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ABSTRACT

Carbon-based nanomaterials (CBNMSs), including biochar, graphene oxide (GO), carbon nanotubes
(CNTs), and fullerenes, have emerged as innovative tools for sustainable agriculture, particularly in
soil amendment applications. Their unique properties, such as high surface area, chemical stability,
porosity, and functionalization potential, allow for significant improvements in soil health, nutrient
retention, and microbial activity. CBNMs enhance soil structure, water retention, and aeration, while
also reducing the leaching of fertilizers and agrochemicals, thereby minimizing environmental
contamination. biochar's role in carbon sequestration and the mitigation of greenhouse gas
emissions positions it as a valuable tool for climate-smart agriculture. Recent research highlights
CBNMs' ability to improve crop yields, nutrient use efficiency, and stress tolerance under conditions
such as drought and salinity. Challenges remain regarding the scalability of their production, high
costs, and potential toxicity to soil ecosystems and plants, as well as risks of nanoparticle leaching
into water bodies. The long-term impacts of CBNMs on soil and the broader environment are still
poorly understood, necessitating further investigation into their interactions with different soil types
and ecosystems. Integration with emerging technologies, such as precision agriculture and Internet
of Things (IoT)-based systems, presents opportunities to optimize their application and monitoring.
Adopting CBNMs in regenerative agriculture practices could further enhance soil health and
ecosystem resilience. Future directions should prioritize developing cost-effective and scalable
synthesis methods, establishing regulatory frameworks for safe use, and promoting interdisciplinary
collaborations to address knowledge gaps and public concerns. As the field advances, CBNMs
have the potential to revolutionize agricultural practices, improving soil sustainability and
productivity while mitigating environmental challenges, thereby contributing to global food security
and climate resilience. This review underscores the promise of CBNMs in agriculture, while
emphasizing the need for responsible innovation and rigorous research to ensure their sustainable
implementation.

Keywords: Carbon-based nanomaterials; biochar; graphene oxide; soil amendment.

1. INTRODUCTION

Soil health is the cornerstone of sustainable
agricultural systems, as it directly impacts crop
productivity, environmental quality, and
ecosystem services. Defined as the continued
capacity of soil to function as a vital living
ecosystem that sustains plants, animals, and
humans, soil health integrates physical,
chemical, and biological components essential
for agricultural success. A healthy soil promotes
nutrient cycling, water retention, carbon
sequestration, and biodiversity, which are critical
for long-term agricultural resilience. Importantly,
soils host more than 25% of the planet's
biodiversity and are vital for carbon storage, with
approximately 80% of terrestrial carbon stored
within soil ecosystems. Given the projected
increase in global food demand by 70% by 2050,
maintaining and improving soil health is
imperative for achieving food security while

minimizing environmental degradation. Healthy
soils are integral to sustainable agricultural
practices, enabling improved water infiltration
and storage, reduced erosion, and increased
microbial activity, which supports nutrient
bioavailability (Lehman et.al., 2015). Soils with
balanced organic matter content improve plant
root systems by enhancing nutrient uptake and
stabilizing the soil structure. Thus, soil health is
an essential component of sustainable
agricultural practices, ensuring the production of
nutritious food, the mitigation of greenhouse gas
emissions, and the preservation of biodiversity.
Modern agricultural systems, while boosting
global food production, have led to significant
environmental consequences, including
widespread soil degradation. Soil degradation,
defined as the decline in soil quality due to
factors such as erosion, nutrient depletion, and
contamination, currently affects an estimated
33% of global arable land. Intensive farming
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practices, such as monocropping, excessive
tillage, and overuse of synthetic fertilizers and
pesticides, have contributed to the depletion of
essential nutrients, organic matter, and microbial
biodiversity within the soil (Patle et.al., 2019).
Nutrient depletion is a particularly pressing
challenge, as modern agricultural practices often
remove more nutrients from the soil than are
replenished, leading to declining crop yields and
poor soil fertility. For example, nitrogen,
phosphorus, and potassium the three
macronutrients critical for plant growth are often
leached or eroded, resulting in substantial
nutrient imbalances in many farming systems.
Furthermore, the degradation of soil organic
matter exacerbates nutrient loss, reducing the
soil's capacity to retain and supply nutrients
effectively. These issues are further compounded
by climate change, which intensifies soil erosion,
salinization, and desertification, particularly in
arid and semi-arid regions (Reed et.al., 2016).
1.1 Emergence of Carbon-Based
Nanomaterials (CBNMs)

Carbon-based nanomaterials (CBNMs) are a
diverse class of nanoscale materials composed
primarily of carbon atoms, characterized by
unique physical, chemical, and biological
properties that make them highly versatile for
various applications, including soil amendment
(Table 1). These materials typically feature high
surface area, thermal and chemical stability,
electrical conductivity, and the ability to interact
with biological and chemical systems at the
molecular level. The most commonly studied
types of CBNMs for soil applications include:
Biochar: A carbon-rich material produced via
pyrolysis of organic biomass under low-oxygen
conditions. Biochar has a porous structure and
high cation exchange capacity, making it
effective for improving soil fertility and
sequestering carbon. Graphene and Graphene
Oxide: Two-dimensional carbon materials with
extraordinary mechanical strength, electrical
conductivity, and hydrophilicity. These materials
are gaining attention for enhancing water
retention and nutrient delivery in soils (Davidson
etal., 2012). Carbon Nanotubes (CNTs):
Cylindrical carbon nanostructures with a high
aspect ratio, excellent tensile strength, and
remarkable adsorption properties. CNTs are used
to improve soil aeration and facilitate nutrient
transport.  Fullerenes: Spherical molecules
composed entirely of carbon, often used for soil
remediation due to their ability to interact with
organic and inorganic contaminants.

