Prospects of Biochar in Soil Health Management-SDG and Indian Perspectives
Prarthana Priyom Hazarika, Bhaskar Jyoti Buragohain, Monoranjan Nath and Ritu Thakur*

North Eastern Regional Institute of Water and Land Management, Tezpur 784027, Assam, India

Corresponding author *: thritu12@gmail.com

Abstract
The recent developments in human civilization have paved a way to numerous changes in the environment, including climate change and it’s all other related effects, which in turn is affecting all dimensions of food security as food availability, food accessibility, food utilization, and food systems stability. It is also affecting human health, livelihood assets, food production and distribution channels. Keeping in view, the present chapter is puts a focus on biochar, reviewing its application in the agricultural sector and its waste to wealth conversion potentiality as well as its role in attaining the sustainable Development Goals. Present agriculture is highly intensive leading to the mining of nutrients and reduction in soil organic matter levels through repetitive harvesting of crops. The most widespread solution to this depletion is the application of soil amendments in the form of fertilizers containing the three major nutrients, viz., N, P, K along with sufficient organic matter. Hence, biochar, which is usually produced by pyrolysis of biomass at around temperature range of 300–600 ° C, is discussed in the chapter as a potential factor in the dimension of all round soil improvement and soil-water relationship management.The application of biochar as seen is primarily targeting four important SDGs including clean water and sanitation (SGD6), affordable and clean energy (SDG7), responsible consumption and production (SDG12) and climate action (SDG13).The use of Biochar is altogether paving a way towards Circular Economy.
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Introduction

The origin and use of biochar as a source to improve soil fertility is reported in the dark Amazonian land where it is locally known as “Terra Preta do Índio” (TPI) (Lehmann and Joseph, 2009).Biochar is obtained by the decomposition of organic matter exposed to temperatures between 200-900 °C in an inert atmosphere with low or no oxygen concentration by a process called pyrolysis (Farobieet al., 2022), generally divided into fast, intermediate and slow depending on the residence time (time required to complete the pyrolysis process) and the exposure temperature of the biomass.The engineered biochar are the form of biochar that are modified using materials as metals, nanomaterials, microorganisms, hydroxides etc., to enhance the characteristics or confer such characteristics to the biocharwhich are not as such found in the raw biochar. They are classified as mineral biochar, metal biochar, microorganism biochar, carbonaceous nano-composites and layered double hydroxide (LDH) biochar composites (Wang et al., 2021). In low scale, biochar can be prepared by the farmers themselves by using the locally available agricultural wastes  viz., rice straw and toriastover. Biochar can be prepared by slow pyrolysis (250 ºC - 350 ºC), using low cost oil drum (Medhiet al., 2021). Higher yields of biochar is obtained at lower temperature conditions but, at higher pyrolysis temperature, biochar with strongly developed specific surface area, high porosity, pH as well as content of ash and carbon, but with lowvalues of CEC and content of volatile matter can be obtained(Tomczyket al., 2020). The composition of biochar varies with the feedstock type and temperature of the process. Higher Si content is seen in the biochar prepared from rice plant waste and as such, high silica content in rice husk biochar provides better nutrient retention, turgidity, and structure for plant (Karamet al., 2022). An increase in the temperature of pyrolysis increased the concentration of Ca, Mg and K (Mohamed et al., 2021). Moreover, amounts of volatile compounds decrease with increasing pyrolysis temperature (Neogiet al., 2021). The physical and the chemical properties of biochar are conditioned by various factors as the size and density of the pyrolyzed particle, the concentration of inorganic (ash content, Ca, Mg, and inorganic carbonates) and organic (cellulose, lignin, and hemicelluloses) compounds, and the type of waste.Biochar obtained from forages, woody plants or cacti shows different physical and chemical characteristics due to their carbon fixation metabolisms. The high carbon contents present in organic matter, which are more resistant to biological and chemical decomposition, are stabilized by pyrolysis. (Sánchez-Reinosoet al., 2020).

