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ARTICLE INFO ABSTRACT

Keywords: The extensive generation of agricultural waste worldwide poses significant environmental challenges. Tradi-
Na‘{"t“hn"k’gy tional disposal methods, such as crop burning, contribute to severe air pollution and ecological degradation.
Agricultural-waste Current agricultural waste management strategies often fail to fully utilize the potential of these residues for
Biofuel P . . T . .

High-value products conversion into valuable resources. This review highlights the transformative role of nanotechnology in upcy-
Reiycling P cling agricultural waste into high-value, sustainable products, thereby advancing the circular economy. In-

novations such as nanocatalysts, biodegradable nanomaterials, and nano-enabled agrochemicals have opened
efficient pathways for converting agricultural residues into nanomaterials like nanocellulose, biopolymers,
bioplastics, nanofertilizers, and biochar. These technologies provide eco-friendly alternatives to conventional
materials while addressing pressing global sustainability challenges. Despite technical, regulatory, and market
barriers, integrating nanotechnology into agricultural waste management offers immense potential to minimize
waste, reduce environmental impacts, and create economic value. This review emphasizes the need for sup-
portive policies, collaborative efforts between industry and academia, and increased public awareness to foster
the widespread adoption of nanotechnological innovations. By reimagining agricultural waste as a valuable
resource, nanotechnology can drive sustainable development and enhance resource efficiency, paving the way
toward a greener and more resilient future.

1. Introduction

With the world’s population projected to surge to 9.7 billion by
2050, a sharp increase from 7.8 billion today, the global agricultural
sector faces the immense challenge of producing 70 % more food to meet
the escalating demand (Population. United Nations, 2023). However,
this need for increased output comes amid a rapidly changing climate
that amplifies extreme weather, threatening agricultural productivity
worldwide. These dual pressures of feeding a growing population while
contending with climate change, have intensified stress on agricultural
systems, where advancements in yield are often accompanied by a
growing environmental burden in the form of agricultural waste. Crop
residues, animal byproducts, and food-processing waste are accumu-
lating at unprecedented rates, further straining ecosystems and creating
a pressing waste management challenge (Divyabharathi et al., 2024; Sun
et al., 2024a, b).

Mismanagement of agricultural waste is a major global issue, with
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conventional disposal methods like incineration, open dumping, and
poor landfill practices not only depleting valuable resources but also
causing severe ecological harm. These practices generate greenhouse
gases and pollutants, degrading soil health and intensifying climate
change. (Koul et al., 2022). For example, the burning of crop residues
emits significant quantities of CO2, CHs, and NOx, which harm air
quality, affect public health, and contribute to the global climate crisis
(Odubo and Kosoe, 2024). The management of agricultural waste is a
major global challenge, with certain regions being identified as critical
hotspots for high waste production. The impact is particularly severe in
regions with high agricultural waste and limited waste management
systems, such as China, India, and parts of Africa, where waste pro-
duction often exceeds the capacity for sustainable disposal
(Duque-Acevedo et al., 2020; Koul et al., 2022).

India, the second-largest producer of agricultural waste worldwide,
illustrates the severity of this issue. With over 130 million tonnes of
paddy straw alone produced annually, much of which is burned or

Received 4 October 2024; Received in revised form 26 November 2024; Accepted 17 December 2024

Available online 21 December 2024

2773-1111/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


https://orcid.org/0000-0003-4694-2100
https://orcid.org/0000-0003-4694-2100
https://orcid.org/0009-0006-9239-0094
https://orcid.org/0009-0006-9239-0094
https://orcid.org/0000-0003-4167-6552
https://orcid.org/0000-0003-4167-6552
mailto:ingleavinash14@gmail.com
www.sciencedirect.com/science/journal/27731111
https://www.journals.elsevier.com/plant-nano-biology
https://doi.org/10.1016/j.plana.2024.100127
https://doi.org/10.1016/j.plana.2024.100127
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

S. Saxena et al.

discarded, the environmental consequences are severe (Koul et al.,
2022; Pandit et al., 2024). The emissions from burning residues degrade
air quality, undermine soil fertility, and waste valuable biomass that
could otherwise fuel economic growth and sustainable development
(Jones et al., 2021).

The concept of a circular bioeconomy, however, offers a promising
vision of agricultural waste not as a problem, but as a resource to drive
sustainability and innovation. By applying circular principles, agricul-
tural residues can be upcycled into high-value products such as biofuels,
bioplastics, bio-based chemicals, and even food and feed supplements.
This transformation not only addresses the twin challenges of waste
management and resource scarcity but also presents an economic op-
portunity to reduce waste, minimize pollution, and drive innovation
(Mujtaba et al., 2023).

In this context, nanotechnology emerges as a transformative force,
fundamentally reshaping the approach to manage agricultural waste.
Advanced nanomaterials and nano-enabled processes are opening doors
to efficient, eco-friendly conversion of waste into valuable resources like
biofuels, bioplastics, and nanocomposites (Behl et al., 2022; Dalbanjan
et al., 2024). Integrated within the circular bioeconomy, nanotech-
nology transforms agricultural waste into economic assets, aligning
environmental conservation with economic growth under the “waste--
to-wealth” paradigm (Morganti, 2015). As represented in Fig. 1, nano-
technology facilitates a systematic approach to agricultural waste
management, encompassing collection, processing, raw material gen-
eration, production, use, and recycling. It enhances material recovery
efficiency, drives the conversion of waste into high-value products such

Agricultural waste collection
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as bioplastics, biofuels, and biochemicals, and supports the design of
advanced materials for sustainable applications. This holistic framework
underscores the role of nanotechnology in fostering sustainability and
resource optimization within the bioeconomy.

This review explores how nanotechnology can redefine agricultural
waste as a catalyst for sustainability and economic growth, positioning it
as a core solution to environmental challenges and as an engine of op-
portunity in a greener, circular bioeconomy. By viewing agricultural
waste not as an issue, but as a valuable input for sustainable innovation,
we unveil a nanotech-driven path towards a resilient future where,
waste fuels both growth and conservation simultaneously.

2. Agricultural waste: a global resource ready for innovation

Agricultural waste and its by-products consist of plant and animal
remnants that remain unutilized after food or feed production processes
(Gontard et al., 2018). This broad category includes materials from
various stages of food production and consumption, presenting a unique
opportunity for sustainable resource utilization. The following sections
categorize these materials and highlight global hotspots for agricultural
waste, underscoring both the challenges and the innovation opportu-
nities (Gontard et al., 2018; Kumar et al., 2023)

2.1. Types of agricultural waste

Agricultural waste can be broadly categorized based on the origin
and nature of the materials. The main types include:

LCNCACRCRCN

Fig. 1. Nanotechnology-driven circular approach for sustainable management and valorisation of agricultural waste in the bioeconomy.
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2.1.1. Crop residues
These are the plant parts that remain after the harvesting process,
including stems, leaves, and stalks. Common examples include:

e Straw: Refers to the dry stems and foliage of cereal crops, such as
rice, wheat, and barley.

e Stalks: These are woody or fibrous stems found in crops like corn,
sugarcane, and cotton.

e Chaff: The husks and other non-consumable components of cereal
grains.

e Leaves: The flat, green structures responsible for photosynthesis in
plants.

e Roots: The subterranean parts of plants that absorb water and
nutrients.

2.1.2. Food processing waste

This category includes by-products produced during the processing
of agricultural goods, such as peels from fruits and vegetables, coffee
grounds, and whey from dairy products (P. Sharma et al., 2021). Com-
mon examples are:

e Fruit and vegetable skins: The outer layers of fruits and vegetables,
such as apple skins, potato peels, and banana skins.

P 7
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e Coffee residues: The byproducts left after brewing coffee beans.

e Tea remnants: The used leaves left over from tea production.

