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Foreword

 

There has been an increased pressure on the meagre available land resources due to 
rapid urbanization, which, in turn, has resulted in a gradual but steady deterioration 
in the cultivable land worldwide. In addition, the adoption of “green revolution” 
technologies in several countries has made agriculture chemical-intensive, which 
has contributed significantly to the deterioration of the health of the available agri-
cultural soils. The cultivable agricultural land is scarce and, consequently, is a limit-
ing factor, leaving no scope for further expansion of agriculture. The use of crop 
residues (CRs) generated in copious amounts annually, in management of soil fertil-
ity, reclamation and restoration of marginal lands, reducing air pollution, etc. 
appears as an innovative option. The management of huge amount of CRs is 
expected to relieve this pressure to a large extent. Burning of CRs is threatening soil 
health, causing air pollution, and drastically affecting the soil microbial diversity. 
Decomposition of paddy residues under anaerobic flooded conditions has substan-
tially increased greenhouse gas emissions, particularly methane. Therefore, appro-
priate sustainable management of huge amount of CRs produced every year is the 
need of the hour. Appropriate strategies for management of CRs and augmented 
environmental awareness can show alternatives to the current practices of irrational 
burning of CRs.
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Crop residues-based biochar has recently received significant attention of 
researchers with its potential to improve the soil physicochemical status and its 
contribution to the enrichment of beneficial soil microbiomes. Limited literature is 
available on impact of CRs-based biochar application on nutrient dynamics, green-
house gas emission mitigations, crop yields, and beneficial microbial community 
dynamics of agroecosystems. The editors have invited experts to contribute articles 
in the area of sustainable soil health and environmental management. This volume 
will enhance our knowledge about better performance of soil microbes in soil, 
resulted due to CRs burning, and how these changes along with other environmental 
factors will affect the soil fertility and crop yields. Overall, the book Biochar 
Applications in Agriculture and Environment Management, gives an overview of 
the current status of CRs management. This book also gives directions to popularize 
related technologies that can mitigate the decline in soil fertility of cultivable land. 
The chapters in the book also help us to focus on beneficial soil microbial diversity 
for sustainable agriculture and decrease pressure on the need for more cultiva-
ble land.

 

Vice-Chancellor, University of Hyderabad Appa Rao Podile, 
India
December 28, 2019

Foreword
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Preface

Biochar use in agricultural soil has been projected as effective options to mitigate 
the soil fertility health due to climate change. Its sole use may also cause salt stress 
in the soil as it contains large concentration of nutrient metals. Crop residues-based 
biochar has been recently proposed as suitable soil fertility enhancer as it improves 
the physicochemical structure and beneficial microbial biomass of soil. Previous 
studies have indicated that wood- or manure-based biochars can reduce leaching of 
fertilizer N in highly weathered subtropical or tropical soils using pot experiments. 
Previous investigations argued inconsistent effects of biochar additions on green-
house gas emissions, attributable to many factors, such as soil and biochar types, 
moisture regime, nutrient availability, and potentially other unknown causes. 
However, few studies and books describe the impact of biochar on inorganic nutri-
ent dynamics, greenhouse gas emission mitigation, pollution decontamination, and 
beneficial microbial community dynamics of cropland soils. Therefore, this book, 
Biochar Applications in Agriculture and Environment Management, considers 
leading experts to contribute articles that may describe the role of biochar applica-
tion on soil nutrient dynamics of disturbed agricultural fields and as soil conditioner 
for saline/stressed/nutrient poor soils. This book also describes the impact of bio-
char application on C sequestration and greenhouse gas emissions/mitigation from 
agricultural soil and the role of biochar in remediation of contaminated agricultural 
soils to evaluate the addition of biochar in dynamics of beneficial soil microbial 
communities and soil microbial biomass levels. However, literature on the interac-
tive effect of both biochar and organic fertilizers is scarce. Therefore, further study 
on importance of organic farming and intensive C-sequestration strategies such as 
biochar production from agricultural wastes is important.
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We are thankful to all contributors for their informative articles to this book. We 
are sure that this volume will be useful to students, scientists, and academicians 
concerned with the management of CRs and its applications in sustainable agricul-
tural development.

Lucknow, Uttar Pradesh, India Jay Shankar Singh 
Rampur, Uttar Pradesh, India  Chhatarpal Singh  
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Chapter 1
Applying Rice Husk Biochar to Revitalise 
Saline Sodic Soil in Khorat Plateau Area – 
A Case Study for Food Security Purposes

Saowanee Wijitkosum

Abstract Salt-affected soils occur in the areas where excess dissolved mineral salts 
accumulate in the root zone that crop yields are adversely affected from the salts 
released by weathering of rock or those initially present in the soil-forming materi-
als. In addition, evaporation and transpiration processes, due to high temperatures 
and droughts, can cause salt movement with capillary action inducing its accumula-
tion in surface soil. Excess amounts of salts cause adverse effects on the physical 
and chemical properties of soil, microbiological processes and food security. 
Biochar produced from rice husk (RH) under the pyrolysis condition (400–500 °C) 
from a retort designed to produce laboratory quality biochar that is easy for farmers 
to use in order to promote self- sustaining biochar production. This study aimed to 
explore the use of rice husk biochar as a soil amendment in order to solve the salt- 
affected soil problems. The study area was Bung O sub- district, Kham Thale So 
district where the critical of salt-affected soil and drought area in Nakhon 
Ratchasima, Thailand. The results indicated that adding RH biochar with organic 
fertilizer into soil can improve both physical and chemical properties in every 
parameter. Particularly, the soil became less alkalinity. The results also showed an 
increased ion exchange capacity, higher amount of major and minor soil nutrients 
and the reduced amount of all sodium in the soil in every parameter. This included 
the absorption rate of sodium in the soil, the conductance of the soil, all of the 
amount of sodium in the soil, and the increasing amount of exchangeable magne-
sium and the amount of exchangeable calcium. The two elements contained positive 
ions which could replace the sodium ions in the salty soil making the soil less salty.

Keywords Salt-affected soil · Saline sodic soil · Biochar · Rice husk · 
Food security purposes
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1.1  Introduction

Salt-affected soils become one of the global issues that adversely affect soil 
resources in various areas (Martinez-Beltran and Manzur 2005). Even though saline 
soils occur naturally on Earth’s crust (Rengasamy 2006) human activities and inap-
propriate land use have contributed to the acceleration of the saline soil problems 
both in terms of its severity and an expansion of the affected areas (Shahbaz and 
Ashraf 2013; Brinck and Frost 2009; Martinez-Beltran and Manzur 2005; 
Metternicht and Zinck 2003). The human activities included overgrazing, the use of 
chemical fertilizers and deforestation (Lakhdar et al. 2009). Climate change and soil 
degradation problems contribute to an expansion of soil salinity. The adverse impact 
in the next 25 years is expected to be 30% loss of land (Wang et al. 2003). For agri-
cultural countries, these problems possess significant threats to agriculture, land use 
and food security especially in rural farming areas. High salt concentration nega-
tively affects soil microbial activities as well as soil chemical and physical proper-
ties causing a decline in soil productivity (Amini et  al. 2015; Wong et  al. 2009; 
Yuwaniyama 2004). Moreover, salt- affected soil also causes physiological drought 
and its expansion to nearby areas also negatively affects the ecosystems and resource 
utilization. Soil salinization is complex and highly interrelated with specific condi-
tions in the area.

In general, salt- affected soil mostly occurs in arid and semiarid regions of the 
world. Despite its location in the tropics, Thailand has long been suffering from 
salt- affected soil due to physical characteristics of the location. In recent years, the 
problems have become more severe and the surrounding environment and the peo-
ple’s quality of life are affected. The north-eastern part of Thailand (14° 14′ to 18° 
27′ N and 101° 0′ and 105° 35′ E) is a vast area covering 1700,000 sq km, of which 
17% is salt affected soil area with different levels of concentration. The majority of 
the areas are located in Nakhon Ratchasima province, especially in Kham Thale So 
district where the impacts are severe that patches of salt stains are visible on the 
surface (Wijitkosum 2018). Isaan Catchment Hydrogeological and Agricultural 
model was used to predict that, without an appropriate management plan for salt- 
affected soil in the Kham Thale So area, the severity of the problems and the distri-
bution of salt-affected soil areas would increase by 21% in the next 30  years 
(Yuwaniyama 2004).

There are many possible solutions to mitigate soil salinity problems including 
physical, chemical and biological methods. The biological solutions are such as 
using salt tolerant plants (Grover et al. 2003; Manchanda and Garg 2008; Schubert 
et  al. 2009), cover cropping, planting soil enhancement plants, shifting the crop 
calendars (Venkateswarlu and Shanker 2009) or mixing the saline soil with soil 
amelioration substances such as cow manure or chemical fertilizers (Qadir and 
Oster 2002). Using soil amelioration substances, either natural or chemical, is the 
most popular method among farmers. This method allows the soil amelioration and 
the agricultural processes to proceed simultaneously. However, using chemical sub-
stance for soil amelioration is a costly method and may lead to long-term effects on 

S. Wijitkosum
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the ecosystem (Qadir and Oster 2002). Therefore, using environmental friendly soil 
amelioration substance is a more sustainable choice as it is beneficial to the ecosys-
tem as well as farmers’quality of life (Venkateswarlu and Shanker 2009; Chaganti 
et al. 2015; Sun et al. 2016).

Biochar, a carbonaceous organic material, is a soil ameliorating substance that 
can be obtained from various types of biomass. The types of biomass or raw materi-
als and the pyrolysis process play significant roles in the final products as the bio-
char’s characteristics are highly depending on the types of raw materials and the 
pyrolysis processes it was obtained from (Sriburi and Wijitkosum 2016; Lehmann 
and Joseph 2009; Sohi et al. 2009; Yamato et al. 2006). This exclusive characteristic 
allows biochar researchers to design and produce the substance to best suit specific 
agricultural purposes. Furthermore, biochar has been widely researched and 
accepted as an efficient soil amendment substance that improves soil quality in vari-
ous conditions including acid soils (Martinsen et al. 2015; Obia et al. 2015; Slavich 
et al. 2013; Yuan et al. 2011; Chan et al. 2007; Lehmann et al. 2003; Glaser et al. 
2002), hard soils (Herath et al. 2013; Uzoma et al. 2011; Laird et al. 2010), infertile 
soils (Wijitkosum and Kallayasiri 2015; Rajakovich et al. 2012; Laird et al. 2010), 
sandy soil (Uzoma et al. 2011), alkaline soil (Sun et al. 2016; Abrishamkesh et al. 
2015;  Wu et  al. 2014) as well as preventing soil erosion (Wang and Xu 2013; 
Chaganti et al. 2015). However, studies on salt-affected soils are limited to labora-
tory research or in column study (ex. Schultz et al. 2017; Chaganti et al. 2015; Wu 
et al. 2014) but not in field research. There is some research found that biochar is 
like organic matter that can effectively reduce the absorption of crops to Na+ and 
reduce the salinity stress to crops (Thomas et al. 2013, Yang et al. 2014). There are 
a limited number of reports describing the effects of biochar on rice grown in saline- 
sodic paddy soil. Moreover, biochar research in Thailand and the effects of biochar 
on salted soil is still scant. This study aims to explore the use of biochar as a soil 
amendment in order to solve the salt- affected soil problems. Biochar used in this 
study was obtained from a retort designed to produce laboratory quality biochar that 
is easy for farmers to use in order to promote self-sustaining biochar production.

1.2  Salt Layers Underneath the Khorat Plateau: The Source 
of Salt Affected Soil in Nakhon Ratchasima Province

Beneath the Khorat Plateau lies multilayers of various clastic sedimentary rocks in 
the Khorat group including conglomerate, sandstone, siltstone, shale and mudstone 
(Division of Mineral Resources Conservation and Management 2015). As for Maha 
Sarakham formation, the layers of rock salt underneath the soil surface contributes 
directly to the saline soil on the top surface. The formation covers approximately 
34.18% of the whole region (Department of Mineral Resource 1982; Thai- Australia 
Tung Kula Ronghai Project 1983). Moreover, the depths of rock salts differ from 
one area to another. In some areas, the depths can exceed hundreds of meters or only 

1 Applying Rice Husk Biochar to Revitalise Saline Sodic Soil in Khorat Plateau…
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up to 20–25 m deep in Nakhon Ratchasima. The rock salts located closer to the 
surface affect evaporation and brings saline solution up to the surface through the 
capillary force (Fig. 1.1).

The dissolution of rock salts and its dispersion in groundwater are the main 
causes of salt-affected soil problems in Nakhon Ratchasima. Moreover, necessary 
shortcuts and catalysts are crucial for the saline soil to widely spread over the pla-
teau. Salt domes act as shortcuts that allow the source of salt to emerge closer to the 
surface while faults act as pathways to facilitate the upward movement of saline 
groundwater (Fig. 1.1). Being dissolved by the groundwater, capillary force in the 
formerly salt domes acts as a catalyst to pull the brine to the surface against the 
gravity. At this point, water evaporates from the soils and only salt remains. This 
process happens continuously in dry weather conditions where the groundwater 
table is less than four feet and the top soil is sandy (Division of Mineral Resources 
Conservation and Management 2015).

Research indicated that the altitude of the area influences the level of ground 
water that contributed to the distribution of salt-affected soil in the area. The con-
centration of salinity was varied depending on soil horizon (Kovda et al. 1973) and 
seasons (Blaylock 1994). The level of saltiness was varied greatly (Leksungnoen 
2006) and was influenced by the saltiness of ground water (Japan International 
Cooperation Agency 1991). Moreover, heavy deforestation in the past and land use 
changes had direct impacts on the distribution of salt- affected soil (Williamson 
et al. 1989). In monsoon seasons, the salt stains washed off and retained in the soil. 
However, in dry season or in draught period, the water retained in the soil will 
evaporate and make the salt stains visible on the surface (Yuvaniyama 2003; 
Manchanda and Garg 2008). In this relatively dry area the farmers faced severe 
water scarcity problems during the dry season and lost a considerable amount of 
production land due to soil salinization.

Phu Thok Fm.

Khorat Basin

PHU PHAN
RANGE

Sakhon Nakorn Basin

Maha Sarakham Fm.

Khok Kruat Fm.

Fig. 1.1 Salt-affected areas in the north-eastern part of the country and its natural geographical 
cause. (Source Suwanich 1986)
A model showing the elevated Phu Phan Range that divides north-eastern part of Thailand into 
Sakhon Nakorn Basin and Khorat Basin resulting curved underground salt layers. These salt layers 
emerged near the surface causing salt-affected soils in the region 

S. Wijitkosum



5

Nakhon Ratchasima province covers an area of approximately 20,493.96 sq km. 
92.13% of Nakhon Ratchasima is land area and only 38.86% of the area is not 
affected by salt deposits. The saline soil area comprises lowland area (53.33%), 
high land area (46.66%) and salt farms (0.02%). Four different concentration levels 
of salt were found scattered in the lowland area: low level (less than 1% of salt 
stains), moderate level (1–10%), high level (10–50%) and heavy level (more than 
50%). The majority of the area was affected at a low level (30.33%), followed by a 
moderate level (20.42%), a high level (1.61%) and a heavy level (0.97%) (Fig. 1.2). 
However, Nakhon Ratchasima possesses the largest salt-affected areas and suffers 
the most from the problems in comparison to the whole north-eastern region. The 
salt- affected area in Nakhon Ratchasima covers 4809.58 sq km and 5866.48 sq km 
is prone to saline distribution. Of all affected area, 2.33% suffered salinity at an 
extreme, 3.85% at a high level, 49.02% at a moderate level and 44.79% suffered a 

Fig. 1.2 A map showing saline-affected areas in Nakhon Ratchasima province

1 Applying Rice Husk Biochar to Revitalise Saline Sodic Soil in Khorat Plateau…
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mild level. Moreover, 3.75% of the total area is uncultivable. Moderate to fair 
saline- affected areas, where rice was cultivated, were 15.63% and discharge basin 
area that contributed to saline dispersion was 17.19%.

Nakhon Ratchasima province was severely affected by salinization that patches 
of salt stains were visible on the surface. The rapid dispersion of saline soil had 
compromised quality of life for many people and caused many problems to the 
province’s economy, society and environment.

1.3  The Production of Rice Husk Biochar and Its Properties

The biochar used in this study was rice husk biochar (RH biochar) obtained from 
paddy husks that were locally available in the area. The paddy husks were produced 
into biochar using the slow pyrolysis process in a 4 × 200 litters Retort for Rice 
Husk Biochar Production (patent number: 1601001281) at a controlled temperature 
between 400–500 degree Celsius (Fig. 1.3). The temperature was at an appropriate 
range for producing biochar according to the Food and Agriculture Organization of 
the United Nations (FAO 2009). The retort is cost- efficient and can be built easily 
using locally available materials and in addition can use locally available biomass 
as feedstock.

The biochar sampling method used in this study was adapted from the 
Standardized Product Definition and Product Testing Guidelines for Biochar that is 
used in Soil (IBI 2014). The samples were randomly selected from ground biochar 
and analyzed for specific characteristics including surface area, total pore volume 
and average pore diameter using the Brunauer- Emmett- Teller method of analysis 
of the nitrogen adsorption isotherms. Moreover, pH (pH meter with 1:2 (v/v) char: 
water), electrical conductivity (EC; EC meter with 1:5 (v/v) char: water), cation 
exchange capacity (CEC; leaching method), organic matter (OM; Walkley and 
Black method), total carbon (total C; Shimadzu TOC Tcvh), total nitrogen (total N; 
Kjeldahl method), phosphorus (P2O5; Vanadomolybdophosphoric acid colorimetric 
method), potassium (K2O; AAS) and water holding capacity (WHC) were analysed. 
The carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) atom contents (wt.%) 
were measured using a Carbon, Hydrogen Nitrogen and Sulfur/ Oxygen Analyzer 
(Leco CHN628 model).

According to the physical and chemical analysis of RH biochar, the results indi-
cated a specific surface area of 41.43 m2/g and total pore volume of 0.034 cm3/g. 
The results were higher than those of the feedstock (rice husk) that had 2.06 m2/g of 
specific surface area and 0.0038 cm3/g of total pore volume. The majority of RH 
biochar composites were cellulose, hemicellulose and lignin. Moreover, the RH 
biochar had many pores in the structure (Fig.  1.4 bottom left and bottom right) 
which showed an average pore diameter of 32.73 Å. The X-ray elemental mapping 
with a magnification of 1000× revealed that biochar contained various elements on 
its surface. The proportion of oxygen was the highest followed by silicon, phospho-
rus, potassium and magnesium, respectively. The main elements on the surface of 
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RH biochar were oxygen (44%) and silica (20%). Nwajiaku et  al. (2018a) and 
Mahmoud et al. (2011) found that silicon increased with an increase in pyrolysis 
temperature which was a result of the change in the form of silica relative to the time 
of charring. It is reported that the amorphous form of silica changed into crystalline 
form when heat was applied (Todkar et al. 2016; Parry and Smithson 1964; Nwajiaku 
et al. 2018b).

This study concluded that the two elements on the surface were in the form of 
silicon dioxide (SiO2), which was consistent with a study conducted by Nwajiaku 
et al. (2018a), Mahmoud et al. (2011) and Mansaray and Ghaly (1997) who studied 
elements of rice husk in oxide forms. The study indicated that SiO2 was the major 
element, accounting for more than 90%, along with other elements existing in oxide 
forms such as K2O, P2O5 and MgO. The result was in accordance with the analysis 
conducted by Scanning Electron Microscope and Energy Dispersive X-ray 
Spectrometer (SEM-EDS (IT300)) that nutrients such as potassium, phosphorus 
and magnesium were crucial for crop growth. Therefore, this study concluded that 
RH biochar was an effective accelerator of crop growth.

RH biochar had weak alkalinity (pH 7.9), EC of 0.35 dS/m and CEC of 17.34 
cmol/kg. The results from Elemental Analyzer (CHNS) indicated that RH biochar’s 
composites comprised 45.68 wt% C, 0.93 wt% N and 2.22 wt% H. Its H/C molar 
was 0.27 and C/N molar was 49.50, which reflected the stability of the biochar (IBI 

Fig. 1.3 The 4 × 200 litters Retort for Rice Husk Biochar Production (patent number: 1601001281) 
at a controlled temperature

1 Applying Rice Husk Biochar to Revitalise Saline Sodic Soil in Khorat Plateau…
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2015; Downie et al. 2009; Lehmann et al. 2009). This property made the carbon in 
RH biochar very stable (Kim et al. 2012; Sohi et al. 2009; Downie et al. 2009), cre-
ated a highly porous carbon structure (Chen et al. 2012; Sohi et al. 2009) which 
made it suitable for use as a soil amendment and soil carbon storage. In terms of its 
nutritional value, RH biochar had macro-nutrients: total N content of 0.51%, with 
Total P2O5 of 0.29% and K2O of 1.02 wt.%. Moreover, RH biochar also had a high 
OM (13.06  wt%), which contributed to an increased OM level in the soil and 
improved the soil fertility. The pyrolysis of RH biochar at an appropriate tempera-
ture (400–500 °C) also increased the porosity on biochar’s surface which led to an 
increased number of ions on its surface (Sohi et al. 2009; Sun et al. 2014). This 
study concluded that RH biochar produced from the retort had superior physical 
characteristic, which was consistent with a study of Mathurasa and Damrongsiri 
(2017) who found that pyrolysis of rice husks at 500 °C for 2 h increased its surface 
area, total pore volume, pore diameter, and CEC value of the biochar product. The 
surface of RHB had a greater fraction of silica than of the unprocessed rice husk. As 
a result, the RH biochar had high capacity to adsorb and retain organic carbon and 
non- organic matters within the soil. In addition, it also contributed to nutrient 
adsorption or covalent interaction on a large surface area (Schmidt and Noack 2000; 

Fig. 1.4 Physical characteristics of rice husk biochar from multipoint BET method and scanning 
electron microscopy (SEM) at a magnification of 500× (a and b) and the porous structure of rice 
husk biochar (c and d)

S. Wijitkosum
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Amonette and Joseph 2009; Downie et al. 2009; Atkinson et al. 2010; Wijitkosum 
and Kallayasiri 2015). This helped with aeration and reduced soil density (Jones 
et al. 2010; Bhogal et al. 2009; Novak et al. 2009; Hati et al. 2007). Before applying 
RH biochar, the biochar was soaked in liquid fertilizer for three minutes and was left 
to dry on the grille. Liquid fertilizer was alkaline (pH 6.8), with EC of 0.82 dS/m, 
OM of  0.02  wt.%, total K of  0.04  wt.%, total N of 20.16  mg/ L and total P of 
44.07 mg/L. RH biochar soaked in the liquid fertilizer yielded in even more alkalin-
ity (pH 8.9), higher EC of 0.49 dS/m, higher specific surface area (98.49 m2/g) and 
higher total pore volume (0.069 m3/g). The structure of RH biochar showed an aver-
age pore diameter of 28.17 Å, with water holding capacity of 138.30%. Due to its 
large surface area and high porosity, biochar is able to adsorb and retain nutrients 
from the liquid fertilizer. This resulted in higher nutrient contents and a better struc-
ture as a soil amelioration substance. Biochar characteristics after being soaked in 
the liquid fertilizer contained 0.54% of total N, 0.35% of total P2O5, 1.10% of total 
K2O and 7.78% of silicon.

1.4  Using Biochar as a Soil Amendment for Salt-Affected 
Soil: A Pilot Study in Kham Thale So District, Nakhon 
Ratchasima Province

The study area is located in Bung O sub- district, Kham Thale So district, Nakhon 
Ratchasima province. The study area covers approximately 203.60 sq km (14°57′ 
39″ N101°56′ 51″ E). The area is inclined from the west towards the east and its 
altitude is 178–247 m above mean sea level. The soil is sandy soil and loamy sand 
of low fertility and high permeability (Fig. 1.5). The three most affected areas in 
Kham Thale So are Phan Dung, Nong Sruang and Bung O sub-districts which is the 
most affected area among the three. The study area is located in a plain area, far 
from natural water sources and with an annual average precipitation date of 
54 days/year.

Soil analysis obtained from the study area indicated that the soil was strongly 
alkaline (pH 8.5–10.20) and electrical conductivity of the saturated extract (ECe) of 
14.36–57.80 dS/m. The soil texture was loamy sand and silt loam with CEC of 
2.40–6.20 cmol/kg. The soil had a very low level of primary macronutrients (total N 
of 17.50–297.50 mg/kg, available phosphorus (avail. P) of 2.00–17.00 mg/kg, and 
exchangeable potassium (exch. K) of 3.00–31.00 mg/kg and very low level of sec-
ondary macronutrients (exchangeable calcium (exch. Ca) of 1221.44–1279.63 mg/
kg, and exchangeable magnesium (exch. Mg) of 22.50–23.22 mg/kg). The soil had 
very low fertility with 0.03–0.48% of OM. The results from the analysis of soil 
salinity parameters were: 0.03–0.54% of total sodium (total Na), 2425.50 mg/ kg of 
extractable sodium (extrac. Na), 283.60–4745.00  mg/kg of extractable chloride 
(extrac. Cl) and 34.35–1158 of Sodium Adsorption Ratio (SAR).

1 Applying Rice Husk Biochar to Revitalise Saline Sodic Soil in Khorat Plateau…
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The soil properties indicated that the soil in the area was saline sodic soil. The 
soil analysis revealed both salinity and sodicity problems and characteristics of both 
types. The saline sodic soil was referred to the soil of which ECe of saturated paste 
extract was greater than 4 dS/m, its SAR was greater than 13, its exchangeable 
sodium percentage (ESP) was greater than 15 and its pH value was usually between 
8.5 and 10. (U. S. Salinity Laboratory Staff 1954; FAO 1988; Richard 1954; Eynard 
et al. 2006; Hinrich et al. 2001; Rengasamy 2010).

Considering the ECe and SAR values to predict the quantity of salt and its 
impacts on plant growth, the results revealed that the soil in the pilot study area was 
of extremely high salinity. The soil was not suitable for regular plants but were suit-
able for halophytes or other plants with efficient salt-tolerance mechanisms (ECe 
greater than 16 dS/m) (El-Zanaty et al. 2006; Flowers et al. 1986). The high salinity 
made the area uncultivable and was left barren. There was no vegetative cover 

Fig. 1.5 The critical area affected by salt-affected soil in Kham Thale So, Nakhon Ratchasima

S. Wijitkosum
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excepts halophytes and salt-tolerant plants (El-zanaty et  al. 2006; Flower et  al. 
1986) such as Acacias ampliceps and Sesbania (Sesbania rostrate L.) rostrate that 
local farmers grew to battle soil salinity in the area.

The salinity and sodicity of the soil properties caused a declined vegetation 
growth (Chen et al. 2007; Mathur et al. 2006; Shi and Wang 2005; Raul et al. 2003) 
from salt toxicity (Bacilio et al. 2004; Munns 2005; Orcutt and Nilsen 2000), high 
osmotic suction (Kaymakanova et al. 2008; Sheldon et al. 2004), nutrient deficiency 
(Lakhdar et al. 2009; Yuwaniyama 2004), high pH, surface crust and degraded soil 
structure. A field survey revealed visible salt stains scattered on the soil surface and 
no vegetative cover was present. In relation to the findings, Wijitkosum (2018) also 
reported that the area in Kham Thale So district, Lam Ta Kong watershed was also 
critically affected by salinity, especially in the northern parts where dense salt crusts 
(>50%) were distributed widely on the soil surface (Fig. 1.6).

The salt-affected soil problems in Kham Thale So district were the results of 
groundwater flows that spread more saline water into the recharge area. This process 
accelerated the local flow system allowing more groundwater with rock salt solution 

Fig. 1.6 The pictures of saline sodic soils and salt stains

1 Applying Rice Husk Biochar to Revitalise Saline Sodic Soil in Khorat Plateau…
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to be brought up to the soil surface (Williamson et al. 1989; Yuwaniyama 2004). 
Moreover, Wijitkosum (2018) found that the study area was facing the highest risk 
of drought due to its location which was further from the water sources together with 
a very low precipitation volume of only 931 mm/year. Additionally, the salt- affected 
soil also caused physiological drought. The situation was at its peak during drought 
season when water evaporated from the soil leaving behind salt stains which 
appeared on the soil surface (Yuvaniyama 2003; Manchanda and Garg 2008). The 
expansion of saline soil to nearby areas also had an effect on ecosystems and 
resource utilization. These problems greatly and adversely affected agricul-
tural areas.

1.5  Application of Rice Husk Biochar on Saline Sodic Soil 
in Rice Paddy Fields

In this study, soil samples in the experimental plots were collected both pre- cultiva-
tion and post- cultivation to analyse their physical and chemical characteristics 
including pH, soil texture, ECe, CEC, OM, total N, total Na, avail. P, exch. K, exch. 
Mg, exch. Ca and SAR. Soil in the experimental plots was classified as strongly 
alkaline loamy sand (%sand = 72, %silt = 20, %clay = 8) with a pH of 10.20 and 
CEC of 5.79 cmolc/kg. The salt-affected soils had a high value of ECe with 48.47 
dS/m and SAR of 1158. It had a high concentration of dissolved mineral salt, exch. 
Mg of 22.50 mg/kg, exch. Ca of 1279.63 mg/kg and total Na of 0.329%. Moreover, 
the affected area had very low soil fertility with 0.103% of OM, 0.004% of total N, 
14.50 mg/kg of exch. K and 3.88 mg/kg of avail. P. Based on their ECe, SAR and 
pH, the soil in the experimental plots was saline sodic soil. The study was a field 
experimental design aimed to explore the impacts of biochar as soil amelioration 
substance on the salt-affected areas under the influences of actual natural factors 
such as weather conditions, temperature and precipitation. The experimental plots 
located at UTM 193.051605–193.370087 and 196.0820153–200.17691. The study 
was carried out using randomized complete block design (RCBD). The size of each 
experimental plot was 3.0 m in width, 4.0 m in length and 0.3 m in depth. There 
were 20 experimental plots in total which were divided into five treatments, each 
with four replicates. The five treatment conditions included soil plus 1.25 kg/ sq m 
organic fertilizer for control untreated treatment (TM) representing regular farming 
activity. The other four treatments were soil plus 1.25 kg/sq m organic fertilizer with 
different amounts of added biochar at 2.0 kg/sq (T-MBR2), 3.0 kg/sq (T-MBR3), 
4.0 kg/sq (T- MBR4) and 5.0 kg/sq (T-MBR5). There were two equal applications 
of organic fertilizer for all treatment: once at two weeks before rice planting and 
subsequently at booting stage.

The organic fertilizer was produced from the composting of soybean stems and 
its characteristics were in accordance with all the parameters the Organic Fertilizer 
Standard of the Thai Department of Agriculture in 2005. The characteristics of 
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organic fertilizer were: pH 8.3, EC of 3.50 dS/m, 40.30 wt.% OM, 23.43 wt.% total 
organic carbon (TOC), 1.70 wt.% total N, 0.87 wt.% total P,3.54 wt.% total K and a 
13.75 C/N ratio. Jasmine rice 105 (Oryza sativa L.), namely Khao Dawk Mali 
(KDML105) or Thai Hom Mali 105″, was planted in the experimental plots. After 
mixing the soils according to the given ratio, the treatments were left in the sun to 
dry for 14 days prior to adding water to each plot. Each plot was irrigated with 
10 cm of water in depth. A day after irrigation, the rice was transplanted into the 
experimental plots.

1.6  Effects of RH Biochar on Physiochemical Properties 
of Saline Sodic Soil

After harvesting, the soil samples form all experimental plots were randomly 
selected in the amount of 1000 g/plot at a depth of 30 cm from soil surface. All soil 
samples were analyzed for physical and chemical properties. The results revealed 
changes in soil properties after applying RH biochar (Table 1.1). Soil pH decreased 
in every experimental plot to pH 9.50–9.80. The change of pH was not statistically 
significant in comparison with the soil before the cultivation. On the other hand, 
ECe was significantly decreased in all treatment relative to pre-treatment. ECe 
decreased in every treatment from 46.47 to 6.78–7.00 and the ECe values were 
higher in treatments without biochar (TM). The CEC value in all biochar- treated 
treatments showed statistically significant decreases in comparison with the pre- 
cultivation soil. The highest amount of biochar added (T-MBR5) had the highest 
CEC increase (8.34 cmol/kg). The soil fertility value rose in every treatment with 
biochar (0.180–0.260) and the result was statistically significant whereas the fertil-
ity values declined in all non- biochar treatments (0.060%). The OM value increased 
the most in the treatment with the highest amount of biochar. The primary macronu-
trients in soil underwent certain changes after the rice cultivation. In the treatment 
without biochar (TM), the total N value decreased to the point that it could no longer 
be measured. In the treatments with biochar, the total N values were maintained: 
0.004% in T-MBR3 and 0.011% in T-MBR4 which was the highest increase in the 
total N value. The result from the T-MBR4 treatment was the only treatment that the 
increase of total N showed statistically significant difference (Table 1.1).

Moreover, avail. P and exch. K values increased in every treatment whereas 
avail. P and exch. K values were the lowest in TM treatments. In other words, there 
was 10.00 mg/kg of avail. P and 38.00 mg/kg of exch. K in treatment with organic 
fertilizer (TM). The avail. P value and exch. K value were the highest values in the 
T-MBR5 treatment with the highest volume of biochar (22.00 mg/kg and 191.00 
mg/kg, respectively), of which the values of avail. P and exch. K increased by 5.67 
and 13.17 times, respectively. As for the treatments with lowest volume of biochar 
(T-MBR2), the avail. P and exch. K values increased by 3.61 and 6.90 times, respec-
tively. In the treatment without biochar (TM), the avail. P and exch. K values only 
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increased by 2.58 and 2.62 times, respectively. Comparing the amount of avail. P 
and exch. K in soil, all treatments after the cultivation revealed results that were 
statistically significant difference in comparison with treatments prior to the 
cultivation.

After rice cultivation, the amount of micronutrients such as exch. Ca and exch. 
Mg increased in all treatment. Exch. Ca value increased in every treatment. The 
treatment with the highest increase of exch. Ca value was TM (1479.00 mg/kg). The 
exch. Mg increased in every treatment with the value of 46–63 mg/kg with was 
statistical significance. The amount of exch. Mg was higher in the soil after rice 
cultivation in the biochar treated treatments (49.00–63.00 mg/kg) than the one with-
out biochar treated (46.00 mg/kg). The highest amount of exch. Mg was found in 
the treatment with the lowest volume of biochar (T-MBR2).

The parameter illustrating soil salinity revealed that certain changes occurred in 
every treatment (Table 1.1). After the cultivation, the total Na value decreased the 
most in the T-MBR4 treatment at 0.147%. The extrac. Na value and the SAR value 
decreased the most in the TMBR-5 at 1080  mg/kg and 10.36, respectively. The 
value of extrac. Na in TMBR-5 decreased by 2.25 times and the SAR value decreased 
by 111.78 times in comparison to the soil prior to the cultivation. However, in the 
TMBR-4 treatment, the amount of total Na decreased by 2.24 times in comparison 
to the pre-cultivated soil. As for treatments with only fertilizer, the amount of total 
Na, extrac. Na and SAR decreased by 1.68, 1.60 and 93.01 times, respectively, in 
comparison to the pre-cultivated soil. Meanwhile, treatments with the least of bio-
char rate- treated, the amount of total Na, extrac. Na and SAR decreased by 1.97, 
1.78 and 106.63 times, respectively, in comparison to the pre-cultivated soil. Even 
though the soil salinity parameter in the post-cultivation treatments indicated 
reduced amount to total Na, extrac. Na and SAR, the treatments incorporated with 
biochar revealed a better decreased rate than the non-biochar incorporated 
treatments.

1.7  Rice Yields from the Saline Sodic Soil Area

In this study, Jasmine Rice 105 was cultivated in five experimental plots each with 
four replicates which totalled 20 plots. Each plot measured 12 sq m (3 × 4 sq m). 
Three rice saplings were placed in each of the plots (three saplings in a clump) 
(Fig. 1.7a, b). On average, there were eight clumps per square metre (Fig. 1.7c, d). 
At the time of harvesting, it was apparent that out of the five experimental fields, 
there were merely three treatments that produced harvestable yields, of which only 
one treatment yielded top quality rice crops (Fig. 1.7e, f). However, rice seedlings 
in other plots grew up to a vegetative stage but failed to mature or ripe which made 
it unable to harvest (Fig. 1.7g). Some seedlings died at an early stage and some died 
off soon after. The rice turned yellow and withered away (Fig.  1.7h). The three 
experimental plots that were successfully grown were those with biochar-treated 
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Fig. 1.7 The transplanting of Jasmine Rice 105 in experimental plots with saline sodic soil. (a) 
The preparation of the experimental plots. (b) Rice saplings. (c) Rice saplings after transplanting. 
(d) Rice saplings in plot T-MBR2 after transplanting. (e) Rice at the maturing stage in plot T-MBR2 
(f) Yield from plot T-MBR2. (g) Rice saplings in plot T-MBR5 – a month after transplanting. (h) 
Dead rice in an irrigated TM plot
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treatments at 2.0 kg/m2 (T-MBR2); 3.0 kg/m2 (T-MBR3) and 4.0 kg/m2 (T-MBR4), 
respectively.

The experimental plot with the least amount of biochar (2.0 kg/m2) yielded of 
jasmine rice with the maximum number of ears of paddy per area and ears of paddy 
per clump. The results followed by the plot with RH biochar of 4.0 kg/m2 and of 
3.0 kg/m2, respectively. The details are provided in Table 1.2.

Even though the results from the 6-month cultivation period were not promising, 
there was an apparent improvement on the quality of soil. The change allowed the 
rice saplings to grow in the current saline sodic soil experimental plots and yielded 
acceptable crops. The changes that were influenced by biochar application were pH, 
ECe and CEC (Wijitkosum and Jiwnok 2019; Wijitkosum and Kallayasiri 2015; 
Yooyen et al. 2015; Laird et al. 2010). It also improved ion exchange ability (Schultz 
et  al. 2017), better microbials activities as well as absoption ability of the roots 
(Akhtar et al. 2015a; Yooyen et al. 2015; Wang et al. 2014).

Biochar has an ability to adsorb salt from saline soil (Melas et al. 2017; Schultz 
et al. 2017; Chaganti and Crohn 2015; Akhtar et al. 2015a; Novak et al. 2009) and 
many studies revealed that adding salt into salt-affected soil reduced sodium ion 
accumulation in different parts of rice plant. Moreover, biochar addition reduced 
plant sodium uptake under salt stress soil by transient Na+ binding due to its high 
adsorption capacity and by releasing mineral nutrients (particularly K+, Ca2+, Mg2+) 
into the soil solution (Melas et al. 2017; Akhtar et al. 2015b). Feng et al. (2018) 
showed that the sodium ion accumulation significantly decreased and reduced 
sodium ion toxicity for better rice growth and yield formation after biochar applied 
in saline- sodic paddy soil. Moreover, biochar increased root biomass which accel-
erated plant growth (Alcívar et al. 2018; Wijitkosum and Jiwnok 2019; Yooyen et al. 
2015) which was the result from biochar’s ability to exclude salts from root system 
(Akhtar et al. 2015a). Biochar also able to induce exudation of organic compounds 
produced by the plant microbiota, which positively affects root development 
(Arjumend et al. 2015; Kammann et al. 2011). Similar results were also found by 
Akhtar et al. (2015a) biochar positively affects plant root growth under saline condi-
tions, due to its high adsorption capacity, which might lead to reduce Na+ uptake or 
enhanced Na+ exclusion or both from roots. This indicated the overall improvement 
of the soil and its fertility as well as the reduced soil salinity enabling the rice to 
grow in the previously barren land. However, the improvement of saline sodic soil 
is a longitudinal and continuous process. Such outstanding revelation included the 
improvement of the salt- affected soil quality by adding soil organic carbon released 
from the RH biochar. The rice cultivation also required an adequate amount of water 

Table 1.2 Yields of Jasmine Rice 105

Treatments
Ears per area 
(ears/m2)

Numbers of ears per 
clump (ears/clump)

Whole grain rice 
yields (g/m2)

White rice 
yields (g/m2)

T-MBR2 100.00 12.50 142.14 80.82
T-MBR3 27.00 3.38 38.38 21.82
T-MBR4 43.33 5.42 61.60 35.02
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throughout the process. The sufficient amount of water aided the movement of salt 
from underground to the surface. Moreover, the betterment of the salt-affected soil 
required the right amount of time to further enhance the soil property. It contributes 
to a higher volume of products. This finding was in accordance with a number of 
research attempts indicating that in order to effectively improve soil with biochar, 
one needed to dedicate the right amount of time to make the biochar mechanism 
work as effectively as possible.

1.8  Rice Husk Biochar as an Organic Soil Amendment 
for Reclamation of Saline Sodic Soil

RH biochar is a highly stable substance rich in nutrients. It was produced by the slow 
pyrolysis of rice husk in a retort controlled temperature between 400–500 °C. The 
results indicated that the soil properties showed a better improcement when the soil 
was incorporated with both biochar and organic fertilizer than the treatment with 
fertilizer alone. Moreover, the improved quality of the soil enabled rice growth in 
saline soil within the 6-month application period. This experiment also indicated 
that, adding RH biochar into saline sodic soil improved all soil properties and pro-
viding better results than adding fertilizer alone. The results are shown below.

1.9  pH Value and Potential to Reduce Alkalinity

Research indicated that applying organic amendments into the salt-affected soil 
reduced soil pH (Wong et al. 2009; Makoi and Ndakidemi 2007). The results from 
this study showed that RH biochar added into soil decreased the soil pH. Even though 
the results did not show statistically significant difference between treatments, the 
biochar treated treatments yielded lower pH than the non-treated treatments (Fig. 1.8).

This was possible due to the fact that RH biochar had lower alkalinity (pH 6.8) 
than the soil (pH 10.20). Many studies reported that most biochar are alkaline and 
soil pH increases due to biochar application (Wijitkosum and Kallayasiri 2015; 
Martinsen et al. 2015; Obia et al. 2015; Yuan et al. 2011; Laird et al. 2010; Glaser 
et al. 2002). All of these studies were conducted on acidic soils with pH lower than 
biochar. On the other hand, studies in alkaline soil indicated that biochar application 
into the soil can decreases soil pH (Wijitkosum and Jiwnok 2019; Sun et al. 2016; 
Wu et al. 2014; Liu and Zhang 2012; Yamato et al. 2006), especially in saline sodic 
soils and sodic soils (Abrishamkesh et al. 2015; Liu and Zhang 2012).

High pH values of saline sodic soils and sodic soils are primarily associated with 
high exchangeable sodium percentage (ESP) (Shaygan et al. 2017), a reduction in 
soil ESP of those incorporated with biochar can be concluded as one of a possible 
mechanisms responsible for the decrease in soil pH (Lashari et al. 2015). Furthermore, 
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as for the biochar induced reduction in ESP, the initial pH of biochar may play a 
significant role in the pH changes of salt-affected soils (Sun et  al. 2016; Amini 
et al. 2015; Liu and Zhang 2012). The pH of biochar depends on the types of feed-
stock and the pyrolysis condition as reported by Yuan et  al. (2011), Chen et  al. 
(2008), Yamato et  al. (2006) and Glaser et  al. (2002). The alkalinity of biochar 
results from their ash content releasing base cations and alkaline properties of 
organic functional groups (Yuan and Xu 2012). Many studies found that, not only the 
pH of biochar, the pH of soil also impacted the final pH of the biochar-soil mixture 
(Saifullah et al. 2018; Wijitkosum and Kallayasiri 2015). In this study, soil pH from 
all biochar- treated treatments were lower than the treatments with solely added fer-
tilizer. The pH level in the soil changed due to its ability to exchange cations in the 
soil solution. Adding biochar into the soil enabled chemical activities that triggered 
the ion exchange which led to a higher level of soil pH (Warnock et al. 2007; Chan 
et  al. 2008; Yuan et  al. 2011) while biochar pH decreases (Amelong et  al. 1997; 
Wijitkosum and Kallayasiri 2015). Hinsinger et  al. (2003) explained that the 
decreased pH in biochar-treated treatments was due to the high amount of biochar’s 
CEC which promoted the plant’s uptake of cation (e.g. K+, Ca2+, and Mg2+), resulting 
in H+ being released from roots to balance the charges. The change of the pH occurred 
from oxidations between functional groups of biochar and soil solution (Cheng et al. 
2006). Moreover, application of biochar also stimulates microbial activities. 
Biochar’s highly porous structure and large surface area provides “shelter” for soil 
microorganisms such as microbes which live in the plants’ rhizosphere and increase 
macro-nutrient availability, soil aeration and soil hydrology (Sriburi and Wijitkosum 
2016; Hardie et al. 2014; Downie et al. 2012; Lehmann and Joseph 2009). Thus, the 
carbon dioxide partial pressure increases during the decomposition of organic mat-
ters in the soil and causes the development of pH-reducing conditions. Biochar effec-
tively adjusts the pH of the soil in agricultural areas as shown in Wijitkosum and 
Kallayasiri (2015) which the results indicated that biochar obtained from wood 
scraps improved soil pH in the agricultural area from pH 6.70 to pH 7.51. The study 

Fig. 1.8 Soil pH after the soil amelioration treatment (post-cultivation)
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took into account the suitable amount of biochar applied per area and the types of 
biomass that were made into biochar. Liu and Zhang (2012) reported that biochar 
produced a decreasing pH trend, which can reduce the effect of high pH on the 
growth and development of rice and soil nutrient availability. It was necessary for the 
biomass types to be appropriate for the nature of the soil as buffering capacity of the 
soil may hamper its ability to improve the pH (Collins 2008; Yuan and Xu 2010). It 
was also reported that biochar’s capability for reducing salt-affected soil pH was 
mainly influenced by the types of raw materials (Schultz et al. 2017). Biochar was 
able to lower soil acidity in accordance with the amount of biochar being mixed 
within the soil. The ability to lower soil acidity increased in accordance with the 
amount of added biochar (Yuan et  al. 2011; Jien and Wang 2013). However, the 
decreasing trends of soil pH and its relation the amount of added biochar were not 
conclusive and did not reveal apparent differences.

1.10  Soil CEC and Levels of Base Cations 
with Biochar Addition

Soil CEC was increased in all treatments but there was a significant difference 
between the pre and post cultivation in only the biochar-treated treatment. Moreover, 
CEC results in all biochar-treated treatments were higher than the treatments with-
out biochar treated (Fig.  1.9). The results corroborated Wijitkosum and Jiwnok 
(2019), Wijitkosum and Kallayasiri (2015), Yooyen et al. (2015), Abdullaeva (2014) 
and Laird et  al. (2010) which observed that CEC in various types of soil were 
increased after the addition of biochar from agricultural residues.

Adding RH biochar into the soil helped increase soil CEC significantly, but the 
significant difference on soil CEC among the biochar-treated treatments were not 
detected (Fig. 1.9). This result was similar to previous studies that also reported the 
increases in soil CEC after application different types of soil amendments such as 
composts (Aggelides and Londra 2000; Ouédraogo et al. 2001), biochar (Laird et al. 
2010; Cheng et  al. 2008; Liang et  al. 2006). Furthermore, the high CEC value, 
increased due to biochar application, had a tendency to control the soil salinization 
process in agricultural lands (Liu and Zhang 2012).

The value of soil CEC increased after adding RH biochar was due to an effect of 
biochar’s structure. Ions from the biomass that was made into biochar helped 
enhance cation exchange capacity within the soil (Chan et al. 2008; Lehmann et al. 
2003). After the pyrolysis process, the structure of biochar was formed by aromatic 
compound (Schmidt and Noack 2000) and carboxyl groups were created on its sur-
face which led to high ion exchange capacity (Joseph et al. 2009; Lehmann et al. 
2007; Cheng et al. 2006). CEC is the quantification of the capacity of a material to 
bind positive charged ion or molecule on negatively charged surfaces like clays and 
soil organic matter (Brady and Weil 2008). Biochar has large surface areas and a 
large number of ions per area resulting in a higher rate of ion exchange within the 
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soil (Liang et al. 2006). However, the amount of biochar added to the soil has an 
influence on the ion exchange capacity. This study concluded that the more biochar 
added, the better the ion exchange performance became (Fig.  1.10). The results 
were in accordance with Zhang et al. (2019); Chintala et al. (2014); Liang et al. 
(2006) in both laboratory and field researches. Chintala et al. (2014) incubated sodic 
soil with biochar made from corn stover (Zea mays L.) in different ratios (0, 52, 104, 
and 156 Mg ha−1) over the period of 165 days. The results indicated that the increase 
in soil CEC values was significantly higher in treatments with corn stover biochar at 
all application rates. The CEC values increased in accordance with the increased 
amount of incorporated biochar. The CEC values were 14.71 for 52 Mg ha−1, 17.33 
for 104 Mg ha−1 and 19.04 for 156 cmolc kg−1. As for the field research, Nigussie 
et al. (2012) conducted an experiment on lettuces (Lactuca sativa) by incorporating 
biochar produced from maize stalk at the rates of 0, 5 and 10 t/ha on soils (pH = 5.23; 
sand:silt:clay = 20%:40%:40%). The results indicated that CEC values at the post- 
cultivation stage were 27.22, 31.61 and 33.69  meq/100  g. However, Abdullaeva 
(2014) founded that the CEC in soil were not depending on the rate of biochar- 
treated applied. The results revealed that the amount of CEC increased in accor-
dance with the amount of biochar added to the treatments. Moreover, the CEC 
amount also increased even higher the longer the biochar was incorporated within 
the soils (Zhang et al. 2019).

The increase of CEC is possible from the exchange of ions between soil solution 
and biochar through cation exchange which is a reversable process that occurs con-
stantly. The process allows plants to utilise the nutrients continuously. Therefore, 
the increase in the amount of exchangeable cations in the amended soils suggested 
an improvement in soil fertility and nutrient retention, which may be attributed to 
the high specific surface area and a number of carboxylic groups of the biochar 
(Cheng et al. 2006; Metson 1961).

Fig. 1.9 CEC values at post treatment and post cultivation stage
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1.11  Biochar Impact on Soil ECe and SAR of Saline 
Sodic Soils

Even though the post-treatment results of soil ECe were not significantly different 
from one treatment to another, the results still showed a significant difference 
between the ECe of the pre- and pos- treatment results (Fig. 1.10). The decrease of 
ECe was apparent in one crop cycle. However, Lashari et al. (2013) indicated that 
the decrease of ECe was detectable in the 2-year field experiment under the com-
bined application of biochar and poultry manure compost compared to non-treated 
soil. In contrast, Alcívar et  al. (2018) found that soil amendment applications 
resulted in a significant reduction in soil ECe except in the biochar treatment. 
However, Usman et al. (2016) showed that biochar addition at higher rates increased 
ECe values due to the concentration of soluble salts in the ash.

However, the slight decreases of ECe among the treatments might be due to the 
high amount of salt accumulated in plants’ roots. The experimental fields were high 
in temperature, effected by direct and strong sunlight and retained little amount of 
freshwater. On the other hand, saline solution in groundwater was similar to that of 
surface water which contributed to a high level of evapotranspiration which bring a 
large amount of salt to the surface. Therefore, washing away the salt from the sur-
face was limited. The comparison between ECe results among the pre- and the post- 
treatments were taken from the cultivation in the experiment. Each plot was irrigated 
with water at 10  cm in depth (Williamson et  al. 1989; Qadir  and Oster 2004; 
Manchanda and Garg 2008; Yuvaniyama 2003). The reduction of ECe in saline 
sodic soil was attributed to the biochar-induced improvement in soil porosity and 
hydraulic conductivity that accelerated leaching of salts. ECe reduction in biochar-
treated soil was be attributed to the adsorption of some soluble ions by functional 
groups existing at the biochar surface.

The SAR of all treatments were significantly decreased in post-cultivation, but 
the SAR among post- treatments were not significant different. However, the SAR 
of saline sodic soil in all biochar-treated treatments were lower than the fertilizer- 
treated treatment alone. However, Alcívar et al. (2018) indicated that soil incorpo-
rated with humic substances yielded a smaller decrease in SAR soil incorporated 
with humic substances alone.

Fig. 1.10 ECe and SAR values of the post-cultivation stage
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Adding RH biochar into the saline sodic soil as a soil amendment increased salt 
leaching which was facilitated by soil aggregation. In addition, Kim et al. (2016) 
discussed the changes of SAR values within the soil that there was an apparent 
relationship between Na+ and Ca2+ proportions in the soil solution. The content of 
Na and Ca varied depending on biochar types. The rate and types of biochar applied 
into the soil are the two most important factors controlling the impact of biochar on 
SAR of saline sodic soils. In contrast, the result from this study found that the SAR 
values in saline sodic soils were not depending on the rate of biochar-treated applied 
(Fig. 1.10). The decreases in soil EC and SAR in this study were similar to the find-
ings of Lashari et al. (2015), Hammer et al. (2015) and Akhtar et al. (2015a).

1.12  Effects of Biochar on Na+, Mg2+, Ca2+ of Saline 
Sodic Soil

Post-cultivation soil analysis revealed non-significant differences among treatments 
with the control having higher soil total Na and extrac. Na+ than soils that received 
biochar amendments (Fig. 1.11). The results of this study were similar the Chaganti 
et al. (2015) of which the application of biochar helped reduce highest amount of 
extra. Na+ by 80% in comparison to the control treatment.

This study found that adding RH biochar into the soil significantly decreased 
total Na and extrac. Na+, but the significant difference on soil total Na and extrac. 
Na+ of the addition of various amount of RH biochar was not detected (Fig. 1.11). 
The findings corroborated Lashari et al. (2013) who reported that there was a sig-
nificant decrease in soil pH and salt and sodium contents with the application of a 
biochar. Alcívar et al. (2018) reported that adding biochar alone and biochar incor-
porated with humic substance significantly reduced extrac. Na+ in soil. There are 
many studies (ex. Alcívar et  al. 2018; Major et  al. 2010; Lehmann et  al. 2003) 
reported that the incorporation of biochar into soil successfully reduced Na+ con-
centrations. Moreover, application of RH biochar into the soil can significantly 
increase soil Mg2+and Ca2+. The ions were being absorbed onto biochar surfaces 

Fig. 1.11 Total Na and extractable Na at the post-cultivation stage

1 Applying Rice Husk Biochar to Revitalise Saline Sodic Soil in Khorat Plateau…



24

which increased K+, Ca2+, Mg2+ concentrations (Alcívar et al. 2018; Lashari et al. 
2015; Hammer et al. 2015; Akhtar et al. 2015a, b; Major et al. 2010).

The reclamation of saline sodic soils requires the removal of sodium from the 
soil exchange sites into soil colloids by divalent cation to promote soil flocculation 
(Jalali 2008). This is a key point for a successful reclamation of saline–sodic soil. 
Soil incorporated with organic amendments, such as fertilizer and biochar, has an 
increased amount of soil CEC that attracts Ca2+ instead of Na+ from the soil solu-
tion. The results of this research study was similar to the findings of Hammer et al. 
(2015), Rajakovich et  al. (2012), Tsai et  al. (2012) and Laird et  al. (2010) who 
reported that biochar was rich in nutrients such as Ca2+ and Mg2+ and enhanced their 
availability in the soil when added as soil amendments.

This was due to the pyrolysis condition of biochar. Feedstocks that underwent 
the pyrolysis process contained a higher amount of P, Mg and Ca (Cao and Harris 
2010). Therefore, saline sodic soils benefit from biochar application in various ways 
including an increased content of soil organic carbon and nutrients, especially cat-
ionic ones (eg. K+, Ca2+, Mg2+), increased CEC, more stable soil structure, enhanced 
physical properties by balancing water contain and air porosity as well as the 
replacement of Na+ from exchange sites by providing Ca2+ in soil solution (Zheng 
et al. 2018; Usman et al. 2016; Yue et al. 2016; Rajakovich et al. 2012).

