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ABSTRACT

Intensive agricultural practices have led to widespread soil degradation, emphasizing the crucial need for sustainable soil
management strategies. Biochar, a carbon-rich byproduct of pyrolysis, has garnered attention for its eco-friendly attributes
and its capacity to improve soil quality. Noteworthy properties of biochar, including pH levels, expansive surface area,
cation exchange capacity, and nutrient composition, contribute positively to soil attributes and overall fertility. While
previous reviews have primarily focused on its environmental benefits, such as carbon sequestration and climate change
mitigation, this comprehensive review takes a broader perspective. It provides a concise summary of biochar's impact on
various soil properties, encompassing physical, chemical, and biological aspects, its potential in remediating heavy metal-
contaminated soils, its influence on crop productivity, its role in regulating nutrient availability, its effects on soil
characteristics, the mechanisms at play in soil, and the pertinent factors influencing biochar application. This refined

overview aims to offer a precise and pertinent examination of the subject matter.

Keywords: Biochar; Soil; Properties; Sustainable agriculture

Corresponding Author: Muhammad Abdullah Saleem; Muhammad Aamir Igbal
Email: abdullahsaleem65@gmail.com; aamir1801@yahoo.com

© 2023 Faculty of Agriculture, UPR. All rights reserved.

Article history

Received: July 12t 2023
Revised: August 19th, 2023
Accepted: August 26, 2023

INTRODUCTION

Intensive agricultural practices have the potential to lead to
soil degradation, which encompasses various issues such as
declining fertility, imbalances in soil acidity or alkalinity,
loss of organic matter, soil erosion, and contamination by
pollutants (De Meyer et al., 2011). The reduction or
elimination of essential soil properties, like soil organic
carbon, can result in decreased soil aggregate stability,
further contributing to soil degradation (Nunes et al., 2020).
To address these concerns, it becomes imperative to adopt
sustainable soil management practices aimed at remediating
degraded soils. A vast amount of organic and inorganic
waste, including agricultural crop residues, forest waste,
industrial by-products, and municipal solid waste, is
generated in significant quantities (Gabhane et al., 2020).
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Unfortunately, a considerable portion of these wastes is
disposed of through burning or dumping in fields, leading to
air, soil, and water pollution. To tackle this issue, Gabhane
et al. (2020) have suggested composting as a promising
technique for waste management.

Biochar is a type of charcoal produced from the pyrolysis (a
high-temperature decomposition in the absence of oxygen)
of organic biomass, such as agricultural waste, wood chips,
or other organic materials (Ghodake et al., 2021). It is an
ancient practice, dating back to pre-Columbian Amazonian
civilizations, where they used it to improve soil fertility.
Biochar has gained renewed interest in recent times due to
its potential benefits in various fields (Zhang et al., 2019b).
Biochar, as described by Mukherjee et al. (2014), is a
carbon-rich product produced through a thermo-chemical
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process carried out in the absence of oxygen, usually within
the temperature range of 350°C-600°C. In some cases, the
process is conducted with extremely low or limited oxygen
levels (Amonette and Joseph, 2009). Initially, biochar was
primarily seen as an energy source and a material for water
purification (Yang et al., 2020). However, its physical
attributes, including surface morphology (Amin et al.,
2016), surface area (Leng et al., 2021), and porosity (Brewer
et al., 2014), as well as its chemical composition (Al-Wabel
et al., 2013) and functional groups, render biochar an
excellent adsorbent for removing pollutants from aqueous
environments (Tan et al., 2015).

This renewable resource has also shown great potential in
soil fertility management (Chen et al., 2020; Ding et al.,
2016; Kapoor et al., 2022). Various studies (Spokas et al.,
2012; Xu G. et al., 2014; Kammann et al., 2015; Schmidt et
al., 2015) have indicated that nutrient-enriched biochar can
serve as a slow-release fertilizer, enhancing soil fertility
over time. It is important to note that the chemical and
physical properties of biochar are influenced by factors such
as the type of raw material used, pyrolysis temperature,
furnace temperature, and residence time (Yaashikaa et al.,
2020). These variables play a crucial role in determining the
specific characteristics and suitability of the biochar for
various applications.

