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ABSTRACT

Sustainable and environmentally related remediation technologies are desolately needed due to
the sharp rise in environmental pollution brought on by urbanization, industrialization, and
concerted agricultural practices. Green-synthesised biochar nanocomposites derived from plants
have become a rising class of advanced functional materials for useful in environmental
applications. Biochar has biggest s.a, a porous struc., and a potent adsorption capacity. It is
pyrolyzing plant biomass in low oxygen environments. Biochar's physicochemical qualities are
improved while maintaining environmental safety and biocompatibility when it is combined with
green-based nanoparticles that use plant extracts as reducing and stabilisingagents.The green
synthesis, characterization, and environmental uses of biochar nanocomposites basedfrom plants
are the main topics of this work. To known the formation of nanoparticles, sur.
functionalization, and structure stability, characterization processes like FTIR, XRD, SEM, BET,
and UV-Vis spectroscopy are come in. Heavy metals, dyes, pesticides, and organic pollutants
are all effectively cut from water and soil by the synthesized nanocomposites. The study suggests
the potential of these environmentally friendly nanocomposites as long-term substitutes for
chemically synthesized materials in the areas of soil remediation, water purification, pollution

control, and climate change mitigation.

Keywords - Pollution, Green Synthesis, Environment, Bio-remediation, Plant Derived, Biochar
etc.
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CHAPTER 1
INTRODUCTION

Environmental pollution is more challenging that faced by mankind in modern century[l1].
Environmental pollution is due to rapid industrialization, urbanization, growth in population, and
agricultural activities which may lead to release of types of m in the environmkjjent[1].
Industrial waste which contains many toxins like dye, heavy metals, pharmaceuticals, pesticides,
and other organic pollutants finds its way rapidly into the water sources creating various health
and environmental threats. The conventional methods used for water treatment like chemical
precipitation[3], coagulation, membrane filtration, and adsorption using activated carbon are
costly and energy intensive, besides also causing secondary pollution[2].

As such, there has been a great need for the development of materials that can be disposed
environmentally friendly and can be used to clean pollutants. In this times, green
nanotechnology has originated as a fascinating area for the development of environmentally
friendly materials with enhanced physicalluyl and chemical analysis to properties[3]. It involves
the use of small amounts of toxic materials, energy-efficient and biological materials in the
production process. Several sustainable materials such as biochar nanocomposites have been
proposed for the cleanup of the environment. Biochar is to the porous carbon material that is
produced from biomas via thermal conversion, which takes place in the absence of 02. Different
kinds of biomass as agricultural residues have been used under oxygen-limiting conditions[7].

But biochar can also demonstrate low adsorption efficiency and selective affinity to particular
pollutants[5]. In order to overcome such challenges, the scientists have been paying considerable
attention to biochar modification through the incorporation of nanoparticles and metal oxides
into biochar to develop nano-biochar composites[5]. The incorporation improves the surface
activity, absorption capacity, catalytic activity, and ability to remove contaminants from water
and soil. Therefore, this approach could prove to be effective in overcoming these challenges[2].

Biochar-based nanocomposites have demonstrated superior characteristics in treating
wastewater, dye degradation, heavy metal adsorption, soil conditioning, and environmental
detoxification processes[6]. Nanocomposites created from plant extracts through green chemistry
methods have some advantages compared to those fabricated through chemical synthesis
approaches[4]. This is because green chemistry approaches do not involve reducing agents and
harmful solvents that might harm the environment[1]. The biomolecules present in the plant
extracts include phenols, flavonoids, alkaloids, proteins, and carbohydrates. These biomolecules
play a role in reducing, stabilization, and capping processes in the fabrication of
nanoparticles[1]. Thus, the preparation process for these nanocomposites through biomolecules
is eco-friendly and retains their biological function. Environmental pollution entails introducing
toxic chemicals into ennvironment.
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many pollution like water soil and air are just a few of the most important environmental
problems that affect both developed countries and developing countries[3]. Industrial effluents
are one of the type of water pollution. Textile industries, leather industries, drug companies,
paper industries, mining industries, electroplating industries, and chemical industries discharge
vast amounts of poisonous substances into water sources|1]. These pollutants include artificial
dyes, heavy metals, oil, detergents, pesticides, phenols, and pharmaceutical drugs. Most of these
pollutants are non-degradable, persistent, and highly dangerous even in small concentrations[8].

These pollutants include lead, cd, cr, hg, arsenic, and nickel among others. These are highly
dangerous because of their high toxicity, biomagnifications, and resistance to biodegradation[6].
Consumption of these heavy metals may lead to mental illness, kidney malfunction, lung
diseases, cancer, and many other illnessesIn addition, dyes used in textile industries and dye
industries reduce light penetration and hence inhibit photosynthesis in water systems and form
toxic degradation products[4]. Wastewater treatments are often expensive, ineffective, lead to
production of sludge, secondary pollution, and failure to eliminate contaminants from water
systems[7]. Thus, discovery of more effective and environmentally friendly adsorption materials
has become vital.

All aspects of the green chemistry and nanotechnology principles to develop nanomaterials that
are environmentally sustainable are included in green nanotechnology.[2] Green nanotechnology
focuses on minimizing any negative impact caused by nanoparticle production using traditional
methods, apart from improving the effectiveness of producing nanoparticles.[6] Conventional
production of nanoparticles uses hazardous organic solvents, toxic reducing agents, high
temperatures, and expensive production techniques. These processes may even generate toxic
substances and cause environmental degradation[8]. In contrast, green production methods use
biological resources like extracts of plant origins, microorganism, enzymes, and biopolymers to
produce nanoparticles. Among the various production methods, plant-based nanoparticle
synthesis method has proved to be very effective since plants have abundant phytochemicals that
can help in the reduction of metal ions and formation of nanoparticles.[7] Some of the
advantages of using plants include easy handling, economic efficiency, rapid processing,
practicality, and environmental sustainability. Furthermore, green nanotechnology supports
sustainable development through renewable resources and minimized chemical wastes.[10]

Green Synthesis Method for Biochar Nanocomposites for environmental engineering is very
important[9]. The term Biochar is a form of stable carbon product created by the use of pyrolysis
or some other similar method where biomass is converted into biochar by processes like thermal
degradation biomass in oxygen limited conditions[1]. Biomass Precursor Pyrolysis Temperature
Heating Rate Residence Time Surface Functionalization Techniques Biochar has some specific
properties, namely, Mesopores, Micropores developed on the surface[2]. Large Surface Area
Surface Functional Groups Thermal Stability Chemical Stabl High Adsorption Ability and other
Biochar properties have enormous potential in reducing, and n-n Interactions[4]. Plant based
biochar has several benefits because the biomass of plants is highly available, biodegradable,
renewable, and cost-effective[5]. Rice husk, sugarcane bagasse, coconut shells, banana peels,
saw dust, leaf, crop residue can be used to create biochar or remove contaminants, Carbon
Capture, Soil Enhancement, Waste Disposal, Reducing Green House Gases, and sustainable
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farming. Nanocomposites refer to substances produced by mixing or reacting two or more
distinct substances at the nano level to achieve enhanced physical or chemical properties.[11]

However, along with the progress and advancement, industrialization has posed a number of
environmental problems that threaten the ecosystem.[1] Contamination of water, land pollution
due to accumulation of toxic and poisonous wastes poses a serious threat.[1] Textile industry,
leather processing, electroplating, mining, pesticide production, and dyeing industries discharge
a large number of chemicals and pollutants in the environment.[3] These include;

1- Heavy metals

2- Synthetic dyes

3- Toxic organic compounds
4- Industrial chemicals

5- Pharmaceutical wastes

These toxicants are extremely persistent, non-biodegradable and toxic. They tend to cause
ecological imbalance in aquatic ecosystems.[2] Moreover, the presence of these pollutants leads
to the phenomenon of bioaccumulation and biomagnification which may prove fatal to the
ecosystem and also human health. The heavy metals have been identified as a major problem as
they are not decomposed easily in natural conditions and remain persistent in the environment
for long duration. Heavy metals include chromium, lead, cadmium, arsenic, and mercury[18].
They cause health hazards such as;

1- Kidney damage

2- Nervous disorders

3- Respiration related illnesses
4- Skin irritation

5- Cancer and mutagens

Furthermore, some types of dyes released into water due to textile industries as well as other
industrial sources hinder photosynthesis and reduce oxygen levels in water. Dye industry causes
cancer in aquatic life. With the increasing environmental pollution, there is now an urgent need
to develop efficient treatment techniques. Techniquea sorption Are commonly applied to remove
pollutants. But these methods have certain limitations due to the fact that chemicals harm the
environment if applied beyond the limit[2].

1- High operational cost
2- Sludge formation in water bodies

3- Generation of secondary pollutant
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4- Complex maintenance
5- High energy consumption for installation
6- Low efficiency for trace pollutants

There has been a recent increase in the use of biochar as a possible adsorbent material[4].
Biochar is produced to subjecting biomass to process of thermal carbonization known as

pyrolysis [1].

Different types of biomass materials can be used in biochar production,

. Agro-industrial wastes

. Crop residues

. Plant leaves

. Fruit peels

. Wood wastes

. Timber residue

. Food processing residues

Biochar has many physiological characteristics that are advantageous,

. Higher carbon content
. Porous nature

. largest surface area

. Surface func. groups

. Thermal stability
. High adsorptive capacity

All these make biochar ideal for use as an adsorbent material in pollution control[1]. Porous
nature of biochar enhances the surfaces available for interactions and provides many active
sites[7]. Surface functional groups such as hydroxyl, carboxyl, carbonyl, and phenolic groups
make it ideal for adsorption through different mechanisms like,

. Electrostatical interactions

. H2 bonds

. Ion to exchange
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. Surface complexation
. Chemical adsorption

One of the most efficient methods of enhancing biochar qualities includes use of nanoparticles
which form nanocomposites material within the biochar matrix[20]. Nanocomposites consist of
properties of nanoscale particles in conjunction with supporting material to yield advanced
functional material which enhances adsorption efficiency[1].

