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Preface

Climate change, water scarcity, soil degradation, and greenhouse gas (GHG) emis-
sion are the major challenges for food security. The world’s population is expected to
reach 9 billion by 2050, which will require an increase of more than 50% in agricul-
tural food supply to meet the growing demand. Throughout the world, agricultural 
crop residue is usually handled as a liability, often because the means to transform
it into an asset are lacking. Concerns regarding global warming and food security
have led to a surge in interest in the management of crop residues to increase carbon
sequestration and grain yield in agriculture. Crop residue burning has become a
major environmental problem causing health issues as well as contributing to global 
warming and the degradation in soil health. India, being an agriculture-dominant
country and the second largest agro-based economy with year-round crop cul-
tivation, produces a large amount of agricultural waste. According to the Indian
Ministry of New and Renewable Energy, India generates on an average 500 million
tons of crop residue per year. In the absence of adequate sustainable management
practices, approximately 92 metric tons of crop waste are burned every year in
India, causing excessive particulate matter emissions and air pollution. Biochar
offers the opportunity to provide a sustainable solution to mitigate these issues.

Soil organic carbon (SOC) content, which plays an important role in soil sustain-
ability, is a key indicator of soil fertility. SOC is the basis of soil fertility. It releases
nutrients for plant growth, promotes the structural, biological, and physical health
of soil, and is a buffer against harmful substances. The main source of SOC in crop-
land is crop residue; therefore, crop residue amendment is considered one of the
most important management practices in maintaining soil fertility. Efficient use of
biomass by converting it to a useful source of soil amendment is one way to improve
soil fertility. Agriculture is a major source of GHG emissions globally. Increased use
of production inputs, such as mineral fertilizer, has made agriculture more GHG 
intensive. Rising concentration of the GHG carbon dioxide in the atmosphere is a
major anthropogenic cause of climate change. The changing climate impacts society
and ecosystems in many harmful ways.

To increase carbon sequestration, farmers can use biochar, which is the pyrolyzed 
product of the thermal degradation of organic materials in the absence of oxygen
and is distinguished from charcoal by its use as a soil amendment. Over the past
few years, pyrolyzed organic carbon has received much attention from research-
ers because of the possible benefits arising from soil quality and crop yields. It is
a unique substance that retains exchangeable and plant-available nutrients in the
soil, improving crop yields while decreasing environmental pollution by nutrients. 
Biochar is an effective means to withdraw carbon dioxide from the atmosphere and 
consequently influence the trend of global climate change. The physical structure of
biochar improves soil fertility by decreasing soil tensile strength and bulk density. 
Biochar also acts as a soil aggregate, which provides a habitat for microorganisms. 
Additionally, the porosity of biochar improves nutrient and water retention in
soils thereby improving agronomic efficiency and increasing yields. It has often
been referred to, not only as one of the possible means for enhancing soil fertility, 
but as black gold for agriculture as well. If the fertility or nutrient status of soil 
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is increased, it leads to an increase in crop production and plays a significant role 
in maintaining soil quality and health. It offers not only an attractive solution for 
reducing air pollution from the open burning of crop residues, but is also a favor-
able sustainable model for reutilizing agricultural wastes.

This book attempts to gather and discuss the information and technologies devel-
oped for biochar production and its application to agriculture. The emphasis in this 
endeavor is on the use of biochar in agriculture for improving soil health, crop pro-
ductivity, and GHG mitigation. This book contains chapters that look at outcomes 
of biochar research being conducted in different parts of India, and the potential 
benefits of biochar use in improving soil health, crop productivity, and in mitigat-
ing climate change through reduction in emission of GHGs and carbon sequestra-
tion. Biochar has great potential for improving soil fertility and crop productivity.

We are thankful to the authors who are experts in their respective fields, and who 
have written a comprehensive and valuable resource for researchers, academicians, 
and students interested in gaining knowledge of role of biochar in the field of 
agricultural sustainability.

Last but not the least, we acknowledge wholeheartedly IntechOpen for publishing 
this book for the benefit of the agricultural fraternity.

Vikas Abrol and Peeyush Sharma
Division of Soil Science and Agricultural Chemistry,

Sher-e-Kashmir University of Agricultural Sciences and Technology,
India
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Chapter 1

Biochar: A Sustainable Approach 
for Improving Plant Growth and 
Soil Properties
Jyoti Rawat, Jyoti Saxena and Pankaj Sanwal

Abstract

Soil is the most important source and an abode for many nutrients and micro-
flora. Due to rapid depletion of agricultural areas and soil quality by means of 
ever-increasing population and an excessive addition of chemical fertilizers, a 
rehabilitated attention is a need of the hour to maintain sustainable approaches in 
agricultural crop production. Biochar is the solid, carbon-rich material obtained 
by pyrolysis using different biomasses. It has been widely documented in previous 
studies that, the crop growth and yield can be increased by using biochar. This 
chapter exclusively summarizes the properties of biochar, its interaction with soil 
microflora, and its role in plant growth promotion when added to the soil.