Modified biochar

Modified biochar refers to biochar that has undergone
specific treatments or modifications to enhance its
properties and effectiveness for various applications
(Amalina et al., 2022). These modifications can involve
physical, chemical, or biological processes, resulting in
biochar with tailored characteristics suitable for specific soil
conditions, environmental remediation, or other targeted
uses (Ahmed et al., 2016; Liu et al., 2022). By harnessing
the wversatility of biochar and tailoring its properties,
modified biochar opens new avenues for sustainable
agriculture, soil reclamation, and environmental restoration
(Bartoli et al., 2022; Behera and Samal, 2022; Larney and
Angers, 2012).

Modified biochar holds immense importance in
contemporary agriculture and environmental management
due to its ability to address specific challenges and optimize
desired outcomes (Allohverdi et al., 2021; Gelardi and
Parikh, 2021; Yaashikaa et al., 2020a). The customization of
biochar properties allows for targeted improvements in soil
fertility, nutrient retention (Javed et al., 2022), and water
management (He et al., 2022a; Singh et al., 2022), making it
a valuable tool for enhancing agricultural productivity. By
adjusting the porosity (Xiang et al., 2022), surface
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chemistry, and nutrient content (Rashid et al., 2021),
modified biochar can better suit the unique requirements of
different soil types and plant species, promoting optimal
nutrient uptake (Hou et al., 2022; Wen et al., 2022), root
growth (Murtaza et al., 2021), and overall plant health.
Furthermore, modified biochar plays a critical role in
environmental remediation by addressing specific soil or
water contamination issues. Tailoring biochar to selectively
adsorb and immobilize pollutants, such as heavy metals or
organic contaminants, offers a sustainable and cost-effective
method for soil and water cleanup (Patel et al., 2022).
Additionally, the development of modified biochar with
enhanced carbon sequestration potential contributes to
mitigating climate change by locking more carbon in stable
soil carbon pools (Lorenz and Lal, 2014). As a versatile and
adaptable soil amendment, modified biochar opens doors to
innovative and effective solutions for sustainable
agriculture, soil reclamation, and environmental protection.

Biochar application methods

Various methods of applying biochar to the soil have been
employed, including surface application and soil
incorporation. In the study conducted by Li et al. (2020a), it
was suggested that the surface application of biochar,
particularly when mixed with nitrogenous fertilizers, is an
effective strategy for reducing nitrogen (N) losses. By
applying biochar to the soil surface, the potential for
nitrogen leaching or denitrification is minimized (Ventura et
al., 2013). This is because biochar can act as a physical
barrier, reducing the movement of nitrogen compounds
through the soil profile (Harindintwali et al., 2021; Lentz et
al., 2014). The combination of biochar with nitrogenous
fertilizers can, therefore, lead to improved nutrient use
efficiency (Phares et al., 2022; Yu et al., 2017), reduced
environmental pollution (Lu et al., 2022; Narzari et al.,
2015), and enhanced plant growth (Kasak et al., 2018;
Laghari et al., 2016a). This method of application presents a
promising approach to maximize the benefits of biochar
while minimizing nitrogen losses in agricultural systems
(Figure 1).

Factors effecting application rate of biochar

Absolutely, the application rate of biochar can vary
significantly and is influenced by several factors, including:

Feedstock: The type of material used to produce biochar
(e.g., wood, crop residues, animal manure) can affect its
properties, such as nutrient content, surface area, and pH.
Different feedstocks will require different application rates
to achieve desired outcomes.

Composition: The chemical composition of biochar, which
depends on factors like pyrolysis temperature and duration, will
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impact its nutrient content and stability. This, in turn, affects
the appropriate application rate for specific soil conditions.

