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Biochar is a versatile and sustainable tool for agricultural and environmental remediation due to its unique physicochemical properties in terms of soil fertility, nutrient retention, and water holding capacity. As a stable carbon-rich material, biochar promotes plant growth and increases crop yields by enhancing microbial activity. It can also be used as a sorbent for removing pollutants such as heavy metals, organic contaminants, and nutrients from soil and water systems. However, the utility of biochar in soil and its ecological impact can be affected by the combined effects of many variables. This paper discusses the effects of biochar application on soil properties and its potential to mitigate various environmental challenges by enhancing soil composition, augmenting water accessibility, and removing pollutants as part of efforts to promote sustainable agriculture based on recent findings. These findings are expected to improve the utility of biochar in farming while contributing to the mitigation of climate change in diverse routes (e.g., by sequestering atmospheric carbon, improving soil quality, and reducing greenhouse gas emissions). This paper offers a promising opportunity to help harness the power of biochar and to pave the way for a more sustainable and resilient future.
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HIGHLIGHTS

• Biochar has valuable soil amendment benefits to improve soil properties
• Biochar has positive impact on plant growth and crop yields, particularly in coarse-textured soils
• It has a wide range of environmental benefits specially on greenhouse gas mitigation
• The risks that may arise from the use of biochar need to be carefully evaluated
1 INTRODUCTION
Climate change, soil degradation, soil contamination, scarcity of water, and food security pose serious risks to the environment and civilization (Alkharabsheh et al., 2021). Among the tools available to address such concerns, biochar is a promising option with multiple advantageous properties, such as high porosity and surface area; the ability to sequester carbon, reduce nutrient leaching and soil acidity; and a role in mitigating climate change (Brtnicky et al., 2021). Biochar is a charcoal-like product generated by pyrolysis in a low-oxygen environment at temperatures between 300 and 1,000°C using organic biomass (e.g., agriculture residues, animal manure, and municipal wastes) as feedstock (Diatta et al., 2020). In addition to its primary components (carbon, hydrogen, and oxygen), biochar may also contain macronutrients such as nitrogen, phosphorus, and potassium (Alkharabsheh et al., 2021). However, the overall composition and characteristics of biochar depend on the choice of feedstock and the production process (i.e., the type of thermal conversion and temperatures applied) (Wang et al., 2020).
The potential benefits of biochar in the effort to mitigate climate change are difficult to estimate due to its ability to sequester carbon in a resistant form, reduce the emissions of the strong greenhouse gases such as nitrous oxide and methane, increase crop yields and fertilizer efficiency, restore degraded lands, and offset water pollution by removing organic contaminants (such as pesticides, herbicides, dyes, pharmaceutical/personal care products, perfluorooctane sulfonate, humic substances, and N-nitrosomodimethylamine) (Ayaz et al., 2021). The application of biochar to soil has been demonstrated to enhance soil structure, boost nutrient retention, foster the growth of microorganisms, and increase plant nutrient uptake (Arif et al., 2021). As a refractory form of carbon that breaks down slowly in soil, it may take many years for biochar to disintegrate completely (de Freitas et al., 2020).
Depending on the composition of biochar, it can also act as a source of pollutants such as heavy metals, volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), and dissolved organic carbon (Brtnicky et al., 2021). In addition, crop production may decrease due to sorption of water and nutrients by biochar (Allohverdi et al., 2021). Most relevant studies have been conducted under laboratory conditions over the short term (<2 years). Despite a large and growing body of research on biochar in recent years, relatively little is known about the economic and logistical feasibility of biochar application at larger scales under field conditions. As the use of biochar has both benefits and drawbacks, this review focuses on the following: the impact of biochar on soil characteristics, the leaching of nutrients, ecological advantages, and potential hazards to the environment and human health associated with feedstocks, production, and application. This review is intended to help raise the awareness of the potential benefits of biochar through its adoption in agriculture along with the discussions on the challenges associated with biochar (Refer to a tree diagram for the main concepts of this review as provided in Figure 1.) As such, it is expected to helpfarmers and scientists develop and select suitable biochar technologies to enhance agriculture and environmental sustainability without damaging crop production.
[image: Figure 1]FIGURE 1 | Tree diagram with main concepts of the review.
2 PHYSICAL STRUCTURE OF BIOCHAR
Biochar is black, highly porous, lightweight, fine-grained material with large surface area values. Biochar characteristics, such as microbial activity, mineral and nutrient binding, and soil water holding capacity (WHC), depend on the physical structure, pore size, and surface area of the type of feedstock used to produce the biochar (Tomczyk et al., 2020). For example, biochar produced from coconut shells with a particle diameter of 1.55 mm at a reaction temperature of 850 °C and a retention time of 1.5 h in a fluidized bed reactor was found to have a surface area of 1,400 m2 g-1 (Khawkomol et al., 2021). The surface area of biochar determines its potential to retain water, hold nutrients, and interact with microbes and pollutants in the environment. A larger surface area provides more sites for adsorption reactions and microbial colonization (Wyn et al., 2020). In comparison with biochar made from woody biomass, biochar made from other sources (e.g., manure, seaweed, and agricultural residue) typically has greater nutrient content, a higher pH, and less stable carbon (Rawat et al., 2019). The porosity of biochar governs its ability to retain water and nutrients while facilitating microbial activity (Khawkomol et al., 2021).
The surface area of biochar typically ranges from 8 to 132 m2 g-1, while total pore volume can range from 0.016 to 0.083 cm3 g-1 (Leng et al., 2021). However, under controlled conditions (i.e., with a suitable precursor and optimal pyrolysis parameters), the surface area and total pore volume of biochar can be as high as 491 m2 g-1 and 5.31 cm3 g−1, respectively (Liu et al., 2016; Khawkomol et al., 2021; Yang et al., 2021) Liu et al. (2016) found that effective post-treatment such as KOH activation can result in biochar with a surface area of up to 3,263 m2 g-1 and a total pore volume of 1.77 cm3 g-1. The surface area of biochar produced from lotus stems (1,610 m2 g-1) is reportedly significantly larger than that derived from lotus leaves (1,039 m2 g-1), which reflects the variation in the content of metal ions, particular potassium (Zhang et al., 2017b). According to (Sun et al., 2013), a high organic carbon content stimulates the formation of larger micropore surface areas (r = 0.97; p 0.01), whereas a high ash concentration leads to a decrease in micropore surface areas (r = −0.94; p 0.01). This is primarily because the formation of pores is strongly affected by the release of volatile substances. However, the presence of ash frequently obstructs pores, resulting in a smaller surface area. Among various types of biochar made from 12 different feedstocks, sawdust with the lowest ash content (2.8 wt%) produced the maximum surface area (203 m2 g-1), whereas waterweeds and cow dung with the highest ash content (approximately 38%) produced the smaller surface area (3–22 m2 g-1) (Zhao et al., 2013). Figure 2 depicts scanning electron microscopic images of biomass and biochar (pyrolyzed at 400–550°C for 15–120 min) produced from poplar biomass, sewage sludge, and corn (Zhao et al., 2019).
