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With the global food deficit increasing and rising climate change issues, there is a need to find green solutions to improve soil fertility and productivity while enhancing soil biochemical quality and reducing the ecological impact of agriculture. Biochar is a potentially cost-effective, carbonaceous resource with many agricultural and environmental applications. As a soil amendment, it improves soil physical and biochemical properties and increases soil fertility and productivity—particularly over the long-term—increasing soil aggregation, water retention, pH, and microbial activities, thus, improving overall soil quality, potentially helping to reduce chemical fertilizer needs over time. The extent of biochar’s impact on soil physiochemical properties varies depending on biochar source, type, size, inherent soil characteristics, cropping system, etc. Moreover, biochar has significant potential in soil and water remediation, especially through its unique adsorption and chemical properties capable to capture and immobilize pollutants such as metal(loid)s, organic pollutants, and hazardous emerging contaminants such as microplastics. Further, biochar has also emerged as a key strategic, cost-effective material to tackle global issues such as climate change mitigation, reducing the net greenhouse gas emission to minimize global warming potential. However, a knowledge gap remains as to understanding the long-term persistence of biochar on agroecosystem, optimal biochar application rate for the diversity of biochar-soil-crop-environmental conditions, interaction of biochar with inherent soil carbon stock, specific mechanisms of biochar’s effect on soil biotic properties, quantification of carbon sequestration, greenhouse gas emissions, synergy or potential antagonistic effects with other carbon sources such as compost, manure, residues, etc., its modification for environmental applications and associated environmental and human risks over long-term. Further research is needed to evaluate the long-term impacts of types and sizes of biochar on overall soil quality to recommend suitable application practices based on soil management and cropping system. Also, its environmental applications need to be finetuned for wider and target specific applications to tackle pressing environmental issues such as soil and water pollution.
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1 INTRODUCTION
Sustaining agricultural productivity is a significant challenge globally due to the accelerated depletion of soil organic matter and nutrients. With the population continuing to rise—reaching a landmark figure of 8 billion recently—contemporary agroecosystem faces a significant hurdle to keep producing more food while protecting its most valuable resource—soil (Kopittke et al., 2019; Ortiz-Bobea et al., 2021). Soil provides almost 99% of the food for human (Kopittke et al., 2019) while providing numerous ecosystem functions (McBratney et al., 2017); therefore, degradation of soil fertility and productivity threatens food security universally (Ortiz-Bobea et al., 2021). A looming climate change issue amplifies this challenge (Kilian et al., 2021; Ortiz-Bobea et al., 2021), demonstrated by rising temperatures (Arnell et al., 2019), atmospheric carbon dioxide levels (Walker et al., 2021) and extreme weather events such as droughts (Cook et al., 2018; Mukherjee et al., 2018), further confronting the agricultural production systems (Barry and Hoyne, 2021; Priestley et al., 2021; Biesbroek et al., 2022; Pörtner and Roberts, 2022). Food security is likely to be further challenged after the COVID pandemic (Laborde et al., 2020) and global unrest worldwide, (Ben Hassen and El Bilali, 2022). In such a scenario, it becomes crucial for present agriculture to adapt and innovate to constantly improve resource use efficiency and agricultural productivity while minimizing the environmental repercussions of farming. Due to its multidisciplinary application potential, biochar is at the forefront of material innovation to tackle global food insecurity, looming climate change issues and address environmental issues (Oni et al., 2019; Das et al., 2021).
Biochar is a pyrolyzed mass produced through high-heat pyrolysis of organic matter such as plant residues in a deoxygenated environment (Lehmann, 2007; Ahmed et al., 2016a; Weber and Quicker, 2018; Ge et al., 2020). While there are different processes to produce biochar—mainly with variation in temperature, pyrolysis time, moisture, and raw material, the most common method to produce biochar industrially for agricultural and environmental use is through the slow pyrolysis or organic feedstock (350°C–700°C) in an oxygen-limiting environment. Biochar can be prepared from different organic raw materials such as agricultural by-products (rice husk, corn stalks, forage, crop, and root residues), agroforestry sources (tree bark, wood, sawdust, shells, and roots), livestock-based sources (animal manure, beddings), industrial by-products (bagasse, carbon black), agro-urban wastes (biosolids, sewage) and almost any carbon-containing stocks (Das et al., 2021). Cellulose and lignin are the principal component of biochar (produced from vegetal biomass) that is high in carbon content and low in hydrogen and oxygen. The development and application of different forms of biochar and nano-biochar and biochar-based nanocomposites have received increased attention in recent years as a soil conditioners to reduce soil bulk density and increase soil porosity and water/nutrient holding due to their functional groups, pore properties, surface activity and high adsorption capacity (Hagemann et al., 2017; Liu et al., 2018).
While biochar is produced through the pyrolysis of carbon feedstock, it has several nuances. The slower the pyrolysis process, the slower the heating rate and the longer the residence time for biochar production (Ge et al., 2020). In general, in pyrolysis at higher temperatures (600°C–700°C), there is an increase in fixed carbon content, alkalinity, and amount of basic functional groups present, while at the lower temperature (100°C–300°C), there is an increase in porosity, adsorption capacity, amount of acidic functional groups and biochar yield (Sun et al., 2017). In recent years, more innovative ways, such as microwave vacuum pyrolysis (i.e., pyrolysis using a microwave in a vacuum environment), have been reported to reduce fossil fuel usage in conventional pyrolysis (Ge et al., 2020). This method has several advantages, especially in overcoming the low inherent porosity of biochar, to use it as an adsorbent for environmental remediation. Especially with slight modification and improvisation such as steaming, biochar produced with microwave vacuum pyrolysis has been shown to be an adsorbent for soil herbicides such as 2,4 2,4-dichlorophenoxyacetic acid (2,4 D) (Lam et al., 2019).
This review reports comprehensively the development, advances, and prospects of biochar applications, including the knowledge gaps remaining in biochar’s agricultural and environmental applications (Figure 1).
[image: Figure 1]FIGURE 1 | Application of biochar in soil-plant-environment.