Soil Type: Different soil types have varying properties,
including nutrient levels, pH, and organic matter content.

BIOCHAR
APPLICATION

Figure 1. Applications of Biochar.

Desired outcome: The intended goal of biochar application
will also play a role in determining the application rate. For
instance, if the primary objective is to improve soil fertility,
a higher application rate may be required compared to using
biochar for carbon sequestration or pollution remediation.
Environmental considerations: It's essential to consider
potential environmental impacts when determining the
application rate of biochar. Excessive application can lead to
nutrient imbalances, while insufficient application may not
yield the desired benefits.

Mechanism of biochar in soil

The working mechanism of biochar in the soil involves a
complex interplay of physical, chemical, and biological
processes. Its ability to improve soil structure (Juriga and
Simansky, 2018), enhance nutrient availability (Ennis et al.,
2012), promote microbial activity (Osman et al., 2022), and
sequester carbon (Laghari et al., 2016b) makes biochar an
essential tool for soil improvement, environmental
remediation, and sustainable agriculture (Semida et al.,
2019). However, the effectiveness of biochar may vary
depending on factors such as biochar type, application rate,
soil type, climate, and specific environmental conditions,
requiring careful consideration and tailored approaches for
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The application rate of biochar needs to be adjusted based
on the specific characteristics of the target soil to optimize
its effectiveness.

optimal results.

Working mechanism of biochar

The working mechanism of biochar in the soil is
multifaceted and involves various physical, chemical, and
biological interactions. Here's a comprehensive overview of
how biochar functions in soil:

Physical properties & chemical properties

Biochar has a highly porous structure with a large surface
area, providing numerous spaces for water retention and
nutrient adsorption (Leng et al., 2021). The porous nature of
biochar allows it to absorb and retain water, improving soil
moisture levels and reducing water stress on plants during
dry periods (Razzaghi et al., 2020). Incorporating biochar
into the soil improves soil aggregation, reducing compaction
and enhancing soil aeration, which benefits plant roots and
soil microorganisms (Islam et al., 2021).

Biochar has a negative surface charge, contributing to its
high CEC. This property enables biochar to attract and
retain positively charged ions (cations) like calcium,
magnesium, and potassium, increasing nutrient availability
for plants (Hossain et al., 2020). Biochar can adsorb and
retain  nutrients  like  nitrogen, phosphorus, and
micronutrients, gradually releasing them to plants over time,
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thus sustaining plant growth (Yin et al., 2017). Biochar can
buffer soil pH, helping to maintain a more stable and

DOI: 10.56810/jkjagri.003.02.0073

optimal pH range for plant growth (Zhang et al., 2021)
(Figure 2).

PHYSICAL & CHEMICAL
PROPERTIES OF BIOCHAR

COMPETITOR

HIGH SURFACE
AREA

Figure 2. Physical and chemical properties of biochar.

Biological interactions

Biochar provides a habitat for beneficial soil microorganisms,
supporting their growth and activity, which enhances nutrient
cycling and organic matter decomposition (Abujabhah, 2017;
Nepal et al., 2023). The presence of biochar can increase
microbial diversity in the soil, promoting a more robust and
resilient soil microbiome (Li et al., 2020b). Biochar enhances
mycorrhizal associations with plant roots, facilitating nutrient
uptake and stress tolerance in plants (Dai et al., 2021;
Jabborova et al., 2021). Biochar interacts with soil organic
matter, slowing down its decomposition. This results in
increased carbon storage in the soil, contributing to carbon
sequestration (Jiang et al., 2016). Biochar influences nutrient
transformations in the soil, affecting the availability and
mobility of essential elements (Gao and Deluca, 2016).
Biochar is a stable form of organic carbon that resists
decomposition. Its addition to the soil sequesters carbon,
reducing carbon dioxide emissions and helping mitigate
climate change (Yang et al., 2022).

