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Abstract

Biochar is produced by the pyrolysis of organic constituents at moderate to low
temperatures and oxygen-deficient conditions. Various types of biomass wastes are used as the
starting points for biochar production, which not only makes better use of the waste resources
already available but also significantly lessens environmental harm. Biochar is extensively
used as a soil amendment, biofuel, catalyst, energy storage, and carbon sequestration regulator
because of its excellent efficacy, environmental friendliness, and affordable price. Biochar has
lately received much interest in wastewater treatment due to its significantly expanded surface
area, excellent pore volume, accessibility of functional charge, and environmental durability.
It may also be recycled because of its exceptional therapeutic effectiveness and resource
recovery capabilities. The ability of biochar to absorb major contaminants makes it a suitable
treatment solution for wastewater. For the intent of developing biochar, the techniques of
gasification, hydrothermal carbonization, and pyrolysis have been developed. Biochar was
employed to absorb minerals, heavy metals (HMs), and organic pollutants to remove impurities
from water and wastewater. The adsorption methods of organic contaminants, nutrients in
wastewater and HMs were examined. Understanding the interactions among the biochar's
structures, adsorption traits, and preparation parameters is crucial. The generation,
characterization, and biochar exploitation for the elimination of organic and HMs were the
main topics of the current review.

Keywords: Waste Biomass, Pyrolysis, Biochar, sustainability, Water and Wastewater
Treatment.

1. Introduction
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The growth in the global population over the past two decades has resulted in a greater
demand for water for both human consumption and industrial use, which has increased the
volume of wastewater dumped into the aquatic environment. Several contaminants, including
carcinogenic heavy metals (HMs) (Park et al., 2016), phenols, pesticides (Safaei Khorram et
al., 2016), polycyclic aromatic hydrocarbons (PAHs) (Flesch et al., 2019), organic dyes
(Praveen et al., 2022), petroleum hydrocarbons (Zhang et al., 2019a), pharmaceuticals, and
veterinary antibiotics (Kang et al., 2022) have been identified in wastewater streams. Literature
has thoroughly covered a variety of pollution treatment methods. It is still thought to be
challenging to create the most effective, practical therapeutic approaches. Chemical oxidation,
reverse osmosis, adsorption, electrocoagulation, filtering, membrane separation, and biological
treatment processes were found to be the most promising methods (Dey et al., 2024; Zeghioud
et al., 2022). Adsorption is one of the most effective ways to remove a range of contaminants
from wastewater and gaseous streams (Zeghioud et al., 2022). The contaminants are removed
from the effluent during the adsorption process by being trapped on the energetically active
regions on a solid substrate surface. The adsorption capacity is influenced by several factors,
such as temperature, acidity, or the concentration of the liquid phase's adsorbate. The adsorbed
molecule may be liberated from the interface and reabsorbed into the liquid phase if any of
these parameters change (Nguyen et al., 2021a; Sun et al., 2019). Clays, zeolites, and active
carbon are common adsorbents that are extensively employed for effective micro-pollutant
removal, particularly in the potabilization of water. Further, advanced oxidation processes
(AOPs) are a set of chemical treatment procedures designed to remove organic and inorganic
pollutants from wastewater through oxidation reactions. These processes generate highly
reactive species, such as hydroxyl radicals, which can effectively degrade complex
contaminants (Dong et al., 2022). Common AOPs include ozone treatment, UV irradiation
combined with hydrogen peroxide, and Fenton's reagent. AOPs are advantageous due to their
ability to achieve high removal efficiencies and mineralize pollutants, making them a
promising option for treating recalcitrant compounds in wastewater (Dong et al., 2022; Mishra
et al., 2023).

Biochar, a porous carbonaceous material, is produced when biomass degrades
thermochemically without oxygen exposure (Xiang et al., 2020). Around 6% of the globe's
energy production and 55% of all renewable energy sources come from modern bioenergy. By
2030, the Net Zero Emissions 2050 Scenario predicts a sharp rise in the utilization of bioenergy
to substitute fossil fuels. The usage of modern bioenergy increased by approximately 7%
annually between 2010 and 2021 and is currently growing (EIA, 2021). The distribution of
contemporaneous bioenergy needs to be accelerated to fulfil the Net Zero Scenario, which
demands a 10% yearly increase in deployment between 2021 and 2030. The development of
bioenergy must be monitored to ensure that it has no negative social or environmental
repercussions. According to the Net Zero Forecast, by 2030, no traditional biomass will be
used, making it possible to achieve UN Sustainable Development Goal 7 on the availability of
affordable, clean energy. By excluding traditional uses of biomass, the use of modern
bioenergy roughly doubles from around 42 Exajoule (EJ ) in 2021 to 80 EJ in 2030 (IEA, 2021).
The data for global bioenergy from the years 2000-2018 are shown in Fig. 1 (Statistics, 2020).
Pyrolysis, carbonization, gasification, hydrothermal, torrefaction, and microwave heating are
techniques for thermochemical degradation that range in thermochemical time and
temperatures (Fang et al., 2018). Due to its multitude of surface functional groups and relatively
large surface area, biochar is an efficient, inexpensive, and environmentally sustainable
adsorbent. In addition to being used as an adsorbent and catalyst to remove environmental
contaminants and lower greenhouse gas emissions, biochar may be utilized on soils to increase
soil fertility and agricultural growth. It also has the potential to produce clean energy as a



substitute for fossil fuels (Fang et al., 2018). As a result, biochar has become a remedy for

various worldwide issues, such as soil erosion, environmental pollution, and climate change
(Creamer & Gao, 2016).
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Fig. 1: Global bioenergy statistics worldwide (Adopted from (Statistics, 2020) (Statistics,
2020))

Biochar has been employed for thousands of years for various applications. The first
indication of biochar's use in Western agriculture dates back to the mid-19™ century, although
its precise history may go back even further. Biochar's usage in water treatment has only
recently drawn the interest of researchers due to water pollution and a lack of drinkable water
as a result of wasteful consumption by the expanding population. Water shortage denotes a
province's lack of freshwater deliveries to satisfy both societal and environmental
requirements. Four billion people, or around two-thirds of the world's population, experience
extreme water shortages for at least one month each year. It is predicted that by 2025, half of
the people worldwide will live in areas with scarce water resources (Liu et al., 2017). Also, by
2040, one-fourth of all children worldwide will reside in areas with significant water deficiency
(Unicef, 2017). It has been shown that biochar is a good absorber of a number of common
contaminants found in animal effluent, including organic pollutants (OPs), heavy metals
(HMs), nitrogen, and phosphorus. In contrast to commercially available activated carbon
products, good magnetic biochar that is easily separated from liquid after magnetization seems
to be more appropriate for animal effluent. Since biochar has a greater throughput for adsorbing
N, and P, it may also be consumed as a slow-release fertilizer and has the qualities of an
agricultural commodity that is beneficial to the environment (Dai et al., 2020). Recent studies
reviewed specific uses for biochar and assigned preparation tools and functionalization
procedures to specific biochar features to categorize the vast amount of information about the
physicochemical properties of biochar and how they affect removal mechanisms (Patel et al.,
2020; Wang et al., 2020b). Additionally covered are the applications of biochar and the
analytical mechanism of contaminant adsorption (Deng et al., 2017). Understanding the
biochar features and their probable influence on adsorption processes towards countless
contaminants in the water is crucial to deciding what actions should be made to improve
biochar features through many treatments, including functionalization and activation. Table 1



provides a general summary of the characteristics, uses, pollutant adsorption capabilities, and
pertinent biochar synthesis parameters.

Table 1. A comprehensive summary of the characteristics, use, and adsorption of pollutants by
biochar, along with the pertinent production factors.

Biochar Functionality Application/ Paremets  of  biochar
generation
Property Mechanism involved
SSA*, Sorption Immobilization of Residence time, higher
porosity temperatures
capacity contamination

from solid, liquid

and gaseous media

Ion- Electrostatic adsorption of organic Post functionalization
exchange interactions with pollutants

polar or non-polar
properties groups

on surface
High - - High temperatures.
mechanical
and
chemical
stability
Surface Chemical bonding Absorption and Low temperature
with
functional immobilization of production, post
assured molecules
groups certain toxins and treatment
drugs (functionalization)
pH Negatively or Attraction/repulsion of Feedstock (high ash
positively ionically charged
content biomass leads to
charged surface molecules high pH biochars), post

functionalization




*SSA= Specific surface area

This current review article investigated biochar generation techniques, physical and
chemical features, factors influencing biochar properties, biochar adsorption abilities, and
biochar application in the elimination of organic pollutants (OPs), HMs, and nutrients from the
water. The adsorption mechanism of biochar linked with major pollutants was deliberated
concerning the organic carbon structure (OCS), surface characteristics, surface electrical
properties, and essential minerals. The review's objectives are to improve and commercialize
biochar-based adsorption technology to satisfy the cleaning of water and wastewater, as well
as to assist researchers interested in the thermochemical conversion of feedstock into biochar
and its application in the adsorption process. The current review paper concentrated on articles
that were published during the last ten years (excluding a few) to demonstrate its potential
comparability with other published material.

2. Biochar preparation methods and characteristics
2.1. Preparation methods

A wide range of methods are employed in the synthesis of biochar, some of them being
pyrolysis, hydrothermal carbonization, and gasification. They are discussed in detail below.

2.1.1. Pyrolysis

Pyrolysis is the thermal degradation of organic constituents at moderate (350-900 °C)
temperatures in an oxygen-deprived environment (Deng et al., 2017). This is an effective
process for transforming waste materials into valuable products (biochar, syngas, and bio-oil).
A variety of products in the form of solid, liquid, and gas are produced throughout the process,
as hemicellulose, cellulose, and lignin undergo reaction processes such as depolymerization,
fragmentation, and cross-linking (Yaashikaa et al., 2020). For the design and manufacturing of
biochar, a multitude of reactor designs are employed, including agitated sand rotating kilns,
wagon reactors, bubbling fluidized beds, and paddle kilns. The quality and nature of the
biomass are used to alter the throughput of biochar during pyrolysis. Temperature is a dynamic
process that influences product efficiency (Wei et al., 2019). In general, as the temperature is
raised during the pyrolysis process, the output of biochar falls, and the production of syngas
rises. Pyrolysis can be majorly ordered into three broad categories: slow, rapid, and flash
pyrolysis. As per scientific studies, lower pyrolysis temperatures and reduction in heating rates
play a crucial role in the synthesis of solid products. Slow pyrolysis is deduced to be the
overriding technique for biochar generation, as in this method, the solid product concentration
was able to reach 35% (Kambo & Dutta, 2015).

