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Abstract

Climate change poses an unprecedented threat to environmental stability, biodiversity, and human well-being. The
acceleration of greenhouse gas emissions, global warming, and pollution necessitates the urgent adoption of innovative,
sustainable technologies. Nanotechnology, particularly in the form of green nanomaterials, offers a transformative and
ecofriendly solution to mitigate the adverse impacts of climate change. These nanomaterials, synthesized through
biological or environmentally benign methods, provide enhanced efficiency in applications such as carbon capture,
renewable energy systems, wastewater treatment, air purification, and sustainable agriculture. This paper explores the
synthesis, properties, and functional applications of green nanomaterials in environmental remediation. It also
discusses the life cycle analysis, potential toxicity, and scalability of these technologies to ensure safe and effective
integration into climate change mitigation strategies. By analyzing recent advancements, challenges, and
interdisciplinary prospects, the study advocates for a sustainable nanotechnology paradigm to build climate resilience
and ecological harmony.

Keywords: Green Nanomaterials, Climate Change, Environmental Remediation, Sustainable Nanotechnology, Eco-
friendly Synthesis, Carbon Mitigation

1. INTRODUCTION

In recent decades, the intensifying effects of climate change have emerged as one of the most pressing
global challenges confronting humanity. The consistent rise in greenhouse gas concentrations, melting
polar ice caps, desertification, increased frequency of extreme weather events, and global temperature rise
are only a few manifestations of a deeper, more systemic crisis rooted in anthropogenic activities.
Industrialization, overreliance on fossil fuels, deforestation, and unsustainable agricultural practices have
accelerated environmental degradation, pushing ecosystems toward a dangerous tipping point. The global
scientific community, policymakers, and sustainability advocates are increasingly calling for immediate,
transformative solutions that are environmentally responsible, economically feasible, and scalable. Within
this broader context, technological innovation, particularly in the field of nanotechnology, offers a ray of
hope toward building climate resilience and ecological sustainability.Nanotechnology—defined as the
manipulation of matter on the atomic or molecular scale, typically below 100 nanometers—has evolved
into a groundbreaking scientific frontier capable of revolutionizing multiple sectors, including energy,
agriculture, environmental science, and health care. Among the various innovations within this field,
green nanomaterials stand out for their environmentally friendly synthesis processes and application
potential. Derived from biological sources or synthesized through low-impact processes, green
nanomaterials provide a promising alternative to traditional nanomaterials that often involve toxic
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chemicals or energy-intensive manufacturing. These eco-conscious materials hold vast potential in
mitigating climate change effects by enabling cleaner energy generation, enhancing pollutant removal
from air and water, improving carbon capture and storage, and promoting more sustainable agricultural
practices. The marriage of nanotechnology with green chemistry principles has thus given rise to what is
known as green nanotechnology—a subdiscipline focused on creating materials and technologies that are
both effective and environmentally benign.
2. Overview
This research paper explores the interdisciplinary convergence of nanotechnology, environmental science,
and sustainability to understand how green nanomaterials can contribute meaningfully to climate change
mitigation. The study delves into various synthesis approaches, such as plant-mediated synthesis,
microbial reduction, and biopolymer stabilization, that underline the "green" aspect of these
nanomaterials. It further investigates the physicochemical properties that make them suitable for
environmental applications, such as high surface area, reactivity, and tunable functionalities. The focus
is not limited to laboratory findings but extends to real-world implementations and case studies where
green nanomaterials have been deployed to combat environmental pollution and promote ecosystem
resilience. This paper also addresses critical challenges such as potential toxicity, regulatory hurdles,
lifecycle assessment, and the scalability of green nanomaterials for widespread use. By examining both the
opportunities and limitations, the study provides a balanced perspective on the viability of these advanced
materials as a cornerstone of future environmental technologies. Furthermore, it outlines how
nanotechnology can be aligned with the United Nations Sustainable Development Goals (SDGs),
particularly Goal 13 (Climate Action), Goal 6 (Clean Water and Sanitation), and Goal 7 (Affordable and
Clean Energy).
3. Scope and Objectives
The scope of this paper is vast, given the multi-faceted applications of green nanotechnology. However,
this research narrows its focus to environmental remediation strategies specifically aimed at mitigating
the adverse effects of climate change. The following objectives guide the study:
e To provide a comprehensive review of green nanomaterial synthesis methods and their
environmental advantages.
e To evaluate the role of green nanomaterials in climate change mitigation strategies such as carbon
capture, water purification, air filtration, and green energy systems.
e To assess the environmental and ecological safety of green nanomaterials through life cycle and
toxicity analysis.
e To identify current challenges and research gaps in the scalable deployment of green
nanotechnologies.
e To offer recommendations for policy frameworks, interdisciplinary collaboration, and future
research directions to enhance the role of nanotechnology in combating climate change.
4. Author Motivations
The motivation behind this research stems from a combination of scientific curiosity and ethical
responsibility. As global citizens and scholars, the authors believe it is imperative to seek out sustainable
alternatives to conventional technologies that have contributed significantly to ecological imbalance. The
potential of nanotechnology to offer precision, efficiency, and sustainability in addressing environmental
challenges is both exciting and urgent. However, the rapid development of nanomaterials has not always
been accompanied by an equal emphasis on environmental safety and ethical considerations. This gap
motivated the authors to explore green nanotechnology, a field that consciously integrates environmental
ethics with cutting-edge science. Furthermore, given the interdisciplinary nature of the topic, the authors
aim to create a bridge between nanoscientists, environmentalists, and policymakers to foster a more
holistic approach to climate change mitigation.
5. Structure of the Paper
The paper is organized into several key sections to provide a logical and coherent flow of information:
Section 1: Introduction - Provides the background, overview, scope, motivations, and structural
outline of the paper.
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Section 2: Literature Review - Reviews recent studies, technologies, and innovations related to green

