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Abstract
In India, agriculture is the main basic occupation provides food, fodder as well as biomass for the generation of energy. Biochar a black carbon plays an important role in the recent decades. Due to its potential advantages for agriculture and the environment as well as its capacity to store soil water, the manufacture of biochar from agro-environmental waste biomass is generating a great deal of attention as a low-cost supplement. This chapter reveals the various process of producing biochar like gasification and different types of pyrolysis. Many analysts have thought about using biochar to increase their capacity to clean up pollution. Several characterization methods that were used in earlier investigations have gained more and more recognition. The various applications of biochar in the agriculture is discussed along with the future perspectives. 
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1. Introduction
A solid byproduct of the combustion of high carbonaceous residues can also be referred to as "char." Typically, char products have a high carbon content; charcoal is one such product and is arguably the first invention that humans made using fire or heat[1]. Biochar is another striking illustration of char. In contrast to charcoal, the substance under investigation in this instance is made of organic chemicals such as those found in wood, plants, or animals[2]. As a result, biochar is produced by burning biomass at comparatively low temperatures of less than 700 °C while there is a partial or no supply of oxygen[3]. The earliest documented that the biochar was used for soil applications, like the sequestration or storage of carbon available in the soil; enhancement of soil functionality, such as an increase in nutrient availability, a decrease in soil compactness, an increase in pH of the soil; and filtration of soil water[4]. Recently biochar uses include energy generation, stabilization and enhancement of biological processes, mitigation of climate change, and building additive. The properties of carbonized organic matter are determined by the source material, as are the production-related operational parameters[5]. The two primary processes for producing biochar are pyrolysis (slow or quick) and gasification. The chemical make-up of the biomass feedstock has a direct impact on the physical characteristics of the biochar generated. At temperatures above 120 °C, the majority of organic stuff starts to thermally degrade[6]. Between the temperature of 200 and 260°C, hemicelluloses break down, cellulose degraded between 240 and 350°C, and lignin occurs between 280 and 500°C[7][8]. The ratios of these components will therefore impact the level of reactivity and, consequently, the degree of physical structure modification after processing. High porosity and pores that range in size from micro to macro are characteristics of biochar[9]. Because they can serve as habitats for symbiotic microorganisms, large holes are crucial for enhancing soil quality. The vascular bundles of the raw biomass are where these holes are located. The main components of biochar are carbon, ash, volatile matter, and moisture. The feedstock material and operation settings have an impact on the percentage content of each component[10][11]. The carbon content of biochar made from plant-based sources is higher and ranges from 51% to a high percentage[12]. Understanding the main mechanisms generating changes in biochar's physicochemical properties during processing for diverse feedstock sources and operating conditions is necessary to assess its potential for application both today and in the future. Therefore, the decomposition of biomass is covered in this chapter along with how biochar is produced.
2. Biochar production technologies
A growth in its conversion into biochar has been prompted by an ever-increasing appetite for employing it in various applications. Making biochar involves a standard method called thermochemical conversion. Pyrolysis, hydrothermal carbonization (HTC), gasification, torrefaction, and hydrothermal liquefaction are examples of thermochemical conversion processes. The process flow charts for pyrolysis and gasification is shown in the figure 1.
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Fig.1: Process flow chart for A) pyrolysis and B) gasification for the production of biochar
2.1. Gasification
This thermochemical process converts carbon-rich materials into syngas, which is a mixture of gaseous output products such carbon monoxide (CO), carbon-di-oxide (CO2), methane (CH4), hydrogen (H2), and traces of some hydrocarbons[13]. In an environmental factors with few oxidizing materials, such as oxygen, carbon dioxide, nitrogen, steam, or a different combination of these gaseous products of gasification occurs at high temperatures between 700 to 900°C, at limited supply of air[14]. It was found that when the temperature climbed, the generation of carbon monoxide and hydrogen increased while that of other substances including methane, carbon dioxide, and hydrocarbons decreased. Syngas, which contains primarily hydrogen, is the process' primary output; char, together with ash, tar, and some pyro-oil, is considered as a by-product with a lesser yield. The contrary to burning, partial oxidation of biomass transfers the energy present in the biomass into chemical bonds in the form of gaseous products[15]. Combustible gases of fuel, which are highly effective as well as practical to use than raw biomass, are created from the congenital chemical energy of the carbon in any biomass[16]. The gasification technology has also been used commercially. Gasification surpasses other conventional methods including pyrolysis, combustion, and fermentation due to its low level emissions and high volume of syngas. In order to achieve high gasification efficiency, the O/C ratio is essential. When gasifying biomass, a low O/C ratio is used for the achievement of high gasification process efficiency[17]. The process of torrefaction can lower the O/C ratio of biomass. Torrefaction could be thought of as a pretreatment for enhanced product quality prior to conventional gasification. Depending on the kind and composition of the biomass, this process is carried at low-temperature process between 300-350 °C with an approximate heating rate of 50 °C/min. Gasification and pyrolysis are processes that are interconnected[18]. There is no discernible difference between gasification and pyrolysis when they are combined. The partial oxidation of the biomass brought on by the small amount of oxygen utilized in gasification alters the properties of the finished product[19]. One of the most important differences between pyrolysis and gasification is the product type. About 85% of the results of gasification are gases, 10% are solid char, and 5% are liquids[20]. The working diagram of the gasification process showed in the figure 2 and it involves four stages discussed below.