Many studies also indicated that the reclamation process was a lengthy process. 
Lashari et  al. (2013) reported no significant differences in total N between plots 
applied with biochar manure compost in combination with pyroligneous solution 
and untreated plots in the first year of the experiment. However, there was a 69% 
increase in total N in the second year. Biochar amendment had significant effects on 
soil Ca in Year 1, but this did not persist the following year. Amended soils’ P, K, or 
Mg levels were not significantly different than those of the control soils in either 
year though their concentrations decreased at the end of the study. The decrease in 
base cation concentrations by the end of the second growing season was due to crop 
uptake and leaching losses in this sandy and saline-sodic soil.

1.13  Conclusion and Recommendation

The application of RH biochar into saline sodic soils has great potential for reducing 
soil salinity, improving soils fertility and promoting rice growth. Therefore, this 
study concluded that adding RH biochar into the experimental fields of Jasmine rice 
105 in one crop cycle significantly improved the quality of the soil both physically 
and chemically and the results were statistically different. Main parameters indi-
cated a decrease in soil salinity were the reductions of ECe, extrac. Na, total Na and 
SAR and the increase of exch. Mg and exch. Ca. Moreover, the soil became more 
fertile and the agricultural areas transformed from uncultivable bare lands into cul-
tivable soils even though the products were not of top quality. The study indicated 
that treatments of soil with biochar induced changes in soil that are favourable, but 
long- term studies are required to monitor the extent of these effects. Moreover, one 
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of the crucial factors for saline sodic soil amelioration was also maintaining the 
irrigation level in the rice fields to prevent transportation of salt to the soil surface. 
Therefore, using RH biochar to revitalise saline sodic soil should maintain the irri-
gation level in the plots.
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Chapter 2
Impact of Pyrolysis Techniques on Biochar 
Characteristics: Application to Soil

Vineet Yadav and Puja Khare

Abstract Society currently faces global environmental challenges of the burning 
of waste plants reside which demand innovative, interdisciplinary and complex 
solutions. In India about 500 million tons agricultural and agro-industrial residues 
are being generated annually in the country. A major amount of this agricultural 
residue farmers treats as waste, are burn in field itself. Hence, there is need to com-
bat these problems through a sustainable management system, which will revive 
depletion of waste generated from agriculture itself. Conversion of this agricultural 
waste into biochar through pyrolysis could be a positive solution for minimizing 
agricultural waste. Production of biochar also offers many opportunities for enhanc-
ing soil Physico-chemical characteristics and carbon sequestration. However these 
characteristics alter with different factors like type and temperature of pyrolysis, 
biomass holding time. In the present chapter the detailed information of pyrolysis 
techniques and their impact on soil fertility are discussed.
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2.1  Introduction

India has a huge amount of agriculture land area (159.7 million hectares i.e. 60.4%) 
and ranks second globally in agricultural production at $367 billion. Simultaneously, 
a huge quantity of unused agricultural spent produced, whose disposal is one of the 
major concerns, currently. The MNRE (Ministry of New and Renewable Energy) 
jointly with Indian Institute of Science, Bangalore evaluated (24 February 2014) 
that approximately 500 million tons of agro-industrial and agricultural wastes are 
being produced annually in the country. The major quantities of these wastes gener-
ated from agricultural sources are sugarcane bagasse, aromatic crop residue, paddy, 
wheat straw, and husk, etc. (Quispe et  al. 2017). In which, about 50% of finds 
 application in various industrial and agricultural purposes like animal feedstock, 
paper industry, and energy generation, etc. However, major amount of agricultural 
residues, to which farmers treat as waste, are burn in field itself (Fig. 2.1). One of 
the most important negative effects of burning of these wastes is CO2 release, which 
is the main greenhouse gas that is generated by human activities. The progress in the 
agriculture through utilization of agricultural land leads to depletion of nutrient con-
tents of soil and their organic carbon (OC) content (Yadav et al. 2018b)

According to the survey (The Economic Times: 29 January 2018), 35 million 
tonnes of paddy crop in 3 adjacent states (Punjab, Haryana and Western UP) are 
burnt in late October. In the last decades, there is much news bulletin on the draw-
back of crop residue burning in the field (Fig. 2.2).

Therefore, a sustainable management method is required to tackle these two 
agricultural problems through reutilize these agricultural waste. The conversion of 

Fig. 2.1 Agricultural crop residue burning and greenhouse gases emission
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biomass wastes to value-added products as biochar through pyrolysis has been rec-
ommended to avoid the negative effects of the direct burning of these biomasses 
(Fig. 2.3). As biochar is resistant to biological decay, it can be preserved in the ter-
restrial systems for more longer time than the other plant residues or compost, 
hence; the beneficial effects of biochar are extended (Lehmann et al. 2011). Biochar 
has the potential to enhance yield of agricultural crop and long-term (hundreds to 
thousands of years) storage of carbon in soils (Lehmann et al. 2006). However, the 
benefits of biochar to the agricultural soil depending on a number of factors includ-
ing feedstock, (Tiwari et al. 2019a; Tiwari et al. 2019b; Singh et al. 2019; Kour et al. 
2019), biochar production methods and application rates (Jha et  al. 2010). The 
 feedstock is possibly an important variable for evaluating the final composition and 
characteristics of biochar.

2.2  Background

The beginning of biochar is associated with the ancient populations of the Amazon 
region, known as Terra Preta de Indio, where the dark earth was generated by the 
use of techniques of slash and char (Lehmann and Rondon 2006). Nowadays, bio-

Fig. 2.2 News bulletin on agricultural crop residue burning
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char is known to be the best amendment for the fertility of soil and its sustainability, 
so far many researchers and farmers are still paying attention to its hidden secrets 
all over the world. Biochar is a constructed scientific term. The different agencies 
biochar defined in a different way: The International Biochar Initiative (IBI) had 
shown its definition as “A solid material obtained from the thermo-chemical conver-
sion of biomass in an oxygen-limited environment” (The International Biochar 
Initiative (IBI).”The porous carbonaceous solid material produced by the thermo-
chemical conversion of feedstock in an oxygen depleted atmosphere that has physi-
cochemical properties suitable for safe and long-term storage of carbon in the 
environment” Shackle et al. (2012).

2.2.1  Production of Biochar

The conversion of biomass through pyrolysis is a very old technology, which is still 
applicable for energy production and biomass conversion. The definition of pyroly-
sis of feedstock is always the same that is thermo-chemical conversion of feedstock 
material in the absence of oxygen. However, different methodologies exist for the 
pyrolysis of biomass, and it can be further categorized into three subcategories: fast 
pyrolysis, slow pyrolysis and full gasification (Fig. 2.4).

Fig. 2.3 Schematic of the utilization of agro-waste through pyrolysis
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2.2.2  Slow Pyrolysis

Production of biochar through pyrolysis is a technology that has been examined for 
biochar production. Historically, slow pyrolysis of woody biomass through tradi-
tional kilns have been the most widespread application for biochar or charcoal 
 production (Van Zwieten et al. 2010). Compared to the fast pyrolysis, rate of heating 
in the slow pyrolysis uses slower (ranging from 0.0 °C s−1 to up to 10 °C s−1).

2.2.3  Fast Pyrolysis

This technology uses more stable processes designed to produce a higher fraction of 
liquid products (Brown et al. 2011). Fast pyrolysis use for conversion of biomass in 
a few seconds, using high heating rates (> 200 °C s−1) and short residence times 
(< 5 s).

2.2.4  Gasification

This is a technology in which, the major aim is to turn the whole of the organic frac-
tion of the biomass into gaseous fraction through thermo-chemical conversion. 
Gasification is technology is generally used to avoid the production of char and 

Slow Pyrolysis
� Temp. 300-550°C
� Time : High time 

(hours to days)

Fast Pyrolysis
� Temp.  450-550°C
� Time:  less time (< 2s)

Gasification
�Temp. ≥ 800 °C; 
�Time : Seconds to hours

Agricultural/ 
plant waste

� High surface area and 
large porosity

� 6-61% ash
� ~ 30% bio-oil
� ~ 35% Syn-gas

� Less surface area and 
high  porosity

� 4-59% ash
� ~ 75% bio-oil
� ~ 13% Syn-gas

� High surface area and 
porosity than slow 
pyrolysis

� 16-73% ash
� ~ 5-8 % tar
� ~ 85% Syn-gas

~ 30 to 35 % biochar

~ 8 to 12 % biochar

~ 10 to 15 % biochar

Fig. 2.4 Types of pyrolysis and product distribution
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bio- oil. The process of converting biomass into gas is a highly endothermic reac-
tion, and therefore it requires heat to facilitate this step in the process.

2.3  Factor Affecting Biochar Yield

The composition of the feedstock and pyrolysis conditions are one of the major fac-
tors for the biochar yield (Wu et al. 2012) and its physical and chemical properties 
(Yadav et al. 2018a). Pyrolysis of the agricultural waste mainly performed to con-
vert either to attain energy or a high percentage of the solid product. Conversion of 
agricultural waste into value-added products subjective to type of agricultural waste, 
pyrolysis temperature, heating rate, and temperature hold time.

2.3.1  Effect of Feedstock Material

The composition of the feedstock with dissimilar proportions of moisture content, 
cellulose, hemicellulose, and lignin may result in a significant alteration in yield and 
other properties. Cellulose has more potential for decomposition whereas lignin has 
lower because of its thermal stability (Yang et  al. 2007). The volatiles mainly 
resulted from lignin decomposition are formed of aromatic compounds as compared 
to aliphatic compounds from cellulose and hemicellulose (Collard and Blin 2014). 
The higher the moisture content in the biomass lowers the yield of the product.

2.3.2  Pyrolysis Temperature

Pyrolysis of lingo-cellulosic biomass was at a range of 200–700 °C (Zhou et al. 
2014). The biochar yield decrease has been reported by many authors with an 
increase in pyrolysis temperature for different feedstock materials (Leng and Huang 
2018). A heavy loss in the biomass weight was found between 300–400 °C, which 
could be because of total decomposition of cellulose and hemicellulose compo-
nents, while the initial decomposition of lignin, however, major weight loss might 
decrease after 500 °C because of the thermal stability of lignin components.

2.3.3  Temperature Holds Time

Processes of pyrolysis are commonly categorized on the basis of temperature hold 
time of residue. Increase in the holding time of the biomass during pyrolysis the 
CO2 yield decreased effectively. Crop residue yield was reported to be decreased 
with an increased temperature hold time (Kumar et al. 2013).

V. Yadav and P. Khare
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2.3.4  Rate of Heating

The high rate of heating leads to fast carbonization of feedstock, hence, resulted in 
broad cracking and generation of micropores and so, producing higher surface area 
of the biochar (Mukherjee and Lal 2013). Many studies were performed at different 
heating rates ranging from 10 °C min−1 (Lee et al. 2013) up to 45 °C min−1 (Cao 
et al. 2014).

2.4  Thermodynamics of Pyrolysis

Amongst the different sources of feedstock, which have been used for pyrolysis, 
cellulosic and lignocellulosic feedstock make up the major portions. During pyroly-
sis, there were different structural changes in the biomass resulting in enhanced 
aromaticity which is controlled by the feedstock material and the pyrolysis condi-
tions such as time, temperature and particle size (Enders et  al. 2012). Pyrolysis 
covers a range of thermal decomposition of biomass such as condensation polymer-
ization, dehydration, dehydrogenation, decarboxylation and deoxygenation reac-
tions (Fig.  2.5). The cellulosic components of feedstock started decomposing at 
about 200–400 °C, while lignin starts to decompose to 300–700 °C (Cao et al. 2014).

2.5  Characteristics of Biochar

The composition of biochar is highly heterogeneous, contains both stable and labile 
components (Ameloot et al. 2013). Carbon, mineral matter (ash) and surface area 
are generally regarded as major constituents of biochar to characterization. Table 2.1 
summarized the important parameters based on some previous studies on biochar 
production and their characteristics. The data of the Table 2.1 shows that character-
istics of the biochar varied with pyrolysis temperature and feedstock used. Various 
biomasses as crop residues and wood biomass are used to produce biochar via 
pyrolysis processes. The pyrolysis temperature used by the researchers varied from 
200 °C to 900 °C with heating rates ranging from 2.5 to 20 °C min−1.

2.6  Role of Biochar to Increase the Soil Fertility

The biochar application in agriculture is attracting significant attention globally as 
a way to increase characteristics of the soil (Fig. 2.6). Soil amendment with biochar 
has been considered as an suitable option for several purposes such as improving 
soil nutrient availability (Prasad et  al. 2017), biological activity i.e. soil enzyme 
activity (Awad et al. 2018) and microbial activity (Pressler et al. 2017). Application 
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of biochar is a sustainable selection to provide enduring effects in soil fertility 
enhancements especially in sandy soils as sustainable agriculture is facing great 
limitation because of lower water holding capacity, and higher leaching of all the 
nutrients of soil (Uzoma et al. 2011). Table 2.2 summarize affect of biochar on dif-
ferent soil study.

As biochar has ability to hold the nutrients and to enhance the soil water holding 
capacity, hence, biochar application in soil could be utilized to overcome most of 
the limitations with pyrolysis temperature. Recent studies showed that biochar addi-
tion to soil increase soil pH, improve the cation exchange capacity (CEC), water 
holding capacity, alter soil bulk density, and increased the exchangeable basic cat-
ions soils (Basso et al. 2013) in soil. Many studies examined the increase in the 
characteristics was mainly because of the higher surface area, porosity, and surface 
functional group on the surface of the biochar. These properties of biochar would be 

Lignocellulosic biomass 

Temperature ~ 120°C Loss of moisture 

Onset of Charing and formation of 
acidic group on surface

Charing of agricultural waste start

Temperature ~ 350°C Lignin decomposition start 

Production of primary char along with formation of 
volatiles compounds 

Temperature ~ 450°C Low amount of Syn-gas and bio-oil production

Production of biochar (Use as agricultural purpose) 

Temperature ≥ 550°C High amount of Syn-gas and bio-oil production

Production of biochar (Use as adsorption)

Temperature ~ 250°C Cellulose and hemicellulose 
decomposition start 

Fig. 2.5 A detailed mechanistic exploration of pyrolysis process and product yield from lignocel-
lulose biomass source
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expected due to influence of ion adsorption in soil mainly in the rhizospheric soil. 
Rhizospheric soil is a key point of relation between the soil and growing plants.

Possible mechanisms that are involved in biochar-root interactions in soil 
include:

 1. Biochar changes the soil physicochemical characteristics of soil (DeLuca et al. 
2015).

 2. Biochar change microbial biodiversity (Edenborn et al. 2018).
 3. Biochar decrease residual effects of nutrients in the soil by sorption on its surface 

(DeLuca et al. 2015).
 4. Biochar change flux of secondary metabolite that affects root growth (Spokas 

et al. 2012)

2.7  Mechanisms of Nutrients Immobilization by Biochar 
in Soil

The mechanisms of nutrients immobilization by biochars (Fig.  2.7) include (1) 
Physical trapping of nutrients within pores of biochars, (2) direct electrostatic inter-
actions between cationic nutrients and negatively charged carbon surfaces, (3) ionic 
exchange between nutrients ions and ionisable protons at the surface of acidic car-
bon, (4) specific binding of nutrients by surface ligands (functional groups) abun-
dant on biochar surfaces, (5) reaction with mineral impurities (ash) and basic 
nitrogen groups (e.g., pyridine) of carbonaceous materials, (6) forming hydroxides, 
carbonates and/or various phosphate-involved precipices and (7) redox reactions 
with biochar along with sportive reactions (Li et al. 2018).

Improves
� Surface area
� Bulk density
� Water holding capacity 
� Cation Exchange Capacity  

Purpose
� Application rate 
� Soil Type
� Nutrients  availability 
� Water holding capacity
� Climate 

Soil problem Application of biochar

� Feedstock
� Pyrolysis temperature
� Nutrients  

� C sequestration
� NOx
� COx

� Soil fertility
� Nutrient retention 

Fig. 2.6 Characteristics of biochar responsible for different applications
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Table 2.2 Summarized response of biochar application on soil biophysical and chemical 
properties

Biochar source Soil type
Effect on soil properties/soil quality 
changes References

Pinewood Fort Collins 
Loam

Increase in soil characteristics (Physico- 
chemical) and nematode abundance was 
observed

Chan et al. 
(2008)

Peanut hulls, pecan 
shells, poultry litter

Loamy sand Biochars produced at higher pyrolysis 
temperature increased soil pH, while 
biochar made from poultry litter increased 
available phosphorous and Na.

Novak et al. 
(2009)

Wood and peanut 
shell − Chicken 
manure − wheat 
chaff

Sandy soils Increase in phosphorus availability from 
163 to 208%,

Warnock 
et al. (2010)

Different feedstock Different soil Increase in soil pH, CEC, available 
nutrients (K, Ca and Mg and P); decrease in 
Al saturation of soils

Schulz and 
Glaser 
(2012)

Wood and 
manure-derived 
biochars

Different soil 
types

Increase the soil’s saturated hydraulic 
conductivity and plant’s water accessibility, 
as well as boost the soil’s total N 
concentration and CEC, improving soil 
field capacity, and reduce NH4-N leaching.

Stavi (2013) 
Stavi (2012)

Picea abies, Pinus 
sylvestris

Sandy clay 
loam texture

Biochar addition increased carbon content 
however did not significantly affect the soil 
chemical composition

Tammeorg 
et al. (2014)

Acacia whole tree 
green waste

Planosol Increase in porosity either direct pore 
contribution, creation of accommodation 
pores or improved aggregate stability

Hardie et al. 
(2014)

Palm fronds, 
pinewood, coconut 
shells

Arlington 
sandy loam

Increase in soil pH, WHC, and specific 
surface area of the soils

Hale et al. 
(2015)

Eucalyptus, Maize 
stover

Clay-loam 
Oxisol, silt 
loam

Increase in total N derived from the 
atmosphere up to 78%; higher total soil N 
recovery with biochar addition

Güereña 
et al. (2015)

Different biochar 
sources

Different soil 
types

Increased crop yield, improved microbial 
habitat and soil microbial biomass, rhizobia 
nodulation, plant K tissue concentration, 
soil pH, soil P, soil K, total soil N, and total 
soil C compared with control conditions.

Thies et al. 
(2015)

Cymbopogon 
flexuosus

Makum coal 
fields 
overburden

Overburden alone had negative effect on 
enzymatic properties. However, 
amendments of overburden with biochar 
did not have any negative effect on soil 
enzymatic activity.

(Jain et al. 
(2016)

Wheat straw Fimi-Orthic 
Anthrosols

Increase in soil pH, organic carbon, total 
nitrogen, and reduction in yield scaled N2O 
emissions

Li et al. 
(2016)

(continued)
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Table 2.2 (continued)

Biochar source Soil type
Effect on soil properties/soil quality 
changes References

Salix spp. Dark 
reddish-brown 
Ferralso

Increase maize biomass yield up to 29% 
with biochar application to soil

Agegnehu 
et al. (2016)

Green garden 
waste

Agricultural 
fields

Biochar degrading bacteria had a positive 
impact on enhancing rhizospheric effect.

Hussain 
et al. (2018)

Cymbopogon 
winterianus

Sandy loam The amendment biochar of leads 
amelioration of soil fertility and plant 
growth, howver biochar prepared at lower 
pyrolysis (450 °C) more suitable for crop 
cultivation.

Yadav et al. 
(2018a)

Cymbopogon 
winterianus

Sandy loam Combine biochar application with inorganic 
fertilizers provide hihj yield of plant 
biomass along with low nutrients losses/
harvest ratio.

Yadav et al. 
(2019b)

Cymbopogon 
winterianus

Sandy loam Mineralization of biochar enhanced in aged 
biochar soil mixture and its positive effect 
on soil microorganisms

Yadav et al. 
(2019a)

Mentha arvensis Sandy loam Amendemnt of biochar in metal 
contaminated soil improves the plant plant 
production, photosynthetic attributes and 
reduced the antioxidant enzyme activity.

Nigam et al. 
(2019a)

Mentha arvensis Sandy loam Biochar stabilized the metal (Pb) in the less 
mobile fraction in soil by complexation and 
precipitation. The alteration in the metal 
fractionation path of Pb provide suitable 
habitat to the microbes.

Nigam et al. 
(2019b)

Biochar

Electrostaic 
Internaction

Hydrogen 
Bonding

Ion 
Exchange

Functinal 
group  on 

biochar

Porosity

Fig. 2.7 Different factors 
for nutrient immobilization 
in soil biochar mixture
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2.8  Effect of Pyrolysis Temperature on Soil 
Physico- Chemical Characteristics

A massive variability in characteristics of the biochar was observed based on the 
parent feedstock and the conditions opted for biochar production especially the 
pyrolysis temperatures. Biochar contains an enormous amount of micro or macro- 
nutrients and carbon content that depends on type of pyrolysis temperature and 
feedstock (Enders et al. 2012). Therefore, pyrolysis temperature might be main fac-
tor to access the role of biochar effect on soil performance and plant growth. The 
previous study showed once biochar application to soil may possibly perform as 
source of plant mineralizable nutrients (Gaskin et al. 2008) and consequently bio-
char application influenced soil mineral accessibility by both directly and indirectly.

Different feedstock like nutshells, grasses, forestry products, and animal manures 
were utilized for biochar production (Qiu et al. 2014). It is well known that minerals 
content or chemical characteristics such as pH, cation exchange capacity (CEC), 
electrical conductivity (EC) or plant-available nutrients of biochars are varied with 
pyrolysis temperature (Lee et al. 2017). To produce designer biochar which is modi-
fied to answer a specific soil problem, feedstocks and pyrolysis should be examined 
in detail of the existing and original source (feedstock) for production of biochar. 
Production of biochar at lower (250 to 450  °C) pyrolysis temperature have high 
yield of biochar and contains high functional groups (C=O and C-H). These func-
tional groups can act as minerals substitute sites after biochar oxidation in soil bio-
char mixture. Similarly, biochar has large amount of carbon in compact polyaromatic 
structure are obtain by pyrolyzed the organic feedstocks at pyrolysis higher tem-
peratures (450 °C to 700 °C), potentially limiting biochar effectiveness in maintain-
ing soil minerals (Novak et al. 2009). The dynamics of the nutrients mineralization 
and soil enzymatic activities for the production of biochar at altered pyrolysis tem-
perature are still inadequately understood although recent advances on biochar 
study. Only a few, studies have examined the biochar ability to influence the plant 
yield, nutrient retention and soil enzymatic activity for biochar formed at altered 
pyrolysis temperature (Ameloot et al. 2013; Lin et al. 2012).

2.9  Sustainability of Biochar in Soil

The effectiveness of biochar in soil depends upon processes occurs on its surface 
(Huang et al., 2018), including interactions with microbes, mineralization, organic 
matter and minerals in the soil environment and abiotic and biotic factors (Yang 
et al. 2018). Generally, the fresh biochar act to improve these properties due to their 
high micro-porous structures and specific area (Khorram et al., 2017), which results 
better nutrient availability for the plants and microbes in soil (Singh et al. 2017a, b, 
c, 2018; Tiwari et al. 2018; Zheng et al. 2018). In addition, biochar contains num-
bers of fractions of stable and labile compounds that decomposed with time in soil 
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(Kelly et al. 2017) (Abbruzzini et al. 2017). Decomposition or mineralization of 
biochar in soil mainly depends upon the two types of factors: (i) Environmental fac-
tor such as microbial interactions, humidity, temperature and physical breakdown 
(Rechberger et al. 2017), (ii) Soil type and native microbial interaction with biochar 
(Fang et al. 2018). So far, only few reports are available on the aging processes in 
biochar amended soil (Khorram et  al. 2017; Zhang et  al. 2016). Little is known 
about the mineralization and microbial activity aging of biochar amended soil. 
Oxidation process took on the biochar surface in soil during the aging of biochar 
particles (DeLuca et al. 2015). These oxidation processes in soil on biochar surface 
lead to formation of oxygenated functional groups (e.g. carboxylic, phenolic and 
lactonic) often with acidic characteristics (Suliman et al. 2015), which may further 
enhance chemical and physical weathering of biochar particle (Naisse et al. 2015). 
These changes in the soil during aging of biochar may later mineralization process 
and soil biology as well (Pressler et al. 2017). The bio-chemical alteration during 
aging of the biochar in the soil environment is still unclear (de la Rosa et al. 2018). 
However, these alterations may vary with the biochar production type i.e. feedstock 
(Fernández-Ugalde et al. 2017), pyrolysis process and temperature (Kim et al. 2017).

2.10  Biochar and Soil Biological Activity in Soil

Aromatic compounds, formed during the pyrolysis of plant biomass, are the major 
components responsible for building up a stable carbon pool in the soil after biochar 
addition. Yet, the biochar is not inert biologically, when added into the soil and fol-
lows the mineralization pattern. The consumption of these labile compounds of bio-
char supposed changes in the physicochemical soil habitat (Lehmann et al. 2011), 
soil biological parameters, such as microbial and enzyme activity (Ameloot et al. 
2013). Enzymes are biological molecules that are fabricated and consumed by all 
organisms. Soil enzymes are essential to the survival of organisms as they catalyze 
the essential metabolic processes in soil by both specifying the molecules to be 
involved and speeding up the rate of these reactions. Each soil contain specific 
enzymes that regulate its processes, the activity of these enzymes in soil environ-
ments varies greatly with different organic matter content and their composition. 
There is presently great attention in the use of extracellular enzyme activities as 
biological indicators of soil quality because they respond rapidly to changes in land 
management and simple to measure (Schloter et al. 2003). Some of the soil enzymes 
(Table 2.3) that are principally important in soils include those related to carbon and 
nutrient mineralization, such as phosphatase (Acidic and Alkaline), β-Glucosidase, 
dehydrogenase, and Urease.

Nowadays, much of the research has been focused on the uses and application 
rate of biochar that are economically feasible at present. Further research is needed 
to evaluate the application of biochar into agricultural systems, as well as, tech-
niques for enriching biochar with fertilizer.

2 Impact of Pyrolysis Techniques on Biochar Characteristics: Application to Soil
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2.11  Conclusion

Burning of crop residue in the agricultural field is not new to India; resultant society 
faces global environmental challenges. Further, progressive and intensive use of 
agricultural land leads to depletion of soil nutrients and organic carbon content. 
These two major environmental challenges if diagnosed and managed scientifically 
can provide solution to clean and use renewable solid materials.

Carbonization of woody wastes to produce products like biochar has been sug-
gested to avoid negative impacts of direct biomass burning. As biochar is resistant 
to the biological decay, it can be preserved in the terrestrial systems for longer time 
than the other plant residues or compost, hence; the beneficial effects of biochar are 
extended. Therefore, carbonization of waste biomass through pyrolysis to produce 
biochar could be a successful technique to avoid the negative impacts on environ-
ment and at the same time biochar application to soil could improve soil fertility.
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Chapter 3
The Potential Application of Biochars 
for Dyes with an Emphasis on Azo Dyes: 
Analysis Through an Experimental Case 
Study Utilizing Fruit-Derived Biochar 
for the Abatement of Congo Red 
as the Model Pollutant

Kumar Vikrant, Kangkan Roy, Mandavi Goswami, Himanshu Tiwari, 
Balendu Shekher Giri, Ki-Hyun Kim, Yui Fai Tsang, and Ram Sharan Singh

Abstract The unbridled industrialization and unrestrained expansion of modern 
textile facilities combined with a deficiency of adequate treatment provisions have 
escalated the discharge of toxic effluents rich in carcinogenic pollutants such as 
dyes. As a consequence, there is an alarming need for the development of finan-
cially suitable and highly efficient treatment options to protect the immaculate eco-
systems, natural resources, and human health. In this respect, adsorption-based 
treatment options have attracted widespread attention as eco-friendly and cost- 
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effective approach. Biochar has propelled itself to the forefront of the scientific 
community as a highly economical sorbent with great adsorption capabilities. 
Notably, biochars provide a win-win strategy by simultaneously utilizing the waste 
biomass during its production and a great adsorbent for pollutant removal. Although 
biochars have been applied for the treatment of various dyes, there have been very 
few reports of its application for Congo red (CR) dye. In this book chapter we ana-
lyze the application of biochar for dyes with particular focus on CR.  We try to 
practically understand the mechanism of interaction between biochar and CR mol-
ecules (a model anionic azo dye) by elucidating an experimental case study. The 
case study will provide valuable insights into the importance of the utilization of 
locally available bio waste for economic biochar production and the mechanism of 
removal of anionic dyes through biochars. In brief, the adsorptive removal of CR 
was investigated using Arjun fruit biochar (AFB) derived from the fruit of locally 
grown Terminalia arjuna. The sorptive removal of CR on AFB was investigated 
under the following operational conditions (pH, 2–12; biochar dosage, 4–14 g/L; 
temperature, 30–60 °C; and contact time, 30–480 min). The sorption behavior of 
CR was well described through the Langmuir monolayer model (R2 = 0.9985) and 
pseudo-second order kinetics (R2 ≥ 0.9977) for all tested CR levels (20–100 mg/L). 
The results of thermodynamic analysis revealed that the sorption of CR onto AFB 
proceeded favorably and spontaneously.

Keywords Adsorption · Terminalia arjuna · Dye · Biochar · Kinetics · 
Thermodynamics

3.1  Introduction

Recent years have witnessed prolific rise in endeavors focused towards water qual-
ity management due to the ever rising issues concerned with water pollution 
(Mekonnen Mesfin and Hoekstra Arjen 2017; D’Inverno et al. 2018). The regulation 
and removal of baleful water pollutants such as dyes have been recognized as prime 
task by environmental bodies such as the United States Environmental Protection 
Agency (US EPA) (Vikrant et al. 2018). Hence, extensive investigations have been 
undertaken to analyze the long as well as short term effects of dyes on ecosystems 
and human health (Chung 2016).

Dyes are chemical compounds with intense color and extremely high water solu-
bility. A wide variety of dyes and pigments are utilized in paper, textile, paint, drugs, 
tanning, food, and cosmetic industries (Chen et al. 2018; Vikrant et al. 2018). The 
ubiquitous presence of highly toxic synthetic dye compounds in water bodies poses 
grave health concerns as these chemicals are known to be highly carcinogenic and 
mutagenic (Abu Talha et al. 2018). Dyes impart intense color to water, making it 
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aesthetically displeasing. They also cause an imbalance in the aquatic ecosystems 
by increasing chemical oxygen demand and lowering light penetration (Vikrant 
et al. 2018). Also, very low removal rate is generally observed for dyes during sec-
ondary and primary wastewater treatment owing to their recalcitrant structures 
resulting in there swift carryover into water bodies (Meerbergen et al. 2018). As a 
consequence, toxic dye molecules bioacculmulate in the ecosystem and get trans-
mitted to the potable water supply (Leo et al. 2018). Microbial mediated services 
are also considered as valuable means for water treatments and restoration of 
degraded ecosystems (Singh et al. 2017a, b; Vimal et al. 2018; Kumar et al. 2018; 
Singh 2019; Singh and Singh 2019; Singh et al. 2019a,b; Vimal and Singh 2019).

Azo dyes are the most common variety of dyes in used today and is the oldest 
industrially synthesized compound (Vikrant et  al. 2018). Interestingly, azo dyes 
comprise around 60% of the total dyes being used in the textile industry, thus pos-
ing a significant threat (Munagapati and Kim 2016). Azo dyes attract widespread 
usage in various industries owing to their multiple advantages such as easy usage, 
wide availability of color range, great photostability, low requirement of energy, 
and great covalent adherence with textiles (Brüschweiler and Merlot 2017). The 
chromophoric -N=N- groups in nonionic and anionic dyes undergoes reductive 
breakage to result in the formation of highly virulent aromatic amines (Jayapal 
et al. 2018). Congo red (CR) is a major azo dye utilized extensively in the cellulose 
industries (e.g., pulp, paper, and cotton textiles) (Chen et al. 2018). The recalcitrant 
and toxic nature of CR makes its removal from water bodies decidedly imperative 
(Vikrant et al. 2018).

Due to a synthetic origin and complex structure, the highly recalcitrant tendency 
of azo dyes renders them exceptionally stable towards heat and light. As such, their 
removal via conventional treatment techniques is not simple (Vikrant et al. 2018). A 
wide array of methodologies (e.g., photocatalysis (Zhao et al. 2018), ozone treat-
ment (Mella et al. 2018), ultrasound treatment, oxidation (Nidheesh et al. 2018), 
coagulation-flocculation (Mella et al. 2018), application of membranes (Peydayesh 
et al. 2018), and biological processes (Vikrant et al. 2018) have been applied for the 
abatement of pigments and dyes from water/wastewater. Nevertheless, all these 
techniques suffer from environmental and economic shortcomings in terms of 
excessive operating and capital financial requirement, excessive sludge generation, 
and complex operational procedures (Munagapati and Kim 2016). Adsorption has 
been considered as an environmentally benign and economically advantageous 
alternative for the abatement of pigments/dyes from aqueous solutions (Chen et al. 
2018; Vikrant et  al. 2018). Adsorption is favored primarily because of the costs 
involved in the preparation and procurement of adsorbents and their regeneration 
(Vikrant et al. 2018). In recent years microbial services has been proposed as poten-
tial tool as bioremediation and restoration of polluted soil and environment (Singh 
2013, 2014, 2015, 2016; Singh Boudh 2016; Kumar et al. 2017; Kumar and Singh 
2017; Tiwari and Singh 2017).
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3.2  Biochar for the Removal of Dyes

Sorptive removal of dyes has attracted extensive interest from the scientific com-
munity owing to its easy operation, environmental benignity, cost-effectiveness, 
and great selectivity (Pham et al. 2017; Pham et al. 2018; Sophia and Lima 2018). 
Selection of a suitable adsorbent both in terms of cost and efficiency is paramount 
towards designing a sorption-based dye treatment system. At present, pristine and 
carbonaceous adsorbents are extracted from various agricultural/biological wastes 
such as coconut shell (Bello and Ahmad 2012), rice husk (Singh and Srivastava 
2001), rice straws (El-Sonbati et al. 2016), almond shell (Doulati Ardejani et al. 
2008), and wood char (Bangash Fazlullah and Manaf 2013) for the abatement of 
organic wastes from water/wastewater. In recent years, biochar (a solid carbona-
ceous substance synthesized through the pyrolysis of biomass under conditions of 
low oxygen) has attracted widespread scientific attention as a novel tool for the 
abatement of aqueous contaminants owing to its large surface area, stable carbon 
matrix, and high porosity (Thines et al. 2017; Vikrant et al. 2018). Biochars pro-
vide a win-win strategy as they utilize potentially unwanted biomass (e.g., agricul-
tural waste) and provide excellent sorptive media for toxic pollutant removal 
(Vikrant et al. 2018).

The Terminalia arjuna belongs to the family of Combretaceae and is indigenous 
to the Indian subcontinent (Amalraj and Gopi 2017). Its bark decoction has been 
traditionally utilized for curing numerous disorders related to the cardiovascular 
system such as dyslipidemia, angina, hypertension, and congestive heart failure 
(Dwivedi and Chopra 2014; Amalraj and Gopi 2017). Moreover, the crude drug 
made from the bark of T. arjuna possesses antioxidant, hypolipidemic, anti- 
ischemic, and anti-atherogenic activities (Dwivedi and Chopra 2014). However, the 
fruit of T. arjuna remains unused in the pharmaceutical industry (Amalraj and 
Gopi 2017).

In the presented experimental case study, Arjun fruit biochar (AFB) was synthe-
sized from the fruit of T. arjuna and used as an adsorbent. The aim of the present 
investigation was to determine the feasibility of AFB as a sorbent for the abatement 
of CR from water. The effects of various operating parameters (e.g., pH of the solu-
tion, dose of biochar, contact time, initial concentration of CR, and temperature) on 
the adsorption behavior of CR and treatment performance were investigated. 
Kinetic, isothermal, and thermodynamic fits were utilized to understand the sorp-
tion phenomenon, underlying mechanisms, and equilibrium of the sorption process.

This case study was carried out to explore the possibility for a practical utiliza-
tion of T. arjuna fruits which are commonly produced as waste biomass by the 
pharmaceutical industry (Amalraj and Gopi 2017). It is a known fact that the study 
site (i.e., Varanasi, India) has a dense cluster of local carpet industries that produce 
glut amounts of CR rich effluents (Abu Talha et al. 2018). In light of these environ-
mental conditions, it was proposed that biochar should be produced from indige-
nous T. arjuna fruits and used subsequently in local dye remediation. Thus, based 
on this study, a practical solution was sought for the indigenous utilization of bio-
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waste while at the same time pursuing a treatment for wastewater. Furthermore, the 
performance of the biochar was assessed at the original pH of the textile industry 
effluents. The results of this study were of enough relevance to showcase an eco-
nomical and practical solution for the abatement of dye by biochar derived from 
biowaste. Such experimental studies clearly elucidate the practical application of 
biochar for CR removal.

3.3  Experimental Case Study – Materials and Methods

3.3.1  Preparation of Biochar

Arjun fruit were obtained from indigenous T. arjuna trees. A stainless-steel pyroly-
sis reactor (inside diameter, 75 mm; length, 1.10 m) was used for biochar produc-
tion, in which the temperature was controlled by an electric heater. The Arjun fruit 
were cleansed with Milli-Q water and parched naturally for 10 days. The dried fruit 
were subsequently crushed followed by sieving (size of particles: 72 BSS mesh, i.e., 
210 μm) and then 600 g of the fruit was pyrolyzed at 500 °C (heating rate: 5 °C/min) 
for 3 h. The pyrolyzed sample (i.e., biochar) was cleansed with hot Milli-Q water 
and then oven dried at 75 °C for 2 h (Oven Universal NSW-143). The obtained bio-
chars were stored in airtight borosilicate glass vials (70 mL) and used for subse-
quent characterization and adsorption studies.

3.3.2  Characterization of the Biochar

The porosity and specific surface of AFB were analyzed via nitrogen adsorption/
desorption isotherm at 77 K (the biochar sample was degassed before measurement 
via helium for 3 h at 553 K) through the BET methodology using a micrometer 
(TriStar II 3020 V1.03, USA). Scanning electron microscopy was utilized to survey 
the visual characteristics of the AFB surface (SEM, EVO 18 research SEM, 
Germany). The KBr pellet method was adopted to recognize the functionalities 
existing on the AFB samples through Fourier transform infrared (FTIR) spectros-
copy (Thermo-Fisher FTIR analyzer Nicolet 5700, Japan) in the 400–4000 cm−1 
range. The method of solid addition method was adopted to ascertain the point of 
zero charge (pHZPC) of the biochar sample (Cheng et al. 2015). Essentially, a series 
of solutions (0.1 g AFB dissolved in 100 mL 0.01 M NaCl solution) were prepared 
in 150-mL Erlenmeyer flasks. The initial pH (pHi) of the solutions were regulated in 
the range of 2–12 by the addition of suitable amounts of 0.1 M NaOH and 0.1 M 
HCl. The solution pH was measured via a digital pH meter (Ion/pH meter metrohm 
model-691, USA) in two replicates. A rotary shaker was used to agitate the prepared 
solutions at 200 rpm and 298 K for 24 h. The resulting suspensions were subse-
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quently filtered, and the final solution pH (pHf) of the filtrates was determined upon 
the attainment of equilibrium. A plot between pHf and pHi was drawn to measure the 
pHZPC of AFB.

3.3.3  Dye Solution

CR (analytical grade, 99% pure) was procured from Sigma-Aldrich, India. The 
stock solution of CR (1000  mg/L) (C32H22N6Na2O6S2, MW: 696.66  g/mol) was 
made with Milli-Q water, whereas the desired concentrations for batch adsorption 
experiments were prepared as per requirement via successive dilutions. The concen-
tration of dye was determined via a spectrophotometer (UV-Vis, HACH DR5000, 
Canada) at the maximum wavelength (λmax) of 497 nm for the adsorption studies. 
The detection limit for CR dye was determined to be 0.049 ppm with a relative 
standard deviation (RSD) of 0.39% (or relative standard error of 0.22%).

3.3.4  Batch Adsorption Experiments

The sorption behavior of CR on AFB was investigated using batch mode experi-
ments to study the effects of operating conditions (e.g., solution pH, biochar dosage, 
initial CR concentration, temperature, and contact time), implementing a single 
condition at a particular time. The values of these operating conditions were as fol-
lows: pH, 2–1; AFB dosage, 4–14 g/L; initial CR concentration, 20–100 mg/L; con-
tact time, 30–480 min; and temperature, 30–60 °C. CR solutions (100 mL) with a 
predetermined quantity of AFB were added to Erlenmeyer flasks (125 mL). Standard 
experimental conditions of AFB dosage (w  =  12  g/L), CR concentration 
(Co  =  50  mg/L), shaking speed (100  rpm), contact time (t  =  3  h), temperature 
(30 ± 2 °C), and pH (7.0 ± 0.1) were utilized in all the batch experiments unless 
mentioned otherwise.

A constant temperature shaking system was used to equilibrate the AFB and CR 
suspensions. After the experiment was completed, the resultant solution samples 
were decanted and centrifuged for 30 min at 1832 × g. The supernatant collected 
from centrifuged samples were used to analyze the concentration of residual CR via 
a UV-Vis spectrophotometer (HACH DR5000, Canada) at the maximum wave-
length (λmax) of 497 nm. The efficiency of removal (R %) and sorption capacity (q) 
were determined accordingly:
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where Co (mg/L) is the initial concentration of CR, Ce (mg/L) is the equilibrium 
concentration of CR, V (L) is solution volume, and m (g) is the biochar dosage.

3.4  Experimental Case Study – Results and Discussion

3.4.1  Biochar Characterization and Dye Interaction

In Fig. 3.1a and b, the surface morphology of AFB was examined before and after 
adsorption, respectively using SEM micrograph images. Figure 3.1a shows that the 
surface morphology of the fresh AFB was relatively porous and irregular with a 
massive surface area for a surface interaction with CR. The SEM micrograph image 
of dye-loaded AFB shown in Fig. 3.1b confirmed that the surface became saturated 
with the dye (i.e., most pores covered with CR molecules) after adsorption. 
According to the characterization results of the biochar, the BET specific surface, 
average pore width, and net pore volume of Arjun fruit were 770.68 m2/g, 2.89 nm, 
and 0.4 cm3/g, respectively.

The FTIR spectra of AFB in Fig. 3.2a and b show various characteristic peaks. 
These peaks represent different functionalities present on the AFB surface. The 
wide band at 3387 cm−1 resembled the hydrogen bonded OH groups of alcohol and 
H-bonded N-H group (Amir et al. 2010). However, the band underwent a shift to 
3385 cm−1 after adsorption of CR onto the AFB surface owing to the interaction of 
the O-H bond of AFB with the –N− bond of CR. The band perceived at 2337 cm−1 
belonged to the stretching vibrations of C=O bond of the CO2 molecule, which was 
shifted to 2348 cm−1 with a simultaneous increase in the intensity of the peak, indi-

Fig. 3.1 Scanning electron microscopy images of Arjun fruit biochar. (a) Before and (b) after 
adsorption of Congo red
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cating a rise in the CO2 concentration after the sorption process (Pachecka et al. 
2017). Another prominent band was perceived at 1441 cm−1 and belonged to the 
O-H of phenol, COO− (Amir et  al. 2010). This band also resulted in a shift to 
1439 cm−1 because of the adsorption of the CR dye. The shift indicates the partici-
pation of the COO− of AFB in the adsorption mechanism. Furthermore, the stretch-
ing band at 1332  cm−1 corresponded to the vibrations of the CO bond, which 
surprisingly shifted to 1081 cm−1 with a wider peak. This was due to an increase in 
the concentration of CO bond vibrations after the adsorption of CR. The absorption 

Fig. 3.2 Fourier-transform infrared spectroscopy spectra of Arjun fruit biochar before and after 
dye adsorption. (a) Before adsorption. (b) After adsorption
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peaks at 874 cm−1 showcased the existence of a [CO3] functionality in the AFB, 
which decreased in concentration after adsorption as the peak reduced to 870 cm−1 
(Fleet and Liu 2007). These interactions amongst the functionalities present in AFB 
and CR dye molecule could form weak van der Waals bonds or hydrogen bonds to 
improve the adsorption capacity and performance of AFB.

3.4.2  Batch Adsorption Experiments

3.4.2.1  Effects of Solution pH

The solution pH boosts the sorption of dye molecules on the biochar in multiple 
ways such as fluctuation in the biochar surface charge and dye molecule ionization. 
These two phenomena govern the mass transfer between the biochar surface and 
dye molecules. As a result, information on the optimum pH is imperative in pre-
cisely describing the adsorption process (Yu et al. 2018; Zazycki et al. 2018). The 
solution pH was regulated in the range of 2–12 through the addition of 0.1 M NaOH 
and 0.1 M HCl. The maximal efficiency of dye removal (96.3%) and sorption capac-
ity of the sorbent (4.81 mg/g) were obtained at the solution pH of 2 ± 0.1 (Fig. 3.3).

The variation in the pH of aqueous solution was also observed after the sorption 
of CR on AFB (Fig. 3.4). As the initial CR solution pH (pHi) fluctuated from 2 to 8, 
the final pH of CR solution at equilibrium (pHf) was larger than the corresponding 
pHi values. The point of zero charge (pHZPC) of AFB can be utilized to evaluate the 
impact of solution pH on CR sorption. As shown in Fig. 3.4, the pHZPC of AFB was 
8.1. The surface of AFB is positively charged at pH values lower than pHZPC. The 
findings of high efficiency of dye removal and biochar sorption capacity may be 
ascribed to the prospective electrostatic attraction amongst CR anions and the posi-
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Fig. 3.3 Effect of solution pH on the adsorption of Congo red on Arjun fruit biochar (T = 30 ± 2 °C, 
Co = 50 mg/L, w = 10 g/L, t = 3 h, and agitation speed = 100 rpm)
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tively charged AFB surface. The adsorption of CR by orange peel powder was 
observed to be maximum at a pH of 3 (Munagapati and Kim 2016). The adsorbent 
surface acquired a positive charge at the low pH where the elevated adsorption of 
CR anions takes place. The pH of industrial effluents rich in CR is generally reported 
in the range from 7 to 11 (Gharbani et  al. 2008). Moreover, as pH adjustments 
require a significant amount of chemicals, it may render the treatment process 
highly uneconomical (Jiang et  al. 2018; Molinos-Senante and Guzmán 2018). 
Considering all the above-mentioned factors, the subsequent experiments were 
operated at a pH of 7  ±  0.1. As this pH value is lower than pHZPC, a positively 
charged biochar surface is made to provide a practical and economical solution for 
the abatement of dyes from water/wastewater.

3.4.2.2  Effects of Contact Time and Initial Dye Concentration

The initial concentration of a dye solution and contact time are key parameters for 
designing adsorption-based wastewater treatment systems (Oladoja et  al. 2017). 
The effects of initial dye concentration (20–100 mg/L) and contact time (30–480 min) 
on the sorption behavior and sorbent capacity are shown in Fig. 3.5.

The sorption capacity increassed from 0.8 to 1.72 mg/g when the primary CR 
concentration changed from 20 to 100 mg/L. Two stages of the adsorption were 
observed when CR was uptaken by the AFB. The adsorption capacity of AFB ele-
vated rapidly in the initial 30 min with a subsequent slow sorption period, through-
out which the AFB sorption capacity slowly rises from 30  min to 120  min. No 
substantial enhancement was observed after the increase. This two-stage adsorption 
(rapid adsorption followed by slow adsorption) was also observed for the adsorption 
of brilliant green dye on biochar produced from hydrolyzed rice straw (Saif Ur 
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Rehman et  al. 2016). At low initial concentrations, few CR molecules cover the 
external active sites of the AFB surface through boundary layer adsorption. However, 
most external active sites remain uncovered owing to the low availability of CR 
molecules in the solution. Conversely, at high initial concentrations, a significant 
amount of available external active sites decreased with time, and the CR molecules 
reached the internal sites of the AFB through diffusion. Therefore, a slow adsorption 
process was seen in the second stage until equilibrium was achieved (Oladipo and 
Ifebajo 2018; Yu et al. 2018).

3.4.2.3  Effects of Biochar Dosage

The effects of the AFB dosage on the adsorption performance are shown in Fig. 3.6. 
The AFB dosage varied from 4 to 14  g/L.  An opposite trend was observed for 
adsorption efficiency and capacity with an increase in the AFB dosage. The removal 
efficiency rose from 32.5% to 40%, while the sorption capacity was observed to 
decrease from 4.07 to 1.29 mg/g. The adsorption capacity of rice straw biochar for 
brilliant green reduced from 277 mg/g to 20 mg/g when the biochar dosage increased 
from 0.05 g/L to 1.25 g/L (Saif Ur Rehman et al. 2016). The removal efficiency of 
kenaf fiber biochar for methylene blue removal significantly increased from 48% to 
76% when the biochar dosage was varied from 0.2 to 0.5  g/L (Mahmoud et  al. 
2012). Equations 3.1 and 3.2 can be used effectively to describe the observed oppo-
site trends. The net amount of CR molecules was fixed (Co = 50 mg/L) against an 
increasing AFB dosage (4–14 g/L). As a consequence, the number of CR molecules 
adsorbed per unit mass of AFB was reduced resulting in a low adsorption capacity; 
hence, a large number of active sites were left uncovered at high AFB dosage (Sadaf 
and Bhatti 2014). An elevation in the AFB dosage gradually increased the CR 
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uptake (Co-Ce) and consequently elevated the removal efficiency (Eq. 3.1). However, 
qe was lower than R (%) because the AFB dosage (w) was present in the denomina-
tor of Eq. 3.2, resulting in an inverse relation between q and w (Zazycki et al. 2018). 
Subsequent experiments were conducted using 12 g/L of AFB to achieve the highest 
CR removal.

3.4.2.4  Effects of Temperature

Temperature plays a detrimental role in adsorption because the adsorption capacity 
at equilibrium is highly dependent on temperature fluctuations (Vikrant et al. 2018). 
The AFB adsorption capacity increased from 1.66 mg/g to 2.16 mg/g when the tem-
perature rose from 30  °C to 60  °C, suggesting the endothermic character of the 
sorption process (Fig. 3.7).

The elevated sorption capacity could be attributed to the temperature-mediated 
increase in the amount of active sites on the AFB surface (Santos et  al. 2017). 
Also, this phenomenon could be attributed to the increased mobility of CR mole-
cules coupled with their heightened affinity toward the binding sites that are avail-
able on the AFB surface (Zhang et al. 2017). A similar endothermic adsorption of 
CR on cationic modified orange peel powder was reported previously (Munagapati 
and Kim 2016); a relatable endothermic character was also perceived for the sorp-
tive removal of methylene blue by acid treated kenaf fiber char (Mahmoud 
et al. 2012).
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3.4.3  Adsorption Kinetics

Adsorption kinetic investigations supplies into adsorption mechanisms. Commonly 
used models, namely Lagergren pseudo-first order (Eq. 3.3), pseudo-second order 
(Eq. 3.4), and intra-particle diffusion (Eq. 3.5) models, were used to analyze the 
prospective adsorption mechanisms (Vikrant et al. 2018).
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where qt is the sorption capacity (mg/g) at any instant t, k1 (min−1) is the first order 
sorption rate constant, k2 (g.(mg.min)−1) is the second order sorption rate constant, 
h = k2qe

2 depicts the initial sorption rate (mg.(g.min)−1), Ci (mg/g) represents the 
thickness of boundary layer, and Kpi (mg.(g.min)-1/2) denotes the intra-particle diffu-
sion rate constant. Table 3.1A summarizes the kinetic parameters for CR adsorption 
on AFB.  The pseudo-first order kinetics did not fit well for the obtained batch 
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adsorption data because the R2 values ranged between 0.2443 and 0.8045 along 
with a large absolute deviation of the experimental adsorption capacity (qDEV) 
(0.5048–1.5769 mg/g), whereas the pseudo-second order kinetics fits the adsorption 
data exceptionally well (R2 > 0.9977) (Fig. 3.8). The qDEV values were obtained by 
using Eq. 3.6.

 
q q qDEV e e cal= −,exp ,  

(3.6)

Where qe,exp represents the experimental sorption capacity (mg/g) and qe,cal denotes 
the calculated sorption capacity (mg/g). High correlation coefficients (R2) indicate 
that the pseudo-second order model shows a better fit than other models to explain 
the sorption of CR on AFB. Along similar lines, the pseudo-second order model 
fitted the sorption of CR onto cationic modified orange peel powder (Munagapati 
and Kim 2016), ZnO-modified SiO2 nanospheres (Zhang et al. 2018), and chestnut 
husk-like NiCo2O4 hollow microspheres (Chen et al. 2018) with high accuracy.

For a better understanding of sorption kinetics, the intra-particle diffusion model 
was also fitted to the kinetics data (Table 3.1A). The R2 values for the intra-particle 
diffusion kinetic model were in the range of 0.4068–0.6841, indicating its non- 
applicability. The Ci values (0.2743–0.9197) indicate the contribution of pore diffu-
sion to a limited extent toward adsorption of CR on AFB. However, these values 
may not be the only rate-determining stage involved in the sorption activity (e.g., 
rapid film adsorption may also be involved) (Mane et  al. 2007; Mane and Babu 
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2011). Similar observations were also reported for the abatement of brilliant green 
dye by hydrolyzed rice straw (Saif Ur Rehman et al. 2016).

3.4.4  Adsorption Isotherms

Investigations on sorption equilibrium are necessary to learn how to optimize and 
scale up adsorption-based wastewater treatment systems (Molinos-Senante and 
Guzmán 2018). Langmuir (Eq. 3.7) and Freundlich (see supplementary information 
and Table 3.1B) isotherm models were utilized to analyze the data obtained from 
batch experiments.

 

C

q

C

q K q
e

e

e

m a m

= +
1

 
(3.7)

Where qm represents the maximum monolayer sorption capacity and Ka is the 
Langmuir sorption equilibrium constant (L/mg).

Figure 3.9 and Table 3.1(B) show the Langmuir isotherm profile and associated 
parameters, respectively. The very high R2 value (0.9985) indicates that Langmuir 
model should be more fitting than various other models to analyze the sorption of 
CR at equilibrium condition. A separation factor (RL) value in the range of 0 to 1 
also indicates the feasibility of adsorption of CR onto AFB (Eq.  3.8) (Saif Ur 
Rehman et al. 2016).
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The calculated RL values were observed to be in the range of 0.023–0.108 for all 
tested concentrations, thus confirming that CR could be successfully removed by 
adsorption on AFB. The Langmuir isotherm was also a good fit for CR adsorption 
onto cationic modified orange peel powder (Munagapati and Kim 2016) and chest-
nut husk-like NiCo2O4 hollow microspheres (Chen et al. 2018). These findings sug-
gest that a monolayer adsorption was prevalent. The formation of a monolayer can 
be attested by calculating the coverage factor (θ), which is given by Eq. 3.9.

 
θ

σ
=
 

−q N

S

m

BET

10 20

 
(3.9)

The value of θ varies between 0 (no coverage) to 1 (full coverage). The θ value 
was 0.68, which confirms the formation of a monolayer. The partial coverage of the 
AFB surface occurred because CR is a large sized molecule, which can obstruct its 
movement onto the micropores (Al-Degs et al. 2008). A comparison between the 
performance of processes from different studies on the adsorptive removal of CR is 
summarized in Table 3.2.

3.5  Adsorption Thermodynamics

The following equations were utilized to analyze the thermodynamics of CR sorp-
tion onto AFB (Munagapati and Kim 2016):

 ∆G RTlnK= −  (3.10)

 
lnK

S

R

H

RT
= −
∆ ∆

 
(3.11)

where R is the ideal gas constant (8.314 J mol−1 K−1), T (K) is the absolute tempera-
ture, K = qe/Ce, ΔG is the Gibbs free energy, ΔS is the entropy change, and ΔH is 
the enthalpy change. The values of ΔS and ΔH were calculated from the intercept 

Table 3.2 Comparison between different biomass-based adsorbents for the removal of Congo red 
dye

Order Adsorbent
Max. Adsorption 
efficiency (%)

Max. Adsorption 
capacity (mg/g) pH References

1 Jute stick powder – 35.7 7 Panda et al. (2009)
2 Sugarcane bagasse 89.9 38.2 5 Zhang et al. (2011)
3 Rubber seeds 98.4 9.82 6 Zulfikar et al. 

