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BIOCHAR: A BOON FOR SOIL HEALTH AND CLIMATE CHANGE MITIGATION - A COMPREHENSIVE REVIEW



ABSTRACT
A carbon-rich solid made by pyrolyzing biomass, biochar has become a versatile amendment that can improve the physicochemical characteristics of soil and support long-term climate mitigation plans. Owing to its high porosity, aromatic carbon structure, and physicochemical stability, biochar exhibits a strong capacity to enhance soil physical, chemical, and biological properties. This review critically synthesizes recent scientific evidence on the mechanisms through which biochar improves soil structure, nutrient retention, microbial activity, and water-holding capacity, thereby contributing to improved crop productivity and soil resilience. The analysis carefully evaluates biochar's capacity to mitigate non-CO2 greenhouse gasses (N2O and CH4) from agricultural soils as well as long-term carbon sequestration. The review also evaluates biochar’s effectiveness in remediating contaminated soils through the immobilization of heavy metals and organic pollutants. Despite its demonstrated benefits, large-scale adoption of biochar remains constrained by factors such as feedstock variability, production costs, and the lack of standardized characterization protocols. The paper concludes by highlighting future research priorities and management strategies aimed at optimizing biochar systems for sustainable soil management, climate resilience, and circular bioeconomy integration.
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1. INTRODUCTION

The increasing pressures of climate change, land degradation, and declining soil fertility pose serious challenges to global food security and environmental sustainability [35,26]. Globally, soils are experiencing accelerated losses of soil organic carbon (SOC) as a result of intensive cultivation, erosion, and unsustainable land-use practices, thereby contributing substantially to atmospheric carbon dioxide (CO₂) emissions [35,64]. Charred organic materials have long been recognized as stable components of soil organic matter, occurring naturally in soils as part of the long-term carbon pool [62]. Within this context, biochar has emerged as a promising soil amendment capable of simultaneously enhancing soil health and contributing to climate change mitigation through long-term carbon sequestration and improved soil functioning [37,72]
Biochar is produced through the thermochemical conversion of biomass under oxygen-limited conditions, commonly referred to as pyrolysis. A wide range of organic feedstocks—including crop residues, cow dung, poultry manure, goat manure, municipal solid waste, and other biodegradable wastes—can be used for biochar production [1]. The resulting material is characterized by high aromatic carbon content, extensive surface area, abundant functional groups, and remarkable chemical stability, allowing it to persist in soils for centuries [22, 12]. These properties enable biochar to influence multiple soil processes, including nutrient cycling, water retention, microbial activity, and contaminant immobilization.
Several studies have demonstrated that biochar application enhances soil fertility by increasing nutrient availability, improving cation exchange capacity, and reducing nutrient leaching losses [16, 30]. Reported carbon contents of biochar range from 33.0% to 82.7%, with nitrogen contents between 0.10% and 6.0% and carbon-to-nitrogen ratios varying widely depending on feedstock type and pyrolysis conditions [67]. Additionally, biochar contains essential macro- and micronutrients such as potassium, phosphorus, calcium, magnesium, iron, manganese, copper, and zinc, which contribute to improved plant nutrition and soil biochemical functioning.
Beyond soil fertility enhancement, biochar has gained recognition for its role in climate change mitigation. Due to its resistance to biological and chemical degradation, biochar acts as a long-term carbon sink, significantly reducing the rate at which carbon fixed through photosynthesis is returned to the atmosphere [72]. Furthermore, biochar application has been shown to reduce emissions of potent greenhouse gases such as nitrous oxide (N₂O) and methane (CH₄) by altering soil aeration, microbial activity, and nitrogen transformation pathways [3, 46]
In recent years, biochar has also been explored as an effective and sustainable adsorbent for soil and water remediation. Its high surface area and reactive functional groups enable the immobilization of heavy metals such as lead, cadmium, arsenic, and mercury, as well as the adsorption of organic pollutants including pesticides, dyes, antibiotics, and pharmaceutical residues [18, 40]. These multifunctional attributes position biochar as a key component in integrated soil management and environmental restoration strategies.