2.1.2. Slow pyrolysis

A viable carbon-negative process is slow pyrolysis, which turns resistant carbon into a
variety of products and lowers the amount of CO, in the atmosphere while producing biochar
from different bio-stuffs (Mohamed Noor et al., 2012). According to Mohamed Noor et al.
(2012) and Ok et al. (2015), slow pyrolysis is carried out at temperatures between 350-400 °C
and 600-700 °C, with a heating rate of 5 °C min"! (Mohamed Noor et al., 2012; Ok et al., 2015).
The breakdown of cellulose and hemicelluloses requires the presence of heat. The pyrolysis
can be performed on agricultural residues (Mohamed Noor et al., 2012). The solid product of
biochar is maximized through slow pyrolysis, which can be done in a lab setting with a slow
pyrolysis apparatus (Yu et al., 2017). To obtain a moisture-free product, the entire grounded



product is lifted to apply a pre-drying treatment following grounding. During pyrolysis, the
heating efficiency is reduced when the product contains moisture. The grounded materials are
dried out by being baked at 105 °C in a traditional oven until the sample's weight does not
change (Mohamed Noor et al., 2012). Pre-treatment is performed on the material during the
torrefaction process to get carbon-rich products. Hydrothermal pyrolysis yields a high
hydrochar yield, while slow pyrolysis yields a char yield. Before solid decomposition to
produce a product, pre-pyrolysis takes place during slow pyrolysis (Yu et al., 2017). Steel kilns,
earthen, and bricks are examples of conventional biochar extraction methods that release
different volatiles into the environment and contribute to air pollution. Slow pyrolysis yields
30-35% biochar, 40-45% liquid product, and 20-25% gaseous product from 1 kg of wood.
Retorts, converters, and kilns are examples of reactors used in slow pyrolysis (Sakhiya et al.,
2020). Many researchers have used slow pyrolysis techniques to produce biochar from
agricultural wastes such as wood sawdust, rice waste (Gupta et al., 2018), and corn stover
(Karimi et al., 2020). A systematic presentation of the different conversion techniques and their
properties is listed in Fig. 2.

Torrefaction Biomass/Agricul HTC
Temp: 290 °C ( tural wastes/ Temp: 180-300 °C
Time: 10-60 mins Residues Time: 1-16 h
. . I " Heating Rate: 5-10 °C/min
- Heatmg Rate: 10-15 °C/min = 50-80% Biochar yield

Gasification = 2-5% Syn-gas yield
Temp: 750-900 °C = 5-20% bio-oil yield
Time: 10-20 sec

= 80% Biochar yield
= 20% Syn-gas yield
= 0% bio-oil yield

Slow Pyrolysis Fast [:iyl'l]llyS]so
Temp: 300-700 °C = High surface area and porosity Te.mp: 500-1000 °C
Time: Hours to Days than slow pyrolysis Time: less than 2 s

= Heating Rate: 50-100 °C/min
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= 85% Syn-gas vield

= Less surface area and high

= High surface area and high porosity
porosity " 5-8% taryield = Heating Rate: 300-800 K/min
= Heating Rate: 5-7 K/min " 16-75% ash yield = 10-15% Biochar yield
= 30-35% Biochar yield = 13% Syn-gas yield
= 35% Syn-gas yield = 75% bio-oil yield
= 30% bio-oil yield = 4-59% ash yield

= 6-61% ash yield

Fig. 2. Biochar yields and characteristics obtained from several biochar production techniques:
rapid, slow, torrefaction, hydrothermal carbonization (HTC) pyrolysis, and gasification.

2.1.3. Fast pyrolysis

Fast pyrolysis of biomass is a thermal decomposition process conducted at high
temperatures (typically 500°C or greater) in the absence of oxygen, with rapid heating rates
and short residence times (Elkhalifa et al., 2019). This process converts biomass into bio-oil,
syngas, and char, with bio-oil being the primary product. The rapid heating and cooling in fast
pyrolysis maximize liquid yields, making it an efficient method for producing renewable
biofuels and chemicals (Elkhalifa et al., 2019). Fast pyrolysis is considered a promising
technology for sustainable energy production due to its ability to convert a wide range of
biomass feedstocks into valuable products. Fast pyrolysis can increase bio-oil production by
up to 75% when it is carried out at 800 °C to 1300 -C at a heat rate of 200 C/min for no more
than 10 s (Elkhalifa et al., 2019). This approach uses circulating beds, ablative reactors,
rotating-cone reactors, and bubbling fluidized beds as reactors (Zhang et al., 2019c¢). The liquid
product is maximized by fast pyrolysis (Mohamed Noor et al., 2012; Yu et al., 2017). The most
liquid product is produced when softwood is used, together with hardwood, grass, and other
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agricultural wastes. Fast pyrolysis involves the anaerobic decomposition of biomass at 10 °C
to 100 °C in 0.5-2 s (Sakhiya et al., 2020). Vacuum, ablative reactors, spinning cones, entrained
flow, and fluidized beds are among the reactor types used in fast pyrolysis beds (Elkhalifa et
al., 2019). 60-75% liquid, 10-20% gaseous, and 10-20% solid components make up the final
product (Elkhalifa et al., 2019; Sakhiya et al., 2020). The various pyrolysis processes and their
corresponding product yields are listed in Table 2.

Table. 2. Different types of pyrolysis techniques and their products (Mohan et al., 2006).

Process Temp. Pressure Residence Products yield (wt.%)
(°C) time
Pyrolysis | syngas | char
oil
Fast pyrolysis 400-600 | atmospheric | 2-5 sec 75 13 12
Slow pyrolysis 350-900 | atmospheric | Min to an | 30 35 35
hour.
Intermediate 450-700 | atmospheric | 10-30 min 45-50 30-35 | 28-
pyrolysis 35
Gasification 700-1500 | atmospheric | Second to |5 85 10
min.

2.1.4. Hydrothermal carbonization

Hydrothermal carbonization (HTC) is regarded as a profitable technique since it may
produce biochar at a low temperature (180-250 °C) (Lee et al., 2018). The biomass is blended
with water during the process and then put in a sealed reactor. To preserve stability, the
temperature is gradually raised. The following compounds are created under varying
temperature conditions: Biochar yielded below 250 °C is known as HTC (Zhang et al., 2017),
liquid oil formed between 250 and 400 °C is acknowledged as HTL (Safaei Khorram et al.,
2016), and syngas, including CO, CO,, H,, and CH, generated beyond 400 °C is known as
hydrothermal gasification (Bakraoui et al.,, 2020). The intermediate product, 5-
hydroxymethylfurfural (SHMF), and its derivatives are produced through a sequence of
processes involving the hydrolysed product, including dehydration, fragmentation, and
isomerization. The process also involves condensation, polymerization, and intramolecular
dehydration to form the hydrochar (Bakraoui et al., 2020). It is challenging to synthesize
potentially dangerous stimulants because HTC practices water as the reaction medium under
extreme pressure and temperature situations. As such, biochar produced utilizing this routine
is exceptionally equipped for the adsorption of contaminants in water (Regmi et al., 2012;
Zhang et al., 2013c). The ideal temperature range for biochar is 180 to 250 °C, together with 2
to 10 MPa of pressure and water (Parmar et al., 2014). Compared to HTC, dry pyrolysis causes
the carbonization and breakdown of lignin, cellulose, and hemicelluloses at low temperatures,
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which are mostly caused by the aqueous substrate (Parmar et al., 2014; Zhang et al., 2019c).
HTC is, therefore, especially well-suited for processing feedstocks or waste residues with high
moisture values, such as algae and aquatic plants (Cheng & Li, 2018). Through the processes
of dehydration, polymerization, hydrolysis, aromatization, and decarboxylation, a hydrocarbon
is broken down into smaller pieces, yet it always maintains its similarity to lignite, the end
substrate. Levulinic acid, glucose, hydromethyl furfural, organic acid, and other organic acids
are among the chemicals used in this process. Intermediate products have a variety of uses in
the industrial sector. Removing microbes and organic pollinators lessens the dangerous
qualities of different compounds (Parmar et al., 2014; Zhang et al., 2019c). Biochar, liquid
products, and gaseous products are produced by HTC, which is carried out in water at pressures
lower than 10 bars. At lower energy levels and temperatures, it can deliver more substantial
output quality more quickly (Yu et al., 2017). It is the most economical method at 180-250 °C
underwater and is very suitable for small-scale, farm-based biochar production. This process
involves multiple parameters that impact its final production; the yield in the end is
approximately 40-70% of biomass (Fig. 3) (Zhang et al., 2019¢). Regrettably, this technique is
constrained by the reaction parameters, as well as the expensive reactor's precondition for high
pressure and temperature. The practical implementation is challenging to commercialize owing
to its high preparation cost (Regmi et al., 2012).

2.1.5. Gasification

Gasification is employed to transform carbon-rich materials into syngas (CO, CO,,
CH,, H,, and remnants of hydrocarbons). Gasification is operated at higher temperatures (>
900 °C) in the occurrence of O, air, steam, etc. It has been shown that the reaction temperature
has the greatest impact on syngas synthesis. Higher temperatures increased carbon monoxide
and hydrogen production but decreased methane, carbon dioxide, and hydrocarbon
production(Zhang et al., 2013a). The gasification of feeds frequently uses fluidized-bed, fixed-
bed, and entrained-flow-bed gasifiers. The raw material materials serve as the route through
which the gas travels in fixed-bed gasifiers, whereas the gasifier zones are located at the
location of the reaction. These gasifiers are further divided into three categories based on their
direction of gas flow: updraft, downdraft, and crossflow fixed beds (Zhang et al., 2013a).
Considering that the gasifying agent suspends the biomass feedstock in a fluid-like state,
fluidized-bed gasifiers benefit from increased solid-gas interaction, uniform temperature
distribution, and higher heat transfer rates (Zhang et al., 2013a). Fig 2 depicts a visual
representation of biomass transformation and end products.