2 AGRICULTURAL APPLICATIONS OF BIOCHAR
2.1 Biochar as soil amendment
Soil amendment with biochar is regarded as one of the important ways to improve soil nutrient and water retention and promote soil ecological functioning, as well as a significant tool to combat climate change issues by storing the CO2 back in the earth(Woolf et al., 2010; Lorenz and Lal, 2014; Han et al., 2022). Because of the highly stable carbon content with high porosity and specific surface area, its application can provide a multitude of benefits as a soil amendment (Lehmann, 2007; Oni et al., 2019; Das et al., 2021; Zhang et al., 2021). It has been reported that biochar improves the soil physical, chemical, and biological properties of soil (Joseph et al., 2010; Burrell et al., 2016; Zhang et al., 2021)—particularly over a long-term application (Joseph et al., 2021)—therefore enhancing agricultural productivity (Diatta et al., 2020). Also, the greatly porous carbonaceous material with a high specific surface area can be used as soil amendments to sorb organic as well as inorganic contaminants such as herbicides and pesticide residues, metal(oid)s and newly emerging pollutants such as microplastics, thereby improving the soil quality for agricultural and environmental use (Joseph et al., 2010; Hardie et al., 2014; Ahmed et al., 2016a; Burrell et al., 2016; Amonette et al., 2021; Das et al., 2021; Islam et al., 2021). The application of biochar as soil amendment can be discussed as its effect in amending soil physical, chemical and biological characteristics, as well as a combined effect leading to soil health and increased crop productivity (Figure 2).
[image: Figure 2]FIGURE 2 | Biochar in soil physico-chemical properties (soil health) and environmental attributes (Biochar-Soil-Crop-Environment nexus).
2.1.1 Impact on soil physical properties
In general, biochar’s advantage is well demonstrated for coarse-textured, sandy soils as they improve the soil physical properties, increase water retention, and reduces bulk density(Das et al., 2021; Joseph et al., 2021). Besides the soil type, the feedstock used to make biochar affects how effective it is as a soil amendment. One of the most significant effects of biochar applied as a soil amendment is the improvement of soil aggregate stability (Herath et al., 2013; Liu et al., 2014; Burrell et al., 2016; Du et al., 2017; Bai et al., 2019; Zhang Q. et al., 2020; Islam et al., 2021; Yan et al., 2022). Wood chip, wheat straw, and vineyard pruning biochar (pH 8.3–9.7, application rate 3% by soil weight) improved the soil structure and aggregate stability in a 1-year crop (mustard-red clover) and 2 years of fallow, with the effect being more pronounced on coarse-textured soil compared to fine textured soil (Burrell et al., 2016). 6-year of continuous straw and straw-derived biochar amendment increased the soil aggregation in the top 0–40 cm in a rice-wheat rotation system (Bai et al., 2019; Zhang Q. et al., 2020). Wheat straw biochar (pH 10.35, application rate 2–40 t ha-1) applied in upland red soil for 1 year in a rapeseed-potato cultivation system increased the soil aggregate stability, microaggregate content, while increasing the rapeseed and sweet potato yields (Liu et al., 2014). The application of biochar has also been reported to improve soil water retention through increased pore size and aggregate stability (Hardie et al., 2014; Rasa et al., 2018; Wang et al., 2019; Razzaghi et al., 2020; Kang et al., 2022). Another advantage of biochar amendment can be the improvement in soil bulk density (Bhattarai et al., 2015; Ahmad Bhat et al., 2022) and reduction of soil compaction, although the impact seems to be short-lived (< 2 years) and at higher rates of biochar application (>10 ton ha-1) (Blanco-Canqui, 2021) and more effective in sandy soils with small size biochar (Verheijen et al., 2019). Biochar derived from crop residues, have a more pronounced effect in improving soil bulk density and reducing soil compaction (Bhattarai et al., 2015; Blanco-Canqui, 2021). Long-term experiments have often reported minimal change in soil physical characteristics compared to the lab and short-term field experiments (Blanco-Canqui, 2017; Islam et al., 2021). Compared to the biochar control and the larger particle size fraction, the biochar amendment with small and medium particle size considerably decreased the bulk density of the soil and enhanced overall porosity, soil pH, and electrical conductivity (Zeeshan et al., 2020). It can be generally reported that biochar typically improves the soil physical environment, more so in sandy (coarse-textured) soils over long-term applications (Blanco-Canqui, 2017); while more long-term application rates are necessary to conclusively quantify the effect on different indicators exclusively to determine the management approach suitable for the soil-crop system.