Despite extensive research documenting the benefits of biochar, important knowledge gaps remain regarding its long-term performance under diverse field conditions, economic feasibility, and scalability. Variability in feedstock sources, pyrolysis technologies, and application rates often leads to inconsistent outcomes, highlighting the need for standardized characterization and context-specific management guidelines. This review aims to consolidate current knowledge on the physicochemical, biological, and environmental functions of biochar, critically assess its role in soil health improvement and climate change mitigation, and identify future research directions necessary for its widespread and sustainable adoption.

2.METHODOLOGY
This review was conducted using a systematic and structured approach to synthesize existing scientific literature on biochar with particular emphasis on soil health, climate change mitigation, and environmental sustainability. An extensive literature search was performed using peer-reviewed journal articles, review papers, and authoritative book chapters published in internationally recognized databases. Keywords such as biochar, soil organic carbon, soil health, climate change mitigation, greenhouse gas emissions, and soil remediation were used individually and in combination to identify relevant studies.
Initially, more than 120 research articles and book chapters were collected. A screening process was then applied to refine the dataset. Publications that were not directly related to soil properties, carbon sequestration, greenhouse gas mitigation, or environmental remediation were excluded. Studies lacking quantitative or mechanistic insights into biochar–soil interactions were also removed. After this preliminary filtering, a final set of approximately 77 highly relevant and scientifically robust studies was selected for detailed qualitative analysis.
The selected literature was critically evaluated with respect to (i) biochar feedstock type and production conditions, (ii) impacts on soil physical, chemical, and biological properties, (iii) effects on soil organic carbon dynamics and greenhouse gas emissions, and (iv) biochar’s role in contaminant immobilization and environmental remediation. This integrative approach enabled the identification of dominant mechanisms, research trends, and knowledge gaps, providing a comprehensive understanding of biochar’s multifunctional role in sustainable soil management.

3. CHARACTERISTICS OF BIOCHAR 
The physical and chemical characteristics of biochar are strongly influenced by both the type of feedstock used and the conditions under which pyrolysis is carried out. Biomass materials with high lignin content, such as woody residues, generally produce biochar with higher carbon content and greater structural stability compared to biochar derived from herbaceous materials. Biochar formation occurs under limited oxygen conditions, where thermal decomposition drives off volatile compounds while retaining a significant fraction of carbon in a condensed aromatic form.
Pyrolysis temperature, residence time, and oxygen availability play crucial roles in determining biochar properties. At lower pyrolysis temperatures (300–400 °C), biochar retains a higher proportion of labile organic compounds, nutrients, and surface functional groups, which enhance its reactivity and nutrient availability. In contrast, biochar produced at higher temperatures (>600 °C) exhibits increased aromaticity, surface area, and resistance to microbial degradation, making it more suitable for long-term carbon sequestration [76].
Surface area and carbon content are considered key parameters for biochar characterization due to their direct influence on nutrient adsorption, microbial colonization, and water retention. Biochar’s stability—defined as its resistance to biotic and abiotic degradation—combined with its higher carbon concentration relative to the original biomass enables long-term carbon storage in soils [36]. This recalcitrant carbon structure allows biochar to persist in soils for hundreds to thousands of years, thereby contributing to climate change mitigation.
In addition to carbon, biochar contains essential plant nutrients and trace elements. Studies have reported the presence of macronutrients such as potassium (K), phosphorus (P), calcium (Ca), and magnesium (Mg), along with micronutrients including iron (Fe), manganese (Mn), copper (Cu), and zinc (Zn) [16]. The carbon, nitrogen content, and carbon-to-nitrogen ratio of biochar vary widely, with reported ranges of 33.0–82.7% for carbon, 0.10–6.0% for nitrogen, and 19–221 for the C:N ratio, depending on feedstock and production conditions [30, 67].
The porous structure of biochar is another defining feature that underpins many of its soil-related benefits. The interconnected pore network enhances soil aeration, provides protected microhabitats for microorganisms, and facilitates the adsorption of nutrients and contaminants. These characteristics enable biochar to interact synergistically with soil minerals, organic matter, and microbial communities, thereby improving overall soil functionality and resilience [38, 43].