The application of biochar is generally governed by its physicochemical characteristics, which in turn are determined by the feedstock type and conditions of pyrolysis. Biochar possesses useful properties like high surface area, large pore size, stable structure and presence of functional groups, which makes it suitable for wide range of applications (Aliet al.,2022). Biochar has been commonly used for soil amendment and enhancing soil properties for better nutrient availability, increasing soil fertility, buffering soil pH and enhancing carbon sequestration. Currently, the use ofbiochar is also reported in animal feedstock for efficient nutrient uptake in livestock farming for improving animal health and enhancing the productivity. Biochar, being enriched with nitrogen-rich organic compounds during the digestion process, the excreted biochar-manure becomes a more valuable organic fertilizer causing lower nutrient losses and greenhouse gas emissions during storage and soil application (Schmidt et al., 2019).Biochar has multifunctional values that include the use of it assoil amendment to improve soil health, nutrient and microbial carrier, immobilising agent for remediation of toxic metals and organic contaminants in soil and water, catalyst for industrial applications, porous material for mitigating greenhouse gas emissions and odorous compounds and feed supplement to improve animal health and nutrient intake efficiency and thus, productivity (Bolan et al.,2019).

Pyrolysis is a thermochemical technique that produces biochar, bio-oil, and syngas derived from biomass. The process basically involves heating and thermally decomposing biomass under anaerobic conditions or limited oxygen supply (low stoichiometric oxygen atmosphere) with temperatures ranging between 400°C and 1200°C (Borelet al., 2018). The absence of oxygen enables biomass heating beyond its thermal stability limit, causing the creation of more robust products, including solid residues. An anaerobic atmosphere ensures a non- combustion environment when the biomass is heated. It is a highly complex process involving many distinct reactions. Properties of biochar produced depend on the composition, type of biomass  or the feedstockand the conditions under which it is carbonized(Table 1).Both physical and chemical characterizations are necessary when identifying the basic properties of biochar and predicting the various application uses (Armah et al.,2022). Depending on the operating parameters, namely temperature, heating rate, and residence time, pyrolysis can be divided into several types as slow pyrolysis, fast pyrolysis, flash pyrolysisand gasification(Table 1). Each classification of pyrolysis has its own specific benefits and drawbacks (Al-Rumaihiet al.,2022) . The ash content of the biochar increases significantly with increasing pyrolysis temperature, which may be due to the fact that the ash mainly remains in the solid fraction and increasing temperature increases the concentrations of minerals and combusted organic residues. Ash is an important factor that influences the sorption behavior of hydrophobic organic compounds (HOCs) which can block surface sorption sites in biochar or make it difficult to access due to their interactions with inorganic moieties The subclasses in question foster an environment for different reaction conditions and mechanisms to have various products(Das et al.,2021). The mechanism of pyrolysis is given in Fig. 1
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                        Fig1 : Representation of a pyrolysis process (Armah et al.,2022)

Table 1: Effect of feedstock and pyrolysis temperature on the biochar properties (Armahet al.,2022). 
	Pyrolysis temperature
	Feedstock
	 Biochar properties 

	
	
	C (%)
	H (%)
	O (%)
	pH
	Surface area (m2 .g-1)

	250 °C
	Walnut shells, Corn straw and cobs, Rice straw
	59.99- 75.76
	4.37-5.67
	11.04-9.99
	6.47-9.36
	<8.55

	400 °C
	Walnut shells, Corn cobs and corn straw, Rice straw
	76.02- 85.65
	19.58- 4.04
	1.69-2.43
	8.80-10.66
	<8.55

	600 °C
	Walnut shells, Corn cobs and corn straw, Rice straw
	89.88- 90.79
	3.01-3.85
	6.48-8.14
	10.00-12.39
	211.94-320.77


Table 2: Parameters and products of different pyrolysis methods

	Modes
	Parameters
	Products (Yield %)

	
	Temperature (°C)
	Retention time (s)
	Heating Rate (°C/min)
	Gas 
	Oil
	Char

	Slow pyrolysis
	< 600
	300-350
	1-10
	35
	30
	35

	Fast pyrolysis
	>600
	0.5-10
	10-200
	13
	75
	12

	Flash pyrolysis
	800-1200
	<0.5
	>1000
	40 (gas+oil)