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Fig.2: Schematic working diagram of gasification process for biochar and syngas production
2.1.1. Drying
There is no energy will recover during the process of completely removing the moisture from the biomass. Different biomass types having different moisture contents during initial stage. When the biomass has more moisture, gasification process uses drying as a separate step.
2.1.2. Pyrolysis
During the pyrolysis process, the biomass is heated between 200 and 700°C with a small amount of oxygen or air. Under these conditions, the biomass' volatile components evaporate[21]. The volatile vapour is made up of gases including CO, CO2, CH4, H2, tar (a heavier hydrocarbon content), as well as vaporized water along with the production of tar and char.
2.1.3. Combustion/Oxidation
The main energy sources in the gasification process are oxidation and combustion reactions of the gasification agents. These gasification agents combine with the combustible species in the gasifier to produce CO2, CO, and water.	
2.1.4. Reduction
The oxygen supplied to the gasifier for gasification of biomass reacts with the combustibles to produce CO2 and H2O, some of which are converted to CO and H2 also called as syngas upon contact with the char produced by pyrolysis, and the hydrogen in the biomass can be oxidized to produce water[20]. The reduction reactions which occurs inside the reactor are endothermic in nature and the energy required for them was comes from the combustion of char and volatiles obtained from the process.
2.1.5. Cracking
Additionally, the tar and gases obtained during the pyrolysis step of the process are cracked during the gasification process, producing non-condensable gases, light hydrocarbons, and unconverted tar. This equation, roughly speaking, describes the cracking stage.

Where CnHy is tar content and CmHy is dehydrogenated hydrocarbons in the output, a, b and are molecular ratios.
2.2. Pyrolysis
The biochar, bio-oil, and syngas are products of the thermochemical process known as pyrolysis, which is used to process biomass[4]. The technique involves heating biomass to temperatures between 400°C and 1200°C and then thermally decomposing the products under anaerobic circumstances or with little oxygen (O2) present[22]. Without oxygen, biomass can be heated over its thermal stability limit, producing more durable byproducts like solid residues. This is also insured that the combustion process will not take place when the biomass is heated by establishing an anaerobic environment[23]. It is a very intricate procedure that involves a wide variety of unique reactions in the reacting zone. In a different investigation, pyrolysis was found to occur at low temperatures between 250°C to 900°C. Silica, lignin, cellulose, and hemicelluloses make up agricultural biomass. The melting point of lignin is much higher than 350°C, but cellulose typically pyrolyzes at this temperature[24]. Although there are several operating factors that affect product yield, char formation is often favoured by low temperatures and lengthy residence times. Thus, it may be deduced that the pyrolysis's optimal temperature range was between 300 and 700°C[25]. In secondary pyrolysis, heavy chemicals are cracked, converting biomass into charcoal or gases. The overall view of the pyrolysis is shown in the figure 3.
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Fig.3: Pyrolysis process representation for the production of biochar, bio-oil and syngas
In essence, this is an alternative strategy for turning biomass into goods like charcoal, syngas, and oil. At particular temperature points during the process, depolymerization, fragmentation, and cross-linking are chemical mechanisms that take place, resulting in a different product state for lignocellulosic components like cellulose and hemicellulose (solid, liquid, or gas)[26]. While CO2, CO, and H2 (together known as syngas) are produced as the gaseous byproducts (C1-C2 hydrocarbons), biochar and bio-oil are the solid and liquid byproducts. There are various types of reactors used to make biochar, including the waggon reactor, bubbling fluidized bed, paddle kiln, and agitated sand rotating kiln[27]. The type of biomass used and its nature impact the yield of biochar during the pyrolysis process. The temperature is the main operating factor that affects a product's efficiency. The yield of biochar drops and syngas production rises as the pyrolysis temperature rises[28]. The first portion of the product side, which includes a variety of gases produced throughout the process as given in the equation, is a representation of the gas yield.