2.1.2 Impact on soil chemical properties
As soon as biochar is incorporated into the soil, it starts to interact with soil chemistry, starting with dissolution (<1 month), development of reactive surfaces (1–6 months), and degradation or aging (> 6 months) (Joseph et al., 2021). In addition to increasing soil fertility, particularly over a long term, its ability to store carbon and nitrogen may lessen both immediate and long-term environmental deterioration and its harmful impacts on human and animal health (Verheijen et al., 2019). Biochar functions as an excellent adsorbent for nutrients and pollutants because of the surface characteristics and attached functional groups (Carey et al., 2015; Gong et al., 2019; Yuan et al., 2019). Consequently, biochar improves the soil’s ability to absorb and hold onto nutrients and agricultural chemicals while lowering their vaporization and leaching into surface and groundwater, enhancing nutrient retention in soil. Over time and through weathering and decomposition, biochar may contribute crucial nutrients to the soil solution. As mentioned previously, biochar enhances the soil physical environment by lessening the bulk density of the soil (compaction), improving water retention, drainage, aeration, and root penetration, as well as the soil’s ability to retain water and workability, thanks to its low density and up to highly porous structure (Downie et al., 2012). Biochar, through its persistence, enables a long-lasting impact on soil quality and carbon sequestration due to its greater half-life of carbon, potentially over thousands of years (Lehmann et al., 2003; Oliveira et al., 2017). Due to its potential for decreased nutrient losses (Joseph et al., 2010; Zimmerman et al., 2011; Ahmad Bhat et al., 2022)) and higher fertilizer efficiency, biochar has been a strategic tool for agro-environmental applications (Lehmann et al., 2003; Lehmann, 2007; Amonette et al., 2021; Joseph et al., 2021) (Lehmann and Joseph, 2015). Its integration into poor soil enhances soil fertility, crop development, and productivity more than non-biochar soil (Steiner et al., 2007; Major et al., 2010; Zeeshan et al., 2020). However, these factors heavily rely on the origin and properties of the applied biochar (Zimmerman et al., 2011; Enders and Lehmann, 2012; Bhattarai et al., 2015; Blanco-Canqui, 2017; Weber and Quicker, 2018), as well as soil characteristics, environmental plant responses, biochar-soil interactions, and its ability to absorb nutrients (Herath et al., 2013; Joseph et al., 2021; Ahmad Bhat et al., 2022). It may have an impact on crop development both directly and indirectly depending on its natural nutritional content and capability for nutrient and water retention as well as the reduction of moisture stress (Karhu et al., 2011; Vaccari et al., 2011; Verheijen et al., 2019; Diatta et al., 2020; Kang et al., 2022). In some cases, it is possible to anticipate poor crop performance for the first 30 days following cultivation on acidic soil (pH = 5.5), which may be caused by short-term N retention in N-deficient soil (Clough et al., 2013; Joseph et al., 2021). According to Widowati et al. (2014), rice husk biochar caused significant N leaching, whereas wood biochar had the maximum water retention and minimized NO3−1 leaching within the first 30 days following application Jones et al. (2011, 2012) claim that biochar alters soil physical characteristics like bulk density, soil organic matter breakdown, and the organic carbon liberation, suggesting a potential method for soil carbon sequestration. It effectively delivers nutrients into the soil while reducing nutrient leaching (Biederman and Harpole, 2013). With biochar amendment, soil contained superior extractable nutrients (Laird et al., 2010) and fertility (Ali et al., 2022b). Biochar amendment with small and medium particle size considerably decreased the soil pH and electrical conductivity (Zeeshan et al., 2020). Additionally, the tiny particle size fraction greatly enhanced the soil’s organic matter (OM) content and saturation (Gorovtsov et al., 2020; Han et al., 2022).
Overall, due to its chemistry and properties, biochar can be used to increase agricultural production, especially in soils with low fertility and soil degradation, where it can be especially beneficial. Biochar made from biomass waste has been linked to better soil water-holding capacity as well as decreased run-off of agricultural pesticides and fertilizers (Woolf et al., 2010; Verheijen et al., 2019). It has improved crop yield by increasing soil base saturation (Glaser et al., 2002; Major et al., 2010), increasing soil water holding capacity (Karhu et al., 2011; Blanco-Canqui, 2017; Verheijen et al., 2019; Razzaghi et al., 2020), and retaining nutrients in the portion of the soil column containing roots and enhancing nutrient use efficiency (Steiner et al., 2007; Laird et al., 2010). 
The effect of biochar on soil physical and chemical properties across different experiments has been summarized in Table 1.
TABLE 1 | Biochar effect on soil physical and chemical properties across different experiments.
[image: Table 1]2.1.3 Impact on soil biological properties
Biochar have been reported to improve the key soil biological properties, mainly owing to their alkaline pH and structure, improving the soil porosity, aggregation, and water-holding capacity that promotes soil nutrient bioavailability and microbial growth (Lehmann, 2007; Warnock et al., 2007; Joseph et al., 2010; Lehmann et al., 2011; Beheshti et al., 2018; Gorovtsov et al., 2020). While biochar is often considered an apt soil amendment for long-term application use, it can interact with soil biological properties such as plant roots and root microbes as early as it is applied in the soil (Joseph et al., 2010), even on soils contaminated with microplastics (Palansooriya et al., 2022) and metal(loid)s (Gorovtsov et al., 2020). The precise mechanism by which biochar directly affects the soil microorganisms remains unclear, although a synergistic effect in increasing overall soil physical, chemical, and biological properties with biochar, particularly soil pH, aggregation, and water retention, is often attributed as key factors in promoting soil microbe growth, increase in soil biomass carbon, soil respiration, and microbial diversity (Joseph et al., 2010, 2021; Lehmann et al., 2011; Beheshti et al., 2018; Diatta et al., 2020; Gorovtsov et al., 2020).
In fact, biochar has been attributed to increasing crop’s systemic resistance and even helping to control soil pathogens by improving soil biological quality (Tan et al., 2022). Biochar has also been attributed to improving the soil mycorrhizal population through the improvement of soil carbon sequestration and the addition of soil fertility (Warnock et al., 2007). Also, for beneficial soil bacteria to flourish and perform, biochar-treated soil may provide a better environment. Inoculating lentils with rhizobia considerably improved soil organic matter (SOM), micronutrient fertility (Fe, Zn, Mn, and Cu), and soil qualities (Ali et al., 2022a). These advantages could change depending on the feedstock and pyrolysis temperature (Sun et al., 2017; Huang et al., 2018; Wang et al., 2021). The biochar particle size fraction may, however, significantly influence soil properties. As it stands, although there is an acknowledgment that biochar improves the soil biological environment, mainly driven by biochar’s alkaline pH and soil aggregating capacity (Lehmann et al., 2011; Joseph et al., 2021), the impact of biochar as a soil amendment is more focused on soil physical and chemical properties particularly in improving soil fertility and quality, but soil biological impact, particularly on soil microorganisms and fauna is a significant aspect that needs to be explored more in the future.