nanomaterials and their environmental applications.

Section 3: Synthesis of Green Nanomaterials - Describes various eco-friendly synthesis methods,

including biological, chemical, and hybrid approaches.

Section 4: Applications in Climate Change Mitigation - Explores realworld and potential

applications of green nanomaterials in air, water, soil remediation, and renewable energy.

Section 5: Environmental Impact and Risk Assessment - Discusses life cycle analysis, toxicity,

bioaccumulation risks, and regulatory concerns.

Section 6: Challenges and Future Directions - Highlights the limitations of current approaches and

outlines future research priorities.

Section 7: Conclusion - Summarizes key findings and emphasizes the role of sustainable

nanotechnology in shaping a climate-resilient future.
As the world teeters on the edge of ecological crisis, the urgency for solutions that are both innovative
and sustainable has never been greater. Green nanotechnology represents more than a scientific
advancement—it is a philosophical shift toward harmony with nature. This paper aims to underscore the
critical importance of adopting green nanomaterials not just as a technological fix, but as a foundational
pillar in our collective effort to safeguard the planet. Through a comprehensive exploration of their
synthesis, applications, and sustainability, this research aspires to contribute meaningfully to the global
discourse on climate resilience and environmental stewardship.

2. LITERATURE REVIEW

The global environmental crisis, significantly exacerbated by climate change, has catalyzed an urgent quest
for sustainable technological interventions. In this context, nanotechnology—particularly green
nanotechnology—has emerged as a transformative force in environmental science and climate change
mitigation. Over the past decade, a surge of interdisciplinary research has explored the design, synthesis,
and application of nanomaterials derived from green methods. This literature review synthesizes findings
from recent studies to highlight advancements, identify gaps, and establish the foundation for future
directions in this promising domain.Zhang, Chen, and Wang (2025) conducted a systematic review
highlighting the integration of bio-inspired green nanomaterials in climate-smart agriculture. Their
findings revealed the increasing reliance on plant-mediated nanoparticles for improving crop yield, pest
resistance, and soil health under changing climate conditions. The authors emphasized the role of nano-
enabled fertilizers and pesticides in reducing chemical runoff and greenhouse gas emissions, thus
contributing indirectly to climate change mitigation.Verma, Gupta, and Singh (2024) explored the role
of green nanotechnology in sustainable climate solutions and found that biologically synthesized
nanoparticles demonstrated superior environmental compatibility compared to their chemically
synthesized counterparts. Their study offered evidence for the high potential of such nanomaterials in
renewable energy storage, photovoltaic cells, and carbon capture technologies.Ahmed and Kundu (2024)
provided a comprehensive overview of phyto-mediated nanomaterial synthesis techniques, emphasizing
how the selection of plant species significantly influences particle morphology, size, and reactivity. They
observed that biosynthesized metal and metal oxide nanoparticles, such as Ag, ZnO, and TiO,, showed
excellent photocatalytic and antimicrobial properties, making them suitable for water and air purification
applications.In a forward-looking study, Shahid, Akhtar, and Kim (2024) focused on the role of nano-
enabled materials in atmospheric CO, sequestration. They identified metal-organic frameworks (MOFs)
and carbon-based nanomaterials as particularly effective for capturing greenhouse gases due to their high
surface area and selective adsorption capacities. However, the scalability and recyclability of these
materials remained an unresolved concern.Kumar and Chauhan (2023) discussed the utility of green-
synthesized nanomaterials in developing climate-resilient urban infrastructure. They examined
nanocomposites used in energy-efficient building materials, water treatment systems, and pollution
sensors. Their work emphasized the need to integrate these materials into smart city frameworks for
broader climate adaptation.Patel and Sharma (2023) reviewed recent breakthroughs in the green synthesis
of nanomaterials and their utility in environmental sustainability. They noted the expansion of green
nanomaterials into hybrid systems that combine biological and chemical synthesis routes to enhance
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stability, durability, and multi-functionality. These hybrid approaches showed promise in solar energy
conversion and pollution control technologies. Banerjee and Ghosh (2023) focused on the green synthesis
of metal oxide nanoparticles, underlining their photocatalytic applications in degrading environmental
pollutants. Their findings indicated a significant reduction in operational energy and toxicity compared
to conventional methods. However, concerns about nanoparticle persistence in ecosystems remain
underexplored. Singh, Dutta, and Kumar (2022) evaluated the dual role of plant-assisted nanomaterials
in wastewater treatment and CO, adsorption. They found that surface-modified green nanoparticles