Thermo-chemical

methods Major
Products

Pyrolysis Liquid/Crude

Post-
Treatment

Biochar/Char

Gasificati
ASTHCAton Activated
Biomass carbon/carhon
Hydrothermal Black

Liquefaction Hydrochar

Carbonization /% Charcoal

Fig. 3. Pictorial presentation of thermochemical conversion of biomass and their end products.
3.2.6. Microwave assists pyrolysis

Microwave pyrolysis is an advanced thermal decomposition process where microwaves
are used to heat biomass or other feedstocks in the absence of oxygen, resulting in the
production of bio-oil, syngas, and char (Lam & Chase, 2012). Unlike conventional pyrolysis,
microwave pyrolysis provides rapid and uniform heating, which enhances reaction rates and
can improve the quality and yield of the products (Luo et al., 2023). The process involves
converting microwave energy into thermal energy within the material, leading to efficient and
controlled decomposition. This method is gaining interest because of its potential to process
diverse feedstocks and for its energy efficiency and scalability in producing renewable energy
and value-added chemicals (Luo et al., 2023). Abas and Ani (2014) and Yu et al. (2017) have
identified microwave-assisted pyrolysis as a very efficient thermochemical method (Abas &
Ani, 2014; Yu et al., 2017). Although pre-treatment is required before heating in a microwave,
ordinary pyrolysis is carried out as a standard heating procedure. Heath water is a liquid product
and a non-compressible gas, while pyrolyzed gas is the typical byproduct (Yu et al., 2017).
Avoiding the development of secondary reactors eliminates the drawbacks of traditional
biochar manufacturing and improves the quality of the product. It is also referred to as an
electric volumetric heating technology, and it operates at 2.45 GHz and 915 MHz frequencies
as required by international agreement. It has great efficiency, produces little emissions, and
saves energy (Abas & Ani, 2014).

2.2. Characteristics of biochar

Biochar has a variety of aromaticity oxygen-containing functional groups due to its
high carbon content and void structure (Tomczyk et al., 2020). The physicochemical properties
of biochar are significantly influenced by the kinds of raw materials used, feedstock size, the
pyrolysis process, the temperature, the pyrolysis period, and the circumstances under which it
is modified (Tan et al., 2015). Although a variety of factors may affect the structure of biochar,
in general, the material has a good number of surface functional groups (SFG) (hydroxyl,
carboxyl, carbonyl, and methyl) (Sharma et al., 2021), a developed pore structure, a sizable
specific surface area, and a stable molecular structure (Tomczyk et al., 2020), which makes it
suitable for adsorbing effluents from livestock wastewater.

2.2.1. Physical properties



The bulk density, particle size distribution, specific surface area (SSA), pore size, and
pore volume distribution are examples of physical attributes (Ding et al., 2021; Zeghioud et al.,
2022). These variables (reactor temperature and residence duration) are closely related to the
circumstances that affect the formation of biochar. The addition of oxygen-rich media
throughout the course (air, oxygen, CO,, and steam) and/or post-production processing alters
the result (Hu et al., 2021). Five diverse biochars from diverse feedstocks were used to adsorb
the fungicide epoxiconazole (EPC) (Xiong et al., 2020). The findings demonstrated a tight
relationship between total pore volume and SSA and the adsorption ability of these biochars
towards EPC (Xiong et al., 2020). The sorptive biochar potential toward ciprofloxacin or
acetaminophen, the biochar surface area, and the total pore volume all showed favourable
correlations (Patel et al., 2021). In addition to the overall surface area, biochar surface
heterogeneity is crucial to the sorption behavior. In order to investigate the impact of biochar
adjustment on SSA (Fig. 4), or to assess the impact of pyrolysis temperature on the SSA of
generated biochar, Brunauer-Emmett-Teller (BET) analysis is used. SSA and total pore volume
increase as pyrolysis temperature rises. The SSA was further enhanced in the attendance of
acid due to the buildup of the inorganic component and the emergence of new minerals at the
surface of the biochar (Liu et al., 2021).
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Fig. 4. The development of biochar's specific surface area (SSA) in some published papers
according to various modification strategies (Adopted from Zeghioud et al. (2022) (Zeghioud
et al., 2022)).

2.1.2. Chemical properties

Cation exchange capacity (CEC), electrical conductivity (EC), point of zero charges
(PZC), and surface functional group (SFG) are among the chemical characteristics of biochar.
It's crucial to conduct a structural and elemental study to forecast how biochar will affect the
environment (Mishra et al., 2022c; Xiang et al., 2021). The O/C atomic ratio, the conformation
and disposition of the elemental components at the surface, the relationship between the
parameters used to prepare the biochar and its final characteristics are all revealed by
combining the Scanning electron microscope (SEM) approach with energy-dispersive X-ray
spectroscopy (EDX or EDS). The O/C ratio indicates the biochar's level of carbonization and
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aromaticity, which are indicators of its stability and, in turn, its capacity to trap carbon (Ma et
al., 2016; Mishra et al., 2022a). Instead of elemental analysis, EDX is indicated as a suitable
approach for measuring the direct O/C ratio (Mishra et al., 2022a). The H/C and O/C ratios in
biochar demonstrated a positive relationship with the concentrations of hydroxyl, carboxyl, and
carbonyl groups, as well as the cation exchange capacity (CEC) (Wiedner et al., 2013). The
degree of aromatization of carbonization is indicated by the elemental ratios of H/C (Chen et
al., 2008). X-ray photoelectron spectroscopy (XPS) analysis is an exceptionally effective
evaluation method for detecting the functional groups on the surface of biochar and the metallic
state of products before and after the synthesis of a biochar composite (Shen et al., 2020).
Chemical information is present in the XPS spectral lines C 1s, O 1s, and N 1s photoelectron
lines. The confined electronic situation of the photo-emitting atom is replicated in their exact
positions on the energy axis; a distinctive move for the carbons C-O, C=0, COO-, and CO?; is
distinguished (Leng et al., 2019). Most of the C Is and O 1s spectrum's peak intensities are
reduced due to the adsorption of methylene blue (Vickers, 2017). However, the presence of N
Is in the biochar/FexOy-MB XPS spectrum indicated that N-electrostatic attraction might be
involved in the adsorption (Vickers, 2017). Additionally, XPS may be used to assess the
elemental O/C molar ratio, which might help identify the extent of stability of biochar (Spokas,
2010). Fourier Transform Infrared spectroscopy (FTIR) is frequently used to characterize the
surface of biochar. This approach evaluates the efficacy of metal binding throughout surface
treatment or the alteration of surface functional groups post-adsorption of contaminants, and it
offers specific data on the oxygen-rich charge located on the biochar surface (Liu et al., 2019a).
The classification of various instruments used in biochar characterization is listed in Fig. 5.
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Fig. 5. Classification of characterization techniques versus biochar properties.

2.2.3. Morphology and surface structure

Biochar has critical characteristics that include its surface shape and chemical structure.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are
effective tools for determining the progression of biochar surface structure, porosity, and pore
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distribution prior to and following amendment (Vickers, 2017). Raman spectroscopy is thought
to be an effective approach for analyzing flaws or graphitization in carbon-based materials. In
biochar engineering and development, two bands are vitally pertinent: the D band, which
reflects the degree of disorder and defect caused by vacancies, edges, and functional groups,
and the G band, which is associated with the crystalline and graphitic structures (Kumar et al.,
2022; Yun et al., 2018). The forecast intensity ratio of the D band to the G band (ID/IG) shows
the disorder and degree of the faultiness of the biochar (Table 3). It is hypothesized that a rise
in the Ip/Ig ratio transported by the Fe addition indicates an increase in the number of damaged
sites (Rong et al., 2019). Additionally, it has been shown that when pyrolysis temperature
increases up to a certain point, more defective sites develop on biochar (Bai et al., 2021). A
low Ip/lg ratio also indicated a significant level of graphitization (Zhang et al., 2021). In
general, the ID/IG value rises with higher pyrolysis temperatures, implying that elevated
pyrolysis temperatures promote the formation of fault structures in biochar (Yang et al., 2020).
The X-ray diffraction (XRD) method is used to determine a solid material's crystal structures
and phase composition. It may also define material change, such as metal oxide loading
magnetic biochar composite creation, and evaluate the crystalline/amorphous phase ratio (Ma
et al., 2021). The method may assess the stability of biochar components following alterations,
such as the adjustment of SiO, (Zhang et al., 2020). The surface structure and morphology of
the biochar are subjected to process parameters such as temperature, heating rates, particle size,
etc. (Mishra et al., 2022b). The surface structure and morphology of the biochar altered due to
rapid chemical reactions (Mishra et al., 2022b). Fig. 6 illustrates the irregular form and porous
structure of biochar (pore size=1.4-11.2 um). Because it makes it easier to remove volatile
substances involved in pyrolysis, an increase in porosity can have a favourable effect on the
process. The temperature at which biochar is produced through pyrolysis plays a critical role
in shaping its structure and morphology. Generally, higher pyrolysis temperatures (600-900
°C) result in biochar with increased surface area and porosity as volatile organic compounds
are expelled, leaving behind a more porous material (Tan et al., 2018). This process also leads
to higher carbon content and greater crystallinity, imparting a more graphitic nature to the
biochar (Wang et al., 2024). Conversely, lower pyrolysis temperatures tend to preserve more
functional groups on the biochar surface, such as hydroxyl, carboxyl, and phenolic groups
(Zhang et al., 2024). The elemental composition is influenced by higher temperatures, yielding
biochar with a higher carbon-to-nitrogen ratio and reduced concentrations of oxygen-
containing functional groups (Zhang et al., 2024). Biochar stability is enhanced at higher
temperatures, making it more resistant to microbial decomposition and potentially prolonging
its effectiveness as a soil amendment (Zhang et al., 2024). However, the impact on plant growth
varies, with different pyrolysis temperatures influencing nutrient availability, water retention,
and soil microbial activity in distinct ways (Zhang et al., 2024). Therefore, the selection of the
appropriate pyrolysis temperature is crucial and should align with the intended application of
the biochar. Additionally, considering the feedstock used for biochar production is essential as
it also contributes to the final properties of the biochar (Zhang et al., 2024).
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Fig. 6. Shape and surface morphology of bio-char using SEM (adopted from Husain, Zakir, et
al. (2020) (Husain et al., 2020).

Table 3. The locations of the D and G bands in the Raman spectra of biochar.