[image: Figure 2]FIGURE 2 | Scanning electron microscopic image of various feedstocks (Zhao et al., 2019).
Activation, and chemical activation in particular, is the most widely used and effective approach to enhancing the surface area and porosity of biochar (Alkharabsheh et al., 2021). Other treatment methods such as carbonaceous material coating, ball milling, and templating can also be used to achieve further enhancement. The combined effects of both the removal of water through dehydration during the pyrolysis of biomass and the release of volatile components from the carbon matrix can play a crucial role in the formation of biochar’s pore structure. According to the International Union of Pure and Applied Chemistry, biochar can be divided into three pore-size categories: micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) (Khawkomol et al., 2021). Changes in the surface area and porosity of biochar at various temperatures are directly related to changes in the biochemical content of the biomass. Devolatilization of biochar occurs to a modest extent above 500°C, which leads to the production of additional pores through breaking (Collard and Blin, 2014). However, the increased ash content due to rising temperatures may reduce the growth rates of surface area and total pore volume (Luo et al., 2015).
Another element that has a strong correlation with biochar’s porosity and surface area is the heating rate. In most cases, there is an initial increase in surface area and total pore volume, which is then followed by a drop. The surface area and total pore volume of biochar reportedly increased from 296 to 384 m2 g-1 and from 0.166 to 0.219 cm3 g-1, respectively, when the heating rate was increased from 1°C to 20°C min-1, respectively (Zhao et al., 2018). High heating rates are more likely to allow biochar particles to form smoother surfaces through melting (Luo et al., 2015). However (Chen et al., 2016), found that the surface area and total pore volume decreased from 411 to 385 m2 g-1 and 0.182 to 0.161 cm3 g-1, respectively, as heating rates were increased from 30°C to 50 °C min-1. A similar trend was also observed for residence time. For example, when the residence time was prolonged from 10 to 60 min, the surface area increased from 46.7 to 98.4 m2 g-1; however, the surface area was reduced to 91.4 m2 g-1 as the residence time was raised to 100 min (Zhao et al., 2018). An increase in the flow rate of the carrier gas (nitrogen) increased biochar’s surface area and total pore volume. If the carrier gas flow rate exceeds the desired level, it can produce a detrimental effect. For example, the surface area and total pore volume increased 36–352 m2 g-1 and 0.012–0.125 cm3 g-1, respectively, when the nitrogen flow rate was increased from 50 to 150 cm-3 min-1 (Bouchelta et al., 2012). However, as the nitrogen flow rate was increased further, the biochar processing temperature dropped as a result of the high carrier gas flow rate, reducing both the reaction rate and the release of volatile matter. As a result, the surface area and total pore volume were reduced from 164 to 136 m2 g-1 and 0.058 to 0.048 cm3 g-1, respectively, as the nitrogen flow rate was increased from 200 to 400 cm3 min-1 (Bouchelta et al., 2012).
The specific chemical properties of biochar can vary depending on the production process and the source material used. Biochars with high content carbon were reported to range from 60% to 95% (Brtnicky et al., 2021). The remaining percentage consists of nitrogen, hydrogen, and oxygen among other elements. For instance, the concentration of nitrogen (N) in hardwood and the poultry litter biochar were found as 0.71% and 3.57%, respectively (Egamberdieva et al., 2021). The phosphorus (P) concentration of switchgrass biochar had a relatively low P concentration of 4.49 mg L−1 while the mixed hardwoods biochar exhibited a much higher P values of 125.9 mg L−1 (Evans et al., 2017). Further, the mixed hardwoods biochar had the lowest potassium (K) concentration at 1985 mg L−1, while the poultry litter biochar had the highest K concentration at 18,391 mg L−1 (Evans et al., 2017). Physicochemical properties of biochar are depicted in Figure 3.
[image: Figure 3]FIGURE 3 | Physicochemical properties of biochar (Shreya et al., 2021).
3 EFFECTS OF BIOCHAR ON SOIL PROPERTIES
Applying biochar to soil can create a favorable environment for the growth of plants and uptake of nutrients by improving both the physiochemical and biological properties of the soil, such as porosity, water infiltration, WHC, aggregate stability, bulk density, soil hardness, pH, cation exchange capacity, and nutrient cycling (Kavitha et al., 2018; Adekiya et al., 2020).
3.1 Soil porosity
Soil porosity is a key variable determining the suitability of soil for various agricultural and environmental applications. A high porosity can improve water retention for plant growth and overall soil health (Purakayastha et al., 2019). Biochar has been found to increase soil porosity by creating channels and spaces in the soil for air and water, promoting nutrient uptake and overall crop productivity (Lu et al., 2023). Porous soil can absorb and retain pollutants while sequestering CO2 from the atmosphere (Blanco-Canqui, 2017). Biochar also reportedly increases capillary and overall soil porosity by 23% and 24%, respectively (Zhang et al., 2017b). Conducted A 2-year field experiments on sandy loam alfisol soil found containing four concentrations of hardwood biochar at: 0 t ha−1 (control), 10 t ha−1, 20 t ha−1, and 30 t ha−1 (Adekiya et al., 2020). A noticeable increase in soil porosity of 65% (compared with the untreated control) was recorded at the application rate of 30 t ha−1. Blanco-Canqui (2017), who conducted a meta-analysis of 104 studies, found that biochar application typically reduced soil bulk density by 3%–31%, while simultaneously increasing porosity by 14%–64%. Similarly, the addition of biochar was also found to enhance soil porosity by 8.4% (Omondi et al., 2016). However, the effects of biochar on soil porosity depend largely on the soil type. Table 1 shows the effects of different types of biochar on soil porosity.
TABLE 1 | Effect of different types of biochar on soil porosity.