Dairy byproduct: The liquid that separates from milk during cheese

production.

e Brewing grains: The residual grains produced during the beer
brewing process.

o Poultry plumage: Feathers naturally shed by birds, such as chickens
and turkeys.

2.1.3. Livestock waste
Livestock waste includes manure, bedding materials, and the re-
mains of animals raised for food or other purposes (Nweze et al., 2023).

2.1.4. Other categories

e Husk: The outer protective covering of grains such as rice and oats,
typically removed during the milling process. These husks can be
repurposed for use as animal feed or compost.

e Shells: The hard exteriors of nuts, seeds, and shellfish, which can
serve various purposes, including enhancing soil, composting, or
processing into lime (Karic et al., 2022).

The categories mentioned above represent just a fraction of the
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Fig. 2. Different kinds of agriculture-based waste.
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diverse agricultural waste generated annually. Fig. 2 illustrates the
various types of agricultural wastes. Effective management of these
materials is essential for protecting the environment and promoting
sustainable agricultural practices.

2.2. Agricultural waste hotspots and global distribution

Certain regions of the world produce large quantities of agricultural
waste due to intensive farming practices and high crop production
usually known as hotspots (Fig. 3). These hotspots, which contribute
significantly to the global waste burden, represent both a challenge and
an opportunity for developing effective waste management strategies
(Onu and Mbohwa, 2021; Teigiserova et al., 2019). Key regions include:

o Asia:

o China: The world’s largest producer of rice, China generates vast
amounts of rice straw, as well as considerable quantities of wheat
straw and corn stover. (Alengebawy et al., 2023).

o India: A major producer of rice and wheat, India also produces
large volumes of sugarcane bagasse and cotton stalks, contributing
significantly to its agricultural waste output. (Chauhan et al.,
2022).

e North America:

o United States: Known for its extensive corn and wheat farming, the
U.S. produces significant amounts of agricultural waste, including
corn stover and soybean residue (Battaglia et al., 2024;
Taghizadeh-Alisaraei et al., 2023).

o Canada: Similar to the U.S., Canada’s large-scale wheat and corn
farming generates considerable waste, along with by-products
from canola and barley production (X. Li et al., 2012; Shanmu-
gam et al., 2024).

Plant Nano Biology 11 (2025) 100127

e Europe:

o France: As a major agricultural producer in Europe, France gen-
erates substantial waste from its cereal crops, vineyards, and or-
chards (Redlingshofer et al., 2017).

o Germany: Germany’s farming practices, which include growing
crops like wheat, barley, and rapeseed, produce large quantities of
agricultural waste. The dairy and livestock sectors also contribute
to waste generation (Sobczak et al., 2022).

o Spain: Agricultural waste from cereals, vegetables, fruits, and olive
and citrus cultivation is prevalent in Spain (Duque-Acevedo et al.,
2023; Pardo et al., 2017).

e Latin America:

o Brazil: A leading producer of sugarcane, Brazil generates large
amounts of bagasse, in addition to waste from soybean and corn
cultivation (Hiranobe et al., 2024).

o Argentina: Known for generating agricultural waste from its soy-
bean, corn, and wheat crops, Argentina also produces waste from
sunflower and cotton cultivation (Nath et al., 2023a).

These regions hold immense potential for converting agricultural
waste into valuable products. Embracing technological innovations,
such as nanotechnology, could transform these by-products into valu-
able resources that support environmental sustainability and economic
growth, demonstrating the global potential of agricultural waste as a
resource.

3. Environmental challenges and economic impacts of
agricultural waste

Agricultural waste, generated from farming activities, poses signifi-
cant environmental and economic challenges. Poor management of this

Agricultural Waste Hotspots
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Fig. 3. Global hot spots for agricultural waste.
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waste not only contributes to environmental degradation but also results
in missed opportunities for economic gain. The following sections
explore these impacts in greater detail.

3.1. Environmental challenges

The inadequate disposal and management of agricultural waste leads
to various environmental issues that affect soil, air, and water quality:

e Landfill overuse and soil degradation: Disposing agricultural
waste in landfills consumes valuable space that could be used for
productive purposes, such as farming. Moreover, the accumulation of
organic waste in landfills accelerates soil degradation in surrounding
areas, which reduces fertility and impacts agricultural productivity
(Arora et al., 2023; Diiring and Gath, 2002).

e Methane emissions and climate change: The decomposition of

agricultural waste, particularly organic materials like plant and an-

imal by-products, generates methane in landfills. As a potent
greenhouse gas with a global warming potential 25 times greater
than carbon dioxide, methane significantly contributes to climate
change, further affecting global  agricultural yields

(Kiehbadroudinezhad et al., 2024; Neri et al., 2023).

Soil quality decline: Unmanaged agricultural residues like straw

and stalks, when left in fields or improperly disposed of, lead to soil

degradation. These residues, which could naturally return nutrients
to the soil, instead deplete valuable minerals and organic matter,

undermining soil health and productivity (Cherwoo et al., 2023;

Halko et al., 2023; Verma et al., 2024).

e Air pollution from open burning: In many regions, especially in
developing countries, the open burning of agricultural waste is a
common practice. This method releases harmful pollutants into the
air, including particulate matter (PM), carbon monoxide (CO), and
volatile organic compounds (VOCs), all of which degrade air quality
and pose serious health risks to local communities (Anokye et al.,
2024; P. Das et al., 2024; Mondal and Chattopadhyay, 2024; Pradhan
et al., 2024).

e Water pollution from runoff: Improper management of agricultural
waste can lead to water pollution. Nutrient-rich waste from crop
residues and animal by-products can runoff into water bodies,
causing eutrophication and disrupting aquatic ecosystems (Akinbile
et al., 2016; Khan et al., 2024).

3.2. Economic impact of neglected agricultural waste

The failure to effectively utilize agricultural waste results in signifi-
cant economic losses for farming communities and the broader
economy:

e Resource inefficiency and increased costs: When agricultural
waste is left to decompose or be discarded, valuable resources, such
as nutrients and organic matter, are wasted. This inefficiency drives
up costs for farmers who must purchase additional fertilizers and soil
enhancers to maintain soil quality and productivity (Kesari et al.,
2021).

Rising public costs: Governments often bear the financial burden of
addressing the environmental and health consequences of poorly
managed agricultural waste. Funds spent on remediating polluted
environments and dealing with health issues related to waste could
be better used to support sustainable agricultural practices and
economic growth (Wu et al., 2024).

Missed Revenue from By-products: Agricultural waste, such as
crop residues, animal manure, and food processing by-products,
presents untapped potential for value creation. Without proper uti-
lization, these materials are wasted, and the opportunity to generate
additional income or develop sustainable products is lost.

Plant Nano Biology 11 (2025) 100127

4. Redefining agricultural by-products: a nanotechnology-
driven perspective

Agricultural waste has traditionally been seen as an environmental
challenge, but with the advent of nanotechnology, these by-products are
now recognized as a valuable resource with significant economic po-
tential. As illustrated in Fig. 4, nanotechnology offers transformative
pathways for converting agricultural waste into high-value products,
supporting sustainable waste management practices and offering
extensive cross-sector applications in fields such as healthcare, elec-
tronics, and environmental conservation. These innovations not only
reduce the ecological footprint of agriculture but also create economic
opportunities for farmers and industries, facilitating a circular, profit-
able, and sustainable agricultural system (Aydin et al., 2023; Devi and
Lakshmi, 2018).