Biochar can adsorb and immobilize certain pollutants and
heavy metals in the soil, reducing their bioavailability and
mitigating environmental contamination (Zhang et al.,
2013).

Types and characteristics of biochar

The characteristics of biochar can vary significantly
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depending on the feedstock used for its production and the
specific pyrolysis conditions (Li et al., 2019). It's important
to note that these characteristics are general trends and can
vary depending on the specific feedstock used, the pyrolysis
process, and any post-treatment applied to the biochar. For
accurate and precise data on the characteristics of a
particular biochar type, it's essential to refer to laboratory
analysis or product specifications from reputable sources
(Krull et al., 2012). Additionally, biochar properties can be
tailored by adjusting pyrolysis conditions and feedstock
selection to meet specific soil and crop needs (Ippolito et al.,
2020; Novak et al., 2014). Here are some examples of
different types of biochar and their general characteristics.
Wood Biochar

Wood biochar typically contains moderate levels of
essential nutrients, such as potassium, calcium, and
magnesium, but its nutrient content may vary depending on
the wood type and production process (Hossain et al., 2020).
It usually has a neutral to slightly alkaline pH, which can
help buffer acidic soils (Gabhi et al., 2020; Liu et al., 2019).
The electrical conductivity (EC) of wood biochar is
generally low, as it contains minimal soluble salts (Gabhi et
al., 2020). Wood biochar typically exhibits moderate to high
cation exchange capacity (CEC), allowing it to retain and
release nutrients to plants over time (Domingues et al.,
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2017). Wood biochar is primarily composed of carbon, with
total carbon content ranging from 50% to 80% or higher,
depending on the pyrolysis conditions (Werdin et al., 2020).
Wood biochar has good water holding capacity due to its
porous structure, enabling it to retain and release water as
needed by plants (Adhikari et al., 2022).

Agricultural waste biochar

Agricultural waste biochar may contain varying levels of
nutrients depending on the type of biomass used. For
example, biochar derived from crop residues may have
higher levels of nitrogen and other nutrients compared to
wood biochar (Hossain et al., 2020). The pH of agricultural
waste biochar can range from slightly acidic to neutral,
depending on the feedstock and pyrolysis conditions
(Tomczyk et al., 2020). Similar to wood biochar, the
electrical conductivity of agricultural waste biochar is
usually low (Wijitkosum, 2022). Agricultural waste biochar
may have varying CEC values depending on the feedstock,
with some types having a higher CEC than others (Ngo et
al., 2023). The total carbon content of agricultural waste
biochar can vary widely, ranging from 30% to 70% or more,
depending on the feedstock and pyrolysis conditions (Seow
et al., 2022). Agricultural waste biochar generally exhibits
good water holding capacity, similar to wood biochar.
Poultry Manure Biochar

Poultry manure biochar can have relatively higher nutrient
content, including nitrogen, phosphorus, and potassium, due
to its origin from animal waste (Rehman et al., 2020).
Poultry manure biochar may have a slightly acidic to neutral
pH range (Tsai and Chang, 2021). The electrical
conductivity of poultry manure biochar may be higher
compared to wood or agricultural waste biochar due to the
presence of soluble salts from the manure (Zolfi-Bavariani
et al., 2016). Poultry manure biochar may have a moderate
to high CEC, helping it retain and release nutrients
effectively (Sarfaraz et al., 2020). The total carbon content
of poultry manure biochar typically ranges from 30% to
60% or more (Kacprzak et al., 2023). Poultry manure
biochar generally has good water holding capacity, similar
to other types of biochar (Adhikari et al., 2022).