[image: Table 1]3.2 Soil water holding capacity
Water holding capacity (WHC) plays a vital role in agriculture as it directly affects plant growth and overall crop productivity. Biochar can improve soil WHC by increasing the porosity of the soil, providing a surface for water to adhere to (Razzaghi et al., 2020). The larger surface area of biochar allows it to hold more water per unit volume of soil while the porous structure of biochar helps improve water retention (Mclennon et al., 2020). The pores in biochar provide a network of water-filled channels through which water can move more easily (Liu et al., 2017). By reducing water runoff and erosion, biochar is particularly beneficial in regions with limited water resources or extended dry periods and limited irrigation. Biochar’s porous structure also creates microhabitats that help promote beneficial microbial activity. These microorganisms can improve nutrient cycling and root development while boosting moisture retention. Biochar-based amendment of WHC complies with sustainable farming practices by reducing reliance on synthetic fertilizers and/or excessive irrigation methods. As such, it can serve as an environmentally friendly solution for maintaining soil health and conserving water resources.
The amount of water that biochar can hold depends on the type of biochar, pyrolysis conditions, and soil type. In general, biochar can increase the WHC of soil by 10%–30% (Adekiya et al., 2020). Likewise, the addition of biochar to sandy soil reportedly increased the WHC by 20% (Li et al., 2021), while adding it to clay soil increased the WHC by 30% (Liu et al., 2023a). Biochar made from rice husks can hold up to 2.7 times as much water relative to its weight (Asadi et al., 2021). Also, a 10.8% increase in soil moisture content was attained by applying sawdust and rice-husk biochar at a rate of 5–10 Mg ha-1 compared with a group to which no biochar was added (Ndor et al., 2015). It was also observed that applying poultry-litter biochar to sandy-loam soil increased the moisture content by 33% (Are, 2019). In a long-term columnar study, biochar-supplemented Clarion soil retained up to 15% more water compared with a control (Laird et al., 2010). Similarly, the addition of 1% biochar (by mass) to gray soil (with an initial moisture content of 13%) boosted its WHC capacity by 26%–33% depending on the type of biochar used (coffee husk or rice husk) (Duong et al., 2017). Aging biochar for a minimum of 1 year reportedly improves the WHC while decreasing hydrophobicity (Adhikari et al., 2022). Table 2 lists the impacts of biochar on WHC.
TABLE 2 | Impact of biochar on water holding capacity.
[image: Table 2]3.3 Soil organic carbon content
Soil organic carbon (SOC) is a crucial component of soil health and fertility due to its vital role in regulating soil structure, water retention, nutrient cycling, and carbon sequestration (Gross et al., 2021). However, the effects of biochar application on SOC depend on the type of biochar, application rate, and soil type. For example, it took 2 years to observe a notable increase in SOC (from 4.0% to 26.7%) after the introduction of straw biochar (Tao et al., 2020). Over a period of 4 years, application of biochar at rates of 6 and 12 t ha⁻1 resulted in an increase in SOC by 11.02% and 22.13%, respectively (Zheng et al., 2022). After applying biochar at 1–100 Mg ha−1, an average 13.0 Mg ha-1 (29%) increase in SOC was recorded. However, in a pot-and-incubation experiment, applying biochar at 5–200 g kg−1 over a period of 3.5 years increased SOC by an average of 6.3 g kg−1 (75%) (Gross et al., 2021). Applying straw biochar for 5 days increased the SOC content from 34.5% to 38.0% (Jing et al., 2020). Likewise, the SOC rose from 3.1 to 4.9 mg kg-1 after adding biochar (Zhang et al., 2017a). The increase in SOC likely reflected the combined effects of the stability of biochar, its ability to improve soil aggregation, and the presence of conditions necessary for microorganism growth.
3.4 Soil bulk density
Soil bulk density is a crucial parameter that determines soil health. Soil with high bulk density may develop high penetration resistance for plant roots (Omondi et al., 2016). Biochar has been shown to have a positive impact on soil bulk density. However, the effect of biochar on soil bulk density also depends on the type of biochar, the amount of biochar added to the soil, and the properties of the soil. As biochar has a lower bulk density compared with soil (0.6 g cm⁻³ vs. 1.25 g cm⁻³), adding biochar helps reduce the overall bulk density of soil (Blanco-Canqui, 2017). According to a literature review by (Omondi et al., 2016), it the addition of biochar resulted in a reduction in soil bulk density of 3%–31%. Similarly, it was found that the incorporation of 30 Mg ha-1 of biochar led to a reduction in soil bulk density of up to 75% when compared with soil without biochar (Adekiya et al., 2020). The effect of biochar on soil bulk density can be influenced by the texture of the soil. Biochar has greater impact on reducing soil bulk density in coarse-textured soils compared with fine-textured soils (Alghamdi, 2018). Based on a series of laboratory investigations, declines in soil bulk density peaked in sandy soil (approximately 31%) followed by coarse soil (14.2%) and fine-texture soil (9.2%) after applying biochar (Liu et al., 2017). In another study, the use of biochar reduced the bulk density of coarse and finely textured soil by 14.2% and 9.2%, respectively (Blanco-Canqui, 2017).
3.5 Soil pH
Soil pH is an important factor controlling the growth and health of plants. Acidic soils can have a number of negative effects on plant growth, such as reduced nutrient availability, increased susceptibility to pests and diseases, and stunted growth (El-Naggar et al., 2018). Biochar can neutralize acidity and/or raise the pH of soil by releasing alkaline compounds such as potassium carbonate and calcium carbonate (El-Naggar et al., 2018). In addition, biochar can help soil efficiently buffer changes in pH. However, biochar can also have a negative impact on soil pH if it is applied to alkaline soils (Chathurika et al., 2016). The effect of biochar on soil pH is dependent on the type of feedstock, pyrolysis conditions, and soil type (Tian et al., 2017).