2. PROPERTIES OF CBNMs THAT MAKE

THEM PROMISING FOR SOIL
AMENDMENT
The unique properties of carbon-based

nanomaterials make them highly promising for
soil amendment and agricultural applications.
Their high specific surface area allows for
enhanced adsorption of nutrients, water, and
pollutants, improving soil nutrient retention and
reducing environmental contamination (Nakhli
etal., 2017). Biochar and graphene-based
materials can mitigate the leaching of fertilizers,
ensuring sustained nutrient availability for plant
uptake. The porous structure of many CBNMs,
such as biochar, enhances soil aeration and
water-holding capacity, which are critical for plant
growth, especially in drought-prone regions.
CBNMs also demonstrate strong chemical
reactivity and functionalization potential, enabling
them to modulate soil pH, immobilize toxic
metals, and enhance cation exchange capacity.
Furthermore, their ability to interact with soil
microbiota can stimulate beneficial microbial
activity while suppressing pathogenic organisms,
thereby contributing to improved soil health and
plant productivity. Graphene and CNTs, have
been shown to promote root elongation and seed
germination through their interaction with plant
cells and soil components (Zhang et.al., 2022).

3. OBJECTIVES OF THE REVIEW

The primary objective of this review is to explore
how carbon-based nanomaterials (CBNMSs)
contribute to improving soil health and
agricultural productivity. By analyzing their
mechanisms of action, including physical,
chemical, and biological interactions within the
soil, this review seeks to provide a
comprehensive understanding of their potential
benefits. The review aims to examine the role of
CBNMs in addressing critical challenges in
modern agriculture, such as nutrient depletion,
water scarcity, and soil degradation, while
highlighting their impact on crop yield and quality.
This review also aims to summarize current
advancements in the field of carbon-based
nanomaterials, focusing on laboratory
experiments, field trials, and case studies that
demonstrate  their effectiveness as  soil
amendments. Furthermore, the paper identifies
key challenges in the adoption of CBNMs, such
as cost, scalability, environmental risks, and
regulatory issues (Asghar etal., 2024). By
discussing these limitations, the review provides
insights into future research directions,
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interdisciplinary  collaborations, and policy
frameworks required to accelerate the adoption
of CBNMs in agriculture. Through this
discussion, the paper emphasizes the paradigm
shift that CBNMs represent in modern
agricultural practices.

4. CHARACTERISTICS AND TYPES OF
CARBON-BASED NANOMATERIALS

4.1 Carbon-Based Nanomaterials

Carbon-based nanomaterials (CBNMs) are a
diverse group of nanoscale materials composed
predominantly of carbon atoms organized into
various structures, including one-dimensional,
two-dimensional, and three-dimensional
morphologies (Table 2). Their unique nanoscale
size (typically below 100 nm) imparts them with
distinct physical, chemical, and biological
properties that differ significantly from their bulk
counterparts. These properties make them highly
versatile for a wide range of applications,
including agriculture, where they have emerged
as promising tools for soil amendment. The high
surface-to-volume  ratio of  nanomaterials
enhances their capacity to adsorb nutrients,
water, and pollutants, making them effective for
improving soil properties (Hussain et.al., 2022).
CBNMs exhibit resistance to degradation under
extreme environmental conditions, ensuring their
longevity in  soil ecosystems.  Carbon
nanomaterials can be easily functionalized with
various chemical groups, allowing for tailored
interactions with soil components, such as
nutrients and contaminants. Many CBNMs, such
as graphene and biochar, have porous structures
that enhance soil aeration and water-holding
capacity while also improving soil structure.

Materials such as graphene and carbon
nanotubes  exhibit  exceptional  electrical
conductivity, which has been explored for

applications in plant growth stimulation and
nutrient delivery (Vithanage et.al., 2017).

4.2 Synthesis Methods

The synthesis of carbon-based nanomaterials
involves various techniques designed to control
their size, structure, and functionalization. The
most common synthesis methods include: This
method involves the thermal decomposition of
organic biomass under low-oxygen conditions,
resulting in biochar. Pyrolysis conditions, such as
temperature and residence time, influence
biochar's porosity, carbon content, and surface
area, all of which are crucial for soil applications.

A widely used method for synthesizing high-
purity graphene and carbon nanotubes. In this
process, carbon precursors (e.g., methane or
acetylene) are heated and deposited on a
substrate, forming nanostructures. CVD allows
precise control over material properties, such as
layer thickness and crystallinity. A method for
producing carbon nanotubes and fullerenes, arc
discharge involves creating a high-energy
plasma between two graphite electrodes in an
inert gas atmosphere. This technique yields high-
quality nanomaterials, although scaling up can
be challenging (Farhat et.al.,, 2006). A green
method used for synthesizing graphene oxide
and functionalized biochar, hydrothermal
synthesis employs high-pressure, high-
temperature water to convert biomass or carbon
precursors into nanostructures.

5. KEY TYPES OF CBNMs USED IN
AGRICULTURE

Biochar, a carbon-rich material derived from the
pyrolysis of organic biomass, has gained
significant attention as a soil amendment due to
its porous structure, high cation exchange
capacity (CEC), and stabilty in soil
environments. The porous architecture of biochar
enhances soil aeration and water retention,
making it particularly effective in arid and
degraded soils. Its high surface area provides
abundant sites for nutrient adsorption, reducing

nutrient leaching and improving fertilizer
efficiency (Wang et.al,, 2019). Biochar also
serves as a habitat for beneficial soil

microorganisms, promoting microbial diversity
and activity. Its role in carbon sequestration has
been widely documented, as biochar can remain
stable in the soil for centuries, contributing to
climate change mitigation efforts. Furthermore,
biochar’s ability to immobilize heavy metals and
organic pollutants makes it a valuable tool for soil
remediation. Graphene and graphene oxide (GO)
are two-dimensional carbon nanomaterials
known for their extraordinary mechanical
strength, high electrical conductivity, and
hydrophilic properties. These characteristics
make them highly promising for enhancing soil
properties and supporting plant growth.
Graphene’s ability to retain water and nutrients is
particularly beneficial in sandy or degraded soils.
Studies have shown that graphene-based
materials can improve soil water-holding capacity
by creating a hydrophilic network, which
enhances plant water availability during drought
conditions. GO functional groups can adsorb and
release nutrients, improving nutrient availability
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and reducing fertilizer loss. Graphene also
interacts with soil microbiota, enhancing
microbial activity and diversity, which are critical
for nutrient cycling and soil health. Concerns
about graphene’s potential ecotoxicity warrant
further investigation to ensure its safe use in