4.1. Conversion of agricultural waste into value-added products by the
hands of nanotechnology

Through the manipulation of materials at the nanoscale, nanotech-
nology has the potential to improve the efficiency of waste conversion
processes and facilitate the development of high-performance products
derived from previously discarded agricultural by-products. The
following section outlines how nanotechnology is being utilized in
several significant ways to transform agricultural waste into products of
greater value:

4.1.1. Biofuels and energy production from agricultural waste

The incorporation of nanotechnology in the production of biofuels
from agricultural waste is transforming the energy landscape. Agricul-
tural by-products, abundant in cellulose, hemicellulose, and various
biomolecules, serve as a crucial resource for biofuel production. The
application of nanotechnology in this context utilizes nanoparticles as
catalysts, which significantly enhance the efficiency of biomass con-
version into biofuels. For example, metallic, magnetic, and metal oxide
nanoparticles create distinctive active sites that promote metabolic re-
actions, thereby increasing biofuel output (Nath et al., 2023b; Sakthivel
etal., 2024; Sher et al., 2024). This cutting-edge method not only tackles
the issue of managing agricultural waste but also supports sustainable
energy generation, decreasing dependence on fossil fuels and mini-
mizing carbon emissions. The potential of different agricultural wastes
employed as feedstock for biofuel production is mentioned in Table 1.

Also, nanotechnology plays a crucial role in improving the pre-
treatment processes of agricultural waste, thereby enhancing the effi-
ciency and sustainability of biomass conversion. In this framework,
nanoparticles serve as catalysts to decompose the intricate structures of
lignocellulosic biomass, which consists of cellulose, hemicellulose, and
lignin. Various types of nanoparticles, including metallic, magnetic, and
metal oxide varieties, create distinctive active sites that promote the
hydrolysis of biomass into fermentable sugars. Furthermore, carbon-
based nanomaterials, such as carbon nanotubes and nanofibers, pro-
vide extensive surface areas for enzyme immobilization, which signifi-
cantly boosts the efficiency of enzymatic reactions. The incorporation of
nanotechnology into the pretreatment of agricultural waste leads to
more effective processes, minimizing the reliance on harsh chemicals
and reducing energy consumption, ultimately resulting in increased
yields of biofuels and other valuable bioproducts (Gaikwad et al., 2018;
Ingle et al., 2017, 2020; Saxena et al., 2023).

Fig. 5 illustrates the integration of nanotechnology into the biofuel
production process from agricultural waste. It highlights key pathways
and applications of nanoparticles at various stages, including pretreat-
ment (e.g., enzymatic hydrolysis and acid/alkali hydrolysis), biocon-
version processes (e.g., fermentation, transesterification), and chemical
and physical modifications to produce value-added biofuels. The figure
also demonstrates how nanotechnology enhances the efficiency, yield,
and sustainability of biofuels such as bioethanol, biodiesel, biobutanol,



S. Saxena et al.

Plant Nano Biology 11 (2025) 100127

AGRICULTURAL STEPWISE KEY PHASES VALUE-ADDED
WASTE OF CONVERSION PRODUCTS
1. Pretreatment
O
Nanocatalyst for Enhanced )
Degradation e.g., TiO,, ZnO
nanoparticles aids in breaking Biopolymer

Agro industry
processing waste

O

down lignocellulosic
structures more effectively
during pretreatment.

2. Bioconversion
Nano-Immobilized Enzymes for
Improved Efficiency e.g.,
enzymes immobilized on
nanocarriers (e.g., carbon N ®
nanotubes, silica, graphene @ -
oxide, magnetic nanoparticles .
enhances the conversion rate of @ ®
cellulose to fermentable sugars)
further improving the stability
and activity of enzymatic
reactions.

3. Advanced Processing and
Product Enhancement Q

Nanocatalyst and nanocomposites
(e.g., silica, clay, and metal oxides) %
enhance mechanical, thermal, and
functional properties during the
chemical and physical modification of

bioconversion, facilitating
their effective transformation
into high-value materials.

intermediates derived from
I

cal—.

Biochar

S

Biofuel

Value-added chemicals

Fig. 4. Schematic representation of conversion of various agricultural waste into high-value products.

Table 1

Potential of different agricultural wastes for biofuel production.
Agricultural residue Bioethanol Biodiesel Biobutanol Biomethanol  Reference(s)
Rice straw 12-29.1 L/kg 96.49 % 75.0-95.6 g/ 42.7 % (Akhtar et al., 2017; Cheng et al., 2012; Poy Andreu, 2024; Saetiao et al.,

kg 2023)
Sugarcane bagasse 23.2-59.1 L/kg 90.1 % 1.95 g/L 3.09 wt% (Cheng et al., 2012; Hassa et al., 2024; Hu, 2009; Kasmuri et al., 2019)
Barley straw 11.9-46.0 L/kg 51.87 % 13.3g/L - (Bhatia et al., 2019; Han et al., 2013; Nandhini et al., 2023)
Corn stover 40-55.27 L/kg 86.2 12.63 g/L 64.79 % (Adelabu et al., 2019; Detchusananard et al., 2024; Luo, Shi, et al., 2023;
+2mg/g Luo, Zhao, et al., 2023)
Wheat straw 11.8-71.2 L/kg 80 mg/g 14.2 g/L - (Morikawa et al., 2014; Valdez-Vazquez et al., 2015; Yuan et al., 2018)
Orange peel 6 % 5.8 g/L 0.35g/g 28.3 g/L (Carota et al., 2020; Joshi et al., 2015; Kamboj and Ms, 2021; Saadatinavaz
et al., 2021)

Apple pomace 8.44 % 84.6 % 10 g/dm® - (Hijosa-Valsero et al., 2017; Karatay et al., 2022)
Oil palm fruit 37.8 % 14.5% - 21.33 g/L (Amin et al., 2024; Kim and Kim, 2013; Prihatiningtyas et al., 2024)
Barley straw 250-410 L/MT - 30.8 g/L - (Nabila et al., 2024; Raut et al., 2021)
Cassava 180 mL/Kg 82 % 0.11 g/L/h - (Johnravindar et al., 2021; Lu et al., 2010; Waseem et al., 2024)
Sugarcane straw/ 2.769 g/L (0.353 %, 87 % 47.5L/T 19.28 mM (Cortés-Pena et al., 2024; Ruan et al., 2024; Souza et al., 2024)
bagasse v/V)

and biohydrogen. These advancements demonstrate how nanotech-
nology enhances the efficiency, yield, and sustainability of biofuel
production pipelines.

Future research can explore hybrid catalytic systems that combine
metallic and carbon-based nanostructures to further boost conversion
efficiency in biofuel production. This approach could involve the crea-
tion of bimetallic or trimetallic nanoparticles, which provide enhanced
active sites and allow more efficient electron transfer, expediting

biomass breakdown and fuel generation. Additionally, nanotechnology
could develop "mano-enzymes" or “artificial enzymes,” designed to
mimic biological enzymes but with heightened stability and specificity,
to catalyze biofuel production from a wider range of agricultural waste
types. Innovations in nanoparticle design, such as surface modifications
that allow nanoparticles to withstand harsher operating conditions,
would also increase the viability of biofuel production in diverse envi-
ronments, making biofuels a more accessible and sustainable energy
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Fig. 5. Comprehensive pathways for biofuel production from agricultural waste utilizing nanotechnology interventions.

option worldwide.

4.1.2. Nano fertilizers from agricultural waste

Nanofertilizers, produced from nutrient-rich agricultural by-
products, provide a revolutionary alternative to conventional fertil-
izers with distinct advantages:

e Controlled release: Nanofertilizers ensure a sustained nutrient
release, optimizing plant uptake while reducing leaching and runoff,
thus protecting surrounding ecosystems.

e Enhanced Absorption: With a small particle size, nanofertilizers
penetrate plant cells more effectively, improving nutrient uptake and
crop yield.

e Environmental Impact: By repurposing waste as fertilizers, agri-
cultural systems can reduce reliance on synthetic products,
enhancing sustainability and promoting circularity.