Soil pH was observed to increase by an average of 0.29 units after cacao-shell biochar was applied to acidic soils (Martinsen et al., 2015). The increase in pH was most pronounced in soils with a low initial pH. For example, the pH of soil increased from 4.5 to 5.0 after the application of biochar. In sandy soil, the pH values exhibited a significant increase of 51.1%, 86.3%, and 46.8% upon treatment with silvergrass, paddy-straw, and umbrella-tree biochar, respectively, compared with untreated soil (control) (El-Naggar et al., 2018). It was also found that the pH of clay-loam soil increased by 0.46 pH units after 70 days of applying Acer-woodchip biochar at 20 g kg−1, while the pH of the loamy-sand soil only increased by 0.23 pH units (Chathurika et al., 2016). However, the same research team also reported that the application of synthetic fertilizer reduced the soil pH of the clay-loam and loamy-sand soil by 0.13 and 0.07 pH units, respectively (Chathurika et al., 2016). This is because synthetic fertilizers typically contain nitrogen, phosphorus, and potassium. As nitrogen and phosphorus are acidic components of soil in the form of nitrate (NO3-) and phosphate (PO43-), respectively, they can lower the pH of soil by releasing hydrogen ions (H+) into the soil solution. Likewise, no increase in the pH of clay soil was seen after applying 10 Mg ha-1 of biochar produced from ponderosa pine, wood residues, maize stover, and switchgrass (Sandhu et al., 2017). This outcome may be attributable to the combined effects of the buffering capacity of the clay soil and the low biochar application rate. Sandu et al. suggested that the buffering effect of switchgrass biochar on clay soils may limit the ability of biochar to increase soil pH (Sandhu et al., 2017). However, it is also possible that the low application rate was not sufficient to cause a significant increase in pH.
3.6 Cation exchange capacity
The cation exchange capacity (CEC) of biochar is an important variable that controls its potential for soil amendment. CEC refers to the ability of biochar to attract and retain positively charged ions (e.g., calcium, magnesium, sodium, and potassium) that are essential for plant growth (Karimi et al., 2020). The CEC of biochar is determined by the number of negatively charged functional groups on the surface of the biochar particles. These functional groups can attract and hold cations, which improve the nutrient-holding capacity of the soil. The CEC of biochar can depend on the feedstock used to make the biochar, the pyrolysis temperature, and the post-treatment of the biochar (Adhikari et al., 2022). In general, biochar made from agricultural residues, such as rice husks and corncobs, has a higher CEC compared with biochar made from wood. The CEC of biochar can also be raised by post-treatment methods such as ozonization or alkaline activation. Differences in the CEC values are apparent for biochar made from rice husks (20–40 cmol(c) kg-1), corncobs (15–30 cmol(c) kg-1), and wood (10–20 cmol(c) kg-1) and ozonized biochar (50–100 cmol(c) kg-1) (Munera-Echeverri et al., 2018).
In a greenhouse of sandy-loam soil, a significant (21%) increase in the CEC was seen after the application of rice-husk biochar, in comparison with unamended soil (control) (Zhang et al., 2017a). Likewise, biochars derived from rice straw, silvergrass residues, and umbrella trees were also applied to sandy soils (El-Naggar et al., 2018), resulting in significant rises in the CEC of 906%, 180%, and 130%, respectively, compared with unamended soil. In another field study, the application of biochar (made from cashew-tree wood and pyrolyzed at 500 °C) at 30 Mg ha-1 to sandy-loam soil led to a 65% increase in the CEC of the soil (Adekiya et al., 2020). Further, the application of 5 Mg ha-1 of biochar produced from rice husks and sawdust resulted in a 21% increase in the CEC in both cases (Ndor et al., 2015). Also, 44% and 57% increases in CEC were observed, respectively, when 10 Mg ha-1 of each biochar was applied compared with non-biochar application (Ndor et al., 2015). The results of many other studies consistently show that biochar application can be increase the CEC of soil.
3.7 Microbiome
Biochar can affect the soil microbiome in a number of ways. For example, as biochar can provide a surface for microorganisms to attach to, it can increase the availability of nutrients, while suppressing the growth of harmful microorganisms (Li et al., 2020). Biochar can also increase the diversity of the soil microbiome (Lv et al., 2022). A diverse microbiome is more resilient to environmental changes, promoting nutrient cycling and plant growth. Biochar application reportedly increased the soil abundance of beneficial bacteria such as Bacillus and Pseudomonas by up to 100% (Ajema, 2018). These bacteria play a role in promoting plant growth and nutrient cycling. The same study found that biochar application decreased the abundance of harmful fungi such as Fusarium and Phytophthora by up to 50%. In a scientific report covering 964 data points from 72 papers published between 2007 and 2020, biochar was reported to substantially improve soil microbial biomass carbon by 21.7%, urease activity by 23.1%, alkaline phosphatase activity by 25.4%, and dehydrogenase activity by 19.8% (Pokharel et al., 2020). In addition, no significant negative effects of biochar were reported on any of the enzymes. Another study found that biochar application at rates of 20,000 and 40,000 kg ha-1 significantly altered soil microbial community composition, with a shift in favor of bacterial over fungal populations (Chen et al., 2013). A meta-analysis found that biochar is more effective in increasing microbial biomass in acidic and sandy soils and in soils with low soil organic carbon content (Li et al., 2020). Biochar produced at pyrolysis temperatures of 350°C–550 °C with a low C/N ratio (<50) were also more effective in increasing microbial biomass (Li et al., 2020). Table 3 shows the effect of biochar on soil biological properties.
TABLE 3 | Effect of biochar on soil biological properties.
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4.1 Nutrient availability
The nutrient content of biochar varies depending on the pyrolysis temperature and the feedstock used. Although biochar can be a valuable source of nitrogen, it can also help improve the availability of phosphorus and potassium. In addition to its effects on soil properties, biochar can also improve nutrient use and nutrient uptake efficiency by plants. This is because biochar can help retain nutrients in the soil by preventing them from leaching or being lost to the atmosphere. The nutrient content of biochar, except for nitrogen content, is positively correlated with pyrolysis temperature (Hossain et al., 2020). Because nitrogen is a volatile element that is more likely to be lost during pyrolysis at higher temperatures, biochar produced from manure and wastes at low temperatures (≤400 °C) is a good source of nitrogen (Hossain et al., 2020). By comparison, because phosphorus, potassium, and other nutrients are less volatile, they are more likely to be retained in biochar even at higher temperatures. This is why manure-and-waste biochar has a higher level of such nutrients compared with biochar produced from crop residues and woody biomass (Hossain et al., 2020). A previous study found that the coarse fraction of biochar derived from husks and paper-fiber feedstock had a higher concentration of total nitrogen, phosphorus, and potassium (Prasad et al., 2019). These authors concluded that the availability of calcium and magnesium nutrients in biochar is greatly influenced by both the feedstock and particle size. In another study, the release of carboxylates from barley roots was increased by up to 300% by the application of biochar amended with phosphorus (Honvault et al., 2022). Carboxylates, organic acids that help solubilize nutrients in the soil, can play a crucial role in the solubilization of nutrients in the soil. In one study, application of biochar reportedly enhanced the amount of nutrients available in the rhizosphere, possibly leading to longer roots and more root hairs (Prendergast-Miller et al., 2014).