	60

	Gasification
	>750
	10-20
	-
	85
	5
	10


Agricultural crop residue burning contribute towards the emission of greenhouse gases (CO2, N2O, CH4), air pollutants (CO, NH3, NOx, SO2, NMHC, volatile organic compounds), particulates matter and smoke thereby posing threat to human health. India is a country based on agriculture and as such large amounts of agricultural wastes are generated every year from each part of the country, which is increasing year after year. Agricultural residues are the biomass left in the field after harvesting of the economic components eg.grain in case of cereals. Processing of farm produce through milling also produces large amount of residues. These residues are used as animal feed, thatching for rural homes, residential cooking fuel and industrial fuel. However, a large portion of the crop residues is not utilized or recycled and left in the fields. The disposal of such a large amount of crop residues is a major challenge and as such, the farmers use to burn the residues in situ. Thus the residues burnt in the field itself have great opportunities to be utilised as feedstock for the production of biochar, that can be an excellent conditioner as well as amendment to the soil (Das et al., 2021).
Current status of crop residue production of the country:


The use of the agricultural residues for the production of biochar is one more step toward circular economy. The Normal Estimates of Area, Production and Yield of Selected Principal Crops, 2021, Government of India Ministry of Agriculture and Farmers Welfare was taken into consideration to calculate generation of crop residues of rice , wheat, mustard and  sugarcane as in the year 2019-20. 
[image: image2.jpg]200N BN 000N 300N 000N

15°00°N

1000

s00N

TOCE  TS00E 800w

BSOUE  S00E  9FOUE  100°00°E.

STATUS OF CROP RESIDUES GENERATION
OF RICE IN INDIA (2019-20) N

TN TN

200N

g

£
Andaman and ",m.- (ussz)

- &
Lakshadwasp (VA) LEGEND i

Residue production (‘000 Tonnes)
0000000 .
I 0000001 - 3500 £
= 35005000 H

1om =200 km . 5000 15000
o s ma  ums iso | vso00-ceeorse

TOCCE  TSOUE S000E  8SO0E  0OUCE  9SO0E  10000°E



[image: image3.jpg]10N 000N 500N 000N 00N wroon

1000

s00N

Tor00E

7500E  s000E

oy

00 s0r00E

00

100°00°E

STATUS OF CROP RESIDUES GENERATION
N

OF WHEAT IN INDIA (2019-20)

000N 00N

500N

g

£
2
Ancdaman andpicobar (43)
Tamil Nadu (NA) . ]
Keralg (WA £
(RS, LEGEND 3
shadweep (NA) Residue production (if) ‘000 Tonnes)
ocoooo0 .
I o coocor - 5000 5
1) 5000 - 20000 4
tem =200 km I 20000 35000