(2015)
4 Modified orange 

peel powder
– 163 3 Munagapati and 

Kim (2016)
5 Arjun fruit biochar 96.25 4.81 2 This study
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and slope of lnK vs. 1/T (Saif Ur Rehman et al. 2016). ΔG values were calculated 
using Eq.  3.10. The feasibility and spontaneity of CR adsorption on AFB were 
affirmed by the negative values of ΔG at all tested temperatures (30–60  °C) 
(Table 3.1C) (Mane et al. 2007). The ΔG value continuously decreased for a rise in 
the solution temperature, thereby indicating the endothermic tendency of the sorp-
tion process as elucidated in Sect. 3.4.2.4. The values of ΔG were observed to be in 
the −20–0  kJ  mol−1 range, suggesting that CR sorption on AFB is a physically 
driven process (Zhang et al. 2018).

The positive value of ΔH (i.e., +5.886 kJ mol−1) confirms the endothermic char-
acter of the adsorption process. ΔH values can be used to understand the physical 
adsorption of analytes on adsorbents such as 5 kJ mol−1 (hydrophobic bonding), 
4–10  kJ  mol−1 (van der Waals forces), 2–40  kJ  mol−1 (hydrogen bonding), 
2–29 kJ mol−1 (dipole bonding), and 40 kJ mol−1 (coordination exchange) (Saif Ur 
Rehman et al. 2016). Based on this classification, the ΔH value of CR adsorption on 
AFB affirms its physical nature and suggests there is a complex combination of van 
der Waals, hydrophobic, dipole, and hydrogen bonding forces. The positive ΔS 
value (+0.009 kJ mol−1) indicates that a temperature increase should have promoted 
CR adsorption by dislocating the water molecules present on the biochar surface 
(Auta and Hameed 2012). The adsorption of CR on cationic modified orange peel 
powder was also spontaneous and endothermic (Munagapati and Kim 2016). 
However, the thermodynamic analysis of CR adsorption onto ball-milled sugarcane 
bagasse implies that the process is spontaneous and exothermic (Zhang et al. 2011). 
Interestingly, the sorption of CR onto rubber seeds was observed to be endothermic 
and non-spontaneous (Zulfikar et  al. 2015). It can be perceived that the sorption 
thermodynamic results are indispensable toward the detailed understanding of sorp-
tion behavior as well as investigating the spontaneity of the process.

3.5.1  Desorption and Regeneration Experiments

Desorption studies showcase the regenerative ability of adsorbents and the potential 
of recovering dye molecules. The selection of proper eluents is important for a suc-
cessful desorption operation. The choice of eluents is typically based upon the type 
of adsorption mechanism and the nature of the adsorbent. For the desorption experi-
ment, various eluents were prepared such as 0.1 M NaOH, 0.1 M CH3COOH, deion-
ized water, and 0.1  M HCl. Figure  3.10a presents the results of desorption 
investigations. The superior eluent, when compared to three other eluents, was 
noted to be 0.1 M NaOH, which displayed a CR recovery of 86%.

The regeneration of biochar is favorable from a financial perspective and for the 
recovery of dye molecules. Based on the results of Fig. 3.10a, 0.1 M NaOH was 
utilized as the eluent for regeneration cycle experiments (Fig. 3.10b). A progressive 
reduction in CR sorption capacity was observed for AFB with a rise in the number 
of regeneration cycles. After the subsequent five cycles, the CR desorption capacity 
of AFB decreased from 86% to 79%. The decrease in the sorption capacity was 

K. Vikrant et al.



71

found to be less than 10% which might be a consequence of biochar loss during the 
regeneration process. As a result, AFB can be used for at least five cycles of CR 
adsorption effectively.

3.6  Adsorption Mechanisms

The adsorption of CR onto the surface of AFB can be mainly explained by three 
forces, namely electrostatic, Van der Waals, and hydrogen bonding. Observed two 
probable mechanisms for adsorption of CR onto coir pith carbon, including (1) 
electrostatic adsorption owing to the interactions amongst the positive charge bear-
ing protonated functionalities of carbon and the negatively charged deprotonated 
acidic dye, and (2) the physical adsorption or chemical reaction amongst the adsor-
bate and adsorbent. Analogous adsorption processes might also occur during the 
adsorption of CR onto AFB.

Figure 3.11 shows the adsorption mechanism of CR onto AFB in solutions of 
different pH (acidic, neutral, and alkaline). In the solution with a pH below pHZPC, 
the surface of the AFB was positively charged. This highly favors the electrostatic 
interactions amongst the AFB surface (bearing positive charge) and the anionic CR 
molecules with SO3

− as a functional group. The FTIR analysis of the AFB discloses 
the presence of acidic functionalities (e.g., hydroxyls and carboxyls), which should 
primarily furnish the electrostatic interactions amongst the SO3

− group of CR and 
the functional groups of AFB at acidic conditions. When the solution pH changed 
from acidic to alkaline, the number of positively charged sites of AFB decreased. 
The shift in solution pH resulted in an increase of negatively charged surface sites. 
This phenomenon resulted in the repulsion of the AFB surface and anionic dye. 
However, Fig. 3.3 shows outstanding removal efficiency and maximum adsorption 
capacity at a high pH. Hence, the adsorption can be physically controlled when the 
solution is alkaline. This physisorption process was also supported by the ΔG val-
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ues obtained in Sect. 3.6. The FTIR data also demonstrate a change in the band from 
3387 cm−1 to 3385 cm−1 after the sorption of CR onto AFB due to the interaction of 
the O-H bond of AFB with the –N− bond of CR. Another band at 1441 cm−1 under-
went a shift to 1439 cm−1, showing the participation of the COO− group of AFB. The 
drastic change in the peak from 1032 cm−1 to 1081 cm−1 clearly explains the adsorp-
tion of CR onto the AFB surface. The shift in the peaks of FTIR data is likely to 
reflect the formation of new bonds for weak van der Waals forces and hydrogen 
bonding between the functional groups of the AFB and CR dye molecule. Also, the 
transfer of the CR molecules from the bulk of aqueous solution to the AFB surface 
might contain these four steps: (1) transport of CR molecule from the bulk aqueous 
solution to the AFB surface, (2) transfer of CR molecules to the AFB surface through 
diffusion across the boundary layer, (3) adsorption at the surface sites of the sorbent, 
and (4) intra-particular diffusion through the surface of the sorbent (Sen et al. 2011).

3.7  Conclusions

Till date, varied physicochemical treatment options have been designed for the 
removal of dyes. However, the performance of these conventional systems is limited 
due to high cost, large energy and chemical requirements, generation of sludge and 
toxic byproducts. This chapter acknowledges adsorption as an apt option for the 
removal of dyes, due to their advantageous properties such as environmental benig-
nity, economical operation, easy and safe operation, and no sludge generation. The 
experimental case study showcased the applicability of a biochar derived from the 

Fig. 3.11 Proposed adsorption mechanism for Congo red dye on the Arjun fruit biochar surface at 
different pH conditions
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fruit of T. arjuna as an efficacious sorbent for the abatement dyes from water/waste-
water. The maximum removal efficiency and adsorption capacity of CR by AFB 
were 96.25% and 4.81 mg/g, respectively. The kinetic, equilibrium, and thermody-
namic analyses of the adsorption process revealed that CR sorption on AFB is a 
spontaneous and feasible method that is physical in nature. The reusability of bio-
char was reliable with minimal loss of adsorption capacity when tested over five 
regeneration cycles. The experimental observations of the present investigation 
showcased that the fruit of T. arjuna, which remains largely unused by the pharma-
ceutical industry, can be used in treatment facilities for the efficient removal of pig-
ments and dyes from water/wastewater. Such innovative usage of indigenously 
produced waste biomass holds a great potential for sustainable waste management 
as well as a cost-effective pollution control process.
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Chapter 4
Potential of Biochar for the Remediation 
of Heavy Metal Contaminated Soil

Amita Shakya and Tripti Agarwal

Abstract Soil contamination with heavy metals has become a serious concern. 
Due to their non degradable nature, speciation and bioavailability to the living 
organisms, heavy metals are prone to enter the food chain. Heavy metals are also 
known as trace elements because they are found in trace concentration into the envi-
ronment (<10 ppm or ppb). Accumulation of heavy metals and metalloids such as 
As, Pb, Cd, Hg, Se, Cd in soil is an issue of growing concern due to their lethal, 
carcinogenic, mutagenic effects, and multiple organ dysfunction in the living organ-
isms. However some heavy metals like Cr, Zn, Bo, Cu, Co, Fe, Mn and Ni are neces-
sary in trace amount for different biochemical functions of animal and plant system. 
Rapid urbanization and increasing industrialization leads to the accumulation of 
heavy metals into the soil. Contaminated soil can causes many physiochemical and 
biochemical changes into plants resulting in reduced growth, affecting the yield 
which eventually leads to food insecurity. Many strategies like isolation, immobili-
zation, extraction, phytoremediation, soil washing, etc. are used for remediation of 
heavy metal contaminated soil.

Biochar has been applied to soil as a novel carbon rich material for heavy metal 
remediation. Biochar is a solid product with porous structure, obtained when bio-
mass is thermo-chemically treated in a closed container in oxygen-limited environ-
ment. Physicochemical properties of biochar made it a potential candidate for long 
term carbon storage. Low production cost, high cation exchange capacity, pH, sur-
face functional groups and porous structures are some of the intrinsic properties of 
biochar making it a choice as an adsorbent for heavy metal remediation from soil. 
Biochar has capacity to make complex with heavy metals present in soil, which 
reduce their bioavailability.

Keywords Biochar · Pyrolysis · Remediation · Contaminated soil · Heavy metal
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4.1  Introduction

Soil pollution is among the prime most issues of concern worldwide for the present 
centaury. Soil pollution is referred as the presence of any chemical, compound or 
substance in soil at undesirable (excess) concentration which directly or indirectly 
affects the normal physicochemical activities of the non targeted organisms. While, 
soil contamination is known as the occurrence of any chemical, compound or sub-
stance higher than its natural concentration into soil which may or may not cause 
harm (Rodríguez-Eugenio et al. 2018). However soil contamination ultimately leads 
to the soil pollution if not managed on time, so both the terms can be used synony-
mously. After World War II notable advancement in agricultural practices took place 
to meet the demand of food supply for increasing population, which is still insuffi-
cient to meet the actual demand (Kavitha et al. 2018). Use of inadequate amount of 
pesticides and fertilizers for achieving high yield, rapid industrialization and urban-
ization and poor management of house hold and industrial effluents created the 
scenario of environmental pollution with many organic and inorganic pollutants. 
Soil contamination also affects the soil micro-biota leading to the compromised 
soil-biodiversity and soil system (Kumar and Singh 2017; Singh et al. 2019; Singh 
2019). Inorganic pollutants are of major concerns due to their non degradable and 
highly toxic nature. Heavy metals and metalloids are the major inorganic soil pol-
lutants. Soil contamination with heavy metals has become a global concern due to 
degradation in soil quality and fertility. It has raised the issues of food security by 
reducing the yields and quality of the crops as well as by making consumption of 
contaminated crop as a concern of human and animal toxicity. Unlike organic con-
taminants, metal(loid)s do not undergo microbial or chemical degradation, and their 
total concentration persist for a long time after their introduction in soils (Bolan 
et al. 2014). Due to their mobility, bioavailability and persistent nature these heavy 
metals can easily introduced and accumulates into food chain. Continuous anthro-
pogenic practices are the major sources for soil contamination with heavy metals. 
Heavy metal uptake by crops is crucial from socio-economic point of view, since it 
directly affects human health. Soil pollution, cannot be directly visible or accessible 
which makes it a concealed risk to living world. Various physical, chemical and 
microbial methods are used to remediate metal polluted soils. Factors such as cost, 
availability, effectiveness, remediation potential are some of the parameters which 
decide the feasibility and applicability of a remediation technique. Use of adsorp-
tive materials like biochar and activated carbon (AC) is considered as cost effective 
and more efficient method for on-site remediation of contaminated soil (Beesley 
et al. 2011). Biochar is charred organic material deliberately produced from thermo-
chemical conversion (generally <700  °C) of raw biomass in the oxygen limited 
environment for intentional soil application to improve soil properties (Lehmann 
2009). Though, biochar is produced from residual or waste biomass and can be used 
without any activation process, it own the properties similar to AC which made it a 
cheaper alternative than AC (<1000$/ton biochar vs. 2500$/ton AC) Sizmur et al. 
(2016). Since Biochar has lesser density than AC, hence it holds higher number of 
particles per unit mass, relative to AC at the same dose and particle size, this could 
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favor the kinetics of contaminant mass transfer from the soil to the biochar particles 
Sizmur et al. (2016). The potential of biochar to adsorb organic as well as inorganic 
contaminants makes it an appealing cost-effective alternative for soil remediation.

4.2  Soil Pollution with Heavy Metals and Sources

4.2.1  Heavy Metals and Their Toxic Effects

Though no clear definition for heavy metals is available but metals with relatively 
higher specific density compared to water (>5 g/cm3) are considered as heavy met-
als (Järup 2003). Their ability to induce toxicity at lower level of exposure made 
them pollutants of immediate concerns. Naturally, heavy metals are found over the 
earth’s crust in trace amount so also considered as trace metals (Tchounwou et al. 
2012). In past few decades the amount of heavy metals is found to be increasing 
dramatically besides their natural occurrence. Parallely, public health concerns due 
to the toxicity of these metals increased worldwide. Heavy metals can be classified 
as essential and non essential according to their role. Metals like chromium (Cr), 
cobalt (Co), copper (Cu), Molybdenum (Mo), Nickel (Ni), Zinc (Zn), Iron (Fe), 
Manganese (Mn), Magnesium (Mg) are considered as essential trace elements for 
living organism which participate in their physiological and biochemical functions 
(WHO 1973). Heavy metals like lead (Pb), mercury (Hg), arsenic (As), Lithium 
(Li), Titanium (Ti), antimony (Sb), cadmium (Cd), are the non essential metals and 
among the most toxic metals with highly detrimental effects on human and animal 
organs and plant system (Nagajyoti et al. 2010). Exposure to these metals beyond 
their permissible limit have life threatening effects on biological world. Soil and 
water contamination due to industrial runoff, municipal sludge; direct exposure dur-
ing mining, tanning, coal and petroleum burning, nuclear power stations, electron-
ics, textiles, dye, paper and wood industry; use of metals in domestic as well as 
small and large scale agricultural practices; bioaccumulation of metals in food chain 
are the prime manifestations of heavy metals to humans. Heavy metals can bind 
with many cellular organelles like cell membrane, mitochondria, lysosome, endo-
plasmic reticulum creating imbalance to their functionality also they interact with 
DNA, nuclear and cellular proteins which may lead to cell cycle modulation, carci-
nogenesis, mutagenesis or apoptosis (Tchounwou et al. 2012). Heavy metals affect 
the number, diversity, and activities of soil microorganisms (Chibuike and Obiora 
2014). Hg, Pb, As, Cd and Cr are classified as top priority toxic metal pollutants of 
significant concern. Neurological disorders, cardiovascular and renal dysfunction, 
acute immune disorders, dermatologic problems, reproductive problems are some 
of the human disorders associated with Hg, As, Be, Cd contamination (Mamtani 
et al. 2011). Metal contamination has shown various detrimental effects on plant 
growth too. Heavy metals which are present as soluble components in the soil solu-
tion (pore water) or those that are easily solubilized by root exudates are available 
for plant uptake (Chibuike and Obiora 2014). Due to hyper-accumulation of metals 
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such as Zn, Hg, As, Cd, Cr, Co, Cu, Mn, Ni reduction in biomass, root and shoot 
growth, seed production, plant nutrient is reported in various fruit, vegetable and 
crop plants (Chibuike and Obiora 2014; Nagajyoti et al. 2010).

4.2.2  Sources of Heavy Metal Contamination to Soil

The soil parent material itself contains most of the heavy metals in trace amount 
which is not bioavailable rather, anthropogenically added heavy metals have high 
bioavailability (Bolan et al. 2014; Wuana and Okieimen 2011). Some intentional or 
unintentional reasons that made heavy metals as soil contaminant can be: rapid 
anthropogenic generation cycle compared to natural one, transmittance from mines 
to other locations, discarded products with high concentration of metals, changes in 
chemical forms of heavy metals in the different environmental conditions which 
make them more bio-available and creates high risk of direct exposure (Wuana 
Okieimen 2011). Soil pollution can be point source or diffuse pollution. When con-
taminants are released into the soil of a particular area from specific source or serials 
of events, which could be identified easily is known as point-source pollution and 
anthropogenic activities represent the main sources (Rodríguez-Eugenio et al. 2018). 
While, diffuse soil pollution is referred as the accumulation of contaminants over 
very wide areas in soil, and has more than one source which could not be easily 
identified. Infusion, emission or transformation of contaminant in other media prior 
to soil application is the major cause of diffusion pollution in soil (Rodríguez- 
Eugenio et al. 2018). The chemical form and metal speciation are the key factors on 
which the fate and transport of heavy metals in soil depends. Once metal entered 
into the soil, it got distributed into divergent forms having different bioavailability, 
mobility, and toxicity. There are different identified sources adding heavy metal con-
tamination to soil including agricultural practices, industrial and domestic effluents, 
natural and atmospheric sources. Most of the mismanaged anthropogenic activities 
are responsible for rapid contamination of soil with various toxic metals. Release of 
industrial waste, waste water and sludge deposited due to industrial applications of 
metals in electroplating, milling, and etching, tannery, textile and dye, paint and 
color, metal casting and smelting, print and chemical, wood preservation and pro-
cessing, glass processing, photography, pharmaceutical printed circuit board (PCB) 
manufacturing industries, generate adequate amount of Cd, Zn, Cr, Ni, V, Pt etc. 
(Barakat 2011; Nagajyoti et al. 2010). Phosphate and nitrate fertilizers also contain 
variable amount of Cr, Cd, Ni, Pb, Hg and Zn in which Cd is of main concern due to 
its accumulation in plant leaves (Rodríguez-Eugenio et al. 2018). Pesticides, fungi-
cides extensively used in agriculture, horticulture and animal husbandries are the 
mixture of different compounds containing metals like Cu, Hg, Fe, Pb, Zn. Fungicidal 
spray Bordeaux mixture (mixture of copper sulphate and copper oxychloride) is the 
best example (Wuana and Okieimen 2011). All these practices contribute to elevate 
the background concentration of heavy metals in soil. Mining operations like tailing, 
refinement, ore transportation, metal finishing etc. are the direct sink of metals to the 
onsite soil. While, runoff from erosion of mine waste, direct disposal of mine waste 
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to land, corrosion and leaching of heavy metals, dusts produced during the transport 
of crude ores contaminate the off site locations too (Nagajyoti et al. 2010). Use of 
cattle, poultry and pig manures for agricultural practices can add high amount of Cu, 
Cd, Zn, Mn, Cr, Pb in soil. Since, compounds containing various metals are used in 
diet of animals in pig and poultry industry and repeated use of manure from such 
animals for land application, can cause considerable buildup of such metals in the 
soil in the long run (Wuana and Okieimen 2011). A study conducted in China 
reported that the application of pig and chicken manure led to a certainty extend pol-
lution of copper and zinc in soil, which becomes severity in the release of heavy 
metals in plantation (Jiang et  al. 2011). Municipal sewage sludge is also contain 
plenty of heavy metals including Pb, Cr, Cd, As, Zn, Ni, Fe which mainly accumu-
late due to their household usage in the form of steel, sewage pipes, paints, building 
materials, pigments etc. The direct application of untreated sludge can accumulate 
heavy metals into soil and eventually enter into the food chain. Metals like Ag, Cr, 
Hg, Ti, As, Cd, Mo, Co, Se, Ni, Zn, B, Cu, Pb and Mn are identified which enter the 
food chain when sewage sludge was applied to soil (Rodríguez-Eugenio et al. 2018). 
Natural sources like weathering of rocks may also add metals to soil as they are 
geological parent material of soil specially ingenious and sedimentary rocks. The 
amount of As in igneous rocks varies upto 100 mg/kg, while in sedimentary rocks it 
varies from trace amount in limestone and sandstone and upto 15,000  mg/kg in 
some Mn ores (Nriagu 1994). Besides it volcanic activities can also add Hg into soil.

4.2.3  Approaches for Heavy Metal Remediation from Soil

Several techniques are used for heavy metal remediation from soil. The overall inten-
tion of any such approach is to create a final solution which is protective to environ-
ment and human health (Wuana and Okieimen 2011). Also, the selection of appropriate 
remediation technique has a crucial importance, which can be influenced by chemical 
and physical nature of the heavy metal as well as soil, type and concentration of heavy 
metals. Soil remediation from heavy metals and metalloids can be done by source 
control and contaminant remediation, either by the mean of in situ (onsite) or ex situ 
treatment technologies. In situ treatment involves treatment of contaminated soil at its 
original place; unmoved, unexcavated; remaining at the site or in the subsurface, 
while for Ex situ process, the contaminated soil is moved, excavated, or removed from 
the site or subsurface (Wuana and Okieimen 2011). In situ stabilization of the con-
taminant by the mean of sorbent amendment has been gained substantial attention due 
to its cost effectiveness, high remediation efficiency and on-site treatment strategy.

Immobilization and extraction are the two main processes applied either in situ 
or ex situ (on site or off site) for heavy metal contaminated soils. Metal immobiliza-
tion is referred to stabilizing or fixing metal ions to reduce its leaching into the soil 
matrix and transform it to less soluble, toxic or bioavailable form in the soil reduc-
ing the associated risks to the environment (Tajudin et al. 2016). While, the extrac-
tion processes involve separation of the metals from the soil’s composition. 
Extraction reduces the concentration and volume of metals as well as the entire 
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contaminated medium. However, immobilization approaches are more acceptable 
due to many advantages over extraction in terms of cost and handing. Use of acti-
vated carbon or biochar as an adsorbent (immobilization agent) has shown promis-
ing and effective results for heavy metal remediation from soil. With low energy 
demand and global warming potential impact than activated carbon (AC) biochar 
become prime choice than activated carbon (Hjartardottir 2017). Table 4.1 summa-
rized the techniques used for the remediation of heavy metals from soil.

Table 4.1 Techniques used for heavy metal remediation from soil

Remediation 
technology Process Agent

Solidification 
(stabilization or 
fixation)

Physical encapsulation of the metals.
Convert metals to a less soluble form 
to reduce its leachability by the 
addition of cementing agent.

Cementing agent like Calcium 
Aluminate cement (CAC), 
pozzolanic cement (PC), Ordinary 
Portland cement (OPC), mixture of 
fly ash and cement etc

Immobilization 
(stabilization or 
fixation)

Conversion of contaminant into soil in 
more chemically stable form so it 
could not be accessible to plants
Redistribution of heavy metals from 
solution phase to solid phase by the 
mean of adsorption, precipitation, and 
complexation

Binding agents (clay, lime, 
bentolite, polyethylene, paraffins, 
bitumen); phosphate compounds; 
liming material; organic compost, 
Biochar

Vitrification 
(extraction)

Extremely high temperature treatment 
(≈2000 °C) to the contaminated area
Formation of vitreous material in the 
form of an oxide solid
Volatilization or destroying volatile 
metal species like Hg, Sb due to high 
temperature application

For in situ treatment: Heating 
devices like plasma torches and 
electric arc furnaces
For ex situ treatment: Heating 
electrodes

Soil washing 
(extraction)

Physical extraction: removal of highly 
contaminated soil particles
Chemical extraction: aqueous 
solutions are used for removal of the 
contaminant

Water, aqueous chemicals
(can be performed in situ as well 
as ex situ.)

Soil capping and 
isolation

Physical method which involves 
placing of a cover over the 
contaminated soil or barricading of 
contaminated site

Vertical engineered barriers 
(VEB), caps, liners

Phytoremediation 
(stabilization or 
fixation)

Use of metal accumulating plants and 
associated microbiota for metal 
remediation
In situ remediation involves 
phytoextratction, phytoaccumulation, 
phytostabilization, phytofilterartion

Plants and microbes

Bio-methylation 
(stabilization or 
fixation)

Microorganisms present in soil 
produce methylated derivatives of 
metals which are less toxic in nature 
and often volatile

Microbes

Summarized with Tajudin et al. (2016) and Wuana and Okieimen (2011)
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4.2.4  Potential of Biochar for Heavy Metal Remediation 
from Soil

Biochar is a solid, carbon rich product produced through the thermal treatment of 
biomass under oxygen limited conditions. Thermal treatments may include pyroly-
sis, hydrothermal carbonization, torrification or gasification. However, with pyroly-
sis the highest yield of biochar can be obtained and for other treatments it is a 
byproduct. Primary component of biochar is carbon (70–80%) with hydrogen, 
nitrogen, oxygen and mineral content including potassium, magnesium, major 
nutrients of plant growth (Kookana et  al. 2011). Biochar has high surface area, 
higher porosity, variable charge, and functional groups that can increase soil water- 
holding capacity, pH, cation exchange capacity (CEC), base saturation, crop resis-
tance to disease, surface sorption capacity and reduce the mobility of plant available 
pollutants when added to soil (Anawar et al. 2015; Safaei Khorram et al. 2018). 
Only ionic form of metal, dissolved into pore water of soil is bioavailable to the soil 
organisms and plants. When biochar is added to soil the transfer of metal ions from 
contaminated soil to biochar will takes place. Abundant surface functional groups, 
highly porous structure, high surface area attracts metal ions to associate with stron-
ger sorption sites of biochars and dissociate for weaker attraction with soil mole-
cules. When applied to the contaminated soil, biochar acts as a barrier which hinders 
the metal ion linkage or association to soil molecules by making strong affinity 
towards them (Fig. 4.1). Metal ions accumulate into plant via transfer from pore 
water of soil to plant roots Sizmur et al. (2016). Biochar adsorbs metal ions present 
in the pore water of soil and made them non-bioavailable to plant roots. To access 
the effectiveness of biochar amendment in soil end point measurements such as bio- 
available metal concentration, total metal concentration before and after amend-
ment, uptake by plants or animals are used (Lehmann and Joseph 2015).

Fig. 4.1 Schematic diagram representing metal remediation with biochar by breaking source 
(soil) and receptor (plant roots) pathway (pore water). [Adapted and modified from Sizmur 
et al. (2016)]
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4.3  Factors Affecting Heavy Metal Retention in Biochar

4.3.1  Characteristics of Biochar Affecting Metal Remediation

4.3.1.1  Feedstock and Pyrolysis Conditions

The parent material and preparation temperature are the key factors governing the 
properties of biochars (Kavitha et al. 2018). Almost any form of organic material, 
such as crop residues, forestry byproducts, urban yard wastes, industrial byprod-
ucts, animal manure, and sewage sludge can be converted to biochar by pyrolysis 
under a wide range of conditions (Xu et al. 2017). Generally, biochars produced 
from seaweeds, manures and crop residues are richer in nutrients, have higher pH 
and less stable carbon than biochars produced with lignocellulose rich woody bio-
mass (Gul et al. 2015). Also, biochars prepared from livestock manure and poultry 
litter have significantly different properties and compositions compared to plant 
derived biochars in which ash content is the most important (Uchimiya et al. 2010).

Biochar can be produced from various thermochemical treatments like, pyrolysis 
(slow and fast), gasification and hydrothermal carbonization at 250–1000 °C tem-
perature range with varying heating rates and resident time. Slow pyrolysis yields 
highest fraction of solid char (30–35%) as compared to fast pyrolysis (12%) and 
gasification (10%) (Mohan et al. 2014). For slow pyrolysis, biomass is heated from 
ambient to about 500 °C in absence of air, while residence time vary from minutes 
to hours. Biochar produced at lower pyrolysis temperature (<500 °C) possess attri-
butes which are considered favorable for heavy metals stabilization leading to metal 
immobilization into soil (Ahmad et al. 2013). It results biochar with high organic 
carbon content, specific porous structure and higher O-containing numerous func-
tional groups, which interacts with heavy metals in several ways (Oliveira et  al. 
2017). Also, the nutrients such as P, K, Ca, surface area, pH, C:N and C:O ratio of 
biochar increases, while dissolved organic matter concentration decreases when 
biochar production temperature increases (Gul et  al. 2015). The organic carbon 
components of biochar can stabilize heavy metals by electrostatic interactions, ionic 
exchange, sorptive interaction, and the specific binding of metal ions by surface 
ligands (Wang et al. 2017b). All the mentioned properties make biochar a suitable 
tool for removal of inorganic pollutants due to increased ionic interactions through 
O-containing functional groups (Oliveira et al. 2017). A recent study conducted in 
paddy soil polluted with Cu, Cd, Zn and Pb collected nearby from Pb-Zn mine area 
in China advocated that appropriate choice of feedstock was more determinant fac-
tor with respect to the mobility of pollutants than altering pyrolysis temperature or 
modification of surface properties  for immobilization  of metals from soil (Lu 
et al. 2018).
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4.3.1.2  Surface Area and Pore Distribution

Generally, surface area of biochar increases with the increase of pyrolysis tempera-
ture. Large surface area, highly porous structure and high pore volume is considered 
favorable for biochar’s adsorption capacity. Release of volatiles and deformation of 
raw material components during pyrolysis increase the surface area of biochar and 
generate honey comb like porous structure. The pore size of biochar differs depend-
ing on the material used for biochar production and usually ranges from nano 
(<0.9 nm), micro (<2 nm), meso (2–50 nm) to macropores (>50 nm) (Shaaban et al. 
2018). High pyrolysis temperature biochars (>500 °C) are more stable with high 
surface area (>400 m2/g) compared to low temperature biochars (Keiluweit et al. 
2010). The BET method given by Stephen Brunauer, Paul Hugh Emmett, and 
Edward Teller is the most common and well-known method used for specific sur-
face areas evaluation of biochar. Direct sorption of metal ions into pores of biochar 
is well known mechanism. Small particle size with large surface area posses more 
active sites to bind with metal ions. Highly porous structure allows biochar for 
physical sorption of metals. Scanning Electron Microscopy (SEM) and Energy 
Dispersive Spectroscopy (EDS) are most commonly used to techniques to analyze 
the metal mobilization and binding to biochar surface.

4.3.1.3  Inorganic Composition and pH

Most biochars are alkaline and with the rise in pyrolysis temperature the ash content 
increases so the alkaline nature of biochar increases, resulting in higher pH of bio-
char. The ash content is non organic fraction of biochar consisting of elements such 
as Mg, Ca, O, N, S, K etc. A large number of alkaline salts, alkali metals (Na, K, Ca, 
and Mg) and CaCO3 are associated with higher pH of the biochars (Cao and Harris 
2010). Generally, biochar pH is found to be >7. Reportedly, the raise in soil pH due 
to biochar addition reduces the mobility and bioavailability of Cd, Zn, and Pb, and 
the phenomena is known as “liming effect (Wu et  al. 2017). A 3  year long pot 
experiments were conducted to determine the long-term impact of holm oak-derived 
biochar, compost, and peat on Cd and Zn immobilization in the soil from the 
Campine region (Egene et al. 2018). Authors reported decrease in metal concentra-
tion in case of biochar amended soil while unexpected increase was reported for 
peat and compost treated soils. They reported metal immobilization due to consis-
tently higher pH in the biochar treatments leading to precipitation of metal oxides 
(Egene et al. 2018). Application of biochar increases the soil pH leading to the for-
mation of metal hydroxide precipitation and adsorption of heavy metals. Biochar 
with alkaline pH (pH 7–9) when added to acidic soil will increase the soil pH lead-
ing to the decrease in the mobility of cationic metals in soils due to reduced compe-
tition between H+ ions and metal ions for cation exchange sites either directly on the 

4 Potential of Biochar for the Remediation of Heavy Metal Contaminated Soil



86

surface of biochar or as a general liming effect on the soil matrix (Beesley et al. 
2011). The type of raw material and pyrolysis temperature are the most important 
factors which influence the ash content and pH of biochar. Biochar originated from 
animal manure and sludge, grass, grain husk and straw contain high amount of ash 
content than that of woody biochar (Wang et al. 2018b).

4.3.1.4  Cation Exchange Capacity (CEC)

CEC of biochar can be defined as the capacity to exchange or adsorb positively 
charges ions and ranged from negligible to 200 cmol(+)/kg depending upon type of 
feedstock and pyrolysis condition (Palansooriya et al. 2019). Low temperature bio-
chars generally have high CEC as they are rich in oxygenated functional groups, 
indicative of high complex formation intensity with metal cations. Biochar amend-
ment increases the CEC of soil also. Formation of carboxylic groups in biochar 
during pyrolysis and oxidation of aromatic carbon in soil could be the reason of 
increase of CEC of soil (Palansooriya et al. 2019). Uchimiya et al. (2011a) sug-
gested CEC as the primary mechanism by which biochar enhance the Cu retention 
from sandy loam soil (Uchimiya et al. 2011b). Reduction in bio-available Pb, Cd 
and Zn was also reported in mine trailing with orchard prune derived biochar due to 
increased pH and CEC (Fellet et al. 2011). Mineral or ash content present in the 
biochar increase the pH of biochar which favors the adsorption of cationic metal 
ions like Pb2+, Zn2+, Cd2+, Ni2+ etc. by increasing the cation exchange.

4.3.1.5  Surface Functional Group

During thermal treatment of biomass, reformation and rearrangement of chemical 
bonds take place resulting in the formation of several functional groups (e.g. 
hydroxyl -OH, amino-NH2, ketone -OR, ester -(C=O)OR, methyl –CH3, nitro -NO2, 
aldehyde -(C=O)H, carboxyl -(C=O)OH) on biochar surface (Verheijen et al. 2010; 
Zama et al. 2018). With their nature as electron donors or acceptors, the biochar 
properties can be of acidic or basic or hydrophobic or hydrophilic. Biochar pro-
duced at lower pyrolysis temperature (<400 °C) contain more oxygen containing 
surface functional groups (-OH, -CO, -COOH) which forms complex with metal 
cations. X-ray photoelectron spectroscopy (XPS) and Fourier Transform Infrared 
(FTIR) Spectroscopy are the most widely used technique to identify the surface 
moieties of biochar and soil. Complex formation with oxygenated functional groups 
is evidenced in many reports in case of Zn, Pb, Cr, Ni, Cd (Ahmad et  al. 2013; 
Kumar et al. 2018; Qian et al. 2019; Uchimiya et al. 2011a). The negative charge of 
biochar surface increases the soil pH leading to increase in adsorption of metal ions 
from soil due to deprotonation of soil surface. Biochar surface oxygenated func-
tional groups may impact on the oxidation of redox sensitive metals (Beesley et al. 
2015). The formation of metal-ligand complex in soil could cause mineral 
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precipitation on the soil particle surface which changes soil porosity and modifies 
soil physical structure. Study conducted by Xu et al. (2018) shows that dairy manure 
and sawdust biochars application in soil enhances the immobilization capacity of 
biochars for Cd due to the enhanced surface complexation with O-containing groups 
(Xu et al. 2018) (Fig. 4.2).

4.4  Other Factors

Besides characteristic properties of biochars the heavy metal retention onto biochar 
is also affected by speciation of heavy metals into soil, physical and chemical prop-
erties of heavy metal ions and the amount of biochar addition (Wang et al. 2018b). 
Soil properties, metal speciation and characteristics as well as environmental condi-
tions are other factors that affect the biochar-metal interactions in soil matrix. 
Properties of metal ion are critical character in sorption process with biochar. Metal 

Fig. 4.2 Characteristic physico-chemical properties of biochar
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ions having small ionic radii and high charges are strongly attracted or repulsed by 
charged biochar surfaces (Kong et al. 2014). Also, small ions and molecules can be 
absorbed by diffusion into the meso and micro pores of the biochar. Large mole-
cules or ions that could not diffuse may get adsorbed on the biochar surface, which 
may block the pores. Metal solubility is also an important factor which allows bind-
ing it with biochar. Soil mineral content, pH, moisture, soil organic matter, cation 
exchange capacity are the important soil properties affecting metal-biochar com-
plex formation. Soils from tropical regions are highly weathered, acidic, low in 
organic carbon, with dominated by kaolinite and iron or aluminum oxyhydroxides, 
posses low cation exchange capacity and are more readily phyto-toxic than soils 
from temperate regions due to their inherent inability to retain heavy metals (Beesley 
et al. 2015). In addition to soil type, modification in biochar before applying in soil 
and application of biochar in combination to fertilizers, clay, limestone and compost 
and their ratio also affect the metal uptake by biochar (Fig.4.3). Trials conducted 
with As and Cd contaminated soil with application of the zero valent iron (ZVI) and 
biochar alone and with the ZVI-biochar mixture for rice growth. The results demon-
strated that the single ZVI amendment significantly decreased As bioavailability, 
while the single biochar amendment significantly reduced the bioavailability of Cd 
compared with the combined amendments. While, ZVI-biochar mixture may have a 
synergistic effect that simultaneously reduces Cd and As bioavailability by increas-
ing the formation of amorphous Fe and Fe plaque for Cd and As immobilization 
(Qiao et al. 2018). A study conducted in sandy loam soil collected from surround-
ings of a copper smelter to examine the effect of bamboo and rice straw biochar on 
mobility and redistribution of Cd, Cu, Pb and Zn. The results demonstrated that the 
rice straw biochar is more effective than bamboo biochar and efficiently immobilize 
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the heavy metals, and reduces their mobility and bioavailability in contaminated 
soils (Lu et al. 2017). Experiments conducted with the composting of a mixture of 
chicken manure and sawdust (3:2, v:v) with 5% dry weight addition of biochar pro-
duced from waste of fungal cultures or rice straw demonstrated that both the total 
and the bioavailable concentration of Zn, Cu and As (exchangeable and reducible 
fractions) was reduced compared to material composted without any addition of 
biochar (Cui et al. 2016).

Biochar is a panacea of many characteristic properties which contributes for 
adsorption of pollutants from soil. With the time, changes in the characteristic as 
well as sorption properties of biochars may occur which is referred as ‘ageing of 
biochars’. Oxidation of biochar surfaces, mineralization and other biochemical 
interactions between biochar and soil’s natural organic matter (SOM) and non- 
organic matter (NOM) could be the reason of biochar aging. Aging reduce the 
adsorption capacity of biochar as SOM and NOM block the pores of biochars 
(Uchimiya et al. 2010). Aging of pollutants can takes place over the period of time, 
which could make it more recalcitrant and less bio-available. With increase of time, 
soil-metal association may also get stronger resulting in non-extractable fraction of 
pollutant (Hjartardottir 2017). This metal-soil binding could be an obstacle in reme-
diation process.

4.5  Heavy Metal Removal Mechanism of Biochar in Soil

Unlike organic pollutant contamination, the heavy metal contamination of soils and 
its management are a challenging issue because they are hard to mineralize into 
other forms, and their persistence causes numerous adverse effects on the soil eco-
system. With porous structure, larger surface area, ample surface functional groups 
and good CEC biochar shows effective and promising results for heavy metal man-
agement in soil. The remediation mechanism of biochar is different for different 
heavy metal pollutants. For the same heavy metal ion, the adsorption mechanism is 
different when the biochar is different (Wang et al. 2018b). Biochar act on the bio-
available fraction of soil heavy metals and can be able to reduce also their leach-
ability (Paz-Ferreiro et al. 2014). The mobility and bioavailability of heavy metals 
and metalloids are controlled by a myriad of reactions either synergistically or 
alone, which are discussed below (Fig. 4.4).

4.5.1  Complexation

Formation of multi-atom structures (i.e., complexes) with specific metal-ligand 
interactions over outer or inner sphere is the complexation (Inyang et  al. 2016). 
Biochar is rich in oxygen containing acidic functional groups (phenolic, carbonyl, 
lactonic, carboxylic, phenolic and hydroxyl) as well as basic functional groups 
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(ketone, pyrone), which play significantly important role in binding (complexation) 
of heavy metals and metalloids onto the biochar surface as well as inner pores. Also, 
freshly prepared biochar applied into the soil, exposed to the atmosphere, the oxy-
genation of the biochar surface occur, which leads to the formation of oxygen con-
taining functional groups (Beesley et al. 2015). Choppala et al. reported that for Cr 
contaminated soil the functional groups donates electrons for metal binding and 
high pH biochars may prevent dissociation and oxidation of phenolic and hydroxyl 
groups, which prevent the proton supply for Cr(VI) reduction (Choppala et  al. 
2012). Biochar produced through low temperature pyrolysis contains more polar 
functional groups rather higher temperature pyrolysis biochar. It result in effective 
metal immobilization due to the formation of inner and outer sphere complexes with 
oxygenated (acid) functional groups (Beesley et  al. 2015; Wang et  al. 2018a). 
Complexation is considered as most common mechanism for adsorption with bio-
char for metal with soluble nature (Zn, Ni, Pb etc.).

Fig. 4.4 Schematic diagram of metal-biochar interaction in soil
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4.5.2  Physical Sorption

Biochar is the carbon material with a well distributed pore networks including 
micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm) (Lehmann 
and Joseph 2015). Physical or surface adsorption involves the removal of heavy 
metals by diffusion of metal ions into the pores of sorbent. This mechanism is not 
implicated with any chemical bond formation. For both animal and plant biochars, 
increasing temperatures of carbonization (>300 °C) will favor high surface areas 
and pore volumes in biochars (Inyang et al. 2016). Larger pores allow the metal ions 
directly immobilize into the pores by diffusion process and retained within the pore. 
Generally, with increase in pyrolysis temperature, the surface area and porosity of 
the biochar also increases, which increases adsorption capacity of biochar (Inyang 
et al. 2016; Zhang et al. 2015). However, other mechanisms are more prominent for 
heavy metals adsorption from soil.

4.5.3  Electrostatic Attraction

Heavy metal immobilization via electrostatic attractions takes place between metal 
ions and biochar’s surface charge (Inyang et al. 2016). Biochar surface is negatively 
charged when produced at higher pyrolysis temperatures. The positively charged 
metal ions interact with negatively charged biochar surface through strong electro-
static interaction in soil, leading to the reduction of metal bioavailability. This 
mechanism highly influenced by pH of soil, as it changes the metal speciation in soil 
matrix. Also, biochar application increases the soil pH, leading to reduction in metal 
mobility by attaching with metal ions.

4.5.4  Ion Exchange

Exchange of ionic species to biochar surface from soil matrix is another way to 
immobilize metal with biochar. Surface functional groups and size of metallic spe-
cies are the most important factors related to the efficiency of the ion exchange 
process in retaining heavy metal contaminants on biochar (Inyang et al. 2016). Ionic 
exchange of metal species on biochar occurs by a selective replacement of cations 
on biochar surfaces with target metal species (Inyang et al. 2016; Wang et al. 2018b). 
Since, CEC of biochar is highly influenced by biochar’s surface functional groups. 
Low temperature biochars posses high amount of these groups which bind with 
metal ions onto biochar surface. Metal ions may also form complex with minerals 
like Na, K, Mg, P, Ca etc. present into the inorganic constitute of the biochar matrix.
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4.5.5  Precipitation

Precipitation is considered as the most common accountable mechanisms for heavy 
metal immobilization by biochar (Inyang et al. 2016). During the sorption process 
formation of solid(s), either in solution or on a surface is known as precipitation. 
Metals like Cr, Cu, Zn, Pb with intermediate ionization potentials (2.5–9.5) and 
soluble nature are often precipitate on biochar surfaces as insoluble phosphate and 
carbonate salts (Kong et  al. 2014). Biochar addition (with pyrolysis tempera-
ture > 300 °C) remarkably increase the pH of soil and the heavy metal ions present 
into the soil may react with the oxide, phosphate and carbonate (OH, PO4, CO3, 
HCO3) fractions of the biochar leading to the reduction of heavy metal mobilization 
into the soil by precipitation (Ahmad et al. 2013; Tang et al. 2013). Generally, high 
temperature biochar has high pH as well as high mineral content (eg. Ca, Mg, Si, 
Fe) which is significantly higher in case of animal waste derived biochar like, poul-
try litter, bone char than the biochars derived from plant materials (Inyang et al. 
2016; Shakya and Agarwal 2017). The minerals are present in biochars either in free 
form or embedded the carbon matrix which can directly react with the heavy metal 
ions to form metallic precipitate. A study observed a new precipitate on Pb-loaded 
sludge derived biochar as 5PbO·P2O5·SiO2 (lead phosphate silicate) at initial pH 5 
and confirmed by XRD and SEM-EDX (Lu et al. 2012).

4.6  Risk Associated with Biochar Application in Soil

4.6.1  Risk to Environment

Being cost effective and economic, majority of researches supports use of biochar 
technology in soil for different prospects. However, limitations are also there. The 
selection of feedstock and production process, highly affect the organic as well as 
inorganic composition of the biochar. Use of sewage sludge, municipal waste or 
contaminated raw material may leads to accumulation of toxic metals in biochar. 
This increases the threat of phytotoxicity as well as soil contamination if applied to 
soil. Formation of polyaromatic hydrocarbons (PAH), volatile organic compounds 
(VOC), dioxins, carbonaceous nanoparticles may occur in biochar during the pyrol-
ysis process (Dutta et al. 2017). Slow pyrolysis and longer residence time result in 
lower PAH yields than the fast pyrolysis and shorter residence time (Wang et al. 
2017a). Pyrolysis temperature has a critical impact in determining the quantity and 
type of compounds released from biochar (Singh et al. 2014). Generally, low molec-
ular weight PAHs are formed at low temperature (<500 °C) whereas the high molec-
ular weight PAHs commonly appear under high temperature (>500 °C) (Wang et al. 
2017a). Biochar aging in soil is also a critical factor in respect to soil biota, nutrient 
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availability and retention. With time the capacity of biochar to immobilize the heavy 
metals may be modified as the sorption sites may get occupied with native soil 
organic matter or competing contaminant (Beesley et  al. 2011). Recent study 
reported significant negative impact of biochar aging on exposed earthworm growth 
and reduction to root biomass (Anyanwu et  al. 2018). Biochar prepared at high 
temperature or with animal origin feedstocks having high ash content, which may 
affect the plant growth by altering the nutrient bioavailability if applied to soil. 
Joseph et al. (2018) conducted a study to investigate the mechanisms of nutrient 
retention in a high temperature wood biochar. Authors compared non-composted 
biochar (BC) with composted biochar (BCC) and reported that during composting 
dissolved nutrients are first taken up into biochar pores complex reactions of con-
centration gradient, surface sorption and retention which block biochar pores and 
result in deposition of a nutrient-rich organomineral (plaque) layer. They concluded 
that biochar may react towards nutrients in a soil-fertilizer system, making it a com-
petitor for, rather than provider of, nutrients for plant growth (Joseph et al. 2018). 
Biochar application to the soil with positive effects also may lead to the growth of 
invasive plants which act as competitor for crops. With the addition of biochar, 
improved soil quality and plant growth with significantly elevated weed growth was 
reported (Safaei Khorram et al. 2018). The adsorption property of the biochar which 
effectively immobilize the heavy metals can also immobilize various essential micro 
and macro nutrients and decrease soil fertility leading to reduced bioavailability to 
plants. Biochar has shown affinity towards pesticides and herbicides, which may 
reduce the effectiveness of these chemicals which may force to increase their use. 
Also, such chemicals when bound with biochar may remain in the agroecosystem 
for a long time which may compromise their applications for generations (Ok et al. 
2015). The alkaline nature and inadequate amount of biochar addition to soil may 
also imbalance the soil properties which may have negative impact on soil micro 
and macro biota. Continuous use of biochar can accumulate it into the soil matrix 
and so the bind metals, which may also alter the soil environment in long term. The 
beneficial effects of biochar addition, also depends upon soil type. So, it is neces-
sary to analyze the soil type and quality before biochar addition. Analysis of feed-
stock with respect to composition, moisture content and any other contamination is 
needed to avoid the soil contamination or the availability or mobility of such con-
taminants to plants. Biochar application for soil remediation is still in laboratory 
research phase, which need real trails in fields to know the real picture of biochar 
effects. Certainly, utmost care is required during selection of raw material for bio-
char preparation; characterize the biochar for its physicochemical properties and 
judicial amount of biochar before soil application to reduce the associated risks. In 
addition, with huge differences in its properties a single biochar cannot be consid-
ered effective for different metal remediation. The longevity and fate of biochar in 
soil for long term is still unclear, which is a lack in knowledge for future effects or 
associated risks of biochar.
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4.6.2  Risk to Human Health

During production or implication in fields, inhalation of fine particles of biochars 
can cause serious health issues or respiratory problems. Biochar source material like 
sludge, sediments, municipal waste, litter and manure may sometimes itself contain 
metal and other contaminations which may lead to health issues if not handled care-
fully. Metal accumulation in biochar due to source material or production process 
may leach into soil or water which further increases their concentration in environ-
ment leading to biomagnifications or bio-accumulation into food chain. An urgent 
need of policies is required to regulate the production, use and application of bio-
chars for various soil applications. Although the heterogeneous nature of biochar in 
terms of its properties provides many opportunities to explore its usages in various 
fields for environmental management. However its possible negative imapcts can be 
a challenge for biochar industry.

4.7  Conclusion and Future Scope

Biochar has emerged as a promising and efficient tool to remediate heavy metals 
which are absorbed and bind into soil matrix with different strength from various 
anthropogenic sources. With its strong metal affinity, biochar fixes metal into the 
soil matrix. Biochar’s ability to alter the physicochemical properties of the soil can 
also help to improve soil fertility. Various factors govern the sorption properties of 
biochar into soil matrix like biochar raw material, preparation method, nature of 
targeted metal, properties of soil, environmental conditions, and co-occurrence of 
other pollutants. The intergraded approach to use biochar with compost, fertilizer 
and manure can help to achieve the soil remediation as well as soil conditioning to 
improve yield. Use of engineered, magnetic or designer biochar for metal remedia-
tion from soil is also a step ahead approach however most of the research is in infant 
stage. The properties of biochar significantly depend upon the raw material and 
production process, need of extensive research to standardize and regulation in this 
regard is also necessary. Interaction and effect of biochar on biota in heavy metal 
contaminated soil is still poorly understood. Since, the biochar application into soil 
is a non reversible approach, so systematic monitoring is necessary requirement in 
the view of soil, human and environment health as well as food safety. Irreversibility 
of biochar application from soil matrix and its aging is yet to be studied on larger 
scale. Though, ongoing research is providing new insights of biochar application for 
metal mitigation from soil, data is still insufficient to its use for large scale applica-
tion. This is a need of research to explore the potential of biochar for new and aris-
ing species of metal contaminants.
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Chapter 5
Biochars and Its Implications on Soil 
Health and Crop Productivity  
in Semi- Arid Environment

P. Kannan, D. Krishnaveni, and S. Ponmani

Abstract Land degradation and climate change are important associated processes 
necessitating appropriate management options to solve alarming food security 
threats in developing nations. Biochar produced from plant matter and applied to the 
soil has become increasingly recognized to address multiple contemporary con-
cerns, such as agricultural productivity and contaminated ecosystem amelioration, 
primarily by removing carbon dioxide from the atmosphere and improving soil 
health. Biochar is an anaerobic pyrolysis product derived from organic material, 
resistant to easy degradation and stored carbon in the long-term in the terrestrial 
ecosystem and capable of reducing greenhouse emission from soil to the atmo-
sphere. Further, it has the potential to adsorb and degrade heavy metals accumulated 
in the industrial and contaminant sites. The different source of biochars and graded 
levels of application has positive and negative effects on crop yield under different 
soil types. Most of the results in biochar are a greenhouse and laboratory-based 
experiment and lack of field experimental evidence in the semiarid environment. In 
this chapter need for biochar production, characterization, soil health changes, envi-
ronmental clean-up potential, and crop yield dynamics under changing climate and 
research on biochar in the near future will be focused on sustainable crop and envi-
ronmental management.
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5.1  Introduction

Global environmental change, including land degradation, loss of biodiversity, 
changes in hydrology and changes in climate patterns resulting from enhanced 
anthropogenic emission of greenhouse gases, will have serious consequences for 
world food security, particularly affecting the more vulnerable socio-economic sec-
tors (Ericksen et al. 2009; Lal 2010). The World Bank suggests that at least a dou-
bling of cereal yields and a 75% increase in meat production by 2030 are required 
to maintain the current level of nutrition globally (Fresco 2009). To significantly 
increase food production, when large areas of agricultural lands will be adversely 
affected by climate change or converted into forestry for C sinks may not be possi-
ble unless new technologies and sustainable practices are rapidly adopted (Singh 
and Singh 2019; Singh et al. 2019a, b; Vimal and Singh 2019). Biochar is a charred 
by-product of biomass pyrolysis produced from biological wastes, crop residues, 
animal poultry manure, or any type of organic waste material. Pyrolysis is the chem-
ical breakdown of a substance under extremely high temperatures in the absence of 
oxygen. Biochar application has been promoted in agricultural practice that creates 
a win-win situation by improving soil quality and enhancing agricultural sustain-
ability concomitant with mitigating GHG emissions. Recently biochar application 
got momentum because its capability of carbon sequestration, reducing soil com-
paction, improves soil physical condition and nutrient uptake from the soil.

The application of biochar to agricultural soils may play a crucial role in global 
climate change mitigation through the reduction of greenhouse gas production and 
the sequestering of atmospheric carbon in soils (Gaunt and Cowie 2009; McCarl 
et al. 2009; McHenry 2009). The agronomic benefits of biochar in soils could assist 
in the adaptation of agriculture to meet rising demands for food and fibre. 
Furthermore, improving soil health with biochar applications may increase the 
resilience of agricultural systems and enable the continuation of farming on mar-
ginal lands (Chan et al. 2007; Steiner et al. 2008)

Application of biochar to soil has been shown to have many advantages includ-
ing enhanced soil health characteristics, reduced metal contamination risks and con-
sequently increased plant growth (Namgay et al. 2010; Reichenauer et al. 2009) as 
well as reduced greenhouse gas emissions from soil (Singh et  al. 2010a, b; Van 
Zwieten et al. 2009; Yanai et al. 2007). The competing and often conflicting demands 
of land use primarily stem from growing populations requiring housing and food, 
coupled with community desires for greater allocation of land to ecological reserves 
and the increasing production of energy crops to displace greenhouse gas-emitting 
fossil fuels (Koomen et al. 2005; Simon and Wiegmann 2009). In addition to the 
challenge of a changing climate, the increasing claim for this scarce land-use 
resource will force the necessity for greater productivity from less land, meaning 
farmers will need to undertake activities that result in significant yield increases 
(Singh et al. 2017a, b, c; Vimal et al. 2018; Kumar et al. 2018; Singh 2019). Land 
managers from more developed countries historically had greater access to techno-
logical innovations and training, thereby improving the productivity of agricultural 
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systems compared with those from developing countries (Singh 2013; Singh 2014; 
Singh 2015; Singh 2016; Singh Boudh 2016; Kumar et al. 2017; Kumar and Singh 
2017; Tiwari and Singh 2017). With the escalating effects of climate change, tech-
nological adaptation will become increasingly vital to sustainably augment produc-
tion systems globally (Bryan et al. 2009).

Recently, biochar has attracted much attention due to its promising role in many 
environmental management issues. Biochar can be mainly used as a large-scale soil 
amendment a wide range of agricultural applications including chemical contami-
nants, soil fertilization as well as carbon sequestration. It improves soil quality by 
increasing soil pH, moisture-holding capacity, attracting more beneficial fungi and 
microbes as well as improving cation exchange capacity (Laird 2008). The presence 
of many functional groups such as carboxylic, alcohol, and hydroxyl on the biochar 
surface makes an opportunity to form complexes between these groups and heavy 
metal ions (Woolf 2008). Due to the specific surface area and high sorption capacity 
in regard to heavy metals ions, the biochar could be used as an effective adsorbent 
of these contaminants (Matthews 2008). Being a renewable resource and due to its 
economic and environmental benefits, biochar is a promising resource for environ-
mental technology used for water contaminants treatment. Most studies have 
reported that biochar showed excellent ability to remove contaminants such as 
heavy metals, organic pollutants and other pollutants from aqueous solutions. 
Meanwhile, several biochars exhibit comparable or even better adsorption capacity 
than commercially activated carbon (Zhang et al. 2013; Yang et al. 2014). Therefore, 
it is very imperative to emphasize the importance of biochar production, character-
ization and various applications of biochar in this book chapter.