agriculture  (Wahab et.al., 2024). Carbon
nanotubes (CNTs) are cylindrical carbon
nanostructures with high tensile strength,

electrical conductivity, and a large aspect ratio.
Their unique properties have been exploited for
various agricultural applications, including soil
amendment, nutrient delivery, and plant growth
stimulation. CNTs can enhance soil aeration and
water movement due to their tubular structure,
which creates microchannels within the soll
matrix. CNTs have shown the ability to deliver
nutrients and agrochemicals directly to plant
roots, improving nutrient use efficiency and
reducing environmental contamination. Studies
have also demonstrated that CNTs can stimulate

seed germination and root elongation by
interacting with plant cells at the
molecular level. Like graphene, the

environmental fate and potential toxicity of CNTs
remain areas of active research. Fullerenes are

spherical carbon molecules (e.g., C60) with
unigue chemical and physical properties,
including high electron affinity and

photochemical reactivity (Pan et.al., 2020).
Although their use in agriculture is less studied
compared to other CBNMs, fullerenes have

shown potential for niche applications,
such as soil remediation and pollutant
removal. Fullerenes can interact with

organic and inorganic contaminants, immobilizing
them within the soil matrix and reducing their
bioavailability. Their antioxidant properties may
also help mitigate oxidative stress in plants
exposed to environmental stressors, such as
heavy metals or drought. While fullerenes offer
unique benefits, their high cost and limited
scalability pose challenges for widespread
agricultural use.

6. COMPARISON OF CBNMs IN TERMS
OF PROPERTIES RELEVANT TO SOIL
HEALTH

The effectiveness of carbon-based
nanomaterials in improving soil health depends
on their specific properties, such as surface area,
porosity, and functionalization potential. A
comparison of the key CBNMs is summarized
below (Table 3).

Each type of CBNM offers unique
advantages and trade-offs, making them suitable
for specific agricultural applications depending on

the soil type, crop requirements, and
environmental conditions (Thompson et.al.,
2022).

7. MECHANISMS OF ACTION: HOW

CBNMs ENHANCE SOIL HEALTH

Carbon-based nanomaterials (CBNMs) offer
multifaceted mechanisms to improve soil health
through physical, chemical, and biological
pathways. These mechanisms influence soil
properties, nutrient cycling, microbial
communities, and plant productivity, making
CBNMs highly effective for sustainable soil
management.

7.1 Physical Mechanisms

One of the primary ways CBNMs improve soil
health is by enhancing its physical structure.
Materials like biochar and carbon nanotubes
(CNTs) contribute to better soil aggregation and
porosity due to their porous architecture and high
surface area. Biochar particles, act as scaffolds
within the soil, binding with mineral particles and
organic matter to form aggregates that improve
soil stability and resistance to erosion. Increased
soil porosity directly impacts root penetration and
soil aeration, creating favorable conditions for
plant growth. Furthermore, the introduction of
nanoscale materials into compacted or degraded
soils can increase their bulk density and
permeability, facilitating the movement of water
and air (Liu et.al.,, 2012). These improvements
are particularly beneficial for clayey or poorly
structured soils. CBNMs improve soil water
retention by increasing the soil’s
water-holding capacity. Biochar, due to its
microporous and hydrophilic structure, retains
water within its pores and releases it gradually to
the soil matrix, mitigating drought stress.
Graphene oxide (GO) is another example of a
CBNM  with  exceptional  water-retention
properties due to its ability to form hydrogen
bonds with water molecules. The aeration
benefits of CBNMs stem from their ability to
enhance soil porosity. Biochar and CNTs help
prevent waterlogging by promoting air exchange,
which is vital for root respiration and the activity
of aerobic microbes. These improvements in
water retention and aeration are critical for
improving plant growth, particularly in arid and
semi-arid regions.
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Historical

Synthesis

Aspect Definition Development Types Properties Techniques Applications
Materials with Discovery began High electrical/thermal Chemical Vapor Electronics, energy
nanometer-scale with fullerenes in Fullerenes, CNTSs, conductivity, large Deposition storage, drug

. dimensions, 1985, followed by graphene, carbon surface area, tunable  (CVD), arc delivery, catalysis,

Overview o ; -
primarily carbon nanotubes quantum dots, surface chemistry, discharge, laser sensors, and
composed of (CNTs) in 1991, and  nanodiamonds. strong mechanical ablation, chemical composite
carbon. graphene in 2004. properties. exfoliation. materials.
Nanoscale Evolution shaped by  Can be Exceptional ability to . Medical imaging,

; : . : High-temperature :
structures offer advancements in functionalized for withstand . advanced coatings,
. . ) ; o . . techniques and .

Innovative unique chemical, synthesis specific deformation, high solution-phase environmental

Features physical, and technologies and applications, electrical and thermal metho dspare monitoring, and
biological characterization improving their conductivity, . . energy-efficient

. - X : leading the field. .
properties. tools. versatility. lightweight nature. devices.
Integration with Al
. . Renewable energy
for design, Research focuses Exploring green
- . . . . systems, water
advanced on scalability, Focus on hybrid Potential for novel bio- synthesis e
o . ; . purification, and

Future applications in environmental CBNMs for compatible and eco- methods for eco-

. . . ! ; . : structural

Perspectives sustainable safety, and cost- multifunctional friendly material friendly reinforcements in
energy and effectiveness of applications. innovations. nanomaterial

. ; the aerospace
nanomedicine production methods. development. .
industry.
expected.
(Source: Lehman et.al., 2015)
Table 2. Types of Carbon-Based Nanomaterials
Type Structure Key Properties Synthesis Methods Applications
Hollow spherical or High electron affinity, stability . Drug delivery systems,
_ . b d Arc discharge, laser : o

elliptical structures under various conditions, unique . . photovoltaics, antioxidants,

Fullerenes ablation, and combustion

composed entirely of
carbon atoms.

photochemical and
electrochemical properties.

and materials for organic

synthesis. )
electronics.