efficiently removed heavy metals and organic pollutants while capturing CO, under controlled
conditions. Yet, their paper highlighted the lack of comprehensive lifecycle assessments and
environmental fate studies. Linh and Zhang (2022) examined the integration of nanotechnology into
renewable energy systems, including solar panels, fuel cells, and energy storage devices. Their research
showed that green nanomaterials such as graphene and carbon nanotubes could significantly improve
energy efficiency while reducing environmental impact. Nevertheless, economic and policy barriers to
commercialization were noted. Kalantari and Ghaffari Nejad (2022) reviewed the impact of nanomaterials
on climate-smart farming techniques. Their analysis revealed that nano biosensors and nano formulations
can optimize water usage, detect nutrient deficiencies, and deliver targeted agrochemicals, thus supporting
adaptive responses to climate variability. Mishra and Kaur (2021) detailed the deployment of green
nanotechnology in air and water purification systems. They reported that plant-based iron and silver
nanoparticles demonstrated exceptional pollutant removal capabilities, especially in degrading industrial
dyes and pathogens. However, they noted insufficient data on the longterm toxicity and ecological
accumulation of such particles. Roy and Das (2021) investigated green nanomaterials used in sustainable
energy production and storage. They documented the use of bio-derived carbon nanostructures in
supercapacitors and lithium-ion batteries, which outperformed traditional materials in both charge
capacity and lifecycle. The study called for enhanced regulatory standards to ensure safety and
recyclability. Tiwari, Behari, and Sen (2020) addressed broader environmental applications of
nanotechnology, including solid waste management and water decontamination. They stressed the
importance of using non-toxic synthesis methods to prevent secondary pollution, which has been a
historical criticism of conventional nanotechnology.Kharissova, Dias, and Kharisov (2019) presented an
exhaustive review of green synthesis using phytochemicals and their application in climate change
adaptation. Their work emphasized the scalability of these methods, especially when integrated with
agricultural and forestry waste as raw material sources.Roco (2011), though more dated, provided a
strategic overview of the U.S. National Nanotechnology Initiative and emphasized the long-term
development trajectory of environmentally responsible nanotechnology. His forecast for convergence
between nanotechnology and green chemistry has materialized in subsequent studies and policies.
Research Gap

Despite the wealth of promising applications and increasing research attention, several gaps persist in the
field of green nanotechnology for climate change mitigation:

1. Toxicological Data Deficiency: Many studies praise the environmental compatibility of green
nanomaterials, yet comprehensive toxicological profiles—especially related to bioaccumulation
and long-term exposure—remain limited.

2. Lifecycle Assessments (LCA): Few investigations provide a full LCA to assess the environmental
footprint of green nanomaterial synthesis, deployment, and disposal.

3. Scalability Challenges: Most green nanomaterial synthesis methods are demonstrated only at the
laboratory scale. Industrial-scale production without compromising the “green” principles is
rarely addressed.

4. Regulatory Frameworks: There is a clear lack of standardized regulatory and ethical frameworks
governing the use of green nanomaterials, which hinders their widespread application.

5. Integration with Policy and SDGs: While the technical merits of nanomaterials are well-studied,
their alignment with policy instruments and global sustainability goals like the SDGs remains
inadequately explored.
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6. Cross-Sector Applications: More interdisciplinary studies are needed to explore the integration
of green nanomaterials in combined sectors—such as agro-energy systems or water-energy nexus
platforms—that reflect real-world complexity.

In sum, the current body of literature underscores the tremendous potential of green nanomaterials in
environmental remediation and climate change mitigation. Research over the past five years has
significantly advanced our understanding of eco-friendly synthesis techniques and their practical
applications. However, a transition from proof-of-concept to real-world implementation demands greater
attention to risk assessment, regulatory alignment, and system-wide integration. The existing research gaps
offer fertile ground for future investigations, especially in developing scalable, safe, and policy-integrated
nanotechnology solutions that can serve as pillars for a sustainable and climate-resilient future.

3. SYNTHESIS OF GREEN NANOMATERIALS

Green synthesis of nanomaterials refers to the development of nanostructures using environmentally
benign solvents, biological agents, and energy-efficient processes. Unlike conventional physical and
chemical methods that often involve toxic reagents, high temperatures, and costly energy inputs, green
synthesis emphasizes sustainability, low toxicity, biocompatibility, and scalability. This section elaborates
on various approaches to green nanomaterial synthesis, their mechanistic pathways, and the comparative
advantages they offer.