Nanoparticles have special properties characterised to their very small particle sizes and high
surface volume ratio.

0 Elevated chemical reactivity of functional groups

0 Increased catalytic activity of functional groups

0 Enhanced adsorption performance of surfaces

0 Large surface energy due to presence of different functional groups
0 Better pollutants interaction with surfaces

The combination of nanoparticles on biochar surfaces results in synergy which enhances the
following features;

0 Surface functionalities of biochar

0 Adsorption capacity of adsorbate

0 Selectivity of pollutants by pollutants

0 Activity of surfaces as catalyst

0 Toughness in environmental conditions

Biochar nanocomposites are increasingly being studied in applications including but not limited

to;

0 Removal of heavy metals
0 Removal of dyes

o Waste water treatment

0 Soil remediation

0 Photo-degradation

0 Environmental clean-ups
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The preparation of nanoparticles requires chemical and physical processes that include toxic and
carcinogenic reducing agents, toxic solvents, and environment-harming substances[23]. Such
processes may result in the emission of toxic wastes. Thus, there has been an increased interest in
developing environmentally friendly synthesis approaches in nanotechnology research.

There are environmentally benign methods in nanomaterials that make it possible to sustainably
synthesize nanoparticles[21]. The green approach relies on using natural biological products
including plants extract, microorganisms, animals, and natural compounds[6].

The plant-mediated synthesis method is highly recommended due to the natural components
found in plant extracts that include;

1. Flavonoids
2. Alkanoids
3. Tannins

4. Polyphenols
5. Proteins

6. Terpenoids

Green synthesis has many benefits including;

e Eco-friendly and low toxicities
e Cost-effective

e Simplicity

e Energy efficient

The quick rise in industrialization, agriculture, and urbanization has resulted in an increased
amount of toxic waste in substances, including higher metals, pesticides, pharmaceuticals, and
synthetic dyes [2]. The traditional approaches like advanced oxidation, filtration, and chemical
precipitation tend to face issues like high costs, production of second pollutants, or low
effectiveness, requiring alternative solutions to be found [4]. Biochar, which is a form of
carbonaceous solid formed a result of pyrolysis to biomass wwith thee limited access to oxygen,
has become more popular due to the versatility in its applications for environmental, soil
improvement, and climate control purposes [2]. One of the modern developments is the
application of nanotechnology techniques that have allowed decreasing the size of biochar
particles or combining them with other nanoparticles [4].

The performance of these nanocomposites in terms of physicochemical properties, including
surface area, porosity, stability, and functionality groups, exceeds that of macro biochar, thereby
facilitating effective adsorption, catalysis, and nutrient control [5]. In addition, modifications
with metals and metal oxides like iron, nickel, silver, cobalt, and zinc oxide can significantly
boost the effectiveness of pollutant adsorption, catalysis, and antimicrobial activity [6]. With
respect to agriculture, nanobiochar holds more advantages apart from its efficacy in wastewater
purification by being able to improve the soil, retain nutrients, reduce pathogens, and serve as
fillers for biocomposites [1]. Nevertheless, although lab experiments have proved to be
encouraging, there are some difficulties associated with nanocomposites. Environmental safety
issues, inconsistency in feedstocks and biochar fabrication techniques, and limited scalability of
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green syntheses are some of the problems that exist within the realm [1]. This article will present
recent findings related to biochar-nanocomposites with regard to the advancement in the
synthesis and modifications of these compounds, their application to environmental and
agricultural uses, contradiction and limitation in the current studies, and future considerations in
order to ensure safely and sustainable utilization of nanocomposites [9].
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CHAPTER 2
REVIEW OF LITERATURE

The greatest increment in environmental pollution from industrialization, urbanization,
agriculture, and anthropogenic actions has led to various environmental and human health
hazards at a worldwide level. Pollution of water sources with heavy metals, dyes, pesticides,
pharmaceutical waste, and toxic organic compounds is regarded as one of the toughest
challenges of our times [10]. Traditional treatment processes usually involve several issues like
expensive cost, inefficiency, use of energy, and creation of second pollutants. As a result, the
emergence of an alternative and environment-friendly material to deal with these issues has
drawn considerable scientific interest. Recent years have witnessed an increment trend of use
biochar based nanocomposites for environmental applications because of their superior
adsorption properties, high surface area, porous structure, and eco-friendliness [15].

Moreover, biochar produced from the plant biomass is cost-effective and sustainable
carbonaceous substance which serves as an ideal nanocomposite. Introduction of the
nanoparticles to the biochar enhances its physicochemical properties for effective removal of
contaminants[19]. In view of this, the necessity of decreasing the use of chemicals and creation
of sustainable materials becomes crucial since green synthesis of nanocomposites based on
biochar gains popularity [17]. The plants, which are used for generation of the biomass, serve as
the source of phytochemicals, which facilitate the method and stabilization of nanoparticles[21].
Pollution can be described as the negative alteration of any physical, chemical, or biological
property of the environment due to the presence of contaminated components.Pollution may
manifest itself differently, but water pollution can be regarded as one of the worst types. Textile
industry, leather processing, mining, chemicals, electroplating, paints, pesticides, fertilizers, and
papermaking industries contaminate water supplies with harmful contaminants[19].

Toxic substances include:

. Heavy metals

. Synthetic dyes

. Phenols

. Organic solvents

. Pesticides

. Medicines

. Radioactive materials

The major pollutants produced by industries are of non-biodegradable nature and thus able to
survive in the environment for an indefinite period of time[21]. These pollutants accumulate in
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the water bodies which result in adverse effects on the aquatic organisms and eventually end up
in human food chain through the phenomenon of bioaccumulation[3].

Limitations associated with wastewater treatment technologies include;

0 High operating costs
0 Formation of sludge
0 Secondary pollution

0 High energy usage
0 Low removal efficiency

Thus, scientists have developed various technologies for sustainable and environmentally
friendly remediation that are low cost and sustainable [22]. Biochar and biochar nanocomposites
are among the emerging eco friendly technologies for pollution control and environmental
remediation applications [23].

Biochar is a porous carbon based material obtained by the thermochemical process of pyrolysis
under limited oxygen availability conditions. Because of;

0 The high surface area,

0 The porous morphology,

0 The functional surface groups,
o The carbon-rich structure,
0 The adsorption properties,

Biochar gained much interest from researchers for waste water treatment, soil remediation,
carbon sequestration and environmental sustainability application [23]. Biosources such as
plants, algae, bacteria, fungi, biopolymers were widely used for nanomaterial synthesis in an eco
friendly way. Plant mediated synthesis of nanoparticles was more advantageous as it introduced
phytochemicals like flavonoids, phenolics, alkaloids, terpenoids, proteins, carbohydrates into
nanomaterials. These phytochemicals acted as reducing agents, stabilizing agents and capping
agents in the synthesis of nanoparticles [2]. The green synthesis methods had many advantages
which included eco friendliness, reduced toxicity, economicness, simplicity, high yield and large
scale production[1].

Physicochemical charactersticsss of Biochar

Biochar posses various physicochemical properties that make it a great adsorbent. The
physicochemical properties include high porosity, higher surface areaa, surface functional
groups, aromatic carbon structure, ions exchange capacity, and thermal stability[4]. The surface
functional groups common to biochar are OH groups, COOH groups, carbonyl groups, and
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phenolic groups. Surface functional groups plays a mazors role in the adssorption of pollutants
through chemical reactions[5]. Although biochar can serve as an excellent adsorbent, its
effectiveness can be limited when trying to remove certain pollutants. This calls for various
methods used to modify biochar in order to increase its effectiveness.

Modification Process of Biochar
Biochar modification processes include

» Chemical Activation,

* Physical Activation,

* Acidic Modification,
 Basic Modification,

* Magnetic Modification,
* Nano-inclusion

Nanocomposites refer to multi-phase materials with not less than one of these phases occurring
at the nanoscale[7]. Biochar nanocomposites refer to a combination of two constituents, namely,
biochar and nanomaterials. Nanoparticles added to biochar in the form of nanocomposites
include Zinc Oxide Nanoparticles, The major advantages of these nanoparticles are that they
have a tremendous potential for enhancing Surface Reactivity, Pollutant Interaction,
Photocatalytic Activity, Magnetic Separation, and Adsorption Capacity as well [21]. for biochar
nanocomposites, biochar serves as an effective Matrix for Stabilization as well as being a Porous
Adsorbent while the nanoparticles help in enhancing Active Sites as well as Catalytic Property
through Green Synthesis involving the utilization of biological sources such as plant extracts[3].
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CHAPTER 3

Methodology and Approaches

The current study is based on a literature review concerning biochar-based nanocomposites and
nano-biochars with regard to their applications and future potentials in sustainable agriculture
and environmental protection. The aim of the methodology adopted in this study is to
systematically compile information from the current scientific literature regarding the properties,
characteristics, applications, potentials, drawbacks, and future directions of biochar
nanotechnology.

The adopted methodology is purely literature-based, meaning that no experimental activities will
be conducted within a laboratory setting. The collection of literature has been done from
published journal articles, scientific papers, books, and other academic sources such as
conference proceedings. In doing so, key research trends, innovations, environmental, and
agricultural applications were noted within the field of biochar nanocomposites.

Research Approach

It was chosen since it allows for a thorough explanation and interpretation of scientific
discoveries that are already known without performing experiments in practice[6].

Methodology Highlights

. Literature collection

. Critical comparison of available scientific publications
. Literature interpretation

. Determination of further research perspectives

Literature Search Strategy

Related literature has been found by means of relevant scientific terms and combinations of key
phrases pertaining to biochar nanotechnology and environmental usage[7].