Nanofertilizers offer a sustainable alternative to traditional chemical
fertilizers (Nongbet et al., 2022). Their small particle sizes and large
surface areas enhance nutrient absorption and utilization efficiency in
plants (Meena et al., 2017). By reducing particle size, the number of
particles per unit area increases, promoting better interactions and
nutrient uptake (Liscano et al., 2000). These nanomaterials can serve as
both macro-nutrients (Feizi et al.,, 2013) and micro-nutrients
(Mukherjee et al., 2016), while also acting as carriers for nutrient de-
livery. The process of converting agricultural waste into nano and
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micro-sized particles improves absorption rates. This eco-friendly
approach involves collecting and processing agricultural waste such as
crop residues and animal manure followed by nutrient extraction
through chemical or biological methods. Nanoparticles are synthesized
using green techniques or chemical methods, encapsulating nutrients
with materials like carbon nanotubes and graphene. To ensure
controlled nutrient release, they are coated with biocompatible sub-
stances (Batool et al., 2024). These nanofertilizers undergo quality
control to assess their nutrient composition and ecological impacts. Field
experiments evaluate their effectiveness in improving crop productivity
and soil health. This method optimizes nutrient delivery while mini-
mizing environmental contamination from leaching and runoff. By
repurposing agricultural byproducts, nanofertilizers promote sustain-
ability and reduce dependence on synthetic fertilizers, offering a viable
solution for increasing agricultural output and addressing environ-
mental issues (Puglia et al., 2021). In a study by Smitha et al., (2024)
they effectively utilized sugarcane bagasse, to synthesize and cap nano
calcium borate (NCB) particles (size of 117.7 nm). They found that these
nanoparticles significantly improved seed germination, root length, and
vigor index, demonstrating their efficacy as nanobiofertilizers. The
study deduced that the optimal concentration for seed priming was
NCB@0.025, highlighting its potential for enhancing agricultural pro-
ductivity. They concluded that sugarcane bagasse is a sustainable and
biodegradable resource for synthesizing functional nanoparticles,
contributing to eco-friendly fertilizer development.

Future studies could evaluate crop-specific formulations, optimized
through precision agriculture technology. As nanofertilizer technology
advances, tailored crop-specific formulations are expected to emerge,
optimizing nutrient delivery based on each plant’s growth stage and
specific nutrient requirements. Coupling nanofertilizers with precision
agriculture technology like drones or sensors that detect soil deficiencies
in real-time could enable dynamic, site-specific fertilizer application,
ensuring that nutrients are released only where needed. Such in-
novations would minimize wastage, reduce environmental impacts, and
help prevent nutrient runoff, a key contributor to waterway eutrophi-
cation. Another promising area is the development of biodegradable
nanofertilizer carriers derived from renewable agricultural waste sour-
ces, which could decompose seamlessly after nutrient delivery, further
enhancing environmental sustainability. These advancements would not
only improve crop yields and soil health but also offer farmers economic
benefits through efficient resource use and decreased reliance on syn-
thetic fertilizers.

4.1.3. Agricultural waste-derived nanoparticles for pesticide delivery

Pesticides are substances that inhibit the development of pests,
including weeds (Eskenazi et al., 2023). Nanotechnology is progres-
sively exploited to transform agricultural waste into nanoparticle-based
systems for pesticide delivery (Fu et al., 2022). These innovative systems
offer enhanced efficiency and are more environmentally sustainable
compared to traditional pesticides.

e Targeted applications: Nanoparticles encapsulate pesticide com-
ponents, directing them toward specific pests, reducing the need for
high chemical volumes, and decreasing environmental pollution
(Nazeer et al., 2023;Zhong et al., 2024).

e Biodegradable nanocarriers: Agricultural waste-derived nano-
materials can act as carriers, breaking down harmlessly post-release,
and addressing concerns of pesticide residue accumulation (Rani and
Shanker, 2017; Zainab et al., 2024).

Joeniarti et al. (2019) formulated the neem leaf alcoholic extract into
a nano-emulsion. This nano-emulsion was tested against Spodoptera lit-
ura. The characterization involved FTIR, UV, and DLS to measure the
size of particles. The size of chitosan modified with succinic anhydride
was found to be 319 nm. The mortality rate of S. litura significantly in-
creases, reaching as high as 82 %, as compared to untreated foliage.
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Furthermore, encapsulation improves its effectiveness, making it an
outstanding pesticide. Similarly, in a study citrus peel essential oils were
developed into a nano-emulsion containing polyethylene glycol (PEG)
Nano-particles. This formulation underwent successful testing against
the Tomato pest Tuta absoluta. The measured sizes for lemon essential oil
nanoparticles (EO-NPs), mandarin EO-NP, and sweet orange EO-NP
were 240 +2.51 nm, 212.05+ 0.04 nm, and 216.6 + 0.63 nm,
respectively. There toxicity study in eggs suggested that the greatest
mortality rate from the application of EO-NP was recorded at a con-
centration of 40 mg/mL. While toxicity in larvae in the case of sweet
orange, the mortality rate increased twofold after 72 hours. The EO-NP
formulation derived from mandarin exhibited the highest mortality rate
among the larvae (Campolo et al., 2017).

Future work in this area could focus on developing “smart” nano-
particles that release pesticides in response to specific environmental
triggers, such as pH shifts, temperature fluctuations, or pest secretions.
For example, pH-sensitive nanocarriers could deliver pesticides when
pests produce certain acidic or alkaline secretions, ensuring targeted
release only in the presence of pests, thus sparing beneficial insects.
Additionally, research could advance the development of biodegradable
nanocarriers made from agricultural waste by-products, creating a fully
circular pesticide system where carriers break down harmlessly after
use. This smart, eco-friendly approach would substantially reduce
chemical load in agricultural ecosystems, minimize the risk of pest
resistance, and ultimately pave the way for precision pest management
techniques that are safer for both crops and surrounding wildlife

4.1.4. Biochar and carbon nanomaterials derived from agricultural waste

Agricultural by-products like rice husks and coconut shells are con-
verted into biochar and carbon nanomaterials, widely valued for various
applications:

e Activated carbon for water purification: Biochar processed at the
nanoscale exhibits high porosity and surface area, effectively
removing pollutants from water. This sustainable approach con-
tributes to both waste reduction and water treatment (Nazem et al.,
2020; Nezafat et al., 2024).

Carbon nanotubes and graphene: Agricultural biomass can be
transformed into carbon nanomaterials, including carbon nanotubes
(CNTs) and graphene (Zhou et al., 2022). These substances exhibit
remarkable electrical conductivity, mechanical strength, and ther-
mal characteristics. They find applications in energy storage systems
(such as batteries and supercapacitors), electronic sensors, and
structural components across diverse industries (Wang et al., 2018).
e Soil improvement and carbon sequestration: Biochar derived
from agricultural waste enhances soil fertility and water retention
while facilitating carbon sequestration in the soil (Wijitkosum and
Jiwnok, 2019). When processed at the nanoscale, biochar exhibits
improved properties that enhance its effectiveness in agricultural
practices (Song et al., 2022).

In a study performed by Wijitkosum and Jiwnok (2019), the chem-
ical composition and morphology of biochar produced from corncobs,
cassava rhizomes, and cassava stems through slow pyrolysis at
500-600°C were analyzed. Corncob biochar had the highest carbon
content, while cassava stem biochar exhibited the greatest surface area
and total pore volume, enhancing its ion exchange capacity and water
retention. The findings suggest that biochar from these biomass sources
is suitable for soil amendment and carbon sequestration.

Soliman et al., (2024) provides a valuable focus on utilizing agri-
cultural waste to produce biochar and nanobiochar. Their study used
rice straw, palm fronds, and sugarcane residues as raw materials,
demonstrating the potential of these agrowastes in creating effective
biosorbents. They found that nanobiochar, significantly improved
wastewater quality by reducing heavy metals and other contaminants.
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They deduced that nanobiochar derived from sugarcane residues
exhibited the highest adsorption efficiency among the tested materials.
Additionally, they concluded that the practical application of nano-
biochar not only enhances wastewater treatment processes but also
promotes sustainable water management and agricultural practices.
This work underscores the environmental and economic value of
transforming agricultural residues into high-value nanomaterials.