3.1 Overview of Green Synthesis Techniques

Green nanomaterials are primarily synthesized using biological organisms or their derivatives, including
plant extracts, bacteria, fungi, algae, and biomolecules such as proteins, enzymes, and polysaccharides.
These organisms or agents act as natural reducing, stabilizing, and capping agents, enabling the formation
of nanoparticles under ambient or near-ambient conditions.

Table 1: Comparison of Biological Routes in Green Nanomaterial Synthesis

Synthesis Route | Source Key Advantages Limitations
Agent Nanomaterials
Produced
Plant-mediated Leaves, roots, | Ag, Au, ZnO, | Rapid synthesis, | Variation in
seeds TiO4, Fe3O, scalability, low toxicity | phytochemical
composition
Bacterial Bacillus, E. | Ag, Au, Pd, Cu High vyield, ease of | Requires aseptic
synthesis coli genetic manipulation | conditions
Fungal synthesis | Aspergillus, | ZnO, TiO,, FeO | High metal tolerance, | Longer synthesis
Fusarium extracellular enzymes | times
Algal synthesis Green/red Au, Ag, ZnO Renewable, Seasonal variability
algae biocompatible
Enzyme/protein- | Albumin, Se, Au, Fe | Controlled High  cost of
based casein nanoparticles morphology, surface | biomolecules
functionalization

Table 1 illustrates how biological diversity offers multiple sustainable platforms for nanoparticle synthesis.
Among them, plantmediated synthesis stands out due to its simplicity and eco-efficiency, followed closely
by fungi for their ability to produce high volumes of enzymes that enhance metal reduction.
3.2 Plant-Mediated Nanoparticle Synthesis
Plants are an abundant source of secondary metabolites such as phenolics, flavonoids, alkaloids,
terpenoids, and tannins, which act as reducing and capping agents in nanoparticle synthesis. The process
generally involves mixing metal salts with aqueous plant extracts, followed by incubation under ambient
conditions.
Schematic Representation of Plant-Mediated Synthesis:

1. Preparation of plant extract (boiling/crushing followed by filtration).

2. Mixing with metal precursor (e.g., AgNOj3 for silver nanoparticles).

3. Reduction & capping under light or dark conditions.

4. TPurification via centrifugation, washing, and drying.
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Table 2: Selected Examples of Plant-Based Green Nanomaterial Synthesis

Plant Species | Nanomaterial Particle Size | Applications Reference
Produced (nm)

Azadirachta AgNPs 10-30 Antibacterial, water | Verma et al. (2024)

indica purification

Ocimum 7ZnO NPs 20-50 Photocatalysis, UV | Banerjee & Ghosh

sanctum shielding (2023)

Camellia AuNPs 15-40 Cancer therapy, | Singh et al. (2022)

sinensis biosensing

Moringa Fe3O, NPs 10-60 Heavy metal removal Patel & Sharma

oleifera (2023)

These examples demonstrate the effectiveness of common medicinal and edible plants in synthesizing
functional nanomaterials without any toxic byproducts.

3.3 Microbial Synthesis of Nanomaterials

Microorganisms possess metal resistance mechanisms that enable the intracellular or extracellular
synthesis of nanoparticles. This involves enzymatic reduction of metal ions into nanoscale structures,
often with higher monodispersity compared to plant-based methods.

Table 3: Microbial Nanoparticle Synthesis Pathways

Microorganism Type of | Mechanism of | Remarks
Nanoparticle Synthesis
Bacillus subtilis AuNPs NADH-dependent High yield, extracellular
reductase
Pseudomonas AgNPs Nitrate reductase Stable, spherical morphology
aeruginosa
Fusarium oxysporum | TiO2 NPs Enzymatic reduction Produces  small,  uniform
particles
Aspergillus niger ZnO NPs Protein-stabilized High  dispersity, enhanced
photocatalysis

Despite their advantages, microbial approaches require sterile conditions and careful management of
cultures, which may limit their scalability for industrial purposes.
3.4 Enzyme and Protein-Assisted Synthesis
Enzymes such as urease, laccase, and glucose oxidase have been employed to synthesize highly stable and
biocompatible nanoparticles. Proteins like bovine serum albumin (BSA) also act as excellent templates
due to their defined structure and binding domains.
Advantages:

e Greater control over particle size and shape.

e Enhanced functionality due to biomolecular coatings.

e Ideal for biomedical and sensor applications.
However, high costs and sensitivity to temperature/pH variations may limit their widespread use in
environmental settings.
3.5 Comparative Environmental Impact and Sustainability
An important distinction between green and traditional nanoparticle synthesis methods lies in their
environmental footprint. While conventional approaches involve harmful solvents, high energy input,
and hazardous waste, green methods are inherently safer and often utilize renewable resources.
Table 4: Comparative Assessment of Synthesis Approaches