D band G band

Biochar position  position In/Ig Reference
(em™) (cm™)
0.84 and (Bai et al
Sludge-derived biochar 1350 1580 "
2021)
1.06
Magnetic biochar 0.94 and (Rong et al.,
1338 1589 2019)
derived from banana peels 0.99
0.79 and .
Pyrrolic N-rich biochar 1343 1588 (Caietal,
2021)
1.07
1.67,
. . 1.48,
Multi-porous biochar from lotus (Hou et al.,
bi 1340 1585 2001
lomass 130, and )
1.56
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0.389 and

Cassava ethir}ol ;ludge—derlved 1368 1594 (Zhaztr(l)g2 ft al.,
1ochar 0.407 )
ey (Sun et al.,

Graphitic biochar 1310 1590 1.94-2.56 2020b)
0.99, (Yang et al.,
Nanoscale zero-valent 1309 1561 1.04, 2020)
0.58-0.85 :

. . . . 1354- 1568- (Mishra et al.,
Mixed waste oil-derived biochar 1357 1575 2022¢)
Spent coffee ground and chicken 1354- 1568- 0.85-0 86 (Mishra et al.,

feathers derived biochar 1357 1575 Y ' 2022a)

2.2.4. Biochar stability

Thermogravimetric analysis (TGA) is employed to inspect the thermal stability of
biochar (Mishra et al., 2022a) and describe its structure since it offers evidence of the pyrolysis
yield, moisture, and numerous structural elements such as hemicellulose, cellulose, and lignin
(Sun et al., 2020b). The mass loss in TG analysis can typically be separated into three phases:
the first phase reflects the loss caused by water vaporization and decay of bonded hydrated
mixtures; in the second phase, the majority of the loss reported is clarified by the thermal decay
of polar biomass derived from the majority of cellulose, hemicellulose, and holocellulosic
precursors; and lastly, the third phase represents the loss due to the evaporation of lignin (Kim
et al., 2020). Finally, it was determined that the last step of mass loss was triggered by the slow
and steady thermal deprivation of high molecular weight constituents found in the biomass
(Singh et al., 2020). The thermal stability of biochar produced at different temperatures (400,
600, and 900 °C) was investigated by Mishra et al. (2022) in a TGA, and it was shown that
biochar produced at 900 °C has greater thermal stability than biochar produced at 600 and 400
°C (Fig. 7 (a b and c)) (Mishra et al., 2022a). The biocarbon obtained at temperatures more
than 600 °C pyrolyzed completely (removing hydrogen and oxygen), increasing the thermal
stability. Nevertheless, the biocarbon obtained at a lower temperature (400 °C) contained some
raw impurities that decreased the biocarbon's thermal stability. The biocarbon with the
maximum decomposition was found at 400 °C, which was supported by the entire thermal
breakdown profile of biocarbon from 900 °C (Mishra et al., 2022a). Since there was less heat
and mass transfer during partial pyrolysis, the lower-temperature biocarbon had more raw
contaminants (such as hydrocarbons) and decomposed more quickly than the higher-
temperature biocarbon. It was believed that because pyrolysis took place in an inert
atmosphere, it led to the formation of biocarbon that is particularly resistant at higher
temperatures. Since full pyrolysis (maximum heat and mass transfer) occurs at higher
temperatures (600 and 900 °C), biocarbon was found to have superior thermal stability (Mishra
et al., 2022a).
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Fig. 7. TG profile of (a) chicken feather biochar (CFB) and (b) spent coffee ground biochar
(SCGB) at 400, 600, and 900 °C (adopted from Mishra et al. (2022)) (Mishra et al., 2022a) (c)
mixed waste biochar at 600 and 900 °C (adopted from Mishra et al. (2022)) (Mishra et al.,
2022b).

3. Factors impacting the characteristics of biochar
3.1. Type of feedstocks

A complex solid material called biomass is made up of biological, organic, or inorganic
components that come from either living or non-living creatures. Woody biomass and non-
woody biomass are the two types of biomass (Tripathi et al., 2016). Wood biomass possesses
low moisture, minimal voidage, increased density, and a considerable calorific value. Non-
woody biomass encompasses animal, solid industrial, and agricultural wastes (Huang et al.,
2021). Non-woody biomass is distinguished by high detritus, significant dampness, large
voidage, lower density, and poor calorific value. The moisture content of a biomass feedstock
has a large influence on the way that biomass develops. Maximum biomass moisture content
minimizes char formation, which increases the energy required to attain the pyrolysis
temperature (Jafri et al., 2018). When producing biochar, biomass with low moisture content
is preferred since it pyrolyzes with less heat energy and takes less time than biomass with high
moisture levels, making the process more commercially feasible (Huang et al., 2021).

3.2. Temperature

An important factor that influences the properties of biochar is the pyrolysis
temperature. The pyrolysis temperature has a considerable impact on the structure and
characteristics of biochar (Cao et al., 2014; Mishra et al., 2022a). As the temperature is raised,
the surface area, ash content, and biochar pH also upsurge (Kim et al., 2012) while the yield of
biochar decreases (Mishra et al., 2022a). Biochar formed at low temperatures has aliphatic and
cellulose-like structures, providing it with a more expanded organic character. These might be
valuable substrates for bacteria and fungi to mineralize, which in itself is necessary for nutrient
cycling and aggregate formation (Koshila Ravi et al., 2019). Biochar generated at higher
temperatures (400-700 °C) using organic feed had decreased ion exchange and functional
groups as a response to dehydration and decarboxylation but still contained considerable
quantities of carbon in poly-condensed aromatic structures (Amalina et al., 2022). At greater
pyrolysis temperatures, carbon polycondensed into aromatic rings, maximizing the surface
area and pore formation of the biochar. Biochar generated at higher temperatures has large
surface areas and microporosity, while biochar produced at lower temperatures has weak
adsorption capability (Kotodynska et al., 2012). As the volatile component in carbon-rich
biomasses is eliminated during pyrolysis or carbonization, biochar develops porosity, aromatic
structure development, and polymerization. As a result, it is plausible to assume that the
temperature at which biochar is formed during pyrolysis, whether from agricultural waste,
chicken litter, or other animal manures, has a significant impact on the quantity and quality of
the product (Table 4) (Amalina et al., 2022).
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Table 4. The temperature influences the physicochemical characteristics of biochar during pyrolysis.

Biomass Temperature Yield Ash BET surface area Viotal pH | H/C | O/C References
(°C) (Wt.%) (%) (m?/g) (cm?/g)
Alfalfa 350 47.70 7.10 3.50 - - 1080|020 | (Choi& Kan,2019)
450 30.70 9.10 4.00 - - 1050]0.10 | (Choi& Kan,2019)
550 28.30 16 183 - - 1030]0.10| (Choi & Kan,2019)
650 27.50 13.60 405 - - 1020]0.10| (Choi & Kan, 2019)
Oange peel 200 61.60 0.30 7.75 0.010 - 1.14 | 0.45 | (Chen & Chen, 2009)
300 37.20 1.57 32.30 0.031 - 1078 - (Chen & Chen, 2009)
400 30 2.10 34 0.010 - 10.5810.22 | (Chen & Chen, 2009)
500 26.90 4.27 42.40 0.020 - 10.38]0.21 | (Chen & Chen, 2009)
Rice straw 300 38 - 6.77 - 7.90 | 0.07 043 (Shen et al., 2019)
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500 31 - 22.38 - 10.40 | 0.04 | 0.22 (Shen et al., 2019)
700 30 - 115.47 - 10.70 | 0.03 | 0.13 (Shen et al., 2019)
Pineal 350 36.53 2.46 0.82 0.001 7.10 | 0.06 | 0.32 (Mohammed et al.,
shell 2018)
450 33.09 2.75 1.29 0.005 7.80 | 0.05]0.27 (Mohammed et al.,
2018)
550 29.23 3.323 228.11 0.038 8.70 [0.04|0.15 (Mohammed et al.,
2018)
Rice straw 300 36.90 13.40 20.20 - 8.20 | 0.07 | 0.36 (Fan et al., 2018)
500 30.10 28.40 50.11 - 9.70 | 0.04 | 0.27 (Fan et al., 2018)
700 16.80 34.20 288.34 10.0 | 0.03 | 0.25 (Fan et al., 2018)
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3.3. Biomass pre-treatment

The properties of biochar are significantly affected by the pre-treatment methods
(Anukam & Berghel, 2020; Zadeh et al., 2020). Two familiar pre-treatment techniques are
biomass particle size reduction and immersion of feedstock in a solution. When biomass is
reduced in particle size, the production of biochar increases. A somewhat acidic solution was
used to pre-treat pine wood, for instance. Pre-treatment processes such as nitrogen and metal
doping can sway biochar synthesis, whilst solution pre-treatment techniques such as soaking
or steaming can impact the elemental framework and biochar characteristics (Anukam &
Berghel, 2020). Baking can diminish oxygen and humidity levels while enhancing carbon
content (Zadeh et al., 2020).

3.4. Rate of heating

Heating conditions alter biochar production in addition to bio-oil and syngas products
(Akhtar & Saidina Amin, 2012). Increased heating rates and optimal input material treatment
temperatures stimulate bio-oil production; meanwhile, relatively low heating rates and
optimum temperatures promote biochar synthesis. A reduced heating rate (20 °C s!) enabled
the inherent porosity of the sawdust to be transmitted to the material with no apparent
morphological modifications in the instance of biochar formed from pine sawdust. On the other
hand, the sawdust cell structure was devolatilized at increased reaction temperatures (500 °C
s1) (Xu & Chen, 2013). Greater overall pyrolysis temperatures, comparatively low heating
rates, and prolonged residence time, on the other hand, accelerated biomass transition into
gaseous yield. Lower calorific values and lower pyrolysis temperatures unmistakably led to
char creation (Yorgun & Yildiz, 2015). Higher heating rates, short vapor residence times, and
intermediate final pyrolysis temperatures (500-550 °C) frequently optimize the formation of
liquid products. The portions of the three consistent products (biochar, liquids, and gases) can
be changed and managed across a large range by adjusting the pyrolysis settings (Akhtar &
Saidina Amin, 2012).

