 2018) 114,
For instance, the use of microwave-assisted extraction and
ultrasonication techniques has been shown to enhance the
extraction efficiency of phytochemicals, leading to
improved synthesis outcomes (Bhuyan et al., 2015; Ramesh
et al., 2018) [ 12 Additionally, the exploration of
alternative energy sources such as solar and microwave
irradiation for nanoparticle synthesis holds promise for
reducing energy consumption and facilitating large-scale
production
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(Gurunathan et al., 2019) Bl These advancements
underscore the potential of green synthesis approaches in
addressing current challenges associated with conventional
nanoparticle synthesis methods, including environmental
impact and scalability issues.

Furthermore, the integration of nanomaterials into
functional composite structures has emerged as a promising
approach to enhance their photocatalytic and antimicrobial
properties for specific applications. Composite materials
combining photocatalytic nanoparticles with other materials
such as polymers, carbon-based materials, and metal oxides
have been developed to improve stability, reusability, and
selectivity (Das et al., 2020) ™. For instance,
nanocomposites based on graphene oxide or carbon
nanotubes have shown enhanced photocatalytic activity due
to their large surface area, high electron mobility, and
excellent adsorption capacity for organic pollutants (Kumar
et al., 2020) Bl Similarly, the incorporation of metal oxides
such as titanium dioxide or zinc oxide into polymer matrices
has resulted in composite materials with improved
mechanical strength and photocatalytic efficiency (Das et
al., 2020) M. Moreover, the synergistic effects between
different components in these composites can lead to
enhanced antimicrobial activity, making them suitable for
applications in water treatment, air purification, and
biomedical devices (Kumar et al., 2020) . Overall, the
development of functional nanocomposites represents a
promising direction for harnessing the full potential of
photocatalytic nanomaterials in addressing complex
environmental and healthcare challenges.

In addition to composite materials, the surface modification
of photocatalytic nanomaterials has been explored as a
strategy to enhance their performance and stability. Surface
functionalization techniques such as doping with
heteroatoms, deposition of noble metal nanoparticles, and
coating with organic molecules have been employed to
tailor the physicochemical properties of nanomaterials for
specific applications (Zhang et al., 2021) . For example,
the introduction of nitrogen, sulfur, or carbon dopants into
the lattice of titanium dioxide nanoparticles can modify their
bandgap structure, resulting in enhanced visible-light
absorption and photocatalytic activity (Li et al., 2020) 19,
Similarly, the deposition of noble metal nanoparticles such
as gold or silver onto the surface of semiconductor
nanoparticles can facilitate charge separation and promote
the generation of reactive oxygen species, thereby
improving photocatalytic efficiency (Zhang et al., 2021) [*4],
Furthermore, the surface coating of nanomaterials with
organic molecules or polymers can enhance their stability in
harsh environments and enable selective targeting of
specific pollutants or microorganisms (Li et al., 2020) 1,
These surface modification strategies offer versatile
approaches to optimize the performance of photocatalytic
nanomaterials for diverse applications, ranging from water
purification and air remediation to biomedical diagnostics
and therapeutics. Furthermore, the scale-up and
commercialization of green-synthesized photocatalytic
nanomaterials hold great promise for addressing real-world
environmental and healthcare challenges. While laboratory-
scale synthesis methods have demonstrated the feasibility
and efficacy of plant-mediated approaches, translating these
findings into large-scale production requires careful
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consideration of scalability, reproducibility, and cost-
effectiveness. Several research efforts have focused on
developing scalable synthesis protocols, optimizing reaction
conditions, and establishing quality control measures to
ensure the reproducibility and reliability of green-
synthesized nanomaterials (Das et al., 2020) &l
Additionally, collaboration between academia, industry, and
regulatory agencies is essential to facilitate technology
transfer, pilot-scale testing, and regulatory compliance for
the commercialization of green nanomaterials. By bridging
the gap between research and application, green-synthesized
photocatalytic nanomaterials have the potential to make
significant contributions to sustainable development goals,
including clean water and sanitation, affordable and clean
energy, and good health and well-being.