Exceptional tensile strength, high
electrical and thermal
conductivity, lightweight.

Chemical Vapor
Deposition (CVD), arc
discharge, laser ablation.

Nanoelectronics, composite
materials, biosensors, and
water filtration systems.

Cylindrical tubes made of

Carbon Nanotubes (CNTs) rolled graphene sheets.
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Type Structure Key Properties Synthesis Methods Applications
Single layer of carbon High mechanical strength, Mechanlcal ex.foll|at|on, Flexible elegtronlcs, energy
i : chemical exfoliation, storage devices
Graphene atoms arranged in a excellent thermal and electrical

hexagonal lattice. conductivity, high surface area.

Chemical Vapor
Deposition (CVD).

(supercapacitors, batteries),
and membrane technology.

Fluorescent properties,
biocompatibility, tunable
photoluminescence.

Small, quasi-spherical

Carbon Quantum Dots .
nanoparticles of carbon.

Hydrothermal synthesis,
chemical oxidation, laser
ablation.

Bioimaging, biosensors,
photocatalysis, and drug
delivery systems.

Hardness, chemical stability, high
thermal conductivity, and
biocompatibility.

Diamond patrticles in the

Nanodiamonds
nanometer range.

Detonation synthesis,
laser ablation, high-
pressure high-
temperature synthesis.

Coatings, biomedical
applications, drug delivery,
and optical devices.

Source: (Hussain et.al., 2022), (Vithanage et.al., 2017)

Table 3. Comparison of CBNMs in Terms of Properties Relevant to Soil Health

CBNM Type Surface Area Water Retention Nutrient Adsorption Soil Structure Improvement  Microbial Interactions
Biochar High High High High High

Graphene/GO Very High Moderate to High High Moderate High

CNTs High Moderate Moderate High Moderate

Fullerenes Moderate Low Moderate Low Low

Source: (Wang et.al., 2019), (Pan et.al., 2020)
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7.2 Chemical Mechanisms

CBNMs enhance soil chemical properties by
increasing the cation exchange capacity (CEC)
of soils, which governs the ability of soils to retain
and release essential nutrients such as
potassium (K*), calcium (Ca?*), and magnesium
(Mg?*). Biochar is particularly notable for its high
CEC, attributed to the abundance of functional
groups (e.g., carboxyl, hydroxyl) on its surface
that facilitate the adsorption of nutrients (Zhang
et.al., 2021). Graphene oxide and CNTs also play
a role in improving nutrient availability by acting
as carriers for nutrients or fertilizers. These
nanomaterials can adsorb and slowly release
nutrients, ensuring their prolonged availability to
plants while reducing nutrient loss due to
leaching. The immobilization of nutrients on the
surfaces of CBNMs minimizes volatilization and
runoff, thus improving the efficiency of fertilizers
and reducing environmental contamination.
Nutrient leaching is a major contributor to soil
degradation and water contamination. CBNMs
mitigate this issue by trapping nutrients and
agrochemicals within their porous structures,
reducing their mobility in the soil matrix. For
example, biochar has been shown to reduce
nitrate and phosphate leaching in agricultural
soils, protecting groundwater resources (Cui
et.al.,, 2020). Graphene oxide and CNTs form
complexes with agrochemicals, slowing their
release into the environment. These properties
not only enhance the sustainability of agricultural
practices but also help maintain soil fertility over
time.

7.3 Biological Mechanisms

CBNMs support the proliferation of beneficial soil
microorganisms by creating microhabitats and
improving soil conditions. Biochar, in particular,
has been widely studied for its ability to serve as
a microbial habitat due to its porous structure
and the availability of carbon-rich surfaces. This
promotes microbial diversity and enhances
processes such as nitrogen fixation and organic
matter decomposition. Graphene oxide has also
been reported to stimulate microbial activity by
modulating microbial metabolism and supporting
the growth of plant growth-promoting
rhizobacteria (PGPR) (Wu et.al., 2023). This is
crucial for nutrient cycling and improving the
bioavailability of essential elements like nitrogen
and phosphorus. CBNMs can suppress harmful
soil-borne pathogens by creating unfavorable
conditions for their growth. Biochar has been
shown to adsorb toxins and pathogens, reducing

their bioavailability and impact on crops. Certain
nanomaterials, such as CNTs and fullerenes,
exhibit antimicrobial properties, which can further
suppress pathogenic  microorganisms. The
interactions between CBNMs and soil microbiota
are complex and depend on the type and
concentration of the nanomaterial. While biochar
and graphene oxide generally enhance microbial
activity, excessive concentrations of some
CBNMs, such as CNTs, may exert cytotoxic
effects on soil microorganisms (Chahar et.al.,
2023). Thus, understanding the dose-dependent
effects of CBNMs is crucial for maximizing their
benefits while minimizing potential risks. CBNMs
also influence microbial community composition.
For example, biochar has been shown to
promote the growth of nitrogen-fixing bacteria,
while graphene oxide can selectively enhance
the activity of beneficial microbes involved in
nutrient cycling.

7.4 Case Studies of CBNM Applications in
Soil Management

In a field study conducted in Australia, biochar
was applied to degraded sandy soils, resulting in
a 30% increase in water-holding capacity and a
25% reduction in nutrient leaching. This
translated into improved crop yields and long-
term soil fertility. A greenhouse experiment
demonstrated that graphene oxide increased
nitrogen retention in sandy soils by 40%,
reducing fertilizer losses and enhancing plant
growth (Kabiri et.al., 2017). The study highlighted
graphene oxide's potential to improve nutrient
use efficiency in agricultural systems. Carbon
nanotubes improved tomato plant growth by
increasing root elongation and seed germination
rates. The CNTs facilitated water uptake and
nutrient transport, showcasing their potential for
enhancing crop productivity. The use of
fullerenes for immobilizing heavy metals in
contaminated soils. The fullerenes reduced the
bioavailability of cadmium and lead, protecting
plants from metal toxicity and improving soil
health.