4. BENEFITS OF BIOCHAR 
Biochar offers multiple agronomic, environmental, and socio-economic benefits due to its unique physicochemical and biological properties. Its multifunctional role in soil systems contributes to improved water management, enhanced soil fertility, economic sustainability for farmers, and even indirect benefits to animal health. These advantages collectively position biochar as a key input for climate-resilient and sustainable agricultural systems.


4.1. Water Management and Drought Tolerance

The application of biochar significantly improves soil water-holding capacity (WHC) and plant-available water, thereby enhancing crop performance under water-limited conditions. This improvement is primarily attributed to biochar’s porous structure, high surface area, and ability to modify soil pore size distribution. When incorporated into soil, biochar alters soil physicochemical characteristics, resulting in improved aeration, increased infiltration rates, reduced bulk density, and enhanced moisture retention [56].
Biochar’s micro- and mesopores act as reservoirs that retain water during periods of excess rainfall and gradually release it during dry spells, thereby buffering crops against drought stress. McLennon, [49] reported that biochar-amended soils retained significantly higher moisture content compared to unamended soils, particularly in coarse-textured soils. Similarly, Li [42] observed that the addition of biochar increased WHC in sandy soils by approximately 20%, while improvements of up to 30% were reported in clay soils [45].
Field studies have also demonstrated that the application of sawdust and rice husk biochar at rates of 5–10 tons ha⁻¹ increased soil moisture content by approximately 10.8% compared to untreated controls [52]. These findings highlight biochar’s potential to improve irrigation efficiency, reduce water runoff and erosion, and enhance crop resilience in regions experiencing frequent droughts or limited water availability.

4.2. Economic Benefits 
From an economic perspective, biochar contributes to increased farm profitability by improving crop yield, nutrient use efficiency, and soil fertility. Owing to its high cation exchange capacity (CEC), it can hold onto vital elements like potassium, phosphorus, and nitrogen, reducing nutrient leaching and guaranteeing a consistent supply of nutrients to crops. This lessens reliance on chemical fertilizers, which lowers costs and boosts farming enterprises' profitability [12,35,54]. 
Beyond on-farm benefits, biochar production and commercialization create opportunities for rural economic development. The establishment of biochar value chains—from biomass collection and pyrolysis to product distribution—can generate employment and diversify income sources in rural areas. Small-scale, decentralized biochar production systems are particularly promising for supporting sustainable livelihoods while promoting environmentally responsible waste management practices [60].

4.3. Biochar and Animal Health
Biochar has also been explored as a feed additive in livestock systems due to its adsorptive properties and potential to improve gut health. When included in animal feed, biochar can adsorb harmful compounds and provide favorable habitats for beneficial gut microorganisms, thereby improving digestion and nutrient absorption. Additionally, biochar has been reported to reduce methane emissions from ruminants by adsorbing methane molecules and enhancing methane oxidation through the stimulation of methanotrophic microbial communities [48,66].
Khan [33] demonstrated that the inclusion of biochar in cattle feed reduced methane emissions by approximately 9.5–18.4%, indicating its potential contribution to greenhouse gas mitigation in livestock systems. These findings suggest that biochar may play a complementary role in reducing the environmental footprint of animal agriculture while supporting animal health.



4.4. Soil Health  
Soil health is a cornerstone of resilient and sustainable food production systems, encompassing the integrated functioning of physical, chemical, and biological soil components. Biochar contributes to soil health by improving soil structure, enhancing nutrient availability, and stimulating biological activity, thereby supporting long-term agricultural productivity [5,66].
The influence of biochar on soil fertility occurs through both direct and indirect pathways. Direct effects include increased availability of essential nutrients such as potassium (K), phosphorus (P), calcium (Ca), magnesium (Mg), and sulfur (S). Indirect effects involve improvements in soil physical structure, chemical buffering capacity, and biological activity, which collectively enhance nutrient cycling and root growth [16, 9, 61].