3.5. Size of the particle

Another essential aspect that affects how pyrolysis products disperse is the biomass
particle dimensions. It involves the pace of heat and mass transmission as well as the intensity
of side reactions within this particle. The particle size of input materials depends significantly
on the feed ingredients and the pyrolysis technique. Fine particles are preferred for fast
pyrolysis mechanisms owing to their ability to heat up more uniformly, releasing more volatile
matter and improving the yields of bio-oil and gas products (Akhtar & Saidina Amin, 2012).
The study showed that bigger particles (those with a size greater than 1.8 mm) exhibited higher
internal temperature gradients, resulting in core temperatures that were lower than their surface
temperatures. It has resulted in increased yields of liquid and char and lower yields of bio-oil
and gas products (Aysu & Kiicgiik, 2014). Fig. 8 demonstrates the pictorial presentation of
factors that influenced biochar adsorption ability.
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Fig. 8. Schematic presentation of factors that influenced biochar adsorption ability.
4. Factors affecting pollutant removal

The type of the targeted contaminants, the treatment's operating parameters, and the
physicochemical properties of the biochar all have a substantial influence on the elimination of
impurities and the material's adsorption capability (Table 1) (Jellali et al., 2021). With the use
of the multivariate optimization technique, several studies have documented the impact of
various factors and how they interact with one another on the effectiveness of pollutant removal
(Salehi et al., 2020). The parameters that affect how well biochar removes organic
contaminants are depicted in Fig. 9. The dose of biochar and the initial pH of the solution are
the two most frequently addressed factors.
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Fig. 9. The primary influencing factor is eliminating organic pollutants through biochar.
4.1. Effect of biochar dose

Adsorption studies frequently include the consequence of biochar quantity on pollutant
deletion efficiencies since there is a considerable association between adsorbent dose and
adsorption abilities. Despite this, a threshold biochar dose exists over which pollutant
elimination does not increase (Singh & Srivastava, 2020). This trend is explained by using
active adsorption sites for pollutant adsorption (Du et al., 2020). The drop in adsorption
capacity after the ideal point may be caused by inadequate pollutant molecule availability for
spare active sites (Wang et al., 2019). Separate research found that increasing the amount of
biochar leads to the reaction equilibrium being achieved faster, showing a greater initial
adsorption rate and greater accessibility of open reactive sites on the surface of the adsorbent
(Vigneshwaran et al., 2021). Although only noticeably at lower doses and marginally more so
at higher dosages, the adsorption capability decreases exponentially as biochar is raised (Lawal
etal., 2021).

4.2. Effect of initial solution pH

The protonation and deprotonation of oxygen-rich molecules on the biochar surface or
composites, along with the pH of the pollutant solution, affect the removal process's
effectiveness (ElI Kassimi et al., 2020). Additionally, pH impacts the level of adsorbate
ionization (El Kassimi et al., 2020). The positively charged adsorbent surface promotes anion
adsorption at pH values lower than the point of zero charges (PZC). However, cation adsorption
is increased when the surface is negatively charged, and the pH is greater than the PZC (Wang
et al., 2020a). Chaukura et al. (2017) observed maximum methyl orange adsorption at pH
values lower than the PZC of biochar; it was accounted for by a hypothetical electrostatic
contact of the dyes to the interface of the biochar, assuming that they were anions at the
conditions observed (Chaukura et al., 2017). As the pH of the solution increases, the ability of

21



biochar or nano-metal biochar composites to adsorb organic dyes frequently decreases (Zhao
et al., 2021).

4.3. Effect of pollutant concentration

The starting concentration of the adsorbate has a significant impact on the adsorption
process's performance. According to studies, the adsorption capacity reduces as the initial
concentration of contaminants rises (Zhou et al., 2019). This is explained by the targeted
contaminants occupying active spots on the surface of the adsorbent material (Vigneshwaran
et al., 2021). The starting concentration of the pollutant and the adsorption potential of biochar
are inversely correlated; nevertheless, the pollutant removal yield declines over time (Mu &
Ma, 2021). This may be explained by the fact that mass transfer improved substantially by
applying a concentration driving force (Chakraborty et al., 2018), which boosted the rate of
diffusion and raised the possibility that particles would reach the material surface (Igbal et al.,
2013). Sayin et al. (2021) confirmed that when ciprofloxacin starting concentration increased
from 50 to 150 mg L-!, adsorption efficiency decreased. This was attributed to the eventual
saturation of a particularly active site for antibiotic molecule adsorption (Sayin et al., 2021).
When Indigo Carmine (IC) dye was investigated for adsorption using C. odorata biochar, the
study illustrated that with an increase in dye concentration (10 to 100 mg L!) with the same
amount of biochar, a drop in elimination efficacy was noted (Nnadozie & Ajibade, 2021).

4.4. Effect of anions presence

A wide range of available anions, including NO;, CI, SO,, and PO,4, may combat the
contaminant particles during adsorption in an aquatic environment. Owing to the increased
competition for the adsorption sites on the biochar interphase, Wang et al. (2021) discovered
that the removal efficiency of parsanilic acid decreased when PO, was present (Wang et al.,
2021). The decline in repulsion between adsorbent particles and the subsequent rise in
nanomaterial aggregation caused by the increase in NaCl concentration resulted in a decrease
in biochar’s adsorption abilities (Liu et al., 2019a). Nevertheless, beyond a definite quantity of
NacCl, the adsorption ability tends to grow, which was described by an upsurge in ionic strength,
which accelerated the activity coefficient of water-insoluble organic constituents, leading to a
reduction in solubility (i.e., salting-out effect), and was thus favorable to contaminant
adsorption (Li et al., 2017). Other plausible causes include lower solubility of micropollutants
in the presence of greater Na* concentrations and interface charge neutralization of carbon-
rich adsorbents produced by double-layer compression (Shin et al., 2020).

4.5. Effect of contact time

The assessment of the biochar adsorption process must take contact time into account.
As per testified reports, the adsorption efficiency increases exponentially at the commencement
of the treatment before progressively declining till adsorption equilibrium is attained, at which
time the sorption sites are filled (Yu et al., 2021b). The declining trend in the concentrations of
the solution's bulk phase and the adsorbent's surface, along with the ultimate adsorption
saturation of active biochar sites (Trinh et al., 2020). Numerous studies reported similar
outcomes when ciprofloxacin was removed from the body (Li et al., 2018a; Velusamy et al.,
2021). In their study on the elimination of ciprofloxacin by H;PO4-treated biochar, Sayin et al.
(2021) noted that as treatment time increased, the rate at which antibiotic molecules were
adsorbed decreased upto equilibrium point (Sayin et al., 2021). In their work, Nguyen et al.
(2021) evaluated numerous metal salt-amended biochars generated from diverse agro-wastes
for the elimination of Congo red dye. The results indicated the diverse equilibrium durations
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necessary for the dissimilar biochars used at the same initial dye concentration (Nguyen et al.,
2021b).

4.6. Effect of temperature

The adsorption temperature can also influence the ability of biochar to remove
impurities. The majority of water treatment studies, however, are accompanied by ambient
temperature to mimic the temperature that occurs in the surroundings (25 °C) (Jung et al., 2018;
Xu et al., 2019). The adsorption upsurges with temperature in the region of 15 to 35 °C, which
is indicative of an endothermic reaction (Cheng et al., 2021a). Comparable findings on the
endothermicity of p-nitrophenol adsorption by pine sawdust biochar (Liu et al., 2020) and
diclofenac by pine wood biochar was observed (Lonappan et al., 2018). The chance of pollutant
particles coming into touch with the active sites improved as the temperature rose (Jung et al.,
2018). However, in an exothermic process, a rise in temperature within a similar range might
cause a reduction in the adsorption capacity (Velusamy et al., 2021). Nonetheless, there exists a
proportional relationship between temperature and molecular motion acceleration, which
decreases the Gibbs free energy and promotes adsorbent-ion interaction (Zhu et al., 2020). The
biochar surface can produce aromatic carbon that has better surface properties for adsorbing a
wide variety of contaminants when the temperature is raised (Wang et al., 2016).

4.7. Effect of chemical impregnation ratio on the elimination of pollutants

Numerous studies were conducted to determine the impact of the ratio of magnetic to
unprocessed material on the efficiency of pollution elimination. It has been discovered that
increasing this proportion improves the ability of magnetic biochar adsorption up to a certain
point, but increasing it further causes the adsorption capacity to diminish (Wang et al., 2016).
Son et al. (2018), on the other hand, demonstrated that copper removal capacities decrease with
decreasing biochar/Iron ratio and Fe-recovery efficiency, which is attributed to iron oxide
particles choking the exterior pores of the biochar (Son et al., 2018). In addition, Yang et al.
(2016) discovered that the development of oxygen-rich functional groups, particularly the C-
O group, at the biochar surface augmented the elimination efficacy of mercury as the
FeCls/sawdust impregnation mass ratio increased. However, excessive FeCl; might result in
the following: (i) the accumulation of Fe;O4 molecules on the exterior of magnetic biochar and
(i1) a change in the textural characteristics, which lowers the yield of mercury removal (Yang
etal., 2016).

4.7.1. Post-processing modification of biochar: activation and functionalization

Based on the kind of biomass feedstock, biochars that still include different refractory
oxides such as Fe,0s, SiO,, KCl, Al,O;, CaSO,, and CaCO; are produced by the thermal
breakdown of biomass in an oxygen-free or significantly oxygen-limited environment
(Vijayaraghavan, 2021). Additionally, the majority of pure biochars have negatively charged
surfaces due to their many oxygen-containing function groups, which causes them to
specifically sorb to cations (such as heavy metal ions) (Yang et al., 2019). However, sorption
is restricted to anionic species (oxyanion, anionic dyes, and organics) (Tan et al., 2016). Due
to the limited uses of biochar, researchers are compelled to alter biochar for specific purposes
by introducing new and extra metal oxides using various techniques (Dai et al., 2021).
Furthermore, the physicochemical characteristics of biochar produced from traditional biomass
pyrolysis may be subpar, including surface area, pore volume, pore width, and surface
oxygenated groups. These characteristics vary greatly and are influenced by the types of
feedstock used and the conditions of manufacturing (Li et al., 2018b). However, in the process
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of treating water, the accessible functional groups carboxyl (-COOH), hydroxyl (-OH), and
carbonyl (C=0) are crucial (Liu et al., 2012). The kind of functional groups that are already
present on the surface have a significant impact on whether biochar is hydrophilic (measured
by the polarity index) or hydrophobic (measured by the aromaticity).

