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Abstract

Industrialization, urbanization and poor waste management have led to environmental pollution
which has emerged as a major global concern requiring the development of sustainable and eco-
friendly remediation strategies. In this sense, biochar from agricultural residues has been shown to be
a promising material for environmental management. The pyrolysis of sugarcane bagasse, an
abundant by-product of the sugar industry, provides a promising opportunity for the production of
inexpensive and renewable biochar feedstock. This review highlights the production, physicochemical
properties and environmental applications of sugarcane bagasse biochar for pollution mitigation and
sustainability enhancement. Biochar has high porosity, large surface area, functional groups, mineral
content and aromatic carbon structure that are important structural and surface properties making it
very efficient for different environmental applications . Its role in carbon sequestration is particularly
important, with the stable carbon matrix of biochar helping to store carbon for the long-term and
reduce greenhouse gases. Also, the sugarcane bagasse biochar is capable of improving soil fertility by
increasing the retention of nutrients, water holding capacity, microbial activity and balancing the soil
pH which contributes to sustainable agriculture. The review also discusses the adsorption capacity of
sugarcane bagasse biochar in removing organic and inorganic pollutants such as dyes, heavy metals
and toxic compounds from water and air. The factors influencing the adsorption performance such as
pyrolysis temperature, surface modification, pH and contact time are also discussed. Recent advances
of engineered and modified biochars for improved removal of pollutants are also reviewed. Sugarcane
bagasse biochar is, in general, an environmentally sustainable, economically viable and multifunctional
material with great potential for pollution control, waste valorization and climate change mitigation.
Further research is needed to optimize the production processes and expand its large scale
environmental applications.

Index terms : Agricultural Waste, Biochar, Environmental Pollution, Pyrolysis, Soil Amendment,
Sugarcane Bagasse
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L. Introduction

According to annual report released on November 2024 of USDA United States Department of
Agriculture Foreign Agriculture Service production of Sugarcane has been increased to 183.8 million
tons. As a result the sugar industry has generated a significant amount of agricultural waste. This
waste primarily takes the form of bagasse after crushing sugarcane to extract juice. Bagasse is the
most important by product and one of the most abundant agricultural waste in the world(Candido et
al, 2017). The annual global production of sugarcane bagasse is estimated to be around 700 million
tonnes. India is the second largest producer of sugarcane in the world after Brazil(Ministry of
agriculture, Government of India).Sugarcane is a most important cash crop of India. With rising income
consumption of sugar is anticipated to rise in India. Sugarcane provides raw material for the second
largest agro based industry after textile. It is estimated that there are around 716 installed sugar
factories with sufficient capacity to produce around 330 lakh MT of sugar (NFSM). Sugarcane mills
extract sugarcane juice leaving behind lignocellulosic biomass known as Bagasse comprises almost
12.3% wt basis of clean sugarcane mass. (Varshney et al,, 2019) India generates around 90 million
tons of sugarcane bagasse as a residue annually from sugar mills (Konde et al., 2021). Sugarcane
bagasse are choosen as raw material for the preparation of biochar since it is abundant and
inexpensive(Qureshi et al., 2023). In the absence of adequate sustainable practice around 90 MT of
crop residue are burned every year causing excessive particulate matter emission and air pollution.
Crop residue burning in the city of Delhi and other northern India has been observed in recent yerars.
Converting Bagasse into Biochar is an effective sustainable technique(Bhuwaneshwari et al., 2019)

Biochar is porous carbonaceous material obtained during the low oxygen pyrolysis of biomass derived
from different feedstock. Biochar has high specific surface area, porous, different functional groups on
the surface, ion exchange capacity and these qualities are effectively utilised for removal of pollutants
from the environment (Yaashikaa et al., 2020). Biochar production is lowest when synthesised from
fast pyrolysis and through fast pyrolysis biochar yield is highest. Biochar is mainly composed of
Carbon ranging from 65%-90%, and Oxygen and aromatic compound which contribute to protection
against biological degradation. Biochar from sugarcane bagasse is high quality Biochar since its carbon
content is 82% . Biochar from bagasse also has high Nitrogen content. Since bagasse biochar has high
oxygen and high Nitrogen content significantly increase the soil quality by providing nutrients and
enhance crop yield. In bagasse volatile matter content is 85% while biochar has 57% volatile content.
Bagasse Biochar has high Carbon content so it has high heat value which suggesting its burning
potential. Bagasse Biochar surface functional group significantly impact on removal of pollutant
through adsorption. The surface acidity or basicity of Biochar primarily decided by the presence of
Oxygen and Nitrogen. Presence of Oxygen mainly shows acidic groups such as carboxylic acid,
lactones, phenols and lactols while Pyrones is oxygen containing basic group. As the temperature rises
from 100-700°C oxygen containing acidic functional group break down yield CO2 and CO. As the
temperature rises above 600°C basic functional group decomposes. When Bagasse biochar is subjected
to high temperature leads to elimination of acidic functional group which make the Biochar more
receptive to adsorption of acidic compounds. Nitrogen containing functional group such as amino
group gives a basic characteristic. Biochar prepared through pyrolysis above 400°C doesnot contain
amino group instead nitrogen is incorporated into aromatic ring such as pyridine.(Zafeer et al, 2023).

Biochar is produces by thermochemical conversion of biomass under inert or low stoichiometric
oxygen atmosphere at temperature range between 400-1200 °C (. Pyrolysis technology is
differenciated based on temperature of pyrolysis and carbonization process or the residence time of
the pyrolysis. In slow Pyrolysis process the heating rate is around 5-10°C/min and long residence time.
In the slow pyrolysis heating temperature range is 400-500°C and the time duration is 5-30 min. In
the fast Pyrolysis heating temperature range is 800-1200°C for a short period of time varying between
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1 to 10 s (Yaashikaa et al 2020). The biochar yield during the pyrolysis process is a determinant of the
nature of biomass used, the type of reactor, and process conditions heating rate, residence time ,
pressure, temperature (Dehaghi et al, 2020). In pyrolysis technique wide range of products formed
depending on the temperature, feedstock used and residence time. Products such as liquid (bio-oil),
solid (biochar), gas (bio syngas), these producs are formed in significant amount via via chemical
reactions processes like depolymerisation, fragmentation and cross linking (Braghiroli et al., 2018).
Product yield depends upon defferent parameter generally low temperature and high residence time
favour the biochar production. Slow pyrolysis favour the formation of char but liquid and gaseous
products is often accompanied. It is observed by the reasearcher that biochar which are derived from
sugarcane bagasse at varying temperature , the average pore diameter of biochar decreases with
increasing pyrolysis temperature and the adsorption behavior of the biochar increased with rising
pyrolysis temperature. (Dehhaghi et al 2020).