Also, Rana et al. (2021) researched for the removal of pesticides from
water using low-cost cellulose biomass-based derivatives. Results
showed the environmental impact of pesticide residues and also evalu-
ated the efficiency of various cellulose-based materials, including
magnetite cellulose nanocomposites and activated carbons. Function-
alized cellulose and activated carbons are found to be highly effective,
with cellulose/MnO: photonanocatalysts being particularly efficient.

Biochar and carbon nanomaterials derived from agricultural waste
have significant environmental value in carbon sequestration and soil
amendment, addressing issues like soil degradation. Future research
could explore more efficient and eco-friendly biochar production tech-
niques. The development of biochar-based carbon nanomaterials holds
immense potential for addressing environmental issues, particularly in
soil restoration and water purification. Future studies could focus on
optimizing biochar production techniques, such as hydrothermal
carbonization and microwave-assisted pyrolysis, to yield carbon mate-
rials with even greater adsorption capacities and porosity. Additionally,
there is significant promise in exploring biochar functionalization,
where specific chemical groups or nanostructures are added to enhance
pollutant removal in water treatment applications. Carbon nano-
materials derived from biochar could also be refined to serve as energy
storage solutions, such as in lithium-ion batteries, where their light-
weight and conductive properties could improve battery efficiency and
longevity. This dual-purpose strategy not only transforms waste into
valuable materials but also creates sustainable technologies for critical
needs like clean water and renewable energy.

4.1.5. Production of nanocellulose from Agricultural Residues
Nanocellulose extracted from crop stalks and husks holds unique

mechanical properties, lightness, and high surface area, making it suit-

able for a range of industries ( Picot-Allain and Emmambux, 2023).

¢ Biodegradable packaging: Nanocellulose offers a sustainable
alternative to plastic, helping reduce plastic waste while creating
eco-friendly packaging (Fahma et al., 2021).

Reinforcement in composites: Nanocellulose-enhanced compos-
ites exhibit greater strength and resilience, suitable for applications
in construction, automotive, and aerospace industries (Ferreira et al.,
2019; Nurazzi et al., 2022).

Medical and Pharmaceutical Applications: Due to its biocom-
patibility, nanocellulose is effective in drug delivery, wound healing,
and tissue engineering applications(Kupnik et al., 2020).

The study by Ariaeenejad et al., (2023) highlights the effective use of
sugar beet pulp (SBP) for synthesizing a bio-based Fenton-like nano-
catalyst by incorporating Fe2Os nanoparticles onto nanocellulose (NC)
surfaces. Their study demonstrated that SBP-derived NC, prepared
under optimized acid hydrolysis conditions, had superior properties,
including high crystallinity (56.7 %), larger surface area, and enhanced
surface charge compared to quinoa husk-derived NC. They found that
the SBP-based nanocatalyst (Fe/NC-S3) efficiently degraded methylene
blue, crystal violet, and congo red dyes with removal efficiencies of
98 %, 96 %, and 62 %, respectively, in 30 minutes. They deduced that
the nanocatalyst exhibited excellent reusability and practical efficacy in
treating textile effluents, maintaining efficiency over multiple reuse
cycles. They concluded that SBP biomass can be transformed into
advanced, stable, and sustainable nanocatalysts for environmental
remediation applications. Similarly, in a study by Soemphol et al.
(2020), bacterial cellulose (BC) was combined with silica nanoparticles
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derived from rice husks to create BC-silica composite aerogels (CAs)
using a sol-gel method. The addition of varying amounts of silica
nanoparticles (3-12 % w/v) improved the thermal stability of BC, with
the decomposition temperature reaching up to 550°C. SEM, XRD, and
FTIR analyses confirmed the presence of silica, and enhanced material
properties, providing an economical and eco-friendly method for pro-
ducing BC-silica CAs with various applications. Also, Nang An et al.
(2020), isolated cellulose nanocrystals (CNCs) with high crystallinity
from Vietnamese agricultural wastes (Nypa fruticans trunk, coconut
husk fibre, and rice husk) using a three-step chemical process. The CNCs
exhibited high aspect ratios (200-500 nm in length, 10-15 nm in width)
and a crystalline index of nearly 80 %. Characterization techniques
confirmed the removal of lignin and improved thermal stability, high-
lighting the CNCs’ potential for diverse applications.

Future developments could focus on expanding the sources of
nanocellulose to include a broader array of agricultural residues, such as
sugarcane bagasse, wheat straw, and corn stover, thus increasing supply
and lowering production costs. Additionally, research could target the
enhancement of nanocellulose’s mechanical and barrier properties
through innovative chemical treatments and hybrid nanomaterials,
making it suitable for a wider range of packaging and biomedical ap-
plications. Nanocellulose composites, reinforced with other biopolymers
or inorganic nanomaterials, could see broader applications in sustain-
able construction, food packaging, and biomedicine. In the field of
regenerative medicine, ongoing studies might explore nanocellulose
scaffolds for advanced tissue engineering, due to its natural biocom-
patibility and strength. Such advances would extend nanocellulose’s
applications and its appeal as a viable replacement for non-renewable
materials.

4.1.6. Nanotechnology in food preservation and nutraceuticals

Agricultural waste is rich in bioactive compounds, which can be
refined into nutraceuticals or incorporated into food preservation
technology via nanotechnology (Bala et al., 2023).

e Nutraceuticals: Waste-derived by-products rich in antioxidants and
vitamins can be encapsulated into nanoscale formulations,
enhancing their bioavailability and stability, with potential benefits
in disease (Ivanovic et al., 2023).

¢ Nanocoatings for food preservation: Edible nanocoatings derived
from agricultural waste provide barriers against spoilage by moisture
and gases, while also offering antimicrobial properties (Poonia and
Mishra, 2022).

One of the studies evaluated the antifungal efficacy of ethanolic
extracts from mango peels and seeds, and their incorporation into
chitosan-based nanocoatings. The nanocoatings, particularly chitosan-
peel extract nanoparticles (CPNP), showed significant antifungal activ-
ity, completely inhibiting several postharvest phytopathogens. The
CPNP reduced infection by 50 % in cv. Kent, while chitosan-seed extract
nanoparticles (CSNP) achieved the lowest disease incidence (20 %) in
cv. Manila. These findings suggest that mango residue-based nano-
coatings are promising natural antifungal agents (Istiiriz-Zapata et al.,
2022). Similarly, an edible nanocoating was developed using a bio-nano
hybrid based on guava extract intercalated with copper oxide nano-
particles, synthesized via a chemical reduction method. The nano-
coating significantly improved the thermal stability and reduced the
weight loss of the coated material. Applied to fresh papaya, the nano-
coating effectively prolonged shelf life by preventing moisture loss and
maintaining quality attributes such as pH, acidity, and sensory proper-
ties over 18 days. These findings highlight the potential of copper
nanohybrid coatings in food preservation (Sharma et al., 2024). Ghosh
et al. (2021) developed curcumin-loaded chitosan/iron-functionalized
cellulose nanofiber (mgCNF) edible coating for perishable cut fruit,
enhancing anti-cancer, physicochemical, and thermal properties. The
coating exhibited significant anti-cancer activity against HelLa cells,
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reducing cell viability to ~17 % with curcumin. Elemental analysis
revealed the material’s composition and the iron content were within
WHO guidelines. The thermal stability of the materials supports their
use for heat-sensitive food items.