5.2  Biochar and Its Characteristics

5.2.1  Biochar

Biochar is a carbonaceous material produced from organic waste through thermo-
chemical decomposition under different temperatures in the presence of little/no 
oxygen by the process of pyrolysis and used for soil conditioning, carbon conserva-
tion and greenhouse abatement (Kannan et al. 2016).

5.2.2  Pyrolysis

The chemical breakdown of a substance under high temperatures in the absence of 
oxygen is called as pyrolysis (Fig. 5.1).

Organic chemical transformation in pyrolysis (Fig. 5.2).
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5.2.3  Biochar Production

Biochar can be produced by thermochemical decomposition of biomass at tempera-
tures of 200–900  °C in the presence of little or no oxygen, which is commonly 
known as pyrolysis (Demirbas and Gonenc 2002). Pyrolysis is generally divided 
into fast, intermediate, and slow depending on the residence time and temperature. 

Fig. 5.1 Pyrolysis temperature and conversion nature of proximate components of plant

Fig. 5.2 Chemical transformation process of proximate components of the plant into biochar
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Fast pyrolysis with a very short residence time (<2 s) is often used to produce bio- 
oil from biomass yielding about 75% bio-oil (Mohan et al. 2006). Slow and inter-
mediate pyrolysis processes with a residence time of a few minutes to several hours 
or even days are generally favored for biochar production (25–35%) (Brown 2009). 
Gasification is different from the general pyrolysis process. For gasification, the 
biomass is converting into gases rich in carbon monoxide and hydrogen by reacting 
the biomass at high temperature (>700 °C) in a controlled oxygen environment and/
or steam. The resulting gas mixture is known as synthetic gas or syngas (Mohan 
et al. 2006) (Fig. 5.3 and Table 5.1).

5.2.4  Conversion Efficiency

Conversion of woody biomass to biochar has shown an average recovery of 54% of 
the initial carbon in the biochar (Lehmann et  al. 2003). But our study reported 
32–67% recovery from different biomass and these variations mainly attributed to 
the nature of feedstock used and thickness of the feedstock. The conversion 
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Fig. 5.3 Biomass conversion, properties and application potential

Table 5.1 Effect of pyrolysis method, temperature and residence time on the end product

Process
Temperature 
(°C) Residence time

Products
Liquid 
(bio-oil) (%)

Solid 
(biochar) (%)

Gas (syngas) 
(%)

Fast pyrolysis 300–1000 Short (<2 s) 75 12 13
Intermediate 
pyrolysis

500 Moderate 
(10–20 s)

50 25 25

Slow pyrolysis 100–1000 Long 
(5–30 min)

30 35 35

Gasification >800 Moderate 
(10–20 s)

5 10 85
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efficiency of different agricultural wastes was given in Fig. 5.4. The crop wastes of 
500 kg were converted into its biochar respective under the anaerobic condition at 
300–400 °C by slow pyrolysis process using slow pyrolysis unit (Kannan et al. 2016)

Biochar is a fine-grained and porous substance, similar in its appearance to char-
coal produced by natural burning. It is produced by the combustion of biomass 
under oxygen-limited conditions (International Biochar Initiative 2008). As a soil 
amendment, biochar creates a recalcitrant soil carbon pool that is carbon-negative, 
serving as a net withdrawal of atmospheric carbon dioxide stored in highly recalci-
trant soil carbon stocks (Lehmann and Joseph 2009).

Biochar is the carbon-rich solid product resulting from the heating of biomass in 
an oxygen-limited environment. Due to its highly aromatic structure, biochar is 
chemically and biologically more stable compared with the organic matter from 
which it was made. It has been proposed as a technology to play a useful role in 
building soil health and mitigating climate change. Properties of biochar vary 
widely, depending on the biomass source used and the conditions of production of 
biochar (Lehmann and Joseph 2009).

The pH of the biochar produced from different agricultural feedstocks ranged 
from 7.9 to 11.2 which are of alkaline range. Among the various feedstocks used, 
fodder sorghum stalk biochar (11.2) and prosopis biochar (10.8) are high in alkaline 
nature. Rice husk biochar registered a low level of salinity (0.22 dS/m) whereas the 
other feedstocks biochar (0.58–2.1 dS/m) are likely to develop a moderate level of 
salinity. Among the various agricultural feedstocks, redgram and maize stalk bio-
char registered the highest organic carbon content of 76 g/kg followed by cotton 
biochar 69 g/kg (Table 5.2).

The nutrient composition of biochars varied with the source of feedstocks. The 
total N varied from 0.43 to 2.06%. The biochar produced from maize stalk regis-
tered the highest total N of 2.06% and a total P of 0.84% and fodder sorghum 
recorded a maximum total K of 2.7%. The lowest total N of 0.31% was in cotton 
stalk biochar and the lowest total P of 0.23% and total K of 0.20% were recorded in 
the rice husk biochar.

Conversion efficiency (%)
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Fig. 5.4 The conversion efficiency of different agricultural waste into biochar
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5.3  Implications of Biochar on Soil Health

The presence of biochar in the soil has a significant effect on the physical nature of 
the system, affecting the texture, depth, porosity, structure, and consistency, particle- 
size distribution, surface area, pore size distribution, and packing. Also, biochar 
affects the physical properties of soil, physical properties that may subsequently 
have a direct effect on plant growth. Since the availability and penetration depth of 
water and air into the root zone is determined mainly by the physical compositions 
of the soil horizons and physical makeup (Lehmann and Rondon 2006; Chan et al. 
2008). The presence of biochar will directly influence the response of soil to water, 
its aggregation, permeability, and swelling-shrinking dynamics, in addition to its 
capacity to hold cations and its reaction to ambient-temperature variations (Brady 
and Weil 2008). Biochar also changes the physical nature of soil, causing a net 
increase in the total soil-specific surface area and improves the soil structure and 
aeration. Compositional proportions vary according to feedstock materials, pyroly-
sis conditions, processing temperatures adopted, heating rates and pressures 
(Fig. 5.5).

As a consequence of improved soil physical properties (structure, surface area, 
porosity, bulk density, and water holding capacity), plant water availability, nutrient 
retention capacity, root penetration, and aeration do increase (Chia et  al. 2015). 
Sandy soils amended with biochar have higher water holding capacities than do 
loamy and clay soils, while increased soil aeration is mainly observed in fine- 
textured soils (Mukherjee et al. 2014).

The application of biochar increases microbial activity and biomass and changes 
the microbial community composition and abundance. However (Tiwari et  al. 
2019a; Tiwari et al. 2019b; Singh et al. 2019; Kour et al. 2019), the beneficial effect 
of biochar on the soil environment depends on the type of biochar, application rate, 
soil type and plant response (Lehmann et  al. 2011). The bacterial community in 
soils of cotton that have continuously been cropped for 2 years, 6 years, 11 years 

Table 5.2 Chemical properties of Biochar (Kannan et al. 2016)

Biochar pH
EC 
(dS/m)

OC (g/
kg)

Total (C 
%)

Total (N 
%)

Total (P 
%)

Total (K 
%)

Prosopis 9.4–
10.8

0.83–1.25 25–32 62–89 0.70–1.23 0.05–0.26 0.2–0.5

Rice husk 7.9–8.1 0.22–0.52 34–57 57–64 0.63–1.78 0.07–0.23 0.1–0.2
Maize 8.9–

10.0
0.65–1.09 21–76 56–71 0.43–2.06 0.08–0.84 0.3–0.8

Cotton 8.8–
10.2

0.58–0.85 17–69 54–85 0.31–0.67 0.15–0.39 1.1–1.4

Redgram 8.4–
10.3

0.63–1.0 24–76 61–75 0.53–1.65 0.18–0.46 0.8–2.5

Fodder 
sorghum

9.5–
11.2

1.2–2.1 8–15 51–54 0.32–1.02 0.16–0.24 1.1–2.7

Acacia 8.9–9.8 0.55–0.90 45–57 65–72 0.60–1.54 0.22–0.65 1.1–1.7
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and 14 years and treated with biochar (B0, 0 t/ha; B1, 12.5 t/ha and B2, 20 t/ha) was 
investigated using next-generation sequencing. The relative abundance of 
Sphingomonas and Pseudomonas in the biochar-treated soils was significantly 
higher than that in the soil without biochar treatment.

The results suggest that the biochar application has a significant impact on the 
soil bacterial community, which may improve the microbial diversity of continuous 
cropping systems in cotton soils (Han et al. 2017).

Application of biochar could influence the mycorrhizal fungi functioning with 
the following mechanisms by: (i) modifying physicochemical characteristics of the 
soil, (ii) indirectly influencing the mycorrhizae by affecting soil microbes in the 
surroundings, (iii) interfering with plant–fungus signaling and allelochemical 
detoxification on biochar, and (iv) the provision of refugia from fungal grazers. The 
porous structure of biochar enhances the habitat of mycorrhizal fungi and other soil 
microbiota, which improved the soil quality (Warnock et al. 2007).

Biochar may increase the cation and anion exchange capacity of the soil (Singh 
et al. 2010a, b; Liang et al. 2006) improving the soil properties through raising in 
pH, increases in total N and P, encouraging greater root development and decreasing 
available aluminum(Cheng et al. 2006; Chan et al. 2008). Moreover, biochar holds 
the capability to reduce the effects of drought by raising soil moisture content, 
therefore decreasing nutrient leaching and soil erosion (Lorenz et al. 2007). Higher 
water bioavailability and moisture retention are thought to be an important factor for 
achieving superior yields in biochar-amended soil. Conversely, the biochar surface 
contain numerous chemically reactive groups, such as OH, COOH, and ketones that 
provide enormous potential for the adsorption of toxic chemicals, such as aluminum 

Fig. 5.5 Schematic diagram of biochar and soil interaction. Biochar adsorbs microbes, inorganic 
nutrients, and soil organic matter
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(Al) and manganese (Mn) in acid soils, and arsenic (As), cadmium (Cd), copper 
(Cu), nickel (Ni) and lead (Pb) in heavy metal-contaminated soils (Berek et  al. 
2011; Uchimiya et al. 2010). In landfill sites, biochar particle size increases the soil 
porosity and promotes the airflow through the landfill cover and increased oxygen 
diffusion within the landfill cover, which leads to potentially higher levels of micro-
bial degradation (Yaghoubi and Reddy 2011). There is a significant interest in the 
application of biochar to soils that have gained, significant interest due to the multi-
fold benefits of biochar such as nutrients retention and water-holding capacity and 
it also promoting plant growth (Quayle 2010; De Gryze et al. 2010). It has been 
found that biochar can: (a) decrease soil tensile strength, (b)increase improve soil 
structure and pH, (c) improve fertilizer use efficiency, (d) decrease aluminum toxic-
ity to plant roots and microbiota, and (e) improves soil conditions for earthworm 
populations. Furthermore, biochar reduces the leaching of soil nutrients, which 
enhance the availability of nutrients for plants and reduces the bioavailability of 
heavy metals (Lehmann et al. 2003).

Biochar produced at low-temperatures (300 or 400 °C) is acidic whereas at high 
temperatures (700 °C) it is alkaline in nature. This is an important finding as the 
agricultural use of biochar can have a two-fold application. If the soil intended for 
biochar application is acidic in nature, then the biochars produced at 700  °C or 
higher temperatures can be used to neutralize the soil and improve soil fertility. 
Alternatively, biochars formed at lower temperatures might be suitable for alkaline 
soils to correct for alkalinity problems. It also serves as a valuable soil amendment 
by supplying plant nutrients with carbon sequestration (Hossain et  al. 2011). 
Biochar is a potential tool for improving the quality, agronomic value of soil, and 
minimize the harmful effects of heavy metals present in the soil. The multi-fold 
benefits of biochar application in the soil are listed below for easy understanding of 
the reader. The application of grass derived biochar and oak-derived biochar in 
unburned increased the bacterial population (118.7 ± 121.0 and 87.7 ± 4.4 CFUs are 
per gram of soil, respectively) as compared to control (31.8 ± 1.4 CFUs are per gram 
of soil) application of biochar (Khodadad et al. 2011).

5.4  Implications of Biochar on Crop Growth and Yield

A combination of higher biochar application rates along with NPK fertilizer 
increased crop yield on tropical Amazonian soils (Steiner et al. 2007) and semi-arid 
soils in Australia. Biochar application in low pH soil (<5.2) under steep slope 
enhanced the carrots and beans yields over the control (Rondon et  al. 2004). 
According to the Lehmann and corkers, increasing yields with increasing biochar 
applications up to 140 Mg C ha−1 on highly weathered soils in the humid tropics 
(Lehmann et al. 2006). This was not true for all crops however they found that bio-
mass growth of beans increased with biochar applications up to 60 Mg C ha−1 but 
fell to the same value as for control plots when biochar application was increased to 
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90 Mg C ha−1 (Rondon et al. 2004). Crops respond positively to bio-char additions 
up to 50 Mg C ha−1 and may show growth reductions at a very high application rate 
(Lehmann 2007). Application of redgram stalks biochar @ 5 t ha−1 increased the dry 
matter production 24% and groundnut pod yield 29% in acidic red soil under rain-
fed situation (Kannan et al. 2016). Application of biochar at the rate of 25 ha−1 in 
combination with FYM at the rate of 10 ha−1 and N at the rate of 30 kg ha−1 is rec-
ommended for improving mung bean growth and yield (Hussain et  al. 2017). 
Biochar @ 10 t ha−1 increased above ground biomass by 23% and grain yield by 
10% of durum wheat compared to control (Steiner et al. 2007).

Application of biochar prepared from wheat straw (1.9 ha−1) along with recom-
mended doses of NPK at 180:80:80  kg ha−1 significantly increased the yield of 
maize in Inceptisol of IARI farm and this treatment was superior to either crop resi-
due incorporation or crop residue burning (Purakayastha 2010).

The production of plant biomass through photosynthesis removes CO2 from the 
atmosphere, and therefore any increase in plant biomass due to biochar additions in 
soil systems will contribute to the mitigation of rapidly rising atmospheric CO2 
levels. Specifically, biochar increases plant nutrient availability and enhances the 
soil environment (CEC, soil pH, aeration), which in turn indirectly contributes to 
enhanced plant growth (Chan et. 2008; Steiner et al. 2007; Zackrisson et al. 1996). 
In a field trial (Cowpea and Rice) in Amazon basin Anthrosol soils with high carbon 
levels and Ferralsols with added wood biochar, significantly increased phosphorus, 
calcium, manganese and zinc availability, with a 38–45% increase in biomass of the 
two crops in the Anthrosol (Lehmann et al. 2003). The application of biochar dou-
bled the crop yield in maize under degraded cropping soils and the improvement 
could be explained by biochar nutrient availability and other soil properties improve-
ment (Kimetu et al. 2008). Biochars generally appear to increase nutrient availabil-
ity through increased ion retention in soils (Liang et  al. 2006) and therefore 
potentially enhance plant yields. Biochar applications produced from manures may 
directly contribute high levels of nutrients to soils. Field experimental results 
reported that the application of 10, 25 and 50  t/ha of poultry manure biochar 
enhanced the yield of radish (Chan et al. 2008)

Lin et al. (2015) observed yield increases of 11% in soybean grain yield and of 
28% in wheat grain yield following maize stalk biochar application to coastal saline 
soil. Genesio et al. (2015) reported an even greater grape yield increase (66%) in the 
same field after applying biochar from orchard prunings. On the other hand, Schmidt 
et al. (2014) reported neither a grape yield nor quality effect after wood BC was 
applied to Swiss vineyard soils during a 4-year field trial. The application of biochar 
@ 100 Mg dry weight ha−1, which increases the yield were 1.17 and 0.43 Mg ha−1 
for maize and soybean, respectively (Katterer et  al. 2019). Berihun et  al. (2017) 
reported that the Application of Lantana biochar @ 18 t ha−1 increased the grain 
yield of maize (528 kg ha−1) than compared to control (134 kg ha−1) (Table 5.3).
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Table 5.3 Effective of different rate of biochar application on crop yield under different soil type

Crops Soil type

Biochar 
rate (t/
ha)

Fertilizer rate 
(kg/ha)

Yield /
biomass 
increase 
over control 
(%) Additional information

Wheat Ferrosol 10 1.25 g 
nutricote per 
250 g soil 
(nutricote 
contain 15.2% 
N. 4.7% P, 
and 8.9% K)

+250 A similar response was 
observed for the biomass 
yield of Soya bean and 
radish. Calcarosol 
amended with fertilizer 
and biochar however gave 
varied crop responses (Van 
Zwieten et al. 2010)

Radish Alfisol 100 N (100) +266 
(biomass)

In the absence of nitrogen 
fertilizer application of 
Biochar did not increase 
the dry matter production 
of radish even at a higher 
rate(100 t/ha) (Chan et al. 
2008)

Rice Inceptisol 30 Nil +294 Sole effect of biochar 
(Noguera et al. 2010)

Oxisol 88 Nil +800 Interaction effect of 
earthworm and biochar

Oxisol 88 N (40), P (20), 
K (20)

−21 Interaction effect of 
earthworm and biochar

Maize Oxisol 20 N (156–170), 
P (30–43), K 
(83–138)

+28 (1st 
year)
+30 (2nd 
year)
+140 (3rd 
year)

In the first year after 
biochar application. No 
significant effect on crop 
yield was observed (Major 
et al. 2010)

Rice Ferralsol 11 N (30), P (35), 
K (50)

+29 (stover)
+73(grain)

While charcoal addition 
alone did not affect Crop 
production, a synergistic 
effect occurred when both 
charcoal and inorganic 
fertilizer were applied 
(Steiner et al. 2008)

Groundnut Alfisol 5 N (10), P (10) 
and K (45)

+29(pod 
yield)

Biochar addition mainly 
influence soil moisture 
retention and increase the 
soil pH, thereby enhance 
the nutrient availability in 
rainfed Alfisol (Kannan 
et al. 2016)

(continued)
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5.5  Implications of Biochar on Climate Change

5.5.1  Biochar Effect on Carbon Sequestration

Carbon in biochar can persist in soils over a long time. Beyond the carbon seques-
tered in the internal structure, biochar incorporated in soils also offers numerous 
other potential climate benefits.

 

Carbon sequestration is a process in which carbon is captured and stored to pre-
vent it from being emitted into the atmosphere (Duku et al. 2011). It is essential that 
the carbon is transferred to a passive carbon pool that is stable or inert, in order to 

Table 5.3 (continued)

Crops Soil type

Biochar 
rate (t/
ha)

Fertilizer rate 
(kg/ha)

Yield /
biomass 
increase 
over control 
(%) Additional information

Maize HaplicLuvisol 20 Nil +66 (Cob 
yield)

Maize grain yield did not 
significantly increase in 
the first year after the 
biochar application, but it 
increased at plots with the 
20 t/ha of biochar over the 
control by 28, 30 and 
140% in three following 
years (Vitkova et al. 2017).
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decrease C emission to the atmosphere. Hence, biochar provides an easy route from 
the active carbon pool to the passive pool. Transferring, even a small amount of the 
carbon that cycles between the atmosphere and plants, to a much slower biochar 
cycle, would impact greatly on atmospheric CO2 concentrations because of the 
annual uptake of CO2 by plants from the atmosphere through photosynthesis is eight 
times greater than anthropogenic GHGs emissions. Biochar is biologically and 
chemically more stable than the original carbon form, due to its molecular structure 
and its origins.

It is difficult for the sequestered carbon to be released as CO2, making this a good 
method for carbon sequestration (Shafie et al. 2012; Lehmann 2009). The diversion 
of even 1% of the net annual uptake of carbon by plants into biochar would mitigate 
almost 10% of current anthropogenic carbon emissions (Lehmann and Joseph 
2009). It is assumed that 3 billion tonnes of biochar are produced annually. This, in 
turn, reduces approximately 3 billion tonnes of atmospheric carbon emissions if all 
of the biomass (60.6 billion tonnes) is regenerated in the form of biochar through 
pyrolysis (Fernandez-Lopez et al. 2015). An estimated 1 billion tonnes of carbon 
will be sequestered annually by 2030, which is a rationally conservative approxima-
tion of the potential of biochar (Shackley et al. 2009). The thermochemical conver-
sion of biomass into biochar through pyrolysis increases the recalcitrance of the 
carbon that originated in the biomass. The addition of biochar of similar carbon 
content to soil leads to steady soil carbon levels, due to its stability in soil (Lehmann 
et al. 2006). The biochar acts as a carbon sink that remains in the soil for long peri-
ods of time, possessing high levels of resistance to chemical and biological degrada-
tion, in turn increasing terrestrial carbon stocks. It is estimated that 20% of the total 
carbon biomass can be captured by conversion into biochar (Lehmann 2007). The 
common consensus is that soil is a finite C sink at best; the application of biochar 
provides an opportunity for reducing C emissions and sequestering C for soil reme-
diation (Freibauer et al. 2004; Lal 2004).

5.5.2  Biochar for the Reduction of GHG Emissions

In the carbon cycle, atmospheric CO2 is fixed by photosynthetic organisms (e.g. 
plants) and then it is converted into biomass that is mixed with soil when these 
organisms die. The biomass in soil is mineralized and microbial respiration causes 
the evolution of CO2 to the atmosphere. When biochar is applied to soil, its recalci-
trant nature causes it to stay in the soil for long periods of time, thereby reducing 
GHG emissions. Pyrolysis products (bio-oil, syngas) are burned as fuel, releasing 
CO2 into the atmosphere that will be utilized by plants, and ultimately converted 
into biomass again. The carbon cycle of biochar-production has some indirect 
GHG-emission sources as well. They conducted a life cycle assessment of pyrolysis 
and concluded that the operation and maintenance of the pyrolysis process contrib-
ute to 89% of its GCG emissions, while building works, equipment, and transporta-
tion contribute 7.2, 3.33, and 0.23%, respectively(Yang et al. 2016). Global warming 
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potential of several biochars derived from agriculture, poultry litter, sewage sludge, 
cattle manure, and food waste was compared and reported negative values for 
almost all of the biochar cycles, averaging −0.9 kg CO2eq/kg, indicating that more 
GHG is consumed than emitted (Alhashimi and Aktas 2017).

Apart from CO2, methane (CH4) and nitrous oxide (N2O) emitted from soil have 
the potential to influence climate. Agriculture is a primary contributor to atmo-
spheric GHGs. CH4 is generated by soil microorganisms under anaerobic conditions 
through the methanogenesis. CH4 is approximately 20 times more powerful than 
CO2 in absorbing thermal radiation trapped in the Earth’s troposphere, and this aug-
ments global warming. Methane emissions were close to zero when biochar was 
applied at a rate of 2% to the soil. Reduction in CH4 emissions involves increased 
soil aeration that may lead to reductions in the frequency and extent of the anaerobic 
conditions under which methanogenesis occurs (Verheijen et al. 2010).

Another study showed that the biochar amendment significantly reduced total 
indirect CO2 while increasing CH4 emissions from paddy soil (Zhang et al. 2010). 
The CH4 emission mainly depends on the physical and chemical properties of the 
biochar, soil type, soil microorganisms, water and fertilizer management (Van 
Zwieten et  al. 2009). Nitrous oxide (N2O) is produced by soil microorganisms 
through nitrification and denitrification. N2O is 300 times more potent than CO2 in 
absorbing thermal tropospheric radiation that enhances global warming. The pro-
duction of N2O is greatly affected by the presence of moisture in the soil, as higher 
moisture content (>70%) promotes the anaerobic conditions that favor denitrifica-
tion, whereas lower moisture content (<50%) is strongly associated with nitrifica-
tion. Around 8–23 times more N2O is generated under conditions of high moisture 
content (80%) than at lower moisture content (40%) (Bruun et al. 2011). High soil 
moisture content, with 73–83% water-filled pore space (WFPS), promotes N2O pro-
duction, while this was not detected at the lower moisture content (64% WFPS). 
The addition of 10% biochar to soil (78% WFPS) reduced N2O emissions by 89% 
(Yanai et al. 2007).

Biochar-induced reductions in N2O are affected by the amount of biochar applied; 
higher application rates (20–60%) reduced N2O by up to 74% while no reduction 
was observed at lower application rates (2–10%) ( Spokas et al. 2009). Similarly, no 
reduction in N2O emissions was found after addition of 4% biochar to soil. They 
observed that failed to find an immediate decline in N2O emissions when soils were 
amended with low levels of biochar (10%) under 85% WFPS conditions, however, 
they observed a 73% reduction in N2O over two subsequent rewetting cycles. 
Clearly, biochar under these circumstances, eventually exhibits improve sorption 
capacity (Yanai et al. 2007). Biochar soil amendment can affect nitrogen (N) trans-
fer and soil N cycling processes that reduce N2O emissions. Biochar aids in the 
biological immobilization of inorganic N that helps to retain N and decrease ammo-
nia volatilization, as biochar contains low N concentrations and high C/N ratios. 
Biochar efficiently adsorbs NH3 from the soil and acts as a buffer, thereby poten-
tially decreasing ammonia volatilization from agricultural fields (Oya and Iu 2002). 
They found a reduced NO3-N pool in biochar-amended soil plots and assumed that 
biochar particles enhanced the adsorption and uptake of NH3. The impact of biochar 

P. Kannan et al.



113

on soil N2O fluxes is variable and depends on factors such as soil type, soil water 
content, additional fertilizer application, biochar feedstock, and pyrolysis tempera-
ture. Moreover, biochar is an efficient adsorber of dissolved ammonium, nitrate, 
phosphate, and other ionic solutes, as well as hydrophobic organic pollutants in soil 
and water (Taghizadeh-Toosi et al. 2011).

5.6  Implications of Biochar on Environmental Clean-Up

Biochar can be an effective amendment for immobilizing heavy metals in contami-
nated soils but has variable effects depending on its chemical and physical proper-
ties and those of the treated soil. Meta-analysis results showed that across all studies, 
biochar addition to soils resulted in average decreases of 38, 39, 25 and 17%, 
respectively, in the accumulation of Cd, Pb, Cu and Zn in plant tissues. The effect 
of biochar on heavy metal concentrations in plants varied depending on soil proper-
ties, biochar type, plant species, and metal contaminants. The largest decreases in 
plant heavy metal concentrations occurred in coarse-textured soils amended with 
biochar. Biochar had a relatively small effect on plant tissue Pb concentrations, but 
a large effect on plant Cu concentrations when applied to alkaline soils. Plant uptake 
of Pb, Cu, and Zn was less in soils with higher organic carbon contents. Manure- 
derived biochar was the most effective for reducing Cd and Pb concentrations in 
plants as compared to biochars derived from other feedstocks. Biochar having a 
high pH and used at high application rates resulted in greater decreases in plant 
heavy metal uptake (Chen 2018).

The use of biochar for the removal of organic and heavy-metal contaminants 
from aqueous media is a relatively new and promising water and wastewater treat-
ment technology. The presence of cellulose, hemicelluloses, lipids, sugars and pro-
teins in agricultural residue feedstocks provides a variety of functional groups. 
These functional groups can be physically activated upon pyrolysis and by further 
steamer CO2 treatment, to improve their ability to adsorb contaminants (Inyang 
et al. 2011).

The type and concentration of surface functional groups on biochar plays an 
important role in the adsorption capacity of the biochar. The carbon-structured 
matrix, the high degree of porosity, surface area, and a strong affinity for non-polar 
substances such as PAHs, dioxins, furans, and other compounds enable it to play a 
vital role as a surface sorbent for in controlling contaminants in the environment as 
a surface sorbent(Yu et al. 2009).

Biocharactsasasuper-sorbent for the removal of both organic and inorganic con-
taminants in soil and water. Considering the wide variety and availability of cheap 
feedstocks for biochar production, the use of biochar could be a cheaper remedia-
tion technology option for Pb adsorption than activated charcoal (Shang et al. 2012).

The surface of biochar can contain abundant and abundance of chemically reac-
tive groups, (OH, COOH and ketones) that bestow biochar with an immense poten-
tial to adsorb heavy metals and toxic substances, such as aluminum (Al) and 
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manganese (Mn) in acid soils, and arsenic (As), cadmium (Cd), copper (Cu), nickel 
(Ni) and lead (Pb) in heavy metal contaminated soils (Singh et al. 2017a, b, c, d, e, 
2018; Tiwari et  al. 2018; Yuan et  al. 2011). Due to the dissociation of oxygen- 
containing functional groups, biochars mostly carry net negative charges on their 
surfaces. So, it can be utilized as low-cost adsorbents for the removal of organic 
contaminants and heavy metal cations from water (Qiu et al. 2008). Several other 
researchers reported the efficiency of heavy metal removal using biochar with 
derived from rice husk (Liu and Zhang 2009), corn straw (Chen et al. 2011), peanut 
straw (Tong et al. 2011), olive pomace (Pellera et al. 2012) as well as oak wood and 
bark (Xue et al. 2012). Most of the heavy metals were adsorbed on the biochar sur-
face using through inorganic constituents in the biochar (Table  5.4). Organic 

Table 5.4 Effect of biochar application on the bioavailability of heavy metals in soils

Feedstock
Production 
temperature Contaminant Effect

Cotton stalks 450 °C Cd Reduction of the bioavailability of Cd in soil by 
adsorption or co-precipitation (Zhou et al. 
2008)

Hardwood 
biochar

400 °C As Significant reduction of as in the foliage of 
Miscanthus (Hartley et al. 2009)

Eucalyptus 550 °C As, Cd, Cu, 
Pb, Zn

A decrease in As, Cd, Cu, and Pb in maize 
shoots (Namgay et al. 2010)

Orchard prune 
residue

500 °C Cd, Cr, Cu, 
Ni, Pb, Zn

Significant reduction of the bioavailable Cd, 
Pb, and Zn, with Cd showing the greatest 
reduction; an increase in the pH, CEC, and 
water-holding capacity (Fellet et al. 2011)

Chicken 
manure & 
green waste

550 °C Cd, Cu, Pb Significant reduction of Cd, Cu, and Pb 
accumulation by Indian mustard (Park et al. 
2013)

Chicken 
manure

550 °C Cr Enhanced soil Cr (VI) reduction to Cr (III) 
(Choppala et al. 2012)

Sewage sludge 500 °C Cu, Ni, Zn, 
Cd, Pb

Significant reduction in plant availability of the 
metals studied (Mendez et al. 2014)

Rice straw 300–400 °C Cu, Pb, Cd Significant reduction in concentrations of free 
Cu, Pb, and Cd in contaminated soils; 
identification of functional groups on biochar 
with high adsorption affinity to Cu (Jiang et al. 
2012)

Quail litter 500 °C Cd Reduction of the concentration of Cd in the 
physic nut; greater reduction with the higher 
application rates (Suppadit et al. 2012)

Oakwood 400 °C Pb Bioavailability reduction by 75.8%; bio 
accessibility reduction by 12.5% (Ahmad et al. 
2012)

Peanut shell & 
wheat straw

350–500 °C Cd and Pb 5% PBC addition lowered Cd and Pb 
concentrations in grains by 22.9 and 12.2%, 
while WBC addition lowered them by 29.1 and 
15.0%, respectively (Xu et al. 2017)
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contaminants were either removed due to sorption or interaction with functional 
groups and surface charges.

Several studies report the removal of heavy metals including As(III, V) using 
iron-impregnated magnetic biochars (Wang et  al. 2015), Cr(VI) using zinc and 
chitosan- modified biochars (Gan et al. 2015 and Huang et al. 2016), Pb (II), Cu(II), 
and Cd(II) using a KMnO4-treated wood biochar (Wang et al. 2015), and Hg(II) 
using a graphene-treated biochar; Pb(II) and As(V) is the most studied of these 
heavy metals. Adsorption capacities for Pb (II) of 4.9–367.6 mg−1 were reported for 
a ZnS-biochar (Yan et al. 2015). Removal of phosphorus has also been reported in 
several studies using oxides of Ca, Mg, and Al-modified biochars (Liu et al. 2016). 
The use of catalytic and degradative nanoparticles, such as nanoscale zerovalent 
ions (Yan et  al. 2015) and graphitic C3N4 have been reported to remove several 
organic chemicals. The use of nanocomposites is clearly a promising technology for 
the treatment of aqueous media, but it is in its infancy and requires a lot of further 
research, especially regarding the re-use, desorption, and disposal of these metal- 
attached nanocomposites.

5.7  Conclusions

Agricultural residues and municipal yard wastes can be a significant burden on the 
environment. Nutrients contained in the wastes may cause eutrophication of surface 
waters or pollution of groundwaters. Landfills of municipal green wastes may gen-
erate large quantities of greenhouse gases. But all these substances can be useful 
when managed properly. Biochar production is an intelligent way of recycling 
organics for soil amendment and reduces environmental pollution. Across the 
results of global biochar experiments clearly revealed that the application of differ-
ent sources and quantity of biochar in different soil types showed positive improve-
ment of soil health; positive, negative and no effect on greenhouse gas emission 
reduction. The better and poor crop growth and high and low yield response of 
biochar were noticed in different biochar experiments. Heavy metal abatement 
potential of biochar also varied among the biochar and heavy metals. The wider 
variation of biochar responses in the soil system mainly due to the feedstock types, 
pyrolysis method, and temperature. So prioritize and standardize the production 
technique, characterization and application of different sources biochars in different 
crops under varied soil types are very imperative to mitigate the vulnerability of 
climate change and sustain soil health in a different ecosystem (Fig. 5.6).

• The opportunities for carbon sequestration and the reduction of greenhouse gas 
emissions have not been explored in different ecosystems under field conditions, 
but they are potentially significant under changing climate.

• Further, it is to be studied in detail for promoting biochar as a greening approach 
to the environment as well as human health. Published data for the effect of 
 biochar on trace gas emission is extremely limited under field conditions but has 
a potentially great impact on the net benefit of a biochar strategy.
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• Good predictive models will be necessary for this to be reflected in future 
accounting for biochar projects.

• Municipal solid waste disposal through biochar production one of the viable 
options and it has to be studied in detail about production, characterization, and 
standardization for different crops.

• Long term effect of biochar application on soil health to be ascertained and its 
effect on crop yield to be studied in a long-term experiment under changing 
climate.
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Chapter 6
Recent Development in Bioremediation 
of Soil Pollutants Through Biochar 
for Environmental Sustainability

Gulshan Kumar Sharma, Roomesh Kumar Jena, Surabhi Hota, Amit Kumar, 
Prasenjit Ray, Ram Kishor Fagodiya, Lal Chand Malav, 
Krishna Kumar Yadav, Dipak Kumar Gupta, Shakeel A. Khan, 
and S. K. Ray

Abstract Soil contamination due to heavy metals has become a great concern now-
adays. The main reasons for soil contamination are both natural as well as anthro-
pogenic. Natural processes like volcanic eruption, weathering of rocks, landslides 
and soil erosion while anthropogenic involves several activities like smelting, min-
ing, application of agrochemicals (pesticides, herbicides and fertilizers) and indus-
trial wastes. Heavy metals pollution has a direct influence on the fertility of 
agricultural soils. The removal of heavy metals from soil is very difficult as it stored 
in the environment for a long time, because of its persistent nature. Several in-situ 
bioremediation technologies are used for removal of heavy metals from the environ-
ment. Out of that in-situ biochar application is one of the prominent technologies 
for remediation of heavy metals and it was found to be effective in reducing the 
mobility of heavy metals in soils. Biochar effectively adsorbs heavy metals and 
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decreases bioavailability and toxin-induced stress to the biotic component of soil.  
In this chapter, the emphasis has been given on heavy metal pollution and types of 
biochar used for remediation of heavy metals from the soil and water.

Keywords Biochar · Bioremediation · Pollutants · Contaminated soil · 
Heavy metal

6.1  Introduction

Heavy metals contamination in soil and water has become an alarming issue in the 
recent times due to accelerated anthropogenic activities with increasing industrial-
ization and decreasing land holdings leading to various health hazards as well as 
their adverse effect on the quality of soil and water (Singh et al. 2013; Bhatia et al. 
2015; Matta et al. 2018; Gupta et al. 2019). Heavy metals are generally found in the 
soil environment in traces which are a result of weathering of rocks and minerals 
over the earth crust. These heavy metals become pollutant only when they cross a 
certain threshold limit due to anthropogenic activities which accelerate the release 
and addition of these metals into the environment, soils and water bodies. The 
sources of the heavy metals pollutions may be fertilizers, pesticides, bio solids, 
manures, metal mining, waste water, milling process, industrial wastes and airborne 
sources like dust or smoke from storage areas or waste dumps (Wuana and Okieimen 
2011). The major heavy metal (loid)s pollutants commonly found in the contami-
nated environment are lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium 
(Cd), copper (Cu), mercury (Hg), and nickel (Ni) (GWRTAC 1997). The common 
source of heavy metals includes cars, mining activities such as smelting, mine spoils 
and trailing, antiseptics, self-cleaning ovens, plastics, solar panels, mobile phones 
and particle accelerators (Koduru et al. 2017; Hubner et al. 2010). In addition to that 
the potential sources pyro-metallurgical industries, automobile exhausts, fossil fuel 
combustion are also the main sources of heavy metals (Lottermoser 2010; Prasad 
2001), industries such as plastics, textiles, microelectronics, wood preservatives, 
refineries, agrochemicals (excessive use of fertilizers and pesticides) and waste dis-
posal from sewage treatment plant, leachate from landfill and fly ash disposal some 
of the chief sources of the heavy metals (Singh and Kumar 2006; Kumar et  al. 
2016). Although, heavy metals content in domestic municipal sewage wastewater is 
mainly below threshold level (Sharma et al. 2014; Malla et al. 2015; Khan et al. 
2019). The details about the sources of heavy metals and respective anthropogenic 
activities are given in Table 6.1.

Various research has been carried out all over the world towards remediation of 
the heavy metal contamination. This remediation may be by physical, chemical or 
biological means. Physical remediation is effective but cost-intensive and poses a 
risk of secondary diffusion while chemical methods cause secondary pollution to 
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Table 6.1 Anthropogenic sources of heavy metals

S. No. Heavy metals Anthropogenic activities

1 Chromium 
(Cr)

Mining, industrial coolants, chromium salts manufacturing, leather 
tanning

2 Lead (Pb) Lead acid batteries, paints, e-waste, smelting operations, coal-based 
thermal power plants, ceramics, bangle industry

3 Mercury (Hg) Chlor-alkali plants, thermal power plants, fluorescent lamps, hospital 
waste (broken thermometers, barometers, sphygmomanometers), 
electrical appliances, etc.

4 Arsenic (As) Geogenic/natural processes, smelting operations, thermal power plants, 
fuel burning

5 Copper (Cu) Mining, electroplating, smelting operations
6 Cadmium 

(Cd)
Zinc smelting, waste batteries, e-waste, fuel combustion

7 Molybdenum 
(Mo)

Spent catalyst

8 Zinc (Zn) Smelting, electroplating
9 Beryllium 

(Be)
Alloy (with Cu), electrical insulators in power transistors, moderator or 
neutron deflectors in nuclear reactors

10 Cobalt (co) Metallurgy (in super alloys), ceramics, glasses, paints
11 Iron (Fe) Cast iron, wrought iron, steel, alloys, construction, transportation, 

machine-manufacturing
12 Mercury(Hg) Extracting of metals by amalgamation, mobile cathode in the chloralkali 

cell for the production of NaCl and Cl2 from brine, electrical and 
measuring apparatus, fungicides, catalysts, pharmaceuticals, dental 
fillings, scientific instruments, rectifiers, oscillators, electrodes, mercury 
vapour lamps, X-Ray tubes, solders

13 Manganese 
(Mn)

Production of ferromanganese steels, electrolytic manganese dioxide for 
use in batteries, alloys, catalysts, fungicides, antiknock agents, 
pigments, dryers, wood preservatives, coating welding rods

14 Molybdenum 
(Mo)

Alloying element in steel, cast irons, non-ferrous metals, catalysts, dyes, 
lubricants, corrosion inhibitors, flame retardants, smoke represents, 
electroplating

15 Nickel (Ni) As an alloy in the steel industry, electroplating, Ni/Cd batteries, 
arc-welding, rods, pigments for paints and ceramics, surgical and dental 
protheses, moulds for ceramic and glass containers, computer 
components, catalysts

16 Lead (Pb) Antiknock agents, tetramethyl lead, lead-acid batteries, pigments, 
glassware, ceramics, plastic, in alloys, sheets, cable sheathings, solder, 
ordinance, pipes or tubing

17 Antimony 
(Sb)

Type-metal alloy, electrical applications, Britannia metal, pewter, 
Queen’s metal, Sterline, in primers and tracer cells in munition 
manufacture, semiconductors, flameproof pigments and glass, medicines 
for parasitic diseases, nauseant, expectorant, combustion.

18 Selenium (Se) glass industry, semiconductors, thermoelements, photoelectric and 
photo cells, and xerographic materials, inorganic pigments, rubber 
production, stainless steel, lubricants, dandruff treatment

(continued)
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the environment. Biological methods, though safe to use but time consuming (Yang 
et al. 2019). Hence, in the last decade, the application of biochar has become the 
trend in addressing heavy metal contamination. Biochar based remediation are cost- 
effective as well as quick in action and raw material for biochar production (bio-
mass) is easily available as biomass contributes 35% of the entire energy requirement 
of the world and it is the third-largest source of energy (Armynah et al. 2018). This 
chapter gives an insight into the action of biochar towards remediation of the heavy 
metal contamination.

6.2  Characteristics of Biochar

Biochar derived from two words, bio and char. Char means partially burnt to become 
blackened. So literally, biochar means charred biomass. It is carbonaceous or 
carbon- rich solid obtained by thermochemical conversion of biomass-derived from 
various sources like manure, leaves or wood at a temperature range of 300–1000 ° 
C (Xie et al. 2015) in a partial or anaerobic condition. The products of this conver-
sion may be heat, power, fuel and/or chemicals. The thermochemical processes 
involved in the production of biochar are pyrolysis, gasification, hydrothermal car-
bonization and microwave carbonization. Biochar when produced from woody bio-
mass, called as charcoal. Biochar is a recalcitrant and stabilized organic C compound. 
Biochar is produced from a varied range of sources or biomass. Many studies have 
been carried out towards the characterization of biochars derived from different 
sources. Biochar can be produced from forest species like acacia, gmelina, eucalyp-
tus, pine (Suárez et al. 2017; Zhang et al. 2018) and animal manures like yak manure 
(Zhang et al. 2018) and chicken manure (Domingues et al. 2017) and from agricul-
tural field crop by-products like coffee husk, sugarcane bagasse and rice husk 
(Armynah et al. 2018; Domingues et al. 2017). Biochar also has a range of applica-
tion as wide as its sources. It is used in agriculture for fertility enhancement 
(Domingues et  al. 2017) and amendment of soil acidity (Zhang et  al. 2018), C 
sequestration (Domingues et  al. 2017), wastewater treatment and environmental 

Table 6.1 (continued)

S. No. Heavy metals Anthropogenic activities

19 Stannum (Sn) Tin-plated steel, brasses, bronzes, pewter, dental amalgam, stabilizers, 
catalysts, pesticides

20 Titanium (Ti) White pigments, UV-filtering agents, nucleation Agent for glass 
ceramics, alloy in aeronautics Tl: Used for alloys (with Pb, Ag, or Au) 
with special properties, electronics industry, infrared optical systems, 
catalyst, deep temperature thermometers, low melting glasses, 
semiconductors, supra conductors

21 Vanadium (V) Steel production, Alloys, catalyst

Singh and Kumar (2006), Kumar et al. (2016, 2019), Lottermoser (2010), Prasad (2001), Koduru 
et al. (2017), Hubner et al. (2010)
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application for bioremediation. The application of biochar for any specific purpose 
depends upon its physicochemical properties. Physiochemical properties of biochar 
largely depend upon the type of feedstock from which it has been derived and the 
operation temperature conditions (Suárez et al. 2017; Yang et al. 2019; Armynah 
et al. 2018; Jindo et al. 2014; Zhang et al. 2018; Domingues et al. 2017). In most of 
the studies, the pyrolysis temperature has been maintained in the range of 300–800 ° 
C (Jindo et al. 2014; Zhang et al. 2018). Many studies have used pyrolysis technique 
for production of biochars (Yang et al. 2019; Jindo et al. 2014; Zhang et al. 2018; 
Domingues et al. 2017). Other than that, the process like flash carbonization and 
torrefaction have also been used (Yang et al. 2019).

6.2.1  Characterization of Biochar

For determination of morphological and physical properties like surface area and 
pore size distribution of biochar, Breuner Emmet and Teller (BET) physio-sorption 
method is mostly used (Suárez et al. 2017; Armynah et al. 2018; Jindo et al. 2014; 
Zhang et al. 2018; Nartey and Zhao 2014; Askeland et al. 2019). For surface char-
acteristics and elemental analysis, Scanning Electron Microscope (SEM) and 
Energy Dispersive X-ray (EDX) can be used (Jindo et al. 2014; Jechan et al. 2017; 
Bouraoui et al. 2015). Chemical bonding and structural properties of biochar can be 
determined by Fourier Transform Infrared (FTIR) Spectroscopy (Nartey and Zhao 
2014; Askeland et al. 2019). Contaminant and heavy metals in biochars are deter-
mined by Atomic Absorption Spectrometer (AAS) and Inductively Coupled Plasma 
Mass Spectrometer (ICP MS) (Askeland et al. 2019). For analysis of structural ele-
ments C, H and O the CHN analyzer can be used. Biochars can also be characterized 
and differentiated based on elemental ratios like H/C, O/C or C/N.

The specific surface area of biochar (6.86  m2/g), micropore area (0.17  m2/g), 
total pore volume (22.29 mm3/g), and micropore volume (0.02 mm3/g). Ash content 
and pH were 42.25% and 10.09, respectively. Content of C element (48.45%), H 
(1.78%), N (1.47%), and S (0.78%) elements as shown in Table 6.2.

Table 6.2 Characterization 
of biochar

Index Value

Specific surface area (m2/g) 6.86
Micropore area (m2/g) 0.17
Total pore volume (mm3/g) 22.29
Micropore volume (mm3/g) 0.02
Ash (wt%) 42.25
pH 10.09
C (wt%) 48.45
H (wt%) 1.78
N (wt%) 1.47
S (wt%) 0.78

Brewer et al. (2009), Chen et al. (2014)
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Table 6.3 The removal of heavy metals by biochar and their effects

Contaminants Biochar type Source Effects References

As and Cu Hardwood Soil Mobilization due to enhanced pH 
and DOC

Beesley 
et al. (2010)

As, Cr, Cd, Cu, 
Ni, Pb, and Zn

Sewage sludge 
(500–550 °C)

Soil Immobilization of As, Cr, Ni, and Pb 
due to rise in soil pH. Mobilization 
of Cu, Zn, and Cd due to highly 
available concentrations in biochar

Khan et al. 
(2013)

Cd and Zn Hardwood Soil Immobilization due to enhanced pH Beesley 
et al. (2010)

Cd, Cu, and Pb Chicken 
manure and 
green waste 
(550 °C)

Soil Immobilization due to partitioning of 
metals from exchangeable phase to 
less bioavailable organic-bond 
fraction

Park et al. 
(2011)

Cu and Pb Oakwood Soil Complexation with phosphorus and 
organic matter

Karami 
et al. (2011)

Pb Dairy manure 
(450 °C)

Soil Immobilization by Hydroxyl- 
pyromorphite formation

Cao et al. 
(2011)

Pb Oakwood 
(400 °C)

Soil Immobilization by rise in soil pH 
and adsorption on biochar

Ahmad et al. 
(2012)

Pb Rice straw Soil Non-electrostatic adsorption Jianga et al. 
(2012)

Pb, Cu and Zn Broiler litter 
(300 and 
600 °C)

Soil Stabilization of Pd and Cu Uchimiya 
et al. (2012)

Cd (II) Pine Residue 
600 °C

Water Reduction of Cd content in water by 
adsorption

Park et al. 
(2019)

Cr (VI) Eucalyptus 
Bark

Soil 
and 
water

Removal from soil and ground water 
by sorption, electrostatic attraction, 
aqueous reduction by dissolved 
oraganic matter (DOM)

Choudhary 
et al. (2017)

Zn(II) Wheat straw, 
pine needles 
(350 °C and 
550 °C)

Soil Immobilization in soil by OH−, 
CO3

2− and Si released from biochar.
Qian et al. 
(2016)

Pb (II) Maple wood 
(500 °C)

Water Removal from water by adsorption 
by oxygen containing surface 
functional group

Wang et al. 
(2018)

Cd(II) and 
Pb(II)

Dairy manure 
(300 °C)

Soil Removal from soil by precipitation 
as carbonate minerals complexation 
with surface functional carboxyl and 
hydroxyl groups

Chen et al. 
(2019)

Cr (VI) Sewage Sludge 
(300 °C)

Water Removal for aqueous solution by 
adsorption through electrostatic 
interactions between Cr(VI) anion 
and the positively charged functional 
groups on the surface of biochar

Agrafioti 
et al. (2014)

As(III), As(V) Empty oil palm 
fruit bunch and 
rice husk

Soil Surface complexes were formed 
between As(III) and As(V) and the 
functional groups (hydroxyl, 
carboxyl, and C–O ester of alcohols) 
of the two biochars

Samsuri 
et al. (2013)
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6.2.2  Morphological Characteristics

The surface area and porosity of final biochar product depends on feedstock type 
and operation temperature. With increase in temperature, the surface area and total 
pore volume of the biochar increases and the particle size decreases for woody bio-
char (Suliman et al. 2017), biochar from agricultural products (Suárez et al. 2017) 
or from animal manures (Zhang et al. 2018). With increase in surface area the CEC 
of biochar also increases. Porosity and surface area of biochar material are impor-
tant parameters for their use as remediation of contaminants.

6.2.3  Composition of Biochar

At low temperatures the biochar yield is higher and with increasing temperature the 
yield of biochar has been reported to decrease while ash and C contents have found 
to be increase (Jindo et al. 2014; Domingues et al. 2017). The increase in total C 
content of woody biochar at high temperatures may be contributed to higher degree 
of polymerization resulting to more condensed C structure (Lehman and Joseph 
2009). Therefore, an increase in reaction temperature leads to an increase in carbon 
content, and decrease in the hydrogen and oxygen content (Jindo et al. 2014). In 
contrast, animal manure such as chicken manure (Domingues et al. 2017) and yak 
manure (Zhang et  al. 2018) derived biochars show decrease in C content with 
increasing temperature which might be due to the high labile nature of organic com-
pounds found in animal waste which are rapidly lost before biochar formation 
(Domingues et al. 2017). The different types of biochar on the basis of feedstock 
with removal of heavy metal from soil and water is given in Table 6.3. C and O are 
dominant elements present in biochar derived from any feedstock. Other than C and 
O the elemental composition varies according to feed stock and the percentage of 
elements also varies with operation temperatures. Apart from C and O biochar con-
sists mostly of basic elements Ca, Mg, K (Armynah et al. 2018). For example, bio-
char derived from rice plant by products have Silicon as a dominant element 
(Armynah et al. 2018; Nwajiaku et al. 2018). With increase in pyrolysis tempera-
ture, the content of the basic elements Ca, Mg, K increases (Armynah et al. 2018; 
Zhang et  al. 2018; Nwajiaku et  al. 2018). Some studies also show that animal 
manure derived biochars contain traces of Fe, Cu, Mn and Zn (Zhang et al. 2018).

The amount of volatile compounds also gradually decreases with increasing 
pyrolysis temperature. The lignin containing biomass or woody biomass show a 
large change in volatile component with increasing temperature, compared to non 
woody species because of lignin decomposition at higher temperatures (Jindo 
et al. 2014).
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6.2.4  Acidity/Alkalinity

The pH of biochar is an important property with regards to its use as soil amend-
ment or as remediation of contaminated soils (Zhang et  al. 2018). Because the 
changes in pH greatly influence some of the soil processes such as precipitation of 
minerals, nitrogen mineralization and ion exchange (Novak et al. 2016; Dai et al. 
2018; Fidel et al. 2017). The resultant pH of biochar is dependent upon the tempera-
ture and type of feedstock. Generally, the pH value of biochar increase with increas-
ing pyrolysis temperature (Jindo et al. 2014; Zhang et al. 2018; Suliman et al. 2017). 
Increase in pH at higher temperature may be due to increase in concentration of 
inorganic elements which are not pyrolysed and basic oxides formed at the surface 
under high temperature of pyrolysis (Zhang et al. 2018). The other reason may be 
the detachment of functional group during pyrolysis which is principally acidic in 
nature, such as hydroxyl, formyl or carboxyl groups (Weber and Quicker 2018; 
Tiwari et al. 2019a, b; Singh et al. 2019; Kour et al. 2019). Therefore removal of 
acidic functional group during pyrolysis shifted the pH to more basic condition. 
Hence, an increased pH-value is mainly contributed to increasing degree of carbon-
ization (Quicker et al. 2016).

6.3  Mechanism of Biochar Interaction with Heavy 
Metals in Soil

The main reason behind application of biochar in soil is increasing the population 
of hydrocarbon-degrading microbes (Karppinen et al. 2017). Heavy metals cannot 
be degraded completely from the soil and water, but it can be transformed from 
more toxic to less toxic form. It can also be accumulated in plants and animals. 
Therefore, there are mainly four commonly used strategies for bioremediation of 
heavy metals.

 1. Passive adsorption of ionic cations on the surface of biochar from the soil
 2. Precipitation of anions like phosphate, carbonates, silicate, and chloride
 3. Complexation with functional groups on the surface of biochar
 4. Nutrients release such as N, P, K, Ca, Mg, S etc.

The processes passive adsorption, precipitation and complexation can reduce the 
bioavailability of heavy metals in the soil and further reduce the phytotoxicity to 
plants, on the other hand the nutrient release mechanism can increase the availabil-
ity of nutrients to plants and microorganism in rhizosphere. The different mecha-
nism of bioremediation and phytoremediation are given in Fig. 6.1. The mechanism 
of biochar application in phytoremediation is shown in Fig. 6.2. The mechanism of 
biochar application in phytoremediation is shown in Fig.  6.1. Phytoremediation 
includes the phytostabilization, phytoextraction, phytodegradation and phytovola-
tilization. Phytostabilization and phytoextraction are the commonly used 
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Heavy metals

Phytostabilization

Phytoextraction

Phytovolatilization

Fig. 6.1 Mechanism of remediation of heavy metals absorbed from soil in plants

2. Complexation

3. Precipitation

C

Micro-organism

Biochar

4. Nutrients release
N,P,K,Ca,Mg,S etc...1. Adsorption

C=0

M2+

M2+

O2-

M2+

M2+

M2+

M2+
M2+

M2+

+

Fig. 6.2 Mechanism of combining effects of phytoremediation and biochar for bioremediation of 
heavy metal contaminated soil. Cationic metal ions expressed as M2+. (Source: Wenjie et al. 2018)
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technologies for the bioremediation of the contaminated agricultural soils. In phy-
toextraction, generally used the fast-growing hyper-accumulators or energy plants 
to uptake the heavy metals. The biochar amended phytoremediation from agricul-
tural soils was performed using Brassica napus (Houben et al. 2013), Anthyllis vul-
neraria and Noccaea rotundifolium (Fellet et  al. 2014), Brassica juncea 
(Rodrıguez-Vila et al. 2014), Spinacia oleracea and Brassica napus (Kelly et al. 
2014), Amaranthus tricolor (Lu et al. 2015), Clitocybe maxima (Wu et al. 2016), 
Cassia alata (Huang et al. 2018), Solanum nigrum (Li et al. 2019) and Lycopersicon 
esculentam (Bandara et al. 2017). The impact of various dose of biochar and differ-
ent plant species in bioremediation are mentioned in Table 6.4.

The alkaline nature and negatively charged surface of biochar help it to adsorb 
and retaining the heavy metals ions. Inspite of this, biochar also provide support and 
favourable micro environment for benificial microbes, nutrient supply to plant roots 
and contributes in the soil strcture development. Namgay et al. (2010) reported that 
application of biochar in contaminated soil reduces the availability of heavy metals 
which lead to reduction of absorption of heavy metal to plants. Apart from that bio-
char also increases the soil pH (Novak et  al. 2009) hence might have improved 
sorption of these metals, consequently decreasing their bioavailability for 
plant uptake.