2.1.4 Biochar and soil health (synergistic amendment of soil physical, chemical, and biological properties)
There has been growing interest in the concept of soil health, which has been as “the continued capacity to function as a vital living ecosystem that sustains plants, animals, and humans while maintaining or enhancing water and air quality” (Doran and Zeiss, 2000; Stott, 2019; Lehmann et al., 2020). This definition emphasizes soil management so that they are available for future generations. Physical (e.g., soil structure, aggregate stability, etc.), chemical (pH, electrical conductivity (EC), cation exchange capacity (CEC), nutrient cycling and holding capacity, etc.), and biological indicators (microbial biomass and activity, community structure) are used to evaluate different soil management—all of which can be significantly affected with biochar application as discussed above (Cardoso et al., 2013; Das et al., 2021). Biochar can be used as a soil amendment to enhance the soil quality to have optimal biological activity with enhanced nutrient bioavailability for plants, improved structural aggregation, enhanced water holding capacity, and beneficial microbial activity (Doran and Zeiss, 2000; Das et al., 2021; Tan et al., 2022). Soil organic matter (SOM) and clay minerals that act as storage and exchange sites for nutrients are key components of soil health, significantly affected as early as biochar is incorporated in the soil, thereby affecting soil health (Joseph et al., 2010; Amonette et al., 2021). Soils that have enriched microbial diversity and activity are often more resilient to management practices, which have been demonstrated across different soils with biochar applications (Beheshti et al., 2018; Wang et al., 2019; Diatta et al., 2020; Palansooriya et al., 2022). Biochar plays a key role in managing soil health through mobilizing soil microbes are a vital component of soil health as they’re involved in several critical processes, including the decomposition of organic substrates to form SOM, biogeochemical nutrient cycling and mineralization, soil structure, and aggregation, disease suppression, regulation of plant growth-promoting hormones, greater soil water holding and availability to plants, neutralization of toxic compounds and metal(loid)s to plants (Lehmann et al., 2011; Liu et al., 2016; Gorovtsov et al., 2020; Amonette et al., 2021; Tan et al., 2022). Microbial biomass, respiration, and enzymatic activity are vital to maintaining healthy soil structure and having aggregate stability, which can be amended in soils by applying biochar. These soil organic carbon, soil structure, and other biochemical soil properties drive microbial abundance, and community composition in soil biological activity from soil microbes mediated with biochar is essential to reverse the fixation of nutrients through mineralization, increasing the availability of nutrients required by plants (Jones et al., 2012; Beheshti et al., 2018).
3 ENVIRONMENTAL APPLICATIONS OF BIOCHAR
One of the most important aspects of biochar application is its potential for environmental remediation. Its unique property makes it a useful remediation material in soil, water, and gas medium, which makes it a highly versatile resource (Oliveira et al., 2017). Because biochar can be produced locally and commercially from a wide variety of feedstock, including crop residues, wood chips, animal manure, solid byproducts, and so on, it is a relatively low-cost option for use as an absorbent in soil and water. Recently, with technology that can optimize the production of biochar that contains desired physical and chemical properties, biochar can be optimized for multitude of environmental application, which includes treatment of soil pollution, targeted removal of metal(loid)s and contaminants from soil, solid waste management and wastewater treatment (Zhou et al., 2021).
3.1 Biochar in remediation of metal, metalloids and pollutants.
Soil contamination with organic pollutants and metal(loid)s is increasingly becoming a global problem (Zhang et al., 2013; Yuan et al., 2019) One of the significant research and application of biochar is as a soil amendment to improve soil quality, especially ideal for marginal and poor-quality soils through its unique characteristics. For the agro-ecosystem application context, biochar is often used as a soil amendment; therefore, traditionally, maximizing the carbon content is considered the most important factor (Joseph et al., 2010; 2021; Diatta et al., 2020). Besides, its structure, sizes, pH range, particle size, specific surface area, porosity, etc., are among the factors that play a significant role in the quality of biochar produced for soil amendment and environmental applications. The quality of biochar and its effectiveness for agricultural and environmental applications is affected by biochar’s physical (shape, size, specific surface area, pore size and distribution, stability, density, persistence, etc.), chemical (composition of elements, pH and electrical conductivity, cation exchange capacity, etc.,) and biological (cropping system, management, etc.,) properties and interactions (Joseph et al., 2010; Jones et al., 2012; Blanco-Canqui, 2017; Amonette et al., 2021). Biochar obtained through pyrolysis at higher temperatures (550°C–750°C) has been shown useful in the phytoremediation of metals such as Zn(II), Pb(II), and Cd(II) through converting them into oxide compounds (Huang et al., 2018). Use of microwave steam activation to produce biochar from palm shells, Lam et al. (2019) demonstrated the application of biochar as a treatment for hazardous leachates in landfills, achieved through significantly increased adsorption capacity. However, biochar’s ability for adsorption depends on its reactive surface area, pH, surface groups, ion-exchange capacity and pore size distribution (Kołodyńska et al., 2012; Zhang et al., 2013; Qiu et al., 2022).
One of the mechanism biochar helps in metal and organic pollutant contamination is through reducing their bioavailability in soil (Qiu et al., 2022). Biochar—through its alkaline pH helps to raise soil pH and stabilize metals—potentially reducing the bioavailability and leachability of heavy metals and organic pollutants in soils through high adsorption and different physicochemical reactions (Zhang et al., 2013). In fact, higher the specific surface area of biochar with a high variable charge component, the greater the surface sorption capacity that will affect the soil’s ability to retain water, nutrients, and organic molecules (Brown et al., 2006; Zhang et al., 2013). The surface oxygenation of biochar, when it is applied to soil, changes the O2-containing functional groups (carboxyl, OH, phenol, and carbonyl groups) on the vast interior surface area of the biochar, inducing an induced negative charge and raising the soil pH and cation exchange capacity (CEC) (Cheng et al., 2006). Biochar-related cation release into the soil reduces soil acidity and may significantly alter the soil’s N (NH4+ and NO3−) and AB-DTPA extractable P and K contents (Chintala et al., 2014). Biochar can help stabilize metal(loid)s through sorption by exchange of cations associated with biochar such as Ca2+, Mg2+, surface complexation with different functional groups and inter-spherical complexation with free hydroxyl of mineral oxides and simply physical adsorption leading to surface precipitation (Zhang et al., 2013; Qiu et al., 2022). Besides the mineral components present in biochar such as phosphates and carbonates can also help in stabilizing of metal(loids) (Cao et al., 2009; Kołodyńska et al., 2012). Recently, modification of biochar with metal oxides or biochar-nanocomposites has been reported to further improve adsorption of contaminants, however concern of them persisting and becoming untoward in the ecosystem remains to be duly studied (Zhang A. et al., 2020).