Food contaminants, including pesticide residues, heavy metals, and
microbial pathogens, pose significant risks to human health and food
safety. Among these, pesticide residues are a major concern due to their
widespread use in agriculture to protect crops from pests and diseases.
However, improper use or overuse of pesticides can lead to harmful
residues in food products, requiring efficient detection methods to
ensure safe consumption. Silver and gold nanoparticles (AgNPs and
AuNPs) have shown great promise in addressing this challenge by
providing rapid, sensitive, and cost-effective solutions for monitoring
pesticide residues, as well as other food contaminants, in agricultural
produce. Silver nanoparticles (AgNPs) are increasingly recognized for
their potential in pesticide detection, offering a rapid, sensitive, and
cost-effective approach to ensuring food safety. These nanoparticles are
versatile in synthesis and application, with agro-residues emerging as
sustainable sources for their production. For instance, Das et al., (2021)
demonstrated the green synthesis of AgNPs using extracts from the outer
shell fiber of Cocos nucifera L. fruit, underscoring the role of agricultural
by-products in creating value-added nanomaterials. AgNPs have proven
highly effective in detecting pesticide residues, addressing the critical
need for rapid and reliable monitoring tools in agriculture. Sun et al.
(2024b) further utilized borohydride-reduced silver nanoparticles for
high-throughput detection of pesticides in fruits and vegetables,
achieving exceptional sensitivity and enabling the identification of trace
amounts of harmful residues. Such advancements are vital for mini-
mizing health risks and ensuring regulatory compliance in the food
industry.

Similarly, gold nanoparticles (AuNPs) have emerged as powerful
tools for pesticide detection, particularly through dual-mode sensing
systems that integrate fluorescence and colorimetric approaches. Inter-
estingly, agro-waste has also been leveraged as a sustainable resource
for synthesizing AuNPs, showcasing their eco-friendly production from a
variety of sources. For instance, Yu et al., (2021) demonstrated the ef-
ficacy of AuNP-based systems in detecting organophosphorus pesticides,
including dichlorvos, trichlorfon, and paraoxon, in agro-products such
as pears and Chinese cabbage. Fluorescence assays exhibited remarkable
sensitivity, with detection limits as low as 0.0032 ppm for dichlorvos,
0.0096 ppm for trichlorfon, and 0.0074 ppm for paraoxon. Comple-
mentarily, colorimetric assays provided reliable detection, with limits of
0.0120 ppm, 0.0224 ppm, and 0.0106 ppm for the respective pesticides.
This dual-mode approach not only highlights the versatility and reli-
ability of AuNPs for real-time monitoring of pesticide residues but also
underscores the value of agro-waste valorization in advancing sustain-
able agricultural practices.

Research in this area could delve into creating novel, multifunctional
nanocoatings that combine antimicrobial, moisture-barrier, and UV-
blocking properties for even more robust food preservation solutions.
These advanced coatings, derived from agricultural waste-based nano-
materials, could prolong food shelf life without the need for refrigera-
tion, making them particularly valuable in regions with limited access to
cold storage. Additionally, nano-encapsulation techniques for nutra-
ceuticals extracted from agricultural by-products could be further
refined to allow for controlled, targeted release of bioactive compounds,
enhancing their health benefits and stability over time. This approach
could lead to the development of fortified foods or supplements with
improved bioavailability, providing a sustainable source of nutrients
from otherwise discarded agricultural materials. By focusing on both
preservation and health benefits, nanotechnology could revolutionize
food systems, reduce food waste, and support better nutrition outcomes
on a global scale.

Nanotechnology offers transformative potential for upcycling agri-
cultural waste into high-value products, contributing to a circular
economy and addressing environmental challenges. Table 2 highlights
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Table 2
Nanomaterials used in the upcycling of agricultural waste into high-value
products.

S. Source of Nanomaterials Value added References

No.  Agricultural- product
waste /Application of

nanomaterials

1. Oil palm Cellulose The production (Das et al., 2023;

waste nanofibers of bio aerogel Yahya et al.,
scaffolds; 2023a)
Food packaging
material

2. Musa Pectin Enhancing (Arias et al.,
paradisiaca nanoparticles agents for seed 2021; Li et al.,
banana peels germination and 2022)

seedling growth
3. Sawn timber Nanocellulose Production of (Pena-Ortiz
bio-composite et al., 2023; Zaki
membranes; et al., 2022)
Enhanced-
Efficiency
Fertilizers
(EEFs);
Controlled
Release
Formulations
(CRFs) of
Pesticides

4. Potato peel Cellulose Smart packaging (Ramesh and

nanoparticles material Radhakrishnan,
2019)

5. Groundnut Carbon Development of (Farmand et al.,

shell nanoparticles nano fertilizers 2022; Yallappa
and nano et al., 2017)
pesticides;
Pollution
remediation;
Energy storage

6. Oil palm Cellulose Antimicrobial (Yahya et al.,
waste nanofibers agent against S. 2023b)

aureus, E. coli

7. Groundnut Zinc oxide Antibiotics (Akpeji et al.,
shell (Zn0), Carbon against B. subtilis, 2024)

Dot and Zno- S. aureus,Chromo
Carbon Dot bacterium
Nanocomposite violaceum, E. coli

8. Salicornia Cellulose Strengthening (Lima et al.,
ramosissima nanofibers material. 2022)

9. Potato peel Cellulose Antiobiotics (Ramesh and

nanoparticles against S. aureus Radhakrishnan,
(strain NCTC 2019)
8325), S. flexneri
(ATCC 29903),
E. coli (strain
K12), and S. typhi
(strain LT2/
SGSC 1412/
ATCC 700720)

10. Black Black mulberry Antibiotics (Sharifi and
mulberry fruit  encapsulated against Pirsa, 2021)
pulp carboxymethyl Staphylococcus

cellulose/ aureus,
silica Escherichia coli
nanoparticles

11. Rice husks Graphene Nano biosorbent (Mahmoud et al.,
quantum dots 2020)

12. Jackfruit skin Polylactic acid/ Antimicrobial (Zabidi et al.,
jackfruit skin activity against 2023)
composites Staphylococcus

aureus
13. Sugarcane Graphene oxide Plant growth (Baweja and
Bagasse NPs; Carbon promoters Jeet, 2019;
quantum dots Seed priming Farhangi-Abriz
agents et al., 2024;
Mabholiya et al.,
2023)

(continued on next page)
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Table 2 (continued)

S. Source of Nanomaterials Value added References

No.  Agricultural- product
waste /Application of

nanomaterials

14. Orange peels, Graphene oxide Soil remediation (Bytesnikova
sugarcane NPs Strong et al., 2022;
bagasse, Rice antimicrobial Hashmi et al.,
bran agents 2020; Yan et al.,

2024)

15. Corn cob, Silica Strong anti- (Goswami and
Sugarcane nanoparticles fungal agents Mathur, 2022)
bagasse against Fusarium

oxysporum and
Aspergillus niger

16.  Rice husk Mesoporous Drought stress (Bekkam and
silica mitigating Thiyagarajan,
nanoparticles, agents; 2024; Chen et al.,
Nanosilica Targeted and 2024; S. Yuan

imaging in et al., 2024)
cancer drug
delivery

17. Red onion Nanocellulose Wound healing, (Datta et al.,
peels, kepok tissue 2024; Manurung
banana peels, regeneration et al., 2024)
banana leaves

18. Cow-dung; Zinc oxide UV-protectant; (Shubha et al.,
Pomegranate nanoparticles Photocatalyst in 2022; Verbic
peels (PG) waste water et al., 2022)

treatment

19. Tea wastes Magnesium Adsorbent in (Chuet al., 2023)
oxide industrial
nanoparticles wastewater

20. Coffee wastes Silver Removal of (El-Desouky
nanoparticles photocatalytic, et al,, 2023)

phenol
compound, and
production of
functional
nanodevices

21. Household Iron Remediation (Ronavari et al.,
Green tea nanoparticles purposes and 2023)
waste degrading

chlorinated
volatile organic
compounds
(VOQC)

22. Corncob Maghemite Removal of lead (Arul et al.,

waste nanoparticles pb (II) and 2023)
(y-Fe304) cadmium cd (II)
ions from
aqueous
solutions.