6.4  Interactions Between Biochar and Metals

These metals occur as their cations, anions or complexes. The form of occurrence 
depends upon the reaction (pH) (Park et al. 2019) and the aeration status (aerobic or 
anaerobic) of the environment. The mechanism of interaction of these metal (loid)s 
with biochar depend upon the form of their occurrence and the biochar characteris-
tics (Ahmed et al. 2014) like surface area, porosity, content of exchangeable cations 
or anions and elemental composition of biochar which ultimately depends upon the 
feedstock type and operation temperature. Ion-exchange, electrostatic attraction and 
precipitation are predominant mechanisms for the remediation of inorganic con-
taminants by biochar (Ahmed et al. 2014). The increase in soil pH due to applica-
tion of biochar also results in the immobilization of the metal cations (Egene 
et al. 2018).

Cd interacts by mechanisms of chemisorption, cation exchange, precipitation by 
carbonate (CO3

2−) and phosphate (PO4
3−) and complexation with surface functional 

groups like carboxyl (COO−) and hydroxyl (OH−) groups (Singh et al. 2017a, b, c, 
2018; Tiwari et al. 2018; Park et al. 2019; Chen et al. 2019). In its compounds Cd 
occurs as divalent Cd (II). Adsorption of Cd2+is reported to be dominated by bound-
ary layer diffusion and very small amount of intraparticle diffusion or adsorption 
due to diffusion by pores (Park et al. 2019). At the surface, the interaction is mainly 
by exchange with cations of Ca, Mg and K but intra particle interaction is due to 
precipitation by PO4

3−(Park et al. 2019; Chen et al. 2019). Pb2+ follows similar sorp-
tion mechanism as Cd2+and interacts with biochar by mechanisms of 
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chemisorptions, cation exchange, precipitation by carbonate (CO3
2−), phosphate 

(PO4
3−) and silicate (SiO4

2−) (Wang et al. 2018; Chen et al. 2019). Pb is released as 
Pb2+, metal oxyanion complexes and its oxides and hydroxides in to the soil and 
water environment. But most stable forms are Pb2+ and lead hydroxy complexes 
(Wuana and Okieimen 2011). However, due to easy hydrolysis of Pb at low pH, 
biochar has been reported to have a higher affinity for Pb than Cd (Chen et al. 2019). 
In aqueous solution, the sorption of these divalent metal cations is pH dependant 
due to their strong tendency to be hydrated in aqueous solution (Dong et al. 2017). 
According to a study, adsorption of Cd increased with increasing pH up to 5 and 
maximum adsorption occurred at pH from 5–8 and the adsorption decreased gradu-
ally from pH  9 (Park et  al. 2019). Similar behaviour has been reported for Pb 
adsorption with increasing pH. This behaviour is due to formation of hydroxide or 
carbonate complexes at higher pH (Park et al. 2019; Wang et al. 2018).

The dominant and toxic form of Cr found at contaminated sites is Cr (VI) and 
major species are chromate (CrO4

2−) and dichromate (Cr2O7
2−). At reduced condi-

tion it may occur as Cr (III) (Wuana and Okieimen 2011). The mechanism of Cr 
(VI) removal by biochar is governed by sorption due to electrostatic attraction of 
anionic Cr (VI) by protonated biochar surface, where it is reduced to Cr (III) by 
carboxylic and phenolic hydroxyl group. Other mechanism is sorption and reduc-
tion mediated by surface organic complexes (Cr (III) - DOM complex) of biochar, 
and direct aqueous reduction by dissolved organic matter (DOM), derived from 
biochar (Choudhary et al. 2017).

Arsenic is a metalloid contaminant. In aerobic environments the dominant form 
is As (V) and it occurs as arsenate ion. Cr and as occur as their anions (H3AsO4, 
H2AsO4

−, HAsO4
2− and AsO4

3−) and hence, the positively charged biochar surfaces 
are important for their adsorption. Under reducing condition, dominant form is As 
(III). As may interact with biochar by anion exchange at surface with anions like 
PO4

2−, surface complexation with carboxylic and phenolic groups, adsorption on 
surface by metal bridging and DOM mediated reduction and physical adsorption 
(Vithanage et al. 2017).

6.5  Impacts of Biochar on Agriculture Productivity

The application of biochar has resulted in to improve in soil fertility, increase crop 
productivity, and water holding capacity of soil etc. as given below.

6.5.1  Soil Property and Crop Productivity

The excess use of fertilizer lead to leaching of excess nutrients, runoff losses of 
nutrients especially nitrogen to nearby water bodies, reduce soil fertility, acidifica-
tion of soil, etc. On the other hand application of biochar in soil increases the organic 
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carbon stock, helpful for maintaining the population of beneficial microorganism, 
improves physico-chemical properties, cation exchange capacity of soil, reduce the 
leaching of soluble macronutrients and therefore enhancing the soil fertility and 
crop yield. Biochar application also improves the water holding capacity of soil by 
improving soil quality in terms of physical chemical and biological properties of 
soil. An overview of combining biochar application with phytoremediation is given 
in Fig. 6.3.

6.5.2  Carbon Sequestration

As biochar is rich source of organic carbon, so have a potential role in carbon 
sequestration in soil. Biochar degrade slowly in soil, hence play an important role in 
built up of organic carbon in soil. Carbon sequestration improves the organic carbon 
status of soil. As organic carbon is tightly bound to soil particle, results in to less 
emission of CO2 to the atmosphere from agriculture. Therefore biochar has an effec-
tive role in mitigating greenhouse gases emission and climate change.

Biochar+phytoremediation

Increase in 
cation

exchange 
capacity 

Reduce the 
leaching of 

soluble 
macronutrie

nts 

Maintaining 
the 

population of 
beneficial 

microorganism

Increase in 
pH

organic 
carbon stock

Improve soil 
physico-
chemical 
properties

Macro and 
micronutrient 
management 

in soil

Waste 
management

Fig. 6.3 A summary of the potential positive effects achieved by combining phytoremediation and 
biochar in heavy metal pollution remediation
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6.5.3  Waste Management

Biochar is produced from waste material (municipal sewage waste, biomass, 
chicken waste etc.). Since the waste material is reuse for production of biochar, 
therefore the biochar production process is sustainable technique and economi-
cally viable.

6.6  Conclusions

Globally, heavy metal pollution is a severe problem. Several in-situ bioremediation 
methods are used for treating contaminated soil and water. Biochar application is 
one of the environment friendly and sustainable technology for treating heavy metal 
contaminated soil. Various types of biochar on the basis of feedstock used are hard-
wood, chicken manure, oak wood, rice straw, dairy manure etc. The heavy metals 
such as Cr, Zn, Pb, Cu, As are removed by biochar form contaminated soil and water 
through mechanism such as complexation, adsorption, precipitation and stabiliza-
tion. In spite of decreasing bioavailability of heavy metal to soil, biochar application 
also improve soil physicochemical properties, organic carbon content, increase in 
pH and CEC of soil, maintaining the population of beneficial microorganism and 
waste management. Hence, it can be concluded that biochar application to contami-
nated soil and water plays a dual role of controlling soil and water pollution and 
improving the soil fertility.
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Chapter 7
Role of Biochar in Carbon Sequestration 
and Greenhouse Gas Mitigation

Dipak Kumar Gupta, Chandan Kumar Gupta,  
Rachana Dubey, Ram Kishor Fagodiya, Gulshan Sharma,  
Keerthika A., M. B. Noor Mohamed, Rahul Dev, and A. K. Shukla, 

Abstract Global warming and associated climate change are becoming a threat to 
almost all the ecosystems on the earth. According to the intergovernmental panel on 
climate change (IPCC) special report 2019, the global mean surface (land and 
ocean) temperature has been increased by 0.87 °C while mean of land surface air 
temperature has increased by 1.53 °C since 1850–2015. Climate change is affecting 
food security and human life due to warming, changing precipitation patterns, and 
the greater frequency of some extreme events. The main cause of global warming is 
the continuous increase in the atmospheric concentration of greenhouse gases 
(GHGs) like CO2, CH4, N2O and fluorinated gases due to several anthropogenic 
activities. Therefore, reducing the increasing concentration of GHG is necessary to 
slow down global warming and climate change. Among several options of green-
house mitigation, application of biochar into the soil is gaining popularity due to 
several advantages over other options. Biochar is a highly stable form of carbon 
derived from pyrolysis of biomass at relatively low temperatures. Application of 
biochar into the soil has been reported to provide multiple benefits like increase in 
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crop yield, nutrient and water use efficiency and several environmental benefits. 
Recalcitrant nature, relatively higher carbon content and easily available feedstock 
make biochar a highly sustainable and quick option for carbon sequestration into the 
soil. Biochar application into the soil not only helps in carbon sequestration but also 
provides a better option for managing agricultural residues. The application of bio-
char has also reported for reducing a considerable amount of methane and nitrous 
oxide emission from the agricultural field due to its priming effect on the soil. 
Biochar yield, physical properties, and carbon content varies with the type of feed-
stock and pyrolysis condition. Therefore, the rate of carbon sequestration and miti-
gation of greenhouse gas is also highly variable, however, the biochar application 
ultimately leads to a positive contribution towards climate change mitigation. 
However, most of the reported benefits are confined to laboratory and field trial at 
institute level, widespread adoption of biochar on farmer’s field is still lacking. In 
the present chapter, all the aspects of biochar towards carbon sequestration and 
greenhouse mitigation have been well discussed.

Keywords Carbon sequestration · Climate change mitigation · Greenhouse gas · 
Global warming · Crop residue

7.1  Introduction

The global mean surface (land and ocean) temperature has been increased by 
0.87 °C (0.75 °C–0.99 °C) while mean land surface air temperature has increased 
by 1.53 °C (1.38 °C–1.68 °C) since 1850 to 2015 (IPCC 2019). Global warming is 
resulting in changes in the global climate system and almost all the natural and 
human systems in many countries. According to the intergovernmental panel on 
climate change (IPCC) special report 2019, global warming has resulted in an 
increased frequency, intensity and duration of heat-related events; change in pre-
cipitation patterns and greater frequency of some extreme events in most land 
regions. Yields of some crops (e.g., maize and wheat) in many lower-latitude regions 
are being affected negatively by observed climate changes. The main cause of global 
warming is a continuous increase in the atmospheric concentration of greenhouse 
gases (GHG) like CO2, CH4, N2O and fluorinated gases (F-gases: hydrofluorocar-
bons, perfluorocarbons, sulfur hexafluoride, and nitrogen trifluoride) due to several 
anthropogenic activities. The total GHG emission has increased from 27 Gt CO2 eq/
year in 1970 to 49 Gt CO2 eq/year in 2010 (IPCC2014a, b). Out of these greenhouse 
gases, CO2 is a major greenhouse gas responsible for about 72% of global warming 
followed by CH4 (20%), N2O (5%) and F-gases (3%) (Fig. 7.1).

Despite several climate change mitigation measures, annual GHG emission is 
increasing on an average rate of 2.2% (1.0 Gt CO2 equivalent) per year from 2000 
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to 2010 compared to 1.3% (0.4 Gt CO2 equivalent) per year from 1970 to 2000 
(IPCC 2014a, b). It is expected that future emission of GHG will cause warming and 
long-lasting changes in all components of the climate system. Limiting total human- 
induced warming to less than 2 °C relative to the period 1861–1880 is necessary to 
stop the devastating effect of climate change. Without any additional mitigation, the 
global mean surface temperature has been predicted to increase between 3.7 °C and 
4.8 °C in 2100 as compared to pre-industrial levels. Limiting warming to less than 
2 °C would require to keep cumulative CO2 emissions since 1870 to remain below 
about 2900 Gt CO2 (IPCC 2014a, b). However, about 1900 Gt CO2 had already been 
emitted up to 2011. Therefore, reduction in the atmospheric concentration of GHG 
is an urgent global need to arrest global warming and climate change.

Global warming can be reduced by the simultaneous effort of reducing CO2, 
CH4, N2O, and F-gases emission at the source and capturing already emitted atmo-
spheric CO2 and storing in the long-lived pool. Therefore, identifying technologies 
that reduce anthropogenic GHG emission at the source as well as technologies that 
capture and store already emitted GHG become necessary to mitigate climate 
change. Several suggested strategies for the mitigation of climate change have been 
depicted in Fig. 7.2.

Among these, strategies that led to carbon sequestration in the soil as well as 
reduce CH4 and N2O emission should be considered as one of the most potent 

Fig. 7.1 The contribution 
of greenhouse gases in 
total global warming 
(IPCC 2014a, b)

Fig. 7.2 Strategies for climate change mitigation
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options. The conventional methods like agroforestry, afforestation and soil manage-
ment are being promoted for soil carbon sequestration. However, increasing the 
levels of soil organic carbon by conventional agricultural management can take 
many years (Denman et al. 2007). Recently, interest has grown to sequester atmo-
spheric carbon into biochar followed by its application to the soil. Soil application 
of biochar is being frequently reported as a potential option for climate change miti-
gation through carbon sequestration and other agricultural and environmental ben-
efits. Application of biochar into the soil not only sequester carbon but also reduce 
emission of N2O and CH4 from soil, provide suitable option for management of 
agricultural and forestry wastes, enhancement of soil sustainability, reduction in 
fertilizer requirements, production of renewable energy and several other environ-
mental benefits (Waters et al. 2011; Lehmann and Joseph 2009; Jeffery et al. 2011; 
Wang et al. 2016; Majumder et al. 2019). The reported potential benefits of biochar 
in environmental management have been depicted in Fig. 7.3. Therefore, the present 

Fig. 7.3 Environmental benefits of biochar application in to the soil
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chapter will discuss the role of biochar in carbon sequestration and greenhouse gas 
mitigation.

7.2  Carbon Dioxide and its Impact on Global Warming

Among different greenhouse gases responsible for global warming, CO2 has the 
least global warming potential. Therefore, the global warming potential of other 
GHGs is determined with respect to CO2. It means CO2 absorbs less heat per mol-
ecule than the other greenhouse gases like methane and nitrous oxide. However, 
higher atmospheric concentration and a long life cycle in the atmosphere make CO2 
the most responsible GHG for global warming. It contributes about 72% of the total 
global warming induced by anthropogenic activities (IPCC 2014a, b). Before the 
industrial revolution (the mid-1700s), the global average atmospheric concentration 
of CO2 was about 280 ppm and it has reached 407.4 ± 0.1 ppm in 2018 (Dlugokencky 
et al. 2019). The major sectors responsible for CO2 emission are fossil fuel combus-
tion and industrial processes. CO2 emissions from fossil fuel combustion and indus-
trial processes contributed about 78% of the total GHG emission increase from 
1970 to 2010 (IPCC 2014a, b). Therefore, rising atmospheric CO2 concentration 
can be reduced by two processes (a) reducing emission by using energy-efficient 
technology; switching to renewable energy like biodiesel, ethanol, wind energy, 
solar power, reduced tillage, and efficient irrigation system and (b) capturing and 
storing emitted CO2 into the long-lived pool.

7.3  Role of Biochar in Carbon Sequestration

Plant assimilates CO2 by the process of photosynthesis and stores it into the above 
and below-ground biomass as well as supply liters to the soil for soil organic carbon 
buildup. This process of CO2 assimilation and storage by the plant into the long- 
lived reservoir of plant biomass and soil organic carbon is known as carbon seques-
tration. However, the duration of C-storage in biomass is highly variable. It varied 
from a few years in the annual crop to 5–60 years in the agroforestry system and a 
few hundred years in the forests. Soil organic carbon buildup by natural process is 
very slow and also prone to lose under intensive tillage practices and soil erosion. 
Therefore, land-use systems which lead to a large amount of carbon assimilation 
within a relatively short period and it’s storage for long period are suitable options 
for reducing the concentration of atmospheric CO2 and mitigating global warming 
and climate change.

Among different options of soil carbon sequestration, biochar application to soil 
is being considered as the most promising option for long term storage of carbon 
sequestered in biomass. It is reported that natural biochar sink in Australia is seques-
tering about 21  million tons of carbon dioxide annually (Graetz and Skjemstad 
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2003). Preliminary calculations suggests that if 2.5% of the world’s agricultural 
land produces biochar (ideally from wastes) for application into topsoil then atmo-
spheric CO2 levels might be reduced to pre-AD 1752 level by 2050 (Jacquot 2008). 
According to Lehmann et al. 2006, globally, up to 12% of all anthropogenic land-
use change emissions can be offset annually if slash-and-burn agriculture is replaced 
by slash-and-char systems. Further, it has been also suggested that, if other green-
house gas emissions from soils after application of biochar are not elevated, and if 
emissions associated with production and transport of biochar and/or its feedstocks 
do not off-set the sequestered C, then the overall greenhouse effect will be abated by 
application of biochar into the soil (Roberts et al. 2010). This high potential of bio-
char for carbon sequestration is being advocated mainly due to its high carbon con-
tent and very stable form. The overall mechanism of carbon sequestration by biochar 
can be understood in Fig. 7.4.

The mechanism responsible for the higher potential of long term carbon storage 
by biochar application into the soil can be grouped in following properties of biochar

 (i) Biochar is a stable and rich form of carbon
 (ii) It leads to a relatively higher rate of carbon sequestration
 (iii) It leads to agricultural and forestry waste management

Fig. 7.4 Process of carbon sequestration by biochar
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7.3.1  Biochar: A Stable and Rich Form of Carbon

There are two intrinsic properties of biochar that make it a very potential option for 
long term carbon sequestration in the soil. First is, its stability i.e. resistance to 
biotic and abiotic decay into the soil and second is relatively higher carbon content 
as compared to biomass. The estimated C-residence time of biochar in the soils has 
been reported to range between hundreds to thousands of years (Liang et al. 2008; 
Kuzyakov et al. 2009; Major et al. 2010; Zimmerman 2010). Wang et al. (2016) 
through a meta-analysis of 24 studies reported 108 days and 556 years mean resi-
dence time of labile and recalcitrant biochar resulting in only a small part of biochar 
bioavailable and remaining 97% contribute directly to long-term C sequestration in 
soil. The initial rate of biochar decomposition is relatively faster and gets decreased 
with time. The median rate of biochar decomposition in this meta-analysis was 
found to be 0.0046% day-1. The initial fast rate of decomposition is mainly due to 
the decomposition of the labile condensed fraction of biochar. This initial fast rate 
of decomposition disappears after 2 years and maintained at a very low level over 
prolonged periods (Kuzyakov et al. 2014; Fang et al. 2014).

The primary reason for the higher stability of biochars in soils is their chemical 
recalcitrance i.e. resistant to microbial decomposition (Liang et al. 2008) which is 
due to the presence of aromatic structures. An increase in the aromaticity of organic 
matter leads to a more recalcitrant nature of the organic matter. Biochar is produced 
by the process of pyrolysis of biomass in an oxygen-limited environment at rela-
tively low temperatures. During pyrolysis, the biomass undergoes devolatilization 
and the solid portion gets enriched in carbon. The H and O are preferably removed 
over C and the H/C and O/C ratios tend to decrease as biomass undergoes its trans-
formation into biochar. This process results in very low H/C and O/C ratios in bio-
char as compared to the original biomass feedstock (Nsamba et al. 2015). The ratio 
of H/C and O/C is an indicator of the degree of aromaticity, carbonization, matura-
tion and the stability of biochar (Lehmann and Joseph 2009). According to Krull 
et al. (2009), decreasing the H/C ratio in biochars indicates an increasing aromatic 
structure in the biochar. As pyrolysis temperature increases, the turbostratic layering 
inside of biochar increases in orderliness, the mass percentage of the fused aromatic 
C thereby increases, the produced biochar is thus often low in easily degradable C 
but high in recalcitrant C (Nguyen et al. 2010). The value of H/C ratios greater than 
0.7 indicates a low biochar quality and pyrolysis deficiencies and the value of the 
O/C ratio greater than 0.4 indicates lower biochar stability (EBC 2012). The 
International Biochar Initiative (IBI) recommends a maximum value of 0.7 for the 
molar H/C ratio (Nsamba et al. 2015, Mary et al. 2016) to distinguish biochar from 
biomass that has not been or only somewhat thermo-chemically altered.

On the weight basis, biochar contains a high percentage of carbon as compared 
to original feedstock, however, it varied with the type of feedstock and pyrolysis 
condition. The carbon content has been reported to vary 29–50% in rice straw 
derived biochar and 70–85% in apple and oak tree branch at pyrolysis temperature 
ranging from 400–800 °C (Jindo et al. 2014). Billa et al. (2019) reported 57.59% 

7 Role of Biochar in Carbon Sequestration and Greenhouse Gas Mitigation



148

carbon in rice husk derived biochar to 93.38% in Cassava residue derived biochar at 
the standard procedure for Biochar production. Lee et al. (2013) reported more than 
84% carbon in biochar obtained from Bagasse, Cocopeat, Paddy straw, Palm kernel 
shell, Wood stem and Wood bark at constant pyrolysis temperature of 
500 °C. Windeatt et al. (2014) reported 90.6, 88.6, 54.5, 93.9, 75.3, 83.2, 71.8 and 
82.6% carbon in biochar obtained from Palm shell, Sugarcane bagasse, Rice husk, 
Coconut shell, Wheat straw, Cotton stalk, Olive pomace, and Coconut fiber. 
Purakayastha et al. (2015) reported 66% carbon in maize biochar, followed by 64% 
in pearl millet biochar, 64% in wheat biochar and 60% in rice biochar.

Charcol is also mineralized in soil otherwise the earth’s surface would be con-
verted into charcoal within a period of time. Shneour (1966) successful oxidized 
artificial graphitic 14C to 14CO2 in the presence of soils with high microbial activ-
ity. Thermodynamically, the abiotic oxidation of elemental C to CO2 is a strongly 
exothermic reaction (∆H = −94,052 kJ). However, under environmental conditions, 
this process is extremely slow (Shneour 1966). Therefore, biochar is much more 
stable than uncharred organic matter i.e. biomass, and that this difference is the 
relevant measure for its ability to prevent carbon from being returned rapidly to the 
atmosphere.

7.3.2  Carbon Storage Potential of Biochar

Biochar is a rich source and a very stable form of carbon obtained from the pyroly-
sis of biomass. Biochar production itself do not sequester carbon from the atmo-
sphere, however, it leads to the transformation of carbon sequestered in biomass 
into more stable form i.e. biochar as well as helps in enhancing soil organic carbon 
sequestration. It has been reported that conversion of biomass carbon to biochar 
leads to storage of about 50% of the initial carbon compared to the low amounts of 
carbon retained after burning (3%) and biological decomposition (less than 10–20% 
after 5–10 years) (Lehmann et al. 2006). Windeatt et al. (2014) reported 21.3–32.5% 
carbon retained in biochar obtained from pyrolysis of Palm shell, Sugarcane 
bagasse, Rice husk, Coconut shell, Wheat straw, Cotton stalk, Olive pomace and 
Coconut fiber at 600 °C. The balance of carbon stored in the biochar, as the mass 
fraction of the carbon remaining in biochar from the original feedstock carbon, was 
between 45% for olive pomace and 57% for coconut fiber. The average value of 
carbon stored from the original feedstock carbon was 51%. Therefore, the biochar 
itself represents a carbon stock that once added to soil tends to persist for a long 
time. Further, biochar additions can also interact with the native organic matter 
already present in soils, and either stimulate or reduce the rate of decomposition of 
the native soil organic matter (Paustian et al. 2019). Zhang et al. (2018) reported a 
76.29% increase in SOC after 5 years of wheat straw biochar application in the soil 
at the rate of 40 t/ha. Both positive and negative effects on native soil organic matter 
decomposition following biochar addition have been reported (Song et  al. 2016; 
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Wang et al. 2016), but in most cases, these effects on the long-term soil C balance 
are small (Wang et al. 2016).

However, the net amount of carbon available for storage depends upon the per-
centage of biochar obtained from the original feedstock and carbon content of bio-
char. The carbon sequestration potential of the biochars, which is a measure of the 
amount of the original feedstock carbon that would be retained in biochar for long 
time periods upon addition to soil, is generally calculated by the following equation 
(Windeatt et al. 2014).
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where, CSB is carbon sequestration potential of biochar (%), M is the mass of feed-
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where T50x and T50 graphite are the temperatures at which 50% of the biochar and 
graphite are oxidised respectively.

During pyrolysis both mass and carbon content of biomass feedstock decreases 
due to loss of volatile compounds. The biochar yield and carbon content have an 
inverse relation with the temperature of pyrolysis. With the increase in pyrolysis 
temperature, the biochar yield decreases while carbon content increases (Singh 
et al. 2017a, b, c; Singh et al. 2018; Tiwari et al. 2018; Jindo et al. 2014; Zhang et al. 
2017). Increased heating temperature results in higher concentrations of fixed C, 
total C and stable-C in biochar, as well as higher heating value due to the increased 
release of volatile compounds (Crombie and Masek 2015). Further, chemical com-
position and carbon content of feedstock varied and therefore of biochar. It has been 
reported that biochar carbon content and biochar yield increase with the increase in 
lignin content of the feedstock (Sun et al. 2017). Biomass feedstock’s with rela-
tively high ash contents produced relatively low fixed carbon biochars, which was 
attributed to the high ash content inhibiting the formation of aromatic carbon forms 
(Enders et al. 2012; Sun et al. 2017). The lowest carbon content was seen in rice 
husk biochar which has the highest ash content, conversely, the highest carbon con-
tent was seen in the coconut shell biochar which has the lowest ash content.
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7.3.3  A Relatively Faster Rate of Carbon Sequestration

The carbon sequestration in biomass and soil by natural process takes a long time. 
Gupta et al. (2019) reported that sequestration of about 31.6 Mg C ha−1 in biomass 
and 3.32 Mg C ha−1 in soil by Hardwickia binata based silvopasture system took 
30 years. Measured rates of soil C sequestration through the adoption of recom-
mended management practices have been reported to range from 0.05 to 1.0 Mg C 
ha−1 year−1(Lal 2004). In India carbon sequestration potential of agroforestry sys-
tems has been estimated between 0.25–19.14  Mg C ha−1  year−1 in biomass and 
0.003 to 3.98 Mg C ha−1 year−1 in soil (Dhyani et al. 2016). The period of biomass 
carbon sequestration by agroforestry depends on harvesting rotation. The harvesting 
period of different agroforestry tree species generally ranged from 5–60  years 
depending on their use (Chaturvedi et al. 2017) (Table 7.1). It means the agrofor-
estry system stores carbon for 5–60 years and after harvesting of the tree, the stored 
biomass carbon gradually released to the atmosphere. However, the length of the 
C-locking period also depends on their use like timber, fuelwood and paper, and 
pulp. As compared to these systems, the application of biochar can lead to a faster 
rate of sequestration in the soil.

Table 7.1 Rotation period of major agroforestry trees species in India

S.N. Tree species Family
Rotation 
(Years) Uses

1. Acacia mangium Fabaceae 6–20 Pulpwood and timber
2. Acacia nilotica Fabaceae 30–40 Timber and gum Arabic
3. Ailanthus excelsa Simaroubaceae 5–20 Matchwood and leaf fodder
4. Alnus nepalensis Betulaceae 25–30 Timber
5. Neolamarckia 

cadamba
Rubiaceae 5–10 Pulpwood and timber

6. Albizia lebbeck Mimosaceae 10–20 Timber
7. Casuarina 

equisetifolia
Casuarinaceae 4–6 Pulp and paper, boles

8. Dalbergia sissoo Papilionaceae 10–60 Timber and fodder
9. Eucalyptus 

tereticornis
Myrtaceae 4–8 Pulp and paper, plywood

10 Gmelina arborea Verbenaceae 4–12 Timber and firewood
11. Hardwickia binata Fabaceae 20–30 Timber and fodder
12. Leucaena 

leucocephala
Leguminosae 3–4 Pulp and paper, poles, fodder

13. Melia dubia Meliaceae 5–15 Plywood
14. Millettia pinnata Leguminosae 50–60 Oil from seed kernals 

(biodiesel)
15. Populus deltoides Salicaceae 6–8 Pulpwood and paper, plywood
16. Prosopis cineraria Leguminosae 5–30 Timber and fodder
17. Salix alba. Salicaceae 15–20 Pulpwood, match splints and 

timber
18. Tectona grandis Verbenaceae 20–60 Timber
19. Terminalia arjuna Combretaceae 10–20 Plywood, timber and bark
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Most of the study advocates use of agricultural, animal and forest residue as 
feedstock for the production of biochar. These feedstocks are annually available in 
large amount and their conversion into biochar takes a relatively short period of time 
depending upon the capacity of the kiln to produce biomass. After conversion to 
biochar, they are directly applied to the soil. Application rates of 10, 25, 50 and 
100 t ha−1 were all found to significantly increase crop productivity when compared 
to controls, which received no biochar addition (Jeffery et al. 2011). The greatest 
positive effects were seen in biochar application rates of 100 t ha−1 (39%) (Jeffery 
et al. 2011). Biochar carbon is a natural constituent of many soils and soil function 
is not generally impaired (and maybe enhanced) with the addition of large quantities 
(e.g., 100 t/ha or more) of biochar. Thus biochar application to the soil can lead to 
storage of about 10–100 Mg C ha−1 in the form of biochar carbon within 2 years. 
However, the rate of biochar based carbon sequestration further varies with the fre-
quency of biochar application into the soil. As compared to other biological system, 
each quantity of biochar applied to soil gets continuously accumulated over time 
with very little loss or decay (Fig. 7.5). Due to its recalcitrance to decomposition in 
soil, single applications of biochar can provide beneficial effects over several grow-
ing seasons in the field (Steiner et al. 2007; Major et al. 2010).

7.3.4  Easily Available Feedstock for Biochar Production

The feedstock suggested for biochar production should be sustainably available. 
Therefore unused agricultural crop residues are suggested as feedstock for biochar 
production. The commonly reported feedstock used for biochar production are rice 
straw, wheat straw, rice husk, coconut husk, coconut shell, cotton stalk, olive pom-
ace, palm shell, rice husk, sugarcane bagasse, corn stover, cassava, corncob, coffee 
husk, groundnut husk, sawdust, poultry litter, paper pulp, wood chips, green waste, 
wood, peanut hull, pine chip (Jeffery et al. 2011; Windeatt et al. 2014; Billa et al. 
2019). The world and Asian countries produced a large amount of crop residue 
annually thus provide sufficient feedstock for biochar production. In 2013, 5 billion 
tons of agricultural residues were produced worldwide out of which 47% was 

Fig. 7.5 Soil carbon 
storage after application of 
biochar and biomass in to 
the soil. (Modified from 
Wang et al. 2016)
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produced by Asia followed by America (29%), Europe (16%), Africa (6%) and 
Oceania (2%) (Cherubin et al. 2018). Most of this biomass is either burnt or dis-
carded and some amount is used as animal feed, manure production, fuel, and soil 
incorporation.

India produced about 620 million ton crop residue in 2008–2009 out of which 
about 15.9% residue was burnt on the farm. Rice straw contributed 40% of the total 
residue burnt followed by wheat straw (22%) and sugarcane trash (20%) (Jain et al. 
2014). In India, the disposal of such a large amount of crop residues is a major chal-
lenge. To clear the field rapidly and inexpensively and allow tillage practices to 
proceed unimpeded by residual crop material, the crop residues are burned in situ. 
Burning of crop residue eventually leads to unlocking of biomass sequestered CO2 
into the atmosphere as well as resource wastage and atmospheric pollution. Burning 
of crop residues emitted 8.57 Mt. of CO, 141.15 Mt. of CO2, 0.037 Mt. of SOx, 0.23 
Mt. of NOx, 0.12 Mt. of NH3 and 1.21 Mt. of particulate matter in 2008–2009 (Jain 
et al. 2014). The burning of rice straw in Punjab and Haryana causes severe air pol-
lution into adjoining states like Delhi. The efficient utilization of agricultural resi-
due is very important for sustainable agricultural production.

Production of biochar from these resources thus provides a sustainable option for 
efficient management of crop residue, animal waste, forest by-products vis a vis 
improvement of soil fertility, carbon sequestration and crop growth. Modern bio-
mass pyrolysis technologies can use agricultural and forestry wastes (such as forest 
residues, mill residues, field crop residues or urban waste to sequester around 30 kg 
of carbon for each GJ of energy produced (Lehmann et al. 2006). If available crop 
and forest biomass are converted into biochar at the rate of 35% recovery and prod-
uct with 70% carbon then about 1402 million tone biochar can be produced per year 
worldwide. Similarly in India 113.3 million tons of biochar can be produced from 
crop residue and 250 million tons from wood residue per year (Table 7.2).

Table 7.2 Available crop residue and potential of biochar production (million ton/ha/year)

Biomass
Residue 
production

Biochar yield (35% 
recovery)

Biochar carbon content 
(70%)

World

Cereals 3607.6 1443.0 1010.1
Legumes 382.1 152.8 107.0
Oil crops 275.2 110.1 77.1
Sugar crop 625.6 250.2 175.2
Tubers 119.6 47.8 33.5
Total residue 5010.1 2004.0 1402.8
India
Crop residues 463.3 162.2 113.5
Wood 
residues

1019.8 356.9 249.9

Note: Value of crop residue production has been adopted from Cherubin et al. (2018) and Venkatesh 
et al. (2018)
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7.4  Factors Affecting Role of Biochar in Carbon 
Sequestration and Greenhouse Gas Mitigation

7.4.1  Biochar Yield and Carbon Content in Biochar

The amount of carbon sequestered in the soil through biochar depends upon biochar 
and carbon content in the biochar. Both of these are highly variable and depend 
upon the type of feedstock and pyrolysis condition (Tiwari et al. 2019a, b; Singh 
et al. 2019; Kour et al. 2019). Therefore, optimum pyrolysis condition that leads to 
higher biochar yield and carbon content will ensure the higher potential for carbon 
sequestration.

7.4.2  Rate and Frequency of Application

The soil carbon stored in the form of biochar is directly proportional to the amount 
and frequency of biochar applied to the soil. The higher the rate of biochar applica-
tion, the higher the amount of carbon will be stored in the form of biochar in the 
soil. Further frequency of application i.e. annually or biannually or another time 
interval that finally leads to the accumulation of biochar in the soil is the main fac-
tor. Therefore the optimum rate of application and frequency which has a positive 
impact on crop yield and environment is necessary to determine.

7.4.3  Methods of Application and Soil Management

Soil applied biochar is also subjected to loss mainly in three different ways: (1) by 
erosion from the surface, (2) by abiotic and (3) biotic degradation. Biotic and abi-
otic factors have a limited effect on biochar loss while erosion through water and 
wind may lead to loss of biochar from applied soil. Therefore methods of applica-
tion that led to minimum loss will ensure a higher rate of carbon sequestration. 
Subsurface application has been suggested to minimize the loss of biochar and 
enhance its storage.

7.4.4  The Negative Effect of Biochar Application

Besides its potential agricultural benefits, biochar may contain inherent contami-
nants, either introduced by its feedstock (e.g., heavy metals), or co-produced during 
(improper) pyrolysis (e.g., polycyclic aromatic hydrocarbons) (Hilber et al. 2017). 
However, the link between biochar’s inherent contaminants and toxicity to soil 
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meso and macrofauna remains unclear, with data being often contradictory and 
influenced by feedstock and pyrolysis conditions.

7.4.5  Farmer Adoption

The ultimate user of biochar for soil application is farmers. Therefore, the rate of 
farmer adoption is one of the most influential factors for carbon sequestration in the 
soil through biochar. The latest development leads to a reduction in the production 
cost (−10 to 30 USD t−1); however, the use of biochar in commercial agriculture 
remains scarce (Maroušek et al. 2019). While many beneficial reports on biochar 
trials exist in the scientific literature, laboratory and institute field trial, the practice 
of applying it to the soil in the commercial farm had just began, and no widely 
accepted guidelines currently exist (Majro et  al. 2010). Further, biochar has not 
been officially advocated as a measure for carbon sequestration by any regulatory 
regime or program. Some of the organization like international biochar initiative is 
working on developing protocol and package and practices of biochar application in 
agricultural soil. Dickinson et al. (2015) reported that the net present value of bio-
char application to soils was positive in a sub-Saharan African context but negative 
in a Northwestern European context, due to a combination of greater production 
costs and more modest yield benefits in the latter scenario. Therefore, without an 
understanding of farmers’ roles as the main stakeholders in the generation and use 
of this innovation, the use of biochar is unlikely to be effective.

7.5  Role of Biochar in Mitigation of Methane Emission

7.5.1  Methane Emission and Its Impact on Global Warming

Methane (CH4) is the second potential greenhouse gas after CO2 which contributes 
about 15% of total anthropogenically induced global warming and climate change. 
Its global warming potential is 28 times higher than CO2. Its concentration in the 
atmosphere has increased from 715 ppb in the pre-industrial era to 1863 ppb in 
2018. Since 2007–2015, its concentration is increasing at the rate of 
+6.9 ± 2.7 ppb year−1. Therefore it can be said that the contribution of methane in 
climate change is increasing as compared to CO2 (when its slowdown is seen in the 
last 3 years) (Saunois et al. 2016). Methane is produced under anaerobic conditions 
(submerged soil) through the anaerobic digestion of organic matter by the action of 
methanogenic bacteria (Fig. 7.6). Around 70–80% of methane emission is of bio-
logical origin and remaining from natural sources. Table 7.3 describes the source 
and sink of methane emission from soil. Natural sources like swamps, marshes, 
ocean, forest soil, termites, etc. cause 20–30% of methane emission, while around 
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70–80% of emission is anthropogenic. Enteric fermentation from ruminants and 
conventional puddled rice cultivation practices contributes around 20–40% of its 
emission.

7.5.2  Biochar and Methane Emission

Many studies have shown that soil is responsible for around 15–30% of methane 
emission and most of the anthropogenic emission comes from paddy cultivation 
(12%) (Xiao et al. 2018; Malyan et al. 2016). Therefore most of the study has been 
done for the reduction of methane emission from the paddy field. There are several 
proposed options for reducing methane emission from paddy field. Some of the 
potential options are direct-seeded rice (Gupta et al. 2016a and 2016b), intermittent 
wetting and drying (Gupta et al. 2015), system of rice intensification; use of neem 
oil coated urea (NOCU) (Gupta et  al. 2016a) and use of Azolla as biofertilizers 
(Malyan et al. 2019), etc. Recently it has been reported that soil application of bio-
char also offers great potential for the reduction of methane.

Aside from impacts on soil C storage, several studies suggest that biochar amend-
ments may decrease soil CH4 emissions, which would further contribute to green-
house gas mitigation. Liu et al. (2011) tested the emission rate in rice soil with the 
incorporation of two biochar i.e. bamboo chips and straw char with control. A 

Complex organic matter 
(lipids, protein, sugars)

Simple Organic Matter (amino 
acids, peptides)

Hydrolysis

Acidogenesis

Volatile fatty acids
(butyrate, propionate)

Acetogenesis

H2, CO2 Acetate

CH4, CO2

Methanogenesis Methanogenesis

Fig. 7.6 Methanogenesis process of methane emission from soil
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reduction of 51.1% and 91.2% of methane in bamboo chips and straw char biochar 
was found compared to control plots. The reduction in methane emission was attrib-
uted to either inhibition of methanogenic bacteria or enhancement in methylotro-
phic bacteria. Similarly, amending the soil with rice husk biochar @ of 2 and 4% 
(weight biochar/weight soil) showed 45.2 and 54.9% reduction in methane emission 
compared to control (Pratiwi and Shinogi 2016). When soil amended with biochar 
and control (no biochar) were studied in elevated CO2 and temperature conditions 
then result showed that cumulative methane emission was much lower with 
112.2 mg kg−1 compared to 185.4 mg kg−1dry weight soil per season in control (Han 
et al. 2016). The reduction of methane emission under biochar amended soil was 
attributed to enhanced methanotrophic activity (especially methanotrophic pmoA 
gene) which favors rhizospheric activity for methanotrophs. This result confirmed 
that applying rice straw biochar in soil not only reduces methane activity but at the 
same time enhances rice productivity (Han et  al. 2016). Similarly, many studies 
show that the application of biochar results in reduced methane emission. Like 
Rondon et al. (2005) found reduced emission from Brachiaria humidicola and soy-
bean plots treated with biochar @ 15 g kg−1 soil and 30 g kg−1 soil respectively. 
Similarly, in 2006, Rondon et al. found a reduction in methane emission in tropical 
soil with the application of wood-based biochar @ 20 t ha−1. Therefore it can be said 
that methane emission rate varies with soil type, biochar physicochemical 

Table 7.3 Sources and sink 
of methane emission 
from soil

Source
CH4 emission (Tg/
year)

Natural
Wetland 127–202
Termite 21–132
Ocean
Methane hydrates
Manmade
Coal mining 77–133
Landfills
Animal waste
Sewage
Enteric fermentation
Rice cultivation 115–243
Biomass burning 43–58
Others 15–53
SINK
Atmospheric 
removal 
(tropospheric and 
stratospheric)

510–583

From soil 28–38

Source: Saunois et al. (2016)
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properties and agronomic management including water management practices 
(Zhang et al. 2010).

7.5.3  Factors Affecting Methane Emission from Biochar 
Applied Soil

Methane flux in the soil is affected by biochar in two ways (i) adsorption of methane 
on biochar surface (ii) enhanced methanotrophs activity via increased aeration 
(Jeffery et al. 2016). In the soil, methane is oxidized under aerobic conditions by the 
action of methanotrophs which takes methane as substrate and converts it into car-
bon dioxide and water. Additionally, many other things matter like soil physical and 
chemical properties, biomass type and process of biochar preparation (pyrolysis 
temperature) also affect the methane emission process. In general, adding biochar 
helps in enhancing soil fertility which increases methanogenic activity (Feng et al. 
2012). The relation of biochar and methane emission is via methanotrophs group of 
microorganisms. Methanotrophs are gram-negative bacteria whose growth is stimu-
lated through biochar application which ultimately acts as a sink for methane emis-
sion. Secondly, biochar increases the porosity of soil which allows new microbial 
hotspot to develop in this small porous structure where microbes retain methane for 
their metabolic activity and hence decrease methane emission (Feng et al. 2012). 
Several biochars and soil factors affect methane emission from soil. Some of them 
are discussed below:

 (i) Water Management: Biochar when added in the puddled field under saturated 
condition increases methane sink or reduces source emission which means 
either methanotrophic process enhances or methanogenesis reduced. In the 
rice field, methane emission is mostly via three ways i.e. diffusion, ebullition, 
and plant-mediated transport. Plant mediated transport through aerenchyma is 
the major pathway. The application of biochar increases methane oxidation at 
anoxic/oxic surface of the plant. Contrary to this, in upland soils where the 
oxic environment persists, the application of biochar can enhance methane 
emission as they will provide more substrate for methanogens. Thus the appli-
cation of biochar in flooded soil is more beneficial than its application in non- 
flooded soil in reducing methane emission and overall carbon footprint (Jeffery 
et al. 2016).

 (ii) pH: Methane production or oxidation is microbe mediated process where both 
methanogens and methanotrophs work under a certain optimum conducive 
environment. Optimum pH for both is 6–8. Most of the biochar is basic 
(pH > 7) in nature which provides a liming effect to the soil. As methanotrophs 
are more sensitive to aluminium toxicity at lower pH, hence increasing pH via 
biochar applications helps in enhancing their activity and thus more methane 
gets sunk (Jeffery et al. 2011).
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 (iii) Pyrolysis temperature: Biochar produced via high pyrolysis temperature has a 
higher methane sink due to reduced H: Corganic ratio. Less H: Corganic ratio 
means more aromaticity. Additionally, it was found that higher temperature 
pyrolyzed biochar have lesser labile compounds on their surface which provide 
less area for microbial methanogens for reduction and thus less methane emis-
sion (Bruun et al. 2011).

 (iv) Feedstocks: In general feedstock composition does not show much difference 
in methane flux except for biochar produced from sewage sludge. Biochar 
made from sewage sludge showed enhanced methane sink especially on acidic 
soil (Cayuela et al. 2014).

 (v) Branauer, Emmett, and Teller (BET) surface area: pyrolysis temperature and 
BET surface area of biochar are positively linked. This indicates that in these 
types of biochar adsorption of produced methane on its surface occurs which 
reduces its emission (Jeffery et al. 2016).

7.6  Role of Biochar in Mitigation of Nitrous Oxide Emission

7.6.1  Nitrous Oxide Emission and Its Impact 
on Global Warming

Nitrous oxide (N2O) is a potent greenhouse gas (GHG) with 114 years of atmo-
spheric residence time and 265 times higher global warming potential (GWP) than 
that of CO2 (IPCC 2014a, b). It contributes about 5% of the total human-induced 
global warming. The atmospheric concentration of N2O has reached 350 ppb since 
the pre-industrial (1750) level (285  ppb). It has steadily increased at a rate of 
0.73 ± 0.03 ppb year−1 over the last three decades and accounts for approximately 
5% of the total greenhouse effect (IPCC 2014a, b). From 1961 to 2010 the global 
N2O emission from agriculture has increased by about 3 times from 1.44 Tg to 4.25 
Tg (Fagodiya et al. 2017). Besides this, it is also responsible for the destruction of 
the stratospheric ozone as once it transported to the stratosphere it releases the 
ozone depleting-chemicals through chlorine or nitrogen oxide catalyzed processes 
(Ravishankara et  al. 2009). A doubling of atmospheric N2O would cause a 10% 
decrease in the ozone layer that would increase ultraviolet radiation reaching the 
earth’s surface by about 20%. Agriculture, fossil fuel combustion and industrial 
process, biomass burning, atmospheric deposition, and human sewage are the major 
anthropogenic sources of the N2O emission (Fig. 7.7). Among the anthropogenic 
sources, agriculture is the largest source which accounted for 67% of total anthro-
pogenic N2O emission. Out of which 42% is direct emission from nitrogenous fer-
tilizers and manure management; and 25% are indirect emissions from the runoff 
and leaching of fertilizers (IPCC 2013).
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7.6.2  Biochar and Nitrous Oxide Emission

There are several proposed options for reducing N2O emissions from soil. Some of 
the potential options are the use of nitrification inhibitors (NIs) and neem oil coated 
urea (NOCU) (Gupta et al. 2016a, b; Fagodiya et al. 2019) and use of Azolla as 
biofertilizers (Malyan et al. 2019). Besides increasing soil C storage and reducing 
CH4 emissions, biochar application in soil has reported reducing N2O emission 
which would further contribute to greenhouse gas mitigation. Recently it has been 
reported that soil application of biochar also offers great potential for the reduction 
of N2O emission from soil mainly due to high porosity, pH, and specific surface area 
of biochar. Rondon et al. (2005) reported first time in a greenhouse experiment that 
after biochar application the N2O emissions were decreased by 50–80%. Since then, 
biochar gets popularity as a potential option for N2O mitigation from agricultural 
soils and since then several studies have been conducted using biochar. Some of 
these studies are synthesized in Table 7.4. A recent meta-analysis of publication 
from various field and laboratory study by Borchard et al. (2019) has reported the 
38% average reduction of N2O emissions while Verhoeven et al. (2017) has reported 
average reductions of 9–12% while an earlier global assessment (Cayuela et  al. 
2014) suggested greater average reductions of almost 50%, compared to none bio-
char amended soils.

There are several properties of biochar which are helpful in the reduction of N2O 
emissions from agricultural soils. Some of these are porosity, pH, acidic and basic 
functional groups, specific surface area, and redox properties which are mainly 
varying with the type of feedstock used for biochar and pyrolysis conditions 
(Grutzmacher et al. 2018; Cayuela et al. 2014). Once biochar applied to soils, the 
interaction between the soil and biochar can alter the soil pH, oxygen level, and 
microbial composition and activity which turn into a reduction in N2O emission 
(Edwards et al. 2018; Harter et al. 2014). Biochar application reduced the substrate 
concentration (NO3

−, NH4
+) for nitrification and denitrification reactions which 

Fig. 7.7 Various sources of nitrous oxide emission
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limits the microbial activity and reduced N2O emissions (Fig.  7.8) (Zheng et  al. 
2013). Besides this, it may enhance the soil pH and N2O reductase concentration 
into the soils which lead to the final conversion of N2O into N2 and thereby reduced 
N2O emission (Harter et al. 2014).

7.7  Conclusions

Biochar is a rich form of stable carbon and a suitable option for mitigating climate 
change through long term carbon storage and reduction in emission of GHG like 
N2O and CH4. Aside from carbon storage, biochar also provides a sustainable solu-
tion for managing the large volume of crop residue thus saving them from burning 
and air pollution. Production of renewable energy and heat during biochar produc-
tion, increase in nutrient and water use efficiency after soil application further help 
in mitigating climate change through reduction in emission of CO2 from fossil fuel 

Fig. 7.8 Mechanism of N2O emission from soil

Table 7.4 Some results of reduction in N2O emission after biochar application in to the soil

Biochar feedstock Experimental condition N2O reduction References

Sugarcane straw Greenhouse pot with wheat crop 71%
Meta data analysis Meta-analysis of 88 publication 38%. Borchard et al. 

(2019)
Bamboo Acidic tea field Biochar@ 0.5% 

=38%
@2% = 61%.

Oo et al. (2018)

Wheat straw and 
swine manure

Greenhouse pot experiment with 
five vegetable crops

Wheat straw 
biochar
36.4–59.1%
Swine manure 
biochar
37.0–49.5%

Fan et al. (2017)

Meta data analysis Meta data analysis of 30 
publication

54% Cayuela et al. 
(2014)
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combustion. However, yield, characteristics, and rate of biochar application signifi-
cantly vary in the different study and it depends upon feedstock quality and pyroly-
sis temperature. Further, most of the reported studies are confined to laboratory or 
institute level field trial and adoption of biochar for application in agricultural soil 
by farmers is still lacking. There is a need to develop region and feedstock specific 
guidelines and policies for biochar production and application in the field to exploit 
potential benefits for enhancing soil quality and mitigating climate change.
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Chapter 8
Biochar Coupled Rehabilitation 
of Cyanobacterial Soil Crusts: 
A Sustainable Approach in Stabilization 
of Arid and Semiarid Soils

Arun Kumar and Jay Shankar Singh

Abstract Cyanobacterial soil crusts (CSCs) are unique microhabitats in desert soil 
plays a significant role in stabilization of soil surface and provide favourable condi-
tions for the establishment of vascular plants. The CSCs types and its distribution 
mainly depend up on the locality and climatic factors of the region. They help in 
retaining soil particles, nutrients, moisture and also add up carbon and nitrogen to 
the nutrient poor soils. The natural or anthropogenic intervention exerted immense 
pressure on the crusts community and diversity; leads to disturbed or distressed 
CSCs. Currently military use of the deserts have destroyed the fragile ecology of 
these CSCs and delay the time of recovery to reach functional state. To stabilize and 
rehabilitate the disturbed CSCs, a number of strategies successfully tested and 
implemented in small scale, some of them are artificial stabilization, resource aug-
mentation and cyanobacterial inoculants. Biochar coupled rehabilitation of CSCs 
could be effective and sustainable approach for the stabilization of desert soils. 
Small scale biochar production would be helpful not only reducing the cost of reha-
bilitation but also help in providing livelihood to the local people.
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8.1  Introduction

The deserts are seems to lifeless and unproductive landscapes, as they have arid 
soils, harsh environment and very sparse vegetation. But they have unique soil sur-
face structure known as cyanobacterial soil crusts (CSCs) that can occur on the 
surface or just below the surface of soils. Belnap and Gardner (1993) observed that 
CSCs includes primarily a number of communities such as cyanobacteria, green 
algae, lichens and mosses which exudates sticky extracellular polysaccharide, helps 
in binding of soil particles; leads to formation of intimate and living covering on the 
soil surface.

The CSCs often spread over as the living ground cover in hot, cool, and cold 
deserts. Further the CSCs can also found in temperate conditions like either in Pine 
Barrens or vacant area due to reduced plant cover (Belnap and Lange 2003). They 
play an important role in stabilizing the mobile sand dunes and helps in prevention 
of soil erosion by water and wind (Danin 1978). They further influence the capture, 
runoff, infiltration and percolation of rainfall water; improves the water-holding 
capacity and soil moisture content (Belnap 2003a, b, 2006).

There are various factors such as climate change and human intervention which 
adversely affected the composition and diversity of crust communities. Nowadays 
military use of deserts increased the further pressure on already distressed crusts, 
leads to complete destruction of CSCs. There is also risk of invasion of annual 
exotic grasses, which increased the chances of summer fires, leads to destruction of 
crusts. For the rehabilitation and fast recovery of CSCs, mainly three strategies i.e. 
artificial soil stabilizer, inoculation of cyanobacteria and addition of soil amend-
ments, investigated in a number of studies.

Biochar coupled rehabilitation of CSCs could be a sustainable and feasible 
method for the stabilization of arid and semiarid soils. Biochar proved to be a very 
useful soil amendment in agriculture; it not only helps in improving the cation 
exchange capacity, pH, nutrient contents, plant growth, but also helps in reduction 
of greenhouse gas (GHG) emissions from the agricultural soils. Further small scale 
biochar production in regional level could help in better management of arid soils 
and also supports local livelihood.

This chapter gives a brief account on the structure and formation of CSCs in 
desert soil conditions and their role in maintaining and regulations of desert ecosys-
tem functions. There are some factors that affecting the CSCs and the strategies for 
protection and rehabilitation of these CSCs. Further a biochar inoculation based 
method also discussed for the sustainable and effective approach for the rehabilita-
tion of cyanobacterial soil crusts.
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8.2  Cyanobacterial Soil Crusts (CSCs)

Cyanobacterial or biological desert crusts are quite unique and ecological signifi-
cant microhabitats in the soil of arid areas (Belnap and Lange 2003). These cohesive 
surface formations on topsoil are mainly started with filamentous growth of cyano-
bacteria; and consequently expanded through periodic events of moisture availabil-
ity and capturing mineral particles, either by cyanobacterial filaments or by 
extracellular slime secreted by cyanobacteria (Belnap and Gardner 1993; Cameron 
and Blank 1966; Johansen 1993). There would be further succession of other com-
munities of bacteria, fungi, algae, lichens and mosses; made them a unique micro-
habitat in arid soils.

8.2.1  Formation and Structure

Cyanobacteria are naturally primary colonizers in bare soil of arid regions. Although 
cyanobacteria are almost present every types of CSCs, but rarely found in CSCs 
characterized by low pH conditions. Cyanobacteria considered to be one of the 
earliest inhabitants on planet earth and can thrive in a range of environments includ-
ing desert soil and rock micro-habitats (Friedmann et al. 1967). Walter et al. (1976) 
suggested that cyanobacteria seem to be originated over 3 billion years ago, as evi-
denced in fossil record of marine stromatolites. These marine stromatolites contain-
ing large floating cyanobacterial mats considered to oxygenating the atmosphere 
and responsible for creating the basis of marine food web. Further Horodyski and 
Knauth (1994) suggested that 1.2 billion-year-old rocks evidenced the appearance 
of cyanobacteria in terrestrial habitats. Schwartzman and Volk (1989) stated that 
like the CSCs do currently, cyanobacteria might be hastened the weathering of bar-
ren bedrock and played an important role in soil formation which spread across the 
land. This newly formed soil supported the evolution and establishment of vascular 
plants and other terrestrial life forms.

Garcia-Pichel and Belnap (1996), Belnap (2003a, b) investigated that large, 
mobile filamentous cyanobacterial genus such as Microcoleus vaginatus (which 
that preferably live 1–4 mm below the soil surface) firstly inhabited the bare soils 
and further they can spread on the soil surface upon moisture availability during wet 
periods. After that, smaller and less mobile cyanobacterial genus such as Nostoc, 
Scytonema inhabited either on or just below the soil surface, facilitates the forma-
tion of layers of communities in the soils. These cyanobacterial communities con-
stantly secreted out a sticky, polysaccharide outer sheath to the uppermost soil 
layers, leads to the formation of soil aggregates through binding the soil particles. 
Further these soil aggregates linked together by cyanobacterial filaments. When 
cyanobacteria stabilized the soil surface, lichens and mosses colonize according the 
suitable climate conditions.
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The internal structure of CSCs differs due to composition and succession of dif-
ferent crust communities. Cyanobacteria and fungi are primary communities of all 
crust and provide them most of the cohesive property to CSCs. As cyanobacteria 
propagate inside the soil, lichens and bryophytes have blanket cover above the soil 
surface; which keeps underlying soils intact to resist from detachment of soil parti-
cles due to raindrops and overland water-flow. Lichens and bryophytes have rhi-
zoptae, rhizinae, and rhizomorphs; act as anchoring structures that could enter in to 
the soil as deep as 14 mm (Belnap et al. 2003). Beside this, there is protonemata 
moss which is intermingled throughout the matrix; leads to form a dense, subterra-
nean network that is connected with soil particles (Belnap and Gardner 1993; 
Belnap 2003a, b).