4.5. Soil microbiome
Biochar plays a critical role in shaping soil microbial communities by providing protected microhabitats within its porous structure. These microenvironments shelter microorganisms from predation and environmental stress, enabling enhanced microbial survival and activity. The colonization of biochar pores by microbial biomass promotes the production of extracellular polysaccharides, which contribute to soil aggregation and improved structural stability [4].
Enhanced microbial activity in biochar-amended soils has been linked to improved nutrient cycling, increased enzyme activity, and greater soil organic matter stabilization. These biological interactions reinforce the role of biochar as a catalyst for improving soil functionality and resilience, particularly in degraded or nutrient-poor soils [59,70].

5. IMPACT OF BIOCHAR ON THE PHYSICAL, CHEMICAL AND BIOLOGICAL PROPERTIES OF SOIL 
5.1. Physical properties
Biochar application significantly alters key soil physical properties, including bulk density, porosity, aggregate stability, and hydraulic conductivity. Due to its low density and highly porous structure, biochar incorporation generally reduces soil bulk density, particularly in compacted and coarse-textured soils. This reduction facilitates improved root penetration, enhanced aeration, and greater soil friability, all of which are essential for sustainable crop production [38].
Numerous studies have demonstrated that biochar amendments improve soil porosity by increasing both macro- and micropore fractions. In sandy soils, biochar application rates ranging from 5 to 20 t ha⁻¹ have resulted in marked improvements in water-holding capacity and infiltration rates. Enhanced pore connectivity allows for improved movement of water and air, reducing surface runoff and erosion risks [63,75]. Wyn, [74] emphasized that increased surface area associated with biochar provides additional sites for microbial colonization and adsorption processes, further strengthening soil structure.
The physical characteristics of biochar vary depending on feedstock source. Biochars derived from manure, seaweed, and agricultural residues typically exhibit higher pH values and nutrient concentrations but lower carbon stability than woody biochars [58]. The degree of porosity plays a central role in determining biochar’s effectiveness in retaining water and nutrients while supporting microbial activity [34].
Long-term field experiments have confirmed sustained improvements in soil structure following biochar application. Lu, [47] reported that biochar-enhanced soils exhibited improved porosity and engineering properties, leading to higher nutrient uptake and crop productivity. Similarly, Blanco-Canqui, [11] highlighted that porous soil systems not only support plant growth but also enhance carbon sequestration and contaminant retention. In sandy loam Alfisols, biochar application increased capillary and total porosity by 23% and 24%, respectively, over a two-year field study [77].
5.2. Chemical properties 
	S.No
		Soil Chemical Property



	



	Effect of Biochar Application

	1. 
	Soil pH and Acidity
	Biochar increases soil pH due to its alkaline mineral constituents, reducing aluminum (Al³⁺) and manganese (Mn²⁺) toxicity and improving nutrient availability in acidic soils.

	2. 
	Cation Exchange Capacity (CEC)
	High CEC and negatively charged surface functional groups enhance nutrient retention and reduce leaching losses.

	3. 
	Nutrient Availability
	Biochar adsorbs essential nutrients (NH₄⁺, K⁺, Ca²⁺, Mg²⁺), improving nutrient use efficiency and soil fertility.

	4. 
	Nutrient Composition
	Nutrient content varies with feedstock and pyrolysis conditions; typical concentration order is K > N > P, with occasional high Na levels.

	5. 
	Contaminant Immobilization
	Biochar immobilizes organic pollutants and toxic metals (e.g., Cd, Pb) via adsorption, ion exchange, and surface complexation, reducing bioavailability and plant uptake.