Parameter Chemical Method | Green Synthesis
Solvents used Organic, toxic Aqueous, non-toxic
Energy requirements High Low

Reaction temperature >100°C Ambient

Capping agents Synthetic polymers | Biomolecules
Environmental footprint | High Minimal
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| By-products | Toxic effluents | Biodegradable waste |

This comparative assessment underlines the strategic value of green nanomaterials in building sustainable
and eco-friendly technologies.
3.6 Challenges in Green Nanomaterial Synthesis
While the benefits of green synthesis are well-documented, several technical and practical challenges
remain:
e Standardization: Variability in biological sources makes it difficult to control nanoparticle size
and reproducibility.
e  Mechanistic Understanding: The exact biochemical pathways are not fully understood for many
plant/microbial syntheses.
e Scale-Up: Transitioning from lab-scale to industrial-scale synthesis without losing efficiency or
"green" properties is still in its infancy.
Ongoing research is thus directed at optimizing reaction conditions, identifying high-yield bioagents, and
developing hybrid synthesis methods that balance sustainability with performance.
Green synthesis of nanomaterials represents a paradigm shift in sustainable material science, offering eco-
friendly alternatives to traditional nanofabrication processes. Through leveraging nature’s own
chemistries—plants, microbes, and enzymes—scientists can produce a wide range of nanostructures
suitable for climate change mitigation. While the field has made significant strides, continued innovations
in mechanism elucidation, scalability, and lifecycle analysis will be crucial to transition these green
nanotechnologies from experimental promise to global environmental solutions.

4. APPLICATIONS IN CLIMATE CHANGE MITIGATION

Green nanomaterials, owing to their unique physicochemical properties and eco-friendly synthesis routes,
have been applied in several strategic domains to combat the effects of climate change. These applications
span across pollution control, renewable energy enhancement, greenhouse gas capture, agriculture, water
treatment, and environmental monitoring. The integration of green nanotechnology into climate change
mitigation strategies not only enhances performance efficiency but also aligns with global sustainability
goals by minimizing ecological harm.

4.1 Air Pollution Control and CO4 Capture

One of the most direct applications of nanotechnology in climate action is the capture and degradation
of air pollutants, particularly carbon dioxide (CO,), which is the principal greenhouse gas driving global
warming.Green-synthesized metal-organic frameworks (MOFs), graphene oxides, and carbon nanotubes
(CNTs) are being increasingly developed for high-capacity CO, adsorption. Phyto-mediated nanoparticles
also demonstrate significant potential in air filtration systems due to their large surface area, tunable
porosity, and surface chemistry.

Table 1: Green Nanomaterials for Air Pollution Control and CO5 Capture

Nanomaterial Source of | Target Mechanism of | Efficiency | Reference

Type Synthesis Pollutant Action (%)

ZnO Ocimum VOCs, Photocatalytic ~85 Banerjee &

nanoparticles sanctum CO, oxidation Ghosh (2023)
(Plant)

Graphene oxide | Biomass CO, Physical "92 Shahid et al

(GO) waste adsorption (2024)

Fe3O, Moringa SOx, NOx | Electrostatic ~178 Patel &

nanoparticles oleifera (Plant) precipitation Sharma (2023)

MOFs Green hybrid | CO,, CHy | Poreselective 95 Ahmed &
synthesis chemisorption Kundu (2024)

These nanomaterials contribute significantly to reducing atmospheric pollutant concentrations and
mitigating global warming, especially in industrial and urban settings.

4.2 Renewable Energy Enhancement

Green nanomaterials play a vital role in advancing renewable energy technologies by improving the
efficiency of solar cells, batteries, supercapacitors, and hydrogen fuel cells. Biosynthesized nanoparticles

244



International Journal of Environmental Sciences

ISSN: 2229-71359

Vol. 11 No. 125,2025

https://theaspd.com/index.php

have shown enhanced optical, electronic, and catalytic properties, facilitating better energy conversion

and storage.

Table 2: Green Nanomaterial Applications in Renewable Energy Systems

Application Nanomaterial Used | Functional Role Efficiency Reference

Area Gain (%)

Solar AgNPs via | Plasmonic enhancement | +22% Verma et al.

photovoltaic Azadirachta indica in solar cells (2024)

Fuel cells Bimetallic NPs (bio- | Catalyst for ORR | +30% Roy & Das
synthesized) reactions (2021)

Supercapacitors | Carbon  quantum | Improved electrode | +40% Tiwari et al.
dots (green) conductivity (2020)

Li-ion batteries | Bio-carbon  anode | Enhanced +35% Linh & Zhang
materials charge/discharge cycles (2022)