General benefits of modified biochar

Modified biochar offers several environmental benefits,
similar to traditional biochar, while providing additional
advantages resulting from its tailored properties and
enhanced functionality. Its versatility and tailored properties
make it a valuable tool in addressing environmental
challenges while promoting more sustainable and resilient
ecosystems. Modified biochar offers a range of
environmental benefits, including contaminant remediation
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(He et al., 2022b), carbon sequestration (Yang et al., 2022),
reduced greenhouse gas emissions (Lehmann et al., 2021),
improved soil health (Huang et al., 2021), water quality
improvement (Sizmur et al.,, 2017), waste utilization
(Yaashikaa et al., 2020b), habitat restoration (Nepal et al.,
2023), and sustainable agriculture (Ayaz et al., 2021).
Importance of biochar in agriculture

Biochar can be used in agriculture in several ways to
improve soil health, enhance crop productivity, and promote
sustainable farming practices.

Soil amendment

Biochar has a significant impact on soil beyond its chemical
and biological properties; it also influences the physical
properties of the soil. For instance, it can lead to changes in
bulk density, as discussed by Blanco-Canqui (2017). Soil
plays a fundamental role in successful agriculture, and
enhancing its quality is crucial for maximizing crop yields
and soil fertility. One effective way to achieve this is by
applying biochar to the soil. Biochar is a solid, carbon-rich
product derived from various sources such as agricultural
crop residues, waste materials, and wood through a process
called pyrolysis, which occurs in an environment with
limited oxygen. By incorporating biochar into the soil, it can
contribute significantly to increasing crop productivity and
improving soil fertility (Singh Yadav et al., 2023).
Additionally, biochar is known to enhance soil structure and
create more favorable physical conditions for plant growth,
contributing to improved soil quality and overall agricultural
productivity. Mixing biochar into the soil helps improve soil
structure, porosity, and water retention (Razzaghi et al.,
2020). It provides a stable habitat for beneficial microbes
and increases the soil's cation exchange capacity, allowing it
to hold onto essential nutrients like potassium, calcium, and
magnesium.

Nutrient Retention

Biochar has a high surface area with numerous pores, which
can adsorb and retain nutrients like nitrogen, phosphorus,
and other essential plant nutrients. By holding onto these
nutrients, biochar reduces leaching and nutrient runoff,
making them more available to plants (Jyoti et al., 2019).
Carbon Sequestration

The effectiveness of biochar in carbon sequestration is
influenced by several factors (Karimi et al., 2022). Firstly,
its stability within the soil is crucial, as biochar needs to
persist over time to sequester carbon effectively. Secondly,
biochar can have a priming effect on the mineralization of
native soil organic carbon, which means it can either
accelerate or slow down the decomposition of existing
organic matter in the soil. This priming effect can be
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influenced by various factors, including the processing and
aging of the biochar, as well as the clay content of the soil.
These complex interactions highlight the need for careful
consideration of biochar properties and soil characteristics
when assessing its carbon sequestration potential (Dai et al.,
2021). When biochar is added to the sail, it acts as a long-
term carbon sink, locking carbon into the soil and reducing
carbon dioxide emissions to the atmosphere. This helps
mitigate climate change by sequestering carbon that would
otherwise be released during organic matter decomposition.
pH regulation

Biochar has a pH buffering effect, which can help regulate
soil pH and prevent extreme fluctuations. This is
particularly useful in acidic soils, where biochar can
increase the pH and improve soil fertility (Dai et al., 2017).
Biochars have gained recognition as highly effective
materials for enhancing soil quality, especially when
compared to other organic amendments, as noted by
Lehmann and Joseph (2015). In addition to their positive
impact on soil pH, the use of biochars offers several
advantages, including efficient waste management,
contributions to climate change mitigation, and potential
energy generation. Biochars are produced from a variety of
feedstocks, ranging from lignocellulosic materials to
manure, and undergo pyrolysis at different temperatures,
typically between 200°C and 700°C. Generally, biochars are
alkaline, making them valuable alternatives to traditional
lime amendments for addressing soil acidity and enhancing
the quality of acidic soils. Meta-analyses have demonstrated
that the increased plant productivity observed in acidic soils
following the incorporation of biochar is primarily due to its
liming effects (Verheijen et al., 2010).