(C6H6O6)n →(H2 + CO + CH4 +…+ C5H12) + (H2O + CH3OH + CH3COOH +…) + C
The second section of the products' side displays the mixing of various liquid outputs, and the final section displays the solid output. One of this technology's most important strengths is its ability to be optimized in order to get the required results[1][29]. For instance, slow pyrolysis can be used to generate a sizable amount of biochar, whereas quick pyrolysis is ideal for primarily generating bio-oil.
2.2.1. Types of pyrolysis
The temperature, heating rate, and residence time are the key operating parameters that determine pyrolysis. Pyrolysis is further divided into six subclasses by these operating circumstances. These subclasses include hydropyrolysis, intermediate pyrolysis, vacuum pyrolysis, fast pyrolysis, flash pyrolysis, and slow pyrolysis[30]. Each type of pyrolysis has distinct known advantages and disadvantages. The aforementioned subclasses support an environment where varied reaction mechanisms and situations can result in a variety of products[31][32].
2.2.1.1. Slow pyrolysis
Slow pyrolysis, as its name suggests, requires a lengthy residence time (more than an hour) to be completed, and the main output is charcoal. Conventional pyrolysis, also known as slow pyrolysis, involves heating biomass at a pace of 5-7°C/min while maintaining temperatures between 300 and 600°C[33]. The secondary reactions can proceed with the help of a favourable environment and enough time provided by a slower heating rate and a longer vapour residence period. Additionally, a prolonged residence time enables the evacuation of vapours produced during the secondary reaction[34]. In the end, this results in the production of solid carbonaceous biochar. Char development is favoured by slow pyrolysis, however small amounts of liquid oils and gaseous products called syngas are also produced. Along with secondary products like bio-oil (25–35%) and syngas (20–30%), biochar is produced as the main product in the process (35–45%)[35].
2.2.1.2. Fast pyrolysis
A direct thermochemical method known as fast pyrolysis is used to transform the biomass into high-energy content liquid bio-oil. A thermal conversion process with great efficiency that yields biofuels derived from biomass while producing less solid waste and gas[36]. Without oxygen, fast pyrolysis occurs at temperatures higher than 500 °C and heating rates greater than 300 °C/min. A quick method for producing biochar is fast pyrolysis, which only needs a few seconds[37]. According to other studies, fast pyrolysis yields 60% bio-oil, 20% charcoal, and 20% syngas. Several investigations have reported even higher temperatures between 850 and 1250 °C with heating rates between 10 and 200 °C and short dwell times between 1 and 10 s[38]. A typical pyrolysis process yields 60%–75% of liquid products, 15%–25% of biochar, and 10%–20% of non-condensable gaseous fuel products[39]. Fast pyrolysis reduces exposure time while bringing biomass to this temperatures where thermal cracking of biomass can take place, supporting the creation of biochar.
2.2.1.3. Flash pyrolysis
Fast pyrolysis is said to be improved and modified by this. At temperatures of 1000 °C and above, biomass decomposes swiftly, typically in less than a minute. On occasion, heating rates more than 1000°C/sec have been seen[10]. Temperatures between 900 and 1200 °C attained in less than a second (often between 0.1 and 1 s), are required for flash pyrolysis. High heating rates, high temperatures, and short vapour residence times result in a high bio-oil production[40]. However, because of the procedure the biochar yield will decrease. The distribution of the products in flash pyrolysis is influenced by biomass phase transition behaviour, reaction chemical kinetics, heat and mass transfer mechanisms, and reaction kinetics[41]. The construction of the reactor necessitates that it operate at a high temperature with a very fast heating rate, which limits the commercial use of flash pyrolysis even though it can be accomplished in a fluidized bed reactor and a twin-screw mixing reactor[42].
2.2.1.4. Intermediate pyrolysis
As the name implies, this is a combination of fast and slow pyrolysis processes, and it is essential when solid and liquid products need to be balanced. This indicates that slow pyrolysis is more effective at producing huge volumes of char but produces fewer liquid products, whereas quick pyrolysis is the opposite[43]. Pressure is typically maintained at 1 bar throughout the procedure. With the different heating rates between 0.1 and 10°C/min and varying residence times between 5 and 17 minutes, intermediate pyrolysis occurs at temperatures between 500 and 650°C[44]. The usual composition of finished products is 40–60% liquid, 20–30% non–condensable gases, and 15–25% biochar. By using intermediate pyrolysis settings, it is possible to avoid the production of highly reactive tar and produce the dry biochar, which can be used in boilers and engines alone or in conjunction with high-quality bio-oil[45].