Source: Adapted from [36, 15, 29, 8].
5.3. Biological properties 
Biochar significantly enhances soil biological activity by increasing microbial biomass carbon and providing stable microhabitats for soil microorganisms. The pore networks within biochar particles serve as protective niches that shield microbial communities from predation and environmental stress, enabling sustained microbial colonization [22].
Biochar–microbe interactions stimulate key soil processes such as soil respiration, nitrogen cycling, and enzyme activity. Biochar has been shown to act synergistically with mycorrhizal fungi, improving root colonization and phosphorus availability. These biological interactions contribute to improved nutrient acquisition and plant growth, particularly in nutrient-poor or degraded soils [25,63]
In addition to supporting microbial communities, biochar plays a crucial role in soil and water remediation. Biochar-based materials can immobilize multiple contaminants simultaneously, making them suitable for remediating soils contaminated with complex mixtures of heavy metals and organic pollutants [4,70]. Biochar removes organic contaminants such as pesticides through adsorption and microbially mediated degradation processes [76]. Furthermore, biochar raises soil pH and provides reactive surfaces that facilitate the precipitation and stabilization of heavy metals, reducing their mobility and toxicity [73, 44].
Collectively, these mechanisms demonstrate biochar’s effectiveness in enhancing soil biological functioning while contributing to environmental remediation and ecosystem resilience [31].
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6. IMPACT OF BIOCHAR APPLICATION TO SOIL
The effectiveness of biochar as a soil amendment is strongly influenced by application method, rate, soil type, and cropping system. Proper application strategies are therefore essential to maximize agronomic and environmental benefits. Biochar can be applied to soil using several methods, including broadcasting followed by incorporation, band placement, top dressing, application in planting holes, and co-application with organic amendments such as compost, manure, or crop residues.
Band placement, which involves incorporating biochar at depths of 10–20 cm below the soil surface near the root zone, has been shown to improve nutrient use efficiency and root–soil interactions [19]. Broadcasting and uniform mixing within the topsoil layer are commonly practiced in large-scale agricultural systems, while localized application in planting pits is more suitable for horticultural and smallholder farming systems [54].
Application rate plays a critical role in determining biochar performance. Meta-analytical evidence suggests that moderate application rates (5–10 t ha⁻¹) are generally effective in improving soil properties and crop productivity without inducing nutrient imbalances [14,2]. Excessively high application rates (>50 t ha⁻¹) may lead to temporary nitrogen immobilization or excessive increases in soil pH, particularly in already alkaline soils. Therefore, biochar source, soil characteristics, and crop nutrient demand must be carefully considered when determining optimal application rates [24,39].
Long-term field experiments have demonstrated that biochar application increases soil organic carbon (SOC), microbial biomass carbon, and labile carbon fractions, thereby enhancing soil fertility and structural stability. However, site-specific calibration remains essential to ensure sustainable outcomes across diverse agroecosystems [44,7].
7. BIOCHAR AND CLIMATE CHANGE MITIGATION
7.1. Long-Term Carbon Sequestration
Biochar contributes to climate change mitigation primarily through long-term carbon sequestration. The pyrolysis process converts labile biomass carbon into stable aromatic carbon structures that decompose much more slowly than uncharred organic matter. As a result, biochar can persist in soils for hundreds to thousands of years, effectively locking atmospheric carbon into stable soil pools [72, 71].
Compared to open burning (≈3% carbon retention) or biological decomposition (<10–20% retention over 5–10 years), biochar production retains approximately 50% of the original biomass carbon in a stable form. Field studies have reported significant increases in SOC following biochar application, with increases of 11.02–22.13% observed after four years of application at rates of 6–12 t ha⁻¹ [77,8]. Similarly, straw-derived biochar increased SOC by up to 26.7% within two years of application [70,23].

Carbon sequestration potential can be expressed as:
C sequestration = (Biomass feedstock × Biochar yield) × Biochar carbon content × Stability factor
Global assessments suggest that biochar systems could sequester up to 1.8 Pg CO₂-C equivalent annually, representing a significant negative-emission pathway.

7.2. Reduction of Greenhouse Gases Other Than CO₂
Biochar application has been widely reported to reduce emissions of non-CO₂ greenhouse gases from agricultural soils.
· Nitrous oxide (N₂O):
Biochar reduces N₂O emissions by modifying soil pH, improving aeration, and altering microbial nitrification and denitrification pathways. These changes can suppress denitrifier activity and enhance complete denitrification to dinitrogen (N₂), thereby lowering N₂O release [13,  65].
· Methane (CH₄):
In flooded soils and rice paddies, biochar can enhance methane oxidation by stimulating methanotrophic bacteria or suppress methanogenesis, However, the magnitude and direction of CH₄ fluxes vary depending on biochar properties, soil type, and water management practices [29, 21].