Enhanced microbial activity

Biochar provides a habitat for beneficial soil
microorganisms, fostering their growth and activity. This, in
turn, improves nutrient cycling and organic matter
decomposition, promoting a healthier soil ecosystem.
Water management

Biochar enhances soil microbial activities through several
mechanisms. Firstly, it supplies labile carbon (C) and
essential mineral nutrients, serving as an attractive resource
that encourages microbial colonization of its surface.
Additionally, biochar acts as a habitat for microbes, offering a
conducive environment for their growth and activity.
Furthermore, biochar has the ability to bring about changes in
soil biological functions by causing shifts in the structure and
composition of microbial communities. These alterations in
microbial populations can have a significant impact on soil
health and nutrient cycling processes (Saleem et al., 2022).
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Biochar-amended soils have better water retention capacity,
reducing water stress on crops during dry periods. It also
improves drainage in heavy clay soils, preventing
waterlogging and improving aeration. Biochar technology
holds a significant role in various domains. It plays a crucial
part in biomass recycling, enabling the efficient utilization of
organic materials (Mukherjee et al., 2022).

Improved plant growth

The combination of enhanced nutrient availability,
improved water retention, and a more conducive soil
environment can lead to increased plant growth, better crop
yields, and improved crop quality (van Wijk et al., 2022).
Physical changes in soil due to biochar application

The extent of changes in soil properties depends on the
characteristics of both the biochar and the soil to which it is
applied (Joseph et al., 2021). When biochar is added to the
soil, it influences the wettability, water infiltration, water
retention, aggregation, and stability of the soil. This, in turn,
helps combat erosion, mitigate drought and nutrient loss,
and enhances groundwater quality. The addition of biochar
has been found to improve soil porosity, leading to a
reduction in soil density (McElligott, 2011). As the dosage
of biochar increases, the total porosity of the soil also
increases proportionately (Liu et al., 2020). Research by
Masulili et al. (2010) demonstrated that applying rice husk
biochar led to an increase in total pores and available water,
along with a decrease in penetration resistance.

The application of biochar increases the overall porosity of
the soil, resulting in a decrease in soil bulk density and an
improvement in the infiltration rate (Herath et al., 2013).
This reduction in soil bulk density has positive effects on
various other soil physical properties, such as water holding
capacity, aggregation, texture, and structure, as well as on
chemical and biological properties. Biochar incorporation
significantly influences the aggregation of soil particles.
When maize straw and peanut hull biochar were applied at a
rate of 7.8 tons per hectare along with inorganic fertilizers,
it resulted in an increase in the proportion of macro-
aggregates and the mean weight diameter of the aggregates
(Maetal., 2016).

The impact of biochar on aggregate stability is influenced
by soil texture. Coarse-textured soils (sandy soils) exhibit a
more pronounced response to biochar additions compared to
fine-textured soils (Zaccardelli et al., 2013). This suggests
that biochar plays a crucial role in enhancing the formation
and stability of soil aggregates, particularly in sandy soils.
When used as a soil amendment, biochar has demonstrated
positive effects on water quality and moisture retention,
making water more available to plants (Steiner et al., 2007).
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However, the impact of biochar on available water content
depends on the soil texture.

In sandy soils, the application of biochar increases plant-
available water content, leading to better water availability
for plants (Glaser et al., 2002). However, in clayey soils, the
addition of biochar results in a decrease in plant-available
water content. The hydraulic conductivity of sandy soils
also decreases with biochar additions, which can help in
retaining water within the soil (Chen et al., 2018).

In loamy sand, biochar had no significant effect on soil
moisture content (Hardie et al., 2014). However, Major et al.
(2010) reported that the addition of biochar increased saturated
hydraulic conductivity from 2.70 to 13.4 cm/h, indicating an
improvement in water movement through the soil.

