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ABSTRACT

Soil degradation, nutrient depletion, and declining nutrient-use efficiency are major
constraints to sustainable agricultural production, creating a need for environmentally compatible soil
amendments. Biochar, a stable carbon-rich material produced through pyrolysis of biomass under
limited oxygen conditions, has emerged as a promising strategy for improving soil fertility, nutrient
retention, and long-term carbon storage. The present study evaluated the effects of biochar application
on soil chemical properties, nutrient dynamics, and plant nutrient uptake, with particular emphasis
on soil pH, electrical conductivity, organic carbon, nutrient availability, and the influence of different
biochar feedstocks and production conditions. Biochars derived from agricultural residues, woody
biomass, and animal manure were considered, together with the effects of pyrolysis temperature,
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residence time, and physicochemical characteristics. Biochar application generally increased soil
pH and buffering capacity, particularly in acidic soils, owing to the presence of alkaline minerals
and basic cations. It also influenced soil electrical conductivity through the release and retention
of soluble mineral nutrients. A prominent response was the enrichment and stabilization of soil
organic carbon due to the recalcitrant aromatic carbon structure of biochar. Furthermore, its porous
structure, large surface area, and reactive functional groups enhanced cation exchange capacity and
promoted the retention of ammonium, potassium, calcium, magnesium, and phosphorus within the
root zone. These improvements created favorable conditions for nutrient availability, root development,
microbial activity, and plant nutrient acquisition. The effectiveness of biochar depended considerably
on feedstock type, pyrolysis conditions, soil characteristics, and application rate. Overall, biochar
represents a multifunctional and sustainable soil amendment capable of improving soil fertility,
nutrient-use efficiency, plant nutrition, and carbon sequestration while reducing nutrient losses from
agricultural systems.

Keywords: Biochar; Soil fertility; Nutrient dynamics; Soil chemical properties;
Plant nutrient uptake; Sustainable agriculture.
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INTRODUCTION

Soil degradation has emerged as one of
the major challenges threatening global agricultural
productivity, ecosystem stability, and food security.
Continuous population growth, increasing demand
for food production, intensive cultivation practices,
excessive tillage, and improper nutrient management
have accelerated the deterioration of soil quality
worldwide. Agricultural soils are subjected to
progressive depletion of essential nutrients, reduction
in organic matter content, loss of soil biodiversity, and
deterioration of physical and chemical properties.
The decline in soil fertility is mainly associated with
the continuous removal of nutrients through crop
harvesting without adequate replenishment, resulting
in deficiencies of macronutrients such as nitrogen
(N), phosphorus (P), and potassium (K), along
with essential micronutrients. Nutrient imbalance in
agricultural soils not only reduces crop productivity
but also affects plant physiological processes,
nutrient utilization efficiency, and resistance against
environmental stresses. Sustainable management
of soil resources has therefore become a critical
requirement for maintaining long-term agricultural
productivity. The extensive application of synthetic
fertilizers has significantly contributed to increased
crop yields; however, their prolonged and excessive
use has created several environmental and
agronomic concerns. Continuous dependence on
chemical fertilizers can lead to soil acidification,
salinity development, nutrient leaching, groundwater
contamination, and disruption of beneficial microbial
communities. Nitrogen fertilizers, particularly, are
associated with nitrate leaching and greenhouse

gas emissions, whereas excessive phosphorus
application may result in eutrophication of aquatic
ecosystems. Moreover, the low nutrient use efficiency
of conventional fertilizers causes a considerable
proportion of applied nutrients to become unavailable
to plants due to fixation, volatilization, or runoff.
These challenges highlight the necessity of
developing sustainable soil amendments capable
of improving nutrient retention, restoring soil health,
and enhancing plant nutrient uptake while minimizing
environmental impacts.

