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iochar, a carbonaceous material produced through the pyrolysis of organic biomass, is 

increasingly recognized as a transformative amendment for sustainable soil 

management. Its application presents a multifaceted solution to contemporary challenges of 

soil degradation, water scarcity and climate change. This article reviews the extensive body 

of research on how biochar amendment profoundly influences soil's physical, chemical and 

biological properties. We discuss its role in enhancing soil structure, water retention and 

nutrient availability, while simultaneously providing a habitat for beneficial microorganisms. 

Furthermore, we highlight biochar's significant capacity for long-term carbon sequestration, 

making it a key tool in climate mitigation strategies. The evidence underscores that biochar is 

not merely a soil additive but a critical component for building healthy, resilient and 

productive agricultural systems. 

Introduction 
In the face of global challenges like soil degradation, climate change and food security, the 

search for sustainable agricultural amendments has never been more critical. Biochar, a 

carbon-rich material produced through the pyrolysis (thermal decomposition in the absence 

of oxygen) of biomass, has emerged as a powerful tool for soil management. Originally 

inspired by the ancient Amazonian Terra Preta (black earth) soils, modern research has 

extensively documented biochar's multifaceted impact on soil properties. This article explores 

the profound effects of biochar application on the physical, chemical and biological 

properties of soil. 

Source: http://dx.doi.org/10.5772/intechopen.97136 
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Think of biochar not as a fertilizer, but as a microscopic coral reef for the soil. Its value isn't 

in what it's made of, but in the intricate structure it provides. 

The Structure: A Multi-Scale Porous Network 
Chemical Structure: The Atomic Level 

The structure of biochar is created during 

pyrolysis (heating biomass without oxygen). 

The plant's original biological structures are 

converted into a rigid, carbon-rich skeleton. 

Chemical Structure: The Atomic Level 

Stable Aromatic Carbon Rings: At the 

atomic level, the heat of pyrolysis drives off 

volatile compounds (water, gases, tars) and 

fuses the remaining carbon into sheets of 

linked, stable hexagonal rings (like graphite, 

but much less ordered). This is often called 

condensed aromatic carbon. 

This structure is extremely resistant to decomposition by microbes. This is the secret to its 

long-term stability in soil (centuries to millennia), which is the basis for carbon sequestration. 

Physical Structure: The Microscopic Level 

This is where the magic happens for most soil functions. The structure is hierarchical: 

High Specific Surface Area (SSA): Because of its incredibly porous nature, a single gram of 

biochar can have a surface area the size of a football field or more (100 - 1500 m²/g). This 

massive surface area is the stage where all the chemical and biological interactions occur. 

Porosity: Biochar contains a network of pores of different sizes: 

Macropores (>50 nm): These are large tunnels that allow water to flow through quickly, host 

microbes and help with soil aeration. 

Mesopores (2-50 nm): These hold water against drainage (plant-available water) and are 

involved in nutrient retention. 

Micropores (<2 nm): These have extremely high surface area and are responsible for 

adsorbing gases and very small molecules. 

Impact on Soil Physical Properties 

Biochar's porous nature and high surface area directly influence the physical structure of soil. 

a. Soil Structure and Porosity: Biochar particles act as binding sites for soil aggregates, 

enhancing soil structure. This creates a more stable pore network, which reduces the risk 

of compaction and crusting (Atkinson et al., 2010). Improved aggregation is particularly 

beneficial in heavily tilled or degraded soils. 

b. Water Retention: The extensive internal porosity of biochar acts like a sponge, 

significantly increasing the soil's water-holding capacity. Studies have shown that biochar 

can help soils retain water, especially in sandy soils that typically drain too quickly 

(Glaser et al., 2002). This reduces irrigation needs and improves plant resilience during 

drought periods. 

c. Bulk Density: The addition of a low-density material like biochar decreases the overall 

bulk density of the soil. This reduces mechanical resistance to root growth, making it 

easier for plant root systems to explore a larger volume of soil for water and nutrients 

(Lehmann et al., 2011). 