This review summarizes the most recent and comprehensive knowledge on the production of biochar
from sugarcane bagasse as a green strategy for the control of environmental pollution. Unlike earlier
studies examining either biochar synthesis or individual environmental applications, this review
introduces an integrated framework for the valorization of sugarcane bagasse, covering feedstock
characteristics, conversion technologies, physicochemical properties, and multifunctional
environmental applications. This review is novel in its focused discussion on sugarcane bagasse
derived biochar as a sustainable circular-economy material for simultaneous waste management,
carbon sequestration, soil fertility improvement and pollutant remediation. Moreover, the review
critically compares the recent thermochemical conversion methods such as pyrolysis, hydrothermal
carbonization, gasification, and torrefaction with respect to their influence on biochar properties and
biochar adsorption performance. Recent advances in engineered and modified bagasse biochar for the
removal of heavy metals, dyes, pesticides and emerging contaminants from water and soil systems are
also given particular attention. This review provides a compilation of recent findings and identification
of current research gaps that give valuable insights for the development of cost-effective, scalable and
sustainable biochar technologies for environmental remediation and climate change mitigation.

2. Production methods

2.1 Pyrolysis

Pyrolysis is the thermochemical conversion of biomass under inert or low stoichiometric oxygen
atmosphere at temperature range between 400-1200 °C. Pyrolysis technology is differenciated based
on temperature of pyrolysis and carbonization process or the residence time of the pyrolysis. In slow
Pyrolysis process the heating rate is around 5-10°C/min and long residence time. In the slow pyrolysis
heating temperature range is 400-500°C and the time duration is 5-30 min. In the fast Pyrolysis
heating temperature range is 800-1200°C for a short period of time varying between 1 to 10 s. The
biochar yield during the pyrolysis process is a determinant of the nature of biomass used, the type of
reactor, and process conditions heating rate, residence time , pressure, temperature. In pyrolysis
technique wide range of products formed depending on the temperature, feedstock used and
residence time. Products such as liquid (bio-oil), solid (biochar), gas (bio syngas), these producs are
formed in significant amount via via chemical reactions processes like depolymerisation,
fragmentation and cross linking. Product yield depends upon defferent parameter generally low
temperature and high residence time favour the biochar production. Slow pyrolysis favour the
formation of char but liquid and gaseous products is often accompanied. It is observed by the
reasearcher that biochar which are derived from sugarcane bagasse at varying temperature , the
average pore diameter of biochar decreases with increasing pyrolysis temperature and the adsorption
behavior of the biochar increased with rising pyrolysis temperature. (Zafeer et al., 2023)
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2.2 Hydrothermal Carbonization

Hydrothermal Carbonization is a thermochemical decomposition of biomass which produce a carbon
rich material that is hydrochar and the liquid fraction is also produced which is also known as process
water. One major challenge of this process is process water reuse or disposal. The process HTC
(Hydrothermal Carbonization) is done at medium temperature usually between 180°C and 350°C and
the autogenous vapour condition is 10-80 bars. A series of Hydrolysis condensation, decarboxylation
and dehydration reaction occur during the HTC reaction. This method of preparing biochar is cost
effective since it can be prepared at low temperature and exclude the drying operation. Hydrochar was
prepared in a stainless steel closed chamber coated with Teflon, in each experiment sugarcane bagasse
and vinasse was mixed in 1:20 ratio . Vinasse was used as hydrothermal medium and chemical
additive sulphuric acid and phosphoric acid was used. Mixture was heated at 230°C + 10°C under self
generated pressure for 13 hr. Hydrochar was separated from process water.(dos Santos et al, 2021).
Hydrochar which is obtained from HTC has low surface area and low porosity.(Zhou et al., 2022).
Biochar production from Sugarcane bagasse through HTC was done by Prasannamedha et al
(Prasannamedha et al, 2020) followed by NaoH activation for removal of sulfamethoxazole (SMX)
from water. The result showed that HTC derived biochar had great adsorption affinity for SMX
removal and can serve as an effective sorbent for removal of contaminants. HTC is also known as wet
pyrolysis because it requires wet feedstock and so the raw digestate can be directly used. Moisture
content may be 54-98%. This process doesnot require prior drying therefore saving substantial
energy.(Michela Langone and Daniele Basso 2020). As compared to Pyrolysis process the HTC method
requires low temperature and does not require drying.( Sharma et al,, 2019)

2.3 Gasification :

Gasification is the thermochemical method of decomposing sugarcane bagasse biomass or other
organic matter into gaseous products (Syngas) containing H2, CO, CO2, CH4, thaces of hydrocarbons, a
solid char(biochar) and liquid product (tar) at high temperature typically between 700-1000°C. The
process of Gasification is divided into four discrete sub process they are pyrolysis, combustion,
cracking and reduction. In gasification process the main product is syngas while char and tar are
undesirable byproduct. During gasification process higher temperature and different gaseous
condition was used and the result was in lower biochar yield , total surface area of biochar was high ,
high pH and high ash content. While in the slow pyrolysis process the biochar has small surface area
and higher PAH than the gasification biochar. (Lydia Fryda and Rianne Visser 2015)

2.4 Torrefaction:

Torrefaction is a mild thermochemical pretreatment (200-300°C) in inert or oxygen-deficient
atmosphere to improve the fuel and carbonization properties of biomass such as sugarcane bagasse.
Torrefaction removes moisture and volatile organic compounds increasing the carbon content,
hydrophobicity, grindability and energy density of biomass. Torrefied bagasse is a better precursor for
the production of biochar due to its better thermal stability and the fact that it can produce biochar
with enhanced porosity and adsorption capacity. The process also leads to a decrease in O/C and H/C
ratios, which enhance the chemical stability of the material for environmental applications such as
pollutant adsorption and soil remediation. Several studies have reported that pretreatment of
torrefaction can improve the physicochemical characteristics and yield quality of bagasse-derived
biochar especially for application in wastewater treatment and carbon sequestration.(Kalifa et al,,
2025)
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Table 1: Comparative table of different thermochemical process their advantage and disadvantage

Process Typical Main Advantages Disadvantages Recent
Temperature | Products Reference
& Conditions
Slow 300-700 °C, | Biochar, High  biochar | Long processing | Rasaq et al,
Pyrolysis slow heating | bio-oil, yield; simple | time; lower liquid | 2024
rate, long | syngas technology; fuel yield; lower
residence suitable for | throughput;
time, absence carbon energy-intensive
of oxygen sequestration heating
and soil
amendment;
can process
diverse biomass
Fast Pyrolysis | 400-650 °C, | Bio-oil High liquid bio- | Bio-o0il instability | Tsoutsa et al,
rapid heating, | (major), oil yield; rapid | and high oxygen | 2024
short  vapor | syngas, char | conversion; content; requires
residence suitable for | dry feedstock;
time, no renewable fuel | complex reactor
oxygen production; design
scalable
technology
Hydrothermal | 180-280 °C, | Hydrochar, | No need for | High-pressure Teoh et al,
Carbonization | high pressure, | process biomass drying; | reactor required; | 2024
(HTC) wet biomass | water, gases | suitable for wet | wastewater
in water waste; energy | generation;
medium efficient; corrosion and
produces maintenance
carbon-rich issues
hydrochar
Gasification 700-1200 °C, | Syngas (CO, | High energy | High operating | H. N. Nguyen
limited H, CH,), | conversion cost; tar | et al, 2022;
oxygen/steam | ash efficiency; formation; Saleh et al,
environment syngas usable | complex gas | 2025
for electricity | cleanup; catalyst
and fuels; lower | deactivation
solid waste
Torrefaction 200-320 °C, | Torrefied Improves Lower solid mass | Kalifa et al,,
mild thermal | biomass, biomass energy | yield; energy loss | 2025
treatment gases, density and | during
under inert or | condensable | hydrophobicity; | devolatilization;
low-oxygen vapors enhances requires
atmosphere, grindability; controlled
slow heating reduces atmosphere;
rate moisture limited large-scale
content; commercialization
suitable as a
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I1I. Cause of Environmental Pollution