Biochar as a Sustainable Soil Amendment
Biochar has gained considerable attention
as an environmentally sustainable soil amendment
due to its unique physicochemical properties and
potential role in improving soil fertility. Biochar is
a carbon-rich, stable, porous material produced
through the thermochemical conversion of biomass
under limited oxygen conditions, commonly known
as pyrolysis. Various organic feedstocks, including
agricultural residues, forestry wastes, animal
manure, and municipal biomass, can be utilized
for biochar production. The properties of biochar
are strongly influenced by feedstock composition,
pyrolysis temperature, heating rate, and processing
conditions, resulting in variations in surface area,
porosity, nutrient content, pH, and functional group
composition. The physicochemical characteristics of
biochar contribute significantly to its effectiveness
as a soil amendment. The highly porous structure
of biochar provides a large surface area that
facilitates water retention, nutrient adsorption, and
microbial colonization. Its alkaline nature helps in
improving acidic soils by increasing soil pH and
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reducing aluminum toxicity. Additionally, biochar
contains aromatic carbon structures that enhance
carbon stabilization and contribute to long-term
carbon sequestration in agricultural ecosystems.
Functional groups such as hydroxyl, carboxyl,
phenolic, and carbonyl groups present on the
biochar surface participate in chemical interactions
with soil minerals and nutrients, thereby influencing
nutrient availability and soil biochemical processes.
Application of biochar improves soil fertility by
enhancing nutrient retention and reducing nutrient
losses from agricultural systems. The negatively
charged surfaces of biochar increase soil cation
exchange capacity (CEC), allowing greater retention
of positively charged nutrients such as ammonium,
potassium, calcium, and magnesium. Biochar
can also act as a slow-release nutrient reservoir
by adsorbing essential nutrients and gradually
releasing them according to plant requirements.
Furthermore, biochar application improves soil
aggregation, increases moisture availability, and

Fig. 1: Role of Biochar in Enhancing
Nutrient Uptake in Plants

creates favorable conditions for root development
and microbial activity. These combined effects
contribute to enhanced nutrient use efficiency and
improved plant growth performance.

Mechanisms of Biochar-Mediated Soil
Improvement

The beneficial effects of biochar on
soil properties are regulated through multiple
physicochemical and biological mechanisms. One
of the primary mechanisms involves the presence
of surface functional groups that participate in
nutrient interactions and soil chemical modification.
Oxygen-containing functional groups, including
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carboxyl, hydroxyl, and carbonyl groups, provide
reactive sites for nutrient binding and influence the
adsorption capacity of biochar. These functional
groups facilitate interactions with soil minerals and
organic compounds, thereby improving nutrient
availability and reducing nutrient losses through
leaching processes. Biochar application significantly
enhances soil cation exchange capacity due to its
negatively charged surface sites and high surface
area. Increased CEC improves the retention of
essential cations, including ammonium (NH,*),
potassium (K*), calcium (Ca?*), and magnesium
(Mg?*), preventing their rapid movement beyond
the root zone. This mechanism enhances nutrient
availability to plants and reduces dependence on
repeated fertilizer applications. Over time, biochar
surfaces undergo oxidation processes in soil,
resulting in the formation of additional functional
groups and further improvement in nutrient retention
capacity. Another important mechanism is nutrient
adsorption and controlled release. The porous
structure of biochar acts as a physical reservoir
for nutrients, protecting them from immobilization
and environmental losses. Nitrogen compounds,
phosphate ions, and potassium minerals can
interact with biochar surfaces through electrostatic
attraction, ion exchange, and surface complexation.
This controlled nutrient release pattern ensures
continuous availability of nutrients during plant
growth stages, thereby improving nutrient uptake
efficiency.

Biochar also serves as an effective
microbial habitat due to its porous architecture and
ability to retain moisture and organic compounds.
The pores of biochar provide protective niches
for beneficial microorganisms involved in nutrient
cycling, organic matter decomposition, and plant
growth promotion. Increased microbial activity
following biochar application enhances processes
such as nitrogen mineralization, phosphorus
solubilization, and organic carbon transformation.
Biochar—microbe interactions contribute to improved
soil biological health and support sustainable nutrient
cycling within agricultural ecosystems. Collectively,
these mechanisms demonstrate that biochar
functions not merely as a soil conditioner but as
a multifunctional amendment capable of restoring
degraded soils, improving nutrient dynamics, and
enhancing plant productivity.
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Fig. 2: Effects of Lead Contamination
on Wheat Growth and Yield