23. Corncob ash Copper oxide Photocatalytic (Torres-Arellano
(Cu0O) hydrogen et al., 2023)
nanoparticles production
(NPs)

24, Prosopis Silver-Grey Stronger light- (Arundeep and

Jjuliflora Magnesium weight nano Yuvaraj, 2024)
alloy-based reinforcements
nanocomposite for automotive
and aviation
industries

25. Garlic husk Copper Nanomedicine as  (Senthilkumar
nanoparticles an antibacterial et al.,, 2024)
(Cu NPs) drug against

Escherichia coli,
Vibrio cholera,
Bacillus cereus,
Staphylococcus
aureus.

26. Rice husks, Silicon carbide Efficient co- (Nikitin et al.,
oat husks and nanostructures electrocatalysts 2024)
oat straw for water

splitting
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the diverse role of nanomaterials in upcycling agricultural waste into
high-value products. By converting residues into biofuels, nano-
fertilizers, targeted pesticides, biochar, nanocellulose, and sustainable
food packaging, nanotechnology enables efficient resource utilization
and reduces reliance on non-renewable resources. This approach not
only minimizes waste but also enhances agricultural productivity and
fosters economic growth.

Key advancements include nanofertilizers that improve nutrient
delivery, nano-based pesticides that reduce chemical usage, biochar for
water purification, and nanocellulose for biodegradable packaging.
Looking ahead, researchers aim to make these solutions easier to scale
up and apply in real-world settings. As these technologies develop,
nanotechnology could play a vital role in converting agricultural waste
into valuable resources, supporting environmental sustainability and
promoting economic growth.

5. Interdisciplinary innovation in transforming agricultural
waste into sustainable nanomaterials

The convergence of nanotechnology, biotechnology, and green
chemistry is driving transformative solutions for sustainability, partic-
ularly in the context of agricultural waste repurposing (Islam and
Miyazaki, 2007; Soares et al., 2024). By integrating diverse scientific
disciplines, researchers are developing novel, sustainable nanomaterials
with significant potential to address pressing environmental and eco-
nomic challenges.

e Biotechnology meets nanotechnology: The fusion of biotech-
nology and nanotechnology is increasingly recognized as a powerful
approach for converting agricultural waste into nanomaterials
through microbial fermentation and enzymatic processes. Microor-
ganisms such as bacteria and fungi, alongside specialized enzymes,
can decompose complex agricultural biomass, such as crop residues,
into simple monomers that are ideal for synthesizing valuable
nanostructures like nanocellulose, nanochitin, and nanomaterials
with unique properties. These biological methods, which operate
under mild conditions, reduce the need for toxic chemicals and
energy-intensive techniques, thus offering an environmentally
friendly and cost-effective alternative to traditional nanomaterial
production. Moreover, the resulting nanomaterials, being both
renewable and biodegradable, are increasingly finding applications
in sectors like packaging, healthcare, and water treatment, where
sustainability is key (Hassan and Siddiqui, 2024).

e Green chemistry and nanomaterial synthesis: Green chemistry

plays an indispensable role in enhancing the sustainability of nano-

material production from agricultural waste. Researchers are turning
to green chemistry principles to minimize the environmental impact
of nanomaterial synthesis, which typically involves hazardous

chemicals and energy-intensive processes (de Oliveira et al., 2024).

Utilizing non-toxic solvents, renewable feedstocks, and

energy-efficient approaches, such as ionic liquids or water-based

systems, researchers are improving the synthesis of nanoparticles
while reducing the release of harmful by-products into the environ-
ment (Keshu et al., 2021). This innovative shift is transforming the
fabrication of nanomaterials into a cleaner, more sustainable pro-
cess, ensuring the safety of both human health and ecosystems. Ap-
plications for these environmentally conscious nanomaterials
include bioplastics, energy-efficient coatings, and advanced energy
storage devices, which are being developed with reduced ecological

footprints (Gilbertson et al., 2015; Gomez-Lopez et al., 2020).

Hybrid approaches for multifunctional materials: Hybrid ap-

proaches that combine organic biopolymers derived from agricul-

tural byproducts with inorganic nanomaterials are creating
multifunctional composites with enhanced properties. For example,
agricultural waste such as crop stalks, husks, and peels can be con-
verted into biopolymers like pullulan, chitosan, and cellulose, which
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act as renewable matrices for hybrid nanocomposites. These hybrid
materials can be tailored to exhibit desirable characteristics, such as
mechanical strength, biodegradability, and antimicrobial activity,
expanding their potential for diverse applications (Mallakpour et al.,
2021). The integration of these organic components with inorganic
nanomaterials enables the creation of novel materials with custom-
ized properties that can address specific functional requirements,
opening new avenues for their use in industries ranging from envi-
ronmental monitoring and food packaging to energy storage and
biomedical applications (Idumah and Hassan, 2016; Nicole et al.,
2014; Vodyashkin et al., 2022).

The interdisciplinary synergy between nanotechnology, biotech-
nology, and green chemistry is facilitating the development of high-
performance, eco-friendly materials that transform agricultural waste
into valuable resources. This holistic approach is crucial for advancing
the circular economy, where waste is reimagined as a resource, helping
to mitigate global dependence on non-renewable resources. Further-
more, the hybrid materials developed through this methodology show
great promise for addressing environmental and economic challenges
across multiple industries, including electronics, biomedicine, and food
packaging. By fostering cross-disciplinary collaboration, these in-
novations are poised to drive sustainable technological advancements
that not only offer practical solutions for waste management but also
create a pathway to a greener, more sustainable future.

6. Economic and environmental advantages of nanotechnology
in waste transformation

Nanotechnology offers a transformative approach to waste valori-
zation, converting agricultural waste into high-value products while
providing substantial economic and environmental benefits.

e Waste valorization: Nanotechnology allows for the conversion of
agricultural waste, previously viewed as a problematic by-product,
into valuable resources for emerging industries. This trans-
formation reduces the overall waste and creates renewable materials
that can be used in a variety of applications, such as bioplastics,
biofuels, and other sustainable products, thus promoting the princi-
ples of a circular economy.

Minimized environmental footprint: By turning waste into bene-
ficial materials, nanotechnology reduces the reliance on landfills and
open burning, leading to decreased greenhouse gas emissions, soil
degradation, and air pollution. This helps mitigate the environ-
mental impact of agricultural waste disposal and promotes cleaner,
greener practices.

Economic prospects: Nanotechnology opens up new market op-
portunities, especially in high-demand sectors such as energy,
healthcare, packaging, and sustainable agriculture. This catalyzes
job creation, drives innovation, and stimulates economic growth,
particularly in rural areas where agricultural waste is abundant.
Revenue generation: By transforming agricultural waste into value-
added products, farmers and businesses can tap into new revenue
streams, enhancing profitability. Commercializing products like
biofuels, bioplastics, and animal feed provides access to global
markets and improves the economic viability of agricultural
enterprises.

Job creation: The establishment of industries focused on waste
processing can create numerous job opportunities in rural regions.
Sectors like bioenergy production, biopolymer manufacturing, and
waste management would benefit from workforce expansion,
contributing to local economic growth.

Cost savings: Nanotechnology reduces waste management costs,
including transportation and landfill fees. By processing agricultural
waste on-site or selling it to processing facilities, farmers can mini-
mize expenses and maximize profitability.
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e Sustainable economic growth: Through waste conversion into
value-added products, nanotechnology promotes a circular economy
where resources are continuously recycled and reused. This
approach aligns with global sustainability goals, encouraging long-
term economic growth while minimizing environmental
degradation.

Nanotechnology provides a sophisticated, eco-friendly framework
for transforming agricultural waste into sustainable, high-performance
products. It drives both environmental sustainability and economic
growth, positioning itself as a key player in the transition towards a
circular economy.