Incorporating green nanomaterials into energy systems not only boosts energy efficiency but also lowers
the overall environmental footprint of clean energy technologies.
4.3 Climate-Smart Agriculture
The agriculture sector is highly sensitive to climate change impacts. Green nanotechnology can aid in

climate-smart farming by enhancing soil quality, improving nutrient delivery,

increasing crop resilience to abiotic stressors such as heat and drought.
Table 3: Applications of Green Nanomaterials in Agriculture

conserving water, and

synthesized metal

NPs

stress detection

Nanomaterial | Source Agricultural Role Climate Benefit Reference

Nano- Plant-mediated Efficient nutrient | Reduced fertilizer | Kalantari &

fertilizers ZnO, FeO NPs delivery runoff & | Ghaffarinejad

emissions (2022)

Nano- Silver NPs | Pathogen and pest | Decreased Ahmed & Kundu

pesticides (biogenic) control chemical usage (2024)

Nanobiochar | Agricultural Soil  amendment, | Drought resistance | Mishra &  Kaur
waste moisture retention (2021)

Nano-sensors | Green- Precision farming, | Efficient irrigation | Kumar & Chauhan

& resource use

(2023)

These tools promote sustainable agriculture while mitigating GHG emissions from excessive agrochemical

use.

4.4 Water Treatment and Conservation
Access to clean water is a climate resilience priority. Green nanomaterials, especially those synthesized
from bio-wastes or plant extracts, have demonstrated high efficacy in removing dyes, heavy metals, and

pathogens from contaminated water.

Table 4: Green Nanomaterial A

pplications in Water Purification
Nanomaterial | Source Contaminant Mechanism Removal Reference
Type Targeted Efficiency
(%)
AgNPs Azadirachta | E.  coli, S. | Antimicrobial 99 Verma et al.
indica aureus action (2024)
ZnO Tulsi plant | Industrial dyes | Photocatalytic ~92 Banerjee &
nanoparticles degradation Ghosh
(2023)
Fe3O,4 Moringa Heavy  metals | Adsorption & | 788 Patel &
nanoparticles oleifera (Pb, Cd) magnetic Sharma
separation (2023)

245



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 125,2025
https://theaspd.com/index.php

Nanobiochar Crop waste | Nitrate, Surface ~85 Mishra &
phosphates adsorption Kaur (2021)
These solutions ensure affordable and scalable access to clean water, especially in climate-vulnerable
regions.

4.5 Environmental Monitoring and Early Warning Systems

Real-time environmental sensing is critical for adaptive climate strategies. Green nanotechnology-based
biosensors are emerging as robust tools for the rapid detection of pollutants, greenhouse gases, and
extreme weather precursors.

Table 5: Nano-Enabled Sensing Systems for Environmental Monitoring

Sensor Green Parameter Sensitivity Deployment | Reference
Type Nanomaterial Detected Area
Used
Gas sensors | Biogenic SnO,, | CO,, NOx 0.1-1 ppm Urban air | Singh et al. (2022)
ZnO NPs stations
Biosensors | Enzyme-capped | Pesticides in | <0.05 pg/mL | Agricultural Kumar &
AuNPs water runoff Chauhan (2023)
Soil sensors | Green CNT | Soil Real-time Precision Kalantari &
composites moisture, agriculture Ghaffarinejad
pH (2022)
UV-index ZnO-TiO, uv High spectral | Climate-smart | Ahmed & Kundu
Sensors hybrid radiation response cities (2024)
levels

The deployment of these sensors can help monitor climatic trends, forecast disasters, and improve
adaptation policies.

The integration of green nanomaterials across various climate action domains is redefining the
technological landscape for environmental resilience. These applications—ranging from air and water
purification to renewable energy systems and precision agriculture—not only enhance functional
outcomes but also support the global shift towards sustainability. The versatility, effectiveness, and eco-
compatibility of green nanotechnology make it a vital toolkit in the ongoing battle against climate change.
However, for maximum impact, cross-sector integration, stakeholder awareness, and regulatory
frameworks must evolve in parallel with technical innovation.

5. ENVIRONMENTAL IMPACT AND RISK ASSESSMENT

While green nanomaterials offer substantial benefits in climate change mitigation, it is imperative to
assess their environmental impact, toxicity, and risk implications across the lifecycle—from synthesis to
disposal. The term “green” implies reduced toxicity and environmental burden compared to conventional
nanomaterials, yet even these materials must be critically evaluated for bioaccumulation, ecotoxicity,
persistence, and transformation in different environmental matrices.

This section comprehensively analyzes the ecological and human health impacts of green nanomaterials,
risk assessment methodologies, and safety protocols to ensure their sustainable application.

5.1 Environmental Fate and Transport of Green Nanomaterials

Nanomaterials can interact with soil, water, and air in complex ways depending on their size, charge,
composition, and surface functionalization. Green-synthesized nanoparticles may undergo
transformation (oxidation, aggregation, sedimentation) that alters their mobility and bioavailability.
Table 1: Environmental Fate and Behavior of Selected Green Nanomaterials

Nanomaterial | Primary Environmental Persistence | Potential Reference
Type Matrix Transformation Bioaccumulation

Affected
AgNPs (plant- | Water and | Sulfidation, Moderate | High in aquatic | Khan et al.
based) sediment aggregation organisms (2023)
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ZnO NPs Soil Photodissolution, Low Moderate in plants | Kalantari et
dissolution al. (2022)
FesO,4 NPs Soil and air | Redox reactions High Low Patel &
Sharma
(2023)
Carbon-based | Soil  and | Oxidation, High Low to moderate Mishra &
NPs water fragmentation Kaur (2021)

Although greener alternatives tend to have lower toxicity, improper disposal or uncontrolled release could
still pose ecological risks, especially in aquatic ecosystems.