Data Organization and Analysis

The collected literature was meticulously classified into major themes, including:

. Biochar production techniques

. Biochar preparation at the nano level
. Biochar characterization techniques
. Agricultural uses of biochar
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Environmental remediation applications
Technological applications of advanced level biochar

Limitations of Biochar

Biochar Preparation

The methodology chapter also highlighted common approaches that are used in biochar
preparation as described by earlier studies. Majority of researchers prepared biochar using
pyrolysis which involves thermal decomposition of biomass under limited oxygen.

Common Biomass Materials

Nano-Biochar and Nanocomposite Synthesis Approaches

Various synthesis techniques reported in literature were descriptively examined.

O O O O

Rice husk

Sawdust

Sugarcane bagasse
Coconut shell
Agricultural residues
Poultry manure
Sewage sludge

area of surface
Porosity

Carbon content

Adsorption capasity

Mechanical ball milling
Ultrasonication
Chemical activation
Hydrothermal treatment

Nanocomposite Modification Methods

The use of nanoparticles including:
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Ferric oxide (oxide of ferous)

Zinc oxide (oxide of zinc)

Titanium dioxide (di oxide of titanium)
Magnesium oxide (oxide of mg)

O O O O

It has been done to enhance functionalities and adsorption capability.
Techniques for Nano-Biochar Characterization

The technique described herein involved review of methods used in characterization of

Techniques Purpose
SEM Surface Morphology Analysis
TEM Nanostructure Observation
FTIR Functional Group Identification
XRD Crystalline Struc. Analysis
BET Surface Area Determination
TGA Thermal Stsbility Analysis

Characterization approaches assist in finding out the properties that contribute towards better
results.

Evaluation of Agricultural Uses

The gathered literature was calculated in order to comprehand the contribution of nano-biochar
in sustainable agricultural practices[4].

Important Agricultural Aspects Discussed

Soil fertility improvement

Improvement in water retention capacity
Efficiency of nutrient delivery

Potential of crop yield

Tolerance of plants against stresses
Carbon sequestration

O O O O O O

Findings of comparative researches were briefly discussed to explain the benefits of nano-
biochar for plant growth and soils[6].

Evaluation of Environmental Remediation Applications

Another aspect studied in the report was the efficiency of nano-biochar when used for
environmental cleanup purposes.
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Environmental Parameters

Adsorption of heavy metals
Dye removal

Water treatment

Soil remediation
Adsorption of air pollutants

© © O © O

Various adsorption procedure are:

0 Ion exchange
0 Surface complexation
0 Electrostatic attraction
CHAPTER 4
RESULTS AND DISCUSSION

Based on an evaluation of published works, it became evident that biochar-based
nanocomposites and nano-biochar had received considerable academic interest owing to their
multipurpose nature and applications in sustainable agriculture and environmental clean-up
processes. Studies revealed that engineered nano-biochar had been found to be more reactive,
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increased porosity, and high adsorption capacities when compared to regular biochar[8].It was
observed that using nanoparticles as fillers within biochar greatly facilitated efficient pollutant
removal, fertilizer retention, improvement in soil fertility, and increased catalytic activities[5].
The researchers unanimously agreed upon the fact that nano biochar could serve as a main and
cost effective for resolving a range of environmental problems [28].

Results Concerning Biochar Synthesis and Nanoengineering
Type of biomass material

Pyrolysis temperature

Rate of heating

Duration of stay at high temperatures
Process of activation

O O O O

Nanoengineering methods like ball milling, ultrasonication, and chemical activation decreased
particle size effectively and improved surface chemistry.

3. Results of Characterization Studies

CharacterizationTechniques Mazor findings
SEM Highly Porous And Rough Surface Morphology
TEM Uniform Nanoscale Particle Distribution
FTIR Presence Of 02 Containing Functional Groups
XRD Improved Crystalline Struc. In Nanocomposites
BET Significant Increase In Surface Area

Sustainable Agriculture

The majority of research conducted on agriculture indicated beneficial effects of nano biochar on
soils or crops.

1 Advancements in agriculture through nano-biochar
"1 Soil water retention ability

[1 Nutrient retention

"1 Contamination activity improvement
1 Better seed germination

"1 Crop yield increase
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(1 Fertilizer losses reduction

A number of researchers proved high power of using nano-biochar in the fertilizers as it
provides controlled and slow release of nutrients[30].

Removal of Toxic Heavy Metals

An ample amount of scientific literature was devoted to examining adsorption capacity of nano-
biochar in relation to such toxic metals as:

O Pb

O Cd

O Cr

O As

[ Hg
It may have:

High adsorption capacity

Fast pollutants removal

Toxic metal immobilization improvement
Soil contamination stabilization

o O O O

Magnetic nano-biochar is easily separable because it is made of Fe;O, nanoparticles.
Applications for Wastewater Treatment

The majority of researches showed that biochar nanocomposites removed effectively:

o Organic dyes
o Pharmaceuticals
o Antibiotics
o Pesticides
o Industrial chemicals
CHAPTER 5
APPLICATIONS

Uses in environmental remediation
The uses of biochar nanocomposites has greater success in the environment sector for treating
waste water as well as microbial remediation. Due to increment , porosity, and base chemistry

G that can be controlled, they find applications in the removal of inorganic and organic
contaminants. In addition, biochar nanocomposites are also photocatalysts and antimicrobials.

a 1. Adsorption of Heavy Metals
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Heavy metals like cr, cd, pb, and ni are common pollutants in soil and aqueous environments
because of their emission from industries or runoff from agriculture activities. While pristine
biochar can bind these metals with cation exchange and surface complexation, the process is
impeded by inadequate concentration of active sites on the biochar surface[9]. Metal-
functionalized, however, been invented. reported that zero-valent nickel nano biochar, prepared
had high affinity towards heavy metals because of combined effect of Ni nanoparticles and
porous structure of biochar[18]. Likewise, nZVI-biochar composites made using sugarcane
bagasse and microwave plasma pyrolysis process quickly adsorbed arsenic and other hazardous
metals. In addition to their adsorption capacity, they could also be recycled by applying magnetic
separation. One notable work in this regard comes from who developed a novel material,
Hybridization with reduced graphene oxide improved the electron transfer rate and metal
oxidation. These works show that iron-, nickel-, and cobalt-based biochars can perform better
than pristine biochar for metal removal, although metal nanoparticle leakage remains
unresolved[31].

2. Adsorption of Organic Pollutants

Organical pollutants including dye, pharmaceuticales, and endocrinal disrupte chemical are other
important pollutants causing problems for aquatic life apart from heavy metal pollutants.Coconut
husk biochar combined with iron oxide nanoparticles is used to remove crystal violet dye
successfully. Another team has proven that methylene blue was effectively degraded by
Ag@Biochar composites, resulting in an efficiency rate of above 88%, which can be repeated for
up to six rounds.Pharmaceuticals include manganese ferrite biochar composite materials to
remove ketoprofen (non-steroidal anti-inflammatory drug) and benzophenone (sunscreen
agent)[25].Their experiments found that physiosorption played an overwhelming role in the
removal process of ketoprofen; both for the adsorption equilibrium. Emerging contaminants have
also been pointed out as the reason why nano-biochar would work well due to its unique surface
functionality for low concentration, hard to deal with contaminants like antibiotics and
pesticides[25].

3. Photocatalysis and Catalytic Applications

Apart from adsorption, there have been considerable breakthroughs in the use of biochar
nanocomposites as catalysts and photocatalysts the degradation for organic pollutants. Catalysts
with silver: Ag@biochar catalysts not only assist in dye degradation, but they also act as
antimicrobial agents towards wastewater treatment processes. Magnetic catalysts, biochar/Fe3O,
and SiO,—Ag nanocomposite acted as a catalyst in organic chemical synthesis, which is
sustainable over at least five cycles[41].Photocatalyst with synergy showed that composite made
up of cobalt oxide, graphene, and biochar generates oxygen radicals (OH, O,7), hence the
mineralization of various dyes, in addition to reduction of hexavalent chromium [6]. This
explains the significance of biochar as a stabilizer for photocatalytic nanoparticles[34].

4. Antimicrobial and Pathogen Control
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There have been recent applications of nano-biochar in microbial remediation. The study showed
that silver- and cobalt-loaded materials were highly effective at inhibiting bacteria while
eliminating chemical contaminants[41]. The two applications make the technology useful for
dealing with both chemicals and microbes in agricultural waste water.

Agricultural Applications of Nanocomposites

Although there are many studies in environmental remediation involving nanocomposites made
from biochar, there are other areas where the same technology can be applied in agriculture. Due
to the porous nature of nanocomposites and their ability to sequester carbon, the technology can
help enhance soil fertility, manage nutrients, inhibit pathogens, and alleviate climate change[40].

1. Soil Fertility and Nutrient Retentional

It has always been known that biochar can improve soil fertility through the increase of cation
exchange capacity, moisture retention capability, and availability of nutrients. The conversion of
biochar to nano-biochar is even more beneficial owing to greater specific surface area and
reactive sites[17]. They noted that biochar-metal nanocomposites provide better nutrient
immobilization and controlled nutrient release characteristics. For example, ZnO/biochar
nanocomposites act as pollutant scavengers as well as micronutrient supply sources for plant
uptake. Moreover, MgO/biochar nanocomposites have proven to enhance phosphorus
availability without causing nutrient leaching[10].

The special nature of surface chemistry makes the use of nano-biochar efficient in adsorbing
excess amounts of nitrogen and phosphorus from runoff water and their subsequent release into
the soil.

2. Plant Growth and Productivity

Most scientific literature mentions the potential benefits of using biochar nanocomposites to
promote and productivity. uses of nano-biochar is effective in controlling the transport and intake
of macronutrients and micronutrients and hence supporting healthy plant growth. Further, the
increased porous structure of this nanomaterial supports proper aeration and the presence of
microbes[23]. Some other benefits that could be achieved through ag-, or ferro-nano-biochar
include pathogen suppression in the soil, with demonstrating strong antimicrobial effects in
Ag@pbiochar. In the same way, the complexes of iron enhance both nutrient recycling and
microorganism suppression owing to their reductive and catalytic effects. However, several
scientists have found contradictory evidence in relation to biochar dosage since low amounts
support healthy plant growth while high concentrations of metal-based biochars promote
nanotoxicity[24].