8.2.2  Distribution and Types of CSCs

The CSCs communities are widely distributed and occurred on every soil types and 
in almost all the ecosystems where sunlight able to reach the soil surface. Due to 
low moisture requirements and a high tolerance of extreme temperatures and light, 
they have ability to survive such conditions which limit the growth of vascular 
plants (Belnap et al. 2003). They are commonly thriving in low-productivity envi-
ronments such as hyperarid, arid, semiarid, sub-humid, alpine and polar regions. 
Further CSCs found to be in limited to more mesic regions such as pine barrens, 
serpentine soils, temperate steppe. It is evident that tropical evergreen rain forests 
are the only ecosystems which appeared to lack CSCs (Büdel and Lange 2003).

Among climatic regimes, CSCs may differ in appearance, biomass, and species 
composition. Due to these differences, CSC’s shows distinct external and internal 
structure; leads to different effect on ecological and hydrologic processes. Belnap 
et al. (2003) reviewed and proposed various classification schemes of CSCs. There 
is a classification mainly based on factors that influence runoff, infiltration, and 
sediment production. According to this, they are primarily categorized into 
four types:

 1. Smooth CSCs-They are primarily found in hot hyper-arid deserts like in Atacama, 
Sahara deserts; which defined with high PET and absence of soil freezing. In 
smooth crusts, a thin layer of cyanobacteria and fungi dominated the crusts that 
can be survived on or just below the soil surface; lichens and mosses pockets 
rarely found specialized microhabitats. Smooth CSCs are often characterized by 
very low moisture availability which leads to low biomass and low absorptive of 
biota; ultimately result in the high porosity and low surface roughness of soil 
surface.

 2. Rugose CSCs- They found in dryland areas like low-elevation Sonoran, Mojave, 
Australian deserts; which defined with lower PET than hyper-arid deserts and 
absence of soil freezing. In rugose crusts, a thin layer of cyanobacteria and fungi 
dominated the crusts but sparse patches of lichens and mosses commonly found 
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in drier regions of these CSCs. They have comparatively even soil surface. 
Although with increase in moisture availability in rugose CSCs, lichen and moss 
cover also increases as well but still have fairly flat soil surface. Overall rugose 
characterized by low moisture availability, leads to results in moderately low 
biomass and low absorptive; result in the moderately high soil surface porosity 
and low surface roughness.

 3. Pinnacled crusts- They are found in occur in mid-latitude cool desert like low- 
elevation Colorado Plateau, mid-latitude China deserts, high-elevation Sonoran 
and Mojave deserts which defined with lower PET than in hot deserts but soils 
freezing occurred. In Pinnacled crusts, relatively thick layers of cyanobacteria 
dominated the crusts with up to 40% lichen and moss cover. Pinnacled crust 
characterized by remarkably pedicellate mounds, formed due to frost heaving; 
leads to uplifting. These uplifted mounds further differentially weathered by 
downward-cutting water. It can be high up to 15 cm with across 4–10 mm thin 
tip. Unlike smooth and rogose CSCs, they have high biomass & absorptive and 
high soil surface roughness with comparatively low soil surface porosity.

 4. Rolling crusts-They are found in high altitude cold deserts like northern Great 
Basin, high-latitude deserts which defined with lower PET than pinnacled crusts 
regions. In rolling crusts, thick layer of lichens and mosses heavily dominated 
crusts. Unlike pinnacled crusts, soil uplifting due to frost heaving is counteracted 
by a cohesive and thick encrusted mat. This mat of lichens and mosses makes a 
roughened, slightly rolling surface that prevents differential downward cutting. 
Rolling CSCs characterized by high biomass & surface absorptive, with low soil 
surface porosity and moderate soil surface roughness.

8.2.3  Ecology and Physiology of CSCs

Cyanobacterial soil crusts play a significant role in the biogeochemistry and geo-
morphology of deserts (Eldridge and Greene 1994; Evans and Johansen 1999). 
Belnap and Eldridge (2001) investigated that communities of CSCs are almost alike 
around the world, despite the difference in climates and vegetation types in an area. 
Some genera such as Microcoleus vaginatus, Psora decipiens, Collema tenax, 
Collema coccophorum, and Catapyrenium squamulosum are occurred on almost all 
the continents. There are also some non-related communities which showed quite 
similar structures and functions, indicating that CSCs soil surface conditions have 
produced convergent evolutionary trends within these taxa. There are around hun-
dreds of cyanobacterial and eukaryotic green algal species which found to be in 
cyanobacterial soil crusts (Evans and Johansen 1999). They mostly distributed in 
the upper soil layer, as they need sunlight for the photosynthesis. They are respon-
sible for the change in the pH as well as oxygen, ammonium, and nitrate 
concentrations.

In the deserts, soil surface temperatures reached to very low as–20 °C to very 
high as over 70 °C. The precipitation is very low and quite sparse. They also face of 
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high radiation as throughout the year. So for the survival of CSCs communities in 
deserts, they should have the ability to tolerate extreme dehydration. Sometimes the 
crust communities faced such conditions that dry-weight water content of biomass, 
might be reduced to extreme low as 5% or less, result in the terminating all meta-
bolic processes (Bewley and Krochko 1982). These abilities can helps the crust 
communities to withstand extended periods of high heat, strong light, and no water.

Smaller cyanobacterial genera Nostoc, Scytonema, Chroococcidiopsis have large 
amounts of protective pigments for protection from excess radiation, while large 
filamentous cyanobacteria Microcoleus had no protective pigments, lives beneath 
the umbrella of smaller cyanobacteria and green algae (Bowker et  al. 2002). 
Intracellular pigmented tissue like carotenoids and xanthophylls are able to reflect 
and or absorb incoming radiation up to 50–93% from reaching the interior of these 
communities (Castenholz and Garcia-Pichel 2000). Other taxa like lichens can “roll 
up” during drying, keeping to protect their photosynthetic pigments from radiation 
(Büdel and Wessels 1986; Frey and Kürschner 1991). Mosses also have some 
unique structures which can store and transport the water and also have the revolute 
(curled-under) leaf margins to reduce water loss through transpiration (Frey and 
Kürschner 1991).

8.3  Significance and Role of CSCs

The CSCs are unique micro-ecosystems that perform a variety of roles in the forma-
tion, stability, and fertility of semi-arid and arid soils. It is clearly evident that undis-
turbed CSCs shows greater biomass and better ability to perform the various 
functions than disturbed or damaged crusts at any stages of succession. Besides the 
discussed below roles of CSCs (Fig. 8.1), there may be another ecosystem services 
exists that couldn’t be investigated.

8.3.1  Dust Entrapment

CSCs have enhanced rough surface and adhesive sheath of polysaccharide, which 
increased the capability to capture of nutrient-rich dust from the nearby environ-
ment. Reynolds et  al. (2001) observed that this dust can be able to increase the 
essential nutrients for the plants such as nitrogen, phosphorus, and potassium, up to 
fourfold. Due to this, there would be improvement in overall fertility and water 
holding capability of the soils (Verrecchia et al. 1995). Further undisturbed CSCs 
have greater capability to capture dust particles as their greater surface roughness as 
compared to disturbed (flattened) surfaces. Cyanobacteria fibres developed a web- 
like pattern which not only forms soil aggregates but also responsible for their hold-
ing in place.
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8.3.2  Bedrock Weathering

Garcia-Pichel and Belnap (1996) observed that many organisms like lichens and 
cyanobacteria are considered to enhance substrate alkalinity from pH 8 to pH 10.5 in 
the CSCs of US, Venezuela, and South Africa. Schwartzman and Volk (1989) sug-
gested that as CSCs have greater ability to hold water; lead to enhanced mineral 
dissolution and freeze–thaw action. Together these two factors can speed up the rate 
of weathering of bedrock up to 100 times.

8.3.3  Soil Physical Properties

Some crust organisms mainly cyanobacteria secretes extracellular substances (EPS) 
mainly polysaccharides (Mager and Thomas 2011), which organisms bind soil par-
ticles together to form into aggregates. Aggregation is an important aspect for 
proper functioning of soil and it is responsible to improve soil aeration and infiltra-
tion. Aggregate surfaces act as microsites for the most soil organisms and where 
maximum of the transformations of nutrient occurs (Herrick and Wander 1998). 
McKenna-Neuman et  al. (1996) also suggested that aggregates showed greater 
resistance to soil erosion.

CYANOBACTERIAL 
SOIL CRUSTS

C and N fixation

Soil fertility

Bedrock weathering

Establishment of vascular plants

Soil stabilization

Dust entrapment

Fig. 8.1 Significance of cyanobacterial soil crusts (CSCs) in arid areas
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8.3.4  Soil Stabilization

In arid areas, soils are already nutrient deficient and further more susceptible to ero-
sion (Dregne 1983). CSCs could cover the soil surfaces and provide resistance to 
wind and water erosion. As CSCs are also contains lichens and mosses which pro-
vide a protection cover to these soil surfaces from wind and water erosion; but 
Belnap and Eldridge (2001) found that as compared to healthy CSCs, disturbed 
crusts leads to 35 times more sediment loss in high winds or overland water flow.

8.3.5  Soil–Water Interaction

It is evident that water infiltration and soil moisture by CSCs affected by the cli-
mate, soil structure, soil texture; and also by the morphology and communities of 
the crusts. Smooth and rugose CSCs in high potential evapotranspiration areas have 
lower number of pores and little soil surface roughness that has lower water infiltra-
tion. It can be compensated by stored water by communities of CSCs which primar-
ily depends upon rainfall amount. Eldridge et  al. (2000) suggested that the 
phenomenon of better runoff in high PET areas is very important for the survival of 
heterogeneously distributed downslope plants. And if CSCs are experimentally dis-
turbed in these areas, which accelerate the more localized infiltration; leads to death 
of downslope plants. While pinnacled and rolling CSCs in lower PET areas have 
greater soil surface roughness leads to slow movement of water that enhanced the 
infiltration, supports the better cover of the more homogeneously distributed vege-
tation found in cooler deserts.

8.3.6  Carbon and Nitrogen Fixation

Beymer and Klopatek (1991), Belnap (2001a) observed that CSCs are more signifi-
cant in fixing carbon and nitrogen in deserts as there is limited cover of vascular 
plants and low atmospheric inputs (Peterjohn and Schlesinger 1990; Wullstein 
1989). It is estimated that 0.4–2.3 g/m2/year (for cyanobacterial crusts) to 12–37 g/
m2/year (for lichen crusts) carbon (Evans and Lange 2001) and 1 kg/ha/year (for 
cyanobacterial crusts) to 10 kg/ha/year (for lichen crusts) nitrogen (Belnap 2002) 
fixed by the CSCs. This is the main and significant source of carbon and nitrogen in 
desert soils (Evans and Ehleringer 1993).

Most of the fixation of carbon and nitrogen occurred during cool season com-
prises of fall, winter, and spring. Belnap (2001b) suggested that fixed carbon and 
nitrogen by CSCs generally released upon wetting, it means rainfall facilitates the 
nutrients and moisture to the desert soils. This released carbon and nitrogen assimi-
lated by vascular plants, fungi, actinomycetes, and bacteria in nearby areas. Mostly 
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cyanobacterial fixation of nitrogen provided by heterocystous cyanobacterial 
includes Nostoc, Anabaena, Calothrix, Dicothrix Cylindrospermum, Schizothrix, 
Hapalosiphon, Nodularia, Plectonema, and Scytonema; but some nitrogen fixation 
also observed in non-heterocystous genera such as Oscillatoria, Lyngbya, 
Phoridium, Microcoleus and Tolypothrix (Rogers and Gallon 1988; Harper and 
Marble 1988; Paerl 1990; Belnap 1996). Despite of free living form cyanobacteria 
symbiotically fixed nitrogen with lichens i.e. Nostoc in Collema sp. and Peltula sp. 
and Scytonema in Heppia sp.

8.3.7  Albedo (Reflective Power)

Belnap (1995) suggested that CSCs can absorbs much of the sunlight and reflect 
back only half the available sunlight as compared to in uncrusted or disturbed 
crusted surfaces; leads to reduce surface energy flux about 40 Joules/sec/m2, 
result in the increase in surface temperature by 10–14 °C. The surface tempera-
ture of the soil helps in maintaining many ecosystem functions such as rates of N 
and C fixation, seed germination, soil water evaporation, nutrient uptake by plants 
and their growth and microbial activity (Belnap 2003a, b). These ecosystem func-
tion and their timing plays an critical role for desert communities and a small 
change can affect community structure by reducing the species fitness and seed-
ling establishment (Bush and Van Auken 1991). Crawford (1991) observed that 
many ants, insects and some small mammals segmented their surroundings 
according to foraging times and burrowing depths and they are regulated by sur-
face temperature.

8.3.8  Establishment of Vascular Plants

CSCs cover and establishment of vascular plant quite interrelated especially in arid 
areas; at lower elevations vascular plant cover increases the cover of CSCs, because 
of the shade under the plant canopy. But at higher elevations, most of the soil sur-
face occupied by vascular plants and plant litter, that reduce the opportunity for the 
CSCs to colonize the soil surface. Further CSCs morphology can influence estab-
lishing patterns of vascular plants. Belnap and Eldridge (2001) observed that 
smooth and rugose CSCs not able to retain the seeds and organic matter in space 
between the plants, whereas pinnacle and rolling CSCs enhance the retention of 
seeds and organic materials. In many field studies, germination and survival of 
native plants either increased or unaffected in CSCs as compared to uncrusted, 
areas. Once vascular plants established in crusted soils and start to growing, they 
have more biomass and better nutrient uptakes as compared to plants growing in 
uncrusted soils.
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8.3.9  Soil Fertility

Combining all above said benefits, CSCs contributes great to enhance fertility of 
arid soils. There are numerous ways by which CSCs can improve the soil fertility 
and to enhance plant nutrient concentrations:

 1. Adding C and N to the arid soils;
 2. Secreting adhesive, negatively charged polysaccharides which keep retains the 

positively charged nutrients and stop further leaching loss of such nutrients 
essential to plants;

 3. Producing chelators (ring shaped chemical compounds that bind the metal ions), 
which helps to keep minerals that available for plants;

 4. Regulating soil temperatures and nutrient uptake rates;
 5. Increasing dust capture and soil stabilization, which improves fertility and water- 

holding capacity of the soils; and
 6. Facilitating the soil aggregation.

8.4  Factors Affecting CSCs

CSCs affected by many disturbances such as climate change, land use changes and 
invasion by exotic annual grasses and their associated risk of fire. All the distur-
bances responsible for the reduction in total crust cover; leads to decrease in soil 
surface temperature decreased. Lichens and mosses communities either distressed 
or substituted by more disturbance-tolerant cyanobacterial communities and soil 
surfaces are flattened. Further loss of lichens and mosses affected the soil fertility 
and stability, because of less extrusion of polysaccharide materials, less fixation of 
C & N, less entrapment of dust and other surface particles, less secretion of chela-
tors and growth factors are, lesser nutrient uptake rates and there is a reduction in 
number and diversity of soil food web communities.

8.4.1  Land Use Changes

Compression and shear forces like animal hooves, human feet, tank treads, or off- 
road vehicle tires, thrashed soil crusts; it is more devastated when soil crusts are 
more dry as most the times crust are in dry state. Crusts are shattered in to pieces of 
crust, they can be either blow or wash away by the wind or water flow. If the pieces 
of crusts buried in the soil, they cannot survive as they need light to 
photosynthesize.

Direct human impact is the dominant force which is more responsible for the 
simplification and/or the destruction of CSCs. Nowadays deserts are used for the 
recreation, energy development, livestock grazing, habitation, and military 
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exercises (Brooks and Pokshishevsky 1986), which undoubtedly led to a large scale 
devastation of lichen–moss cover and their associated ecosystem functions. Due to 
this slow recovery rate, CSCs cover and diversity decreases, leads to relatively per-
manent, less diverse and inefficient crusts. Pimm (2001) suggested that as human 
use of rangelands increased over the time, there are phenomenon of increasing the 
size and frequency of global dust storms also increased.

8.4.2  Invasion of Annual Exotic Grasses

Disturbances and devastation of CSCs leaves the vacant spaces, where exotic annual 
grasses easily expanded and their associated fire risk could be responsible for the 
crust cover and biodiversity loss. As annual exotic grasses starts to occupy the plant 
interspaces which once acquired by the CSCs and their diverse communities; gradu-
ally substituted by a bunch of cyanobacterial and annual moss species. Further 
absence of limited fires and growth of annual grasses supports the increase in rodent 
numbers and their burrows; probably responsible for this compositional shift. 
Unlike in the well-developed CSCs and less growth of annual grasses, limited fires 
generally expanded from shrub to shrub, leaves soil crusts unaffected between them. 
However excessive growth of annual grasses might be enhance size and frequency 
of wildfires, which now burned large areas, including the CSCs between plants; 
result in the death of soil crusts. This further prevents settlement of perennial lichens 
and mosses, leaving arid soils dominated by cyanobacteria and annual mosses.

8.4.3  Temperature and Precipitation

Cayan (1996) suggested that climatic alternations in deserts such as higher tempera-
tures, greater summer precipitation, and drier-than-normal winters, responsible for 
affecting the structure and function of CSCs. It is very often for survival of mosses 
and lichens, water loss in respiration compensated by water gain in photosynthesis. 
But at higher temperature, soils of CSCs loose moisture faster (Jeffries et al. 1993); 
responsible for imbalance in respiratory loss and photosynthetic gain, leads to dry-
ness of crust organisms. This stunted the further growth of crust communities, 
makes CSCs carbon deficits in the summer time.

Precipitation facilitates the soil wetting and temperature of soil surface also 
dropped, providing the conditions for CSCs to become metabolically active and 
perform better physiological functioning. As excess rain in summertime leads to 
flooding, wash away the soil crusts and less rain in wintertime leads to soil drying. 
This makes the CSCs carbon and nitrogen deficient. Due to inadequate carbon and 
nitrogen, CSCs will be less able to avoid or repair any disturbance; leads to increased 
mortality of more susceptible communities like lichens and mosses or even chang-
ing in distribution patterns. Belnap and Eldridge (2001) suggested that the current 
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distribution pattern of lichen and moss in the deserts of US, Australia and central 
Asia, indicated towards this scenario; as diversity lichen and mosses reduces sharply 
with increase in temperature and summer rainfall.

8.4.4  UV Radiation

Most of the CSCs communities are quite susceptible to the UV radiation, which 
increases mortality through affecting the growth, motility, photosynthesis, nitrogen 
fixation and their uptake, photo-movements and cell differentiation (Castenholz and 
Garcia-Pichel 2000). UNEP/WMO (2002) predicted the risk of more UV radiation 
as ozone layer is thinning, which could be avoided through recovery of ozone layer 
due to decrease in chlorofluorocarbon (CFC) production and replacement with other 
alternatives. But this recovery might be slowed due to volcanic eruptions, airplane 
exhaust, and/or the renewed manufacture of ozone depleting substances. As CSCs 
in some deserts experienced so less days of rain, to rehydration and amplify their 
biomass; they are more vulnerable to UV radiation. Due to UV radiation, CSCs 
always faces severe damage, leaves limited time to acquire the carbon necessary to 
repair and produce new tissue. The condition of high UV radiation, less rain and 
higher temperature further worsen this situation.

8.4.5  Elevated CO2 Concentration

Although increasing the atmospheric CO2 levels might be help in increase the pri-
mary production of crust communities. But it would further limit the growth of crust 
communities. Lange et al. (1999) observed that CO2 levels limit the photosynthesis 
in soil lichens as rates at ambient CO2 levels are reaches to the maximum of 70–80%. 
Moore et al. (1999) stated that higher plants gradually slowed their processes or 
down-regulated, upon experiencing long-term exposure of elevated CO2. In case of 
CSCs communities there is no substantial and comparable data regarding the 
response of crust communities to elevated CO2. Unlike free-living and lichenized 
green algae in crusts, cyanobacteria have the intracellular CO2 concentration mech-
anisms, which help to overcome the situation of, altered photosynthetic. Due to 
absence of intracellular CO2 concentration mechanism, elevated CO2 conditions 
might be favourable for green algae and lichenized green algae over cyanobacteria 
and cyano-lichens. So elevated CO2 concentration induced the growth of some com-
munities to increase in the more cover, leads to change in species composition of 
higher plant communities. Melillo et al. (1993) observed that enhanced water avail-
ability further increased the growth of such communities and result in the significant 
increase in net primary productivity in arid areas. Smith et al. (1987) further sug-
gested that elevated CO2 might be influence the competitive balance between higher 
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plants and favoured the growth of invasive annual grasses, leads to reduction in crust 
cover and diversity.

8.4.6  Recovery Rates

Belnap and Eldridge (2001) underlined the factors responsible for recovery of soil 
crusts such as climate, nature of the soil & location, disturbances & their character-
istics, inoculant availability and how recovery is addressed. It is observed that CSCs 
could be recover from disturbance in fairly quick (20 years) low PET arid areas, but 
it is tremendously slow (≥1000 years) in high PET arid areas. It is evident that CSCs 
are faster recovered in fine-textured soils as compared to coarse soils, as their low 
stability & fertility and poor water-holding capacity. Further stability of soils influ-
ence the recovery of crusts, as stable areas having low slopes, low wind deposition 
of sand, and/or embedded rocks showed better recovery than less stable areas hav-
ing steep slopes, high sand deposition, and/or unstable rocks.

Due to severe or more frequent disturbance which are enough to disrupt already 
recovering CSCs, further recovery of crust communities slowed; if communities 
crumpled but stand still in their place. Although all the cyanobacterial communities 
vanished and blown by the disturbances. But large, highly mobile filamentous cya-
nobacteria such as Microcoleus survived even after burial and became the first colo-
nizers of unstable soils. After larger cyanobacteria stabilized the crust soils; smaller 
and less mobile cyanobacteria starts to colonize. It is followed by lichens and mosses.

8.5  Rehabilitation of CSCs

There are many approaches which can be applied for the rehabilitation and stabili-
zation of CSCs (Bowker 2007; Strong et  al. 2013; Chock et  al. 2019). These 
approaches are unique and diverse; and further adapted from various fields; related 
to restoration, ecology and agriculture. These approaches can classify into three 
major categories: (a) Artificial soil stabilization; (b) Resource augmentation; (c) 
Inoculation.

8.5.1  Artificial Soil Stabilization

In this method, soil surface is stabilized through the use of some artificial medium; 
which indirectly facilitates the successful rehabilitation of CSCs. There are some 
mediums such as polyacrilimide, coarse litter (such as straw), and vascular plants; 
that are successfully applied in the soil surface stabilization. Polyacrilimide (PAM) 
is a synthetic polymer, which effectively stabilize the soil surface and improves the 
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soil moisture and nutrients availability. Further their application has no negative 
effect on chlorophyll fluorescence or nitrogenase activity of transplanted Collema 
(Collemataceae) lichens (Davidson et al. 2002).

Another medium straw has been effectively implied and examined in the dune 
stabilization and CSCs rehabilitation (Fearnehough et al. 1998; Hu et al. 2002; Li 
et al. 2004). In this approach, straw is vertically buried into soil spaced 1 m apart in 
lines and lines should make grid pattern. Sometimes, there are plantations of vascu-
lar plants along with these lines. Due to this, a succession of CSCs takes place; 
firstly cyanobacteria which are followed by chlorophytes, and in last mosses are 
colonized to form a cohesive and diverse CSCs. A number of researchers like van de 
Ancker et al. (1985), Maxwell and McKenna-Neuman (1994), Danin (1996, 1998) 
suggested that this approach would be helpful in that arid and semi-arid area where 
CSCs and vegetation have the capability to naturally stabilize the dunes. But the 
only problem with this approach is need of considerable economic incentive for the 
labour resources to execute and maintain it on large area.

Last one is introduction of vascular plants and grasses to stabilize the soil surface 
(Danin et al. 1998). Native and exotic plant species are more suitable for the stabi-
lization and rehabilitation of CSCs (Aradottir et al. 2000). Danin (1978) suggested 
that due to plantation of trees in sandy area, wind velocity decreases; leads to suc-
cession of shrubs and CSCs and further development of more productive and diverse 
community. Aradottir et  al. (2000) stated that fertilization coupled plantation of 
grasses could be very useful in highly eroded and unstable soils.

8.5.2  Resource Augmentation Approaches

In this approach, nutrients and moisture conditions are modified for the promotion 
of CSCs establishment in disturbed areas. However these approaches are not much 
explored. Singh (1950) investigated during India’s monsoon season that earthen 
water catchments support the cyanobacterial growth and helpful in improving 
highly alkaline infertile soils in to suitable soils for agriculture. Belnap and Warren 
(1998), Maestre and Cortina (2002), Bowker et al. (2005) observed that the growth 
and stabilization of CSCs is favoured by somewhat cooler, shaded and wetter micro-
sites. Although Davidson et al. (2002) reported that additional watering could have 
negative effect on transplanted lichens as it responsible for soil surface erosion. But 
in broad perspective, transplanted lichens showed more growth in mesic and cool 
microaspects of small, upraised elevations and mosses showed better growth in 
depressions in the CSCs surface (Maestre et al. 2001; Csotonyi and Addicott 2004). 
Tongway and Ludwig (1996), Maestre and Cortina (2004) suggested that brush 
piles could be useful to generate favourable microsites for the germination of vas-
cular plants. Although brush piles likely favoured vascular plants more than CSCs. 
But applying that concept woody debris could be used to facilitate partial shade and 
mesic conditions for the stabilization CSCs.
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Amendments such as minerals (Mn, Zn, and Mg), fertilizers (P, K and NPK) and 
biochar could be helpful in promoting the growth of cyanobacteria and chlorophytes 
in CSCs (Qiu and Gao 1999; Aradottir and Arnalds 2001; Elmarsdottir et al. 2003; 
Grettarsdottir et al. 2004; Bowker et al. 2006). Davidson et al. (2002) studied the 
effect of P and K fertilizers separately or combined and observed that addition of P 
and K had no effect on nitrogenase activity or condition of lichen transplants. There 
are variable effects of fertilization on chlorophyll fluorescence of the transplants. 
Qiu and Gao (1999) showed that K promote the photosynthetic recovery of Nostoc 
flagelliforme after desiccation in a laboratory study. Bowker et  al. (2005, 2006) 
found that addition of Mn, Zn, K, and Mg have a positive effect on mosses and 
lichens in CSCs.

8.5.3  Inoculation-Based Approaches

Benefits of inoculation of cyanobacteria successfully investigated for soil reclama-
tion, bioremediation and agricultural land improvement (Venkataraman 1972; 
Metting and Rayburn 1983; Ashley and Rushforth 1984; Rao and Burns 1990; 
Rogers and Burns 1994; Falchini et al. 1996; Singh 2014, 2015; Singh et al. 2016a, 
b, 2017a, b, c, 2018, 2019a, b; Kumar and Singh 2016, 2017; Tiwari et al. 2018; 
Kumar et al. 2017, 2018a, b; ). Tiedemann et al. (1980) and Acea et al. (2001) inves-
tigated the benefits of cyanobacteria inoculation in forested ecosystems, either post- 
fire or as an N source in a tree plantation and observed that it has helpful in enhancing 
soil fertility and biological activity.

In relation to drylands, some studies carried out by St. Clair et al. (1986), Belnap 
(1993), Scarlett (1994), Davidson et  al. (2002), Kubecková et  al. (2003); which 
involves the application of crushed CSCs material, dry or in a slurry form, to the 
disturbed area. Although many studies relating inoculation based rehabilitation, sig-
nificantly improved the enhanced recovery of CSCs; but full recovery time for the 
CSC development could be much longer in actual field conditions as compared to 
short duration and controlled field studies. It is found to be very successful to estab-
lish the founder communities of particular taxa through transplanting methods 
(Scarlett 1994; Bowler 1999). Davidson et al. (2002) observed that inoculation of 
cyanobacterial have apparently distinctive effects on transplanted Collema lichens, 
which primarily reliant on complex interactions with moisture and nutrient addi-
tions (Rossi et al. 2017; Wu et al. 2018).

8.6  Biochar Coupled Rehabilitation/Stabilization of CSCs

Biochar is a black and carbon rich solid material which could be obtained by heat-
ing the biomass at between 300 °C–700 °C under limited oxygen conditions; this 
process also known as pyrolysis (Singh et  al. 2017a, b, c, 2018; Lehmann et  al. 
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2006; Nsamba et al. 2015). It is very helpful in improving soil physical characteris-
tics like soil nutrient retention capacity, water holding capacity and reduced meth-
ane & N20 emissions from soil (Fig. 8.2). Due to porous in structure it can also be 
helpful in maintaining microbial diversity in the soil (Lehmann et al. 2006; Verheijen 
et al. 2009; Lehmann 2007; Duku et al. 2011).

Lehmann (2007) investigated that biochar could be able to sink carbon up to 1 
Gtyr−1, which makes the biochar a attractive solution for the mitigation of climate 
change (Sohi et al. 2010; Yao et al. 2011). Lehmann et al. (2006), Laird et al. (2009), 
Lehmann (2007) suggested that it have a significant effect on cation exchange 
capacity (CEC; 40–80  meq per 100  g) and provide high surface area (51–900 
m2∙g − 1). Due to this, there is increase in soil pH and water holding capacity, and 
it also show greater ability to hold and capture micro- and macro- nutrients for 
the plants.

Considering benefits of biochar as soil amendments, it can be applied for the 
stabilization of CSCs. Although the previous studies mainly limited to effect of 
biochar in agricultural soils and emphasised that it improves such as the cation 
exchange capacity, pH, nutrient contents, plant growth; and also enhance carbon 
sequestration potential of the amended soils. Further it helps in reducing the green-
house gas (GHG) emissions from the soils (van Straalen 1998; Gundale and DeLuca 
2006; Sharkawi et al. 2006; Asai et al. 2009). Meng and Yuan (2014) investigated 
the use of biochar in improving the formation of cyanobacterial soil crust on sand 
under dry conditions and found that biochar have a significant effect on the cyano-
bacterial growth and sand fixation. Meng and Yuan (2014) conducted a study with 
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Fig. 8.2 Implications of biochar application in agriculture
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application of 2% biochar (produced from the gasification of rice hull) on sandy 
soils, which undoubtedly enhanced the formation of cyanobacterial soil crust. So it 
can be concluded that biochar could be coupled with cyanobacteria or algae inocu-
lation to improve or rehabilitation of the CSCs.

Although there are successful but few studies available related to beneficial 
effects of biochar on the fertility and communities of desert soils. And on quite pilot 
scale or theoretical way, it could be established that addition of biochar with other 
approaches recover or rehabilitate the CSCs. However there is need of further 
research in large scale to find that how biochar helps in rehabilitation of CSCs 
whether it improving soil physical properties and enhance CSCs formation in 
arid areas.

8.7  Small Scale Biochar Production

For the small scale biochar production a variety of raw materials such as rice hull, 
wheat straw, sugarcane bagasse, poultry litter, etc. are used. The pyrolysis reactors 
depending upon the heating, two methods can be used for the small scale biochar 
production:

 1. Partial combustion- It is the most common pyrolysis method in which raw mate-
rial combusted with a controlled air flow. But due to a portion of biomass be 
combusted in this process, it produces low yield of biochar, so they are applied 
in areas where raw materials are cheap;

 2. Carbonization by contact with hot gases-In this method, hot gases from external 
source provided to the raw material which further converts the biomass into bio-
char and by-products. Although the costs are increased due to cost associated 
with heating the required inert gases. But biomass and by-products yield are high 
which makes the system suitable for medium to large scale production.

Biochar kilns may be simply earthen pits or made up of bricks, concrete or steel 
and cast iron. Earthen pits or pit kilns are very cost method and has been used from 
the centuries for the carbonizing woods. Biochar kilns are also made up of bricks or 
concrete to create a limited oxygen environment. Brick kilns are typically auto ther-
mal and have a long lifespan and further portable as they easily dismantled and 
moved to be a new location. In last, steel or cast iron can used to make biochar kilns 
as they the heat easily transferred through walls made from these materials in 
Table 8.1.

Discarded oil drums also are used to make biochar kilns for the small scale pro-
duction. Oil drums with both sides intact are most suitable; a big hole at the centre 
of top side provided for the loading of raw material and many small holes on the 
bottom side provided for the limited supply of oxygen (Venkatesh et  al. 2010; 
Srinivasarao et al. 2013; Singh et al. 2017a, b, c).
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8.8  Conclusions

Cyanobacterial soil crusts are very essential in maintaining soil surface stability of 
desert soils and preventing them from erosion. The role of these crusts in carbon and 
nitrogen fixation, hydrological properties and surface stability of desert soil well 
understood. It is well established that extracellular polysaccharide secretion (EPS) 
from cyanobacteria play a major role in binding soil particles, nutrients and mois-
ture. Further there is need of more in-situ studies related to the role of EPS in stabi-
lization of crusts for the better understanding of CSCs.

In absence of CSCs, deserts could more prone to erosion, loss of organic matter, 
water availability, fine soil particles and nutrient content. Although there are many 
natural factors like high summer temperature, less rainfall and climate change, 
which are responsible for degradation of quality of cyanobacterial soil crusts. 
However there is no match of human intervention in terms of devastating effects that 
exert more pressure on already distressed crust; result in the complete destruction of 
crusts or increasing the recovery time for the CSCs. Due to disturbed crusts, exotic 
annual grasses occupied the vacant spaces and further increased the risk of surface 
fire; leads to simplifying species composition and flattening the crusts. So there is a 
need of comprehensive planning to maintain the CSCs in original and diverse condi-
tion that they further able to resist the changes caused by either natural or anthropo-
genic disturbances.

In all rehabilitation measures, cyanobacterial inoculants are seems to be very 
promising and successfully tested in many studies. But most of the studies carried 
out in lab conditions, and field applications are not so successful. Further the reha-
bilitation strategies such as biochar application could be used either separately or 
with the cyanobacteria inoculants. Biochar could be a game changing option in 
rehabilitation and stabilization of CSCs in deserts. It not only helps in capturing 
moisture but also provide microhabitat for microbial activities; helping in nutrient 
cycling. Small scale biochar production could be sustainable and viable option for 

Table 8.1 Biochar physicochemical properties from different raw materials

Raw 
material

Ash 
(%) pH

EC 
(mS/
cm) C (%)

N 
(%)

Ca 
(ppm)

K 
(ppm)

Mg 
(ppm)

Si 
(mg/
kg)

P 
(ppm)

Woodchip 25.4 7.88 0.14 51.9 0.4 0.56 0.21 0.04 – 0.06
Grass 14.7 6.1 – 42.5 1.9 4.3 4 64.8 2.3 4 7.44 2.31
Poultry litter 28.53 23.6 3 38.6 1.37 1.85 0.99 0.19 – 0.35
Rice husk 6.5 6.6 – 41 1.4 250 2604 827 5.8 –
Sugarcane 
bagasse

11.9–
16.4

– – 60.4–
65.3

0.8–
1.0

– – – – –

Wheat straw 5.9 6.76 2770 43.7 0.9 0.18 0.15 – 0.18 0.05

Modified from Mahinpey et al. (2009), Bruun et al. (2012). Jindo et al. (2012), Carrier et al. (2012), 
Shackley et al. (2012), Yargicoglu et al. (2015), Jouiada et al. (2015), Mohammed et al. (2015), and 
Singh et al. (2017a, b, c)
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the rehabilitation and stabilization of cyanobacterial soil crusts. It provides the live-
lihood to the locals of that region and also encourages the public participation.

In last, it is not necessary for a particular method to be effective for the rehabilita-
tion and stabilization of all types of CSCs; so there is also need to consider condi-
tions of the region where a particular type of CSCs existed. Further the information 
and strategies related to rehabilitation of CSCs are still in beginning stage, and the 
process of learning still going on. Currently the researchers are only focuses on the 
promoting faster recovery of CSCs in holistic way or of important community 
within the CSCs. In future, once these technological problems are solved, there 
would be focus on a particular aspect of CSCs and how this could be rehabilitated 
to the better recovery of ecosystem functions of interest.
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Chapter 9
Soil Health Management Through Low 
Cost Biochar Technology

Shaon Kumar Das and Goutam Kumar Ghosh

Abstract The utilization of biochar as an amendment to improve soil health and 
the environment has been a catalyst for the recent global enthusiasm for advancing 
biochar production technology and its management. Biochar is simply carbon rich 
charcoal-like substance which is created by heating biomass (organic matter) in 
limited oxygen condition, through a process known as pyrolysis. Locally available 
weed biomass which is not economically important and caused crop loss can be 
used as an important source of biomass for preparation of biochar. Biochar is able 
to ameliorate soil acidity as well as it is also able to increase the soil fertility. Biochar 
reduces leaching of soil nutrients, increases soil structure and pH, reduces depen-
dency on artificial fertilizers, enhances nutrient availability for plants, increases 
water quality of runoff, reduces toxicity of aluminum to plant roots and microbiota 
and thus reducing the need for lime, reduces bioavailability of heavy metals, thus 
works as bioremediation and decreases N2O and CH4 emissions from soils, thus 
further reducing GHG emissions. Employment of biochar as a specialized soil 
amendment provides a practical approach to address the anticipated problems in the 
agronomic and environmental sectors. Incorporating huge quantity of biochar into 
soils provides numerous agricultural benefits, which this special paper examines. 
But, there is no concrete compilation yet how to apply biochar at farm level. This 
paper discusses on several factors related to biochar that need to be considered for 
maximising the soil amelioration and soil quality benefits from the use of biochar.
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9.1  Introduction

Biochar is carbon rich charcoal-like substance which is created by heating biomass 
(organic matter) in a limited oxygen conditions, a process known as pyrolysis. 
Biochar application in soil has received a growing interest as a sustainable technol-
ogy to improve highly weathered or degraded soils (Das et al. 2014a, b). It guaran-
tees a long term benefit for soil fertility and productivity. It can enhance plant 
growth by improving soil physical characteristics (i.e., bulk density, water holding 
capacity, infiltration, porosity), soil chemical characteristics (i.e., pH, nutrient reten-
tion, nutrient availability), and soil biological properties (i.e., microbial biomass 
carbon), all contributing to an increased crop productivity. The major quality of 
biochar that makes it attractive as a soil amendment is its highly porous structure 
which is responsible for improved water retention and increased soil surface area 
(Das and Avasthe 2015).

9.2  Benefit of Biochar

The major benefits of biochar are impressive because it reduces leaching of soil 
nutrients, increases soil pH and thus reducing the need for lime, enhances nutrient 
availability for plants, reduces toxicity of aluminium to plant roots, increases water 
quality of runoff, reduces dependency on fertilisers, reduces bioavailability of heavy 
metals and thus works as bioremediation, decreases N2O and CH4 emissions from 
soils, thus further reducing GHG emissions (Mate et al. 2015).

9.2.1  Nutrient Value

Biochar is able to improve soil fertility as well as productivity directly and indi-
rectly as:

 (a) Indirect: The indirect responses due to biochar application were attributed to 
either nutrient savings (in term of fertilizers) or improved fertilizer-use effi-
ciency. Biochar being high C/N ratio can immobilize nitrogen which sometimes 
results in reduced N availability for short duration. This is the ability of biochar 
to retain applied fertilizer against leaching which results increase in fertilizer 
use efficiency (Gryze et al. 2010).

 (b) Direct: Biochar itself contains some amount of nutrients which is available 
directly to plants. Positive yield responses as a result of biochar application to 
soils have been reported for a wide range of crops and plants in different parts 
of the world by improving soil quality (Tiwari et al. 2019a, b; Singh et al. 2019; 
Kour et al. 2019) with consequent improvement in the efficiency of fertilizer 
use. From an agronomic perspective it is suggested that biochar could improve 
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soil health by improving nutrient retention, particularly in coarsely textured 
soils (Das et al. 2014a, b).

9.2.2  How Can Biochar Help Farmer

Using locally available materials for making biochar could provides an unique 
opportunity to improve soil fertility for longer period of time to the farmers. Biochar 
should apply along with other inputs like compost, manure or biopesticides at the 
same rate every year to realize actual benefits. Application rates of these organic 
inputs can be reduced when nutrients are combined with biochar because biochar 
itself contain some nutrient (Major et al. 2009). During conversion of organic resi-
dues into biochar farmers can also receive an energy yield by capturing energy 
given off in the biochar production process. In hilly and desert areas soil loss, 
weathering and degradation occur at unprecedented rates which causes imbalance 
in ecosystem properties. Biochar can play a major role in organic agriculture for 
sustainable soil management by improving existing best management practices, not 
only to decrease nutrient loss through leaching by percolating water but also to 
improve soil productivity (Jeffery et al. 2015).

9.2.3  Biochar and Water Availability

Biochar addition in soil increases water holding capacity and plant available water 
in sandy soils. In dry areas where water quantity and quality is extremely variable, 
it would contribute a significant benefit. Biochar has a high surface area with 
increased micro pores and improves the water holding properties of porus sandy 
soils. Therefore, biochar application for soil water benefits is maximized in sandy 
soils (Das et al. 2012a, b). Thus, there are enormous benefits of biochar in cropping 
areas where cost of water is very high such as dry areas.

9.2.4  Effect on Soil pH

Soil pH is an important factor for plant growth because nutrient availability in soils 
depends on soil pH. Most of the macronutrients are available in neutral soils. In 
order to neutralize acidic soils, farmers apply thousands of tons of lime to farm soils 
at great expense. Biochar have an effect on soil pH (Rodríguez-Vila et al. 2014) It 
can react similarly as agricultural lime do (by increasing soil pH). If a soil has a low 
cation exchange capacity, it is not able to retain nutrients and the nutrients are often 
washed out leaching. Biochar in its pores having large surface area develops some 
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negative charges and thus provides more negatively charged sites for cations to be 
retained when added to soil (Steinbeiss et al. 2009)

9.2.5  Effect on Soil Physical Properties

Biochar application improved the saturated hydraulic conductivity of the top soil 
and xylem sap flow of the rice plant. It increases water holding capacity in sandy 
soil. Peanut hull biochar have ability to reduce moisture stress in sandy soil. It 
improves soil physical condition for earthworm populations. Application of 6.6 
metric tons cassia biochar/ha is enough to initiate C-accumulation, which reflect in 
an increase in organic matter and a net reduction in soil bulk density (Das 2014a, b).

9.2.6  Effect on Soil Chemical Properties

Biochar contribute some quantity of nutrients in soil through the negative charges 
that develops on its surfaces. This negative charge can easily buffer acidity in the 
soil (as does organic matter). Due to its high alkalinity nature it has been demon-
strated to reduce aluminium toxicity in acid soils. Application of biochar to acidic 
soils can avoid significant amounts of direct and indirect costs by avoiding GHG 
emissions (Hammes and Schmidt 2009). Application of biochar in soil increase soil 
pH, EC, CEC and decrease exchangeable acidity.

9.2.7  Effect of Biochar on Soil Biology

Biochar is able to enhance soil microbial biomass carbon and carbon mineraliza-
tion. It stimulates the activity of a variety of agriculturally important soil microor-
ganisms and can greatly affect the microbiological properties of soils. The pores in 
biochar provide a suitable habitat for many microorganisms by protecting them 
from predation and drying while providing many of their diverse carbon (C), energy 
and mineral nutrient needs. The intrinsic properties of biochar and its ability to form 
complex with different soil type, can have an impact on soil-plant-microbe interac-
tions (Hass et al. 2012). Thus, modifications in the soil microbial community can 
subsequently influence changes in nutrient cycling and crop growth in biochar- 
amended soil. Biochar application increase Co adsorption which lead to increase 
local nutrient concentrations for microbial community species and enhanced water 
retention Dehydrogenase activity and microbial biomass carbon are enhanced due 
to biochar application in soils (Das and Mukherjee 2012).
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9.3  Application of Biochar in Soil

There are different methods for application of biochar in soil like broadcasting, deep 
banding, band application, spot placement, etc. However, method of biochar appli-
cation in soil mainly depends on farming system, labour and available machinery. 
Generally farmers apply biochar in their own field by hand only. But due to pro-
longed contact with airborne biochar particulates, it is not viable on large-scale 
considering human health. Broadcasting application needs large amount to cover 
whole field. Suitable method of application deposits biochar directly into the rhizo-
sphere, and may be viable for perennial cropping systems, and previously estab-
lished crops. (Jefferym et al. 2011). Deep banding of biochar has been successfully 
implemented in several wheat fields in Western Australia. Mixing of biochar with 
composts, manures and other organic input may reduce odours, colour and improve 
nutrient performance over time due to slower leaching rates (Table 9.1). Mixtures 
may be applied for uniform topsoil mixing without incorporation (Das and 
Mukherjee 2011).

9.3.1  Application Rates

Application of biochar in soils is based on its properties like agricultural value from 
enhanced soils nutrient retention and water holding capacity, carbon sequestration 
and reduced GHG emissions. There is no specific rate of application of biochar in 
soil. It depends on many factors including type of biomass used, the types and pro-
portions of various nutrients (N, P, etc.), the degree of metal contamination in the 
biomass, and also climatic and topographic factors of the land (Jones et al. 2012). It 
was found that rates between 5–10 t/ha (0.5–1 kg/m2) have often been found better. 
Due to variability in biochar materials, nature of crop and soils, farmer should 
always consider testing several rates of biochar application on a small scale before 
setting out to apply it on large areas. Even low rates of biochar application can 

Table 9.1 Effect of biochar 
on different soil properties

Factor Impact

Bulk density Soil dependent
Soil moisture retention Upto 25% increase
Liming agent 1 point pH increase
Cation exchange capacity 50% increase
Nutrient use efficiency 10–20% increase
Crop productivity 30–100% increase
CH4 emission 90% decrease
N2O emission 50% decrease
Biological nitrogen fixation 50% increase
Mycorrhizal fungi 30% increase
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 significantly increase crop productivity assuming if the biochar is rich in nutrients. 
Biochar application rates sometimes also depend on the amount of dangerous met-
als present in the original biomass (Das and Mukherjee 2014).

9.4  Soil Health Management

Biochar can act as a soil conditioner by improving soil physical, chemical and bio-
logical properties. Benefits from biochar application rates can be maximized only if 
the soil is rich in nitrogen or if the crops are nitrogen-fixing legumes. Researcher 
found that application of biochar to soils in a legume-based (e.g. peanut and maize) 
rotational cropping system, clovers and lucernes is more beneficial. Significant 
changes in soil quality, including increase in pH, organic carbon and exchangeable 
cations were observed at higher rates of biochar application, i.e. > 50 t/ha. When 
mixed with organic matter, biochar can result in enhanced retention of soil water as 
a result of its pore structure which contributes to nutrient retention because of its 
ability to trap nutrient rich water within the pores. Biochar is able strongly to adsorb 
phosphate, even though it is an anion (Knowles et al. 2011). It is reported that the 
higher BNF with biochar additions is due to greater Mo and B availability. These 
properties make biochar a unique substance, retaining exchangeable and plant avail-
able nutrients in the soil, and offering the possibility of decreasing environmental 
pollution by nutrients and improving crop yields. Thus, biochar application could 
provide a new technology for both soil fertility and crop productivity improvement, 
with potential positive and quantifiable environmental benefits (Kookana 2010).

9.5  Land Restoration/Reclamation

Biochar have received considerable attention in recent years as soil amendment for 
both sequestering heavy metal contaminants and releasing essential nutrients like 
sulphur. Biochar are porous with a polar and aromatic surface (Das et al. 2015). 
They have a high surface to volume ratio and a strong affinity to non-polar sub-
stances such as polycyclic aromatic hydrocarbons (PAHs), dioxins, PBDEs, furans 
(PCDD/Fs), and PCBs. Through the intervention of biochar, groundwater could be 
protected from the hydrophobic herbicide, insecticide and fungicide. Biochar appli-
cations have the potential to absorb pollution by adsorbing ammonia to reduce 
ammonia volatilization in agricultural soils (Laird et al. 2010)
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9.6  Heavy Metal Sorption

The use of biochar to remove contaminants such as organic contaminants or metals 
is a relatively novel and promising technology. Biochar made from bagasse and 
other agricultural residues is effective alternative, low-cost environmental sorbents 
of lead or other heavy metals. Several studies have reported the effective removal of 
lead by biochar sorbents. Like many other traditional sorbents, the high affinity for 
lead and other metal ion species bound by biochar may be controlled by other mech-
anisms as well, including complexation, chelation, and ion exchange. Application 
of maize stalk biochar is useful to ameliorate chromium (Cr) polluted soils and 
reduce the amount of carbon produced due to biomass burning (Rajkovich 
et al. 2012)

9.7  Pathogen and Biochar Interaction

Researchers have reported both increased root colonization and stimulated mycor-
rhizal fungus spore germination in response to biochar application probably due to 
improved soil physicochemical properties through enhanced nutrient availability. 
The efficacy of biochar is dependent on saprophytic fungal activity, which, through 
their extracellular enzymatic activity and hyphal growth/penetration, can violate the 
integrity of the material. Citrus wood biochar @1% (w/w) in sandy soil was found 
to be effective against Leveillula taurica (powdery mildew) and Botrytis cinerea 
(grey mold) in pepper and tomato and also in mite Polyphagotarsonemus latus in 
pepper (Das 2014a, b). Beside this, tolerance of asparagus seedlings to Fusarium 
oxysporum is also enhanced by biochar.

9.8  Cattle Feedlot Biochar

Potential sources of organic materials for biochar production include urban green 
wastes, forestry and crop processing residues as well as animal manures. Biochar 
made from cattle feedlot manure is an effective soil amendment for improving the 
productivity in acid soil. This biochar contain high mineral P content which 
remained as plant available for long period (≥3 years). The increase in P availability 
led to enhanced P uptake which results in an increase in N uptake and N use effi-
ciency. Manure-based feedstocks tend to have lower carbon content, and higher 
nutrient/mineral content compared to wood based biochar. Biochar from urban 
green waste have no harmful effect on pasture productivity (Mohan et  al. 2014) 
Biochar has the capacity to increase soil C accumulation rates in acidic pasture 
systems. Green waste biochar enhance soil C accumulation at a faster rate than farm 
manure biochar.
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9.9  Crop Production

Biochar applications to soils have shown positive responses for net primary crop 
production, grain yield and dry matter. Application of wheat straw biochar along 
with NPK significantly increase the yield of maize in Inceptisol than either crop 
residue incorporation (CRI) or crop residue burning (CRB). Higher agronomic 
nitrogen use efficiency was recorded with application of biochar. The combined 
application of biochar along with organic/inorganic fertilizer has the potential to 
increase crop productivity, thus providing additional incomes, and may reduce the 
quantity of inorganic fertilizer use and importation (Kimetu and Lehmann 2010). 
The impact of biochar application is seen most in highly degraded acidic or nutrient 
depleted soils. Low biochar application in soil has shown marked impact on various 
plant species, whereas higher rates seemed to inhibit plant growth. So, moderate 
additions of biochar are usually beneficial.

9.10  Effect on Upland Rice

Biochar improve saturated hydraulic conductivity of the top soil and the xylem sap 
flow in upland rice plant. Researchers found that it increased higher grain yields at 
sites with low P availability and improved the response to N and NP chemical fertil-
izer treatments (Lehmann et al. 2009). It also reduced leaf SPAD values, possibly 
through a reduction of the availability of soil nitrogen, indicating that biochar with-
out additional N fertilizer application could reduce grain yields in soils with a low 
indigenous N supply.

9.11  Effect on Nodulation and Nitrogenise Activity

Biochar addition increase root nodule number, localised N2 fixation per nodule, 
nitrogenise activity in legumes, mycorrhizal colonisation and plant-growth promot-
ing organisms in the rhizosphere. Increased nodulation following biochar applica-
tion could increase sustainable N input into agro ecosystems. Biochar applications 
also increase nitrogen fixation rates. Increased micronutrient availability (e.g. Mo 
and B), together with the liming effect on soil pH following biochar application has 
been proposed as the mechanisms for increased biological N2 fixation of pot grown 
beans (Sohi et al. 2010). Symbiotic association between biochar and mycorrhizal 
association showed that biochar could influence mycorrhizal abundance. Rice bio-
char showed greater microbial activities than other biochar because of its higher 
liability (Gaskin et al. 2008).
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9.12  Carbon Sequestration

In order to considerably increase long-term C sequestration, biomass has to be con-
verted to a relatively non-degradable form, such as biochar. The biochar is highly 
resistant to microbial activity, considerably augmenting the recalcitrant fraction of 
SOC and decreasing emissions of CO2 from soil. In addition, biochar application 
was reported to decrease emissions of CH4, and N2O from soils. Despite the recal-
citrant nature of biochar, about 40% of the total biomass-C of the feedstock is lost 
during the pyrolysis process, and an additional 10% is mineralized over a few 
months after biochar application in soil. Nevertheless, the remaining 50% of the 
total C is relatively stable. The degree of stability of the biochar-C depends on its 
specifications. While C in biochar produced by high temperature pyrolysis is either 
recalcitrant or degradable at an extremely slow rate, some of the C in biochar pro-
duced under low temperatures is biodegradable. In addition, compared with fallow 
soils, application of biochar increases rates of CO2 emissions from the amended 
soil. This response may be explained by several factors, such as lower bulk density, 
improved aeration, and higher pH, providing a favorable habitat for soil microor-
ganisms (Novak et al. 2009).

Considering an application rate of between 10 and 100 Mg biochar per hectare 
and that biochar’s C concentration is between 50% and 78%, and assuming a total 
area of 1411Mha cropland around the world, then the global capacity for storing 
biochar-C under this landuse is between 7 and 110 Pg. Annual net emissions of 
carbon dioxide, methane and nitrous oxide could be reduced by a maximum of 1.8 
Pg CO2–C equivalent (CO2–Ce) per year (12% of current anthropogenic CO2–Ce 
emissions), and total net emissions over the course of a century by 130 Pg CO2–Ce, 
by utilizing the maximum sustainable technical potential of biochar to mitigate cli-
mate change, without endangering food security, habitat or soil conservation. When 
the use of the process of biochar sequesters more carbon than it emitted, it is carbon 
negative. Biochar holds 50% of the carbon biomass and it sequesters that carbon for 
centuries when applied into the soil, removing the CO2 from the active cycle and 
thus reduce overall amount of atmospheric CO2. Plant growth is also enhanced by 
this process as it absorbs more CO2 from atmosphere. Overall, these benefits make 
the biochar process carbon negative as long as biomass production is managed sus-
tainably. Biochar system also needs to be taken into account, viz., emissions result-
ing from biomass growth, collection, pyrolysis, spreading and transport, to consider 
it a truly carbon negative. Due to its capability to actively reduce the atmospheric 
concentrations of greenhouse gases, biochar technology may be considered as geo-
engineering solution. It may also be considered as a long wave geoengineering 
option for climate change mitigation as it plays a role into the removal of CO2 from 
the atmosphere and enhances the level of long wave radiation leaving from the 
planet. A biochar system is a carbon sink, where agricultural crops are grown and is 
subsequently pyrolysed to produce biochar, which is then applied to soil (Novak 
et al. 2009). In carbon cycle, plants remove CO2 from atmosphere via photosynthe-
sis and convert it into biomass. But all of that carbon (99%) is returned to  atmosphere 
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as CO2 when plants die and decay, or immediately if biomass is burned as a renew-
able substitute for fossil fuels. In biochar cycle, half (50%) of that carbon is removed 
and sequestered as biochar and the rest half (50%) is converted to renewable energy 
co-products before being returned to the atmosphere. A more efficient way to 
increase and maintain a high soil organic matter content would be to apply more 
stable C products such as biochar. Future political agreements may make it profit-
able for farmers to add biochar to soil. Large amounts of carbon in biochar may be 
sequestered in the soil for long periods estimated to be hundreds to thousands of 
years. Terra preta soils suggest that biochar can have carbon storage permanence in 
soil for many hundreds to thousands of years. Biochar mineralizes in soils in a little 
fraction and remains in a very stable form which provides it the potential to be a 
major carbon sink. About 12% of the total anthropogenic carbon emissions by land 
use change (0.21 Pg C) can be offset annually in soil, if the slash-and-burn system 
is replaced by the slash-and-char system. Compared with other terrestrial sequestra-
tion strategies, such as afforestation or re-forestation, carbon sequestration in bio-
char increases its storage time. The principal mechanisms operating in soils through 
which biochar entering the soil is stabilized and increase its residence time in soil 
are due to formation of interactions between mineral surfaces, intrinsic recalcitrance 
and spatial separation of decomposers and substrate (Githinji 2013).