Increasing population leads to increase in demands of goods and services and to fulfil the demands
industries are increasing. Industrialization has been contributing to the economic development of
countries all over the globe but it is also causing deterioration of environment as well as human health
(Yaashika et al., 2020). Urbanization and Industrilization also leads to increase in pollution. Pollution
is defined as the introduction into the environment of substances that is pollutant and which are
harmful to human and other living organisms. Pollutants are harmful solids, liquid, gases produced in
higher than usual concentrations that reduce the quality of our environment. Human activities have
adverse effect environment by polluting the water we drink, the air we breathe, the soil in which plant
grow. Air and water pollution in industrial areas has emerged as an hasten issue in recent years due to
its aggravated effect on health and well being. The atmosphere has hundreds of air pollutants from
natural or from anthropogenic sources. The important pollutants are sulphur dioxide, carbon
monoxides, oxides of nitrogen, hydrocarbons, radioactive substances hydrogen sulphide (David,
2022). The water resources are being deteriorated due to continuous discharge of organic and
inorganic contaminants such as dyes, heavy metals, surfactant pharmaceuticals, pesticides and
personal care products from industries and municipalities into water bodies. Most of the pollutants
are highly persistent in nature and are otherwise converted into recalcitrant form. These pollutants
causes serious negative impact on ecosystem (Hou et al,, 2023).

3.1Existing treatment for Removal of pollution and its disadvantages

Conventional methods for removing the pollutants based on biological, physical, and thermal
properties include biodegradation, oxidation, ion exchange, precipitation, adsorption, coagulation,
flocculation, filtration, irradiation, electrodialysis, reverse osmosis, membrane process, ozonation,
distillation and solvent extraction.(Saravanan et al, 2021) Most of these techniques have
disadvantages such as high cost, less flexibility, low efficiency and possibility of second pollutant
production(Gwenzi et al, 2020). Use of Biochar as adsorbent which is low cost does not produce
secondary pollutant and production process is easy(Yaashika et al 2020).

IV. Characteristics of Sugarcane Bagasse Biochar responsible for pollution remediation
Surface area - Surface area is an important property influencing the adsorption capacity of biochar.
Sugarcane bagasse is considered a suitable raw material for biochar production due to its high carbon
content and porous structure. Biochar produced from sugarcane bagasse typically exhibits a high
surface area of around 500 m? g'l, which makes it an effective bio-adsorbent for environmental
applications. The surface area of biochar is commonly determined using theBrunauer-Emmett-Teller
(BET) method, which measures nitrogen adsorption-desorption to estimate the specific surface area
(Manyuchi et al, 2020). Studies have reported that digested bagasse biochar possesses a higher
surface area compared to untreated bagasse biochar, which enhances its potential for soilremediation
and wastewater treatment (Inyang et al, 2010). Furthermore, modification of sugarcane bagasse
biochar with ZnO nanoparticles has been shown to significantly increase the BET surface area, nearly
doubling it, which improves the adsorption efficiency for dyes such as Reactive Red 24 (RR24) from
wastewater (Van ., et al 2020). Similarly, when sugarcane bagasse biochar was chemically activated
using NaOH, the treated biochar exhibited a higher BET surface area (SBET) compared to untreated
biochar. This increase in surface area enhanced its adsorption performance for dyes such as methylene
blue and crystal violet, demonstrating that treated biochar (T-BC) can serve as a more efficient
adsorbent (Moharm ., et al 2022).
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Pore size - Pore size distribution is an important characteristic that influences the adsorption
efficiency of biochar. The pore size of biochar is commonly determined using the nitrogen (N;)
adsorption-desorption method based on the Brunauer-Emmett-Teller (BET) technique (Wang et al.,
2023; Ge et al., 2024). Studies have reported that sugarcane bagasse biochar contains two main types
of pores: micropores with pore sizes less than 2 nm and mesopores with pore sizes ranging from 2 to
50 nm. This pore size distribution provides a large number of adsorption sites, which enhances the
ability of biochar to adsorb metal ions and other contaminants from aqueous solutions (Chang et al,
2022). The average pore size of sugarcane bagasse biochar pyrolysed at 750°C was reported to be
approximately 1.76 nm, while KOH-activated biochar showed a slightly larger average pore size of
about 1.94 nm. The activation process using KOH is mainly associated with internal reactions that
release gases and create additional pore structures within the biochar matrix. Pore size and pore
distribution are typically calculated using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) models. The presence of micropores provides a large number of accessible adsorption
sites, which significantly enhances the adsorption of contaminants such as norfloxacin (Zhou et al,
2023).

Particle size distribution: Transmission electron microscopy (TEM) is commonly used to determine
the particle size distribution of biochar, while scanning electron microscopy (SEM) is used to examine
the surface morphology and structural characteristics. SEM images of sugarcane bagasse biochar have
revealed a tubular and porous structure, indicating the presence of well-developed pore networks that
enhance adsorption properties (Hou et al., 2023). In one study, TEM analysis showed that the particles
exhibited a monodispersed polygonal shape with an average size of approximately 400 + 32 nm.
Smaller particle sizes provide a larger surface area and create additional active sites, which enhance
the adsorption capacity of the biochar (Chang et al., 2023).

pH: The pH of sugarcane bagasse biochar in water is reported to be slightly acidic, around 6.56,
whereas many other biochars are typically slightly alkaline, with pH values ranging from 7.5 to 9.4.
The relatively higher surface acidity of sugarcane bagasse biochar indicates the presence of acidic
functional groups such as carboxylic and phenolic groups, which can be confirmed using Fourier
transform infrared (FTIR) spectroscopy (Carrier et al, 2012). The pH of the solution plays an
important role in the adsorption of pollutants from aqueous environments. For example, during the
removal of Ni(Il) ions, experiments conducted in the pH range of 2-7 at constant temperature showed
that Ni(II) uptake increased from 0.577 to 2.57 mg g™* as the pH increased from 2 to 6. However, when
the pH increased beyond 6, the uptake of Ni(II) decreased due to the precipitation of nickel hydroxide.
At low pH values, hydrogen ions compete with Ni(II) ions for the binding sites on the biosorbent
surface, resulting in reduced metal uptake. As the pH increases, the biosorbent surface becomes
negatively charged, which enhances the adsorption of positively charged metal ions. At higher pH
levels, more negatively charged ligands such as phosphate, amino, and carboxyl groups become
exposed and attract metal ions (Kulkarni et al, 2022). Similarly, solution pH significantly affects the
adsorption of dyes. In a study evaluating the adsorption of reactive red 24 (RR24) by biochar within a
pH range of 3-10, the adsorption capacity slightly decreased as the pH increased. At lower pH levels,
the surface of biochar becomes positively charged, while RR24 molecules in aqueous solution are
negatively charged due to the presence of sulfate groups. Therefore, higher adsorption capacity at
lower pH values is attributed to electrostatic attraction between positively charged functional groups
on the biochar surface and negatively charged dye ions (Van et al., 2021). Sugarcane bagasse biochar
has also been reported to show the highest lead removal efficiency at pH 5 (Praipipat et al., 2023).
Surface functional groups: Surface functional groups play a significant role in determining the
effectiveness of biochar in applications such as catalysis, adsorption, and electrode materials (Murtaza
et al., 2023). Fourier transform infrared (FTIR) spectroscopy is a vibrational spectroscopic technique
widely used to identify the functional groups present on the surface of biochar. Studies have reported
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the presence of hydroxyl groups as the dominant functional groups, along with other groups such as
amines, aldehydes, alkenes, and aromatic compounds (Mansee et al., 2023). FTIR analysis is also useful
for examining how pyrolysis temperature influences the functional groups present in biochar.
According to Sahoo et al. (2021), changes in pyrolysis temperature significantly affect the formation
and transformation of surface functional groups. In a study conducted by Adekanye et al. (2022), it
was observed that an increase in temperature resulted in the expansion of the O-H group absorption
band within the range of 3383-3402 cm™.