2.2.1.5. Hydropyrolysis
By injecting hydrogen (H2) or a hydrogen-based substance into the pyrolysis reactor at high pressure between 50 bar and 200 bar above atmospheric pressure and it is a relatively new method for turning biomass into high-quality goods. The temperature (350-600°C), residence duration (over 15 sec), and the heating rate of  (10-300°C/s) do not depart much from fast pyrolysis[46]. In essence, hydropyrolysis can be viewed as a specific form of fast pyrolysis that is subjected to high pressure in an environment that is rich in hydrogen or materials derived from hydrogen. The injection of hydrogen at high temperatures and pressure works as a reducing agent, lowering the oxygen concentration in the resulting bio-oils and concomitantly impeding the creation of biochar, making this approach unsuitable for making biochar[47]. Hydropyrolysis is frequently associated with the use of a catalyst to remove oxygen, water, and COx from the liquid product. Depolymerization and coking processes are also decreased by catalysts. However, creating the catalyst for this purpose continues to be a glaring illustration of the challenging nature of catalytic hydropyrolysis[48].
2.2.1.6. Vacuum pyrolysis
The vacuum pyrolysis is a thermal breakdown of biomass in zero oxygen atmosphere under vacuum or low pressure. Temperature is normally kept between 450°C and 600°C, while pressure is typically controlled between 0.5 and 2 bar.[49]. Like slow pyrolysis, vacuum pyrolysis has comparably low heating rates. However, these two techniques, in comparison, yield significantly different products. In addition to greatly reducing the vapour residence period, the quick evacuation of organic vapours produced during primary pyrolysis also ensures a high yield of liquid products during secondary pyrolysis by minimizing the occurrence of secondary reactions[50]. Because inorganic devolatilization is prevented by using solely vacuum or low-pressure extraction, the quality and yield of the product are significantly impacted[51].
2.3. Biomass degradation
The majority of the materials used in the pyrolysis process to produce biochar contain multiple types of carbohydrates (cellulose, hemicellulose, and lignin), and these react differently depending on the operating conditions they are exposed to, affecting the pyrolysis's output yield[52]. More specifically, the bulk of biomass is made up of lignin and cellulose. When cellulose is pyrolyzed, it primarily yields tar, which is a mixture of isolated ketones, aldehydes, organic liquids, and char, whereas lignin primarily yields char and a negligible amount of water[53]. The output of gaseous content rises as cellulose content increases while char and tar content decreases. Additionally, it has been found that structural variations in the biomass affect how the pyrolysis product is composed.
2.3.1. Cellulose decomposition
The process of cellulose degradation, which consists of two main processes, is identified by reducing the degree of polymerization. In slow pyrolysis, cellulose is broken down gradually over time at a decreased heating rate[54]. Levoglucosan is formed as a result of rapid pyrolysis, which takes place at high heating rates by rapid volatilization. Levoglucosan is dehydrated to create hydroxymethylfurfural, which can break down to create liquid and gaseous products including bio-oil and syngas, in addition to the solid result biochar. In order to produce solid biochar, the hydroxymethylfurfural can also go through a number of processes, such as aromatization, condensation, and polymerization[55]. A lot of char is produced as cellulose degrades to a very stable anhydrocellulose at low temperatures, but it also breaks down into volatiles.
2.3.2. Hemicellulose Decomposition
The process by which hemicellulose degrades is similar to that of cellulose. Hemicellulose depolymerization results in the synthesis of oligosaccharides. Biochar can be created through decarboxylation, intramolecular rearrangement, depolymerization, and aromatization processes, or the substance can break down into syngas and bio-oil[27][56]. The char yield of the cellulose and hemicellulose components in biomass is caused by the volatile compounds and lignin.
2.3.3. Lignin decomposition
The breakdown of lignin is more difficult than that of cellulose and hemicellulose. Char is produced from lignin by the production of a more compact solid structure and the dissolution of relatively weak linkages[57]. The ꞵ-O-4 lignin link is broken, which results in the release of free radicals. These free radicals absorb the protons coming from other particles, which results in the synthesis of chemicals or materials that have undergone degradation[53]. By travelling to other molecules, free radicals help the chain to grow. Different lignin contents in connection with various wood kinds result in various breakdown rates. It has been found that coniferous lignin is more stable than deciduous lignin, and the former produces more char[58].