8. ADVANTAGES OF CARBON-BASED
NANOMATERIALS FOR SOIL
AMENDMENT

Carbon-based nanomaterials (CBNMs) have
gained widespread attention as soil amendments
due to their unique properties, which allow them
to improve soil health, increase agricultural
productivity, and offer environmental
sustainability (Sheoran et.al., 2022).
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8.1 Sustainability and Environmental

Benefits

The overuse of chemical fertilizers in agriculture
has led to severe environmental consequences,
including soil degradation, eutrophication, and
groundwater contamination. CBNMs, such as
biochar, graphene oxide, and carbon nanotubes
(CNTs), provide an eco-friendly alternative to
conventional fertilizers by enhancing nutrient
retention and availability in the soil. Biochar, for
example, acts as a reservoir for nutrients,
reducing leaching and volatilization of nitrogen
and phosphorus, which decreases the need for
synthetic fertilizers. Graphene oxide and CNTs
further contribute to nutrient efficiency by
facilitating the slow release of fertilizers. Studies
have demonstrated that these materials adsorb
and retain nutrients, such as ammonium and
phosphate, on their surfaces, ensuring prolonged
availability to plants (Reddy et.al., 2017). This
reduces fertilizer application frequency,
minimizes waste, and mitigates the
environmental impacts associated with excessive
fertilizer use. Carbon sequestration is one of the
most significant environmental benefits of using
CBNMs, particularly biochar, as a sail
amendment. Biochar is a stable form of carbon
that resists microbial decomposition, allowing it
to remain in the soil for centuries. Its application
not only improves soil fertility but also serves as
a strategy for mitigating climate change by
capturing atmospheric carbon dioxide (CO,) and
storing it in the soil.

8.2 Enhanced Crop Productivity

CBNMs significantly contribute to increased crop
yields and improved crop quality by enhancing
soil properties and optimizing nutrient availability.
Biochar, for example, has been shown to
increase crop yields by improving soil structure,
water retention, and nutrient use efficiency
(Fischer et.al., 2019). A meta-analysis found that
biochar application resulted in an average yield
increase of 25% across various crops and soil
types. Graphene oxide and CNTs have
demonstrated the ability to stimulate plant growth
by improving root development and nutrient
uptake. Graphene oxide, in particular, enhances
nutrient bioavailability and promotes seed
germination and root elongation. Enhanced
nutrient delivery through CNTs has been shown
to boost the growth of tomato plants and
increase the uptake of essential minerals like
potassium and magnesium. CBNMs can improve
the nutritional quality of crops. Studies have

reported that biochar-enriched soils result in
higher protein and nutrient content in grains,
fruits, and vegetables. This underscores the
potential of CBNMs to not only enhance
productivity but also produce more nutritious
food. Soil amendments with CBNMs can
significantly improve plant tolerance to abiotic
stresses, such as drought and salinity, which are
major threats to global food security. Biochar’s
water-retention  properties are  particularly
beneficial in arid and semi-arid regions, where
water scarcity limits crop growth. By increasing
the soil's water-holding capacity, biochar ensures
that plants have access to moisture during dry
periods (Gharred et.al., 2022). Graphene oxide
has also been studied for its ability to mitigate
water stress in plants. Due to its high
hydrophilicity, graphene oxide forms a water-
retentive matrix in the soil, reducing evaporation
and ensuring steady water availability to plants.
Graphene oxide and CNTs help plants cope with
salinity stress by reducing the uptake of toxic
ions, such as sodium (Na*), and improving the
absorption of essential nutrients like potassium

(KY).
8.3 Longevity and Cost-Effectiveness

One of the most compelling advantages of
CBNMs is their durability and long-term stability
in soil ecosystems. Biochar, is highly resistant to
microbial decomposition and can remain in soils
for centuries, continuously improving soil
structure and nutrient retention over time. This
contrasts with traditional soil amendments, such
as compost and manure, which decompose
relatively quickly and require frequent
reapplication (Quilty et.al., 2011). In their physical
and chemical stability, CBNMs support long-term
soil fertility by promoting microbial activity and
nutrient cycling. The sustained benefits of
biochar and graphene oxide for soil microbial
communities ensure ongoing improvements in
nutrient availability and soil health. These
enduring effects make CBNMs a cost-effective
solution for sustainable soil management. While
the initial costs of CBNMs may be higher than
conventional soil amendments, their long-term
benefits often justify the investment. For
example, the one-time application of biochar can
replace repeated applications of synthetic
fertilizers due to its ability to enhance nutrient
efficiency and retention (Kizito et.al., 2019). A
cost-benefit analysis conducted in low-income
agricultural systems demonstrated that biochar
application resulted in a net economic benefit
within three growing seasons due to increased
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crop vyields and reduced fertilizer costs. The
scalability and affordability of graphene oxide
and CNTs are still areas of active research.
Recent advances in synthesis techniques, such
as hydrothermal carbonization, are making these

materials more economically viable for
agricultural  applications.  Furthermore, the
reduction in fertilizer and irrigation costs

associated with CBNMs could offset their higher
initial investment over time, particularly in water-
scarce or nutrient-depleted regions.

9. POTENTIAL RISKS AND LIMITATIONS

While carbon-based nanomaterials (CBNMS)
hold great promise for improving soil health and
agricultural  productivity, their  widespread
adoption faces a variety of risks and limitations
(Biswas et.al., 2024). These challenges include
environmental concerns, technical and economic
barriers, and regulatory and ethical issues.
Addressing these challenges is crucial to
ensuring the safe and effective use of CBNMs in
agriculture.