9.13  Carbon Credit

Application of higher amounts of biochar to soils may increase the carbon credit 
benefit to the farmers. Carbon added to the fields in the form of biochar could give 
farmers C credits that can be sold on a C credit market for additional income. 
Increasing the C sink in soil will help reduce the amounts of CO2, CH4, and N2O.

9.14  Stability in Soil

Biochar is not a single material, and its characteristics vary depending upon from 
where and how it is made. Stability of biochar in soil is important in determining 
environmental benefits because stability determines how long carbon (C) applied to 
soil as biochar will remain sequestered in soil and contribute to mitigate climate 
change and how long biochar can provide benefits to soil and water quality (Singh 
et al. 2017a, b, c, 2018; Tiwari et al. 2018; Das and Mukherjee 2012). Most of the 
biochar commonly used by the farmer have a small labile (easily decomposed) frac-
tion in addition to a much larger stable fraction. The mean residence time of this 
stable fraction is estimated to range from 100 to 1000 years.

S. K. Das and G. K. Ghosh



203

9.15  Impact on Climate Change

Biochar technology is called as geoengineering solution that has potential to actively 
reduce the atmospheric concentrations of green house gases. As it results in the 
removal of CO2 from the atmosphere and increases level of long wave radiation 
leaving the planet, it is considered as a long wave geoengineering option for climate 
change mitigation. A biochar system, where agricultural crops are grown, and sub-
sequently pyrolyzed to produce biochar, which is then applied to soil, is a carbon 
sink. This means CO2 from atmosphere is sequestered as carbohydrates in the 
growing plant and conversion of the plant biomass to biochar stabilizes this carbon 
(Keith et al. 2011). The stabilization of carbon in biochar delays its decomposition 
and ensures that carbon remains locked away from the atmosphere for hundreds to 
thousands of years. In addition, gases released in the process of creating biochar can 
be used to make bio fuels. If we want to tackle climate change challenges, we must 
emphasize the potential of soil to sequester carbon. Sustainable biochar can be used 
now to combat global warming by holding carbon in soil and by displacing fossil 
fuel use.

9.16  Safety Concerns

Application of large amounts of biochar to agricultural soils entails significant prac-
tical and technical barriers like safe production and use. This risk is similar to other 
dusts that can become combustible hazards, such as coal, plastics, some metals, 
foods, and woods. The dust of biochar can spontaneously combust and poses a 
minor risk when handled, stored, or transported in enclosed spaces (Renner 2007; 
Sohi et al. 2010; Liu et al. 2012; Nelissen et al. 2012). Some biochar contain toxic 
materials that are controlled by “permissible exposure limit” standards in many 
countries. The levels of these toxic materials in the biochar are highly dependent on 
both the biomass feedstock and its production. So, there is no straightforward per-
missible exposure limit available for biochar as yet (Ogawa and Okimori 2010).

9.17  Conclusions

Soil amendment with biochar has attracted a fair amount of research interest due to 
its abundant usage and wide potential, which includes enhancing crop production 
by improving soil fertility, decreasing greenhouse gas emissions and increasing soil 
carbon sequestration. Use of biochar in agricultural systems is one viable option 
that can improve the soil quality, increase carbon sequestration in soil, reduce farm 
waste. The initial outcomes reveal that biochar application helps in improving soil 
health and crop productivity. However, to promote the application of biochar as a 
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soil amendment and also as a climate change abatement option, research, develop-
ment and demonstration on biochar production and application is very vital.
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Chapter 10
Utilization of Agricultural Waste 
as Biochar for Soil Health

A. G. Rajalakshmi

Abstract The utilization of agricultural wastes are considered to be the important 
step in environmental protection, energy structure and agricultural development. 
The agricultural straw disposition of agricultural wastes not only results in environ-
mental pollution, but also waste a lot of valuable biomass resources. Biochar the 
viable organic amendment product derived from organic sources and store carbon 
on a long term basis in the terrestrial ecosystem and also capable of reducing green-
house gases (GHG) emission from soil to the atmosphere to combat climate change 
and sustain the soil health with sustainable crop production. The role of biochar in 
developing a sustainable agriculture production system is immense and so is its 
potential in mitigating climate change, which stands much beyond its uses in agri-
culture. The addition of biochar to soils resulted, on average, in increased above 
ground productivity, crop yield, soil microbial biomass, rhizobia nodulation, plant 
K tissue concentration, soil phosphorus (P), soil potassium (K), total soil nitrogen 
(N), and total soil carbon (C). The effects of biochar on multiple ecosystem func-
tions and the central tendencies suggest that biochar holds promise in being a win- 
win- win solution to energy, carbon storage, and ecosystem function. However, 
biochar’s impacts on a fourth component, the downstream non target environments, 
remain unknown and present a critical research gap.

Keywords Utilization · Biochar · Carbon sequestration · Soil health

10.1  Introduction

The global food system is estimated to contribute minimum one third anthropogenic 
emissions (Scialabba and Muller-Lindenlauf 2010). The rice and wheat system 
(RWS) is one of the widely practiced cropping systems in northern India. About 
90–95% of the rice area is used under intensive rice wheat system (RWS) in Punjab 
(Gadde et al. 2009). Burning of straw emits emission of trace gases like CO2, CH4, 
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CO, N2O, NOX, SO2 and large amount of particulates which cause adverse impacts 
on human health. It is estimated that India annually emits 144,719 Mg of total par-
ticulate matter from open field burning of rice straw (Gadde et al. 2009).

Agriculture contributes between 10% and 25% of annual GHGs, both directly 
and indirectly, through land-use changes, land management, and production prac-
tices (Scialabba and Muller-Lindenlauf 2010). Agriculture is an important contribu-
tor to climate change, accounting directly for 10–12% of anthropogenic greenhouse 
gas (GHG) by land use change emissions (Hosonuma et  al. 2012; IPCC 2014; 
Tubiello 2015). Agriculture influences global warming due to related direct and 
indirect GHG emissions from C and N dynamics. GHG emissions from soils a key 
topic in global change issues, climate research, and for agricultural and forestry 
management. SOC sequestration through improved crop and grassland manage-
ment offers the possibility to sequester significant amounts of carbon in the soil, 
improving soil quality and productivity, and subsequently food security (Smith 2016).

Improved agriculture practices can reduce the amount of GHGs entering the 
atmosphere (Scialabba and Muller-Lindenlauf 2010; Smith et al. 2007), and carbon 
sequestration is considered a partial solution to short- and medium-term removal of 
atmospheric carbon (Hutchinson et  al. 2007; Lal 2010; Morgan et  al. 2010). 
Mitigation and adaptation differ in at least three ways including: (1) temporal and 
spatial scales at which the options are effective; (2) methods by which costs and 
benefits can be inventoried, estimated, and compared; and (3) stakeholders and gov-
ernance drivers involved in their implementation (Klein et al. 2005; Tiwari et al. 
2019a, b; Singh et al. 2019; Kour et al. 2019). Climate change adaptation for agri-
culture involves building resistance (the ability to resist the impact of a disturbance) 
and resilience (the ability to recover from disturbance) within agro-ecosystems, 
communities, and governance operations to prepare for climatic change and its 
impacts (Holt-Giménez 2002).

The Indian Ministry of New and Renewable Energy, estimated at ∼500 million 
metric tons of biomass per year. The biomass residues used as animal feed, home 
thatching, and for domestic and industrial fuel, a large portion of unused crop resi-
dues are burned in the fields to clear the left-over straw and stubble after harvest, 
causing serious air pollution and producing CO2 contributing to global warming. It 
also causes a huge loss of carbon feedstock which can be used to improve soil fertil-
ity (Fig. 10.1).

10.2  Agricultural Waste Management

Agricultural wastes production resulted in increased quantities of livestock waste, 
agricultural crop residues and agro-industrial by-products. It is estimated that about 
998  million tonnes of agricultural waste is produced yearly (Agamuthu 2009) 
AWMS consist of six basic functions includes production, collection, storage, treat-
ment, transfer, and utilization. Streets et  al. (2003) reveal that 16% of total crop 
 residues were burnt about 116 million tons of crop residues were burnt in India in 
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2001, but with a strong regional variation (Venkataraman et al. 2006). The current 
availability of biomass in India (2010–2011) is estimated at about 500 million tons/
year. Globally 78 ± 12 Gt C (this is equivalent to 29% of total CO2-C emission due 
to fossil fuel combustion of 270 ± 30 Gt.

Nguyen and Lehmann (2009) found that biochar formed during the conversion 
of undisturbed land to agricultural land by the burning of the natural vegetation, led 
to the formation of biochar and irrespective of its origin, the initial biochar content 
per unit soil mass decreased rapidly by 30% over a period of 30 years. Pyrolysis is 
incomplete combustion of biomass in oxygen limited condition, providing the slow 
cycling of organic carbon (Ameloot et al. 2013). The effective utilization of agricul-
tural waste is a good option to convert these wastes in energy. Production of energy 
from biomass can provide farmers with new prospects and possibilities to diversify 
agricultural activities. Some of the crops may compete for land and other resources 
with traditional crops, while other crops may be grown on marginal lands or even 
ecologically degraded areas and thus have a positive effect on the environment.

Soil C sequestration implies increasing the concentration pools of SOC through 
land-use conversion and adoption of recommended management practices (RMPs) 
in agriculture. Application of manure and other organic amendments is another 
important SOC sequestration strategy (Anderson et  al. 2011). Terrestrial ecosys-
tems comprise a major C sink owing to the photosynthesis and storage of CO2 in 
live and dead organic matter. Terrestrial C sequestration is often termed as a win- 
win strategy (Lal 2004) because of its numerous ancillary benefits. The quantity of 
carbon contained in soils is directly related to the diversity and health of soil life. 

Fig. 10.1 Biochar as renewable energy source
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Biochar is part of the oldest C pool in soil (Pessenda et al. 2001) and deep-sea sedi-
ments (Masiello and Druffel 1998), and that black C may represent a significant 
global sink of C (Schmidt and Noack 2000)

10.3  Biochar a Safe Alternative Sources for Carbon 
Sequestration

Diminishing increased levels of CO2 in the atmosphere is the use of pyrolysis to 
convert biomass into biochar, which stabilizes the carbon (C) that is then applied to 
soil. Biochar contains high concentrations of carbon that can be rather recalcitrant 
to decomposition, so it may stably sequester carbon (Glaser et al. 2002).

Organic carbon sequestered in soils is extracted from the atmosphere by photo-
synthesis and converted to complex molecules by bacteria and fungi in synergy with 
insects and animals. Soil C sequestration implies increasing the concentration pools 
of SOC through land-use conversion and adoption of recommended management 
practices (RMPs) in agriculture. Terrestrial ecosystems comprise a major C sink 
owing to the photosynthesis and storage of CO2 in live and dead organic matter. The 
quantity of carbon contained in soils is directly related to the diversity and health of 
soil life. Formation of charcoal and use of biochar as a fertilizer is another option 
(Singh et al. 2017a, b, c, 2018; Tiwari et al. 2018; Fowles 2007) for carbon seques-
tration. Biochar is part of the oldest C pool in soil (Pessenda et al. 2001) and deep- 
sea sediments (Masiello and Druffel 1998), and that black C may represent a 
significant global sink of C (Schmidt and Noack 2000) (Fig. 1.2).

Biochar a new era with innovation and technological solution to reduce CO2 
emission and acts as a sequester almost 400 billion tonnes of carbon by 2100 and to 
lower atmospheric CO2 concentrations by 37 parts per million (Tim Lenton 2009). 
Biochar needs two essential qualities to meet profitable agriculture: adoption of a 
carbon market and the market price for biochar must be low enough to make farmer 
friendly (Galinato et al. 2011). Apart from all the environmental stresses biochar 
exhibits a long mean residence times in soil, ranging from 1000 to 10,000 years, 
with 5000 years (Krull and Lyons 2009), this susceptible factor is mainly due to the 
complex chemical structure, aromatic nature, and graphitic C (Glaser et al. 2002). It 
is estimated that use of this method to “tie up” carbon has the potential to reduce 
current global carbon emissions by 10%.

10.4  Effect of Biochar on Soil Amendment

The char an energy source and as a soil amendment called biochar (Glaser et al. 
2001) resist physical and microbial breakdown, allowing it to persist in soil due to 
the presence of crystalline morphology, the proportion of which may change with 
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pyrolysis temperature (Cao and Harris 2010). The cations in the biochar after pyrol-
ysis transformed into oxides, hydroxides, and carbonates (ash) acts as a liming 
agent when applied to soil. Application of biochar to soils contribute to carbon stor-
age but at the same time act as fertilizers (Glaser et al. 2001; Marris 2006). It has 
been observed in several studies that biochar addition to soils improves soil fertility 
and thus increased crop yields on agricultural lands (Marris 2006; Chan et al. 2007). 
The possible improvements of soil’s properties and fertility after biochar applica-
tion (Fig. 1.3) due to the high surface area, amount of functional groups, and the 
content of liming. The well-developed pore structure enhances the capacity of water 
retention, shelter for soil’s microorganisms, thus nutrient retention and cycling 
could be improved. The content of liming contained in biochar may increase soil’s 
pH values.

10.5  Application of Biochar

The effect of biochar amendment on soil nutrient content, charcoal amendments 
have a positive effect on nutrient retention, particularly in highly weathered soils 
with low ion-retention capacities (Glaser et al. 2002). Biochar application elevates 
total C, organic C, total N, available P, and exchangeable cations like Ca, Mg, Na, 
and K increase, and Al decreases in soil (Chan et al. 2007; Major et al. 2010) the 
plant uptakes several of these nutrients after biochar application (Chan et al. 2007; 
Major et al. 2010) (Fig. 1.4).

Biochar is a low density material that reduces soil bulk density (Laird et al. 2010) 
and thereby increases water infiltration, root penetration, and soil aeration, increase 
soil aggregate stability (Glaser et al. 2002). Soil enriched with biochar improves soil 
fertility and to mitigate climate change by reducing emissions of greenhouse gases 
from cultivated soils (Yanai et al. 2007). Application of biochar in soil may provide 
a novel soil management practice because of its potential to improve soil fertility, 
enhance soil carbon, mitigate soil greenhouse gas emissions and enhance agricul-
tural productivity (Fig. 10.2).

10.5.1  Biochar in Crop Production

Biochar improves plant growth and enhances crop yields, increasing food produc-
tion and sustainability in areas with depleted soils, limited organic resources, insuf-
ficient water, access to agrochemical fertilizers. Beneficial effects of biochar with 
increased crop yield and improved soil quality (Glaser et al. 2002). Steiner et al. 
(2008) measured both higher soil N retention and an enhanced N cycling, biochar 
stimulation of crop yield mostly related to its higher stability in comparison to other 
organic amendments as well as the native soil organic matter (SOM) (Steiner et al. 
2007). Biochar can capture high amounts of exchange cations (Lehmann et  al. 
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2003) because of its high porosity and surface/volume ratio and can improve plant 
nutrients uptake and P, Ca, K availability (Chan et  al. 2007). In soils biochar is 
slowly oxidized, carboxylic groups are produced, cation exchange capacity and 
oxygen carbon ratio on the biochar surface increases (Brodowski et  al. 2006), 
improving the capacity of biochar to retain nutrients in the long term Table 10.1.

Biochar application increases soil organic carbon levels (McHenry 2009) and 
improves soil structure (Glaser et al. 2002). Its application improves the soil’s abil-
ity to retain moisture (Laird et  al. 2010; Steiner et  al. 2007), prevents nutrient 
 leaching (Taghizadeh-Toosi et al. 2011; Spokas et al. 2011) and increases cation 
exchange capacity (Clough and Condron 2010; Yuan and Xu 2011). Application of 
biochar reduces aluminum toxicity (Van Zwieten et al. 2010) and bioavailability of 
heavy metals (Méndez et al. 2012), increases soil pH (Yuan and Xu 2011; Deal et al. 
2012), supplies essential plant nutrients and decreases the need for chemical fertil-
izers (Bird et  al. 2011). Biochar improves the biological condition of soils 
(Kwapinski et al. 2010), increases soil microbial biomass and supports beneficial 
organisms like earthworms. The conversion of biomass to biochar reduces green-
house gas emissions (Wang et al. 2011) and helps in sequestering atmospheric car-
bon in to the soil (Bolan et al. 2012).
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10.5.2  Impact of Biochar on Nitrogen Fixation

Nitrogen is a plant macronutrient essential to the survival of ecosystems. Yet, in 
most cases the amount of N available to plants is low (Robertson and Groffman 
2007), which limits the gross primary productivity (GPP) of the site (Gundale 
et al. 2011).

Biochar is a promising fertilizer reduces N losses from the soil and alters the 
nitrogen (N) dynamics in soils (Robertson 2012). The anthropogenically induced 
global N cascade is resulting in enhanced fluxes of nitrous oxide (N2O), ammonia 
(NH3), and nitrate (NO3) leaching as a consequence of the increasing intensification 
of agricultural systems (Galloway et  al. 2008). Biocharcontain bioavailable N 
forms, its mineralization soil N and C pools on the soil in ecosystems. Biochar 
forms on immobilisation and mineralization determines the of relatively short dura-
tion or more long-term. Besides the release of N intrinsically embodied in the bio-
char (Wang et al. 2012; Schouten et al. 2012) there have been attempts to further 
enhance the delivery of N using biochar by adding nutrients to the biochar prior to 
soil incorporation.

Beneficial agricultural management tool, the most promising prospects for bio-
char, to date, are: (1) the reduction of NH3 volatilisation via adsorption processes 
(urine patches, animal housing filters, composting); (2) the development of slow 
release N fertilisers; and (3) the reduction of N2O emissions using fresh biochar 
additions to soils. However, even these areas require further research since the use 

Table 10.1 Effect of biochar on the crop yields

Study Results References

Comparison of maize yields between 
disused charcoals production sites and 
adjacent fields Kotokosu watershed, Ghana

Grain yield 91% higher and 
biomass yield 44% on 
charcoal site than control

Oguntunde et al. 
(2004))

Soyabean on volcanic ash loam, Japan 0.5 mg ha−1 char increased 
yield 151%

Chidumayo 
(1994),

5 mg ha−1 char decreased yield 
to 63%
15 mg ha−1 char decreased 
yield to 9%.

Bauhinia trees on alfisol/ultisol Charcoal increased biomass by 
13% and height by 24%.

Kishimoto and 
Sugiura (1985)

Cowpea on xanthic ferrasal 67 mg ha−1 char increased 
biomass 150%

Glaser et al. 
(Glaser et al. 
2002)135 mg ha−1 char increased 

biomass 200%.
Pea, India 0.5 mg ha−1 char increased 

biomass 160%.
Iswaran et al. 
(1980)

Mung bean, India 0.5 mg ha−1 char increased 
biomass 122%.

Iswaran et al. 
(1980)
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of biochar as a mitigation tool demands a deeper mechanistic understanding and at 
the same time an increase in our ability to predict net effects over time.

Microbial immobilization (Ippolito et al. 2012), biochar, especially when pyro-
lyzed at low temperatures, usually contains considerable amounts of labile carbon 
(Nelissen et al. 2012). This carbon can serve as a microbial substrate, resulting in 
microbial demand for inorganic N, which thereby immobilizes the N through biotic 
processes (Nelissen et al. 2012). Ammonia volatilization is another mechanism that 
accounts for the loss of fertilizer derived N.

Biochar a safe alternative reduce or eliminate the need for commercial fertilizers. 
Fertilizer in rainwater runoff can damage river systems and the surface application 
of commercial fertilizers can be eroded by wind and rainfall which may mix with 
water and leads to toxicity. Incorporation of biochar into soil, reducing carbon 
stocks could be replenished and long-term storage of carbon can be increased. 
According to a CSIRO report, biochar has the potential to remove 1 billion tons of 
carbon from the atmosphere per year. The interaction between biochar and other 
organic amendments in soil should now be the focus of future research. This is a 
simplistic low cost means of adding nutrients to soil and helping agriculture flour-
ish. Environmental protection and human health will be the leading benefactors in 
large scale biochar production.

10.5.3  Biochar Interaction with Soil Rhizosphere

Agricultural intensification transfer carbon (C) to the atmosphere in the form of 
carbon dioxide (CO2), thereby reducing ecosystem C pools. Agriculture contributes 
10–12% of the total global anthropogenic greenhouse gas emissions. Diminishing 
increased levels of CO2 in the atmosphere by pyrolysis to convert biomass into bio-
char, which stabilizes the carbon (C) that is then applied to soil. Biochar with high 
concentrations of carbon that can be rather recalcitrant to decomposition, it stably 
sequester carbon. The immediate beneficial effects of biochar additions for nutrient 
availability are largely due to higher potassium, phosphorus, and zinc availability, 
and to a lesser extent, calcium and copper. The presence of biochar in the soil can 
improve soil chemical (e.g. pH, CEC), and physical properties (e.g. soil water 
 retention, hydraulic conductivity). Acting as a habitat and substrate for soil micro-
organisms, biochar added in the soil can increase microbial activities (Pietikäinen 
and Fritze 2000).

Biochar addition to soil increases in root colonization of AMF.  Arbuscular 
mycorrhizal (AM) fungi are symbiotic soil organisms. AM fungi play role in vege-
tative succession of ecosystem, plant diversification and productivity, as well as 
restoration and re-establishment of degraded ecosystems. Arbuscular mycorrhizal 
fungi (AMF) increases plant nutrition. The increase in the availability of major plant 
nutrients due to application of biochar and mycorrizhae, the plants form mycorrhi-
zal symbioses with specialized soil fungi (Fig. 1.5). The combination of biochar, 
mycorrhizal fungi approaches the goal of a viable soil environment for sustainable 
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plant growth. It has often been observed that application of organic biochar amend-
ments results in a higher level of C sequestration when compared to other manage-
ment strategies including fertilizer application and conservation tillage. The 
opportunities for carbon sequestration and the reduction of greenhouse gas emis-
sions have not been explored at all, but they are potentially significant (Fig. 10.3).

10.5.4  Influence of Biochar on Soil Biota

Biochar increase microbial biomass in soil across ecosystems, ranging from boreal 
forests (Wardle et al. 2008; Zackrisson et al. 1996) to Amazonian uplands (Liang 
et al. 2010; Steiner et al. 2007). The increase in microbial biomass may be caused 
by improved soil habitability or retention of microbes in the soil via adsorption to 
biochar (Thies and Rillig 2009). Biochar with organic fertilizers have been reported 
to significantly improve soil tilth, crop productivity, and the availability of nutrients 
to plants. Improved crop response as a result of biochar amendment can be attrib-
uted to its nutrient content including the neutralization of phytotoxic compounds in 
the soil, the promotion of mycorrhizal fungi, and the alteration of soil microbial 
populations and functions (Steiner et al. 2008). Biochar mediated microbial com-

Fig. 10.3 Connection between primary biochar properties (outer circle), the soil process they may 
influence (intermediate circle) and the soil biota (inner circle), white arrows indicate the influence 
between biochar properties
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munity compositional changes deserve further research, as these alterations can 
have essential implications for carbon sequestration and biogeochemical cycling. 
Biochar can promote a beneficial, self-sustaining soil biota, which also discourages 
plant- antagonistic organisms and pathogens. Soil biological activity, including the 
quantity, diversity, and activity level of soil microbes, affects soil productivity for 
crops. One study determined that biochar supported more microbial activity than 
pumice or activated-charcoal biochar, due in part to a higher water-holding capacity 
(Pietikäinen and Fritze 2000).

10.6  Outcome and Future Research Direction of Biochar

Soil is an essential component of the terrestrial ecosystem and has an important 
ecological function in biogeochemical cycling of resources needed for plant growth. 
An individual plant depends on soil for anchorage, water, oxygen and nutrients 
(Plaster 2009).

Contaminated soils and sediments are a significant worldwide environmental prob-
lem (The Norwegian Environment Agency 2017). Contaminated sites pose an environ-
mental and human health hazard via ingestion and/or inhalation of contaminated dust or 
soil particles, consumption of crops produced on these sites as well as skin contact (Janus 
et al. 2015). Biochar as the sorbent for remediation of polluted soils is rapidly gaining 
popularity (Denyes et al. 2013). Sorbent amendment added to soils can alter the geo-
chemistry of the soil, increase contaminant binding, reduce contaminant exposure risks 
to people and the environment as well as limit bioremediation (Cornelissen et al. 2005)

Biochar is a kind of insoluble, stable, highly aromatic and carbon-rich solid 
material produced by abandoned biomass under the condition of hypoxia and high 
temperature slow pyrolysis (usually The exchange adsorption of biochar surface is 
one of important reasons for the reduction of heavy metal activities. The bigger the 
number of cation exchange, the stronger the retention of heavy metals.

The larger surface area and higher surface energy are helpful for biocharstos-
trongly absorb the heavy metal pollutants and remove them from the soil (Fig. 1.7). 
The removal mechanism of heavy metals by biochars. Biochar is emerging tool to 
optimize the reduction of bioavailability of contaminants in the environment by 
making benefits to soil fertility and mitigating climate change (Sohi 2012). The 
inorganic contaminants in the environment (metals) derive from anthropogenic 
sources (Zhang et al. 2013).contains a fraction not carbonized, which could interact 
with soil contaminants and water the surface of the biochar could retain the con-
taminants (Uchimiya et al. 2010).
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10.7  Conclusions

The biochar research has progressed considerably with important key findings on 
agronomic benefits, carbon sequestration, greenhouse gas emissions, soil fertility 
and health, removal of hazardous pollutants. Long-term field research focusing on 
an optimal combination of nutrient use, water use, carbon sequestration, avoided 
greenhouse gas emissions, and changes in soil quality, crop productivity and to 
promote the application of biochar as a soil amendment and also as a climate change 
abatement option, research, development and demonstration on biochar production 
and application is very vital. It is necessary to develop low-cost biochar kilns to 
make the technology affordable to small and marginal farmers. Efficient use of bio-
mass by converting it as a useful source of soil amendment/nutrients is one way to 
manage soil health and fertility. The interaction between biochar and other organic 
amendments in soil should now be the focus of future research. This is a simplistic 
low cost means of adding nutrients to soil and helping agriculture flourish. 
Environmental protection and human health will be the leading benefactors in large 
scale biochar production.
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Chapter 11
Biochar: A New Environmental Paradigm 
in Management of Agricultural Soils 
and Mitigation of GHG Emission

Palakshi Borah, Nijara Baruah, Lina Gogoi, Bikram Borkotoki, 
Nirmali Gogoi, and Rupam Kataki

Abstract Biochar, a co-product of the pyrolytic conversion of biomass and bio-
wastes to biofuel is a carbon rich recalcitrant material. It has received much atten-
tion in the recent times for its prospective application in various fields viz. as a soil 
amendment for improving the physical, chemical, and biological qualities of agri-
cultural soils, as an adsorbent for removal of various organic and inorganic contami-
nants in water, for removal of pesticides residues in soil, for correcting soil acidity, 
as a precursor for chemical synthesis, for industrial applications such as superca-
pacitor application, as a support material for fuel cells, for enhancement in biogas 
generation to name a few. In addition to all these, biochar’s green-house gas mitiga-
tion potential, and C-sequestration potential are two most significant attributes that 
has made biochar a suitable component for SDGs. Further, these applications have 
made biochar as one of the most researched topics in recent times. The ease of bio-
char production is also another advantage which can be beneficial for farmers even 
with a marginal land holding. In this chapter, an attempt has been made to discuss 
the role of biochar in management of agricultural soils, as well as its vast environ-
mental application possibilities.

Keywords Biochar · Soil amendment · Environmental management

P. Borah · N. Baruah · N. Gogoi (*) 
Plant Physiology and Biochemistry Laboratory, Department of Environmental Science, 
Tezpur University, Tezpur, Assam, India 

L. Gogoi · R. Kataki 
Department of Energy, Tezpur University, Tezpur, Assam, India 

B. Borkotoki 
Biswanath College of Agriculture, Assam Agricultural University,  
Biswanath Chariali, Assam, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40997-5_11&domain=pdf


224

11.1  Introduction: Biochar as a Soil Amendment

Biochar is a charred carbon-enriched material intended to be used as a soil amend-
ment to sequester carbon and enhance soil quality. Sustainable biochar is produced 
from waste biomass using modern thermochemical technologies. Addition of sus-
tainable biochar to soil has many environmental and agricultural benefits, including 
waste reduction, energy production, carbon sequestration, water resource protec-
tion, and soil improvement. When used as a soil amendment, biochar has been 
reported to boost soil fertility and improve soil quality by raising soil pH, increasing 
moisture holding capacity, attracting more beneficial fungi and microbes, improv-
ing cation exchange capacity (CEC), and retaining nutrients in soil (Lehmann et al. 
2006; Lehmann 2007a). Another major benefit associated with the use of biochar as 
a soil amendment is its ability to sequester carbon from the atmosphere-biosphere 
pool and transfer it to soil (Winsley 2007; Gaunt and Lehmann 2008; Laird 2008). 
Biochar usually has a greater sorption ability than natural soil organic matter due to 
its greater surface area, negative surface charge, and charge density (Liang et al. 
2006). Biochar can not only efficiently remove many cationic chemicals including 
a variety of metal ions, but also absorb anionic nutrients such as phosphate ions, 
though the removal mechanism for this process is not fully understood (Lehmann 
2007a). Thus, the addition of biochar to soil offers a potential environmental benefit 
by preventing the loss of nutrients and thereby protecting water resources. Biochar 
is considered much more effective than other organic matter in retaining and mak-
ing nutrients available to plants. Its surface area and complex pore structure are 
hospitable to bacteria and fungi that plants need to absorb nutrients from the soil. 
Moreover, biochar is a more stable nutrient source than compost and manure (Chan 
et al. 2007).

11.1.1  Agronomic and Environmental Benefits of Biochar

Biochars can provide agronomic and environmental benefits in soils through 
increased cation exchange capacity, reduced nutrient leaching, enhanced water 
holding capacity, reduced soil acidity and stimulation of microbial activity (Kookana 
et al. 2011; Lehmann and Joseph 2015).

11.1.1.1  Crop Disease Management

A positive influence of biochar on reducing plant diseases such as rust in wheat and 
mildew in other crops was first reported some 170 years ago (Allen 1847) and drew 
attention in the last decade where several pathosystems were studied by different 
groups worldwide (Elad et al. 2010; Elmer and Pignatello 2011; Jaiswal et al. 2014; 
Copley et  al. 2015; Jaiswal et  al. 2015). Pathosystems included both foliar 
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pathogens and soil borne pathogens (Elad et al. 2011; Graber et al. 2014a).Biochar 
application can enhance crop response to disease (Elad et  al. 2011), and this 
enhancement can be attributed to an increase in soil pH (Novak et al. 2009), nutrient 
retention (Chan et al. 2007; Steiner et al. 2007), cation exchange capacity in soil 
(Steiner et al. 2007), transformations and turnover of P and S (Lehmann and Joseph 
2009), and neutralization of phytotoxic compounds in soil (Wardle et al. 1998).

Biochar can reduce fungal foliar diseases caused by Botrytis cinerea and 
Oidiopsis sicula in tomato (Solanum lycopersicum L.) and pepper (Capsicum ann-
uum L.) (Elad et al. 2010). Biochar induced defense responses of strawberry are 
functionally similar to induced systemic resistance (Harel et al. 2012). Moreover, 
biochar can reduce soil borne diseases caused by bacteria and fungi (Jaiswal et al. 
2014). Incidence of bacterial wilt (R. solanacearum) in tomato was reduced due to 
biochar application derived from municipal biowaste (Nerome et al. 2005). Biochar 
induced plant disease suppression were attributed to several mechanisms (Hoitink 
and Fahy 1986; Lehmann et al. 2011; Noble and Coventry 2005) such as chemical 
components of biochar that directly inhibit growth of pathogens and the porous 
structure of biochar provide microbial habitats beneficial for bacterial abundance. 
Biochar promotes plant growth by providing nutrients and improving nutrient solu-
bilization and uptake. The sorption property of biochar may change the mobility 
and activity of pathogens or modify signaling between pathogens and plants 
(Lehmann et al. 2011).

Adding biochar to soil and soilless media was found to suppress plant diseases 
caused by both foliar and soilborne pathogens (Elad et al. 2011; Frenkel et al. 2017; 
Graber et al. 2014b; Jaiswal et al. 2014). Biochar-elicited suppression of foliar fun-
gal diseases is related to activation of plant defense system, given that biochar is 
spatially distant from the site of pathogen attack. Mechanisms responsible for 
biochar- related attenuation of soil borne diseases can be much more diverse. This is 
because the biochar and pathogens both reside in the soil, and can have direct and 
indirect interactions with each other (Graber et al. 2014b). Ways in which biochar 
could influence the progress of diseases caused by soil borne pathogens includes (1) 
changes in nutrient supply and availability (Elmer and Pignatello 2011); (2) altera-
tions in soil physiochemical characteristics (Rogovska et al. 2017); (3) induction of 
systematic plant defenses (De Tender et al. 2016; Zwart and Kim 2012); (4) altera-
tion of soil microbial abundance in terms of taxonomic, functional diversity and 
activity (De Tender et al. 2016; Jaiswal et al. 2017, 2018); (5) modification of patho-
gen growth, survival, virulence and activity (Akhter et al. 2016; Copley et al. 2015; 
Jaiswal et al. 2015, 2017, 2018) and (6) adsorption and inactivation of pathogenic 
enzymes and/or toxins. Ad-sorption of toxic metabolites by 3% biochar signifi-
cantly reduced the severity of the disease-like symptoms caused by the toxic metab-
olites as compared to no-biochar control toxic metabolites treatments.

Biochar application at a rate of 3% and 5% by weight under tomato and pepper 
cultivation documented significant reduction in leaf symptoms caused by two com-
mon fungal pathogens i.e. powdery mildew and grey mould. Whole plant peppers 
after 60 days had 59% of powdery mildew infection in plots with biochar and only 
17% infection with 5% biochar application. Grey mould in tomato after 59 days was 
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significantly reduced from 66% infection in untreated plants to 2% under 3% bio-
char application. Biochar addition at a rate of 5% in the pepper crop reduced leaf 
infection from 18% (no biochar) to 6%. The reduced level of residual tars present in 
biochar induced resistance to the diseases and pest (Elad et al. 2010). Jaiswal et al. 
(2018) documented that biochars obtained from eucalyptus wood and pepper plant 
wastes can significantly adsorbed and deactivated enzyme exudates of pathogenic 
fungi Fusarium oxysporum.

Bonanomi et al. (2015) reviewed and summarized the data from 13 pathosystems 
that tested the effect of biochar on plant disease. In their analysis, 85% of the studies 
showed a positive influence of biochar in reducing plant disease severity, 12% had 
no effect, and only 3% showed that biochar additions were conducive to plant dis-
ease. However, their analysis did not consider the dose of the as a crucial factor on 
plant susceptibility/resistance to a disease.

11.1.1.2  Abiotic Stress Management

Abiotic stress such as, drought, high soil salinity, heat, cold, oxidative stress and 
heavy metal toxicity is the common adverse environmental conditions that affect 
and limit crop productivity worldwide (Singh 2013, 2014, 2015, 2016; Singh and 
Boudh 2016; Kumar et al. 2017; Kumar and Singh 2017; Tiwari and Singh 2017). 
The abiotic stress conditions that most adversely affect crop yield are associated 
with water deficiency ion imbalance and temperature extremes (Gupta et al. 2014). 
Biochar is known to have a number of positive effects on plant ecophysiology. 
However, limited research has been carried out to date on the effects and mecha-
nisms of biochar on plant ecophysiology under abiotic stresses. A series of experi-
ments on rice seedlings treated with different concentrations of biochar leacheates 
(between 0 and 10% by weight) under cold stress (10 °C) was conducted by Yuan 
et al. 2017. Quantitative real-time PCR (qRT-PCR) and cold-resistant physiological 
indicator analysis at low temperatures revealed that the cold tolerance of rice seed-
lings increased after treatment with high concentrations of biochar leacheates 
(between 3% and 10% by weight). Results also show that the organic molecules in 
biochar leacheates enhance the cold resistance of plants when other interference 
factors are excluded. The positive influence of biochar on plant cold tolerance is 
because of surface organic molecules and their interaction with stress-related pro-
teins (Yuan et al. 2017). As a direct source of plant soil nutrients; presence of bio-
char impact root growth, and plant performance (Prendergast-Miller et al. 2013). 
Thomas et al. 2013 reported that biochar mitigates negative effects on two herba-
ceous plant species via salt sorption and application is known to preserve rice pollen 
under high-temperature stress (Fahad et al. 2015). Biochar addition enhance drought 
tolerance of quinoa crop with improve the growth and higher leaf nitrogen content 
(Kammann et al. 2011).

The beneficial effects of biochar under limited water conditions have been widely 
reported (Akhtar et al. 2015b; Paneque et al. 2016; Ramzani et al. 2017; Rogovska 
et al. 2014). Biochar as soil amendment improved growth and biomass of plants 
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under drought-stress. Use of biochar exhibited the highest vegetative growth and 
seed production of field-grown sunflower under non-irrigated conditions (Paneque 
et al. 2016). Enhanced tomato fruit quality, growth and yield was reported under 
deficit irrigation due to biochar application (Agbna et al. 2017). Similarly, use of 
biochar supports the growth of winter rapeseed under drought conditions 
(Bamminger et al. 2016). Likewise, Basso et al. (2013) found that application of 
hardwood biochar significantly increase soil water holding capacity and might be 
the reason of enhanced available water capacity (AWC – available water between 
field capacity and permanent wilting point) for crops. Tomato seedlings were pro-
tected from wilting due to improved soil moisture content with higher (30% v/v) 
rates of biochar as soil amendment in sandy soils (Mulcahy et al. 2013). Studies 
have shown that biochar may minimize water stress in plants when applied with 
microorganisms (Liu et al. 2017b; Nadeem et al. 2017). Egamberdieva et al. (2017) 
reported inoculation of biochar with Bradyrhizobium sp. enhance the growth, bio-
mass, phosphorus and nitrogen uptake, and nodulation in lupin (Lupinus angustifo-
lius L.) seedlings under drought stress as compared to the only microbial inoculation. 
Nadeem et al. (2017) reported inoculation of biochar with Pseudomonas fluorescens 
reduced the harmful impact of drought stress on cucumber (Cucumis sativus L.). 
Significant improvements were observed in chlorophyll and relative water contents, 
as well as a reduction in leaf electrolyte leakage demonstrating the effectiveness of 
this approach. In another study, Liu et al. (2017b) reported that inoculation of birch 
wood biochar with Rhizophagus irregularis under limited root zone water decreased 
water use efficiency, leaf area, nitrogen and phosphorous in potato and did not 
adversely impacted the root biomass and soil pH as compared to control. However, 
under limited irrigation soil amendment with wood derived biochar (30 mg.ha−1) 
had no significant effect on soil biota groups such as protozoa, bacteria, fungi, nem-
atodes and arthropods (Pressler et al. 2017). Application of biochar with arbuscular 
mycorrhizal (AM) fungi and other beneficial microbes (Vimal et al. 2018; Singh 
2019; Vimal and Singh 2019) can enhance drought and salt tolerance of the host 
plant by physiological mechanisms in nutrient adsorption and biochemical mecha-
nisms, e.g. hormones, osmotic adjustment and antioxidant systems. However, appli-
cation of BC to the agricultural soil with AM fungi stimulated the growth of 
extra-radical hyphae in soil and increased mycorrhizal colonization of roots. As the 
water potential of the soil was the same with and without biochar amendment, it is 
unlikely that the observed effects on plant growth were related to possible benefits 
from the water holding capacity of the biochar (Mickan et al. 2016).

Biochar not only improves crop productivity under normal conditions but also 
improves crop yield under adverse conditions such as salinity and drought (Thomas 
et al. 2013; Haider et al. 2014). For example, biochar enhanced the permanent wilt-
ing point (Abel et al. 2013; Cornelissen et al. 2013a), while the quantity of water 
retained at field capacity improved to a larger extent compared to the water held at 
permanent wilting point, i.e., increased plant available water. Therefore, the increase 
in WHC of biochar amended soils can be used as an indicator of the overall rise in 
plant available water (Liu et al. 2015). Because of its porous nature, biochar can 
improve your soil’s water retention and water holding capacity. This can be 
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attributed to the micropores present in biochar, where a larger volume of pores cor-
relates to better water retention and better water holding capacity. Biochar with a 
fine particle size can also improve these characteristics by packing with the soil to 
create tight pores that will hold the water against gravity (https://char-grow.com/
biochar-impact-nutrient-water-retention).

In another study, biochar addition to a fertile sandy clay loam soil in a boreal 
climate relieved the temporary water deficit leading improvement in harvestable 
yield (Tammeorg et al. 2014). Haider et al. (2014) quoted that biochar induced plant 
growth in a poor sandy soil is due to better soil-plant water relations as observed in 
terms of improved relative water content and leaf osmotic potential) and photosyn-
thesis (due to lowered stomatal resistance and increased electron transport rate of 
photosystem II) under both well-watered and drought conditions. Biochar applica-
tion at higher rates can mitigate adverse effects of salt stress for plant growth (Kim 
et al. 2016; Akhtar et al. 2015a). For instance, topdressing with biochar at 50 t ha−1 
mitigated salt-induced mortality in Abutilon theophrasti and extended the survival 
rate of Prunella vulgaris. Plants of A.theophrasti receiving both biochar and salts 
had growth rates similar to plants devoid of salt addition (Thomas et  al. 2013). 
Recently, Akhtar et al. (2015a) reported enhanced tuber productivity of potato crop 
in salt-affected soils under application of biochar due to enhanced Na+ absorption 
and mainteinance of higher K+ content in xylem. The authors further observed posi-
tive residual effects of biochar application in lowered Na+ uptake in the following 
wheat crop under salinity stress (Akhtar et al. 2015b). Therefore, biochar has the 
potential to mitigate salinity-induced reductions in mineral uptake, and may be a 
novel technique to alleviate the effects of salinization in arable and salt contami-
nated soils (Thomas et al. 2013; Kim et al. 2016).

11.1.1.3  Crop Productivity

Soil organic carbon (SOC) is known to play an important role in maintaining soil 
fertility and crop productivity (Díaz-Zorita et al. 2002; Lal 2004; Pan et al. 2009). 
Enhancing SOC stocks in croplands with good management practices has the sig-
nificant contribution to climate change mitigation in agriculture (Smith et al. 2007b, 
2008a). Direct incorporation of crop residues as well as organic manure to soils has 
been traditionally performed to maintain soil resilience and carbon (C) stocks. 
However, the residence time of these C sources in soil is relatively short because of 
mineralization, perhaps less than 30 years (Lehmann et al. 2006). Moreover, such an 
incorporation of fresh organic matter would potentially lead to an increase in the 
production of methane (CH4) in rice fields (Yan et al. 2005; Shang et al. 2011). In 
contrast, C from biochar could be stabilized in soil for long periods, potentially 
hundreds of years (Lehmann et al. 2006; Kleber 2010; Schmidt et al. 2011; Woolf 
and Lehmann 2012). Furthermore, biochar soil amendment (BSA) has been shown 
to effectively reduce nitrogen (N) fertilizer-induced nitrous oxide (N2O) emissions 
from agricultural soils (Yanai et al. 2007; Liu et al. 2012; Zhang et al. 2010) with no 
or minimal increase in CO2 and CH4 emissions (Spokas and Reicosky 2009; Karhu 
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et al. 2011; Zhang et al. 2012a). Thus, biochar, produced via pyrolysis of biomass, 
has been recommended as an option to enhance SOC sequestration and mitigate 
greenhouse gas (GHG) emissions with the co-benefits of improving soil productiv-
ity and ecosystem functioning in world agriculture (Lehmann et  al. 2006; Sohi 
2012; Sohi et al. 2010; Woolf et al. 2010).

Many earlier studies on biochar focused on the potential of biochar from bio 
wastes to mitigate GHG emissions in agriculture (Lehmann 2007a; Spokas and 
Reicosky 2009; van Zwieten et al. 2009; Knoblauch et al. 2011; Singh et al. 2010a; 
Sohi et al. 2010; Taghizadeh-Toosi et al. 2011; Vaccari et al. 2011; Liu et al. 2012). 
Sohi (2012) addressed co benefits of biochar for soil and environmental quality, 
plant nutrition, and health as well as ecosystem functioning. The significant and 
persistent increase in crop productivity with BSA suggests a major benefit for agri-
cultural production besides its role in mitigating GHG emission. BSA could provide 
a practical option to meet the challenge of food security in a changing climate.

Crop productivity responses to BSA also varied with crop type. Generally, 
greater positive responses were found in experiments with legumes, vegetables and 
grasses. The average increase in crop productivity was 30.3, 28.6, and 13.9% 
respectively for legume crops, vegetables, and grasses and 8.4, 11.3, and 6.6% 
respectively for maize, wheat, and rice. Yield increases with BSA were greater than 
biomass increases for maize. Whereas, the reverse was true for wheat. This indicates 
the differential influence of biochar on crop productivity.

Biochars used in the reported experiments were derived from almost 20 different 
types of biomass and were grouped into six general types of crop residues, wood, 
manure, sludge, municipal waste, and mixtures of wood and sludge. Wood and crop 
residue biochars documented an average (12.1 and 2.6% respectively) increase of 
constant crop productivity while manure biochar showed generally greater (29%) 
productivity with variable responses across the experiments. However, biochar from 
municipal waste significantly decreased crop productivity by 12.8% on average. 
Crop productivity response was also dependent on the pyrolyzing temperature dur-
ing biochar production. Greater increase in crop productivity were seen with bio-
char produced at temperatures of >350 °C from wood, >550 °C for crop residues 
and 350– 550 °C for manure biochar. Meanwhile, crop productivity responses were 
generally negative (−7.9% on average) with non-alkaline (pH <7.0) biochars though 
generally positive with alkaline biochar (pH >7.0). Finally, crop productivity 
changes with BSA were not shown to be proportional to biochar application rate up 
to 20–40  t ha−1 although the increase in crop productivity diminished at biochar 
application rate of >40 t ha−1 (Liu et al. 2013)

The response of crop productivity was shown to vary with biochar type, pyroly-
sis temperature and the feedstock used. It had been well established that both the 
physicochemical properties and nutrient contents of biochars are affected by the 
feedstock type (Spokas and Reicosky 2009; Qin et al. 2012). While biochar from 
wood and crop residues exerted consistent positive yield increase, the greatest mean 
increase was observed with manure biochar. Manure biochars have been generally 
considered very significant for improving soil fertility by promoting soil structure 
development (Joseph et  al. 2010) in addition to their large amounts of plant 
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available nutrients (Hass et  al. 2012). The negative effects with municipal waste 
biochar observed by Rajkovich et al. (2012) reported a great decline in crop produc-
tivity by 80% under application of food waste biochar at a higher (91 t ha−1) rate. 
Presence of higher sodium (ten times) food waste biochar compared to wood and 
straw biochar increased soil salinity and inhibited plant growth. Crop productivity 
was significantly increased with biochar produced at higher pyrolyzing tempera-
tures; presumably as a result of the liming effect as biochar pH generally increases 
with increasing temperature for pyrolysis (Rajkovich et al. 2012). However, there 
was an interaction of feedstock and pyrolysis temperature on crop productivity to 
BSA.  Biochars produced at both low and high pyrolysis temperatures generally 
contained very limited N. Pyrolyzing at temperature more than 450 °C would result 
in losses of N in manure biochar. Higher nutrient contents and crop yields were 
found with the application of manure biochar pyrolyzed at temperatures of <500 °C 
compared to more recalcitrant biochar produced at even higher temperatures (Chan 
et al. 2008).

Along with improved soil health, increased crop yield is generally reported with 
application of biochar to soils. However, many of the published experiments are 
highly variable and dependent on many factors, mainly the initial soil properties and 
biochar characteristics. Positive crop and biomass yield was found for biochars pro-
duced from wood, paper pulp, wood chips and poultry litter. Liu et  al. (2012) 
reviewed published data from 59 pot experiments and 57 field experiments from 21 
countries and found increased crop productivity by 11% on average Benefits at field 
application was noted at a rate below 30 tons/ha. They reported that increases in 
crop productivity varied with crop type with greater increases for legume crops 
(30%), vegetables (29%), and grasses (14%) compared to cereal crops corn (8%), 
wheat (11%), and rice (7%). Biederman and Harpole (2013) analyzed the results of 
371 independent studies. This meta-analysis showed that the addition of biochar to 
soils resulted in increased aboveground productivity, crop yield, soil microbial bio-
mass, rhizobia nodulation, plant tissue content of K, soil phosphorus (P), soil potas-
sium (K), total soil nitrogen (N), and total soil carbon (C) compared with control 
conditions. The yield gains were attributed to the combined effect of increased 
nutrient availability (P and N) and improved soil chemical conditions. However, 
there exists the concern of heavy metal contamination from biochars produced from 
sewage sludge. The inconsistency of sewage sludge might contain differing amounts 
of toxic metals which limit the land application due to the possibility of food chain 
contamination. Several studies have indicated the strong potential of biochar appli-
cation for improving crop yields, particularly on nutrient-poor soils (Van Zwieten 
et al. 2010a; Zhang et al. 2012a) (Table 11.1).

Biochar application may substantially improve soil fertility and crop productiv-
ity (Lehmann and Joseph 2015). For instance, biochar application (68 t ha−1) 
increased rice (Oryza sativa L.) and cowpea (Vigna unguiculata (L.) Walp) biomass 
by 20 and 50% respectively. Increased grain yields in durum wheat (Triticum durum 
L.) by up to 30%, was observed due to biochar application but there was no effect 
was noted on grain N content (Vaccari et al. 2011). Oguntunde et al. (2004) recorded 
increases of 91 and 44% in grain and biomass yield, respectively, in maize (Zea 
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mays L.) on charcoal-amended soils when compared with adjacent field soils in 
Ghana. Likewise, almost double maize yield in degraded soils was obtained from 
application of Eucalyptus-derived biochar in in Kenya (Kimetu et  al. 2008). 
Improvement of rice grain yield (upland) in soils with lower P availability was 

Table 11.1 Influence of biochar application on crop yields based on the literatures

Crops
Bio char 
feed stocks Type of soil Doses Yield response References

Amaranthus Water 
hyacinth, 
domestic 
organic 
waste

Calcareous 
Fluvisols

10 t ha−1 17–64% increase 
in yield

Piash et al. 
(2019)

Lettuce Fecal matter Silty loam and 
sandy loam

0,10,20,30 t 
ha−1

Increased crop 
yield

Woldetsadik 
et al. (2017)

Maize Corncob Alfisols 2% w/w Increased crop 
yield

Mensah and 
Frimpong 
(2018)

Cotton Hardwood Fine, 
kaolinitic, 
thermic 
Rhodic 
Kandiudults

0, 22.4, 44.8, 
89.6, and 
134.4 Mg 
ha−1

No difference in 
yield

Sorensen and 
Lamb (2016)

Corn Hardwood Fine, 
kaolinitic, 
thermic 
Rhodic 
Kandiudults

0, 22.4, 44.8, 
89.6, and 
134.4 Mg 
ha−1

No difference in 
yield

Sorensen and 
Lamb (2016)

Peanut Hardwood Fine, 
kaolinitic, 
thermic 
Rhodic 
Kandiudults

0, 22.4, 44.8, 
89.6, and 
134.4 Mg 
ha−1

No difference in 
yield

Sorensen and 
Lamb (2016)

Cotton Corn straw Inceptisol 0, 5, 10, and 
20 t ha−1

Increased yields by 
8.1–17.1%, 
9.6–13.5%, and 
8.1–18.6% in 2013, 
2014, and 2015, 
respectively

Tian et al. 
(2018)

Maize Acacia wood Clay 50 + 50 Mg 
ha−1

Seasonal yield 
increase was 
average around 
1.2 Mg ha−1

Katterer et al. 
(2019)

Soybean Acacia wood Clay 50 + 50 Mg 
ha−1

Seasonal yield 
increase was 
average around 
0.4 Mg ha−1

Katterer et al. 
(2019)

Corn Pine chips Ultisols 
(loamy sand)

30,000 kg 
ha−1

No significant 
difference in yield

Novak et al. 
(2019)
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found with addition of biochar in Loas. However, at sites with low native N supply, 
biochar application reduced the leaf chlorophyll contents suggesting that biochar 
may reduce grain yield in N-deficient soils if additional N is not applied (Asai et al. 
2009; Nelson et  al. 2011). The effect on crop yields particularly in nutrient-rich 
soils remains uncertain. Several other studies have revealed only small improve-
ments or even reductions in grain yield with biochar application in nutrient-rich 
soils (Deenik et al. 2010; Gaskin et al. 2010; Van Zwieten et al. 2010a). For instance, 
Gaskin et al. (2010) noted a linear decrease in grain yield with increasing rates of 
biochar application. Meta-analysis on biochar application and crop productivity 
(either yield or aboveground biomass) by Jeffery et al. (2011) documented an over-
all small (~10%) but significant improvement in grain yield from biochar applica-
tion, and identified a liming effect and increase in soil WHC as principal reasons for 
biochar-induced yield gain (Jeffery et al. 2011). Among biochar feedstocks, poultry 
litter was the best (28%), while biosolids had a negative effect (−28%) on crop 
productivity (Jeffery et al. 2011). In another study conducted for 3 years by Feng 
et al. (2014) reported that annual yield of either summer maize or winter wheat was 
not enhanced significantly due to biochar application; however, cumulative yield 
over the first 4 growing seasons were significantly higher. Spokas et al. (2012) ana-
lysed 44 published articles on biochar and found that about half of them claimed 
biochars improved crop yield while the others had no or negative effect on crop 
yield. Biochar-induced increases in specific surface area, CEC, soil porosity (Thies 
and Rillig 2009), WHC, nutrient retention (Glaser et al. 2002; Lehmann and Rondon 
2006; Yamato et al. 2006), and liming effect (Rondon et al. 2007; Liu et al. 2013) 
are mainly responsible for improved crop productivity. For example, biochar 
obtained from crop biomass ashes can provide a P source similar to that of com-
mercial P and K fertilizer (Schiemenz and Eichler-Loebermann 2010; Luo et  al. 
2014) or may improve the supply of Ca and Mg (Major et al. 2010).

Biochar amendment has a synergistic effect with fertilizers in improving crop 
yield; for example, maize yield increased with biochar and fertilizer application 
more than fertilizer alone in acidic soil in Indonesia (Yamato et al. 2006). In another 
study, Steiner et al. (2007) harvested 4–12 times more rice and sorghum (Sorghum 
bicolor L.) yield by application of charcoal (11.25 t ha−1) with compost and/or fer-
tilizer than by using fertilizer alone. Similar results on biochar induced doubling of 
rice and sorghum grain yield was reported while applied with NPK fertilizers 
(Christoph et al. 2007). Mau and Utami (2014) also recorded increase in maize yield 
due to increased P availability and uptake under combined application of biochar 
and inoculation of AM fungal spores; however, biochar amendment alone did not 
improve maize growth or P uptake. In a field study conducted on a boreal sandy clay 
loam, biochar as soil amendment (10 t ha−1) improved grain numbers in wheat (dry 
year) probably by alleviating the water deficit (Tammeorg et al. 2014). In crux, bio-
char application has the potential to improve crop productivity on a variety of soils 
under normal and less than optimal environmental conditions if prepared and 
used wisely.
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11.1.2  Soil Health Management

Soil health is the capacity of a soil to sustain biological productivity, environmental 
quality and promote plant and animal health through self-regulation, stability, resil-
ience and lack of stress symptoms within ecosystem boundaries. Although, another 
terminology ‘Soil Quality’ has often been used simultaneously, they involve two 
different concepts. What constitutes a high-quality soil may depend on the intended 
use or the role of soil management system. For example, a good quality soil for 
engineering construction many not suited for agricultural production (Brady and 
Well 2012).