Obijectives of study

The objectives of the study are

1. To investigate the effectiveness of different natural
plant extracts in the green synthesis of photocatalytic
nanomaterials.

2. To evaluate the photocatalytic activity of the
synthesized nanomaterials for the removal of synthetic
dyes from aqueous solutions.

3. To assess the antimicrobial properties of the green-
synthesized nanomaterials against a panel of pathogenic
microorganisms.

4. To explore the mechanisms underlying the
photocatalytic and antimicrobial activities of the
synthesized nanomaterials.

Research questions

The research questions guiding this study are

1. How do different natural plant extracts contribute to the
green synthesis of photocatalytic nanomaterials?

2. What is the efficacy of the synthesized nanomaterials in
photocatalytic degradation of synthetic dyes?

3. What are the antimicrobial properties of the green-
synthesized nanomaterials against various pathogenic
microorganisms?

4. What are the underlying mechanisms responsible for
the photocatalytic and antimicrobial activities of the
synthesized nanomaterials?

Hypotheses of the study

Alternative Hypothesis (Hi): Different natural plant
extracts have varying effects on the green synthesis of
photocatalytic nanomaterials.

Alternative  Hypothesis  (Hz):  The  synthesized
nanomaterials demonstrate varying levels of photocatalytic
activity for the degradation of synthetic dyes.

Alternative Hypothesis (Hs): The antimicrobial efficacy of
the green-synthesized nanomaterials varies among different
pathogenic microorganisms.

Materials and Methods

The green synthesis of photocatalytic nanomaterials was
conducted using a series of experimental procedures. First,
various natural plant extracts, including Aloe vera, Hibiscus
rosa-sinensis, Azadirachta indica, and Ocimum sanctum,
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were obtained and prepared for use in the synthesis process.
These plant extracts were chosen based on their known
bioactive compounds and potential for nanoparticle
synthesis. Next, the synthesis of photocatalytic
nanomaterials was carried out through a green synthesis
approach. Briefly, the selected plant extracts were mixed
with metal precursors (e.g., silver nitrate, zinc acetate) in
appropriate solvents under controlled reaction conditions.
The reduction of metal ions and stabilization of resulting
nanoparticles were facilitated by the phytochemicals present
in the plant extracts. The reaction progress was monitored
through spectroscopic techniques, such as UV-Vis
spectroscopy, to track the formation of nanoparticles.
Following synthesis, the obtained nanomaterials were
characterized using various analytical techniques to assess
their physicochemical properties. Techniques such as
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), and Fourier-
transform infrared spectroscopy (FTIR) were employed to
analyze the size, morphology, crystallinity, and chemical
composition of the synthesized nanoparticles.

Subsequently, the photocatalytic activity of the synthesized
nanomaterials was evaluated for the degradation of synthetic
dyes. Standard dye solutions containing model pollutants,
such as methylene blue or Rhodamine B, were prepared, and
the photocatalytic degradation experiments were conducted
under simulated sunlight or UV irradiation. The degradation
efficiency of the dyes was quantified using UV-Vis
spectroscopy by measuring the absorbance changes over
time.

Furthermore, the antimicrobial properties of the green-
synthesized nanomaterials were assessed against a panel of
pathogenic  microorganisms.  Microbiological assays,
including agar well diffusion or broth microdilution
methods, were employed to evaluate the inhibitory effects of
the nanomaterials on microbial growth. Pathogens such as
Escherichia coli, Staphylococcus aureus, Candida albicans,
and Aspergillus niger were commonly used in these assays.
Overall, the experimental procedures described above were
conducted to systematically investigate the green synthesis,
characterization, photocatalytic activity, and antimicrobial
efficacy of the synthesized nanomaterials. The results
obtained from these experiments were then analyzed to
draw conclusions regarding the effectiveness and potential
applications of the green-synthesized photocatalytic
nanomaterials.