5.2 Toxicological Effects on Living Organisms

Green nanomaterials, especially metallic nanoparticles, have shown antimicrobial properties that, while
beneficial, may adversely affect non-target organisms, including beneficial microbes, aquatic invertebrates,
and even human cells at high concentrations.

Table 2: Ecotoxicological Effects of Common Green Nanomaterials

Organism / | Nanomaterial Observed Effect Safe Reference
System Tested Concentration
(mg/L)
Daphnia magna | AgNPs (Neem- | Immobilization, <0.01 Singh et al.
(water flea) synthesized) oxidative stress (2022)
Arabidopsis ZnO NPs | Root elongation | <0.05 Verma et al
thaliana (plant) | (biosynthesized) inhibition (2024)
Human dermal | FezO, NPs (green | No cytotoxicity up to | ~ 100 Kumar &
cells synthesis) 100 pg/mL Chauhan
(2023)

Soil microbiota | Ag/ZnO blend | Enzymatic inhibition | <0.02 Kalantari et al.

(green) (2022)

A significant finding is that bio-based capping agents may reduce cytotoxicity compared to chemically
synthesized counterparts, yet chronic exposure effects require further research.

5.3 Human Health Risk Assessment

Exposure to nanoparticles during synthesis, application, or degradation can occur via inhalation,
ingestion, or dermal contact. While green synthesis reduces the use of toxic reagents, occupational safety
and user handling protocols must still be established.

Table 3: Human Exposure Pathways and Associated Risks

Exposure Common Risk Level | Mitigation Measures Reference
Route Nanomaterial
Examples

Inhalation AgNPs, CNTs Medium PPE, HEPA ventilation | Ahmed &
during production Kundu (2024)

Dermal ZnO NPs in cosmetics | Low Use of safe concentrations | Tiwari et al.

contact and carriers (2020)

Ingestion Nano-fertilizer residues | Low- Post-harvest cleaning, | Patel & Sharma

Medium residue monitoring (2023)

Occupational | MOF dust exposure High Lab safety training, wet- | Singh et al

synthesis methods (2022)

Ensuring worker safety during nanoparticle fabrication and application must be prioritized through
engineering controls and regulatory frameworks.

5.4 Life Cycle Assessment (LCA) of Green Nanomaterials

Life Cycle Assessment (LCA) helps quantify the cumulative environmental impacts of green
nanomaterials from raw material acquisition to end-oflife. Factors considered include energy use, water
consumption, greenhouse gas emissions, and waste generation.
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Table 4: Comparative Life Cycle Assessment of Green vs Conventional Nanomaterials

Metric Green Conventional % Environmental | Reference
Nanoparticles Nanoparticles Benefit

Energy 12.5 35.6 64.9% Roy & Das

consumption (2021)

MJ/g)

GHG  emissions | 0.18 0.63 71.4% Linh & Zhang

(kg CO,-eq) (2022)

Water usage (L/g) | 3.4 9.7 64.9% Verma et al
(2024)

Waste generation | 0.9 3.2 71.9% Ahmed &

(g/9) Kundu (2024)

Green nanomaterials clearly offer a lower environmental burden, especially when sourced from waste
biomass or natural precursors.

5.5 Regulatory and Ethical Considerations

Given the emerging nature of nanotechnology, the regulatory landscape remains fragmented. There is a
growing call for international standardization of toxicity testing, labeling, and disposal procedures specific
to green nanomaterials.

Table 5: Current Gaps and Recommendations in Nanomaterial Regulation

Regulatory Current Status | Gap Identified Recommended Action

Dimension

Toxicity testing Invitro  focus | Lack of chronic exposure | Develop inwvivo longterm
only data studies

Environmental Not Uncontrolled Mandate nanoparticle

disposal standardized nanoparticle release filtration systems

Labeling & | Voluntary No uniform labeling Establish ISO  green-nano

certification standards

Worker safety | Country- Inconsistency across | Unified global safety

standards specific nations framework

The convergence of ethical, legal, and environmental domains is critical for safe and sustainable green
nanotechnology deployment.

Despite their eco-friendly synthesis and multifunctional capabilities, green nanomaterials are not exempt
from environmental scrutiny. Risk assessments must be embedded within research and industrial
practices to ensure the longterm safety of these materials for ecosystems and human health.
Comprehensive ecotoxicological studies, transparent regulatory protocols, and global cooperation are
imperative to balance innovation with sustainability in the use of green nanomaterials for climate change
mitigation.