Let’s have an example of Soil Health of Terra Preta (= Dark in Portuguese) soil 
of Amazon basin. In general, the highly weathered Oxisols and Ultisols of Amazon 
basin are dominated by iron and aluminium oxides clays. Due to high soil acidity 
and low Cation Exchange Capacity (CEC) these soils possess very low level of soil 
fertility, have little capacity to sustain nutrients and therefore poor in health. 
Conversely, soil scientists exploring this area were mystified and surprised when 
they found around twenty hectares of dark coloured, high organic matter containing, 
fertile healthy soils along the Amazon river and some of its tributaries. When they 
conducted 14C isotopic study they found that most of the carbon of these soils were 
accumulated several thousand years ago. Now it is believed that these patches of 
highly fertile healthy soils were created by the ancient dwellers of that vicinity that 
lived in miniature agricultural settlements carved out of the Amazon rainforest. 
These dwellers farmed this soil regularly for many years in such a way that they 
enhanced the soil health rather than degraded by agricultural use. Even today some 
of the Terra Preta soils are dug and sold in  local markets for their high fertility 
value. Soil analysis revealed that Terra Preta soils are rich in calcium and phospho-
rus than that of the surrounding soils of Amazon basin because of the amendments 
with human excrement and bones of animals eaten by the ancient inhabitants. 
However, the unique aspect of these soils is that much of the carbon in them is pres-
ent as Charcoal. The complex aromatic structure makes the charcoal recalcitrant 
because of its resistance to microbial degradation results in very high and stable 
accumulation of organic carbon as well as high nutrient availability for plant growth. 
Again, the small bits of charcoal found in Terra Preta soils are very porous in nature 
that greatly enhances water holding capacity of these soils and capacity to retain 
nutrients in the form of dissolve organic compounds. Thus soil scientists studying 
the effect of this unique anthropogenic activity on soil health reported that adding 
charcoal or biochar to soils may significantly enliven soil health and make the soil 
defiant to degradation in agricultural use. It is also reported that the conversion of 
biomass carbon to biochar leads to sequestration of about 50% of the initial carbon 
compared to the low amounts retained after burning (3%) and biological decompo-
sition (less than 10–20% after 5–10 years) (Lehmann et al. 2006).

Soil Health with application of biochar may be governed by a number of physico- 
chemical and biological attributes and processes and expressed by different quanti-
tative and qualitative measures of these attributes as also by outcomes that are 
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governed by the soil such as productivity, nutrient and water use efficiencies and 
quality of produce. Gaunt and Lehmann, (Gaunt and Lehmann 2008) pointed out 
that the application of biocahr may improve soil health by altering its physical, 
chemical and biological environment principally by improving soil organic carbon 
status. Therefore, apart from soil physical, chemical and biological environment 
organic matter must be kept as distinct indicator of soil health (Fig. 11.1).

11.1.2.1  Soil Physical, Chemical and Biological Health

Hypothetically, four mechanisms have been proposed to elucidate how application 
of biochar might help in improvement of soil physico-chemical and biological 
health. These are: (1) direct modification of soil chemistry through inherent chemi-
cal composition of biochar. (2) provides chemically active surfaces that alters the 
dynamics of available nutrients or otherwise catalyze important soil reactions and 
(3) modifies physical character of the soil in a way that benefits root growth and/or 
nutrient and water retention and acquisition and (4) modifies soil biological health 
through priming effect.

The first mechanism may result in a momentary shift in crop productivity in posi-
tive direction; the extent and duration of which will be governed by the natural 
phenomenon of biochar weathering and the upshots of crop uptake. This could hap-
pen where the biochar has considerable mineral nutrients content, or equally 
enhance in CEC in due course of time as the weathering progress. The benefits 
provided by the second and third mechanisms depend upon recalcitrant nature of 
biochar. It depends upon the half life of biochar carbon that principally varies 
depending on feed stock and temperature at which biochars are produced and may 
also accordingly be finite, even though over a much longer period of time. This 
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would include the impact of pours biochar on water retention or lowering bulk den-
sity and increasing the total porosity of soil. The fourth mechanism of priming 
effect depicts about raise in soil organic matter decomposition rate after addition of 
fresh organic matter in soil which is often supposed to as a result from escalation of 
microbial activity on account of higher availability of energy released from decay of 
fresh organic matter (Zimmerman et al. 2011). However, both positive and negative 
priming have also been reported by earlier workers (Wardle et al. 2008; Kuzyakov 
et al. 2000; Kuzyakov 2010; Zimmerman et al. 2011). Possible causes of positive 
priming might be the positive co-metabolic effect of labile part of organic matter on 
growth of microorganisms and provision of habitat for microbes that protects them 
from predation and simultaneously supports microbial growth through co-locating 
labile organic matter on surfaces of the biochar. Other mechanisms include altering 
soil reaction, availability of nutrients and/or water holding capacity, which have a 
say in positive priming (Fontaine et al. 2003). Probable reasons of negative priming 
are adsorption of organic matter through encapsulation and absorptive protection 
where encapsulation takes place within biochar pores that exclude biota and their 
extracellular enzymes from access to the organic matter and absorptive protection 
onto external bio-char surfaces. Biochar induced stabilization or protection of com-
paratively labile organic matter in soil within organo-mineral fractions and a tran-
sient shift of microbial communities to exploit relatively more labile C in biochar, a 
phenomenon known as preferential substrate utilization, may also contribute to 
negative priming and predominant in low C soil receiving nutrient application 
(Fontaine et al. 2003).

The magnitude and relative importance of first three mechanisms in a particular 
setting will evolve over time as the slow process of chemical and physical modifica-
tion results in a gradually increasing concentration of smaller, partially oxidized 
particles.

11.1.2.2  Soil Fertility

Soil fertility is the capacity of the soil to supply nutrients to plants in adequate 
amounts and in suitable proportions to produce crop of economic value and to main-
tain soil health. The addition of biochar to agricultural soil is receiving considerable 
interest because of its positive impact on soil fertility (Quayle 2010). At local scale, 
increase in soil organic carbon levels due to addition of biochar shape agro- 
ecosystem function and influence soil fertility by altering soil physical, chemical 
and biological properties (Milne et al. 2007). The ability of soil to retain nutrients 
can be increased using biochar (Sohi et  al. 2010). Biochar application reduces 
leaching loss of soil nutrients, enhances plant nutrient availability, reduces toxicity 
of aluminium to plant roots and micro-biota in acid soils and bio-availability of 
heavy metals like Pb, Cd etc. (Lehmann et al. 2006; Rondon et al. 2005; Yanai et al. 
2007; Mukherjee and Lal 2014). It reduces soil acidity (Zwieten et al. 2010), seques-
ters recalcitrant carbon in soils and thus improves soil fertility and mitigate climate 
change (Fowles 2007; Glaser et al. 2002; Laird 2008; Lehmann 2007a, b; Lehmann 

11 Biochar: A New Environmental Paradigm in Management of Agricultural Soils…



236

et  al. 2006; Marris 2006; Sohi et  al. 2010). This help to uphold the growth of 
microbes specially the bioactivity of beneficial soil microorganisms (Marris 2006), 
improves soil organic matter and consequently plant growth (Sanchez et al. 2009; 
Glaser et al. 2002), soil porosity. Reduces bulk density and improved water holding 
capacity of soil (Rasa et al. 2018). Biochar has the potential to boost up conven-
tional agricultural productivity and augment the capacity of the farmers to play a 
part in carbon markets ahead of the routine approach by directly applying carbon 
into the soil (McHenry 2009). The combined application of biochar along with inor-
ganic fertilizer has the potential to increase crop productivity, therefore providing 
additional income, and reducing quantity of inorganic fertilizer use and importation 
(De Gryze et al. 2010; Quayle 2010).

11.2  Biochar in Environmental Management

In recent time research interest on use of biochars produced from different feed-
stock as environmental management is increasing prominently. Earlier research 
reports on positive impact of biochar application on seedling growth (Retan 1915) 
and soil chemistry (Tryon 1948) are available. According to Lehmann (2009) and 
Schmidt et al. (2002) biochar contains higher percentage of recalcitrant organic C 
which is more stable (hundreds to thousands of years) in soil than any other com-
monly used amendments and also enhances the availability of nutrients and main-
tain soil quality beyond a fertilizer effect. Biochar can be used for environmental 
management through improving productivity, reduce pollution, climate change 
mitigation, waste management and energy production. In this section we will dis-
cuss the use of biochar in environmental management from the fact of its ability to 
soil carbon sequestration, mitigation of greenhouse gas (GHGs) emission and soil 
and water pollution.

11.2.1  Soil Carbon Sequestration

Soil carbon sequestration is a process of long term or permanent (100 years) storage 
of CO2 from atmosphere to soil (Stockmann et al. 2013; Shin et al. 2019). Biochar 
is a carbon rich product derived from biomass burning in anaerobic environment, it 
contains high amount of recalcitrant organic carbon and least prone to chemical and 
microbial degradation and remain in soil for hundreds to thousands of years increas-
ing soil carbon storage capacity (Schmidt et al. 2002; Roberts et al. 2010; Wang 
et al. 2014a; Lehmann 2007b), can improve soil physicochemical property, fertility 
and crop productivity. Highly porous, high cation exchange capacity, larger surface 
area and adsorption ability are some significant properties of biochar (Luo et al. 
2016). As soil amendment; biochar is a good carbon sequester and is suggested as 
an effective countermeasure for increasing GHGs emission to atmosphere (Lal 
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1999; Mukherjee et  al. 2014; Deng et  al. 2017). An increase (0.4% per year in 
global scale) of agricultural soil organic carbon due to biochar addition can com-
pensate global emission of GHGs by anthropogenic sources (Minasny et al. 2017). 
Downie et al. (2011) reported significantly elevated soil carbon stocks, compared to 
the adjacent soil in a 650 and 1,609 years old historic charcoal added soil in ancient 
Australian Aboriginal oven mounds. Biochar can be implemented in global scale to 
mitigate climate change by potentially sequester up to 12% of anthropogenic GHGs 
emissions (Woolf et al. 2010) in an ecologically sustainable system. Biomass like 
straw, when converted to biochar through gasification process contain aromatic car-
bon compounds having high stability and potential for carbon sequestration than the 
original feedstock in amended soil (Hansen et al. 2015, 2016; Wiedner et al. 2013). 
Along with reduced soil organic carbon decomposition, biochar can also adsorb 
significant amount of soil- dissolved carbon (Lu et al. 2014). Hailegnaw et al. (2019) 
also reported reduction of nitrate and dissolved organic carbon in soil amended with 
wood chip biochar. In a study by Béghin-Tanneau et al. (2019) documented signifi-
cant ability of anaerobically digested exogenous organic matter (EOM) to sequester 
carbon in soil compared to undigested EOM. It was due to higher stability and nega-
tive priming effect of digested-EOM that reduced native soil organic matter (SOM) 
respiration compared to low stability and positive priming effect of undigested- 
EOM that enhanced native SOM respiration. Béghin-Tanneau et  al. (2019) also 
noted a reduction of CO2 emission by 27% along with carbon sequestration com-
pared to maize silage amendment in soil. Huang et al. (2018) found reduction of 
CO2 flux from a rape-maize cropping system with increased net C sequestration 
without reducing crop yield and net primary productivity under sole biochar treat-
ment compared to straw, straw with straw decay bacterium, mixed straw and bio-
char treatment. This may be due to lower labile organic carbon (LOC), especially 
microbial biomass carbon fraction in biochar treated soil. While increase CO2 emis-
sion from crop straw added soil is because of availability of higher C substrate for 
microorganism causing lower carbon sequestration (Dendooven et  al. (2012). 
Chemical property of biochar, such as lower hydrogen to carbon (H/C) and oxygen 
to carbon (O/C) ration makes it highly stable for microbial degradation 
(Schimmelpfennig and Glaser 2012). Similarly, Hansen et  al. (2015) also found 
higher microbial degradation of straw carbon compared to straw gasification bio-
char resulting in 80% of added straw carbon respiring as CO2 compared to 3% of the 
biochar added after 110 days of incubation. This indicates the potentiality of the 
biochar in soil carbon sequestration. Although, some researcher documented nega-
tive response of biochar amendment to crop yield such as lettuce and ryegrass 
(Marks et  al. 2014). While biochar pellet blended with biochar and pig manure 
compost (4:6 ratio) application was found effective for carbon sequestration in rice 
cultivation without decreasing crop yield (Shin et  al. 2019). Thammasom et  al. 
(2016) noted an increase of soil carbon sequestration (1.87 to 13.37 tons ha−1) with 
application of wood biochar, while a reduction (0.92 to 2.56 tons ha−1) of the same 
was noted under rice straw application. Kimetu and Lehmann (2010) documented 
reduced loss of soil CO2–C by 27% under biochar application contrarily Tithionia 
diversifolia green manure increased soil CO2 C loss by 22%, while biochar also 
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increased intra aggregate C per respired C by 6.8 times relative to the Tithionia 
diversifolia green manure additions, indicating more efficient stabilisation capacity 
of biochar. Charcoal produce from sustainable system using biomass on application 
to soil can remove carbon from short term photosynthesis cycle to long term reser-
voir. Thus the energy generated through biochar production can be certified as car-
bon negative and can act as revenue source from both sale and tradable carbon 
credits by virtue of increase forest cover and reduce greenhouse gases emission 
(Mathews 2008). Pyrolysis temperature plays a crucial role on aromaticity of the 
produced biochar (Yip et al. 2010), which in turn affect the recalcitrance property in 
soil and thus the carbon sequestration potential. As an option to carbon sequestra-
tion, reduce or delay nutrient leaching like nitrate is beneficial for both environment 
and plants (Liu et al. 2017a; Ghorbani et al. 2019). Holding nutrients for long and 
improving soil aggregation, biochar application can consequently mitigate CO2 
emission (Xu et al. 2011a). Biochar production method greatly affect the carbon 
sequestration capability. In a study Santín et al. (2017) found lower carbon seques-
tration potential of wildfire charcoal produced at high temperature than the most 
slow-pyrolysed biochars. Their findings challenge the common opinion “natural 
charcoal and biochar are well suited as proxies for each other”.

11.2.2  Greenhouse Gas Emission

Mitigation of greenhouse gas emission is an area of growing importance and con-
cern due to global warming and increasing rate of GHG emission globally. CO2, 
CH4 and N2O are three main greenhouse gases responsible for 90% of anthropo-
genic climate warming (IPCC 2013). IPCC (2013) also reported an increase of 
global average surface temperature by 0.85 °C during 1880–2012 based on multiple 
independently produce datasets and suggest an increase of 0.3–4.8 °C temperature 
by the end of this century. Environmental management through greenhouse gas 
mitigation include reduction and avoidance of emission along with removal of 
GHGs existing in the atmosphere (Smith et al. 2007a). Choosing biochar as soil 
amendment is an approach to mitigate climate change by reducing greenhouse gas 
emissions from soil. Application of biochar in soil has direct and indirect influence 
on soil physico-chemical properties, soil microbial diversity, abundance and func-
tion of soil microbial diversity that in turn affect production and emission of green-
house gas. However, the potentiality of biochar in reducing GHG emission is 
controversial. Soil GHG significantly decreased or remain unchanged in some stud-
ied (Case et al. 2014; Quin et al. 2015; Liu et al. 2016; Scheer et al. 2011) while 
increased in others (Wang et al. 2012; He et al. 2017; Song et al. 2016). Some of the 
variables that influence the GHGs emission from soil environment under biochar 
treatments are study duration, soil texture and pH, feedstock used for biochar prepa-
ration, pH of the produced biochar and application rate and vegetation (Sohi et al. 
2010; Woolf and Lehmann 2012; Hilscher and Knicker 2011; Lorenz and Lal 2014). 
Jones et al. (2011b), Luo et al. (2017) and Liang et al. (2010) documented the effect 
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of biochar application on soil bulk density, pH, water holding capacity, cation 
exchange capacity, carbon and nitrogen dynamics and plant productivity, which 
have a significant effect on soil CO2 and N2O emissions. According to He et  al. 
(2017); application of fertilizer and experimental condition influence CO2 emission; 
they noted significant increase in CO2 emission when biochar was applied in unfer-
tilized soil, while it decreased when applied in fertilized soil in laboratory condi-
tion, but did not find any significant effect of biochar in field condition. Sun et al. 
(2014) found that biochar application in the at a rate of 30 t ha−1 reduced (31.5%) 
CO2 emission from a pine forest soil. While in a field experiment in paddy soil 
amended with wheat straw biochar enhanced CO2 emissions (12%), but N2O emis-
sions was reduced (41.8%) (Zhang et al. 2012b). However, studies of Wang et al. 
(2014b), Malghani et al. (2013) and Zhou et al. (2017) revealed no significant effect 
of biochar on CO2 emission. Elevated CO2 emission was noted in a temperate forest 
soil under application of sugar maple biochar at a rate of 5, 10 and 20 t ha−1 (Mitchell 
et al. (2015). Hawthorne et al. (2017) also reported significantly greater CO2 fluxes 
from application of 10% biochar compared to 1% biochar in a Douglas-fir forest 
soil. The enhancement of CO2 emission might be the addition of labile C from bio-
char and increased belowground net primary productivity (BNPP) (Zimmerman 
et al. 2011; Yoo and Kang 2012; Mukherjee and Lal 2013). While the cause behind 
suppressed CO2 emission might be the absorption of soil CO2 molecules by the 
large biochar surfaces and reduced enzymatic activity of microbes (Case et al. 2014; 
Liang et al. 2010; Liu et al. 2009).

Widespread use of synthetic nitrogen (N) fertilizer is the primary cause of agri-
cultural soil emission of N2O (Smith et al. 2008b). Rondon et al. (2005) first reported 
reduction in N2O emissions in a greenhouse experiment after biochar amendment in 
soil. They recorded reduction of N2O emissions by 50% under soybean cropping 
and by 80% for grass growing in a low-fertile oxisol. In a meta-analysis of biochar 
effect on N2O emissions both in long and short term studies, Cayuela et al. (2015) 
found that soil N2O emissions was reduced by 54 ± 3% at lab scale and 28 ± 16% at 
the field scale. Sun et al. (2014) also noted a significant decreased of cumulative 
N2O emissions (25.5%) in a pine forest, when biochar was incorporated to the soil 
at 30 t ha−1. Bass et al. (2016) found an interaction of cropping system with biochar 
on N2O emission, they noted a decrease of N2O emission under papaya cultivation 
while no effect was noted under banana cultivation. Fidel et al. (2019) noted a sup-
pressive effect of biochar on N2O emission in a continuous corn cropping system 
while did not found any effect on CO2 emission. They also suggested that both soil 
moisture and temperature play role in CO2 and N2O emission. Contrastingly 
enhanced emission of soil N2O was recorded by Hawthorne et al. (2017) in a forest 
soil when 10% biochar was applied but did not find any significant effect under 1% 
of biochar application. Cayuela et al. (2013) also found direct correlation between 
N2O emission and biochar application rate. While in a study in temperate hardwood 
forest, no significant effect was noted for 5 t ha−1 biochar application on soil N2O 
emission (Sackett et al. 2015). The primary mechanism of reduction of soil N2O 
emission by biochar application might be the increased oxygen in soil due to soil 
aeration, which will inhibit denitrification of soil by microorganisms, that mostly 
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occurs in low oxygen condition (Bateman and Baggs 2005; Taghizadeh-Toosi et al. 
2011; Van Zwieten et al. 2010b; Hale et al. 2012). Another reason is absorption of 
inorganic nitrogen pool (NH4+, NO3− etc) by the biochar (Cornelissen et al. 2013b), 
which in turn will decrease nitrogen availability for nitrifiers and denitrifiers, reduc-
ing N2O emission (Singh et al. 2010a; Clough et al. 2013). While rises in N2O emis-
sions may be due to increased soil water content influenced by biochar addition, that 
helps denitrification, or due to release of biochar embodied-N (Lorenz and Lal 
2014). Soil pH is another important factor which is influenced due to biochar addi-
tion. An optimum rage of pH is preferable for reducing N2O emission from agricul-
tural soil because denitrifies have a wider pH optimum in the range of pH 4–8, while 
for the nitrifiers, the optimum range of pH is slightly acidic to slightly alkaline 
(Mørkved et al. 2007; Liu et al. 2010).

Biochar is also used to reduce the emission of soil methane (CH4). Chicken 
manure biochar (10%, w/w) was found to significantly increase CH4 uptake in forest 
soils (Yu et al. (2013). Xiao (2016) reported significantly higher efficiency of bio-
char in CH4 uptake regardless of the application rate in a chestnut plantation in 
china. While, Sackett et al. (2015) reported no significant difference in CH4 flux in 
biochar-treated and control soils in a temperate hardwood forest. Hawthorne et al. 
(2017) observed contrasting results, where significant reduction in soil CH4 uptake 
under biochar application (1 or 10% w/w) was noted. This increased uptake of CH4 
in soil might be due to increase soil pH under biochar addition, which in turn facili-
tate the growth of methanotrophs (Jeffery et al. 2016; Anders et al. 2013) along with 
biochar induced decrease in soil bulk density and porosity favours aerobic methano-
trophs and CH4 oxidation and uptake by soil microbes (Brassard et al. 2016; Feng 
et al. 2012; Karhu et al. 2011; Van Zwieten et al. 2009). Enhanced CH4 emission 
might be ascribed to the chemicals inhibitory effect of biochar on soil methano-
trophs (Spokas 2013). Thus, the efficacy of biochar for GHGs mitigation is largely 
uncertain due to various factors involved in the reduction and enhancement of soil 
GHG emissions.

11.2.3  Soil and Water Pollution

Anthropogenic contaminants caused by rapid urbanization and industrialization are 
triggering degradation of water and soil quality in ecological environment. Soil and 
water are two basic needs for survival of lives. Soil serves as the main medium for 
plant growth, support human and animals, sustain plant and animal productivity, 
improve the quality of water and air (Zhou and Song 2004; Zhang et al. 2012c). Soil 
pollution can be remediated through physical, chemical and biological methods 
(Mendez and Maier 2008), but physical and chemical methods are not suitable for 
large scale management of arable soil, due to higher cost and the disadvantages of 
complexity and secondary pollution (Houben et al. 2013). Though biological reme-
diation approaches are cheap and feasible, but its efficiency on improvement of soil 
quality is not constant because of its susceptibility to environment (Arthur et  al. 
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2005) Biochar seized attention as a promising multi-beneficial remediating agent to 
stabilize soil contaminants, such as organic molecules, heavy metals, pesticides, 
herbicide etc. (Kong et  al. 2014; Cheng and Lehmann 2009; Yuan et  al. 2018; 
O’Connor et al. 2018). It acts as a soil conditioner via enhancing cation exchange 
capacity (CEC), pH and water holding capacity. Inorganic nutrients such as potas-
sium, phosphorous, calcium, silica, boron and molybdenum are added to soil, mak-
ing them bioavailable for plants as biochar is rich in inorganic nutrients derived 
from the feedstock (Page-Dumroese et al. 2015; Liu et al. 2014; Xiao et al. 2018; 
Xu et al. 2013). Cao and Harris (2010) confirm increased availability of nutrients (P, 
Mg and Ca) with increase of pyrolysis temperature. Moreover, addition of biochar 
to soil may effectively reduce eutrophication of nearby water bodies, and also 
underground waters pollution due to reduced leaching of nitrogen and phosphorus 
(Laird et al. 2010; Kookana et al. 2011). Soil contaminated with both organic and 
inorganic pollutants can be remediated with addition of biochar by reducing toxin 
bioavailability by both organic and inorganic pollutants (Ajayi and Horn 2017; Yao 
et al. 2012). Among the inorganic pollutants; heavy metals are non-biodegradable 
and persist in soil for very long (Sun et al. 2008). Thus lowering bioavailability of 
heavy metal is crucial to remediate contaminated soil. Biochar have negatively 
charged surfaces and functional groups that can strongly attract (electrostatic 
adsorption, ion exchange) metal ions having small ionic radii and high charges, or 
can stabilized metal via complexation or precipitation due to high soil pH intro-
duced by biochar (Kong et al. 2014; Kumar et al. 2018; Mukherjee et al. 2011; Lu 
et al. 2012; Li et al. 2017). Biochar can transfer soluble metals forms to insoluble 
one by binding it to organic matter, oxides, carbonates and can fixed in soil (Xiao 
et al. 2018). It can also stabilize heavy metals through reduction. Choppala et al. 
(2015) reported efficiency of chicken manure biochar and black carbon for reducing 
Cr(VI) (extremely toxic and highly mobile) to Cr(III) (generally nontoxic) and sub-
sequent immobilization in soils. Pyrolysis temperature of biochar plays an impor-
tant role in removal efficiency of metal by biochar. Wang et  al. (2018) reported 
better removal efficiency of higher temperature pyrolyzed biochar for Hg than bio-
char pyrolized at lower temperature. Contrastingly, Cao et al. (2009) reported dairy 
manure biochar pyrolyzed at 200 °C have better potential to remove Pb from soil 
than the same biochar pyrolyzed at 350 °C. Skjemstad et al. (2002) and Cheng et al. 
(2006) documented effectiveness of bamboo biochar to adsorb Cu, Ni, Hg and Cr 
from both water and soil, and Cd only in contaminated soil. While cotton stalk bio-
char can reduce Cd bioavailability in polluted soil through adsorption or co- 
precipitation (Zhou et al. (2008). Salt affected soil can also be remediated to a larger 
extend with addition of biochar, that reduce salt stress and enhanced plant growth 
and improve soil nutrients which in turn will counteract the adverse effect of Na 
(Kim et al. 2016; Wakeel 2013). Cao et al. (2011) and Jones et al. (2011a) reported 
reduction (66–97%) of pesticides such as atrazine, simazine, carbaryl and ethion, 
when biochar was applied to soil. Zhelezova et al. (2017) reported absorption of two 
herbicides, glyphosate (N-(phosphonomethyl)-glycine) and diuron 
(3-(3,4-dichlorophenyl)-1,1-dimethylurea) by biochar. They also noted a decrease 
of adsorption by aged biochar comparison with freshly prepared biochar. Similarly, 
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Martin et al. (2012) also found reduction (47%) of sorption by aged biochars for 
herbicide diuron. However, Trigo et al. (2014) found that, in some cases, biochar 
could serve for at least 2 years as effective sorbent of herbicides (indaziflam and 
fluoroethyldiaminotriazin). Polycyclic aromatic hydrocarbons (PAHs) and poly-
chlorinated biphenyls (PCBs) in water and soils can also be removed by incorpora-
tion of biochar (Wang et  al. 2013a; Beesley et  al. 2010). Apart from persistent 
organic pollutant (POPs) such as PAHs, PCBs, PCDD (polychlorinated dibenzo-p- 
dioxins) and DFs (dibenzofurans), some emerging organic pollutants such as phthal-
ate acid esters (dibutyl phthalate and di(2-ethylhexyl) phthalate), pharmaceutical 
and personal care products (PPCPs, trimethoprim and triclosan), naturally released 
estrogenic steroid hormone and its metabolites (estradiol and estrone) are becoming 
threat to the soil quality (WHO 2010; Petrović et al. 2001).

Biochar has been reported to be very effective in the uptake of a variety of organic 
chemicals including fungicides, pesticides, PAHs, and emerging contaminants such 
as steroid hormones (Beesley et al. 2010; Kookana et al. 2011; Song et al. 2012; 
Sarmah et al. 2010). Qin et al. (2013) also found significantly higher removal effi-
ciency of contaminants with rice straw biochar on petroleum-contaminated soil than 
that of the unrestored soils. Molecular diameter of contaminants determines the 
strength of biochar sorption. Small molecules can penetrate to the micro and meso- 
pores of biochar, while larger molecules tend to adsorb on the biochar surface, that 
may block pores (Nguyen et al. 2007).

Thus, biochar can improve the physicochemical properties of degraded land and 
immobilize both organic and inorganic pollutants, based on feedstocks, production 
methods, application rates, soil types and age of biochars (Obia et al. 2016). Despite 
the immense benefits of biochar, it can also be harmful if it contains PAHs, chlori-
nated hydrocarbon, dioxin and heavy metals derived from carbonization tempera-
ture and feedstock chosen (Chagger et  al. 1998; Brown et  al. 2006; Singh et  al. 
2010b). Therefore, to remediate polluted soil by applying biochar emphasis should 
be given in selection of proper feedstock and pyrolysis condition.

Removal of contaminants from water is most commonly done by chemical pre-
cipitation employing hydroxide, sulfide, phosphate and carbonate (Sharma and 
Bhattacharya 2017). But it creates problem when the sludge produced during chem-
ical precipitation need to dispose. Biochar is a low cost sorbent for contaminants 
and pathogens, can absorb hydrocarbons, dyes, phenolics, pesticides, PAHs, antibi-
otics, inorganic metal ions. Potentiality of biochar as water purifier has been studied 
by many researchers (Klasson et al. 2013; Tong et al. 2011). Biochars obtained from 
straw and bamboo were reported to remove dyes from wastewater (Xu et al. 2011b; 
Yang et al. 2014), that were stable to light, oxidizing agents and aerobic digestion 
during conventional waste treatment. Xu et al. 2011b also documented efficiency of 
biochar derived from canola straw, peanut straw, soybean straw, and rice hulls to 
remove methyl violet from water.
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11.3  Factors Influencing the Efficacy of Biochar

A range of process conditions like the feedstock composition, temperature and heat-
ing rate during pyrolysis can be optimized to obtain diverse amounts and properties 
of biochars. The physiochemical properties of biochars contribute to their function 
as a tool for environmental management (Lehmann and Joseph 2009).

Feedstock materials and temperature duringpyrolysis mostly influence the nutri-
ent content in biochar. Screening Electron Micrograph (SEM) images of biochar 
material shows its resemblance with the composition of feedstock materials. Loss of 
nutrient during production is affected by the pyrolytic temperature. The concentra-
tion of nutrients like nitrogen reduces with increasing rate of pyrolytic temperature 
while, the availability of phosphorus increases. This nutrient content finally affects 
pH and electrical conductivity of the produced bichar (Chan and Xu 2009; Singh 
et al. 2010b). Maximum biochar yield obtained from low operational temperatures 
and low heating rate (Kwapinski et al. 2010). With increasing operational tempera-
ture, biochar yield decreases but the concentration of carbon increases. Biochar 
produced at high temperature have a high surface and also highly aromatic in nature 
that results it chemically recalcitrant (Keiluweit et  al. 2010; Chen et  al. 2011). 
Therefore, biochar produced at low temperature are considered to be more reactive 
in soil which have a less condensed carbon structure contributing soil fertility (Singh 
and Cowie 2008; Steinbeiss et al. 2009).

Higher reactivity of the biochar surfaces with soil particles is partly attributed to 
the presence of a range of reactive functional groups. Surface area of biochar 
increases with increasing HTT (High Heating Temperature) until it reaches the tem-
perature at which deformation occurs, resulting subsequent decrease in surface area. 
The fundamental physical changes that occur in biochar are all temperature depen-
dent. Heating rate and pressure affect the physical mass transfer of volatiles evolv-
ing at the given temperature from the reacting particles. Lua et al. (2004) reported 
that with increasing pyrolytic temperature from 250 °C to 500 °C, the Brunauer–
Emmett–Teller (BET) surface area of biochar also found to increase.

11.4  Constrains of Biochar Application

Research related to biochar and its application has developed with time and impor-
tant key findings were found related to agriculture, forestry, and global environ-
ment. More research in this field is required as the benefits vary from soil to soil and 
various other parameters like feedstocks, production of biochar, etc. Vaccari et al. 
(2015) reported that the effect of biochar on agricultural productivity also depended 
on plant species. Therefore, a synergetic effort is required to understand the limita-
tions in biochar applications and the problems related to its applications. In a study 
carried out by Anyanwu et al. (2018), it was reported that aged biochar has a nega-
tive effect on the growth of both earthwarm and fungi in soil ecosystem. Studies 
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also found that the aged biochar also led to reduction in underground root biomass 
of Oryza sativa and Solanum lycopersicum. Biochars also found to reduce the soil 
thermal diffusivity. In addition, an increase in weed growth was found with higher 
rate of biochar application. Khorram et al. (2018) found 200% increase in weed 
growth with an application rate of 15 t ha−1 of biochar. A delay in flowering of plant 
was also reported in some studies with addition of biochar.

In some cases, biochar also act as a soil contaminant due to the presence of some 
chemical compounds that may be form during the conversion processes. Studies are 
needed to see the presence of heavy metals and the plant-available organic com-
pounds on the biochar surface. According to some researchers, these compounds 
may act as a fungicide or bactericide on the other hand; some others reported that 
they can serve as carbon source for some microbes (Painter 2001; Ogawa 1994). 
Also to understand the long term effect of biochar, a long term field study should be 
done on different soil types using biochars. Lack of long term studies on biochar 
application limits the actual scenario where various natural parameters are active. 
Moreover, the cost related to the feedstock preparation, biochar production, trans-
portation and application is full of uncertainties that need to be clear.

There is also lack of a uniform system for the classification and governance 
regarding the commercialization of biochars for land and other applications. This 
will be helpful to the consumers in using biochar for various applications. The envi-
ronmental agencies of different locations can play an active role regarding this 
issue. No standard biochar rate for application is available for specific type of soil 
regarding specific result. There is also lack of a decision support system for choos-
ing a particular type and rate of biochar to fulfill a particular need. Mechanisms 
related to biochar-soil interaction are very complex and multiples assumptions have 
been made. In recent years, biochar is attracting a huge attention in the research 
field. The research outcome should be updated and make available for the benefit of 
people to apply on practical field.

11.5  Nano-biochar and Its Prospects

Biochar is gaining a huge attention in recent time from scientists, policymakers, 
farmers, and investors due to its properties that directly or indirectly helps human-
kind. Bulk biochar mostly applied for agronomic and environmental purposes. 
Recent studies found that generation of nano biochar (N-BC) from the physical 
degradation of bulk biochar (B-BC). Nano biochar is characterized by having a size 
smaller than 100 nm than the bulk biochar (Wang et al. 2013b; Chen et al. 2017). 
Due to its size, nano biochar have an excellent mobility both in soils and water and 
can act as a carrier particle for natural solutes and contaminants (Ahmad et al. 2014; 
Lian and Xing 2017). With increasing the application of biochar in soil, the degree 
of formation of nano biochar will increase. However, the knowledge on the forma-
tion of nano biochar particle is much limited. Some mechanisms that results in the 
formation of nano biochar are pore collapse and matrix fracturing during production 

P. Borah et al.



245

of biochar and also weathering process in the environment. The carbon matrixes 
that can be easily fragmentized are readily mineralized through various chemical 
and microbial processes (Lin et al. 2012; Warnock et al. 2007). Degradation and 
conversion of nano biochar from the bulk biochar can be against longevity of bio-
char within soil systems. Due to its size particle and mobility, the toxic effects of 
nano biochar is considered more than the bulk biochar (Wang et al. 2016). Exposure 
of nano biochar may also trigger risks to organisms in waters and soils. It is consid-
ered that hetero aggregation formation can prevent the vertical transport of these 
nano biochar in soil ecosystem and therefore weaken its negative effect.
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Chapter 12
Multifarious Benefits of Biochar 
Application in Different Soil Types

Umesh Pankaj

Abstract The extensive use of chemical fertilizers in agriculture have long term 
deleterious impact such as leading salinity, decline fertility of soil with fast growth 
of agricultural production and it is predicted that the fertilizer use to continue 
increase in the coming years. With current scenario, there has been keen interest on 
biochar, produced from various crop residues with multiple environmental applica-
tions such as soil amelioration, pollutants removal and carbon sequestration. Biochar 
has several unique properties like high alkaline pH, fixed carbon content, stability 
against decay, water holding capacity and cation exchange capacity, which makes it 
an efficient, cost-effective and environmentally-friendly material. Many study 
showed the effectiveness of biochar amendments in soil i.e. nutrient status improve-
ment, increases soil porosity, soil pH, soil moisture-holding capacity and boost the 
growth of beneficial plant growth promoting microbial community.

Keywords Biochar · Microbial abundance · Soil physio-chemical property · 
Nutrient improvement

12.1  Introduction

Over the last 30 years, the huge amount of chemical fertilizers use in agriculture 
resulted fast growth of agricultural production, and it is predicted that the fertilizer 
use to continue increase in the coming decades. In country like India and China, the 
excessive use of chemical fertilizers is a common practice to achieve high crop 
yield. Though, continuous use of chemical fertilizers for the intensive cropping not 
only enhance soil nutrients but also decrease the soil organic carbon (C) and other 
negative effects on soils such as leading acidification, deplete soil structure and soil 
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productivity (Ge et al. 2008). Rapid industrial development and increasing adaption 
of agro-chemical based crop production practices since green revolution have 
increased the persistent organic adulterations in the food chain. The uses of agro- 
chemical in soil are considerable costly and also produce a substantial amount of 
chemical residues. The Chinese Ministry of Agriculture has immediate stopped the 
over use of chemical fertilizer and proposed the plan “zero increment in chemical 
fertilizer until 2020” to reduce the consumption of chemical fertilizer. Therefore, 
the high effectiveness of fertilizer and alternate of chemical fertilizer is demanding 
(Singh et al. 2017a, b, 2019a, b; Vimal et al. 2018; Kumar et al. 2018; Singh 2019; 
Singh and Singh 2019; Vimal and Singh 2019). So, we should need to find the 
replacement or substitute of chemical fertilizer, which would be a cost effective, 
sustainable and wide range of applicability.

The actual use and management of agricultural residues, paddy or wheat straw, 
green manure and beneficial microbes have become a key focus of sustainable agri-
culture in recent years (Singh 2013, 2014, 2015, 2016; Singh and  Boudh 2016; 
Kumar et  al. 2017; Kumar and Singh 2017; Tiwari and Singh 2017). Biochar is 
considered as a stable form of organic carbon which improves the soil properties 
and also sequestrates carbon. Biochar considered as a promising solution with vari-
ous valuable properties (Joseph et al. 2010; Uras et al. 2012). Biochar can be formed 
from a numerous of agricultural biomass comprising straw, woody leftovers, ani-
mal manure, and other waste products. Its use can make available resourceful path 
for agricultural waste utilization. Due to its unique structure and composition, 
application of biochar can potentially enhanced the carbon sequestration, improve 
soil health, and lead to sustainable management of organic waste (Lehmann and 
Joseph 2009). Biochar can also improve the soil cation exchange capacity (CEC) 
(Zwieten et al. 2010), nutrient absorption (which prevents subsequent nutrient run-
off), water holding capacity (Laird et al. 2010; Schulz and Glaser 2012; Zhang et al. 
2013), and excessive soil acidification (Karami et al. 2011).

Biochar is a promising carbonaceous material and substitute to the activated car-
bon to remove various organic pollutants such as agrochemicals, polycyclic aro-
matic hydrocarbons (PAHs), volatile organic compounds (VOCs), polychlorinated 
biphenyls (PCBs), aromatic dyes and antibiotics (Beesley et al. 2010; Teixidó et al. 
2011; Xu et al. 2012; Zheng et al. 2010), and also a series of inorganic contaminants 
(e.g., heavy metals, ammonia, nitrate, phosphate, sulfide etc.) from aqueous, gas-
eous and/or solid phases (Ahmad et al. 2014; Jung et al. 2015; Oliveira et al. 2017). 
Biochar application to the soil gives many beneficial effects (Fig.  12.1) such as 
increase microbial respiration, crop yield, improve soil health, water holding capac-
ity etc. (Marjenah 1994; Yamato et al. 2006).
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12.2  Biochar Production from Organic Residue

Generally, biochar was produced in a muffle furnace that was equipped with a digital 
temperature regulator (detection accuracy <5 °C). Biochar was obtained from slow 
and/or fast pyrolysis of organic residue (manure, organic waste, bioenergy crops, crop 
residues) at around 400–600 °C for 8–12 h in oxygen-free or low- oxygen environment. 
After pyrolysis of the biomass, an average the production yield was approximately 
25–50% of the original biomass C remains in the biochar (Lehmann 2007). Under the 
pyrolysis process most of the Ca, Mg, K, P, and plant micronutrients, and about half of 
the N and S in the biomass feedstock are separated into the biochar fraction.

Major thermochemical technologies for biochar production include slow and fast 
pyrolysis, gasification, torrefaction, and hydrothermal carbonization (Kambo and 
Dutta 2015). Biochar yield greatly depends on adaption of pyrolysis type. Slow 
pyrolysis performed at longer residence time and at a moderate temperature 

Fig. 12.1 Multi-benefits of biochar application into poor physico-chemical property soil

12 Multifarious Benefits of Biochar Application in Different Soil Types



262

(350–550 °C) in absence of O2 results in higher yield of biochar (30%) than the fast 
pyrolysis (12%) or gasification (10%) (Inyang and Dickenson 2015). The various 
factors affecting the physicochemical properties of biochar during production are 
discussed in the following section.

During pyrolysis the organic agricultural residue (e.g. lignin, cellulose, hemicel-
lulose, fat, and starch) is thermally combusted and yielding three main products (i) 
biochar (solid fraction), (ii) bio-oil (partly condensed volatile matter), and (iii) non- 
condensable gases such as carbon monoxide (Co), carbon dioxide (CO2), methane 
(CH4) and hydrogen (H2) (Suliman et al. 2016). Furthermore, in biochar varying 
ratio of O/C and H/C is achieved by specific elimination of different elements (C, H, 
O) into gases and other volatile compounds (Brewer et  al. 2012). Essentially, in 
biochar the ratio of O/C and H/C is directly correlates with aromaticity, biodegrad-
ability, and polarity, which are extremely necessary properties for the exclusion of 
organic pollutants (Crombie et al. 2013). For example, while a biochar formed at 
higher temperature have lower H/C and O/C ratios as compared to lower tempera-
ture, demonstrating a steady increase in aromaticity and lower in polarity with 
increasing temperature (Suliman et al. 2016; Chen et al. 2016). Van Krevelen dia-
gram is widely used to understand the selective loss of elements (during dehydra-
tion and carbonization reactions) by comparing atomic ratios of H/C and O/C. Most 
of the biochars derived from various sources of feedstock’s have decrease ratios of 
the H/C and O/C due to the removal of H and O atoms during pyrolysis. However, 
the stability of any biochar depends on high aromaticity and carbon content 
(Windeatt et al. 2014). Besides, atomic ratios some other factors like pH and tem-
perature also have a major effect on biochar properties. Some researchers had estab-
lished the relation of biochar high pH with increasing pyrolysis temperature 
(>500 °C) due to the enrichment of ash content (Table 12.1); greater hydrophobicity 
and aromaticity, and higher surface area (Windeatt et  al. 2014; Keiluweit et  al. 
2010). Above mentioned all the properties of biochar make a good candidate for 
highly responsive for removal of organic pollutants. Biochar is act as a zwitterionic 
which comprises of both positively and negatively charged surfaces (Tan et  al. 
2017). The negatively charged surface is attracting the cations and influencing the 
cation exchange capacity (CEC) of soils (Lawrinenko 2014). When pyrolysis was 

Table 12.1 Properties of different biochar from the various organic residues

Biochar type pH
Density 
(g cm−3)

Ash content 
(%)

Fixed carbon 
(%) References

Rice straw 9.0 0.13 23.0 51.8 Li-li et al. (2017)
Bamboo 8.6 0.56 11.9 69.0 Li-li et al. (2017)
Swine manure 8.4 – 32.5 17.7 Cantrell et al. (2012)
Mulberry 
wood

10.2 – 7.5 37.5 Zama et al. (2017)

Maize straw 9.8 0.40 59.1 Luo et al. (2017)
Peanut shell 7.0 – 7.0 32.5 Zama et al. (2017)
Oak biochar 10.2 – 3.49 68.2 Teutscherova et al. 

(2018)
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done below 500 °C temperature aids incomplete carbonization resulted smaller pore 
size biochar formed, lower surface area and greater O-containing functional groups 
(Lu et al. 2014), which make biochar highly responsive for elimination of inorganic 
pollutants due to enlarged ionic interactions through interface with O-containing 
functional groups.

12.3  Effect of Biochar on Soil Microbial Abundance

Microorganisms are present in environment (soil, water, air) and interact with 
human, plant, animal and neighbouring organism. These microbes also regulate the 
soil nutrients mobilization, uptake and plant metabolisms. So, it is essential atten-
tion to truthfully profiling and also compares the composition of the populations 
they form. The one of the most important approach for microbial community profil-
ing is by classification of PCR amplicon sequences from the small subunit ribo-
somal RNA gene (i.e., the 16S rRNA gene of bacteria and archaea). This method is 
also useful to introduce biases in microbial composition estimation due to variations 
in 16S rRNA gene copy numbers per genome. The other most common approach 
for determination of soil microbial abundance and community composition is phos-
pholipid fatty acid (PLFA) analysis (Zhang et al. 2015). The quantitative realtime 
PCR and Illumina MiSeq sequencing method outcomes revealed that the bacterial 
abundances and diversity increased with biochar addition (Chen et al. 2013; Yao 
et al. 2017). A study revealed that the abundance of microbial PLFAs (Gram-positive 
bacteria, Gram-negative bacteria, actinobacteria and fungi) in biochar amended soil 
was higher as compared to un-amended soils. The ratios of bacteria/fungi and 
monounsaturated/branched PLFAs were significantly correlated with the volumet-
ric soil water content, porosity, or computed effective oxygen diffusion coefficients 
under biochar amended soil.

Several reports are available in which the biochar has both positive and nega-
tive impact on microbial community and abundance. Biochar can significantly 
influencing the soil microbial communities and abundance (Grossman et  al. 
2010; Jindo et al. 2012; Lehmann et al. (2011), possibly varying the activity of 
advantageous soil microorganisms and nutrient cycles (Bruun et al. 2014). One 
of the advantageous aspects that biochar pores are provide habitat for microor-
ganisms such as mycorrhizae and bacteria that also obtain their metabolic needs 
from these micro- habitats (Lehmann et al. 2011). Biochar surface contained the 
labile soil organic matters which favours the microbial growth and activity, con-
sequently lead to microbial abundance, microbial activity and mineralization 
(Wardle et al. 2008; Ameloot et al. 2013). Valuable effects of biochar amendment 
on crop yield have been documented (Yamato et al. 2006; Jeffery et al. 2011), 
however broad analysis is needed on soil microbial community and abundance 
because soil microorganisms play a key role in nutrient cycling and provide thus 
an important ecosystem service (Costanza et al. 1987). Due to biochar pore size 
is very small below 5 mm in diameter (Glaser 2007) it protect microorganism 
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from predator such as nematodes, mites, protozoan, collembolans and main-
tained the microbial diversity (Warnock et  al. 2007; Swift et  al. 1979; Wright 
et al. 1995). Contrary to this, some reports are present the negative effect of bio-
char on microorganism (Graber et al. 2010) due to reduction in reproduction rate. 
Arbuscular mycorrhizal fungi (AMF) plays a major role in soil aggregation, pro-
vide essential nutrient phosphorus to the plant, sequestration of soil carbon and 
nitrogen under different stress condition like droughts and saline or sodic soil 
(Wilson et al. 2009). However, some reports are described the AMF abundance 
decreased with the addition of biochar (Warnock et al. 2010; George et al. 2012) 
while, others reports reflects had no significant role of AMF and microbial abun-
dance and biomass (Chan et al. 2008; Durenkamp et al. 2010). Zheng et al. (2016) 
also found that biochar addition increased the bacterial diversity and changes in 
bacterial community composition in drylands, while under paddy soil it did not 
alter the microbial community structure (Tian et al. 2016). However, until now, 
few reports have been available on the changes in the soil microbial community 
with biochar addition. The possible reason behind no changes in microbial abun-
dance and biomass is biochar were not equally spread across different functional 
groups and allow to dominate or diminish soil environment might cause some 
microorganisms to become competitively dominant only specific group of micro-
organisms (Kuppusamy et  al. 2016). Another logic given by Warnock et  al. 
(2010), that organic pyrolytic product (phenolics and polyphenolics) are respon-
sible for the reduction in microbial community and their abundance. Biohar and 
soil type is also responsible for increasing and/or decreasing the microbial com-
munity (Jones et al. 2012; Galvez et al. 2012; Lehmann et al. 2011). One of the 
important property of biochar is explored by Qui et al. (2009), in which harmful 
chemical secreted by plant or other organisms (allelochemicals) are detoxify by 
application of biochar consequently improved the plant growth promoting rhizo-
bacteria (Paenibacillus sp., Rhizobium sp., Bradyrhizobium sp., Pseudomonas 
sp. etc.) and mycorrhizae (mainly arbuscular, ericoid and ectomycorrhiza) 
growth. Biochar have many O-bearing functional groups which involve in sorp-
tion of dissolved organic compounds, simple organic compounds, and ammo-
nium ions, provide favorable microbial habitat (Thies and Rilling 2009; Wardle 
et al. 2008) and responsible for necessary changes in microbial activity.

12.4  Effect of Biochar on Soil Enzyme Activity

Soil enzyme activity is considered as a most important indicator of soil health. 
The biochar application had significant long and short term impact on soil enzyme 
and nutrient cyclic were reported. Biochar is influence the intra and extracellular 
enzymes activity of the organism in the different soil system like normal and 
stressed soil. One of the intracellular enzyme i.e. dehydrogenase in a soil have 
role in respiratory processes and strongly correlated with organic carbon avail-
ability (Teutscherova et al. 2018). Though, biochar had pH enhancing property it 

U. Pankaj



265

affects the activity of soil dehydrogenase enzyme by adding labile carbon for 
neutralizing the acid pH under degraded acid soil. Likewise, β-glucosidase is 
known for the catalyzing cellulose degradation in the final step of glucose release. 
On addition of biochar the β-glucosidase enzyme activity observed higher and/or 
decreased. The other hydrolases enzymes such as β-glucosaminidase, phospha-
tase and urease are involved in soil organic carbon transformation and nutrient 
cycling (Teutscherova et al. 2018). Urease enzyme have role in the transformation 
of soil organic nitrogen into available inorganic nitrogen and had no significant 
relation with biochar application because the feedstock type, pyrolysis condi-
tions, production method, application rate, and soil types are the governing fac-
tors that will influence the nitrogen cycling and urease activity in the soil (Zheng 
et al. 2019). Invertase enzyme also plays crucial role in improving soluble nutri-
ents in the soil, providing sufficient energy for the soil organisms and increased 
the activity with addition of biochar. The possible mechanism is biochar increases 
enzyme activity by enhancing the soil organic matter, microbial activity, and 
microbial biomass or through co-location of enzymes and their interaction with 
biochar surface (Zheng et al. 2019).

12.5  Effect of Biochar on Soil Physico-chemical Properties

Soil physico-chemical properties play an important role in plant and microbial 
growth and development. Biochar amendments can changes soil physico-chemi-
cal and biological properties such as reduce bulk density increased water holding 
capacity (retain plant available water), cation exchange capacity and favour the 
soil microbial activities. The changes in physical properties of soil are also 
depends on feedstock type, rate of application, type of biochar and interaction 
time of biochar with soil (Chaganti et al. 2015). It was well documented that the 
biochar had high porosity, high inner surface area and large number of micro-
pores, which create a better environment for plant root growth, nutrient capture 
and air porosity (Zheng et al. 2019). Biochar application efficiently improves the 
soil fertility and crop productivity and also directly related to improvements in 
soil characteristics due to the high cation exchangeable capacity, surface area, 
and nutrient contents of biochar (Major et  al. 2010). Under sandy loamy soil, 
biochar application considerably reduced clay dispersion and aggregate disinte-
gration and increased in filtration rate (Abrol et al. 2016). Additionally, biochar 
also support the building processes of the soil structure via indirect mechanism, 
such as providing habitat for soil microorganisms and enzyme activities. The 
effects of biochar on the growth, nutrient uptake and soil properties are summa-
rized in Table 12.2. On the other hand, under salt affected soil biochar is reduces 
the Na toxicity to the plant because the accumulation of sodium (Na+) and also 
improved the K+: Na+ ratio through enhancing potassium (K+) availability to plant 
(Saifullah et al. 2018).
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12.6  Biochar for Improvement of Soil Nutrient Status

Nutrient retaining in soil for long time become a great interest of researchers 
because nutrient runoff, erosion and the leaching not only degrade soil quality but 
also adversely impact the quality of water in streams and reservoirs. Biochar have 
unique physical property to retain various nutrients in their pores and returns most 
of nutrients to the soils from which they came. Biochar also have the capability to 
increases the capacity of soils to adsorb essential plant nutrients (Liang et al. 2006; 
Cheng et al. 2008) thus reducing runoff or losses of nutrients. During formulation 
of biochar (pyrolysis) the most of essential plant nutrient such as Ca, Mg, Zn, K, P, 
and about half of the nitrogen and sulphur in the biomass feedstock are partitioned 
into the biochar fraction. Indeed, many reports are presented on biochar amendment 
increased the crop yield simultaneous improve the water holding capacity and nutri-
ent use efficiency (Iswaran et  al. 1980; Kishimoto and Sugiura 1985; Marjenah 
1994; Yamato et al. 2006). The mechanisms of nutrients immobilization by biochars 
include (1) physical trapping of nutrients within pores of biochars, (2) direct elec-
trostatic interactions between cationic nutrients and negatively charged carbon sur-
faces, (3) ionic exchange between nutrients ions and ionisable protons at the surface 
of acidic carbon, (4) specific binding of nutrients by surface ligands (functional 
groups) abundant on biochar surfaces, (5) reaction with mineral impurities (ash) and 
basic nitrogen groups (e.g. pyridine) of carbonaceous materials, (6) forming hydrox-
ides, carbonates and/or various phosphate-involved precipices and (7) redox reac-
tions with biochar along with sportive reactions (Li et al. 2018). In contrast, some 
reports found a decrease in microbial activity after biochar application (Qin et al. 

Table 12.2 Multifarious role of biochar application under different soil type

Type of biochar 
application Soil type Advantage References

Corn stalk Silty clay Reduce the nitrogen contamination of 
ground water.
Changes in microbial community

Sun et al. (2018)

Holm oak Acrisol 
Calcisol

Enhance dehydrogenase & urease activity
Enhance aggregates stability

Teutscherova et al. 
(2018)

Manure compost Salt 
affected 
soil

Increases in nutrient content (especially 
Ca, Mg, K, N & P)

Lashari et al. 
(2015)

Peanut shell Salt 
affected 
soil

Improve soil organic C Bhaduri et al. 
(2016)

Hardwood Sodic soil Reduce sodium uptake by Plants Akhtar et al. 
(2015)

Beech, hazel, oak, 
birch

Saline/
sodic

Reduce Na+ uptake, & leaching of K+ and 
NH4

+

Di Lonardo et al. 
(2017)

Peanut shell Salt 
affected 
soil

Improve soil health
Enhance nutrient availability
Elevated bacterial activities & abundances 
related to nutrient transformations

Zheng et al. 
(2017)
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2010). These contrasting results could be related to changes in soil moisture, pH, 
and nutrient dynamics caused by the chemical components of the different types of 
biochar used (Table 12.3). Biochar had also good impact on soil respiration and soil 
microbial biomass (Zheng et al. 2019).

12.7  Conclusions

The problem of the depletion of agricultural land as a result of the pressure caused 
by the ever-growing population necessitated the sustainable practice of crop pro-
duction. Biochar application is a unique sustainable approach, which has a signifi-
cant potential to address number of environmental issues and good way to reduce 
chemical fertilizer use. Under field condition the biochar is a suitable candidate for 
the improvement of soil physio-chemical properties, microbial abundance and com-
position. However, biochar amendment to agricultural land had various effects on 
soil nutrient composition; changes in soil pH significantly, improving soil fertility, 
input of organic carbon and nitrogen contents. Several reports available on biochar 
application significantly reduced the soil bulk density, increased water holding 
capacity, cation exchange capacity, surface area, and the retention of various essen-
tial nutrients like N, P, K, Mg, Ca and several other plant nutrients.
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