Chemical changes in soil due to biochar application

Soil pH is a fundamental measure of soil dynamics, and its
regulation is greatly influenced by biochar application (Xu
et al., 2006). The pH of biochar is determined by various
factors such as the pyrolysis temperature, heating rate, and
residence time during its production.

Biochar with an alkaline nature (leachate pH > 7.0) is
produced at higher pyrolysis temperatures, lower heating
rates, and longer residence times. In contrast, acidic
biochars are produced at lower temperatures, higher heating
rates, and shorter residence times (Uroi¢ Stefanko and
Leszczynska, 2020). Biochar application has a liming effect
on acid soils, resulting in an increase in soil pH (Yuan et al.,
2013). This pH increase is attributed to the presence of
oxides, hydroxides, and carbonates of alkaline metals in the
biochar, which contribute to raising the soil pH (Dai et al.,
2021). Zhang et al. (2019a) found a reduction in pH in
alkaline soils after biochar application, possibly due to the
production of acids upon biochar oxidation. In such cases,
the presence of NaHCOj3; and Na,COs in alkaline soils could
convert into Ca(HCOs), and CaCOj, contributing to the
reduction in soil pH (Liu et al., 2020). The electrical
conductivity (EC) of biochar exhibits a wide range, varying
from 0.04 to 54.2 dSm™ (Rajkovich et al., 2012). When
biochar is applied to the soil, the EC of the soil can increase
significantly. For instance, at a biochar application rate of
120 tons per hectare, the EC of the soil increased by 14
times (Mia et al., 2014). In acidic red soil, the addition of
biochar also led to an increase in EC (Pandian et al., 2016).
However, in salt-affected soils, the physical entrapment of
salts in the pores of biochar resulted in a reduction in EC,
mitigating the salinity stress (Thomas et al., 2013). Under
salt stress conditions, the EC decreased with an increased
rate of biochar application, indicating its potential to
alleviate the negative effects of salinity on the soil
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(Premalatha et al., 2022). A summary of biochar’s important
aspects is given in table 1 for more clear information.
Limitations and challenges for biochar application

The effectiveness of biochar in soil can be influenced by
various factors, and understanding these key factors is
crucial for optimizing its activities and efficiency. Some of
the significant factors that can impact biochar's performance
in soil include:

Pyrolysis conditions: The temperature, heating rate, and
residence time during biochar production (pyrolysis) can
affect its physicochemical properties. Higher temperatures
and longer residence times typically result in biochars with
more stable carbon structures and increased surface area.
Surface area and porosity: The surface area and porosity
of biochar influence its capacity for adsorbing and retaining
nutrients, water, and other substances in the soil. Biochars
with higher surface area and porosity tend to have greater
beneficial effects.

Particle size: The particle size of biochar can influence its
distribution and movement in the soil. Finer biochar
particles generally have a larger surface area, enhancing
their interaction with soil components.

Soil type: Different soil types have varying chemical and
physical characteristics, affecting how biochar interacts with
soil. The effectiveness of biochar may vary depending on
whether the soil is sandy, clayey, acidic, or alkaline.

Soil moisture: The presence of soil moisture can affect the
sorption and nutrient availability of biochar. Adequate
moisture helps to facilitate biochar-soil interactions and
nutrient cycling.

Biochar application rate: The amount of biochar added to
the soil can influence its effects. Too little biochar may not
have a significant impact, while excessive application may
lead to unintended consequences.

Nutrient content: The nutrient content of biochar can
influence its capacity to supply nutrients to plants and affect
soil fertility. Some biochars are deliberately enriched with
specific nutrients to address soil deficiencies.

Age and weathering: Freshly produced biochar may have
different effects than aged or weathered biochar. Over time,
biochar may undergo changes in its properties, which can
affect its performance in soil.

Plant type: Different plant species may interact differently
with biochar, depending on their nutrient requirements and
root system characteristics.