MATERIALS AND METHODS

Experimental Site Description

The experiment was conducted under
controlled agricultural conditions to evaluate the
influence of biochar application on soil chemical
properties, nutrient dynamics, and plant nutrient
uptake. The experimental site was selected
based on representative soil characteristics and
climatic conditions suitable for crop cultivation.
The study location was characterized by a semi-
arid to subtropical climatic condition with seasonal
variations in temperature, rainfall, and relative
humidity. Climatic parameters including average
temperature, precipitation pattern, and duration of
sunlight were recorded throughout the experimental
period to understand their influence on soil
moisture status, microbial activity, and plant growth
performance. Soil samples were collected from the
experimental field before biochar incorporation and
analyzed for baseline physicochemical properties.
Soil classification was performed according
to standard soil taxonomy based on texture,
mineral composition, and fertility status. Initial
soil characterization included determination of soil
texture, bulk density, pH, electrical conductivity (EC),
organic carbon content, total nitrogen, available
phosphorus, exchangeable potassium, micronutrient
concentration, and cation exchange capacity (CEC).
The collected soil was air-dried, homogenized,
and passed through a suitable mesh size before
experimental application. The initial soil properties
were used as reference values to determine changes
induced by different biochar treatments.
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Biochar Preparation and Characterization
Biochar Feedstock Selection

Biochar was prepared from different
biomass sources selected based on availability,
carbon content, nutrient composition, and agricultural
relevance.

Agricultural Residue-Derived Biochar

Agricultural residues such as rice
husk, wheat straw, maize stalks, sugarcane
bagasse, and other crop wastes were considered
potential feedstocks. These materials contain high
lignocellulosic content and generate stable carbon-
rich biochar suitable for improving soil organic carbon
and nutrient retention capacity. Crop residue-derived
biochar generally exhibits high surface area, porous
structure, and significant mineral content beneficial
for soil amendment applications.

Woody Biomass-Derived Biochar

Woody materials including tree branches,
wood chips, and forestry residues were utilized
for producing biochar with high carbon stability.
Woody biochar generally possesses higher aromatic
carbon content, greater porosity, and enhanced
persistence in soil, contributing to long-term carbon
sequestration.

Animal Manure-Derived Biochar

Animal manure-based biochar was
considered due to its higher nutrient concentration,
particularly nitrogen, phosphorus, and potassium.
Manure-derived biochar improves nutrient availability
and provides additional mineral elements required
for plant growth.

Biochar Production Process

Biochar was produced through controlled
pyrolysis under limited oxygen conditions. The
biomass feedstocks were cleaned, dried, and
mechanically processed into uniform particle
sizes before pyrolysis. The pyrolysis process
was performed at different temperature ranges
depending on the desired biochar properties.

Pyrolysis Temperature

Temperature significantly influences
biochar characteristics such as carbon stability,
porosity, surface area, and nutrient composition.
Low-temperature pyrolysis produces biochar with
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higher functional groups and nutrient retention
ability, whereas high-temperature pyrolysis
enhances aromatic carbon formation and structural
stability.

Residence Time

Residence time during pyrolysis determines
the extent of biomass conversion and influences
biochar yield and chemical properties. Optimized
residence time ensures adequate carbonization
while maintaining beneficial surface characteristics.

Activation Conditions

Physical or chemical activation methods
may be applied to improve biochar surface properties.
Activation enhances pore formation, surface area,
adsorption capacity, and nutrient interaction ability.

Physicochemical Characterization

Biochar samples were characterized using
standard analytical techniques to evaluate their
suitability as soil amendments.

pH Analysis

Biochar pH was measured to determine
its alkalinity and potential ability to correct acidic
soil conditions. Increased soil pH after biochar
application helps reduce aluminum toxicity and
improves nutrient availability.

Electrical Conductivity (EC)

EC analysis was performed to determine
soluble salt concentration present in biochar.
Proper EC levels indicate the suitability of
biochar application without causing excessive soil
salinity.

Organic Carbon Content

Organic carbon content was measured to
evaluate carbon storage potential and stability of
biochar. High carbon content contributes to long-
term carbon sequestration and improvement of soil
organic matter.

Ash Content

Ash content represents mineral components
remaining after biochar production. Minerals present
in ash contribute to nutrient supply, particularly
calcium, potassium, and magnesium.
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Analysis of Soil Chemical Properties
Effect of Biochar on Soil pH

Biochar application generally increases
soil pH due to the presence of alkaline mineral
components and carbonate compounds. The
improvement in soil pH helps neutralize acidic soils
and enhances nutrient availability. Biochar improves
soil buffering capacity by stabilizing fluctuations in
soil acidity and maintaining favorable conditions for
plant growth.