Impact on Soil Chemical Properties 
Perhaps the most celebrated effects of biochar are on the chemical environment of the soil, 

which directly influences nutrient availability and soil pH. 

a. Cation Exchange Capacity (CEC): Biochar typically has a high negative surface charge, 

which allows it to attract and hold positively charged ions (cations) such as ammonium 

(NH₄⁺), calcium (Ca²⁺), magnesium (Mg²⁺) and potassium (K⁺). This increased CEC 

Source: https://doi.org/10.1016/j.cclet.2021.04.059 
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reduces nutrient leaching into groundwater, making fertilizers more efficient and 

available to plants over a longer period (Liang et al., 2006). 

b. Soil pH: Biochar is generally alkaline in nature. Its application to acidic soils can 

effectively raise the pH, mitigating soil acidity (Lehmann et al., 2011). This liming effect 

can alleviate aluminium and manganese toxicity, creating a more favorable environment 

for most crops and soil microbes. 

c. Nutrient Availability: Beyond reducing leaching, biochar can directly supply nutrients 

like potassium, phosphorus and micronutrients, depending on the feedstock used (e.g., 

manure-based biochar is often nutrient-rich). Furthermore, its ability to improve retention 

of nitrogen-based fertilizers is a key benefit for crop nutrition (DeLuca et al., 2015). 

Impact on Soil Biological Properties 
A healthy soil is a living soiland biochar has a unique role in shaping its biological 

community. 

a. Microbial Habitat: The porous structure of biochar provides an ideal refuge for soil 

microorganisms, protecting them from predators and desiccation. These pores become 

microsites for microbial activity and nutrient cycling (Lehmann et al., 2011). 

b. Microbial Biomass and Activity: Numerous studies have reported an increase in 

microbial biomass and overall activity in biochar-amended soils. The high surface area 

and the presence of labile carbon fractions on fresh biochar can serve as a food source for 

certain microbes, stimulating their growth (Atkinson et al., 2010). 

c. Mycorrhizal Fungi Associations: Biochar has been shown to enhance the symbiotic 

relationship between plant roots and arbuscular mycorrhizal fungi (AMF). This is likely 

due to the improved physical habitat and the indirect effect of changed soil chemistry, 

leading to better nutrient and water uptake for the host plant (Warnock et al., 2007). 

Carbon Sequestration and Climate Mitigation 
A primary driver of biochar research is its potential role in climate change mitigation. The 

stable, aromatic carbon structure of biochar is highly resistant to microbial decomposition. 

When added to soil, this carbon can remain sequestered for centuries to millennia, effectively 

removing carbon dioxide from the atmosphere and storing it in a stable form (Woolf et al., 

2010). This makes biochar production and application a promising carbon-negative 

technology. 

Considerations and Challenges 
The impact of biochar is not universal and depends on several factors: 

a. Feedstock: The type of biomass used (wood, manure, crop residues) influences biochar's 

nutrient content and pH. 

b. Pyrolysis Conditions: Temperature and heating rate during production determine 

biochar's porosity, stability and chemical properties. 

c. Soil Type: The existing soil properties (e.g., sandy vs. clayey, acidic vs. alkaline) dictate 

how biochar will interact with the system. Benefits are often most pronounced in 

degraded or highly weathered soils. 

Conclusion 
The application of biochar offers a multi-faceted approach to improving soil health and 

agricultural sustainability. Its ability to simultaneously enhance soil physical structure, boost 

chemical fertility, stimulate biological activity and sequester carbon is unmatched by most 

other soil amendments. While its effects can be variable and context-dependent, a growing 

body of scientific evidence confirms that biochar is a powerful tool for building resilient 

agricultural systems and combating land degradation. Future research should focus on 

optimizing biochar properties for specific soil-crop-climate combinations to maximize its 

benefits. 
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