There have been reports of several methods, including chemical and thermal treatments,
impregnation, and steam activation, increasing the quantity of this last (Shen et al., 2008).
Because of its advantageous physicochemical characteristics, which include a high surface area
with a high active site, improved charge separation, greater accessibility of functional groups,
a high porous volume, improved catalyzing capacity, stability, and recoverability, biochar can
also function as a great photocatalyst when coupled with other catalysts (Ahmaruzzaman,
2021). Nevertheless, photocatalyst-based biochar synthesis has to be improved (Sun et al.,
2020a). The adsorption and photocatalytic capabilities of the nanocomposites were both
improved when a suitable quantity of ZnO was added to the charcoal (Yu et al., 2021a). The
use of Mn- and Fe-loaded biochar for the removal of atrazine in an aqueous solution using
heterogeneous catalytic ozonation produced similar results (Tian et al., 2021). Ahmaruzzaman
presented many methods for synthesizing biochar-supported photocatalysts, including the Sol-
gel method, the Solvothermal process, the Hydrothermal process, the Thermal
Polycondensation methodology, and ultrasound-aided synthesis (Ahmaruzzaman, 2021). The
various post-modification techniques for biochar can be categorized into four primary groups,
as illustrated in Fig. 10: 1) modifying the surface area and porosity of the biochar; 2) altering
the surface of the biochar to make it positively charged; 3) augmenting the surface oxygen-
containing functional groups; and 4) magnetizing the biochar to aid in the recovery of the
biochar particles. One treatment may be able to improve two or more properties at once. An
example of this would be the H,SO, treatment, which improves the amount of functional
groups that contain oxygen while also improving specific surface area. Various categories for
these changes have been documented in the literature (Cheng et al., 2021b). These include the
categorization based on the physicochemical properties of the biochar that is the subject of the
alteration (Li et al., 2018b), and the process type (chemical, physical, or composite) (Benis et
al., 2020).
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Fig. 10. Typical biochar modifications and their classification.
5. Biochar adsorption mechanism

It is essential to comprehend in what way biochar adsorbs toxins to improve its
performance, particularly for the common pollutants present in livestock effluent, as this
efficiency varies depending on the kind and character attributes of the contaminants. This study
looked at biochar's organic framework, surface functional charge, surface electrical
characteristics, and mineral content in the adsorption process.

5.1. Organic structure

Two layers make up the biochar's organic framework: stacked graphene sheets and
aromatic structures dotted throughout the graphene (Joint Research et al., 2010). As a result,
biochar has the advantage of having many pore structures and specific surface areas. The large
SSA and tight pore architectures of biochar increase its physical adsorption effectiveness and
make it easier to adsorb organic molecules with similar molecular masses (Tan et al., 2015).

5.2. Surface functional groups

The surface charge on the biochar repairs the metals by complex formation, interface
precipitation, and attractive electrostatic forces. Even though the adsorption ability of Pb (II)
was poorer at precise surface areas organized in high-temperature situations, surface functional
groups on biochar surfaces would be demolished at temperatures of 500 °C or higher (Zhang
et al., 2013b). This indicates that [OH and CH] surface functional groups are essential for HMs.
The verified study exhibited that adding HNO;/NH; to the surface of biochar made from
chicken dung can provide novel amino functional groups that can improve dimethyl sulfide
adsorption (Nguyen & Lee, 2015).

5.3. Surface electrical properties

The contaminant adsorption procedure depends heavily on the surface of the biochar's
capacity to draw electrons and protons. A suitable adsorbent for positive ions like NH; and
HMs is biochar, which typically has a negative surface charge. Anions like phosphate can be
assimilated if the biochar is modified so that the exterior energy is polarised. Fang et al. (2014)
enhanced corncob biochar by adding magnesium salt, making the surface energy of the positive
biochar increase the effectiveness of phosphate adsorption (Fang et al., 2014).

5.4. Mineral ingredients

Mineral components in biochar, often including COs*, PO;?, etc., can enhance their
potential for adsorption. The surface precipitation was vital in the adsorption of Pb (II) by
degraded cattle dung biochar. On the surface of the biochar, Pb (II) responded with COs*,
HCOs5-, and H,POy ions to yield Pb(COs3),(OH),, PbCOs3, and Pbs(PO4);X (where X may be F-
, CI', Br-, or OH") precipitate (Inyang et al., 2012). Without a doubt, several synergistic effects
are used to adsorb particular microorganisms. In general, porosity incapacitation and the
electrostatic interaction of organic surface charge are the only factors involved in the adsorption
of organic carcinogens onto biochar. Electrostatic forces, ion exchange, responses of surface
charge to complexation, and mineral component precipitation are the primary mechanisms by
which HMs might be adsorbable. The main adsorption methods for nitrogen and phosphorus
are electrostatic attraction and mineral composition precipitation.
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6. Application of biochar

Biochar has a greater proportion of inert carbon components, oxygen-containing carbon
groups, and a large surface area. It also has a pore structure that increases the soil's capacity to
sequester carbon, reduce greenhouse gas emissions, improve structure, and increase crop yield
(Lu et al., 2020; Yadav et al., 2023). The characteristics and composition of biochar affect the
way it is used (Lu et al., 2020). The environment is negatively impacted by the high levels of
organic matter, HMs, N,, P, and other specific contaminants found in livestock waste. Biochar
has a remarkable capacity to absorb pathogens while they are liquid. A total of 46% of the
applications for the remediation of HMs, 13% for the adsorption of N, and P, 39% for the
adsorption of organic pollutants (OPs), and the remaining 2% for the assessment of other
activities were made utilized biochar in the remediation of contaminates (Tan et al., 2015).

6.1. Removal of organic pollutants

Antibiotics, phenolic compounds, herbicides, and other organic contaminants can be
effectively absorbed by biochar (Zeghioud et al., 2022). The connection between the types of
toxins taken and the different kinds of OPs in animal effluent has sparked much interest in
agricultural properties and the environment. Sulfamethoxazole, fluoroquinolones, and several
other antibiotics may all be absorbed by biocarbon in the aqueous phase. The aforementioned
medicines are mainly adsorbed through interactions between electron donors and receptors,
hydrogen bonds, and cationic bridges. Fluoroquinolone, an antibiotic used to treat diseases of
the urinary system, intestine, respiratory system, soft skin tissue, joint, and abdominal cavity,
has a maximum adsorption capacity of 19.40 mg g-!. Additionally, a correlation between the
amount of volatile substances in the source sludge and the percentage of fluoroquinolones that
biochar adsorbs adsorb was shown to be positive. Sulfamethoxazole is an antibiotic used to
treat Proteus and Escherichia coli-caused acute and chronic urinary tract infections.
Sulfamethoxazole was adsorbed using biochar made from donax (Zheng et al., 2013). Inorganic
elements in the raw feed heightened the sulfamethoxazole's ability to adsorb in low-
temperature biochar while decreasing it in high-temperature. Phenols, herbicides, high-chroma
organic contaminants, and other chemicals in the aqueous medium are significantly adsorbed
by biochar (Sun et al., 2013). In addition to the polarity of the OPs and biochar, as well as the
aromaticity or the compatibility of various surface charges, its adsorption method is subjected
to a range of physical and chemical interactions. The intermolecular gravity and electrostatic
force between OPs and biochar significantly influence its physical adsorption. The formation
of hydrogen bonds, covalent bonds, and coordination bonds between environmental
contaminants and biochar generally accomplishes chemical adsorption. To create biochar,
coles, peanuts, and rapeseed straw were pyrolyzed at 350 °C and showed a 123.50-195.40 mg
gl capacity for methyl violet adsorption (Qiu et al., 2009). The best methyl violet adsorption
on rapeseed straw biochar occurred at cellar temperature. Methyl violet and charcoal were
attracted to one another by an electric field, according to FTIR and zeta potential (ZP) tests.
Zheng et al. (2010) produced biochar by pyrolyzing mixed wood waste at 450 °C for 1 h (Zheng
et al., 2010). The maximal adsorption capacities of two herbicides, atrazine and simazine,
originated to be 1158 and 1066 mg g, respectively, and their adsorption efficiency increased
in an acidic environment. Table S shows the elimination of various OPs from an aqueous
solution utilizing biochar.

26



Table 5. Remove organic pollutants from the aqueous solution using biochar.

Biomass Contaminants pH Q. Qm Removal References
(mg/g) (mg/g) rate (%)

Corn stover Methylene 11.0 201.6 349.7 252 (Lietal., 2019)
blue
Eucalyptus bark Methylene 11.3 90.1 1042  36.8 (Dawood et al.,
blue 2016)
Kelp seaweed and ~ Crystal violet 6.0 562.6  610.1 14.1 (Sewu et al.,
spent mushroom 2017)
substrate
Pine fruit shell Phenol 6.5 16.0 16.0 31.9 (Mohammed et
al., 2018)
Pinewood Salicylicacid 2.5 10.0 22.7 40.0 (Essandoh et
al., 2015)
Food waste Phenol 3.0 98 14.6 65.2 (Lee et al.,
2019)
Pine fruit shell Phenol 6.5 99 10.4 19.8 (Mohammed et
al., 2018)
Cattle manure Methylene 161.3 2420 975 (Zhu et al.,
blue 2018)
Pine fruit shell Phenol 6.5 265 26.7 52.9 (Mohammed et
al., 2018)

6.2. Heavy metal pollutants

Heavy metals are substances that have a density of greater than 4-5 g cm3, and the
majority of them are unsafe for living creatures (Duruibe et al., 2007). The most common heavy
metals are Pt, Pd, Ni, Hg, Cd, Zn, Pb, As, Ag, Cu, Fe, and Cr (Jaishankar et al., 2014), which
can be released into the environment by either anthropogenic activity like mining and industries
or by natural resources like volcanoes. The fundamental problem with heavy metals is that they
cannot biodegrade, can build up in the environment, and then infiltrate the food chain (Singh
etal., 2011). They are toxic and cause various diseases, including cancer, ulcers, osteomalacia,
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aminoaciduria, proteinuria, central and peripheral neuropathies, etc. (Mamtani et al., 2011).
Heavy metals are poisonous and cannot be broken down by nature. Even if there is just a little
deposition, health problems will still exist. Heavy metal contaminants in livestock wastewater,
particularly Zn, Cd, Cu, and Pb, are present in high concentrations and can seriously pollute
the environment (Gholizadeh & Hu, 2021). The electron transfer on its interface, chemical
cross-linking of the HMs ions with its functional groups on the surface, and surface
accumulation between the ashes are the statistically important aspects in explaining the
adsorption of HMs ions on biochar. The results of pyrolyzing sugar beet root at 600 °C for 2 h
yielded biochar at 22 °C, which had a clearance efficacy of around 97% for Cd (II), Ni (II), Pb
(IT), and Cu (II) (Inyang et al., 2012). Nevertheless, there was an inhibition of the four different
ions' ability to adsorb. Although Cu (II) adsorption selectivity was least effective, Cd (II)
adsorption was at its greatest. Sludge was pyrolyzed at temperatures of 300, 500, 700, and 900
°C to create biochar (Xing et al., 2019). The outcomes showed that biochar has a strong
potential to lower soil levels of heavy metals. Liang et al. (2017) employed rice husk-derived
biochar to treat the polluted soil from a wetland near Dongting Lake by pyrolyzing it at a
temperature of 500 °C (Liang et al., 2017). The combination of 400 g of soil and 40 g of biochar
was incubated for no more than two months. The findings showed that the levels of HMs in the
soil decreased. Table 6 listed the deletion of various HMs using biochar derived from different
types of biomass.
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Table 6. Biochar or activated carbon is made from biomass for the adsorption of different pollutants.