Electrical Conductivity and Salinity Regulation

Biochar influences soil EC by modifying
soluble ion concentration and nutrient retention.
Appropriate biochar application reduces nutrient
losses while preventing excessive salt accumulation.

Soil Organic Carbon and Carbon Stabilization

Biochar increases soil organic carbon
content due to its stable aromatic carbon structure.
Enhanced carbon stabilization improves soil quality
and contributes to climate change mitigation.

RESULTS AND DISCUSSION

Effect of Biochar on Soil pH

Application of biochar produced noticeable
changes in soil chemical properties, particularly soil
pH. In general, biochar-amended soils exhibited
a higher pH compared with the untreated control
soil, indicating the liming potential of biochar. This
response can be associated with the alkaline nature
of most biochars and the presence of basic cations
such as calcium, magnesium, potassium, and sodium,
together with carbonate and oxide compounds
generated during pyrolysis. The magnitude of the
pH increase was influenced by biochar feedstock,
pyrolysis conditions, and application rate. Manure-
and crop residue-derived biochars generally showed
a greater potential to increase soil pH because of
their comparatively high ash and mineral contents.
Woody biochar also improved soil pH, although its
effect was comparatively gradual because woody
materials usually contain a greater proportion of
stable aromatic carbon and a lower concentration
of readily soluble mineral constituents. The increase
in soil pH can be considered agronomically
beneficial, particularly in acidic soils, because it
may reduce aluminium and manganese toxicity
while simultaneously increasing the availability of
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several essential nutrients. Biochar also contributed
to an improvement in soil buffering capacity. The
porous carbon matrix and surface functional
groups present in biochar provide reactive sites
capable of exchanging protons and basic cations.
Consequently, biochar-amended soil may be less
susceptible to rapid fluctuations in acidity, thereby
creating a more stable rhizospheric environment for
root development and microbial activity.

Changes in Electrical Conductivity and Soil
Salinity

Electrical conductivity was affected by
biochar incorporation because biochar contains
varying quantities of soluble mineral salts. An initial
increase in soil EC may occur following biochar
application as potassium, calcium, magnesium,
phosphate, and other ions are released from
the biochar matrix. Such an increase does not
necessarily represent a detrimental salinity effect
when the EC remains within the tolerance range of
the cultivated crop.

The response was strongly dependent
on the type of feedstock. Manure-derived biochar
tended to contribute a greater quantity of soluble
nutrients and salts than woody biochar. Agricultural
residue-derived biochar produced an intermediate
response, depending on the original mineral
composition of the biomass. Appropriate application
rates are therefore essential because excessive use
of highly mineralized biochar could increase soil
salinity, whereas moderate application can improve
nutrient availability without creating salt stress.
The adsorption capacity of biochar may also help
regulate soil EC over time. The porous structure
and negatively charged surface of biochar can retain
nutrient cations and reduce their rapid movement
through the soil profile. Consequently, nutrients
remain accessible in the root zone for longer periods,
reducing leaching losses and potentially improving
fertilizer-use efficiency.

Soil Organic Carbon and Carbon Stabilization
One of the most prominent effects of biochar
application was the enrichment of soil organic
carbon. This improvement can be attributed directly
to the addition of carbon-rich material produced
during pyrolysis. Unlike fresh plant residues,
biochar contains highly condensed aromatic carbon
structures that are comparatively resistant to
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microbial decomposition. Therefore, its incorporation
into soil represents a potentially effective strategy
for increasing stable soil carbon pools. The degree
of carbon stabilization is influenced by pyrolysis
temperature. Biochars produced at relatively high
temperatures generally contain a larger proportion
of aromatic and recalcitrant carbon and are
consequently more persistent in soil. Conversely,
lower-temperature biochars retain more oxygen-
containing functional groups and labile organic
components, which may stimulate nutrient cycling
and microbial activity. Thus, selection of pyrolysis
conditions should depend on whether the primary
objective is long-term carbon sequestration, rapid
soil fertility improvement, or a combination of both.
Improved soil organic carbon may also indirectly
influence soil aggregation, moisture retention, and
microbial habitat. The porous architecture of biochar
provides microsites for microorganisms and can
protect organic substrates from rapid degradation.
These characteristics support the development of a
more biologically active and structurally stable soil
environment.