3. Soil Health and Microbial Activity

Porous nature of biochar nanocomposites is a breeding ground for soil microbes that increases
rhizosphere activity. This has immediate benefits for soil nutrient cycling, humus stabilization,
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and biological antagonism. At the same time, biochar can bind agrochemicals, thus decreasing
their adverse effect on the soil microbes[21]. On the other hand, introduction of nanomaterials
raises doubts because while silver/cobalt nanoparticles ensure antimicrobial safety, they can have
negative effects on soil microorganisms. Such ecological contradictions require further research .

4. Climate Change Mitigation

The application of biochar has also been encouraged as a technology for carbon sequestration
owing to its stable nature atmospheric carbon in the soil. In addition, if used as nanocomposites,
biochar may become even more stable and reduce degradation by microorganisms[18].
sequestering nitrogen species and enhancing the aeration of soils. However, data on using nano-
biochar as a means of carbon in soils is still limited[1].

CONCLUSION AND LIMITATIONS

Biochar derived nanocomposites and nano biochar constitute novel material systems that bridge
agriculture, environmental cleanup, and nanotechnology applications. Leveraging the
sustainability and porosity of biochar as well as the high reactivity of nanometals, nanoparticles,
and nanocarbon, the materials provide improved adsorption, catalytic properties, antimicrobial
activity, and soil fertilizing effects[3]. All ten selected publications demonstrate the potential of
the materials to effectively remove dyes, pharmaceuticals, heavy metals, increase soil nutrients
retention, and act as eco-friendly fillers for polymers. However, there is a set of issues associated
with the use of such innovative solutions. Namely, the heterogeneity of biomaterial and
production processes leads to non-reproducibility and scaling problems. Metal and oxide
functionalization improves performance but creates additional environmental risks, including
leaching, toxicity, and ecotoxicity. Moreover, most of the research focuses on small-scale
studies, while practical validation is needed[27].
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Moreover, a lack of technological and economic analyses and the lack of regulations prevent
wide use. In order to unlock the potential of the material, it is necessary to use safe-by-design
techniques, establish standards for its production and focus on field experiments. Collaboration
between experts from diverse fields, environmental engineering, agronomy, and policy-making
will help achieve these goals[44]. In addition to being used for water and soil remediation, the
nanomaterials have the potential to be used in circular economy systems, advanced energy
materials, and precision agriculture in the future. Finally, biochar nanocomposites are currently
in transition, but they present an exciting prospect of being sustainable multi-functional
materials, which could solve numerous problems in agriculture and environmental
protection[57].

In addition, the lack of techno-economic analysis and regulation prevent large-scale
commercialization of biochar nanocomposites. It is expected that the future of such technology
lies in incorporating safety-by-design practices, creating standardized processes for their
production, and testing on field leve[39]l. A combination of expertise in materials science,
environmental engineering, and agronomy, together with policies and regulation, will be
essential for maximizing the advantages of using biochar nanocomposites. Not only do biochar
nanocomposites currently find applications in agriculture and environment, but they might also
prove beneficial in energy materials, the circular economy, and smart agriculture in the near
future. Conclusion To sum up, despite the fact that biochar nanocomposites cannot currently live
up to their full potential, they possess great prospects for becoming a breakthrough innovation in
agriculture and environment[45].

FUTURE SCOPE

Future prospect of biochar nanocomposites derived from plants appears very bright owing to an
increasing need for sustainable environmental technologies[46]. Future directions for the
research might be: The methods may be optimized for large-scale synthesis to facilitate
industrial-scale production of biochar nanocomposites Treatment of wastewaters containing
metal ions, Bioactive materials based on biochar Functionalized polymers with biochar
nanocomposites, These enhancements might enhance the performance of biochar
nanocomposites even more[3].

Techniques for adsorbent regeneration

e Efficiency of recycling process
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e Long-term stability
e Multiple cycles of adsorption and desorption Regeneration efficiency might help enhance
economic viability.

Biochar-based nanocomposites could be considered for;

e Enhancement of soil fertility
e [mmobilization of heavy metals

Controlled release of nutrientsThe versatility of applications made possible by the
multifunctionality of biochar nanocomposites makes possible a wide range of technological
applications. It was found out that biochar nanocomposites made from plant material via green
approaches are efficient, sustainable, and environmentally friendly materials that can be used to
remove pollutants [6]. This makes an attractive approach towards developing low-cost
technologies for environmental treatment, because of using renewable resources and the
incorporation of nanotechnology into environmental applications. It should also be noted that the
environmentally friendly nature of the production process makes this approach very
attraction[46].

REFERENCES

1. Wang, J., & Wang, S. (2019). Preparation, modification and environmental application of
biochar: A review. Journal of cleaner production, 227, 1002-1022.

2. Osman, A. 1., El-Monaem, E. M. A., Elgarahy, A. M., Aniagor, C. O., Hosny, M.,
Farghali, M., ... &Eltaweil, A. S. (2023). Methods to prepare biosorbents and magnetic
sorbents for water treatment: a review. Environmental Chemistry Letters, 21(4), 2337-
2398.

~

Z'l—.l turnltln Page 29 of 41 - Integrity Submission Submission ID trn:o?nz:l.':27535:1409564




7 turnitin

Page 30 of 41 - Integrity Submission Submission ID trn:oid:::27535:140956427

10.

11.

12.

13.

14.

15.

16.

7 turnitin

Lin, G., Zeng, B., Li, J., Wang, Z., Wang, S., Hu, T., & Zhang, L. (2023). A systematic
review of metal organic frameworks materials for heavy metal removal: Synthesis,
applications and mechanism. Chemical Engineering Journal, 460, 141710.

Haleem, A., Shafig, A., Chen, S. Q., & Nazar, M. (2023). A comprehensive review on
adsorption, photocatalytic and chemical degradation of dyes and nitro-compounds over
different kinds of porous and composite materials. Molecules, 28(3), 1081.

Cheng, N., Wang, B., Wu, P, Lee, X., Xing, Y., Chen, M., & Gao, B. (2021). Adsorption
of emerging contaminants from water and wastewater by modified biochar: A
review. Environmental Pollution, 273, 116448.

Luo, D., Wang, L., Nan, H., Cao, Y., Wang, H., Kumar, T. V., & Wang, C. (2023).
Phosphorus adsorption by functionalized biochar: a review. Environmental Chemistry
Letters, 21(1), 497-524.

Bolan, N., Hoang, S. A., Beiyuan, J., Gupta, S., Hou, D., Karakoti, A., ... & Van Zwieten,
L. (2022). Multifunctional applications of biochar beyond carbon storage. International
Materials Reviews, 67(2), 150-200.

Baskar, A. V., Bolan, N., Hoang, S. A., Sooriyakumar, P., Kumar, M., Singh, L., ... &
Siddique, K. H. (2022). Recovery, regeneration and sustainable management of spent
adsorbents from wastewater treatment streams: A review. Science of the Total
Environment, 822, 153555.

Xiang, W., Zhang, X., Chen, J., Zou, W., He, F., Hu, X., ... & Gao, B. (2020). Biochar
technology in wastewater treatment: A critical review. Chemosphere, 252, 126539.

Zhao, C., Wang, B., Theng, B. K., Wu, P, Liu, F., Wang, S., ... & Zhang, X. (2021).
Formation and mechanisms of nano-metal oxide-biochar composites for pollutants
removal: A review. Science of the Total Environment, 767, 145305.

Dey, A. K., &Ahmaruzzaman, M. (2023). Recent advances in nano-metal Oxide-Biochar
composites for efficient removal of environmental contaminants. Reviews of
Environmental Contamination and Toxicology, 261(1), 6.

Liu, J., Lin, Q., Gao, J., Jia, X., Cai, M., & Liang, Q. (2023). Adsorption properties and
mechanisms of methylene blue and tetracycline by nano-silica biochar composites
activated by KOH. Chemosphere, 337, 139395.

Zhou, L., Huang, Y., Qiu, W., Sun, Z., Liu, Z., & Song, Z. (2017). Adsorption properties
of nano-MnO2-biochar composites for copper in aqueous solution. Molecules, 22(1),
173.

Sisman, M., Teomete, E., Yanik, J., &Malayoglu, U. (2024). The effect of nano-biochar
produced from various raw materials on flow and mechanical properties of
mortar. Construction and Building Materials, 416, 135040.

Moulick, D., Mukherjee, A., Mahanta, S., Chowdhara, B., Pattnaik, B. K.,
Mukhopadhyay, A. K., ... & Hazra, S. (2024). Nano-composites and nano-biochar: a
novel solution to alleviate heavy metal stress in crops. In Nanomaterials and nano-
biochar in reducing soil stress (pp. 183-224). Apple Academic Press.

Lateef, A., Nazir, R., Jamil, N., Alam, S., Shah, R., Khan, M. N., & Saleem, M. (2019).
Synthesis and characterization of environmental friendly corncob biochar based nano-
composite—A potential slow release nano-fertilizer for sustainable
agriculture. Environmental Nanotechnology, Monitoring & Management, 11, 100212.

Page 30 of 41 - Integrity Submission Submission ID trn:02d5:27535:1409564

~



7 turnitin

Page 31 of 41 - Integrity Submission Submission ID trn:oid:::27535:140956427

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

7 turnitin

Ahmad, M., Usman, A. R., Rafique, M. L., & Al-Wabel, M. 1. (2019). Engineered biochar
composites with zeolite, silica, and nano-zerovalent iron for the efficient scavenging of
chlortetracycline from aqueous solutions. Environmental Science and Pollution
Research, 26(15), 15136-15152.