9.1 Environmental Concerns

Despite their benefits, some CBNMs may pose
toxicity risks to soil organisms, plants, and other
components of the ecosystem. Studies have
demonstrated that high concentrations of certain
nanomaterials, such as carbon nanotubes
(CNTs) and graphene oxide (GO), can negatively
impact soil microbial communities and plant
growth. For example, CNTs have been found to
disrupt cellular functions in soil microbes by
causing oxidative stress and damaging cell
membranes, ultimately reducing microbial
diversity and activity. Graphene oxide can
interact with plant root systems in ways that
impede growth. Studies have shown that
excessive levels of graphene oxide in soil can
lead to toxicity by altering water and nutrient
uptake in plant roots or causing oxidative stress
due to the generation of reactive oxygen species
(ROS) (zhang et.al., 2020). These findings
highlight the importance of determining safe
concentration levels for the application of CBNMs
to minimize unintended toxic effects. The
bioaccumulation of CBNMs in plants and their
potential transfer to higher trophic levels also
raise concerns about food safety and ecosystem
health. Although many studies report minimal
risks at low concentrations, the long-term
impacts of CBNM accumulation in soil
ecosystems remain poorly understood and
require further research. The potential leaching

of nanoparticles from soils into water bodies
represents another significant environmental risk
associated with  CBNMs.  Carbon-based
nanomaterials, particularly those with high
mobility in soil matrices, may migrate to surface
water or groundwater systems, where they can
pose risks to aquatic organisms and human
health. CNTs and fullerenes have been shown to

aggregate under certain environmental
conditions, altering water chemistry and
potentially causing toxic effects in aquatic
ecosystems (Lawrence etal., 2016). The

interaction of CBNMs with heavy metals or
pesticides in soil can create complex chemical
species, which may leach into water systems and
exacerbate contamination risks. For example,
biochar has been shown to adsorb contaminants
such as arsenic and lead, but the stability of
these adsorbed species over time remains
uncertain. Leaching risks are particularly
concerning in areas with high rainfall or irrigated
agricultural systems, where water flow can
transport nanoparticles over large distances. To
mitigate these risks, it is essential to assess the
mobility, persistence, and transformations of
CBNMs in soils under various environmental
conditions. Developing strategies to minimize
leaching, such as functionalizing nanomaterials
to enhance their stability in soils, could also
reduce potential harm to water resources.

9.2 Technical and Economic Barriers

One of the most significant barriers to the
widespread use of CBNMs in agriculture is their
high cost of production. Advanced synthesis
techniqgues for materials such as graphene,
carbon nanotubes, and fullerenes, including
chemical vapor deposition (CVD) and arc
discharge methods, are expensive and require
specialized equipment (Manawi et.al., 2018).
Although biochar is relatively cost-effective
compared to other CBNMs, large-scale
production of high-quality biochar with specific
properties suitable for soil amendment can still
be cost-prohibitive for many farmers, especially
in low-income regions. Scalability remains
another critical issue. Producing sufficient
quantities of CBNMs to meet the demands of
large-scale agricultural applications presents
logistical challenges. Current production methods
for high-purity nanomaterials are often energy-
intensive and have low yields, limiting their
feasibility for widespread adoption. Addressing
these limitations will require the development of
more  cost-effective,  energy-efficient, and
scalable manufacturing processes, such as
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hydrothermal or microwave-assisted methods for
producing graphene oxide and biochar. The
uniform application of CBNMs in agricultural soils
poses another significant technical challenge.
Due to their nanoscale properties, CBNMs tend
to aggregate or disperse unevenly in soil
matrices, which can lead to inconsistent effects
on soil properties and plant growth. For example,
uneven distribution of biochar in soil can create
"hotspots" of nutrient availability, while other
areas remain nutrient-deficient, reducing overall
effectiveness. Monitoring the fate and behavior of
CBNMs in soils is technically complex and
requires advanced analytical tools, such as
transmission electron microscopy (TEM) or
spectroscopy techniques, to track their
transformations and interactions (Roupcova
et.al., 2020). The lack of standardized methods
for applying and monitoring CBNMs in
agricultural settings further complicates their
practical use. Developing user-friendly
application protocols and reliable monitoring
techniques is essential to address these
challenges.

9.3 Regulation and Ethical Concerns

The lack of standardization in the production,
characterization, and application of CBNMs
presents a major regulatory challenge. Variations
in the size, surface chemistry, and
functionalization of nanomaterials can result in
highly variable effects on soil health, making it
difficult to establish universal guidelines for their
safe and effective use. Regulatory agencies have
yet to develop comprehensive frameworks for the
assessment and approval of CBNMs in
agriculture. The absence of clear regulations
regarding the environmental and health risks of
CBNMs limits their adoption and creates
uncertainty for stakeholders (Virto et.al., 2022).
International collaboration between researchers,
policymakers, and industry leaders is needed to
establish standardized protocols for testing the
safety and efficacy of CBNMs before their
commercial deployment. Public perception of
nanotechnology in agriculture remains a
significant barrier to the widespread use of
CBNMs. Concerns about the potential
environmental and health risks associated with
nanomaterials have led to skepticism and
resistance among consumers and advocacy
groups. Misinformation about nanotechnology
and its applications has further contributed to
public distrust, highlighting the need for effective
science communication and education. Ethical
concerns about the potential monopolization of

nanotechnology by large agribusinesses also
raise questions about the accessibility of CBNMs
for smallholder farmers. Ensuring that these
technologies are affordable and accessible to all
stakeholders, including low-income communities,
will be crucial for fostering public acceptance and
maximizing their benefits (Bhanye et.al., 2024).
To address these concerns, it is essential to
engage the public in discussions about the
benefits and risks of nanotechnology, promote
transparency in research and development, and
implement equitable policies that prioritize
sustainability and social inclusion.

10. CURRENT STATE OF RESEARCH ON
CBNMs IN AGRICULTURE

Carbon-based nanomaterials (CBNMs) have
emerged as transformative tools in sustainable
agriculture, offering the potential to improve soil
health, enhance crop productivity, and mitigate
environmental challenges. The research on
CBNMs in agriculture is still evolving, with
several recent advances and key findings
highlighting their potential, as well as critical gaps
that need to be addressed.