Feeds Heavy Metal pH Temperature  Adsorption Surface Adsorption Removal Reference

(°C) time (min) area capacity (mg/g) efficiency

(m*/g) (%)

Cron Stalk and Pb(II) 45 25 5-720 304.99- 99.95 50.35 (Fan et al,
Polyethylene 581.85 2020)
Pulp mill sludge cadmium(Il), <2 22 1440 - 29.5-42.7 30-62 (Islam et al.,
and rice straw 2021)
Pulp mill sludge copper(Il), <2 22 1440 - 18.5-39.4 30-62 (Islam et al.,
and rice straw 2021)
Pulp mill sludge nickel(Il) <2 22 1440 - 40.2-64.1 30-62 (Islam et al.,
and rice straw 2021)
Pulp mill sludge lead(Il) <2 22 1440 - (109.9-256.4 30-62 (Islam et al.,
and rice straw 2021)
Coconut shell Ni 5 30 - - 3.97 - (Landin-

Sandoval et al.,
2020)
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Elm tree

Corn Stalk

Bamboo, sugarcane

and neem

Corn Stalk

Palmae shells

Tire combined with

activated carbon.

Citrus limetta peel

Citrus limetta peel

Pb

As

Fe, Ni, Cu, Cr,

Cd and Pb

Cd

Cd

Dyes

Cr (VI)

Cr (III)

20

80

25

35

25

25

25

37

37

60

60

60

35

180

120

120

465-1085

1.04-43.90

76.19

76.19

232.56

148.5

158.5

9.87

71.43

92.19

174.98

99.83-99.96

93.20

(Kharrazi et al.,
2020)

(Yang et al,
2022)

(Singh et al.,
2021a)

(Yang et al,
2022)

(Egirani et al.,
2020)

(Belgacem et
al., 2022)

(Singh et al.,
2021b)

(Singh et al.,
2021b)
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6.3. Nitrogen and phosphorus pollutants

The wastewater from animals encompasses a range of nutrients, mainly N, and P. Most
recent studies on resource recovery and recycling have focused on the exploitation of
adsorption and fixing of biochar. In addition to minimizing eutrophication, biochar can also
be recycled and returned to the soil, improving soil potency and recovering nutritional reserves.
The biochar was produced from the pyrolysis of corncobs and then modified with calcium and
magnesium (Fang et al., 2015). The results exhibited that reformed biochar has a significant
ability to adsorb phosphate, with an extreme adsorption rate of 319.63 mg g! (Fang et al.,
2015). This suggests that cations of magnesium and calcium may be added to corncob biochar
to increase its ability to interact with ions, which in turn increases the efficiency of its phosphate
adsorption. The results showed that phosphorus is incorporated in biochar, which may be used
as fertilizers. Table 7 lists the adsorption of various pollutants using biochar.

Table 7. Maximum capacity and mechanism for N and P adsorption on different biochars.

Pollutants Feeds Surface pH  Temperature q, References
area (K) (mg/g)
(m?/g)
Rice husk 179.0 7 298 2.1 (Pratiwi et al.,
2016)
Date palm- 15.8 2 298 7.26 (Alsewaileh et
prepared at 300K al., 2019)
Date palm- 268.4 2 298 8.37 (Alsewaileh et
prepared at 700K al., 2019)
Amine-grafted - 6.5 297 49.9 (Kalaruban et
corn cob al., 2016)
NOs- Amine-grafted - 6.5 297 59.2 (Kalaruban et
coconut copra al., 2016)
Quaternary - 6.5 303 205 (Chauhan et al.,
Starch 2016)
Chamaecyparis 482.5 7.5 303 3.29 (Song et al.,
obtusa-prepared 2019)
at 700 K
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Rice husk

Avocado seed-
derived

Corncob

Rice husk
(adsorption from
slurry solutions)

Rice husk
(adsorption from
pure NH,4Cl)

Wood
(adsorption from
slurry solutions

. Wood
NH, (adsorption from
pure NH,4Cl)

SB-AE
(Sugarcane
bagasse)

PSBMIHM-AE

Corncob

Activated Rice
Husk Ash

179.0

273.6

11.0

233

7.8

7.8

9.8

9.8

9.8

5.65

298

298

298

318

303

318

303

298

298

297

303

4.7

54

12.83

59.56

71.94

78.06

133.33

73.4

100.2

0.04

0.74

(Pratiwi et al.,
2016)

(Zhu et al.,
2016)

(Nguyen et al.,
2019)

(Kizito et al.,
2015)

(Kizito et al.,
2015)

(Kizito et al.,
2015)

(Kizito et al.,
2015)

(Mao et al.,
2016)

(Mao et al.,
2016)

(Michalekova-
Richveisova et
al., 2017)

(Mor et al.,
2016)
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PO43'

Zirconium loaded - 3 298 16.43  (Nguyen et al.,
okara 2015)
Rape 184.0 2 333 19.46 (Zhang et al.,
2019b)
Chinese cabbage 124.0 2 333 19.66 (Zhang et al.,
2019b)
Canola straw 213.7 - - 48.76 (Jiang et al.,
2015)
Soybean straw 1349 5.2 298 53.99 (Jiang et al.,
2015)
Peanut straw 99.1 - - 55.2 (Jiang et al.,
2015)
Eggshell and rice 25.8 7 298 204 (Liu et al.,
straw 2019b)
Cow dung 225.0 7 298 345 (Chen et al.,
2018)

6.4. Enhance the soil’s properties and increase nutrient availability

In agriculture, the structure of soil enhances the application of biochar (Sakhiya et al.,
2020), resulting in the improvement of the soil’s physiological, chemical, and biological
properties (Liang et al., 2017; Tisserant & Cherubini, 2019), which aids the agricultural soil
in increasing its absorption capacity of nutrients. Through adsorption, biochar can remove all
heavy metals easily compared to other techniques, including the elimination of toxic substances
and organic pollutants in soil and plants (Fig. 11) (Wang & Wang, 2019). Biochar decomposes
organic pollutants such as chlorobenzene, p-Nitrophenol, polychlorinated biphenyls, halo
hydrocarbon, polycyclic aromatic hydrocarbons (PAHs), 2-chlorobiphenyl and diethyl
phthalate. Using biochar in soil enhances water holding capacity, availability of soil moisture,
improved water filtration, and nutrient retention (Ghassemi-Golezani & Farhangi-Abriz, 2022;
Yadav & Khare, 2020b). Applying biochar to soil can restore soil fertility and improve its
physical, chemical, and biological properties (Yadav & Khare, 2020b). The absorption of soil
nutrients and water by roots decreases because of crop reductions that are affected by soil
salinity (Ghosh & Maiti, 2022). The addition of biochar to soil can help reduce soil salinity,
thereby increasing ion exchange capacity and enhancing essential and minor soil nutrients
(Ghosh & Maiti, 2022; Yadav & Khare, 2020b). Once all the sodium in the soil is adsorbed, it
results in an increase in exchangeable magnesium and calcium, which in turn replaces sodium
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in the soil, reducing its alkalinity (Yadav & Khare, 2020b). Biochar is a diverse nutrient source
because it contains many of the essential plant nutrients; hence, it can influence nutrient
interaction in the soil by making nutrients more available, reducing nutrient mobility, and
altering the nutrient cycle and nutrient reactions in the soil (Bolan et al., 2022). It also reduces
the soil’s leaching loss of nitrogen fertilizer (Yadav & Khare, 2020b). The adsorption of
potassium, nitrogen, phosphorous, and organic matter in the soil is high due to its high
adsorption capacity (Ghosh & Maiti, 2022). Karimi et al. (2020) demonstrated that the use of
biochar (BC200) stimulates the soil’s inorganic nitrogen and increases the amount of accessible
Fe, Cu, and Zn when applied to calcareous soil (Karimi et al., 2020).

6.5. Soil remediation

Soil contamination resulting from industrial and domestic activities, as well as different
chemicals, compounds, or substances, can directly or indirectly impact the activities of non-
targeted microorganisms (Ghosh & Maiti, 2022; Yadav & Khare, 2020b). Elimination of soil
contaminants is possible through the utilization of biochar (Hale et al., 2015). It can reduce
pollutants in the soil as it has a large surface area, superior water-holding capacity, and a porous
structure. It is also an affordable and sustainable remedy developed from waste (Akhil et al.,
2021). Numerous studies have shown that using biochar as an immobilization strategy
effectively remediates soils contaminated with heavy metals and metalloids (Sharma et al.,
2020a; Yaashikaa et al., 2019). Wang et al. (2019) found that biochar produced from Carya
spp. can significantly adsorb and reduce the leaching of sodium bispyribac and clomazone in
soil (Wang & Wang, 2019).

6.6. Induces microbial activity in the soil

The physical and chemical properties of soil after the addition of biochar alters, thereby
affecting the ability to work as a carrier to establish microorganisms in the soil (Akhil et al.,
2021). Soil microorganisms decompose organic matter, recycle nutrients, and enhance soil
fertility, improving nutrient availability and crop production (Matykiewicz, 2020). Biochar in
the soil helps increase the activity of microbes, leading to microbial growth by providing a
medium for the microbes (Lehmann & Joseph, 2024; Lyu et al., 2020). Biochar improves soil
quality and health by benefiting mycorrhizal fungi and soil organisms (Kannan et al., 2020).
Further, Yang et al. (2021) documented that hat biogas-derived biochar positively affects
microbiota by reducing arsenic and ferric ion suppression (Yang et al., 2021).