George, J., Azad, L. B., Poulose, A. M., An, Y., & Sarmah, A. K. (2019). Nano-
mechanical behaviour of biochar-starch polymer composite: Investigation through
advanced dynamic atomic force microscopy. Composites Part A: Applied Science and
Manufacturing, 124, 105486.

Ozgiin, M. 1., Erci, V., Madenci, E., &Erci, F. (2025). The Effect of Nano-Biochar
Derived from Olive Waste on the Thermal and Mechanical Properties of Epoxy
Composites. Polymers, 17(10), 1337.

Chandran, R. R., & CS, J. C. (2026). An approach to environmental remediation with
biochar (BC) and nanobiochar (NBC) based composites. Discover Environment, 4(1), 74.
Ahmad, M., Ahmad, M., Usman, A. R., Al-Faraj, A. S., Abduljabbar, A. S., & Al-Wabel,
M. L. (2018). Biochar composites with nano zerovalent iron and eggshell powder for
nitrate removal from aqueous solution with coexisting chloride ions. Environmental
science and pollution research, 25(26), 25757-25771.

Bhushan, B., Gupta, V., &Kotnala, S. (2020). Development of magnetic-biochar nano-
composite: Assessment of its physico-chemical properties. Materials Today:
Proceedings, 26, 3271-3274.

Pan, X., Gu, Z., Chen, W., & Li, Q. (2021). Preparation of biochar and biochar
composites and their application in a Fenton-like process for wastewater
decontamination: A review. Science of the Total Environment, 754, 142104.

Zhong, X., Lai, Y., Wang, X., Wang, M., Han, W., Zhang, M., & Ji, H. (2024). Synthesis
and environmental applications of biochar-supported nano-zero-valent iron composites: a
review. Environmental Chemistry Letters, 22(3), 1345-1363.

Igbal, J., Shah, N. S., Sayed, M., Niazi, N. K., Imran, M., Khan, J. A., ... &Howari, F.
(2021). Nano-zerovalent manganese/biochar composite for the adsorptive and oxidative
removal of Congo-red dye from aqueous solutions. Journal of Hazardous Materials, 403,
123854.

Bhandari, G., Gangola, S., Dhasmana, A., Rajput, V., Gupta, S., Malik, S., & Slama, P.
(2023). Nano-biochar: recent progress, challenges, and opportunities for sustainable
environmental remediation. Frontiers in Microbiology, 14, 1214870.

Chaukura, N., Murimba, E. C., & Gwenzi, W. (2017). Synthesis, characterisation and
methyl orange adsorption capacity of ferric oxide—biochar nano-composites derived from
pulp and paper sludge. Applied Water Science, 7(5), 2175-2186.

Zhang, L., Li, Q., Yan, Y., Jiang, X., & Shen, J. (2025). Development of nano-
hydroxyapatite@ biochar composite from low-cost precursors for enhanced
immobilization of lead and cadmium. Journal of Hazardous Materials, 140535.

Wang, L., Ok, Y. S., Tsang, D. C., Alessi, D. S., Rinklebe, J., Masek, O., ... & Hou, D.
(2022). Biochar composites: Emerging trends, field successes and sustainability
implications. Soil Use and Management, 35(1), 14-38.

Page 31 of 41 - Integrity Submission Submission ID trn:o?n§:27535:1409564

~



7 turnitin

Page 32 of 41 - Integrity Submission Submission ID trn:oid:::27535:140956427

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

7 turnitin

Geetha, T., Smitha, J. K., Sebastian, M., Litty, M. L., Joseph, B., Joseph, J., & Nisha, T.
S. (2024). Synthesis and characterization of nano iron oxide biochar composite for
efficient removal of crystal violet from water. Heliyon, 10(21).

Kang, Z., Zhang, J., Li, N, Yang, Y., Lv, T., & Lu, J. (2024). Development of self-
sensing cement composites by incorporating hybrid biochar and nano carbon
black. Cement and Concrete Composites, 153, 105708.

Zhang, S., Lyu, H., Tang, J., Song, B., Zhen, M., & Liu, X. (2019). A novel biochar
supported CMC stabilized nano zero-valent iron composite for hexavalent chromium
removal from water. Chemosphere, 217, 686-694.

Yasin, M. U., Muhammad, S., Chen, N., Hannan, F., Afzal, M., Haider, Z., ... & Gan, Y.
(2025). Nano-engineered biochar enhances soil microbial interactions and maize
transcriptomic  pathways for cadmium detoxification. Journal of Hazardous
Materials, 495, 139029.

Yang, Y., Li, G., Yue, X., Zhang, K., Zhang, Z., Zheng, H., ... & Peng, W. (2025).
Advances in biochar composites for environmental sustainability. Advanced Composites
and Hybrid Materials, 8(1), 74.

Joseph, S., Graber, E. R., Chia, C., Munroe, P., Donne, S., Thomas, T., ... & Hook, J.
(2013). Shifting paradigms: development of high-efficiency biochar fertilizers based on
nano-structures and soluble components. Carbon Management, 4(3), 323-343.

Ma, B., Zhu, J., Xu, Y., Zhang, L., Liu, D., Chen, C., & Sun, B. (2025). Photocatalytic
degradation of methylene blue using ZnO modified with nano-biochar derived from
bacterial cellulose. Ceramics International, 51(11), 14948-14956.

Mandal, S., Pu, S., Adhikari, S., Ma, H., Kim, D. H., Bai, Y., & Hou, D. (2021). Progress
and future prospects in biochar composites: Application and reflection in the soil
environment. Critical reviews in environmental science and technology, 51(3), 219-271.
Ahmed, M. B., Zhou, J. L., Ngo, H. H., Guo, W., Johir, M. A., Sornalingam, K., ... &
Kallel, M. (2017). Nano-Fe0 immobilized onto functionalized biochar gaining excellent
stability during sorption and reduction of chloramphenicol via transforming to reusable
magnetic composite. Chemical Engineering Journal, 322, 571-581.

Jiang, C., Bo, J., Xiao, X., Zhang, S., Wang, Z., Yan, G., ... & He, H. (2020). Converting
waste lignin into nano-biochar as a renewable substitute of carbon black for reinforcing
styrene-butadiene rubber. Waste management, 102, 732-742.

Li, J.,, Cai, X., Liu, Y., Gu, Y., Wang, H., Liu, S., ... & Liu, S. (2020). Design and
synthesis of a biochar-supported nano manganese dioxide composite for antibiotics
removal from aqueous solution. Frontiers in Environmental Science, 8, 62.

Xia, C., Liang, Y., Li, X., Al Garalleh, H., Garaleh, M., Hill, J. M., & Pugazhendhi, A.
(2023). Remediation competence of nanoparticles amalgamated biochar
(nanobiochar/nanocomposite) on pollutants: a review. Environmental Research, 218,
114947.

Ai, D., Wei, T., Meng, Y., Chen, X., & Wang, B. (2022). Ball milling sulfur-doped nano
zero-valent iron@ biochar composite for the efficient removal of phosphorus from water:
Performance and mechanisms. Bioresource technology, 357, 127316.

Page 32 of 41 - Integrity Submission Submission ID trn:02d2:27535:1409564

~



7 turnitin

Page 33 of 41 - Integrity Submission Submission ID trn:oid:::27535:140956427

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

7 turnitin

Abutu, D., Money, B., David, A. H., Ameh, A. O., &Ujulu, P. (2026). Development of
silanized nano-biochar from palm kernel shell for enhanced thermal insulation in
polyethylene composites. Discover Chemistry, 3(1), 226.

Zhang, Z., Wang, G., Li, W., Zhang, L., Guo, B., Ding, L., & Li, X. (2021).
Photocatalytic activity of magnetic nano-B-FeOOH/Fe304/biochar composites for the
enhanced degradation of methyl orange under visible light. Nanomaterials, 11(2), 526.
Xu, J., Xie, Y., Yao, Q., Lv, L., & Chu, H. (2024). Advances in sustainable nano-biochar:
precursors, synthesis methods and applications. Nanoscale, 16(32), 15009-15032.

Cai, D., Wang, L., Zhang, G., Zhang, X., & Wu, Z. (2013). Controlling pesticide loss by
natural porous micro/nano composites: straw ash-based biochar and biosilica. ACS
applied materials & interfaces, 5(18), 9212-9216.

Tahir, N., Ramzan, H., Nadeem, F., Usman, M., Shahzaib, M., Rahman, M. U,, ... &
Zhang, Z. (2026). Engineering the microbial-electrochemical interface: synergistic of co-
fe nano biochar composites for enhanced electron channelling to alter the metabolic
pathway in light-driven biohydrogen production. Biochar, 8(1), 31.

Xue, Y., Kamali, M., Liyakat, A., Bruggeman, M., Muhammad, Z., Rossi, B., ... &
Dewil, R. (2023). A walnut shell biochar-nano zero-valent iron composite membrane for
the degradation of carbamazepine via persulfate activation. Science of the Total
Environment, 8§99, 165535.

Shaheen, S. M., Mosa, A., Natasha, Abdelrahman, H., Niazi, N. K., Antoniadis, V., ...
&Rinklebe, J. (2022). Removal of toxic elements from aqueous environments using nano
zero-valent iron-and iron oxide-modified biochar: a review. Biochar, 4(1), 24.

Liu, R., Zhang, Y., Hu, B., & Wang, H. (2022). Improved Pb (II) removal in aqueous
solution by sulfide@ biochar and polysaccharose-FeS@ biochar composites: efficiencies
and mechanisms. Chemosphere, 287, 132087.

Yi, S., Sun, Y., Hu, X., Xu, H., Gao, B., & Wu, J. (2018). Porous nano-cerium oxide
wood chip biochar composites for aqueous levofloxacin removal and sorption mechanism
insights. Environmental Science and Pollution Research, 25(26), 25629-25637.