Electrical conductivity: Biochar is effective in remediating cationic pollutants such as heavy metals
because of its generally negative surface charge. The electrical conductivity of biochar can increase
with higher pyrolysis temperatures due to the formation of more ordered carbon structures. In an
experiment conducted by Ahmed et al. (2021), it was found that biochar produced at higher pyrolysis
temperatures significantly improved electrical conductivity. A conductivity value of 7.67 x 1072 S was
observed when 12 wt% biochar produced at 1000°C was added, indicating improved electron transfer
properties.

Cation exchange capacity: The cation exchange capacity of biochar is closely related to the presence of
surface functional groups identified through FTIR analysis. The FTIR spectrum of biochar shows
several absorption peaks corresponding to different functional groups. Peaks within the range of
3436-3433 cm™' are mainly associated with hydroxyl (O-H) and C-H groups. Other peaks in the
region of 2386-2286 cm™ correspond to C-H and 0=C=0 groups, while peaks in the range of 1702~
1589 cm™! indicate the presence of amines, alkenes, and aromatic functional groups. The presence of
these polar functional groups on the biochar surface contributes significantly to its cation exchange
capacity, thereby enhancing its ability to adsorb positively charged contaminants (Mansee et al,
2023).

V. Factors affectiong Biochar performance

5.1 Temperature

The temperature at which biochar is pyrolysed greatly afect its adsorptive capacity. For example
biochar which is pyrolysed at low temperature below 400 C will have more functional group and will
have more adsorptive capacity for pollutants(Sun et al., 2022). Biochar which is pyrolysed at high
temperature will decrease the functional groups but there will be increase in aromaticity and ts
specific area. For example Biochar has porous structure and high specific surface area which help in
adsorption of microplastics( Wang et al., 2020). As the pyrolysis temperature increases volatile matter
content decreases creating more pores, fixed carbon content increases, moisture content decreases
and ash content gradually decreases, pH of biochar increases with increase in pyrolysis temperature.
lodine number shows the development of micropore in biochar as the temperature increases lodine
number increases showing the development of more micropore which increases the adsorption of
contaminants.(Sun et al, 2017)

5.2 Residence time

Contact time was found to affect adsorption onto biochar, and is an important factor for evaluating
removal efficiency and understanding adsorption kinetics. First, the adsorption is quick due to the
large number of active sites on the biochar surface and the quick attachment of pollutants through
physical and chemical interactions. This phase has a high concentration gradient between the solution
and the biochar surface which results in an increase in mass transfer. With increasing contact time, the
adsorption rate decreases gradually because the most easily accessible surface sites are occupied and
adsorption in the pores of the biochar by intra-particle diffusion begins . Eventually the system
reaches a steady state, i.e. the amount of adsorbate attached to the biochar equals the amount
desorbing back

(Pieczykolan, 2025)

© Author(s). This work is peer-reviewed, openly published, and permanently archived
This article is openly accessible and reusable with proper attribution.
https://ijsmt.org/ , Email: editor@ijsmt.org 8



https://ijsmt.org/
mailto:editor@ijsmt.org

= ¥ Volume 02 Issue 06 June-2026 | ISSN: 3108-1762 (Online) | Impact Factor: 3.8
¥ An International, Peer-Reviewed, Open Access Scholarly Journal Indexed in recognized academic databases

(49 International Journal of Science, Strategic Management and Technology A —

5.3 Dose or amount of adsorbent

The adsorbent dose (amount of biochar added) is one of the most important factors in batch
adsorption systems. The removal efficiency of target pollutants generally increases with increasing the
dose of biochar as more mass of adsorbent provides more available surface area and active sites for
adsorbate molecules to bind, which increases the probability of collision and uptake from solution. But
the relationship is not linearly indefinitely - above an optimum dose biochar may aggregate in
particles, adsorption sites may overlap and there is a relative decrease of adsorption capacity per unit
mass, which decreases the efficiency of adsorption in relation to the adsorbent used. This behaviour is
due to the trade-off between maximizing the active surface area and avoiding excessive sorbent
amounts leading to the saturation of the adsorption sites and the inefficient utilization of the material.
These trends have been confirmed in recent experimental studies on the adsorption of organic
pollutants by biochar: increasing biochar doses increases the uptake of pollutants and the removal
efficiency up to a certain point, beyond which the benefit of the addition of biochar diminishes or
reverses owing to a limited availability of the adsorbate and a limited use of the effective surface area.
(Nguyen et al., 2023)

5.4 Activating Agents

The activating agents have a great impact on the pore structure, surface functionality and adsorption
properties of carbon materials. Dehydration, oxidation, gasification and structural rearrangement in
biomass can be enhanced by chemical activation with acids, alkalis and salts during thermal treatment.
Common activating agents such as, KOH (Potassium hydroxide), Sodium hydroxide or NaOH,
Phosphoric acid (H3P04), Zinc chloride (ZnCl2), Potassium, carbonate (K2C03),Hydrogen sulphate
(H2S04). Different activating agents lead to different pore structures and surface characteristics like
activation with KOH usually yields a highly microporous carbon with a very high surface area, H3P04
activation increases mesopore formation while also maintaining carbon yield, ZnCl, catalyzes
dehydration and carbon aromatization. Activating agents are important for area, pore volume,
functional groups, selectivity in adsorption and stability to heat . Recent studies demonstrated that
chemically activated biomass derived carbons have higher adsorption efficiency for heavy metals,
dyes, antibiotics and pharmaceutical contaminants compared to non-activated carbon materials.
However, overuse of chemical activating agents may lead to increased production cost and generation
of secondary chemical waste. In this context, recent research has been focused on environmentally
friendly activation methods and hybrid activation approaches. (Bumajdad et al., 2023)