3.2 Biochar in climate change mitigation
3.2.1 Biochar potential in carbon sequestration and climate change mitigation
In addition, carbon in biochar, which is highly stable, can be sequestered for more than 1,000 years once applied to the soils which can contribute to climate change mitigation through sequestration of recalcitrant carbon in soil (Lai et al., 2013; Lin et al., 2015; Yang et al., 2020; Shin et al., 2021). Potential to increase soil quality by adding fertility and soil amendment while providing an alternative for carbon sequestration in the soil makes biochar a suitable prospect for sustainable agriculture and climate management (Woolf et al., 2010; Lorenz and Lal, 2014). Because of its neutral characteristics that consist of carbon with high persistence in soil, it can be an effective tool to mitigate climate change through the sequestration of atmospheric carbon dioxide while potentially improving soil fertility (Lorenz and Lal, 2014; Gross et al., 2021). Recent report has shown that over 920 kg of CO2 equivalent can potentially be sequestered throughout the country when just one ton of crop residue is converted into biochar (Yang et al., 2021). In coastal saline conditions, biochar derived from corn stalks applied at the rate of 16-ton ha-1 significantly increased the carbon sequestration (−3.84 – −3.17 t CO2-eq. ha−1 t−1C) without increasing the greenhouse gases emissions significantly while increasing soil fertility (Lin et al., 2015). Application of biochar at the rate of 2%–5% has been reported to increase the carbon sequestration significantly by 46%–58% from rice and beet fields (Lai et al., 2013). Biochar derived from apple wood residues and re-applied in apple orchards promoted the soil organic carbon sequestration, which increased by 316.52%–354.78% in a 2-year study in the Loess Plateau of China (Han et al., 2022). Soil carbon sequestration was increased significantly (1.87–13.37 t C/ha) under wood-derived biochar application, compared to rice straw application which reduced carbon sequestration, driven by highly recalcitrant carbon contained in biochar vs. labile form in rice straw (Thammasom et al., 2016).
In addition, higher rate of biochar application (30 t ha-1) have been reported to increase the carbon sequestration potential in corn fields grown under drip irrigation and mulching system by augmented soil organic carbon (SOC) sequestration in upper 15-cm soil depth by 16% (Yang et al., 2020), although such high application rates may not be feasible in an agricultural context. The application of biochar-activated fertilizer pellets increased the soil carbon sequestration potential to 1.23 t ha-1 while increasing rice production (Shin et al., 2021). Further, with agricultural land diminishing, growing a high carbon dioxide capturing aquatic crop such as algae in photobioreactors or ponds, converting it into biochar, and applying it back to soil can not only aid in soil quality but also help in significant CO2 sequestration (Roberts et al., 2015; Cole et al., 2017; Mona et al., 2021). A recent global meta-analysis study of global biochar application has revealed that biochar, when applied without and together with chemical fertilization, enhanced the soil organic carbon (SOC) sequestration potential by 32%–35% (Xu et al., 2021), rising to 40% (Liu et al., 2016). The results suggest that the biochar of higher pH (8–9) had a more positive increase of SOC sequestration, although a significant variation existed depending on the soil properties, land-use type, agricultural practice, and other biochar characteristics (Liu et al., 2016). Overall, results indicate a more prominent potential of biochar in soil carbon sequestration from lab-based studies, with lesser effect in field conditions, due to differential interactions and management practices (Liu et al., 2016; Xu et al., 2021).
3.2.2 Biochar potential in reduction of emission of greenhouse gases
Recent studies have elucidated that the application of biochar as a soil amendment can contribute to reducing greenhouse gas emissions from soil to the atmosphere (Yang et al., 2020; Gross et al., 2021; Shin et al., 2021; Xu et al., 2021). Applying wood chip biochar in rice and beet fields has been reported to significantly reduce greenhouse gas (N2O and CO2) emissions when used at 2%–5% in the soil (Lai et al., 2013). One of the mechanisms through which biochar aids in reducing greenhouse gas emissions (N2O reduction of 20%–30% in dry conditions and 40%–50% in wet vegetated conditions) from agricultural soil is indirectly through increasing soil moisture retention and plant N uptake (Saarnio et al., 2013). Biochar, when applied at higher rates (30 t ha-1), decreased the methane (CH4) gas emission by 134% in corn fields grown under drip irrigation and mulching (Yang et al., 2020). Recently, fertilizers activated with biochar in the form of pellets have been reported to reduce the emission of greenhouse gases (N2O emission lowered, no significant change in CH4 emission) in a rice cultivation system through reducing nitrogen mineralization and nitrification processes (Shin et al., 2021). A high amount of recalcitrant carbon present in wood-derived biochar, especially compared to carbon sources containing more labile carbon such as rice straw, is key in mitigating greenhouse gas (GHG) emissions enabling the reduction of greenhouse gas (CO2 and CH4) emission intensity (Thammasom et al., 2016). Applying biochar enriched with nitrogen at 4 ton ha-1 promoted rice yields while reducing greenhouse gas emissions (Yin et al., 2021). Biochar derived from apple wood residues and re-applied in apple orchards reduced the net greenhouse gas emission (net global warming potential) by 368.93%–480.91% in a 2-year study in the Loess Plateau of China (Han et al., 2022). A meta-analysis of global biochar application has revealed that biochar, when applied without and with chemical fertilization, reduced the global warming potential by 27.1% and 14.3%, respectively, by reducing the net greenhouse emissions (Xu et al., 2021).