Yildirim, G. M., & Bayrak, B. (2022). The synthesis of biochar-supported nano zero-
valent iron composite and its adsorption performance in removal of malachite
green. Biomass Conversion and Biorefinery, 12(10), 4785-4797.

Wang, H., Liu, R., Chen, Q., Mo, Y., & Zhang, Y. (2022). Biochar-supported
starch/chitosan-stabilized nano-iron sulfide composites for the removal of lead ions and
nitrogen from aqueous solutions. Bioresource technology, 347, 126700.

Ali, L., Manzoor, N., Ahmed, T., Abbas, A., Qadir, M. F., Song, C., & Wang, G. (2026).
Engineered biochar nanocomposites: integrating nanotechnology with carbon-based
materials to enhance plant resilience against biotic and abiotic stresses. Frontiers in Plant
Science, 17, 1775263.

Zhang, Y., Zhao, G., Xuan, Y., Gan, L., & Pan, M. (2021). Enhanced photocatalytic
performance for phenol degradation using ZnO modified with nano-biochar derived from
cellulose nanocrystals. Cellulose, 28(2), 991-1009.

Pankratov, D. A., Dovletyarova, E. A., Zhikharev, A. P., Gusev, A., Yaifez, C., &
Neaman, A. (2024). Deciphering the corrosion puzzle: Nano-iron-biochar composite—Not
a quick fix for metal immobilization in peat soils. Applied Geochemistry, 166, 105982.

Page 33 of 41 - Integrity Submission Submission ID trn:02t§:27535:1409564

~



z"-.l turnitin‘. Page 34 of 41 - Integrity Submission Submission ID  trn:oid:::27535:140956427

57. Ahmad, J., Al-Farraj, A. S., Ahmad, M., Al-Wabel, M. 1., Rafique, M. ., & Al-Swadi, H.
A. (2023). Fabrication of nano-bentonite-based organo-minerals composites of biochar:
characterization and application to remove arsenate from contaminated water. Water, Air,
& Soil Pollution, 234(5), 302.

58. Raut, S. S., Sharma, A., & Mishra, A. (2025). Nano-Bioremediation via Biochar, Zeolite
Nanocomposites for Water Quality Enhancement: A Review. Water Environment
Research, 97(7), €70151.

59. Vira-Vasquez, P., Baca-Neglia, M., Badillo-Rivera, E., Césare-Coral, M. F., Castro
Pantoja, J. B., Sotelo-Méndez, A., ... & Quispe-Ojeda, T. C. (2025). Trends and research
gaps in nano-biochar soil applications: a scientometric analysis. Frontiers in
Environmental Science, 13, 1723114.

60. Wu, M., Wu, L., Zhang, W., Zhong, X., Guo, R., Cui, Z., ... &Lv, J. (2025). Efficient
removal of cadmium (II) and arsenic (III) from water by nano-zero-valent iron modified
biochar-zeolite composite. Ecotoxicology and Environmental Safety, 296, 118178.

61. Xiao, J., Hu, R., & Chen, G. (2020). Micro-nano-engineered nitrogenous bone biochar
developed with a ball-milling technique for high-efficiency removal of aquatic Cd (II),
Cu (I) and Pb (I). Journal of Hazardous Materials, 387, 121980.

62. Igbal, J., Shah, N. S., Sayed, M., Rauf, S., Khan, Z. U. H., Niazi, N. K., ... & Rehman, F.
(2022). Efficient removal of norfloxacin using nano zerovalent cerium composite
biochar-catalyzed peroxydisulfate. Journal of cleaner production, 377, 134405.

63. Gao, Q., Zhai, W., Fu, W., Liu, L., Zhu, Y., Jiang, K., ... & Wang, Z. (2025). Sulfidated
Nano Zero-Valent Iron Sludge Biochar Composites for Efficient Tannic Acid Removal
and Enhanced Anaerobic Digestion. Processes, 13(4), 1084.

64. Zhu, D., Chen, Y., Yang, H., Wang, S., Wang, X., Zhang, S., & Chen, H. (2020).
Synthesis and characterization of magnesium oxide nanoparticle-containing biochar
composites for efficient phosphorus removal from aqueous solution. Chemosphere, 247,
125847.

65. Kumar, A., Kumar, A., Sharma, G., Naushad, M., Stadler, F. J., Ghfar, A. A, ... & Saini,
R. V. (2017). Sustainable nano-hybrids of magnetic biochar supported g-C3N4/FeVO4
for solar powered degradation of noxious pollutants-Synergism of adsorption,
photocatalysis & photo-ozonation. Journal of Cleaner Production, 165, 431-451.

66. Raj, B., Perumal, P., Padhy, A. K., Rao, D. S., & Mohapatra, M. (2024). Physicochemical
dependency of biochar-based nano-phase composites derived through ball milling for
visionary energy storage applications. In Nanofabrication (pp. 194-208). CRC Press.

67. Al-Najar, B., Mustafa, A., Al-Yaqoob, K., &Albuflasa, H. (2024). Nano-biochar
Composites for Decontamination of Wastewater. In Biochar: A Sustainable
Approach (pp. 65-92). Singapore: Springer Nature Singapore.

68. Munir, R., Ali, K., Naqvi, S. A. Z., Muneer, A., Bashir, M. Z., Magsood, M. A., &
Noreen, S. (2023). Green metal oxides coated biochar nanocomposites preparation and its
utilization in vertical flow constructed wetlands for reactive dye removal: Performance
and kinetics studies. Journal of Contaminant Hydrology, 256, 104167.

69. Adawiyah, R., Yuliasari, N., Hanifah, Y., & Palapa, N. R. (2025). Areca catechu biochar
and nano-biochar as adsorbents for Congo red: Synthesis, characterization, and

~

itin Page 34 of 41 - Integrity Submission Submission 1D trn:ofd2:27535:1409564
¢




z"-.l turnitin‘. Page 35 of 41 - Integrity Submission Submission ID  trn:oid:::27535:140956427

performance evaluation. Bulletin of Chemical Reaction Engineering & Catalysis, 20(1),
112-128.

70. Liang, L., Xi, F., Tan, W., Meng, X., Hu, B., & Wang, X. (2021). Review of organic and
inorganic pollutants removal by biochar and biochar-based composites. Biochar, 3(3),
255-281.

71. Khan, M. N., Siddique, M., Mirza, N., Khan, R., Bilal, M., Riaz, N., ... & Khan, A.
(2022). Synthesis, characterization, and application of Ag-biochar composite for sono-
adsorption of phenol. Frontiers in Environmental Science, 10, 823656.

72. Restuccia, L., Ferro, G. A., Suarez-Riera, D., Sirico, A., Bernardi, P., Belletti, B.,
&Malcevschi, A. (2020). Mechanical characterization of different biochar-based cement
composites. Procedia Structural Integrity, 25, 226-233.

73. Zhu, L., Tong, L., Zhao, N., Li, J., &Lv, Y. (2019). Coupling interaction between porous
biochar and nano zero valent iron/nano a-hydroxyl iron oxide improves the remediation
efficiency of cadmium in aqueous solution. Chemosphere, 219, 493-503.

74. Zhang, M., Gao, B., Yao, Y., Xue, Y., & Inyang, M. (2012). Synthesis of porous MgO-
biochar nanocomposites for removal of phosphate and nitrate from aqueous
solutions. Chemical Engineering Journal, 210, 26-32.

75. Altintas Yildirim, O., & Pehlivan, E. (2023). Removal of methylene blue using a novel
generation photocatalyst based on nano-SnO2/wild plumb kernel shell biochar
composite. Journal of Dispersion Science and Technology, 44(14), 2748-2759.

76. Ahuja, R., Kalia, A., Sikka, R., & P, C. (2022). Nano modifications of biochar to enhance
heavy metal adsorption from wastewaters: a review. ACS omega, 7(50), 45825-45836.

77. Lei, W., Wang, X., Zhang, Y., Luo, Z., Xia, P., Zou, Y., ... & Lin, S. (2021). Facile
synthesis of Fe3C nano-particles/porous biochar cathode materials for lithium sulfur
battery. Journal of Alloys and Compounds, 853, 157024.

78. Hasan, M. U., Javed, H., Hussain, M. M., Shakoor, M. B., Bibi, 1., Shahid, M., ... &
Niazi, N. K. (2022). Biochar/nano-zerovalent zinc-based materials for arsenic removal
from contaminated water. International journal of phytoremediation, 25(9), 1155-1164.

79. Nan, N., DeVallance, D. B., Xie, X., & Wang, J. (2016). The effect of bio-carbon
addition on the electrical, mechanical, and thermal properties of polyvinyl
alcohol/biochar composites. Journal of Composite Materials, 50(9), 1161-1168

80. Abbasnasab, Z., Moradi, N., Esmacilpour, Y., Gholami, H., & Biniaz, M. (2025).
Investigation of the effect of nano scale and organic polymers amendments on some
sandy soil properties. [ranian Journal of Range and Desert Research, 32(1), 91-107.

81. Tang, J., Jiang, A., Chen, W., Rao, J., Zhou, M., Ma, Z., ... & Li, S. (2025). Effects of
bamboo nano-biochar on sandy loam nitrogen and phosphorus leaching loss and water
infiltration capacity. Science of The Total Environment, 1000, 180453.

82. Zhao, X., Yuan, P., Yang, Z., Peng, W., Meng, X., & Cheng, J. (2022). Integration of
micro-nano-engineered hydroxyapatite/biochars with optimized sorption for heavy metals
and pharmaceuticals. Nanomaterials, 12(12), 1988.

83. Masood ul Hasan, 1., Javed, H., Hussain, M. M., Shakoor, M. B., Bibi, 1., Shahid, M., ...
& Niazi, N. K. (2023). Biochar/nano-zerovalent zinc-based materials for arsenic removal
from contaminated water. International Journal of Phytoremediation, 25(9), 1155-1164.