In comparison with unaltered soil, the addition of maize-residue biochar at 1%–2% (w/w) enhanced total nitrogen, phosphorus, potassium, manganese, iron, zinc, and copper by 41%, 165%, 160%, 21%, 17%, 42%, and 10%, respectively (Sahin et al., 2017). The incorporation of biochar into calcareous soil was observed to facilitate the decomposition of calcium carbonate and release nutrients and increase their availability to plants. Accordingly, acid-modified biochar was found to be superior to unmodified biochar in enhancing the availability of soil nutrients (Sahin et al., 2017). However, the choice of feedstock materials and C:N ratio are crucial factors affecting both the amount of nutrients in the biochar and how quickly the nutrients are released into the soil. For example, biochar made from sewage sludge at 350 °C had a greater nitrogen content (3.17%) than did biochar made from sugarcane (1.4%) or eucalyptus trash (0.4%) (Figueredo et al., 2017). The elevated nitrogen content in biochar derived from sewage sludge can be attributed to the high-nitrogen composition of the sludge. Sewage sludge, which is typically produced in wastewater treatment plants, contains a variety of organic matter, including proteins, carbohydrates, and fats. These organic compounds contain nitrogen, which can be released during pyrolysis. Moreover, the effects of biochar amendment are most conspicuous in sandy soils, succeeded by sandy loam, and subsequently fine-textured soils (Blanco-Canqui, 2017). The incorporation of rice-straw biochar to sandy soil resulted in a significant increase in the total nitrogen content of 125%, but only 22% in sandy-loam soil (El-Naggar et al., 2018). The benefits of biochar amendment are pronounced in sandy soil, which has less organic matter compared with finely textured soils.
4.2 Nutrient leaching from soil
Nutrient leaching is a significant issue in agriculture, leading to soil degradation and reduced crop yields. Biochar has been observed to help mitigate nutrient leaching by improving soil structure and increasing nutrient retention (Karimi et al., 2020). The high CEC of biochar allows it to bind to nutrients and prevent them from being leached away by water (Rubin et al., 2020). As biochar can also improve soil structure, the soil becomes more porous, which allows water to drain more slowly. This gives the plants more time to absorb nutrients before they are leached away. Biochar can physically trap nutrients, particularly anions such as nitrate and phosphate, in its pores. Biochar can also increase water retention, which can keep nutrients in the soil. Biochar reportedly reduced nitrate leaching by up to 37% in a sandy-loam soil (Jiang et al., 2022). Likewise, rich-husk biochar was able to reduce phosphate leaching by up to 20% in a clay-loam soil (Pratiwi et al., 2016). Further, the cumulative leaching of phosphorus (37.7%) and NH4+ (50.2) was greatly reduced by the application of biochar at 10% (w/w) (Rubin et al., 2020). The leaching of NO3-, NH4+, and total nitrogen in loamy-sand soil was reduced by 23%, 18%, and 19%, respectively, when biochar was added, compared with unamended soil (Xu et al., 2016). As such, biochar can significantly reduce nitrogen leaching from soil by boosting soil nitrogen retention, reducing ammonia volatilization, or transforming it to nitrate through nitrification in saline soil (Sun et al., 2017). However, the effectiveness of biochar in reducing nutrient leaching varies depending on the type of biochar used, soil type, and environmental conditions. For example, biochar made from wood enhances phosphate adsorption more effectively than does biochar made from leftover straw (Rubin et al., 2020).
5 ENVIRONMENTAL BENEFIT OF BIOCHAR
5.1 Carbon sequestration
Climate change is a major threat to the environment and human livelihoods. The excessive emission of CO2 and other greenhouse gases (GHGs) into the atmosphere has had a dramatic on effect on the global climate. Elevated CO2 levels have also been linked to soil carbon loss (Chen et al., 2020). Atmospheric CO2 levels have been rising rapidly, reaching 412 ppmv in 2020 (Friedlingstein et al., 2022). It is projected that the emissions of carbon dioxide could reach approximately 54–56 gigatonne (Gt) in 2030 surpassing the threshold of 42 Gt required to potentially restrict global warming to 2°C (Mahato et al., 2022). Carbon sequestration involves the long-term storage of CO2 (or other forms of carbon) to help mitigate or defer global warming (Yadav et al., 2017).
Biochar is a promising tool for carbon sequestration due to its ability to remain stable in the soil for hundreds or even thousands of years (Yin et al., 2022). In fact, biochar produced from agricultural waste was estimated to sequester up to 1.2 t C ha-1 year-1 (Yrjälä et al., 2022). Likewise, biochar produced from manure could sequester up to 0.6 t C ha-1 year-1 (Rehman et al., 2020). Similar results were also found such that biochar could sequester up to 0.8 t C ha-1 year-1 (Lal et al., 2018). According to a literature review, the mean capacity of biochar to capture carbon was approximately 0.7 t C ha-1 year-1 (range = 0.1–2) (Majumder et al., 2019). Biochar particles smaller than 0.5–2 mm are associated with lower CO2 and N2O emission rates compared with larger particles (5–10 mm) (Weng et al., 2020). As smaller particles have a higher surface area–to–volume ratio, they can be more accessible to microbes and are therefore more likely to decompose. Biochar application can have both positive and negative effects on carbon sequestration. Positive priming effects can lead to carbon mineralization, while negative priming effects can lead to carbon stabilization (Majumder et al., 2019). The type of priming effect that occurs depends on the pyrolysis temperature used to produce the biochar. Biochar produced at low temperatures (250°C–400 °C) typically has a positive priming effect, while biochar produced at high temperatures (525°C–650 °C) typically has a negative priming effect (Zimmerman et al., 2011). However, the carbon footprint of biochar is a complex matter that is contingent on various factors. Biochar can nonetheless be considered a carbon-negative product as it can sequester a greater amount of carbon than it emits.