Influence on Nutrient Availability and Retention

Biochar amendment improved the soil’'s
capacity to retain essential plant nutrients. The
increase in nutrient retention can be attributed
to the high surface area, porous structure, and
development of charged functional groups on
biochar surfaces. These characteristics improve
the adsorption and exchange of nutrient ions
and contribute to an increase in cation exchange
capacity.

Potassium availability is particularly
influenced by biochar because many plant-derived
biochars contain appreciable quantities of potassium
in their ash fraction. Similarly, manure-derived
biochar may contribute phosphorus, calcium,
magnesium, and other mineral nutrients. Biochar can
also reduce nutrient losses by adsorbing ammonium
and other nutrient ions and retaining them within the
root zone. Phosphorus availability may increase after
biochar application through both direct and indirect
mechanisms. Biochar itself may supply phosphorus,
while changes in soil pH can reduce phosphorus
fixation under acidic conditions. Furthermore, the
interaction of biochar with soil minerals may modify
adsorption-desorption equilibria and improve the
proportion of phosphorus available for plant uptake.
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Effect on Plant Nutrient Uptake and Growth
Improvement in soil chemical conditions
following biochar incorporation was reflected in
enhanced nutrient availability and the potential for
improved nutrient acquisition by plants. Better soil
pH, greater nutrient retention, and increased organic
carbon collectively create favorable conditions for
root development and nutrient uptake. Biochar-
treated plants may therefore exhibit improved
growth performance compared with plants grown
in unamended soil. The effects are likely to vary
according to biochar type and application level.
Manure-derived biochar may provide a relatively
rapid nutritional response because of its higher
mineral content, whereas woody biochar may
contribute more substantially to long-term soil
structural improvement and carbon stabilization.
Agricultural residue biochars may provide an
intermediate balance between nutrient supply and
carbon persistence. Overall, the observed trends
demonstrate that biochar can function simultaneously
as a soil conditioner, nutrient-retention material, and
stable carbon source. lts effectiveness, however,
depends on feedstock characteristics, pyrolysis
temperature, residence time, activation conditions,
soil type, and application rate. Appropriate matching
of biochar properties with soil constraints is therefore
essential to maximize agronomic benefits while
avoiding excessive alkalinity or salinity. The findings
support the potential use of biochar as a sustainable
soil amendment for improving soil fertility, enhancing
nutrient-use efficiency, promoting plant nutrition, and
contributing to long-term carbon sequestration.

CONCLUSION

The present study demonstrates the
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substantial potential of biochar as a sustainable soll
amendment for improving soil chemical properties,
nutrient dynamics, and plant nutrient availability.
Biochar application improved soil pH and buffering
capacity, enhanced stable soil organic carbon,
influenced electrical conductivity, and increased
the capacity of soil to retain essential plant
nutrients. These effects are primarily associated
with the porous structure, high surface area,
mineral composition, and surface functional groups
of biochar, which facilitate nutrient adsorption,
ion exchange, and gradual nutrient release. The
effectiveness of biochar was strongly influenced by
its feedstock and production conditions. Manure-
derived biochar may provide comparatively rapid
nutrient enrichment because of its higher mineral
content, whereas woody biochar contributes
substantially to long-term carbon stabilization and soil
structural improvement. Agricultural residue-derived
biochars may provide a balance between nutrient
supply and carbon persistence. Biochar-mediated
improvements in soil pH, organic carbon, nutrient
retention, and microbial habitat can collectively
create favorable conditions for root growth and plant
nutrient uptake. However, the response to biochar
is not uniform, and excessive application of highly
alkaline or mineral-rich biochar may increase soil
salinity or alkalinity. Therefore, appropriate selection
of feedstock, pyrolysis temperature, application
rate, and compatibility with specific soil conditions
is essential. Overall, the findings support the use of
properly characterized biochar as a multifunctional
strategy for restoring soil fertility, improving nutrient-
use efficiency, supporting plant nutrition, reducing
nutrient losses, and promoting long-term carbon
sequestration in sustainable agricultural systems.
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