~

Z'l-.l turnitinﬁ Page 35 of 41 - Integrity Submission Submission 1D trn:oRi0k27535:1409564




7 turnitin

Page 36 of 41 - Integrity Submission Submission ID trn:oid:::27535:140956427

&4.

85.

86.

87.

88.

9.

90.

91.

92.

93.

94.

95.

96.

7 turnitin

Feng, X., Li, X., Su, B., & Ma, J. (2022). Solid-phase fabrication of TiO2/Chitosan-
biochar composites with superior UV—vis light driven photocatalytic degradation
performance. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 648,
129114.

Xiao, J., Hu, R., Chen, G., & Xing, B. (2020). Facile synthesis of multifunctional bone
biochar composites decorated with Fe/Mn oxide micro-nanoparticles: physicochemical
properties, heavy metals sorption behavior and mechanism. Journal of Hazardous
Materials, 399, 123067.

Irshad, M. A., Irfan, A., Inam, A., Zulfiqar, U., Al-Hussain, S. A., Sultan, K., ... & Zaki,
M. E. (2026). Synergistics effect of novel nano biochar on wheat growth, yield and
antifungal response under cadmium contaminated soil: A field study. Ecotoxicology and
Environmental Safety, 312, 119860.

Mondal, G., Sahoo, P., Banerjee, S., Nandi, R., Ghosh, C., Mandal, J., & Bhattacharyya,
P. (2025). Utilizing nano zero-valent iron impregnated biochar for removal of hexavalent
chromium from water: An assessment through Box-Behnken optimization, kinetics, and
isotherm studies. Groundwater for Sustainable Development, 29, 101446.

Fan, C., Chen, N., Qin, J., Yang, Y., Feng, C., Li, M., & Gao, Y. (2020). Biochar
stabilized nano zero-valent iron and its removal performance and mechanism of
pentavalent vanadium (V (V)). Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 599, 124882.

Zhang, L., Wang, G., Xie, S., Wang, C., Shi, N., Mai, Y., ... & Xiao, Q. (2024).
Simultaneous removal of U (VI) and tetracycline from aqueous solution by biochar-
supported nano-hydroxyapatite: new insights into the role of biochar and interactions
between pollutants. Separation and Purification Technology, 345, 127303.

Pehlivan, E., &Ozkok, B. (2025). Synthesis and Characterization of Biochar and Nano-
Biochar Composites Derived from Biomass (Coluteacilicica) for the Removal of Cationic
Dyes from Aqueous Solutions. The Eurasia Proceedings of Science, Technology,
Engineering and Mathematics, 38, 423-432.

Xie, L., Zhang, Z., & He, Y. (2023). Antibacterial effect of polyvinyl alcohol/biochar—
nano silver/sodium alginate gel beads. Processes, 11(8), 2330.

Das, R., & Panda, S. N. (2022). Preparation and applications of biochar based
nanocomposite: A review. Journal of Analytical and Applied Pyrolysis, 167, 105691.

Oh, S. Y., Lee, H., & Ryu, K. S. (2024). Degradation of phenol and sulfamethoxazole
with persulfate and ozone with nano-MnO2—-biochar composites. Journal of Chemical
Technology & Biotechnology, 99(6), 1423-1434.

Zaman Khan, S., Rehman, Z. U., Khan, A. H., & Sultan, T. (2026). Mechanical and
microstructural improvements in expansive soils treated with nano-modified
biochar. Road Materials and Pavement Design, 1-29.

Ardebili, S. M. S., Taghipoor, A., Solmaz, H., & Mostafaei, M. (2020). The effect of
nano-biochar on the performance and emissions of a diesel engine fueled with fusel oil-
diesel fuel. Fuel, 268, 117356.

Niu, J., Wang, X., Zeng, H., Li, J., Niu, S., Wang, D., & Ran, F. (2026). Leveraging
bidirectional synergy of nano-plastics and copper ions to prepare biochar-based energy

Page 36 of 41 - Integrity Submission Submission ID trn:c?ﬂ:.l::27535:1409564

~



7 turnitin

Page 37 of 41 - Integrity Submission Submission ID trn:oid:::27535:140956427

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

7 turnitin

storage materials with enhanced metal dispersion. Journal of Colloid and Interface
Science, 140610.

Priyadarsini, A., Mohanty, C., Nanda, S., Mishra, A., Das, N., Swain, N., ... & Jena, P. K.
(2024). Synergistic cobalt oxide/reduced graphene oxide/biochar nano-composite
catalyst: harnessing the power of the catalyst for sustainable remediation of organic dyes
and chromium (VI). RSC advances, 14(14), 10089-10103.

Guan, W., Hou, X., Wang, Y., Chu, C., & Ali, M. K. A. (2025). Interaction Lubrication
Mechanism Between Nano-Biochar and Traditional Oil Additives Under Various Sliding
Conditions. Lubricants, 13(3), 102.

Zhu, D., Yang, H., Chen, X., Chen, W., Cai, N., Chen, Y., ... & Chen, H. (2021).
Temperature-dependent magnesium citrate modified formation of MgO nanoparticles
biochar composites with efficient phosphate removal. Chemosphere, 274, 129904.

Ding, C., Wu, L., Li, F., Hu, W., & Zhang, Z. (2026). Synergistic Regulation of
Soil Enzymes and Microbial Communities by Biochar-Supported Nano-Hydroxyapatite
Under Cadmium Stress. Land Degradation & Development, 37(7), 2685-2696.

Hassan, A. Z., Mahmoud, A. W. M., Turky, G. M., & Safwat, G. (2020). Rice
husk derived biochar as smart material loading nano nutrients and
microorganisms. Bulgarian Journal of Agricultural Science, 26(2).

Ahmed, W., Xu, T., Mahmood, M., Nufiez-Delgado, A., Ali, S., Shakoor, A., ... &
Mehmood, S. (2022). Nano-hydroxyapatite modified biochar: Insights into the dynamic
adsorption and performance of lead (II) removal from aqueous solution. Environmental
research, 214, 113827.

Alomairy, S., Gnanasekaran, L., Rajendran, S., &Alsanie, W. F. (2023). Biochar
supported nano core-shell (TiO2/CoFe204) for wastewater treatment. Environmental
Research, 238, 117169.

Liu, Z., Tang, J., Ren, X., & Schaeffer, S. M. (2021). Effects of phosphorus
modified nZVI-biochar composite on emission of greenhouse gases and changes of
microbial community in soil. Environmental Pollution, 274, 116483.

Zhang, X., Shi, C., Hu, H., Zhou, Z., & Zhao, X. (2023). Complexation and
degradation of tetracycline by activation of molecular oxygen with biochar-supported
nano-zero-valent  copper composite. Environmental  Science and  Pollution
Research, 30(12), 34827-34839.

Elhakem, A., Faizan, M., Karabulut, F., Alam, P., Ahmed, S. M., & Rajput, V. D.
(2025). Exploring nano-biochar: An emerging therapy for soil health. Egyptian Journal
of Soil Science, 65(1).

Zhuo, S. N., Ren, H. Y., Cao, G. L., Xie, G. J., Xing, D. F., Ren, N. Q., & Liu, B.
F. (2022). Highly efficient activation of persulfate by encapsulated nano-Fe0 biochar for
acetaminophen degradation: Rich electron environment and dominant effect of
superoxide radical. Chemical Engineering Journal, 440, 135947.

Zhu, S., Irshad, M. K., Ibrahim, M., Chen, Q., Shang, J., & Zhang, Q. (2022). The
distinctive role of nano-hydroxyapatite modified biochar for alleviation of cadmium and
arsenic toxicity in aqueous system. Journal of Water Process Engineering, 49, 103054.

Page 37 of 41 - Integrity Submission Submission ID trn:c%2:27535:1409564

~



z"-.l turnitin‘. Page 38 of 41 - Integrity Submission Submission ID  trn:oid:::27535:140956427

109. Wang, Z. K., Liu, Q. H., & Yang, Z. M. (2023). Nano magnetite-loaded biochar
boosted methanogenesis through shifting microbial community composition and
modulating electron transfer. Science of the Total Environment, 861, 160597.

110. Ouyang, D., Yan, J., Qian, L., Chen, Y., Han, L., Su, A., ... & Chen, M. (2017).
Degradation of 1, 4-dioxane by biochar supported nano magnetite particles activating
persulfate. Chemosphere, 184, 609-617.

111. Mohd Azan, N. A. A., Sagadevan, S., Mohamed, A. R., Nor Azazi, A. H., Suah,
F. B. M., Kobayashi, T., ... & Mohd Kaus, N. H. (2022). Solar light-induced
photocatalytic degradation of ciprofloxacin antibiotic using biochar supported nano
bismuth ferrite composite. Catalysts, 12(10), 1269.

112. Beskopylny, A. N., Stel’makh, S. A., Shcherban’, E. M., Mailyan, L. R., Meskhi,
B., Smolyanichenko, A. S., ... & Dotsenko, N. Y. (2022). Influence of Electromagnetic
Activation of Cement Paste and Nano-Modification by Rice Straw Biochar on the
Structure and Characteristics of Concrete. Journal of Composites Science, 6(9), 268.

113. He, K., Sun, A., Guo, Z., Zheng, C., Jin, Y., Jiang, H., ... & Li, J. (2025).
Preparation of nano zero-valent iron-doped magnetic biochar from different types of iron
salts: Comparing their adsorption capability for sulfamethoxazole. Journal of
Environmental Chemical Engineering, 119127.

114. Aboughaly, M., Babaei-Ghazvini, A., Dhar, P., Patel, R., & Acharya, B. (2023).
Enhancing the potential of polymer composites using biochar as a filler: a
review. Polymers, 15(19), 3981.

115. Zhu, D., Shao, J., Li, Z., Yang, H., Zhang, S., & Chen, H. (2021). Nano nickel
embedded in N-doped CNTs-supported porous biochar for adsorption-reduction of
hexavalent chromium. Journal of hazardous materials, 416, 125693.