5.5 Feedstocks

The type of biomass used as feedstock has a strong influence on the physical and chemical properties
of the biochar. Agricultural residues, wood waste, manure and algae have different portions of
cellulose, hemicellulose, lignin and minerals, which influence carbon content, pore structure, ash
composition and surface functional groups . For example, biochar made from lignin-rich biomass tends
to have higher fixed carbon and aromaticity, while biochar from manure tends to have higher mineral
and nutrient content. Feedstock composition directly influences adsorption capacity, nutrient
retention and environmental remediation efficiency. Recent studies have reported that rice husk and
coconut shell-derived biochar showed superior adsorption of heavy metals due to their porous
structure and silica-rich composition.( Pukanovi¢ et al., 2025)

5.6 Surface area and pore size:

The adsorption efficiency is heavily influenced by the surface area and pore size distribution of
biochar. Biochars with higher surface area and well-developed microporous structure provide more
active sites for the adsorption of pollutants such as dyes, pesticides and heavy metals. High porosity
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improves water retention and microbial colonization in soil applications. Further pore formation and
adsorption performance can be improved by activation processes with steam or chemicals .(Hamaoud
etal., 2024)

VL. Mechanism involved in pollution removal

6.1 Adsorption:-

In the adsorption process adsorbate is associated with the adsorbent’s surface until equilibrium is
achieved. In this process firstly the physical adsorption in which adsorbate settles on the adsorbent
surface and next is precipitation and complexation in which the adsorbate deposits on the adsorbent’s
surface and then pore filling in which the adsorbate is condensed into the pore of the adsorbate.
During this process three zones are formed. First is the clean zone in which adsorption takes place ,
second is mass transfer zone in which adsorption is in progress , last is exhausted zone where
equilibrium is achieved(Dong et al., 2023). The temperature at which biochar is pyrolysed greatly afect
its adsorptive capacity. For example biochar which is pyrolysed at low temperature below 400 C will
have more functional group and will have more adsorptive capacity for pollutants(Sun et al., 2022).
Biochar which is pyrolysed at high temperature will decrease the functional groups but there will be
increase in aromaticity and ts specific area. For example Biochar has porous structure and high
specific surface area which help in adsorption of microplastics( Wang et al., 2020).

6.2 Cation/ion exchange:-

The exchange of protons and ionized cations with dissolved salts on the biochar’s surface is the main
principle of this mechanism (Ge et al.,, 2024). Trakal et al. (2016) investigated the removal of Cd and Pb
using biochar prepared from different feedstocks such as wheat straw, graph stalk, grape husk, plum
stone and nutshell. The author showed that biochar modified with iron oxide that is magnetic
modification enhances the biochar structure for removal of Pb and Cd.

6.3 Electrostatic interaction:-

This mechanism involves the electrostatic interaction between charged biochar and metal ions to limit
the mobilization of potentially toxic metals. This mechanism also depends on pyrolysis temperature ,
increasing temperature greater than 400C can enhance carbonization of the biochar and leads to an
increase in electrostatic interaction of biochar. (Agrafioti et al., 2014;)

6.4 Electron donar and acceptor interaction:-

The electron donar and acceptor interaction mechanism is mostly applied to the adsorption of
aromatic compounds on biochar presenting a grapheme like structure. To have a complete
graphatization a temperature greater than 1100°C should be reached during the biochar preparation .
However the electron density of biochar to generate deficient or enriched Pi electron depends upon
the pyrolysis temperature of the biochar, that if the pyrolysis temperature is below 500°C the system
of the biochar pi aromatic acts as electron acceptor, while if the temperature is above 500°C the
biochar acts as a donor (Sun et al., 2022)

6.5 Precipitation:-

It is one of the main mechanism that can be used for the removal of inorganic pollutant onto biochar
(Ge et al.,, 2024). It involves the formation of mineral precipitates into the solution or onto the surface
of the mineral precipitates into the solution or onto the surface of the sorbing material, especially for
biochar which is produced from degradation of cellulose and hemicelluloses material through
pyrolysis temperature greater than 300C and having alkaline property(Puga et al. 2016)

6.6 Complexation:-

This mechanism of metal complexation includes the arrangement of multi atom formation through the
interactionof specific metal ligands to form complex (Wang et al., 2023). The biochar produced at low
temperature can bind with heavy metals due to the functional group which contains oxygen in their
structure such as phenolic, lactonic and carboxyl. This oxygen content can increase surface oxidation
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of the biochar leading to enhance the metal complexation. It has been showed that biochar prepared
from vegetal biomass has high efficiency in the binding of potentially metals such as Cu, Cd, Ni and Pb
to form metal complex with carboxylic phenolic functional groups when compared with biochar
prepared from animal such as dairy manure and poultry litter( Zhang et al. 2018, Ge et al., 2024).

6.7 Hydrophobic interaction:-

This mechanism can be used for the adsorption of Hydropphobic and neutral organic compounds
through partitioning and hydrophobic interaction process. This mechanisms requires less energy.
Chen et al., (2023) showed that adsorption of imidacloprid through iron modified biochar from
sugarcane bagasse showed hydrophobic interaction mechanism. Liang et al,(2021) showed that
hydrophobic interaction is the main mechanism involved in the adsorption of ionizable organic
pollutants such as benzoic acid , o-chloro benzene acid and p-chlorobenzene acid . Chen et al.,(2011)
investigated the perfluro octane sulfonate sorption on biochar produced from maize straw. The
removal took place via the hydrophobic interaction due to high hydrophobic nature of the organic
pollutant.

VII. Applications of Sugarcane Bagasse Biochar in water, air and soil treatment :

7.1 Wastewater treatment:-

7.1.1 Effect of water pollution :

Water is essential source for human survival. The global use of freshwater has increased six fold in the
past 100 years.With increase in water consumption, water quality is facing severe challenge.Water
pollution occurs when unwanted materials enter into water and changes quality which is harmful for
human health and environment. Water pollution is mainly concentrated in industrialization,
agricultural activities, natural factors and insufficient water supply and sewage treatment facilities.
Firsly Different industrial effluents that are drained into the river are major cause of water pollution.
Industries like paper and pulp, textiles, sugar, electroplating, distillery, tannery, iron and steel, food,
nuclear etc are polluting the water. Various toxic chemicals, organic and inorganic substances, toxic
solvents, volatile organic compounds are released in aquatic ecosystem without proper treatment
which leads to water pollution. Arsenic, Cadmium Chromium Lead and other heavy metals are vital
pollutants discharged in waste water from industries. Pesticides, nitrogen fertilizers, phosphorus,
organic farm wastes from agriculture are also significant cause of water pollution. Agriculre will
contaminate water with pesticides, nitrates, phosphorus, salts, sediment soil, pathogens. Increase in
pesticide use in recent time causes increase in medical disability index. Pollutants from sewage poses
risk to environment and health. Number of people die each year by water born disease. In developing
countries nearly 5 % children are died before age of five by using unsafe drinking water.( UNESCO
2021 world water development report). Some of the deadly water borne diseases are Cholera,
Typhoid, Paratyphoid, Tuberculosis, Jaundice, Amoebiasis etc. According to Who survey 80% of
world’s disease and 50% of world’s child deaths are related to poor drinking water. It is estimated that
more than 50 diseases are caused by poor drinking water.