o _ws mo  ues _isw | soco-samnier

I R R R




Fig 2 (i)         Fig 2 (ii)
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Fig 2 (iii)                                                           Fig 2 (iv)
The residue to grain ratio was considered as 1.5–1.7 for cereal crops, 2.15–3.0 for fibre crops, 2.0–3.0 for oilseed crops and 0.4 for sugarcane (Jain et. al., 2014) . The data were integrated into GIS platform to generate the thematic maps. The figures indicates the potential waste residues produced in India in terms of rice, wheat, sugarcane and mustard put forward in  Fig 2(i), 2(ii), 2(iii) and 2(iv) respectively, that has the potentiality to be used as feedstock for the production of biochar. 
Thus the utilization of agricultural waste based feedstock for the preparation of biochar will help all together to attain a circular economy (Neogiet al.,2022).
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Fig3 :Biochar from biomass and industrial waste to achieve circular bioeconomy (Neogiet al.,2022).
Biochar and soil physical health
Soil physical health is the ability of a given soil to meet plant and ecosystem requirements for water, aeration, and strength over time and to resist and recover from processes that might diminish that ability. The effect of biochar was reported to be the highest in coarse and medium textured soil in improving the water holding capacity of the soil as compared to the fine textured soil (Jeffryet al., 2011). Surface area is an important soil physical health indicator that influences essential functions of soil fertility, including water, nutrient retention, aeration, and microbial activity. Biochar-specific surfaces, being generally higher than sand and comparable to or higher than clay, causes a net increase in the total soil-specific surface when added as an amendment. The high surface area of biochar provides space for formation of bonds and complexes with cations and anions with metals and elements of soil on its surface, which may improve the water and nutrient retention capacity of soil (Berglund et al. 2011). A long-term soil column incubation study by Laird et al. (2010) indicated increases in specific surface area of an amended clayey soil from 130 to 153 m2 g−1 as the biochar concentration increased from 0 to 20 g kg−1. There are also other associated factors such total porosity or PSD which can play important roles in altering properties of biochar-amended soil surface (Jones et al., 2010).
Application of biochar is also reported to decrease the bulk density of soil.Excluding some rare case of increased bulk density due to column leaching, biochar is an excellent agent for decreasing the bulk density of the soil (Rogovska et al.,2011). However, the difference among the various feedstocks in reducing the bulk density is not significant, although the decrease was significantly greater for high and medium doses than for the lower doses of biochar (Singh et al., 2022). The density of biochar being less (<0.6 g cm−3) as compared to the soil (1.25 g cm−3), the bulk density of the biochar applied soil was affected and reduced (Blanco-Canqui, 2017). As bulk density is directly related to the total porosity of the soil, biochar is also capable in increasing the total porosity (micro- and macro-pores) which in turn increases the overall soil physical quality because micropores are involved in molecular adsorption and transport while macropores affect aeration and hydrology (Razzaghi et al.,2020). 
As observed by Razzaghiet al.(2020), biochar increases the Field Capacity, Permanent Wilting Point as well the Available water in Coarse and medium textured soil .The increase in the soil moisture retention variable may be attributed to the increased micropores due to the application of biochar. (Liu et al., 2017). The smaller size pores are more capable to hold the water than the macro pores. However, in case of the fine textured soil, the retention variables were seen to be decreasing due to the fact that biochar may block the micropores already existing in the soil.
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Fig 4: The effect of biochar application on bulk density and soil water retention variables (Razzaghiet al.,2020)
The present world scenario of ever increasing population and the subsequent use of agro-chemicals to increase the productivity to feed such a huge population have led to the contamination of soil as well as water with numerous pollutants as heavy metals, organic pollutants, residual chemicals etc (Khalid et al. 2020). The effect of biochar in reducing the effects of such contaminants is found significant in several studies. The concentrations of two metalaxyl (MET) enantiomers (RMET and S-MET) reduced considerably after wood wastederivedbiochar (WBC) was added to amend the soil (You et al. 2021). The reduced MET uptake may be due to the reduced bioavailability of R- and S-MET in the WBC amended soils, due to the excellent elimination capacity of WBC to R-/S-MET and a shift in the soil bacterial community, particularly the enhanced abundance of degrading bacteria, such as Hydrogenophaga, Methylophilus, andLuteimonas(Boskovicet al. 2021). Bovine manure biochar at a temperature of 700◦C is capable of reducing the effect of tetracycline upto 99.70% which was owing to the infuences of π-π interactions and hydrophobic effects (Zhao et al., 2021). Biochar obtained from sugarcane in the agro-industry is capable of removing approximately 70% of thiamethoxam in 60 min (Fernandeset al. 2021). Also, biochar synthesized from phosphoric acid-treated rice straw (T-RSBC) is capble of removing atrazine (ATZ), azoxystrobin (AZOXY), and imidacloprid (IMIDA) upto several extent (Mandalet al. 2021).
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Fig5 : Mechanisms underlying the decreased uptake and accumulation of the two MET enantiomers by the lettuce cultivated in the soil amended with WBC (You et al. 2021).