5.2 Nitrous oxide emissions
Nitrous oxide (N2O) is a greenhouse gas that is approximately 300 times more effective at trapping heat compared with CO2 over a 100-year period (Hoekman, 2020). It is released primarily through agricultural practices such as the use of nitrogen fertilizers and livestock manure management. Biochar can help reduce N2O emissions from agricultural soils by increasing soil pH, reducing soil compaction, and enhancing soil microbial activity. Biochar application significantly reduced N2O emissions from sandy-loam soil (Niu et al., 2017). The reductions were as high as 50% which was consistent across a range of biochar application rates and soil-moisture conditions (Liu et al., 2014). According to a meta-analysis study, biochar application was able to reduce N2O emissions by an average of 26% (Shakoor et al., 2021). The reductions were more pronounced in soils with high levels of available nitrogen. Biochar application can affect soil N2O emissions in different ways, depending on the edaphic conditions. Biochar can increase nitrification, leading to enhanced N2O emissions when soil ammonium concentrations are high due to fertilizer application (Edwards et al., 2018). Biochar can also prevent significant spikes in N2O emissions after a heavy rainfall (Edwards et al., 2018). A previous study reported that the application of animal manure resulted in a 17.7% increase in N2O emissions, while the use of biochar amendments significantly reduced N2O emissions by 19.7% (Shakoor et al., 2021). In another experiment conducted in flooded and non-flooded soils during freeze-thaw cycles, the addition of biochar led to a noteworthy decrease in N2O emissions, with reductions of up to 67% (Yang et al., 2022b).
The magnitude of the N2O emissions reduction by biochar depends on the biochar application rate and C:N ratio (Kaur et al., 2023). The effects of biochar application on soil N2O emissions are also time-dependent (Kaur et al., 2023). Biochar application can suppress warming-induced stimulation typical of N2O emissions. The outcomes of the trials with a substantial biochar addition (25 Mg ha−1) demonstrated that N2O emissions at 40 °C were equivalent to or less than those recorded at 20 °C (Rittl et al., 2021). Another study revealed that the addition of biochar can significantly augment denitrification, leading to a reduction of up to 98% in N2O accumulation (Zhang et al., 2021). The study demonstrated that the stimulating effect of biochar is primarily attributable to the bulk particles rather than the released soluble compounds (Zhang et al., 2021). These findings suggest that biochar can enhance denitrification by establishing a physical or chemical environment conducive to the growth and activity of denitrifying bacteria. However, the efficacy of biochar in mitigating N2O emissions is contingent on the choice of feedstock and pyrolysis temperature. For example, maize-stover biochar achieved a 17% greater reduction in N2O emissions than eucalyptus biochar (Fungo et al., 2014). Additionally, biochar pyrolyzed at 350 °C demonstrated a 3% superior reduction in N2O emissions compared with biochar pyrolyzed at 550 °C (Fungo et al., 2014).
5.3 Methane emissions
The utilization of biochar as a means of mitigating methane (CH4) emissions has also attracted attention in recent years. Biochar has been demonstrated to effectively reduce CH4 emissions from various sources such as livestock manure, rice fields, and landfills. The mechanism behind this reduction is believed to be the adsorption of CH4 onto the biochar surface, which subsequently undergoes microbial oxidation. One previous study found that spruce-wood biochar, applied at a 10 t ha-1 for 7 years, dramatically reduced CH4 gas emissions by up to 43% (Kalu et al., 2022). A meta-analysis comprising 43 papers has also revealed that the application of biochar has resulted in a significant reduction of CH4 emissions by an average of 37.9% in East Asian rice fields (Lee et al., 2023). Biochar could reduce CH4 emissions from landfills by up to 60% (Yaghoubi et al., 2014). Likewise, biochar amendment to landfill cover soil significantly reduced emissions by up to 80% (Yargicoglu and Reddy, 2017). This reduction was likely achieved by increasing the abundance of methanotrophs, as they consume CH4 efficiently. Biochar also improved soil aeration and drainage to further reduce CH4 emissions. Hence, hydrophobic biochar-amended landfill cover soil can reduce CH4 emissions from landfills more effectively than can biochar-amended landfill cover soil (Qin et al., 2022).
Rice straw–derived biochar reportedly reduced CH4 emissions from paddy soil at elevated temperatures and CO2 concentrations (Han et al., 2016). This reduction in CH4 emissions was mainly attributable to the decreased activity of methanogens along with the increased CH4 oxidation activity and pmoA gene abundance of methanotrophs. Furthermore, aged biochar was seen to be more effective than fresh biochar in promoting CH4 oxidation (Wu et al., 2019). This is likely because aged biochar has a higher surface area and more pores then fresh biochar, which can provide more surface area for methanotrophs to colonize. Biochar produced at a pyrolysis temperature of 300 °C reportedly increased CH4 emissions from paddy soil by an average of 38%. (Ji et al., 2020). This was due to the presence of easily biodegradable organics in the biochar, as they can server as a more effective substrate for CH4 production. Conversely, biochar produced at higher pyrolysis temperatures of 700 °C has been found to reduce CH4 emissions by approximately 18.2% (Ji et al., 2020) due to the higher concentration of aromatic compounds in the biochar, which are less biodegradable and therefore inhibit or suppress CH4 production. These findings have important implications for the use of biochar in agricultural practices.
Efforts have been made to compare CH4 emissions resulting from biochar application at different applications rates, such as 2.8 t ha−1 annually for 3 years versus a one-time application of 22.5 t ha−1 in the first year (Nan et al., 2020b). The findings indicated decreases in emissions of 43%, 31%, and 30% over three consecutive years in the first case (Nan et al., 2020b). In the second case, the reductions were 52%, 22%, and 14% over three successive years (Nan et al., 2020b). Similarly, an annual low-rate approach resulted in a 41% decrease in CH4 emissions over a 4-year period, while the high single-biochar returning method led to a 38.3% reduction in CH4 emissions over the same period (Nan et al., 2020a). A consistent supply of fresh biochar to the soil stimulated the growth of methanotrophs. Therefore, annual small-scale applications of biochar represent a sustainable and efficacious approach to enhancing soil health as opposed to a single high-dose application.
5.4 Sorption of chemicals and heavy metals
The sorption of chemicals and heavy metals by biochar has won significant attention due to its potential for environmental remediation, wastewater treatment, soil improvement, and more. The type and concentration of functional groups (e.g., carboxyl, carbonyl, and hydroxyl), the surface area, and the pore-size distribution of biochar all affect its ability to adsorb heavy metals. Biochar with a high surface area and a large pore-size distribution is typically more effective at adsorbing heavy metals (Sizmur et al., 2017). Negative charges on the biochar surface formed by the presence of functional groups can attract positively charged heavy metal ions and hold them in place on the biochar surface. In a controlled pot experiment (i.e., artificial contamination of soil with 50 mg kg−1 of cadmium), the application of 5% rice-straw biochar was found to significantly reduce cadmium in soil by 19.3% in contrast with bamboo biochar, which achieved a reduction of 8.6% (Liu et al., 2018).