10.1 Recent Advances

Laboratory-scale experiments have provided
foundational insights into the mechanisms by
which  CBNMs improve soil health and
agricultural productivity. These controlled studies
have demonstrated that materials such as

biochar, graphene oxide (GO), and carbon
nanotubes (CNTs) positively influence soil
structure, nutrient availability, and microbial

activity. For example, biochar has been shown to
enhance soil cation exchange capacity (CEC),
improve water retention, and reduce nutrient
leaching in a variety of soils (Dey et.al., 2023).
Graphene oxide has been found to increase
water-holding capacity and promote the slow
release of nutrients, making it a promising tool for
drought-prone regions. Laboratory studies have
also highlighted the antimicrobial properties of
certain CBNMs, such as graphene oxide and
CNTs, which can suppress soil pathogens while
supporting beneficial microbial communities.
CNTs, in particular, have demonstrated the ability
to improve plant nutrient uptake and seed
germination in hydroponic systems and soil-
based studies. A study showed that CNTs
enhance the growth of tomato plants by
facilitating water and nutrient transport to roots.
These studies have laid the groundwork for
understanding the effects of CBNMs on soil and
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plants, setting the stage for field-scale
applications. While lab-scale studies have
highlighted the potential benefits of CBNMs, field
trials and large-scale experiments are essential
for evaluating their performance under real-world
agricultural conditions. Recent field studies have
begun to explore the use of biochar and
graphene-based materials in crop production,
demonstrating their potential to enhance soil
fertility, water retention, and crop Vyields
(Bhattacharya et.al., 2023). A field study
conducted in India demonstrated that biochar
application increased soil organic carbon content
and improved the water-holding capacity of
degraded soils, resulting in a 20% increase in
wheat yield. Another study in China evaluated
the effects of graphene oxide on rice production,
finding that GO improved water-use efficiency
and nutrient uptake, leading to a 15% increase in
grain vyield. Field trials involving advanced
CBNMs, such as CNTs and fullerenes, remain
limited due to high costs and concerns about
environmental safety. The scalability and
economic feasibility of these materials are critical
challenges that need to be addressed before
their widespread adoption in agriculture.

10.2 Key Findings from Recent Studies

A growing body of research has demonstrated
that CBNMs can significantly improve soll
physical and chemical properties. For example,
biochar's porous structure enhances soil
aeration, water retention, and aggregation,
making it particularly beneficial for sandy or
degraded soils (Amoakwah et.al., 2017). Studies
have also shown that biochar application
increases soil pH in acidic soils, improving
nutrient availability for crops. Graphene oxide
has been found to improve the soil's water-
holding capacity and reduce the evaporation
rate, which is crucial for water-scarce regions.
Graphene oxide and biochar have demonstrated
the ability to adsorb heavy metals and organic
pollutants, reducing their bioavailability and
toxicity in contaminated soils. These findings
suggest that CBNMs can play a critical role in
soil  remediation and  sustainable land
management. CBNMs have shown significant
positive effects on plant growth and crop yield in
both lab and field studies. Biochar, has been
consistently shown to enhance crop productivity
by improving nutrient availability, water retention,
and microbial activity in the rhizosphere.
Graphene oxide and CNTs, due to their
nanoscale properties, directly interact with plant
roots, enhancing nutrient uptake and promoting

root elongation. A study found that CNTs
enhanced the uptake of essential nutrients, such
as nitrogen and potassium, resulting in increased
biomass production in wheat plants. Graphene
oxide has been shown to stimulate seed
germination and improve the quality of rice grains
(Li et.al., 2018). These studies highlight the
potential of CBNMs to improve crop productivity,
particularly in regions facing soil degradation or
water scarcity. The long-term impacts of these
materials on plant health and food safety remain
an important area of investigation.

10.3 Gaps in Current Research

While short-term studies have demonstrated the
benefits of CBNMs, their long-term impacts on
soil ecosystems and the environment remain
poorly understood. Questions about the
persistence of CBNMs in soils, their degradation
pathways, and their interactions with soil organic
matter and minerals require further investigation.
For example, biochar is known for its long-term
stability in soils, but its effects on soil microbial
communities and nutrient cycling over decades
are not fully understood. Graphene-based
materials and CNTs may persist in soils for
extended periods, potentially affecting microbial
diversity and soil health in unforeseen ways (Das
et.al., 2023). The potential accumulation of
CBNMs in soil ecosystems also raises concerns
about their environmental fate and potential
ecotoxicity. More research is needed to assess
the impacts of these materials under varying
environmental conditions and to establish safe
application thresholds. Most studies on CBNMs
have been conducted in controlled environments
using specific soil types, such as sandy or loamy
soils. The behavior and efficacy of CBNMs can
vary significantly across different soil types,
including clay, silt, and saline soils. The
adsorption capacity of biochar and graphene
oxide depends on soil texture, pH, and organic
matter content. In clay-rich soils, CBNMs may
exhibit reduced mobility and limited interaction
with plant roots, whereas in sandy soils, they
may enhance water retention and nutrient
availability more effectively (Mukherjee et.al.,
2016). Understanding how CBNMs interact with
diverse soil types is critical for optimizing their
application in different agroecological zones.
There is a lack of research on the effects of
CBNMs in highly degraded or contaminated
soils, where their potential to aid in soil
restoration could be particularly valuable. Future
studies should aim to explore the behavior and
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impacts of CBNMs across a wider range of soil
types and environmental conditions.

11. FUTURE

As the adoption of carbon-based nanomaterials
(CBNMs) in agriculture expands, there is a
growing need to address the technological,
environmental, and policy challenges that
accompany their use.