7. Challenges and limitations of using nanotechnology to
transform agricultural waste into value-added goods

While nanotechnology holds great promise for converting agricul-
tural waste into valuable products, still several challenges and limita-
tions must be addressed to fully realize its potential. These hurdles span
technical, regulatory, and market dimensions, each requiring innovative
solutions for widespread adoption.

7.1. Technical Barriers

e Scaling up nanotechnological processes: One of the primary ob-
stacles to the commercial use of nanotechnology is scaling up from
lab-scale processes to industrial-scale production. Many methods for
converting agricultural waste into nanomaterials are successful on a
small scale but face challenges in terms of energy consumption,
equipment requirements, and cost-effectiveness at larger scales
(Fernandes et al., 2023).

Diversity of biomass feedstock: Agricultural waste is highly het-

erogeneous, with different types of biomasses possessing varied

chemical properties. This diversity presents a significant challenge

for developing standardized processes that can efficiently convert a

wide range of agricultural residues into high-quality nanomaterials.

As a notable example, Shahi et al. (2021) developed an integrated

system for fractionating various agricultural wastes, such as sugar-

cane bagasse, rice husk, and peanut shells, into biopolymers and
silica nanoparticles. The nanoparticles exhibited varying character-
istics based on the raw material; those derived from sugarcane
bagasse and peanut shells were crystalline, while those from rice
husk were amorphous. Additionally, differences in morphology, size,

and shape were observed (Shahi et al., 2021).

e Synthesis of nanomaterials: Producing nanomaterials with
controlled characteristics, such as size, shape, and surface area, at
large scales is a complex task. Variations in nanostructure can
significantly impact the performance and consistency of the final
product, making precision and uniformity crucial for successful
commercialization.

e Production costs: The production of nanomaterials from agricul-
tural waste often involves specialized equipment and advanced
processing techniques, making it costly. Finding cost-effective pro-
duction methods is essential for making these technologies viable in
price-sensitive markets.

7.2. Regulatory and Safety Considerations

o Toxicity of nanomaterials: The safety of nanomaterials, especially
those derived from agricultural waste, is a significant concern. Due to
their small size and high reactivity, nanoparticles may pose potential
risks to human health and the environment. Their ability to interact
unpredictably with biological systems raises concerns, particularly in
consumer goods and products that might end up in the environment.
A study by Vijayakumar et al. (2021) demonstrated that silver
nanoparticles (Ce-Ag NPs), synthesized using cellulose, showed



S. Saxena et al.

dose-dependent cytotoxicity in human keratinocyte (HaCaT) and
breast cancer (MCF-7) cells with IC50 values of 5.4 pg/mL and
4.9 pg/mlL, respectively. In plant studies, Ce-Ag NPs impacted wheat
seed germination and shoot growth, while having minimal effect on
mung beans. These results emphasize the importance of further
toxicological studies on eco-friendly synthesized nanomaterials.
Limited understanding of long-term effects: Research on the long-
term effects of nanomaterials on human health and ecosystems is still
in its early stages. The environmental behavior, degradation, and
bioaccumulation of these materials are not fully understood, creating
uncertainty about their safety in large-scale production and disposal.
Regulatory frameworks: While nanotechnology has advanced
rapidly, regulatory frameworks have struggled to keep pace. Incon-
sistent regulations across countries and lack of standardized guide-
lines for the manufacture, use, and disposal of nanomaterials create
ambiguity, limiting the potential for broad adoption.
Environmental and occupational safety: Worker exposure to
nanoparticles during manufacturing and potential environmental
release are major concerns. Regulatory bodies must establish
comprehensive safety protocols to mitigate these risks, ensuring that
the handling, processing, and disposal of nanomaterials are done
safely.

7.3. Overcoming Challenges

To overcome these challenges and unlock the full potential of
nanotechnology, several strategies can be employed:

e Investment in research and development: Ongoing research is

essential to develop scalable, cost-effective processes for nano-

material production. Innovations in energy-efficient production
methods, process automation, and catalytic nanomaterials will be
key to reducing costs and improving efficiency.

Regulatory standardization and safety research: Governments

must create clear, uniform regulations for nanomaterials, ensuring

consistency across regions. Further research into the environmental
and health impacts of nanomaterials is necessary to instill confidence
in their safety.

Public education and awareness campaigns: Public trust is crucial

for the widespread adoption of nanotechnology. Transparent

communication regarding the benefits, safety, and sustainability of
nanoproducts will help shift public perception and increase market
acceptance.

e Market incentives: Financial incentives, such as tax breaks or
subsidies, can encourage businesses to invest in nanotechnology-
based waste conversion. These incentives can help offset initial
high costs and make the transition to nanotechnology more
attractive.

By addressing these challenges, nanotechnology can effectively
contribute to the sustainable transformation of agricultural waste, of-
fering economic, environmental, and societal benefits.

8. Future directions and research opportunities for
nanotechnology in a circular economy

Future advancements in nanotechnology for a circular economy are
focusing on refining and expanding the conversion of agricultural waste
into high-value, sustainable nanomaterials. Key areas of research
include the development of innovative nanocatalysts, biodegradable
nanocomposites, and eco-friendly synthesis methods, which promise
more efficient waste transformation processes with potential applica-
tions across sectors such as biofuel production, energy storage, and
precision agriculture.

One primary research goal is achieving greater control over the
physical and chemical properties of nanomaterials such as particle size,
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morphology, and surface characteristics to enhance functionality and fit
specific application needs. For example, fine-tuning fiber length and
crystallinity in nanocellulose production can yield materials with
desirable mechanical strength, water resistance, and barrier properties,
which are critical for packaging and biocomposites. Similarly, nano-
chitin produced from agricultural residues demonstrates unique anti-
microbial properties, expanding its potential in fields such as healthcare
and food preservation.

Scalability also remains a crucial target, and researchers are focusing
on energy-efficient, automated production techniques that make the
large-scale manufacturing of nanomaterials more viable. Green syn-
thesis approaches, such as hydrothermal processes and microwave-
assisted synthesis, offer promising routes for producing nanomaterials
like carbon nanodots and nanofibers at high yields and under environ-
mentally friendly conditions. These carbon-based nanomaterials show
potential for energy storage and environmental applications, such as
wastewater treatment and soil health monitoring.

Standardization is another priority, as it ensures that nanomaterials
derived from diverse agricultural waste sources maintain consistent
quality and performance across applications. By establishing reproduc-
ible production protocols, researchers can help stabilize nanoproduct
markets and support wider adoption across industries. For example,
optimized nanocatalysts in biofuel production can accelerate reactions
at lower temperatures, reducing energy costs and improving economic
feasibility at scale.

These innovations rely on interdisciplinary approaches that integrate
materials science, biotechnology, and green chemistry. Collaborative
research across these fields is critical for advancing waste upcycling into
high-performance, environmentally friendly nanomaterials that
contribute to a sustainable circular economy. Ultimately, these advances
enable agricultural waste to be reimagined as a valuable resource, of-
fering novel, high-quality materials for diverse industries and reinforc-
ing the global shift towards sustainable production and resource
efficiency.

9. Conclusions

Nanotechnology offers a transformative path for redefining agricul-
tural waste, elevating it from an environmental burden to a valuable
resource at the forefront of sustainable innovation. By harnessing
nanocatalysts, biodegradable nanocomposites, and green chemistry,
agricultural residues are being upcycled into products with vast appli-
cations from biofuels and nanofertilizers to bioplastics and advanced
energy storage solutions. This not only mitigates waste but generates
economic opportunities across industries, unlocking new revenue
streams and reinforcing the circular economy. The potential of nano-
technology to convert discarded materials into high-performance, eco-
friendly products marks a critical step towards sustainable growth.
Embracing this approach not only conserves resources but also cham-
pions a future where agricultural waste is a cornerstone of both eco-
nomic and environmental resilience, underscoring nanotechnology’s
pivotal role in a sustainable, resource-efficient world.
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