7.1.2 Treatment of wastewater with Biochar :

Biochar has certain characteristics like porous structure, large specific surface area, mechanical
resistance acid and alkaline corrosion resistance, ion exchange capacity, diverse functionality and due
to its properties Biochar is used as adsorbent of pollutant. Biochar as adsorbent has certain advantage
as production cost is low and it is environmentaly sustainabe. Biochar and its derivative has been
used in removal of heavy metals( Cadmium, Zinc, Lead , Copper) from aquous environment. (Komkiene
at el., 2016). Magnetic Biochar which contain Iron particle has improvised textural properties i.e pore
volume and surface area which helps easy adsorption of Cd+ from aquous environment and biochar
can be easily regenerated through external magnet. (Saeed et al., 2021). The micriporous structure and
polar groups on the carbon surface were favorable for the adsorbtion of pigment methyl blue by the
biochars( Sawalha et al., 2022).
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7.1.3 Removal of heavy metals and metals:- Metals and heavy metals such as copper, nickel, cadmium,
zinc, Chromium, Lead, Mercury are released from industries and municipal waste into water. These are
harmful for the environment as well as human health. Particularly heavy metals are carcinogenic in
nature. In a comparative study involving sugarcane bagasse biochar and orange peel biochar , the
efficiency of biochar in removing Pb (II) from aqueous solution were examined. SC-BC was more
effective in removing Pb(II) than OP-BC, with the removal capacity of 89.96% mg/g, much higher than
that of OP-BC (27.86%). The higher sorption capacity of SC-BC was attributed to the high surface area
compared to that of OP-BC.(Abdelhafez et al, 2016). In one study removal of Cr(VI) ion was
investigated using magnetic biochar prepared from sugarcane bagasse and steel pickling waste liquor
at various concentrations. The presence of Fe(II) in the magnetic biochar was found to play a crucial
role in the removal of Cr(VI), particularly when 1,10-phenanthroline was used as a reagent. Different
iron oxides such as FeO, Fe;03, and Fe30. were employed to remove Cr(VI). Among these oxides FeO
in the magnetic biochar was the key active component for thr removal and reduction of Cr(VI). The
maximum adsorption capacity of Cr(VI) by magnetic biochar was upto 71.06 mg/g and the adsorption
of Cr(VI) was positively correlated with iron content (Yi et al., 2020). In another study by Liang et al
(2020) a novel bagasse magnetic biochar (BMBC) consisting of bagasse biochar and magnetic iron
oxide was utilized for the removal of Cr(VI) from aqueous solutions. The batch adsorption experiments
were conducted to characterize BMBC before and after Cr(VI) adsorption and to investigate the
removal behaviors and mechanisms of Cr(VI) by BMBC. Different parameters such as ionic strength,
BMBC dosage, pH, adsorption duration, initial Cr ion concentration, co-existing ions were modified.
BMBC were primarily composed of Fe203 and Fe304 on bagasse biochar with an amorphous
structure. The maximum percentage of Cr(VI) removal was achieved with a dosage of 0.20g of BMBC in
50ml of solution at pH 2. BMBC posses maximum adsorption capacity of Cr(VI) in aqueous solution. As
compared to conventional biochar sorbents, BMBC showed a maximum Cr(VI) adsorption capacity of
29.08% mg/g at 25C. The desorption of Cr(VI) using a 0.02% mol/L NaOH solution resulted in capacity
of 8.21mg/g.The removal efficiency of Cr(VI) remained above 80.36% even after three reuse cycles.
The suggested approach offered advantage such as low cost and excellent reproducibility of BMBC
application . In a study nanocomposites were developed using sugarcane bagasse based biochar and
nano magnetite for the removal of metal ions such as Fe and Zn from aqueous solution. The novel
adsorbent was prepared using sugarcane bagasse based biochar and nano magnetite was called SCB-
BC/Fe304. The experimental result showed that the synthesized nanocomposites exhibited high
removal efficiency of 90% for Fe and 96% for Zn, effectively eliminating these metal ions from water
(Almawgood et al, 2021). Fe coated sugarcane bagasse biochar effectively remove As(III) from water
(Montero et al., 2018). Sugarcane bagasse powder doped iron(Ill)oxide-hydroxide beads are effective
material for rwmoving lead ion for inductrial purpose (Praipipat et al., 2023).

7.1.4 Removal of dyes:- Sugarcane Bagasse Biochar was prepared and biochar was surface activated
using 1% NaOH . As compared to bagasse biochar the treated biochar has more adsorption capabilities
of dyes methylene blue (MB) and crystal violet (CV) from synthetically prepared wastewater (Moharm
et al, 2022). Reactive dyes are widely used in industries and are released in environment. It is non
degradable and harmful for health. Sugarcane bagasse biochar was modified with ZnO nanoparticles to
generate modified SBB-ZnO which has maximum adsoption capacity for Reactive Red 24 (RR24) dye
(Van et al, 2021). In one study the sorption and detoxification of malachite green (MG) dye were
investigated using biochar produced by pyrolyzing agricultural and industrial waste at temperature of
800°C, 600°C, and 400°C. The highest sorption capacity of MG dye (3000mg/L) was observed with
sugarcane bagasse biochar SCB) produced at 800°C. Response surface methods (RSM) were employed
to analyze the relationship between various factors affecting MG dye sorption, including dye
concentration, pH and temperature. The RSM model based on Box Behnken design revealed that the
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optimal conditions for MG dye sorption were a dye concentration of 3000 mglL, contact time of 51.89
min, temperature of 60°C and pH of 7.5.

7.1.5 Removal of insecticides, pestisides:-Biocharan ecofriendly and low cost adsorbent was
introduced for the removal of p-nitrophenol (PNP). PNP one of the most important chemical
contaminant that recognized as the main metabolite in many pesticides and as intermediate in many
industries. Mg- activated biochar was prepared from sugarcane bagasse and Mg activated biochar has
greater adsorption capacity of PNP (Mansee et al., 2023). Carbofuran is a broad spectrum insecticide
which is present in wastewater. Sugarcane bagasse biochar was prepared through slow pyrolysis at
500°C (SB500) which can be effectively used for the sustainable removal and recovery of carbofuran
(Vimal et al., 2019).

7.1.6 Removal of Fertilizers chemical from waterbodies :- The wide use of fertilizers in agriculture is
one of the major sources of nitrate pollution in groundwater and surface water. Sugarcane bagasse
biochar is an effective adsorbent for the nitrate adsorption from the aqueous solution. Nitrate
adsorption was higher under acidic pH. It was due to electrostatic attraction between nitrate ion and
modified biochar surface (Hafshejani et al., 2016)

7.2 As adsorbent for harmful gases:-

7.2.1 Effect of air pollution-

Air pollution has various health effects. The health of susceptible and sensitive individuals can be
impacted even on low air pollution days. Short term exposure to air pollutant is closely related to
COPD (Chronic Obstructive Pulmonary Disease), cough, shortness of breath, wheezing, asthma,
respiratory disease, and high rate of hospitalization. Long term effects associated with air pollution are
chronic asthma, pulmonary insufficiency, cardiovascular disease, and cardio vascular mortality. Air
pollution seems to have various malign health effects in early human life such as respiratory,
pulmonary, cardio vascular, mental and perinatal disorders leading to infant mortality or chronic
disease in adult age (Hao E Ting, 2020). Air pollution mainly affects those living in large urban areas,
where road emissions contribute the most to the degradation quality. There is also danger of
industrial accidents where the spread of toxic fog can be fatal to the population of surrounding areas.
Indoor air quality is critical to human survival since on an average worldwide 80% of lives of people
today are spent indoors. This increase the risk of exposure to harmful indoor air contaminants. CO2 is
the major constituents or compound found among indoor air pollutants derived from occupants
respiration. Ambient and indoor air pollution is estimated to have caused 1.7 million premature deaths
in India in 2019.