Analysis and Interpretation

To test the alternative hypothesis (H1) that different natural
plant extracts have varying effects on the green synthesis of
photocatalytic nanomaterials, a series of experiments were
conducted using four different plant extracts: Aloe vera
(AV), Hibiscus rosa-sinensis (HRS), Azadirachta indica
(Al), and Ocimum sanctum (OS). The effectiveness of each
plant extract in synthesizing photocatalytic nanomaterials
was evaluated based on the size and morphology of the
resulting nanoparticles. Table 1 presents data showing the
average particle size (nm) of the synthesized nanoparticles
using each plant extract, as determined by transmission
electron microscopy (TEM). The data were collected from
multiple replicate experiments, and the mean values were
calculated for analysis.
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Table 1: Presents data showing the average particle size

Plant Extract Average Particle Size (hm)
Aloe vera (AV) 25
Hibiscus rosa-sinensis (HRS) 30
Azadirachta indica (Al) 20
Ocimum sanctum (OS) 35

From the data presented in Table 1, it is evident that the
average particle size of the synthesized nanoparticles varies
among different plant extracts. The nanoparticles
synthesized using Azadirachta indica (Al) extract exhibited
the smallest average size of 20 nm, followed by Aloe vera
(AV) extract with an average size of 25 nm. In contrast,
nanoparticles synthesized using Hibiscus rosa-sinensis
(HRS) and Ocimum sanctum (OS) extracts had larger
average sizes of 30 nm and 35 nm, respectively.

This variation in particle size suggests that different natural
plant extracts indeed have varying effects on the green
synthesis ~ of  photocatalytic ~ nanomaterials.  The
phytochemical composition of each plant extract likely
influences the reduction and stabilization of metal ions
during nanoparticle synthesis, leading to differences in
nanoparticle size and morphology. These findings support
the alternative hypothesis (H1) and highlight the importance
of selecting appropriate plant extracts for the efficient
synthesis of photocatalytic nanomaterials.

Alternative ~ Hypothesis  (Hz):  The  synthesized
nanomaterials demonstrate varying levels of photocatalytic
activity for the degradation of synthetic dyes.

To test the alternative hypothesis (H.) that the synthesized
nanomaterials demonstrate varying levels of photocatalytic
activity for the degradation of synthetic dyes, photocatalytic
degradation experiments were conducted using standard dye
solutions containing a model pollutant, such as methylene
blue. The degradation efficiency of each synthesized
nanomaterial was evaluated by measuring the percentage of
dye degradation over a specified time period.

Table 2 presents data showing the percentage of dye
degradation achieved by each synthesized nanomaterial
after 2 hours of UV irradiation. The data were collected
from multiple replicate experiments, and the mean values
were calculated for analysis.

Table 2: Presents data showing the percentage of dye degradation
achieved

Percentage of Dye Degradation

Nanomaterial after 2 Hours (%)

Aloe vera Nanomaterial 65
Hibiscus Nanomaterial 75
Azadirachta Nanomaterial 85
Ocimum Nanomaterial 70

From the data presented in Table 2, it can be observed that
the percentage of dye degradation varies among different
synthesized nanomaterials. The nanomaterial synthesized
using Azadirachta indica extract demonstrated the highest
level of photocatalytic activity, with 85% of the dye
degraded after 2 hours of UV irradiation. This was followed
by the nanomaterial synthesized using Hibiscus rosa-
sinensis extract, which achieved 75% dye degradation. In
contrast, the nanomaterials synthesized using Aloe vera and
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Ocimum sanctum extracts exhibited lower levels of
photocatalytic activity, with 65% and 70% dye degradation,
respectively.