Biochar and digestate mixtures can also be used as novel sorbents for biopurification systems. In one study, the addition of digestate to biochar resulted in a substantial improvement in pesticide sorption. For bentazone, the sorption coefficient was enhanced by a factor of 55.2 when 5% biochar and 30% digestates were mixed (Mukherjee et al., 2016). This means that the biomixtures were able to sorb more pesticides than could biochar alone. Likewise, biochar loaded with nanoparticles had a maximum adsorption capacity of 147 mg g-1 relative to unmodified biochar, which had a capacity of 67.8 mg g-1 (Wang and Wang, 2018). This is because the nanoparticles increased the surface area and the number of functional groups on the biochar surface. The application of a KOH modification on biochar also resulted in a significant (e.g., 2.4 times) increase in specific surface area, along with a more than 50% enhancement of the adsorption capacity for Cd2+ and Cu2+(Regmi et al., 2012). Unmodified biochar had a specific surface area of 189 m2 g-1, while that of KOH-modified biochar was 455 m2 g-1 (Regmi et al., 2012). Unaltered biochar achieved a Cd2+ adsorption capacity of 4.48 m2 g-1, while KOH-treated biochar had a capacity of 6.81 m2 g-1, a 50.7% increase (Regmi et al., 2012). Similarly, unmodified biochar had a Cu2+ adsorption capacity of 2.64 m2 g-1, while the KOH-modified biochar had a much enhanced capacity of 4.03 m2 g-1 (Regmi et al., 2012). The maximum sorption capacity of atrazine by maize-stalk biochar could be increased from 21.9 to 35.8 mg g−1 by increasing the pyrolysis temperature from 250°C to 850 °C (Tao et al., 2020). This is because, biochar has a larger surface area at higher pyrolysis temperatures, and can increase the number and types of functional groups on the biochar surface. In addition to dosage, pH, and temperature, several other factors can affect the removal of heavy metals by biochar. It was found that the initial removal rate of Cu2+ increased with the dosage of pig-manure biochar up to 5 g L-1 (Meng et al., 2014). However, at 10 g L-1, the removal rate did not change due to saturation of the adsorption sites on the biochar surface and the competitive adsorption of Cu2+ ions with other ions in the solution. The study also found that the removal rate of Cu2+ was the highest at pH 5.0°C and 25 °C (Meng et al., 2014). The half-life value of flubendiamide is 165 days. The half-life decreased to 103 and 117 days when the soil was amended with biochar at 5% and 10%, respectively (Das and Mukherjee, 2020). This is because the biochar can sorb flubendiamide molecules, making them unavailable for biodegradation by microorganisms. The environmental impact of biochar is listed at Table 4.
TABLE 4 | Environmental impact of biochar.
[image: Table 4]6 POTENTIAL RISKS
Biochar has attracted significant attention due to its numerous agronomic and environmental benefits. Nevertheless certain risks are associated with its use, such as the possibility of toxicant contamination, heavy metal retention, and lowering of pesticide efficacy (Hussain et al., 2017).
6.1 Potential source of toxicants
Biochar can contain a variety of toxicants, such as heavy metals, PAHs, polychlorinated dibenzodioxins, polychlorinated dibenzofurans, and VOCs. These toxicants can be present in the biomass used to produce biochar or they can form during pyrolysis. The aforementioned hazardous substances are generated through catalytic encounters with dioxin structures comprising O2, carbon, and chlorine at temperatures ranging between 300°C and 325 °C through the post-combustion process (Godlewska et al., 2021). PAHs can also form through direct carbonization and aromatization at temperatures below 500°C, at which the feedstock is converted into carbonaceous materials. At temperatures above 500°C, PAHs form through a free radical pathway, followed by pyrosynthesis of larger aromatic structures (Gelardi et al., 2019). Dioxins are formed by a precursor through a de novo pathway in the presence of both oxygen and solid carbon at temperatures ranging from 200°C to 400 °C (Gelardi et al., 2019). Biochar can increase soil-dust emissions of particle matter <10 μm in size (PM10), which can be inhaled deep into the lungs (Gelardi et al., 2019). The International Biochar Initiative (IBI) set a maximum permissible concentration of 300 mg kg-1 for Σ16 PAHs in biochar (Godlewska et al., 2021). Σ16 PAHs refers to a group of 16 PAHs that are considered the most important from a toxicological perspective. In an investigation of biochars derived from 23 different substrates (at temperatures ranging from 250°C to 900 °C), the concentrations of bioavailable PAHs varied between 0.17 and 10.0 ng L-1 (Zielińska and Oleszczuk, 2016). Biochar derived from pine wood had the lowest bioavailable PAH content (0.17 ng L-1), while biochar derived from food waste had the highest (10.0 ng L-1) (Zielińska and Oleszczuk, 2016). The study also revealed that the bioavailable PAH content in biochar decreased as the pyrolysis temperature increased because higher temperatures break down PAH molecules (Zielińska and Oleszczuk, 2016). In a previous study, certain patterns were observed in the occurrence of VOCs, depending on the temperature range: at 350°C, benzene, toluene, ethylbenzene, and xylene (BTEX) were seen; at 450°C, indenes, benzonitrile, benzofurans, aldehydes were seen; and at 650°C, ketones from corn stalk biochar formed (Ghidotti et al., 2017). Depending on the nature of the biomass and the thermal processing, VOC content in biochar can reach 40% (Saletnik et al., 2019). For example, biochar made from biomass high in VOCs, such as manure or food waste, is more likely to have a higher VOC content compared with biochar made from biomass that is low in VOCs, such as wood (Saletnik et al., 2019). Likewise, biochar produced from various sources, including plant biomass, municipal solid waste, compost, and coal refuse exhibited a range of concentrations for chromium (5.88–69.4), nickel (4.60–33.4), copper (3.96–40.3), zinc (9.61–138), lead (1.71–36), cadmium (0.12–0.17), and arsenic (0.12–1.53) mg kg-1 (Kujawska, 2023). However, these heavy metals did not exceed the guidelines set by the IBI. It was also found that biochar derived from plant biomass held the lowest concentrations of heavy metals, while coal-refuse biochar displayed the highest concentrations (Kujawska, 2023). For example, the recorded concentrations of cadmium, chromium, copper, nickel, lead, and zinc in plant biomass were 0.03, 10.3, 19.7, 10.5, 10.9, and 55.5 mg kg-1, respectively, while those in coal-refuse biochar were 0.25, 16.9, 34.1, 14.3, 15.1, and 71.3 mg kg-1, respectively (Kujawska, 2023).