7.3. Impact of Biochar on Environment 
Conventional agricultural waste management practices such as open-field burning, residue removal and unmanaged composting contribute significantly to greenhouse gas emissions and air pollution [32]. These practices release large quantities of carbon dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O), intensifying climate change and degrading air quality [55, 53].
In India, approximately 500 million tonnes (Mt) of crop residues are generated annually, with a significant proportion burned in major agricultural states such as Punjab, Uttar Pradesh, and Maharashtra [27,  50]. Stubble burning, particularly during the post-harvest period of rice and wheat, has emerged as a major environmental and public health concern, contributing to episodic severe air pollution in northern India through the release of particulate matter, greenhouse gases, and toxic pollutants [17, 57]. Biochar production from crop residues offers a sustainable alternative by converting agricultural waste into a valuable soil amendment while simultaneously preventing open-field burning and enhancing soil carbon sequestration [36, 72].

7.4. Biochar: The solution to burning stubble 
Transforming crop residues into biochar aligns with the vision of converting agricultural waste into economic and environmental assets. Biochar derived from crop residues not only mitigates air pollution but also improves soil fertility, enhances carbon sequestration, and supports sustainable farming systems [65,15]. This approach strongly reflects the principle advocated by Prof. M. S. Swaminathan, emphasizing that crop residues should serve as a resource rather than an environmental burden [69].

8. BIOCHAR ACTIVATION AND MODIFICATION
Activation is a widely used approach to enhance the surface area, porosity, and adsorption capacity of biochar. Among activation techniques, chemical activation has been shown to be particularly effective in improving biochar functionality [3,4,6]. Physical activation methods, such as steam or thermal treatment, and mechanical approaches like ball milling have also been employed to modify pore structure and surface reactivity.
Advanced modification strategies, including mineral coating, carbonaceous material impregnation, and surface modelling, further expand biochar’s potential applications. These engineered biochars exhibit enhanced performance in nutrient retention, contaminant immobilization, and soil amendment, making them suitable for specialized agricultural and environmental remediation purposes [20,41]

9. LINKAGES TO SOIL FUNCTIONALITY
Enhanced biochar properties translate directly into improved soil functionality. Increased porosity and surface area facilitate water and air movement within soil, thereby improving root growth and nutrient uptake. Lu [47] reported that biochar incorporation improves soil porosity and engineering properties, resulting in enhanced crop productivity. Similarly, Blanco-Canqui [11] emphasized that improved soil structure not only enhances plant growth but also contributes to carbon sequestration and contaminant retention.
Field studies have demonstrated significant improvements in capillary and total soil porosity following biochar application. Zhang [77] observed increases of 23% and 24% in capillary and total porosity, respectively, following biochar amendment in sandy loam Alfisol soils. These structural improvements reduce erosion risks and promote long-term soil stability
10. LIMITATIONS AND BARRIERS IN THE ADOPTION OF BIOCHAR
· Feedstock and Production Costs: Increasing production necessitates both the high initial cost of pyrolysis equipment and a reliable, sustainable supply of feedstock. [36, 72].
 
· Heterogeneity and Standardization: Standardized characterization and quality control are required due to the extremely variable nature of biochar, which depends on feedstock and pyrolysis conditions  [28, 68].

· Possible Adverse Effects: In soils that are already alkaline, high treatment rates may occasionally result in temporary nitrogen immobilization or excessive pH rises. 
Extensive research is needed to determine the long-term impacts of biochar on agricultural productivity and soil health. To comprehend how it interacts with different crops and soil types, field experiments in a variety of agricultural contexts are required. Farmers may also encounter obstacles to adoption, such as the expense of the initial investment and the requirement for training on appropriate application methods. [19, 51,10].

11. CONCLUSION 
Biochar is a powerful and multifunctional soil amendment that connects agricultural productivity with environmental sustainability. Its highly porous structure, surface chemistry, and carbon stability allow for substantial improvements in soil physical, chemical, and biological properties. Additionally, biochar offers unmatched potential for long-term carbon sequestration and greenhouse gas mitigation. While progress has been made in understanding biochar-soil interactions, further long-term field studies are necessary to optimize feedstock selection, production methods, and application rates across various agro-ecosystems. With appropriate policy support, farmer training, and technological advancements, biochar can play a transformative role in achieving climate-resilient, carbon-negative agricultural systems and enhancing global food security.
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