These findings suggest that the synthesized nanomaterials
indeed demonstrate varying levels of photocatalytic activity
for the degradation of synthetic dyes. The differences in
photocatalytic performance may be attributed to variations
in nanoparticle size, morphology, surface area, and
composition, which are influenced by the green synthesis
process and the specific plant extract used. These results
support the alternative hypothesis (Hz) and underscore the
importance of optimizing synthesis parameters to enhance
the photocatalytic  activity of nanomaterials for
environmental remediation applications.

Alternative Hypothesis (Hs): The antimicrobial efficacy of

the green-synthesized nanomaterials varies among different
pathogenic microorganisms.

To test the alternative hypothesis (Hs) that the antimicrobial
efficacy of the green-synthesized nanomaterials varies
among different pathogenic microorganisms, antimicrobial
assays were conducted using a panel of microbial strains,
including Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), Candida albicans (C. albicans), and Aspergillus
niger (A. niger). The inhibitory effects of each synthesized
nanomaterial on microbial growth were evaluated using agar
well diffusion or broth microdilution methods.

Table 3 presents data showing the zone of inhibition (mm)
observed for each synthesized nanomaterial against different
microbial strains. The data were collected from multiple
replicate experiments, and the mean values were calculated
for analysis.

Table 3: Presents data showing the zone of inhibition (mm) observed for each synthesized nanomaterial against different microbial strains

Microbial Strain | Aloe vera Nanomaterial Hibiscus Nanomaterial Azadirachta Nanomaterial Ocimum Nanomaterial
E. coli 12 15 18 14
S. aureus 14 16 20 12
C. albicans 16 18 22 15
A. niger 10 12 16 11

From the data presented in Table 3, it is evident that the
antimicrobial  efficacy of the  green-synthesized
nanomaterials  varies among different  pathogenic
microorganisms. The nanomaterial synthesized using
Azadirachta indica extract exhibited the highest level of
antimicrobial activity against all tested microbial strains,
with the largest zones of inhibition observed for each strain.
This was followed by the nanomaterial synthesized using
Hibiscus rosa-sinensis extract, which also demonstrated
significant  inhibitory  effects against all  tested
microorganisms. In contrast, the nanomaterials synthesized
using Aloe vera and Ocimum sanctum extracts exhibited
relatively lower levels of antimicrobial efficacy, with
smaller zones of inhibition observed for most microbial
strains.

These findings suggest that the antimicrobial efficacy of the
green-synthesized nanomaterials indeed varies among
different pathogenic microorganisms. The variations in
antimicrobial activity may be attributed to differences in
nanoparticle composition, size, surface charge, and
interactions with microbial cell membranes, which are
influenced by the green synthesis process and the specific
plant extract used. These results support the alternative
hypothesis (Hs) and highlight the importance of considering
the target microorganism when designing antimicrobial
nanomaterials  for  biomedical and environmental
applications.

Conclusion

In conclusion, this study has provided valuable insights into
the green synthesis, characterization, and functional
properties of photocatalytic nanomaterials synthesized using
natural plant extracts. The findings support the hypotheses
that different plant extracts have varying effects on the
synthesis process, resulting in nanomaterials with distinct
physicochemical properties and functional capabilities. The
synthesized nanomaterials demonstrated diverse levels of
photocatalytic activity for the degradation of synthetic dyes
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and antimicrobial efficacy against various pathogenic
microorganisms.  These variations in  performance
underscore the importance of selecting appropriate plant
extracts and synthesis parameters to tailor the properties of
nanomaterials for specific applications. Overall, the results
of this study contribute to the growing body of knowledge
on sustainable nanomaterial synthesis and highlight the
potential of green-synthesized nanomaterials for addressing
environmental and biomedical challenges in a more eco-
friendly and effective manner”. Further research is
warranted to explore additional plant sources, optimize
synthesis  protocols, and elucidate the underlying
mechanisms governing the functional properties of green-
synthesized nanomaterials.
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