Climate and environmental conditions: The prevailing
climate, temperature, and precipitation can influence the
stability and persistence of biochar in the soil, as well as its
impact on nutrient cycling.
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Application method: The way biochar is incorporated into
the soil, such as surface application, incorporation, or
composting, can affect its distribution and interactions with
soil components.

Future prospects of biochar

The future of biochar looks promising and holds significant
potential across various fields due to its versatility and
multiple benefits. Some key aspects that contribute to the
bright future of biochar are:

Climate change mitigation: Biochar's ability to sequester
carbon in soil provides an effective means to mitigate
climate change by removing carbon dioxide from the
atmosphere and storing it in stable forms. As the world
focuses on reducing greenhouse gas emissions, biochar can
play a crucial role in carbon sequestration strategies and
meeting global climate goals.

Sustainable agriculture: Biochar's positive effects on soil
health, nutrient retention, and water management make it a
valuable tool for sustainable agriculture. As agricultural
practices increasingly seek eco-friendly alternatives,
biochar's role in enhancing crop vyields, reducing nutrient
runoff, and promoting soil fertility will become more
significant.

Soil restoration and reclamation: Biochar's ability to improve
degraded soils and remediate contaminated lands provides an
essential solution for land reclamation and ecosystem
restoration projects. With increasing concerns about soil
degradation and environmental pollution, the demand for
biochar in soil restoration efforts is likely to grow.

Circular economy: The production of biochar from organic
waste materials offers an opportunity to close nutrient
cycles and promote a circular economy. By converting
organic residues into biochar, valuable nutrients can be
recycled back into the soil, reducing waste and enhancing
resource efficiency.

Water quality management: Biochar's potential to remove
excess nutrients from water bodies can be employed in
water quality management and eutrophication prevention.
Its use in constructed wetlands, stormwater filters, and
agricultural runoff control can help improve water quality in
various settings.

Advanced  Applications:  Ongoing  research  and
development in the field of biochar are exploring advanced
applications, such as tailored biochar blends, biochar-based
nanomaterials, and biochar for sustainable energy storage.
These innovations hold promise for addressing specific
environmental challenges and opening new avenues for
biochar utilization.

Policy support: As awareness of biochar's environmental
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benefits grows, it is likely to gain support from
policymakers, leading to the development of regulations and
incentives that promote its adoption in various sectors.
Policy frameworks that encourage the sustainable
production and use of biochar can accelerate its integration
into mainstream practices.

Research and innovation: Continued research in biochar
production methods, characterization, and application
techniques will lead to better understanding and
optimization of its properties. Innovative approaches to
modify biochar and tailor its functionality for specific needs
will contribute to its wider adoption.

International cooperation: Global collaborations and
knowledge sharing in biochar research and application are
likely to foster best practices and promote successful case
studies worldwide. International partnerships can accelerate
technology transfer and the implementation of biochar
projects in different regions.

CONCLUSION

In conclusion, biochar represents a versatile and sustainable
solution with significant potential across various domains,
from mitigating climate change to enhancing soil health and
aiding in environmental restoration. Its future appears
promising, driven by the urgent need to address global
challenges related to carbon emissions, soil degradation, and
environmental pollution. Biochar's role in climate change
mitigation is particularly noteworthy. Its ability to sequester
carbon in stable forms within the soil contributes to carbon
dioxide removal from the atmosphere. In an era of
increasing climate concerns, biochar offers a practical
means of achieving carbon sequestration goals, advancing
climate resilience, and mitigating the effects of global
warming. Biochar's applications extend to soil restoration
and reclamation, where it facilitates the recovery of
degraded lands and remediates contaminated soils. In a
world grappling with soil degradation and environmental
pollution, biochar stands as a valuable tool for revitalizing
ecosystems and safeguarding biodiversity. Looking ahead,
further research is imperative to unlock biochar's full
potential. This necessitates continued innovation, policy
backing, international collaboration, and a deepened
understanding of its applications. These concerted efforts
position biochar as a key player in tackling pressing global
environmental challenges.
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