The heavy metals, that has serious implications on entering the food chain can also be remediated upto several extent with the aid of different biochars. The adsorption mechanisms of heavy  metals  on  biochar mainly  involve several mechanisms as physical-adsorption,  ion-exchange interactions, electrostatic  attraction,  functional groups combination, surface complexation  and precipitation which further depends on the properties of the specific metal (Li et al.,2019). According to Nieet al. (2021), animal derived biochars have more capacity to remove and adsorb the pollutants from the soil as well the water than the plants derievedbiochars, owing to their relatively high ash content, surface alkalinity, pH and more oxygen groups (such as C–O, C=O). Owing to the abundant surface functional groups, bone biochar produced at low temperature pyrolysis is capable to immobilize Zn and Cd in polluted soils (Azeemet al.,2021). Removal efficiency of 92.24% was obtained for Chromium (VI) by biochar obtained from the biomass of Eichhorniacrassipes (water hyacinth) roots (Giriet al.,2012). Chestnut shell biochar activated with magnetic gelatineincreased the As adsorbtion from 17.5 mg/g to 45.8 mg/g due to increased surface area and improved magnetic properties (Dai et al.,2017). Removal  efficiency  of  99.09%, 65.95%, 7.98%,  33.93%, 30.48%  and 29.02%,  respectively was obtained for Pb2+, Cu2+, Co2+,  Ni2+,  Zn2+ and  Cd2+ with the help of rice husk biochar (Yu et al.,2018).  According to Baiet al.(2022), biochar colloids-mycelial pellets (BC-MP) removed 57.66 % Cadmium (II). In studies performed by Zhou et al.(2017), 99.63 % Cu ,  biochar was  reported for the  removal  of Cu, 98.06% Zn  and 79.6% Mn was reported to be adsorbed from sewage and sludge.
Biochar and Sustainable Development Goals
The United Nations has specified seventeen numbers of sustainable developmental goals that are to be fulfilled by 2030. The necessity of efficient consumption of natural resources, inexpensive and clean energy, clean potable water and sanitation, and mitigation strategies for climate changeare the strategies that are needed to be implemented to attain these goals. In this regard, biochar has become one of the efficient tools because it is inexpensive in nature, capable to remediate the contaminated soil as well as water and also efficiently improve the soil conditions and increase water retention and contribute towards food productivity. Biochar will contribute towards SGD 1 which signifies No poverty by self-reliance and cost reduction along with rise in crop productivity. In regard to SDG 2, ie., Zero Hunger, biochar can efficiently contribute by remediating the degraded soil and improving the quality of the soil that in turn would help increase the productivity of the soil. The SDG 3 (Good health and well-being) can be achieved through the use of biochar as biochar when used scientifically is capable of producing good quality food and improving the health of the people by preventing the notorious contaminants from entering the food chain. Biochar with its capability to sorb the contaminants from the soil may also fulfil the SDG 6 (Clean water and Sanitation). Biochar itself is a clean and affordable form of energy that can be generated by the pyrolysis of the farm waste. Thus fulfilling SDG 7 (Affordable and clean energy) biochar is competent to replace the high cost chemicals that the small scale farmers are not able to use. SDG 8 (Decent work and economic growth) can be achieved through the attainment of SDG 1 and 2. SDG 9 (industry, innovation and infrastructure) can be achieved by the development of low cost biochar production klin that can be used by the poor farmers without any scientific knowledge (Hamid et al.,2020). Regarding  SDG 10 (reduced inequality), bio-char  can  help  small  holder  farmers  in  rural  areas  becoming self-suffcient  and and recycle their own farm waste improving  women’s  health  attributable  to  clean cooking technology; The access of biochar to the poor farmers and will help minimize the  inequalities  between rural  and urban places. For SDG 11 (sustainable cities and communities), urban abandoned contaminated land may be remediated using the various enriched biochars (Wang et al., 2020). The use of biochar in urban planting  can also be prove helpful  in this regard(Chen et al., 2021). Biochar production through biomass pyrolysis can shift the consumption of C-rich non-renewable resources to on farm crop recycling which in turn would encourage to fulfil the SDG 12(responsible consumption and production) and can  foster ground  based  C storage (SDG  13,  climate  action)  (Kammannet  al.,  2017). For  SDG  13  (climate  action),  relatively  high recalcitrant nature of biochar organic C, and reducing emissions of N2O, CH4 and CO2 from amended soils lead to climate amelioration (Ahmad et al., 2019).For SDG  15  (life  on  land),  biochar  addition, not only improve the soil fertility but also increase the diversity ofbeneficial soil microorganisms, ensuring better soil health. Thus through the multiple application ways and benefits of biocharand its role in attaining SDGs can be ascertained (Yu et al., 2020).
Conclusion
The agricultural crop residues has immense potentiality to be converted tobiochar as the residue to grain ratio in most of the major crops is more than 1, thus indicating the huge lot of feedstock left in the country that can be converted to biochar which would rather be burnt, contributing to global warming and green house emission. Thus, more research as well as public awareness is required in this regard that would further come up with sustainable farming and circular economy within the farm. 
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