3.3 Biochar in reducing water pollution
One of the emerging biochar applications is in water pollution management, especially the treatment of contaminated wastewater from different sources. This could be achieved through pre-treatment of substrates (feedstocks) as well as post-treatment for contaminant removal, with engineered biochar with higher porosity, specific surface area, abundant functional groups, elevated adsorption capacity, etc., Often being more effective than pristine organic biochar (Xiang et al., 2020). The use of biochar derived from coconut shells has been reported to improve the Pb contamination significantly from lead-contaminated water through the complexation of Pb in the surface and porous structure of biochar (Hao et al., 2021). KOH-activated highly porous biochar has been found effective in removing contaminants such as chromium and naphthalene from wastewater. Significantly increased adsorption and removal of sulfamethoxazole was attained from wastewater using the biochar derived from hydrothermal carbonization of sugarcane bagasse, assisted with charge-assisted hydrogen bonding and π-π interaction with graphitized carbon (Prasannamedha et al., 2021). Biochar derived from bone milling enhanced the efficiency of metals Cd(II), Cu(II), and Pb(II) adsorption in aquatic systems through increased surface complexation, cation exchange, chemical precipitation, electrostatic interaction, and cation-π bonding (Xiao et al., 2020). A significant model for wastewater treatment, particularly from industrial and municipal wastes, could be growing algae which captures excess nitrogen and phosphorus from the water and aid in sewage treatment, while the biochar produced from algae can be reused as a soil amendment to increase agricultural production (Roberts et al., 2015; Cole et al., 2017; Mona et al., 2021). Using relatively inexpensive, carbon-negative, and highly adsorbent biochar has been demonstrated to remove and immobilize organic pollutants and micro and nanoplastics from wastewater (Kumar et al., 2023). The honeycomb structure of biochar can help capture and immobilize the microplastics (diameter 10–22 μm, 95%) in the wastewater, a significant emerging pollutant (Wang et al., 2020). Using biochar (straw collected from the lake) has been suggested for removing metals attached to microplastics in water systems, using biochar’s catalytic and magnetic removal properties, thereby significantly reducing the risk of microplastic contamination in drinking water (Ye et al., 2020). The microplastic contained in a water medium could also be effectively adsorbed and removed by using the magnetic properties of biochar activated with different metals (Fe, Mg, Zn, etc.), treating the wastewater effectively through a series of filtration methods (Singh et al., 2021; Wang et al., 2021; 2022; Kumar et al., 2023).
3.4 Biochar and emerging-hazardous wastes such as organic pollutants and microplastics
One of the important areas of biochar application moving forward could be the treatment of newly emerging highly hazardous wastes such as organic pollutants and microplastics, a critical global pollution challenge (Palansooriya et al., 2022; Kumar et al., 2023). With the extensive use of plastics in agricultural and urban settings, more microplastic residues contaminate the soil and aquatic environments; therefore, its remediation is critical to improving soil and water quality (Wang et al., 2020, 2022; Ye et al., 2020). The use of biochar (corn straw and hard wood-derived) as a filtration method has been reported to significantly (>95%) remove and immobilize microplastics of diameter 10–22 μm through capturing and entangling the microplastic particles in the extensive honeycomb structures of biochar (Wang et al., 2020). Another approach to separation and removal of microplastics from aquatic systems is catalytic removal by utilizing the magnetic biochar activating oxidation processes (Ye et al., 2020). Also, biochar produced from corncob with high pyrolysis temperature was reported to offer the important potential to adsorb polystyrene nanoplastics, achieved through pore filling, hydrophobic interactions, and hydrogen bonding (Abdoul Magid et al., 2021). Through adsorption, chemical bonding, and electrostatic attractions, biochar offers potential adsorption of micro and nanoplastics from aquatic ecosystems (Kumar et al., 2023). Another relevant approach for microplastic removal from aqueous solutions has been suggested to use the magnesium and zinc-modified magnetic biochar by utilization of magnetic and thermal degradation approaches (Wang et al., 2021). Using iron modified biochar pyrolyzed at 850 and 550°C demonstrated strong adsorption of microplastics (30–1000 nm, carboxyl, and amine functional groups) utilizing the magnetic property of biochar (Singh et al., 2021). Similarly, the application of peanut shell biochar, with or without modification with magnesium oxide metalloid, attained a significant removal (>75.53%) for microplastics from a porous medium (Wang et al., 2022).
Biochar application in soil and water remediation for metal(loids) and other contaminants such as microplastics has been summarized in Table 2.
TABLE 2 | Biochar application in soil and water remediation for metal(loids) and other contaminants.
[image: Table 2]4 MODIFICATION OF BIOCHAR FOR SPECIFIC APPLICATIONS
Recently, with the advancement of technology, increased biochar engineering is being achieved to tailor biochar preparation for a specific application. This has been attained through feedstock treatment during biochar preparation, modifying the preparatory conditions (e.g., temperature), and several other physical and chemical methods to optimize functionality, pore structure, and specific surface area as desired (Ahmed et al., 2016b). The most common method of modification during preparation include steam activation (Rajapaksha et al., 2015), heat treatment (Li et al., 2014), acidic (Zhang et al., 2015) and alkaline (Ma et al., 2014) modifications, impregnation with metal salts or oxides (Agrafioti et al., 2014; Han et al., 2015; Shen et al., 2015). This modified biochar is especially used in the removal of particular contaminant(s) from the soil, water, and gaseous medium, and specific method may be the most suitable for a particular contaminant or to attain specific characteristics (Ahmed et al., 2016a; Ahmed et al., 2016b). Activation of biochar post-preparation using chemicals such as KOH has been demonstrated as an effective option to increase biochar’s adsorption capacity and porosity, thereby elevating the removal of contaminants such as chromium and naphthalene (Qu et al., 2021). By using KOH, there was an increase in the specific surface area up to 2,183.80 m2/g and well-developed micropores with an average particle size of 2.75 nm and main pore diameters distribution from 1–2 nm, also attaining higher electrostatic attraction, complexation, ion exchange and reduction action (Qu et al., 2021). Using the micro-nano technology to engineer the bone biochar through ball-milling was found to significantly increase biochar’s adsorption capacity (Xiao et al., 2020). Biochar produced specifically using bioenergy systems could increase the presence of oxidizing agents, increasing the surface functionality of biochar that helps to immobilize Pb and As contaminants from soil. Activation of fertilizer pellets with biochar has been demonstrated to reduce fertilizer needs by 60%, increasing crop yields with the potential of carbon sequestration in soil by lowering the nitrogen mineralization and nitrification processes (Shin et al., 2021). Enrichment of nitrogen with biochar helped to decrease the CO2 and CH4 gas emissions, promoting rice yield, fertilizer use efficiency, and conversion of Fe (III) to Fe(II) (Yin et al., 2021). Activation of biochar with different metals, such as Zn, Mg, Fe, etc., has been successfully elucidated to adsorb (magnetically and chemically) the microplastic contaminants from aquatic environments (Singh et al., 2021; Wang et al., 2021; 2022; Kumar et al., 2023).