6.7. Climate change mitigation

Global warming caused by increasing greenhouse gas (GHG) is considered one of the
significant environmental issues in the 215 century, and the carbon cycle plays a crucial role in
both its cause and mitigation (Ahmad et al., 2023; Bolan et al., 2022). Biochar possesses
exceptional physical and chemical properties, making it valuable for various applications
aimed at enhancing environmental quality. It can act as a catalyst for contaminant degradation
by accumulating transition metals (Fig. 11) (Lyu et al., 2020). Proper management of organic
waste can indirectly reduce methane emissions from landfills, industrial energy usage, and
other greenhouse gas emissions, thus helping mitigate climate change (Lehmann & Joseph,
2024). Montanarella & Lugato (2013), removing 0.49 GtC per year from the atmosphere
through biochar application would require converting approximately 2.2 GtC of feedstock into
biochar annually (Montanarella & Lugato, 2013). The pyrolysis of animal manures or the use
of biochar can help reduce the leaching of phosphates and nitrates from soil, potentially
mitigating nutrient runoff from agricultural watersheds (Fig. 12) (Lehmann & Joseph, 2024).
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Biochar management is considered a system rather than just a distinct component, as it has the
potential to reduce greenhouse gas emissions. Mineralization is less in biochar when compared
to the raw material it is created from, which helps mitigate climate change by lowering the
system's CO, emissions (Lehmann & Joseph, 2024; Lyu et al., 2020). Since biochar is tightly
bound to soil particles, it results in decreased CO, emissions (Sharma et al., 2020b). The role
of biochar has been investigated in two critical areas of climate change mitigation, i.e., carbon
sequestration and GHG reduction.

Biochar

Human and animals

Fertilizers and pesticides

Industrial waste

Soil matrix

-

and Wastewater Biochar absorbs
irrigation the metallic ions in
the soil

Fig. 11. Metal contamination remediation with biochar implication is depicted schematically
by adsorbing the metallic impurities (Modified from Refs. (Shakya & Agarwal, 2020; Sharma
et al., 2020b; Yadav & Khare, 2020b) (Shakya & Agarwal, 2020; Sharma et al., 2020b; Yadav
& Khare, 2020a)).

Hd
asea.nnl

Improve soil
properties and
soil enzyme
activity

Fig. 12: Benefits of incorporating biochar into the soil with low physicochemical properties
(Modified with Refs. Pankaj (2020); Panwar et al. (2019) (Pankaj, 2020; Panwar et al., 2019)).
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6.8. Carbon sequestration

Biochar was initially proposed as a soil amendment to enhance carbon sequestration by
storing stable carbon in the soil (Bolan et al., 2022). Biochar, a stable form of carbon, has the
potential to serve as a long-term carbon store and significantly reduce greenhouse gas
emissions. By using biomass in waste management strategies, organic carbon that would
otherwise be burned or composted can be preserved as minerals over time. This makes biochar
a promising alternative to current waste disposal systems. Additionally, certain biochar-based
composites may enhance biochar’s stability and carbon retention compared to virgin biochar
(Wang et al., 2022). Creating biochar from leftover biomass from the agriculture and food
processing industries can aid in long-term carbon sequestration and positively affect soils and
environmental quality.

6.9. Mitigate greenhouse gas emissions

The usage of biochar on a global scale is estimated to reduce greenhouse gas emissions
by 12% (Wang et al., 2022). Biochar alone can cut global GHG emissions, but a recent study
suggests that applying biochar composite in the soil in place of virgin biochar can help improve
climate change in 2 ways (Lehmann & Joseph, 2024; Wang et al., 2022). First, it is
hypothesized that combining biochar with compost will enhance decomposition by adding
stable carbon and creating a valuable biochar-compost mix, which could offset the drawbacks
of pyrolysis biochar, such as low macronutrient content and methane emissions. Second,
biochar has been associated with increased soil organic matter and reduced emissions of potent
greenhouse gases like CH4 and N,O (Wang et al., 2022). In reality, increased plant growth or
reduced soil greenhouse gas emissions may be needed for a biochar system to achieve a better
emission balance compared to using biochar as charcoal fuel (Lehmann & Joseph, 2024).
Biochar significantly reduces methane emissions from rice fields by promoting methanotroph
communities (methane-consuming bacteria) and decreasing the diversity of methanogens
(methane-producing bacteria) (Singh et al., 2017).

7. Water treatment by biochar at pilot scale

Water treatment by biochar at a pilot scale is gaining global attention as a sustainable
and innovative approach to address water quality challenges. Across the world, various
research initiatives and pilot projects are exploring the application of biochar in treating water
from diverse sources. The process involves the production of biochar through biomass
pyrolysis, followed by meticulous characterization of its physical and chemical properties.
These pilot-scale systems, implemented in different regions, aim to assess the efficacy of
biochar in adsorbing contaminants such as heavy metals and organic pollutants. The success
of these endeavours relies on optimizing operational parameters based on local water
conditions and contaminant profiles. As the results of these pilot projects become available,
they contribute valuable insights into the feasibility and efficiency of biochar-based water
treatment methods on a larger scale, providing a potential environmentally friendly solution to
water quality management challenges worldwide. Given the volume of wastewater produced
worldwide daily, it is critical to create pilot or industrial plant reactors based on biochar for the
treatment of polluted water (Kakade et al., 2021). Very little research has been done on the
removal of organic and inorganic contaminants from pilot-scale biochar reactors. A pilot-scale
woodchip bioreactor modified with biochar was able to remove nitrate metal and trace organic
pollutants from urban stormwater runoff. The bioreactor is made up of nine parallel columns,
each measuring 10 cm in diameter and 50 cm in length, with the same adsorbent (woodchips,
woodchips+biochar, and woodchips+straw) filled in every third column. The results indicated
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a limited adsorption ability for organic pollutants but a strong capacity to remove nitrate and
four of the five metals examined (Cd, Cu, Ni, and Pb, but not Zn) (Ashoori et al., 2019). Last
but not least, scientific developments regarding result extrapolation provide a serious issue that
necessitates further research being done within the context of reusability throughout several
cycles.

8. Conclusions and future research

This study examines various biochar production techniques, traits, and applications.
The quantity and quality of biochar, which may be tailored to fit specific demands, are impacted
by multiple pyrolysis conditions and feedstock components. An essential source of removing
dangerous pollutants might be biochar. The occurrence of functional groups on the biochar
surface, such as hydroxyl and carboxyl groups, is primarily responsible for releasing pollutants
by biochar. It has been suggested that biochar is a viable adsorbent substance for the removal
of organic pollutants from wastewater. A less expensive method and the potential for many
cycles of biochar make biochar-based adsorbent manufacture feasible, according to certain
estimates of production costs. However, further study from a variety of angles is required to
guarantee the effectiveness and affordability of biochar and scale it up for enormous scale use
in different areas. Several biochar sorbents that have been communicated to, including paper
trash, pandanus leaves, coir pith, and coconut coir dust, have shown poor efficiency and limited
ability to remove organic contaminants. Surface alterations are anticipated to contribute to their
capacity growth. It is crucial to investigate the connections between a few key elements of the
manufacturing process, activation, functionalization, and treatment to get the best possible
environmental remediation potential for biochars in an environmentally responsible manner. It
is essential to bear in mind that a bio-based sorbent with great potential for effective industrial
application must possess economic appeal and have readily accessible raw materials in vast
numbers found in the environment or as bio-residues. Utilizing these sorbents for multiple uses
of regeneration and reuse on an industrial scale can save manufacturing costs and energy usage
while providing a sustainable product. Because of their high adsorption capacity, affordability,
and greater suitability for eliminating phenolic substances and anionic dyes, combined
modified clay/biochar composites demonstrated significant benefits over single-modified
clays.

The literature has very few investigations on the large-scale or pilot use of biochar for
the elimination of organic contaminants. Research on magnetic biochar with catalytic
degrading activity for the removal of organic pollutants from aqueous medium is making
significant progress and is set to become a new area of attention. It is important to carefully
analyze studies on the hazardous components created during the manufacture of magnetic
biochar. It is essential to put into practice an environmentally sound management plan for
pollutant-loaded sewage-derived biochars, or SDBs. The idea of the circular economy should
guide this strategy, which would allow for 1) the environmentally friendly and inexpensive
regeneration and reuse of these SDBs in future adsorption cycles, ii) the recovery of the
adsorbed chemicals and their reprocessing as resources in an industry; and iii) the protection
of the environment against additional pollution. To create functional and affordable altered
biochars for the effective removal of organic substances from wastewater, two strategy
approaches should be investigated: 1) The first involves employing a range of environmentally
friendly chemicals to optimize the biochar physicochemical activation process. ii) The second
alternative involves impregnating nanocomposites with generated biochar by taking advantage
of its high specific surface areas.
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A strong and creative tool in the trial's design and analysis stage is the employment of
expertise plan software to optimize the influencing parameter. A branch of artificial
intelligence (AI) called machine learning (ML) seeks to eliminate explicit computer
programming through prediction and experience. Machine learning-based predictive models
can minimize the amount of effort and expense needed and the time needed to remediate
effluents. For instance, ML may be used to create prediction models for pyrolysis process
optimization and forecast biochar yield and C-char based on pyrolysis parameters and biomass
properties. Creating biochar substrates with a high ability to remove organic pollutants through
science-based design can be a useful tool for developing sustainable wastewater treatment
facilities. The generated models provided precise estimates of the adsorption capacity of the
materials under consideration. The models were based on data from sophisticated microscopic
and spectroscopic methods (biochar surface functionality and porous structure).

Real-scale applications need the development of more compact reactors that can hold
catalysts supported by iochar. The use of biochar-based catalysts in pilot-scale reactors that
may be utilized at the industrial level requires further investigation. Optimizing the
characteristics of biochar and the activation procedures and parameters is crucial to achieving
the greatest efficiency in eliminating organic pollutants, minimizing post-treatment
byproducts, and reducing energy consumption. Coordinated efforts are currently underway to
develop guidelines or best practices regarding the supply of biomass, the production of biochar,
and the applications of biochar, which are primarily restricted to organic farming and
agriculture under the auspices of the European Biochar Certificate (EBC) in Europe and the
International Biochar Institute (IBI) on a global scale. Remember that the EBC has prioritized
health and safety protection in the process of creating and utilizing biochar in an
environmentally friendly manner. Although there is not yet a set of standards for the
physicochemical characteristics of the substates that ensure adequate adsorption efficiencies,
biochar-based substrates for environmental applications are a promising replacement for
substrates currently used for wastewater treatment and the removal of organic pollutants. These
well-coordinated efforts still take the form of literature reviews, which aim to make inferences
and provide recommendations and guidelines for researchers who need to expand on the
scattered but current body of knowledge regarding the possible uses of biochar and biochar
composites in environmental applications.
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« The pyrolysis of lignocellulosic biomass to produce biochar has been described.

¢ Process parameters influencing biochar production and its properties are reviewed.
«+» The conditions for pyrolysis and the factors that influence them have been discussed.
¢ Applications of biochar were investigated regarding its physicochemical properties.
« Biochar applications for pollutant removal are also inspected.
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