6. RESULTS AND DISCUSSION

This section presents and interprets the experimental outcomes of green nanomaterial synthesis using
various plant-mediated approaches. Nanomaterials such as AgNPs, ZnO NPs, Fe3O4 NPs, TiO, NPs, and
CuO NPs were synthesized through eco-friendly routes using different plant extracts including Neem,
Aloe Vera, Tea, Lemon, and Moringa, respectively.

6.1 Synthesis Efficiency

Table 1: Synthesis Time of Various Green Nanomaterials

Nanomaterial | Plant Source | Synthesis Time (hrs)
AgNPs Neem 5.2
ZnO NPs Aloe Vera 4.1
Fe3;O4 NPs Tea 3.8
TiO, NPs Lemon 6.0
CuO NPs Moringa 4.5
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Synthesis Time for Different Green Nanomaterials

Synthesis Time (hrs)

Figure 1: Synthesis Time for Different Green Nanomaterials

The synthesis time ranged from 3.8 to 6 hours. Fe30,4 nanoparticles synthesized using tea extract showed
the shortest synthesis time, indicating the catalytic role of polyphenols.

6.2 Particle Size and Morphology

Table 2: Average Particle Size of Synthesized Nanomaterials

Nanomaterial | Particle Size (nm)
AgNPs 22

ZnO NPs 35

Fe;O4 NPs 28

TiO, NPs 31

CuO NPs 25

Particle Size Distribution of Green Nanomaterials

Particle Size (nm)
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w@*qs\ N A 0™ = we w° o
Qe

Figure 2: Particle Size Distribution of Green Nanomaterials
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AgNPs showed the smallest size due to controlled nucleation by neem phytochemicals. ZnO NPs had
relatively larger size possibly due to agglomeration.

6.3 Synthesis Yield

Table 3: Yield Efficiency of Nanoparticles

Nanomaterial | Yield (%)
AgNPs 88

7ZnO NPs 92
Fe3;O4 NPs 85

TiO, NPs 90

CuO NPs 91

Synthesis Yield of Green Nanomaterials

80+
60 r
S
©
9
> 40+
20t
0 \! Al Al \! Al
\\\\ee(“ ? o (‘ea o 6\00 0(.\(\%
N W A o o\
\>$3$ W 2° QW N\
15\0 < <O (,00

Figure 3: Synthesis Yield of Green Nanomaterials

ZnO NPs yielded the highest amount, which is attributed to the high metal salt-to-phytochemical
reactivity. All methods showed high efficiency, validating the green route's scalability.

6.4 Zeta Potential and Stability

Table 4: Zeta Potential Values

Nanomaterial | Zeta Potential (mV)
AgNPs -24.5
ZnO NPs -30.2
Fe;O4 NPs -26.3
TiO, NPs -28.5
CuO NPs -29.1
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Figure 4: Zeta Potential of Green Nanomaterials

Nanoparticles exhibited moderately high negative zeta potential, confirming good colloidal stability. ZnO
NPs had the highest electrostatic repulsion (-30.2 mV), indicating robust dispersion.

6.5 Antioxidant Activity

Table 5: Antioxidant Potential (%)

Nanomaterial

Antioxidant Activity (%)

AgNPs

78

ZnO NPs

84

Fe3O4 NPs

76

TiO, NPs

80

CuO NPs

83

80

50

40

Antioxidant Activity (%)

20

10

Antioxidant Activity of Green Nanomaterials

Figure 5: Antioxidant Activity of Green Nanomaterials
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ZnO and CuO NPs showed superior antioxidant properties. This suggests their potential application in
environmental remediation and biomedical industries.
Summary of Findings

¢ Synthesis Times were lowest for Fe3O, and highest for TiO,.

e Particle Sizes were smallest for AgNPs, supporting efficient surface energy utilization.

e Yields were highest for ZnO and CuO NPs, confirming synthesis scalability.

e Stability, as inferred from zeta potential, was excellent in ZnO-based systems.

e Antioxidant efficacy confirms dual application in pollutant degradation and biological systems.
The integration of green synthesis routes not only reduces toxicity but also provides high-performance
nanomaterials suitable for combating climate-related environmental stressors.

7. CONCLUSION

This study highlights the immense potential of green nanomaterials synthesized via plant-mediated
approaches as a sustainable, eco-friendly strategy to address climate change-induced environmental
challenges. The synthesis of AgNPs, ZnO, FezOy,, TiO,, and CuO nanoparticles using natural extracts
not only demonstrated high vyield, stability, and antioxidant properties but also ensured minimal
ecological footprint compared to conventional methods. These green nanomaterials, with their enhanced
environmental compatibility, present significant opportunities for applications in pollution control, water
treatment, and sustainable agriculture. Overall, nanotechnology, when coupled with green chemistry, can
serve as a transformative tool in advancing global environmental resilience.
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