5 POTENTIAL NEGATIVE IMPACT AND CHALLENGES ASSOCIATED WITH BIOCHAR: BIOCHAR VS. OTHER CARBON SOURCES SUCH AS COMPOST OR MANURE
As with other amendments, one of the critical challenges with biochar is that each biochar is different, hence attaining different results. Because of the diversity of biochar, it is difficult to pinpoint the key advantage of biochar blanketly, and each biochar must be treated as a unique material, and its merit must be tested for desired results (Joseph et al., 2021; Xu et al., 2021). The poor quality of raw material and the indifferent process parameters generate a low quality of biochar. Moreover, variations in soil type, crops, management practices, and external factors add another layer of complexity to its application. The rate and timing of biochar application, physical and chemical properties, and size of biochar particles also play a crucial role in determining its function in the soil-crop system (Joseph et al., 2021; Xu et al., 2021). Even when the quality of biochar is properly selected and application is carefully performed, biochar may not yield desired results, especially in the first few years or even longer (Burrell et al., 2016; Bai et al., 2019). The purpose of the application of biochar often dictates the amount of benefit it can attain in the soil. The substrate available could determine the most suitable carbon source to use in some instances (Oliveira et al., 2017; Zhou et al., 2021; Ahmad Bhat et al., 2022). For example, biochar could be the best alternative if there is an abundance of lignocellulosic (wood) feedstock from forest or orchard crops. The availability of technology and farming system also determines the necessity of carbon sources; for example, if livestock is to be fed in a system, using plant residues as animal feed and manure as biochar could be an option (Joseph et al., 2021; Xu et al., 2021).
The purpose of the application, availability of resources, and environmental and management conditions often dictate the superiority of carbon sources in an agroecosystem–in some instances—a mixture of two or more can yield the best results (Joseph et al., 2021; Xu et al., 2021). The addition of organic sources of fertilizers, such as manure, compost, etc., has the potential to add a significant amount of contaminants depending on the feedstock used, such as fertilizers, pesticides and herbicide residues, antibiotics, organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) and trace elements such as metal(loid)s in the soil which can affect soil fertility, microbial diversity, ultimately affecting human health (Zhou et al., 2021). This can be of significant concern in an organic system with accumulation over time. In fact, if used correctly, different carbon sources can complement each other. Also, biochar derived from manures, such as poultry and farmyard manure, often has a more significant increase in soil biochemical quality and crop yield than biochar derived from crop and wood residues (Bhattarai et al., 2015). For instance, using compost with biochar can help minimize the toxicity of metal(loid)s and organic contaminants (biochar) while adding enough nutrients for crop production. Adding carbon-rich compounds such as activated carbon composite together with manure during composting can complement manure application by immobilizing metals such as Cr, Cd, Pb, and As, improving compost quality (Lin et al., 2021). Using algal-based compost and biochar together can not only help improve soil fertility (through the recovery of nitrogen and phosphorus from municipal wastewater), enabling agriculture but also help in sewage treatment and CO2 sequestration (Cole et al., 2017; Mona et al., 2021).
Despite several work reported on application of biochar for soil, water, contaminant remediation, most of the work is either conducted in lab or greenhouse, and very few in-situ application of biochar has been explored in actual ecosystem conditions (O’Connor et al., 2018). Although modification of biochar for specific applications is gaining interest, mainly to utilize the high adsorption capacity of modified biochar for contaminants remediation, the addition of modified sources of carbon (biochar) with chemical could have some eco-toxicological effect on soil-water systems, which needs to be well understood. Moreover, the application of carbon-rich compounds such as biochar has been reported to the half-life of antibiotics in compost, increasing its overall quality (Lin et al., 2021). Using biochar can be particularly useful in utilizing the secondary wastes from agriculture and wood residues (instead of burning) and preventing the potential risk of pollution. More importantly, biochar can help to effectively manage and recycle potentially hazardous waste, reducing the risks of burning or leaching from landfill sites. In contrast, in some instances, biochar can potentially yield a negative impact, essentially defeating the purpose of its use such as reducing the nutrient cycling (Clough et al., 2013; Glaser and Lehr, 2019). Concerns exist on application of biochar for long term could raise the pH and temperatures of the soil accumulated over time. It has been shown to reduce nutrient availability (Clough et al., 2013; Glaser and Lehr, 2019), affect the soil chemical properties, negatively impact the soil rhizosphere biology (Ren et al., 2018; Pei et al., 2020) and promote the accumulation of organic and inorganic pollutants in soil. Concerns remain whether biochar absorbs root exudates from plants, thereby affecting inherent soil microbiology and plant-microbe signaling and interactions (Ren et al., 2018; Pei et al., 2020). The actual carbon footprint of biochar, compared to other sources of carbon such as compost remains to be properly studied and outlined. Therefore, these issues need to be systematically researched and documented for application of biochar extensively in the future for agricultural and environmental uses.