7.2.2 Biochar as removal of harmful gases-

Biochar effectively remove metal vapors particularly elementary Hg, acidic gases( H:S, SOz, CO3),
ozone, nitrogen oxide(NOx), and organic contaminants including aromatic compounds, Volatile
organic compounds, and adorous substances. The mechanisms for the removal of gaseous
contaminants include adsorption, precipitation, size exclusion(Gwenzi et al 2020). In a comparative
study between sugarcane bagasse biochar and hickory wood biochar it was observed that the highest
COz adsorption occurred with BG biochar produced at 600°C, exhibiting a capacity of 73.55 mg/g at
25°C. In the experiment result suggest that surface area play a major role in adsorption of CO2, but
although HW600 had a larger surface area than BG600, the CO; adsorption curve of HW600 showed
slightly steeper trend at 25°C and 75°C adsorption conditions. So along with surface area. Interaction
with surface functional groups may also influence the adsorption of CO2 on biochar. Biochar has
porous structure and unique surface properties which enable then to be en efficient CO:
adsorbent(Creamer et al., 2014). In a study a carbonaceous material was prepared from sugarcane
bagasse for CO; adsorption. Two carbonaceous materials were prepared to quantify the CO; capture.
First material CA-1 was impregnated into biochar and subsequently pyrolyzed at 350°C, and the
second material CA-2 was directly impregnated into dry biomass, resulting into two different
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carbonaceous materials CA-1 and CA-2. The biochar was chemically activated with KOH, and thermal
analysis revealed two primary stages of carbonization - the first occurring occurring around 150°C
and the second between 150 and 600°C. Through thermogravimetric testing CO. capture was
measured. The samples showed similar physic chemical characteristics. However the CA-2 sample
showed better adsorption performance with a value of 1.22 mmol/g. (Peres et al.,, 2022). In biogas
purification the combination of sugarcane bagasse based biochar with combination of natural zeolites
demonstrated effective adsorption capacity of CO». The adsorption process was conducted at 5-7 bar
pressure range at room temperature. When biochar was utilized as a substitute for zeolite at a 50%
volume ratio, a significant reduction in CO; content was observed. The mixture of 50% natural zeolites
and 50% sugarcane bagasse based biochar showed the highest CO; reduction (Wuri et al.,, 2021).

7.3 Soil amendment:-

Biochar shows numerous advantage in increasing soil pH value and organic carbon content, improving
soil water holding capacity, reducing the available fraction of heavy metals , increase crop yield and
inhibiting the uptake and accumulation of heavy metals.(Cheng et al., 2020). Due to mine activities
heavy metals such as chromium (Cr) and lead (Pb) enter the soil ecosystem and accumulate in food
crop and cause serious health damage to human being and environment as well. In a study on soil
remediation the use of popular wood biochar and sugarcane biochar resulted in reduced uptake of
chromium(Cr) and lead(Pb) in lettuce, demonstrating their effectiveness in cleaning up contaminated
agricultural soil (Khan et al., 2020). In another study it was found that sugarcane bagasse based
biochar significantly reduces the availability of Cd and Cr in single or co-contaminated soil. It was
found that there was increase in microbial activity and plant growth along with reduction in Cd and Cr
uptake by mash bean could possible after biochar addition (Bashir et al., 2017). The biochar prepared
from dried sugarcane bagasse when applied in salt affected soil, there was a significant increase in
organic carbon, and also increase in available P, K, Ca, Mg and decrease in pH and bulk density was
observed(Raul et al,, 2020).

Figure 1 : Environmental Application of Biochar (Mishra & Mohanty, 2023)
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VIIIL Challenges and future perspective

Despite the great potential of sugarcane bagasse-biochar for environmental remediation, there are still
several technical, economic, environmental and commercialization challenges limiting the large-scale
industrial application of this material. One of the major challenges is the biochar quality due to the
inconsistent feedstock composition and thermochemical conversion conditions. Parameters such as
pyrolysis temperature, heating rate, residence time and activation process greatly influence surface
area, porosity, functional groups and adsorption efficiency. Variability limits reproducibility and
standardization needed for commercial-scale implementation. (Zafeer et al.,2024)

Economic viability is another significant limiting factor for large scale commercialization. Abundant
and cheap agriculture waste is sugarcane bagasse but the installation of pyrolysis or hydrothermal
carbonization systems needs high capital investment, energy input and operation cost
Transportation, drying, storage and pretreatment of bagasse contribute to the cost of production.
Financial support, subsidies or carbon credit incentives may be necessary to enable adoption of
biochar technologies by small scale industries and farmers. (Hiranobe et al., 2024)

The lack of standard regulations and quality certification systems for biochar products hinders the
commercialization. Many countries do not have provisions on biochar production standards,
environmental safety, accounting for carbon sequestration and a ceiling on its application in
agriculture. Uncertainty in regulation harms investor confidence and retards the growth of the market.
Further, the industries and farmers are also not aware of the environmental and economic benefits of
biochar and this further restricts the market penetration.(Yameen et al., 2024)

The environmental risk of biochar production and application should also be carefully evaluated.
Depending on the quality of the feedstock and production conditions, biochar may contain potentially
toxic substances such as polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds, heavy
metals and ash residues . Incorrect use of contaminated biochar may have negative effects on soil
microbial activity, ground water quality and plant growth. Furthermore, excessive biochar application
can result in changes in soil pH, nutrient cycling and ecosystem functioning. The long-term ecological
impacts and the carbon stability under different environmental conditions are still poorly understood.
(Yang et al, 2024)

Aother important challenge is the scalability and integration of biochar production in existing sugar
industries. For large scale continuous production, stable feedstock supply chains, efficient reactor
systems and energy optimisation are required. Operational efficiency may be impacted by the
availability of sugarcane bagasse in a season and the variability in biomass quality. Besides, the
environmental management issues relating to the control of air emissions during pyrolysis and the
safe disposal of gaseous by-products are still important.