3. Biochar applications in agriculture
The small scale in the lab and on a large scale in the field use of biochar in agriculture has been investigated in recent studies. Among these uses are as a component of chemical fertilizer, to promote soil microbial activity, as a soil amendment to increase crop yield by increasing nutrient availability, and to increase soil's capacity to hold water[59]. Additionally, biochar has been shown to reduce the release of heavy metals into the soil while also having a limiting impact that helps to raise the pH of extremely acidic soils[60]. Despite being a different kind of soil conditioner than compost, biochar has different production processes. Agricultural and other biomass are thermally decomposed to create biochar in the absence of oxygen, whereas organic substrates naturally biodegrade to create compost in an aerobic environment by the microbial population[61]. Compost benefits are also relatively short-lived compared to those of biochar, which remains in the soil for longer periods of time. Another distinction is that compost dissolves quickly[62].
3.1. Biochar as an adsorbent
All kinds of life are negatively impacted by the problem of heavy metals/metalloids (HMS) and polycyclic aromatic hydrocarbons (PAHs) present in soil and water[63]. These pollutants cause negative environmental issues and poor agricultural practices. These contaminants are poisonous, enduring, non-biodegradable, and may bioaccumulate[64]. Biochar is among the greatest bioremediation strategies used to address the HMS and PAHs problem because of its benefits[65]. These benefits include affordability, carbon sequestration, and sustainability. Biochar has been utilized to adsorb various contaminants due to its physical and chemical properties, including its pore structure, specific surface area, and functional groups[66].
3.2. Soil water dynamics improvement through biochar
In dry places with narrow water supplies and highly changeable water quality, biochar makes a considerable positive contribution. The biochar preparation technique has an impact on the soil's ability to retain water[67]. Because biochar has a large total pore space, it can hold onto water in its micropore space and help water move through bigger pores from the lower soil horizon to the upper soil (0–15 cm) right after a heavy rain. This increases water holding capacity. A study was conducted for different soils only 25 out of 60 soil types exhibited an increased capacity to store water after biochar was applied at various rates[68]. It has been discovered that applying biochar to drought-stressed plants increased their photosynthetic rate[69].
3.3. Biochar impact on soil biological properties
Carbon, phosphorus, nitrogen, carbon mineralization, and a number of enzymatic processes in soil can all be improved by biochar[70]. In general, many types of enzyme behaviour were considerably improved when being incubated with fresh pyrolyzed biochar. Heavy metals have a negative impact on soil biological and biochemical parameters such soil enzyme activity, according to numerous reports[71]. However, it has also been claimed that adding biochar to soil can lessen the toxic effects of heavy metals, altering the soil enzymes in the process. A major factor in systemic acquired resistance is biochar[72]. Various types of biochar have various recommended application rates for disease suppression. There isn't yet a "one concentration fits all" concept that can be used for adding biochar to soilless systems[73].
4. Future perspectives of biochar
Future research must clarify how the production process impacts biochar's characteristics because applications rely heavily on them. The type of biochar used in water treatment would be different from that utilized in agriculture or energy. The impacts of biochar on agriculture, notably on crop yield due to various soils, are also the subject of a variety of literature results. For instance, depending on the soil type and fertilizer management, adding charcoal might either boost or decrease crop yields. Additionally, it has been discovered that the chemical behavior of biochar with heavy metal ions is unpredictable. It is clear that the interactions between biochar, soil, and plants are important but poorly understood. Thus, further work is still required to understand how the characteristics of biochar affect soil and crop responses both in the field and in climate-controlled environments.
5. Conclusion
The biochar derived from different processes can lowering acidity and improving nutrient availability, biochar has been used to repair polluted agricultural soil and increase soil fertility. Thus, one of the finest practices for reducing biotic stress in soil and boosting crop yield, particularly in the agricultural sector, is the addition of biochar to soils. Processes like pyrolysis and gasification could have been covered in this chapter, have had a big impact on the characteristics of biochar. So it looks that biochar is a very promising choice for pollutant elimination. When creating recoverable biochar for numerous environmental applications, economic effects and recyclability should be taken into account. The relationship between various approaches to managing trash and producing energy differs in terms of parameters, production methods, and economic, social, and ecological restrictions. This review paper outlined the most recent data that might be useful in identifying potential areas for scientific innovation in the study of biochar.
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