116. He, K., Sun, A., Guo, Z., Zheng, C., Jin, Y., Jiang, H., ... & Li, J. (2025).
Preparation of nano zero-valent iron-doped magnetic biochar from different types of iron
salts: Comparing their adsorption capability for sulfamethoxazole. Journal of
Environmental Chemical Engineering, 119127.

117. He, S., Zhong, L., Duan, J., Feng, Y., Yang, B., & Yang, L. (2017).
Bioremediation of wastewater by iron oxide-biochar nanocomposites loaded with
photosynthetic bacteria. Frontiers in Microbiology, 8, 823.

118. Aboughaly, M., Babaei-Ghazvini, A., Dhar, P., Patel, R., & Acharya, B. (2023).
Enhancing the potential of polymer composites using biochar as a filler: a
review. Polymers, 15(19), 3981.

119. Zhu, D., Shao, J., Li, Z., Yang, H., Zhang, S., & Chen, H. (2021). Nano nickel
embedded in N-doped CNTs-supported porous biochar for adsorption-reduction of
hexavalent chromium. Journal of hazardous materials, 416, 125693.

120. Zong, E., Shen, Y., Yang, J., Liu, X., & Song, P. (2023). Preparation and
characterization of an invasive plant-derived biochar-supported nano-sized lanthanum
composite and its application in phosphate capture from aqueous media. ACS
omega, 8(15), 14177-14189.

121. Tian, Y., Luo, S., Dawolo, E. H., Chen, B., Ding, N., & Liu, H. (2024).
Degradation mechanism and ecotoxicity analysis of levofloxacin by palladium-modified

Z'l-.l turnitinﬁ Page 38 of 41 - Integrity Submission Submission ID_trn:oR:27535:1409564

~



z"-.l turnitin‘. Page 39 of 41 - Integrity Submission Submission ID  trn:oid:::27535:140956427

nano zero-valent iron doped coconut shell biochar. Journal of Environmental Chemical
Engineering, 12(5), 114150.

122. Xue, C., Wu, J., Wang, K., Yi, Y., Fang, Z., Cheng, W., & Fang, J. (2021).
Effects of different types of biochar on the properties and reactivity of nano zero-valent
iron in soil remediation. Frontiers of Environmental Science & Engineering, 15(5), 101.

123. Agrawal, S., Kumar, P., Das, R., Singh, A. K., Shukla, P. K., Verma, P., ... &
Tiwari, K. N. (2025). Application of Nano-Biochar to Improve Soil Quality and
Sustainability. In Nano-Biochar and Nanoparticles for Soil Health Improvement (pp. 33-
58). Apple Academic Press.

124. Anbuchezhiyan, G., Vivek Anand, A., Senthil Babu, S., Madhubalan, S.,
Shanmugam, V., & Mensah, R. A. (2026). The influence of nano-biochar on the
mechanical and flame resistance of recycled PLA composites. Frontiers in Chemical
Engineering, 8, 1727026.

125. Dermawan, D., Satriavi, A. D., Nurhidayati, D. 1., Firnandi, R., Mayangsari, N.
E., Ramadani, T. A., ... & Wang, Y. F. (2025). Composite adsorbent from sugarcane
(Saccharum officinarum) bagasse biochar generated from atmospheric pressure
microwave plasma pyrolysis process and nano zero valent iron (nZVI) for rapid and
highly efficient Cr (VI) adsorption. Case Studies in Chemical and Environmental
Engineering, 11, 101123.

126. Elhamdy, W. A. (2025). Environmental sustainable ZrO2-phosphorous Biochar
nano composite derived from sugarcane bagasse and their adsorption behavior of
antidepressant drugs. BMC chemistry, 19(1), 68.

127. Richard, S., Selwin Rajadurai, J., & Manikandan, V. (2017). Effects of particle
loading and particle size on tribological properties of biochar particulate reinforced
polymer composites. Journal of Tribology, 139(1), 012202.

128. Nosratabad, N. A., Yan, Q., Cai, Z., & Wan, C. (2024). Exploring nanomaterial-
modified biochar for environmental remediation applications. Heliyon, 10(18).
129. Ahmad, A., Zahra, M., e Alam, F., Ali, S., Pervaiz, M., Saeed, Z., ... & Luque, R.

(2023). RETRACTED: A sustainable approach for the multi-dimensional exploitation of
mixed biochar based nano-composites.

130. Abhayasimha, K. C., Rao, C. S., & Nair, V. (2024). Combination of ensemble
machine learning models in photocatalytic studies using nano TiO2-lignin based
biochar. Chemosphere, 352, 141326.

131. Khan, A. A., Igbal, J., Bashir, M. T., Amin, M. T., Sikandar, M. A., Rahman, M.
M., &Arifuzzman, M. (2023). Synthesis, characterization, and performance of nano-
metal-oxide (Al203) blended biochar for the removal of iron from contaminated water
for enhanced kinetic and adsorption studies. Processes, 11(12), 3423.

132. Gill, S. U., Inam, M. A., Iftikhar, R., Nadeem, F., Amjad, H., & Khalid, Z.
(2025). Enhanced hexavalent chromium (VI) removal from water using nano zero valent
iron modified orange peel powder biochar. International Journal of Environmental
Science and Technology, 22(13), 12599-12612.

133. Hamadneh, 1., Al-Mobydeen, A., Hannoon, F., Jaber, A. A., Albuqain, R.,
Alsotari, S., & Al-Dujaili, A. H. (2021). Arsenite adsorption on biochar-based nano

Z'l-.l turnitinﬁ Page 39 of 41 - Integrity Submission Submission 1D trn:oRfr27535:1409564

~



z"-.l turnitin‘. Page 40 of 41 - Integrity Submission Submission ID  trn:oid:::27535:140956427

copper oxide composites using Mediterranean cypress cones: equilibrium, kinetic and
thermodynamic studies. Desalination and Water Treatment, 221, 260-269.

134. Zhou, H., Lv, L., Ye, M., Baig, S. A., Luo, Y., Chen, J., ... & Wang, J. (2024).
Improvement strategy of citrate and biochar assisted nano-palladium/iron composite for
effective dechlorination of 2, 4-dichlorophenol. Environmental Science and Pollution
Research, 31(23), 34661-34674.

135. Wei, Y., Yu, J., Haider, F. U., Zhang, Q., Chu, R., & Liqun, C. (2025). Integrated
removal of chromium, lead, and cadmium using nano-zero-valent iron-supported biochar:
Mechanistic insights and eco-toxicity assessment. Ecotoxicology and Environmental
Safety, 289, 117532.

136. Liao, J., He, X., Zhang, Y., Zhang, L., & He, Z. (2023). The construction of
magnetic hydroxyapatite-functionalized pig manure-derived biochar for the efficient
uranium separation. Chemical Engineering Journal, 457, 141367.

137. Ramaraj, B. K., &Kottala, R. K. (2023). Preparation and characterisation of
binary eutectic phase change material/activated porous bio char/multi walled carbon nano
tubes as composite phase change material. Fullerenes, Nanotubes and Carbon
Nanostructures, 31(1), 75-89.

138. Rajamony, R. K., Kalidasan, B., Sofiah, A. G. N., Bhutto, Y. A., Suraparaju, S.
K., Pandey, A. K., ... & El-Sebaey, M. S. (2025). Engineering of thermal energy storage:
An experimental study of organic/silver and organic/silver-coconut shell biochar
composite phase change materials. Thermal Science and Engineering Progress, 62,
103639.

139. Zhang, Y., Zhang, W., Zhang, H., & He, D. (2023). Nano-zero-valent zinc-
modified municipal sludge biochar for phosphorus removal. Molecules, 28(7), 3231.

140. Srivastava, S., SINGH, S. P., & DUTT, A. (2026). Fabrication and investigation
of Mechanical and Moisture-Resistant Hybrid Composites from Chitosan, Nano-Silica,
Biochar, and Rice Bran.

141. Mayakrishnan, V., Mohamed, J. K., Selvaraj, N., SenthilKumar, D., & Annadurai,
S. (2023). Effect of nano-biochar on mechanical, barrier and mulching properties of 3D
printed thermoplastic polyurethane film. Polymer Bulletin, 80(6), 6725-6747.

142. Wu, H., Wei, W., Xu, C., Meng, Y., Bai, W., Yang, W., & Lin, A. (2020).
Polyethylene glycol-stabilized nano zero-valent iron supported by biochar for highly
efficient removal of Cr (VI). Ecotoxicology and Environmental Safety, 188, 109902.

143. Li, D., Fang, Y., Lu, J., Sun, J., Zhao, X., Hou, N., & Xing, J. (2023). Enhanced
biodegradation of PAHs by biochar and a TiO2@ biochar composite under light
irradiation: ~ Photocatalytic = mechanism, toxicity evaluation and ecological
response. Chemical Engineering Journal, 458, 141495.

144. Rajput, V. D., &Minkina, T. M. (Eds.). (2024). Nanomaterials and nano-biochar
in reducing soil stress.: an integrated approach for sustainable agriculture. CRC Press.
145. Wallace, C. A., Afzal, M. T., & Saha, G. C. (2019). Effect of feedstock and

microwave pyrolysis temperature on physio-chemical and nano-scale mechanical
properties of biochar. Bioresources and Bioprocessing, 6(1), 1-11.

itin Page 40 of 41 - Integrity Submission Submission 1D trn:oR2:27535:1409564
¢

~



z"-.l turnitirf Page 41 of 41 - Integrity Submission Submission ID  trn:oid:::27535:140956427

LIST OF CONFERENCES

I-International conference on biomanufacturing, bio-innovation, and environment sustainability
(ICBBES 2026) organized by Chandigarh university, Mohali

» Oral presentation on Green micropropagation of medicinal plants using organic
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