There are also serious challenges in the verification and monitoring of the carbon credits. Biochar is a
carbon sequestration material, but requires accurate monitoring, reporting and verification (MRV)
systems, to ensure long-term carbon storage and environmental sustainability. The lack of harmonized
international standards for carbon accounting introduces uncertainty to industries that wish to
participate in carbon markets.(Ojo-kupoluyi et al.,, 2024)

Future research should be directed towards the development of advanced and energy-efficient
technologies of biochar production for improving the carbon yield, adsorption performance and
environmental safety. Emerging techniques such as microwave-assisted pyrolysis, catalytic pyrolysis
and engineered biochar modification can significantly improve the efficiency of pollutant removal and
functional properties of sugarcane bagasse biochar. Functionalization with the use of nanoparticles,
magnetic materials and chemical activators may widen its use in wastewater treatment, soil
remediation and energy storage systems.(Sharma et al, 2024). There is a great potential for the
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integration of biochar production in sugar mills and biorefineries to become part of circular
bioeconomy systems . In such integrated systems, sugarcane bagasse can be used simultaneously for
bioenergy production, carbon sequestration, soil improvement and environmental remediation, thus
reducing the waste disposal problems and enhancing the resource efficiency. The joint manufacture of
bio-o0il, syngas and activated carbon can also improve economic profitability and industrial
sustainability.( Ojo-kupoluyi et al., 2024).

The commercialization in future will largely depend on the government policies providing support,
financial incentives and carbon credit mechanisms. Developing international standards on biochar
quality, environmental safety and carbon accounting is essential to increase market confidence and
attract industrial investment. Further development of life-cycle assessment (LCA) and techno-
economic analysis studies is needed to assess the long-term sustainability and economic feasibility of
sugarcane bagasse biochar systems under real industrial condition(Yang etal.,2025).

Long-term field experiments are needed to better understand the ecological effects of sugarcane
bagasse biochar under different environmental conditions, interactions of nutrients, microbial
responses, and stability of carbon sequestration. Further studies should also address the safe dosage
limits and possible ecotoxicological consequences of repeated application of biochar. The development
of biochar products that are both environmentally safe and free from contaminants will be important
for sustainable applications in agriculture and the environment.
Furthermore, interdisciplinary collaboration between researchers, policy makers, industries and
environmental agencies will be important to accelerate the innovation and commercialization. Public
awareness programmes and technology transfer initiatives can help farmers and industries adopt
sustainable practices using biochar. With ongoing technological advancements and adequate
regulatory support, sugarcane bagasse biochar has the potential to be a significant green material for
pollution control, climate change mitigation, sustainable agriculture and circular waste
management.(Zafeer et al., 2024)

IX. Recent Advancement

Recent breakthroughs like nano-modification, engineered biochar, alteration of functional groups,
activation, magnetization in Biochar has greatly improved its use in varied domains like pollution
abatement from environment, soil improvement. However, conventional biochar suffers from limited
surface area and limited active adsorption sites. The researchers have, therefore, concentrated on
modification of physicochemical properties of biochar for the enhancement of its adsorption efficiency,
catalytic activity and environmental stability. High porosity and surface functionality have been
achieved by advanced activation techniques using chemical agents (KOH, H3P04, ZnCl2) and steam
activation, which has enhanced the adsorption of heavy metals, dyes, pharmaceuticals and emerging
contaminants from wastewater . Another approach is nanocomposite preparation process where
immobilization of metal and metal oxide nanoparticle is carried out which enhances the surface area,
porosity and surface functional groups, catalytic activity as well, which results to improve the
adsorption and degradation capacity of biomass material.(Kumar et al., 2025; Kumari et al., 2025)
Another advancement is the magnetic nano-biochar which are comprised of iron oxides that can be
easily separated and recovered after the treatment of waste water. The magnetized biochar is also
reusable multiple times after use and has improved operational efficiency. The surface reactivity is
increased due to the increased surface functional groups. The Fe-modified sugarcane bagasse biochar
demonstrated excellent adsorption capacity for arsenic, chromium, phosphate and antibiotics
contaminants due to the higher surface reactivity redox activity (Baharuddin et al, 2022; Thakur &
Chadar, 2025).

A next important development is the production of composite and hybrid biochar materials.
Researchers have combined sugarcane bagasse biochar with graphene oxide, carbon nanotubes,
biopolymers, clay minerals and layered double hydroxides to develop multi-functional adsorbents
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with enhanced mechanical strength and adsorption selectivity . These engineered composites have
improved stability, adsorption kinetics and regeneration performance compared to that of pristine
biochar. Moreover, heteroatom functionalization of biochars by sulfur, nitrogen and phosphorus
resulted in the formation of more active binding sites and, therefore, higher affinity for toxic metals
and organic pollutants (Shaheen et al., 2025; Zhang et al., 2025).

Furthermore, recent reports have shown the use of sugarcane bagasse biochar in advanced oxidation
processes (AOPs) and catalytic degradation systems. Nano-modified biochar can activate oxidants
such as persulfate and hydrogen peroxide to produce reactive oxygen species that can degrade
persistent organic pollutants, pesticides and pharmaceutical residues. Photocatalytic biochar
composites with TiO2 or ZnO nanoparticles have exhibited excellent efficiency in degradation of dyes
and endocrine-disrupting compounds under visible light irradiation.(Fu et al., 2025) .

Engineered bagasse biochar has been applied to microbial immobilization, greenhouse gas mitigation,
soil remediation and carbon sequestration, nutrient retention and slow release fertilizers . Surface
modified biochar improves soil fertility, microbial activity and water holding capacity and reduces the
mobility of toxic heavy metals in contaminated soils . Furthermore, recent advances in hydrothermal
carbonization, microwave-assisted pyrolysis and plasma-assisted pyrolysis have enabled the
production of biochar materials with high porosity, energy efficiency, controllable surface chemistry
and enhanced environmental performance (Qureshi et al, 2026; Wada et al., 2026). Artificial
intelligence and machine learning have also been applied in biochar engineering to enhance the
biochar application by optimizing the pyrolysis conditions , predicting adsorption performance , and
designing customized nano-biochar materials for targeted contaminant removal . Al-enabled
strategies are expected to accelerate the commercialization and environmental application of
engineered sugarcane bagasse biochar in wastewater treatment and soil remediation technologies
(Frontiers in Soil Science, 2025; Wada et al.,, 2026).

X. Conclusion

Biochar produced from sugarcane bagasse has been recognized as a low cost, eco-friendly material to
solve various environmental pollution problems. Sugarcane bagasse is an agricultural by-product
which is abundantly available worldwide, hence, it is a low cost and sustainable feedstock for biochar
production. The conversion of an agricultural waste into biochar is encouraging waste valorization and
circular economy practices. Biochar possesses unique physicochemical properties including high
surface area, porous structure and functional surface groups, which make it highly suitable for
applications such as adsorption of heavy metals, dyes, organic pollutants and greenhouse gas
mitigation. In addition, biochar application in soil systems improves soil fertility, capacity of water
retention, microbial activity and carbon sequestration for sustainable agricultural development.

The properties and environmental performance of the biochar are strongly affected by the different
thermochemical conversion methods (pyrolysis, hydrothermal carbonization and torrefaction) and
feedstocks. Recently, the process optimization, surface modification and composite formation have
been proved to further improve the adsorption performance and environmental applicability of
sugarcane bagasse biochar. However, despite these promising advantages, there are still challenges in
terms of large scale production, regeneration, long term stability and economic feasibility. In
conclusion, sugarcane bagasse biochar is green, environmental-friendly and multifunctional method
for environmental remediation and sustainable resource management. Future research should
emphasize on the development of cost-effective production technology, long-term environmental
impacts and advanced functionalization approaches to maximize its efficiency in pollution control and
climate change mitigation.
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