6.2 Efficacy of pesticides
The porous structure and high surface area of biochar means it can readily adsorb various compounds including pesticides. This property, while potentially beneficial for reducing pesticide leaching, can also sequester pesticides away from their intended target to reduce their efficacy. As biochar can coat the roots of plants, it can prevent the pesticides from reaching plant tissues. Biochar can also slow down the degradation of pesticides to increase the residual life of pesticides in soil. As such, pesticides are more likely to persist in the environment and pose a risk to human health and the environment.
Biochar’s impact on soil pH can potentially alter the chemical properties of pesticides and affect their effectiveness (Alkharabsheh et al., 2021). It was found that adding biochar to soil to a level of 0.5% resulted in 52.3%, 27.4%, and 11.6% increases in the sorption of acetamiprid in red, paddy, and black soils, respectively (Yu et al., 2011). This outcome is likely attributable to the interactive relationships between key variables, such as organic matter, clay content, and pH. It was also found that 58%–68% of the pesticides were lost in control soil, while soil amended with 1.0% biochar lost only 34% of chlorpyrifos and 32% of fipronil (Yang et al., 2010). The results of a meta-analysis of 14 studies showed that biochar can reduce the concentrations of a variety of pesticides, such as chlorpyrifos, fipronil, atrazine, glyphosate, triclopyr, in soil by an average of 81% (with a 95% confidence interval of 75%–88%) (Holanda et al., 2023).
6.3 Ecotoxicological effect on soil organisms
Certain compounds present in biochar, such as PAHs, formaldehyde, cresols, xylenols, acrolein, and other noxious carbonyl compounds (contingent upon pyrolysis conditions), may interrupt bactericidal or fungicidal actions (Ajema, 2018). These toxins can be harmful to microbes in a number of ways. They can disrupt the metabolism of microbes by damaging DNA or even kill the microbe (Ajema, 2018). As a result, the presence of toxins in biochar can inhibit microbial activity and reduce the ability of microbes to degrade organic matter and other pollutants. Acidity or the existence of toxic substances in biochar may render it unsuitable for earthworms. In the laboratory, three soil samples spiked with pentachlorophenol (PCP) and one field-contaminated soil sample amended with 2% biochar were tested (Zhu et al., 2018). The results showed that biochar amendment significantly reduced the bioavailability and bioaccumulation factor of PCP in the soil. Alkaline biochar (made from wood ash or straw) has a high pH that can disrupt earthworm digestion and impede nutrient absorption (Weyers and Spokas, 2011). Such a biochar can elevate the electrical conductivity of soil, impeding earthworm respiration and mobility in the soil (Weyers and Spokas, 2011). As biochar can adsorb pesticides, it can reduce the availability of pesticides to microorganisms for degradation (Holanda et al., 2023). This can result in elevated levels of pesticides in the soil, posing a threat to soil organisms and other forms of life.
7 FUTURE PERSPECTIVES OF BIOCHAR
Biochar applications in soil have the potential to promote sustainable agriculture while mitigating climate change. However, there are still some challenges and barriers that need to be addressed to realize this potential. More research is needed to better understand the long-term effects of biochar application on soil properties, crop yields, and environmental quality for optimal biochar type and application rate for different soil types and cropping systems as well as its long-term impacts on soil microbial communities and greenhouse gas emissions. New and improved biochar production technologies should also be developed to reduce energy and production cost from a wider range of feedstocks so as to make biochar more affordable and accessible to farmers.
Policies and programs need to be developed to support the adoption of biochar in agriculture by many types of incentives such as tax breaks for farmers to use biochar and research and development funding for new biochar technologies and their applications. Investigation should also be made to facilitate the use of biochar in combination with other sustainable farming practices such as cover cropping and crop rotation. Moreover, the potential of biochar should be researched to cover from soil resilience to climate change stressors such as drought and flooding. It is also important to develop biochar-based carbon capture and storage (CCS) technologies to help offset greenhouse gas emissions from agriculture and other sectors.
Farmers should consider using biochar as part of a holistic soil management strategy. This could involve combining biochar application with other practices such as crop rotation, cover cropping, and reduced tillage. Farmers should also select the right biochar type and application rate for their specific soil type and cropping system. As there are a variety of biochar products available, it is important to choose one that is well-suited to the individual needs. Farmers should also monitor the effects of biochar application on their soil and crops over time. This will help ensure that they are gaining the most out of their biochar investment to build a knowledge base on the long-term effects of biochar application. In addition, proper training and support should be provided for farmers and other stakeholders to promote the best practices for biochar production and application. Hence, through workshops, field demonstrations, and extension programs, the use of biochar in sustainable agriculture and climate change mitigation programs can increase public awareness of its benefits in various respects.
8 CONCLUSION
Biochar holds great promise as a medium for soil amendment due to its potential to enhance nutrient retention, improve WHC, and sequester carbon. The numerous positive effects of biochar emphasize its potential to contribute to sustainable agriculture and mitigate climate change. However, the impacts of biochar are highly context-dependent and the outcomes of biochar application can be affected by the combined effects of diverse factors such as biochar feedstock, production methods, application rates, and soil characteristics.
Careful consideration and tailored approaches are necessary to maximize the benefits of biochar application and to minimize potential negative consequences. The majority of studies conducted to date suggest biochar has an overall positive effect on soil properties and crop yields, while a subset of articles highlight the importance of proper application strategies. Excessive application of biochar or the selection of inappropriate feedstocks can lead to unintended consequences, such as nutrient imbalances, altered pH levels, and disruptions to soil microbial communities. To harness the full potential of biochar, future research should focus on refining production techniques, optimizing application protocols for different soil types and crops, and assessing its long-term effects on soil health and ecosystem sustainability. Comprehensive life-cycle assessments are also needed to evaluate the environmental and economic impacts of large-scale biochar implementation.
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