11.1 Research Priorities

One of the biggest barriers to the widespread
use of CBNMs in agriculture is the high cost of
production. Advanced nanomaterials such as
carbon nanotubes (CNTSs), graphene oxide (GO),
and fullerenes require energy-intensive and
complex synthesis techniques, such as chemical
vapor deposition (CVD) or arc discharge, which
limit scalability. Future research must prioritize
the development of cost-effective and
environmentally friendly methods for producing
CBNMs at a large scale (Asghar et.al., 2024).
Emerging technologies, such as microwave-
assisted synthesis and hydrothermal
carbonization, have shown promise for reducing
energy consumption and costs. For example,
hydrothermal carbonization can  convert
agricultural waste into biochar or graphene-like
materials under moderate temperature and
pressure conditions, making it a sustainable
option for nanomaterial production. Biological
synthesis methods, such as using
microorganisms or plant extracts to produce
nanomaterials, represent a green and cost-
effective alternative. Scaling up production will
also require innovations in manufacturing
processes to ensure consistent quality and
functionalization of CBNMs. Research efforts
should focus on optimizing material properties,
such as porosity, surface area, and functional
groups, to enhance their performance as soil
amendments while minimizing production costs.
The long-term impacts of CBNMs on soil health
and ecosystem dynamics remain poorly
understood. While short-term studies have
demonstrated significant benefits, such as
improved nutrient retention and plant growth, the
persistence and transformation of CBNMs in soll
environments require further investigation (Xiao-
bin et.al., 2006). Future research should focus on
understanding how CBNMs interact with soil
components, such as organic matter, minerals,
and microbial communities, over extended
periods. Biochar is known to be stable in soils for
decades to centuries, but its effects on nutrient

cycling and microbial activity may change over
time. Graphene oxide and CNTs may undergo
physical or chemical transformations that could
affect their efficacy and potential toxicity. The
environmental fate of CBNMs, including their
potential to leach into water systems or
accumulate in soils, needs to be studied under
various environmental conditions. Long-term field

experiments across diverse soil types and
climates are essential to assess the
sustainability and safety of CBNMs in

agriculture (Biswas et.al., 2024). These studies
should also evaluate the impacts of CBNMs on
soil biodiversity and ecosystem services,
such as carbon sequestration and water
filtration.

11.2 Integration with Other Technologies

The integration of CBNMs with precision
agriculture and Internet of Things (loT)-based
systems represents a transformative approach to
modern farming. Precision agriculture uses data-
driven technologies, such as remote sensing,
drones, and soil sensors, to optimize resource
use and improve crop Yyields. By combining
CBNMs with these technologies, farmers can
achieve targeted soil amendments and enhanced
monitoring capabilities. For example, graphene
oxide-based sensors can be embedded in soils
to monitor parameters such as nutrient levels,
moisture content, and pH in real time. These
sensors provide actionable insights, enabling
precise application of fertilizers and irrigation,
which minimizes  waste  and reduces
environmental impacts. CNTs have shown
potential in the development of advanced
biosensors for detecting soil pathogens and
contaminants, offering new tools for soil health
monitoring (Kundu et.al.,, 2019). Integrating
CBNMs with loT systems can also facilitate the
remote management of agricultural fields,
enabling farmers to make informed decisions
based on real-time data. This synergy between
nanotechnology and digital agriculture could
revolutionize  soil management practices,
improving efficiency and sustainability at scale.
CBNMs have the potential to play a pivotal role in
regenerative agriculture, a holistic approach that
focuses on restoring soil health, increasing
biodiversity, and enhancing ecosystem
resilience. Biochar, in particular, is well-suited for
regenerative practices due to its ability to
improve soil structure, sequester carbon, and
promote microbial diversity. Future research
should explore the use of CBNMs in conjunction
with other regenerative practices, such as cover
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cropping, crop rotation, and reduced tillage.
Combining biochar with organic amendments,
such as compost or green manure, could further
enhance soil fertility and carbon sequestration
(Kimetu et.al., 2010). Graphene oxide and CNTs
could be used to deliver biostimulants or
beneficial microbes to the rhizosphere,
supporting plant health and resilience under
stress conditions such as drought or salinity.
CBNMs could also aid in the reclamation of
degraded lands by stabilizing soil structure and
immobilizing pollutants. This aligns with the goals
of regenerative agriculture to restore degraded
ecosystems and create sustainable food
systems.

11.3 Policy and Regulation

The lack of standardized guidelines for the
production, application, and disposal of CBNMs
in agriculture remains a critical challenge.
Variabilty in the size, structure, and
functionalization of nanomaterials can result in
differing environmental and health impacts,
making it essential to establish clear regulations
for their use (Lead et.al., 2018). Future policies
should focus on developing standardized testing
protocols to evaluate the safety and efficacy of
CBNMs under diverse agricultural conditions.
These guidelines should address issues such as
application rates, potential toxicity thresholds,
and environmental fate. Regulatory agencies,
such as the FAO and national governments,
should collaborate with researchers and industry
stakeholders to create frameworks that balance
innovation with safety. Policies should promote
transparency in the production and labeling of
CBNMs to ensure that farmers and consumers
are informed about their benefits and risks. This
will help build public trust and support for the
adoption of nanotechnology in agriculture.
Addressing the complex challenges associated
with CBNMs in agriculture requires
interdisciplinary collaboration among scientists,
policymakers, and industry leaders. Chemists,
soil scientists, ecologists, and agricultural
engineers must work together to develop
sustainable solutions that maximize the benefits
of CBNMs while minimizing risks. Public-private
partnerships could accelerate research and
development by providing funding for large-scale
experiments and pilot projects. For example,
collaborations between nanotechnology
companies and agricultural organizations could
focus on creating affordable and scalable CBNM-
based solutions for smallholder farmers (Ham
et.al., 1998).

12. CONCLUSION

Carbon-based nanomaterials (CBNMs) represent
a transformative innovation in sustainable
agriculture,  offering  solutions to critical
challenges such as soil degradation, nutrient
inefficiency, and climate change impacts. Their
unique physical, chemical, and biological
properties improve soil structure, water retention,
nutrient availability, and microbial activity, leading
to enhanced crop productivity and resilience.
Their widespread adoption requires addressing
key  challenges, including cost-effective
synthesis, environmental safety, and long-term
impacts on soil ecosystems. Standardized
regulations, interdisciplinary collaboration, and
integration with technologies like precision
agriculture are essential to ensure their safe and
effective use. While research gaps persist,
advances in scalable production and long-term
studies highlight the immense potential of
CBNMs to revolutionize soil management and
support global food security. With responsible
innovation, CBNMs could play a pivotal role in
achieving sustainable agricultural practices and
environmental resilience.
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