6 PROSPECTS OF BIOCHAR IN AGRICULTURE AND ENVIRONMENT: FUTURE RESEARCH DIRECTION
Biochar has excellent potential in agricultural and environmental fields and can be a cost-effective, efficient method to improve soil fertility, soil quality, soil and water remediation, soil carbon sequestration, and greenhouse gas mitigation. For agricultural applications, because the positive is reliant on the type of biochar, soil properties, management practices, etc., it remains critical to treat each biochar as unique, characterize them, and test it for crop-soil management practices, particularly to apply it on a large scale. With the advancement of technology, especially nanotechnology, there is an opportunity to produce nano biochar with highly increased specific surface area and reactive potential, thereby increasing the effectivity of the carbonaceous material in a relatively short term in the field. The smaller size of biochar, reduced up to a nanoscale, could offer significant potential for environmental remediation with the tremendous increase in specific surface area for adsorption and chemical reaction of contaminants in the soil as well as water systems. However, whether this kind of nano-biochar will be suitable for soil carbon sequestration and greenhouse gas mitigation, often driven by more recalcitrant carbon in biochar, remains to be further explored. Significant progress over the years has been made in the environmental application of biochar as a low-cost, carbon-neutral source of pollution control in soil and water systems by utilizing its unique adsorption capacity. With the advancement of technology, such as nanotechnology, this potential could be further capitalized by understanding the interaction of specifically generated biochar with metal(loid)s, organic contaminants, microplastics, etc., from the soil, water, and gaseous medium. Developing the concrete protocol and contaminant capturing/filtration system could be necessary for utilizing universal biochar in wastewater treatments in municipal wastes, drinking water sources, and landfill sites. With the increasing prospect of production and use of hazardous chemicals globally, biochar can help minimize environmental risks, thereby reducing risks to human health.
A knowledge gap remains as to understanding the long-term persistence of biochar on agroecosystem, the optimal biochar application rate for the diversity of biochar-soil-crop-environmental conditions, the interaction of biochar with inherent soil carbon stock, specific mechanisms of biochar’s effect on soil biotic properties, quantification of carbon sequestration, greenhouse gas emissions, synergy or potential antagonistic effects with other carbon sources such as compost, manure, residues, etc., its modification for environmental applications and associated environmental and human risks over long-term (Amonette et al., 2021). In the future, there needs to be a more comprehensive analysis of synergies between different carbon sources, such as biochar, compost, and manure in an agricultural setting, elucidating the opportunity cost of using one source vs. another in a specific agroecosystem management approach. Specifically, comprehensive knowledge of when the biochar works and when it doesn’t need to be demonstrated across a diversity of conditions for an efficient decision-management system to assist the agronomic and environmental applications (Joseph et al., 2021). Identifying soil quality indicators affected by biochar-based management systems could be pivotal in capitalizing on the application potential of biochar as carbon sequestration to achieve carbon credit from a system (Jones et al., 2012). Quantifying the carbon sequestration potential of different biochar and its interaction with net greenhouse gas emissions could be crucial in amplifying the application potential of biochar as a soil amendment (Amonette et al., 2021; Joseph et al., 2021). Activation of biochar with fertilizers to increase the nutrient use efficiency and harnessing its climate change mitigation potential in a synergistic approach could be a suitable alternative in the future.
7 SUMMARY AND CONCLUSION

- Biochar is a highly calcitrant carbonaceous material generated by pyrolysis at oxygen-limited conditions through almost any carbon (cellulose-lignin) feedstock, including residues from agriculture, forestry, livestock farming, industrial wastes, etc., therefore a potentially cost-effective, carbon-negative resource with a multitude of agricultural and environmental applications.
- One of the most important applications of biochar remains as a soil amendment, which improves soil physical, and biochemical properties and increases soil fertility and productivity, particularly over the long-term, potentially increasing soil aggregation, water retention, pH, and microbial activities, thus, improving overall soil quality. However, biochar’s effect is more noticeable in coarse-textured soil, although large variability exists depending on biochar type and soil-crop-environment factors. Biochar can complement chemical fertilizer and organic sources such as compost and manure; however, the optimum application method to achieve maximum synergistic effect remains poorly known.
- Long-term biochar application can promote nutrient retention and soil productivity, helping reduce chemical fertilizer needs over time. Through increased aeration, soil moisture, and soil productivity, biochar also helps to promote soil biological quality. The extent of biochar impact on soil physiochemical properties varies depending on biochar source, type, size, inherent soil characteristics, and cropping system, among others.
- Biochar has significant potential in soil and water remediation, especially through its unique adsorption and chemical properties that can help to capture and immobilize pollutants such as metal(loid)s, organic pollutants, and hazardous emerging contaminants such as microplastics, therefore significantly improving soil and water quality. More recently, optimizing biochar through an activation with nutrients, metals, etc., has enabled the creation of a quality of biochar suitable for specific purposes, even allowing treatment of pollution in landfills and hazardous sites. Its environmental applications need to be finetuned for wider and target specific applications to tackle pressing environmental issues such as soil and water pollution.
- Biochar has also emerged as a key strategic, cost-effective material to tackle global issues such as climate change mitigation, reducing the net greenhouse gas emission to minimize global warming potential, which can be achieved while potentially improving soil quality and productivity, enabling the promotion of food security.
- As with other amendments, one of the critical challenges with biochar is that each biochar is different, hence attaining different results. Because of the diversity of the biochar, it is difficult to pinpoint the key advantage of biochar blanketly, and each biochar must be treated as a unique material, and its merit must be tested for desired results.
- A knowledge gap remains as to understanding the long-term persistence of biochar on agroecosystem, the optimal biochar application rate for the diversity of biochar-soil-crop-environmental conditions, the interaction of biochar with inherent soil carbon stock, specific mechanisms of biochar’s effect on soil biotic properties, quantification of carbon sequestration, greenhouse gas emissions, synergy or potential antagonistic effects with other carbon sources such as compost, manure, residues, etc., its modification for environmental applications and associated environmental and human risks over long-term.
- Future research should prioritize long-term studies, synthesizing cross-site mechanistic experiments across different systems and biochar types, life cycle assessment of biochar in soil-plant-environment, quantification of biochar persistence and soil carbon sequestration potential, validation of net greenhouse gas emission across different biochar-management systems, economic analysis of biochar amendment and application, with potential for carbon market integration.
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