Keywords: biochar, pyrolysis, soil microflora, nutrients, plant growth promotion

1. Introduction

Crop growth and productivity are strongly influenced by various biotic and abiotic 
stresses such as pests, weeds, drought, high salinity, extreme temperature, etc. and 
the soil quality [1]. Soil is also contaminated by heavy metals through various human 
activities [2], which affect plant growth and development and ultimately brings low 
yielding cropping systems. Mining is one of the important sources of heavy metal con-
tamination in soil [3, 4]. The strength of soil is directly related to nutrient availability. 
Plants require a number of soil nutrients like nitrogen (N), phosphorus (P), and potas-
sium (K) for their growth, but soil nutrient levels may decrease over time after crop 
harvesting, as nutrients are not returned to the soil. In India, the soil of many regions is 
not only deficient in macronutrients like NPK but also in secondary nutrients  
(e.g. sulfur, calcium, and magnesium) and micronutrients (e.g. boron, zinc, copper, 
and iron) [5]. Thus, to fulfill the shortage, a large amount of chemical fertilizers is 
added to the soil; however, only a small percent of water-soluble nutrients are taken up 
by the plants and the rest are converted into insoluble forms, making continuous appli-
cation necessary. Finally, the extensive use of chemical fertilizers has led to the dete-
rioration of the environment causing infinite problems. It not only lowers the nutrient 
composition of the crops but also degrades the soil fertility in the long run [6, 7].

Besides fertilizers, pesticides are also the basic evil for agriculture, and the adverse 
effects of pesticides on the environment are truly responsible for influencing the 
microbial properties of soil. High inputs of fertilizers and pesticides and their long 
persistence in the soil adversely affect the soil microflora, thereby disturbing soil 
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health and significantly reducing the total bacterial and fungal biomass [8]. Due to 
long-term treatment with inorganic fertilizers (N and NPK) and/or organic manures, 
a shift in structural diversity and dominant bacterial groups in agricultural soils has 
been recorded by Wu et al. [9]. Biofertilizers, on the other hand, can reenergize the 
soil by improving the soil fertility and hence can be used as a powerful tool for sus-
tainable agriculture, rendering agro-ecosystems more stress-free. Additionally, the 
application of organic amendments to soils, from a remedial point of view, has typi-
cally been justified by their relatively low cost, which normally requires other forms 
of disposal (burial in a landfill, incineration, etc.). Soil amendments must possess 
properties such as high binding capacity and environmental safety and should have 
no negative effect on the soil structure, soil fertility, or the ecosystem on the whole 
[10]. The use of biochar has been accepted as a sustainable approach and a promising 
way to improve soil quality and remove heavy-metal pollutants from the soil [11].

Biochar is a carbon-rich organic material, an organic amendment, and a 
by-product derived from biomass by pyrolysis under high-temperature and low-
oxygen conditions. Biochar is produced through a process called pyrolysis, which 
basically involves heating of biomass (such as wood, manure, or leaves) in complete 
or almost complete absence of oxygen, with oil and gas as co-products. However, 
the quantity of these materials produced depends on the processing conditions. 
Recently, it has been reported that biochar obtained from the carbonization of 
organic wastes can be a substitute that not only influences the sequestration of soil 
carbon but also modifies its physicochemical and biological properties [12, 13].

Biochar has the potential to produce farm-based renewable energy in an eco-
friendly way. Specifically, the quality of biochar depends on several factors, such as 
the type of soil, metal, and the raw material used for carbonization, the pyrolysis 
conditions, and the amount of biochar applied to the soil [14]. In addition, the 
biochar amendment to the soil proved to be beneficial to improve soil quality and 
retain nutrients, thereby enhancing plant growth [15]. Since biochar contains 
organic matter and nutrients, its addition increased soil pH, electric conductivity 
(EC), organic carbon (C), total nitrogen (TN), available phosphorus (P), and the 
cation-exchange capacity (CEC) [16]. Earlier, Verheijen et al. [17] reported that the 
biochar application affected the toxicity, transport, and fate of various heavy metals 
in the soil due to improved soil absorption capacity. The presence of plant nutrients 
and ash in the biochar and its large surface area, porous nature, and the ability to act 
as a medium for microorganisms have been identified as the main reasons for the 
improvement in soil properties and increase in the absorption of nutrients by plants 
in soils treated with biochar [18]. Chan et al. [19] reported that biochar application 
decreased the tensile strength of soil cores, indicating that the use of biochar can 
reduce the risk of soil compaction. A lot has already been discussed on the benefits 
of inoculation of rhizobacteria in soil, but the addition of biochar can also provide 
more nutrients to the soil, thus benefiting the agricultural crops. The mixing of the 
plant growth-promoting microorganisms with biochar was referred to as the best 
combination for growth and yield of French beans by Saxena et al. [20].

Addition of biochar in the soil can be extremely useful to improve the soil 
quality, as well as to stimulate the plant growth, and thus, biochar can play an 
important role in developing a sustainable system of agriculture. Several uses and 
positive effects of biochar amendment have currently been considered as an effec-
tive method to reclaim the contaminated soil [21] and to achieve high crop yields 
without harming the natural environment. The positive influence of biochar on 
plant growth and soil quality suggests that using biochar is a good way to overcome 
nutrient deficiency, making it a suitable technique to improve farm-scale nutrient 
cycles. Therefore, a complete focus is been made to explore the positive effects of 
biochar amendment on soil stability and plant growth promotion.
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2. Biochar production and properties

Biochar is made up of elements such as carbon, hydrogen, sulfur, oxygen, and 
nitrogen as well as minerals in the ash fraction. It is produced during pyrolysis, a 
thermal decomposition of biomass in an oxygen-limited environment. Biochar is 
black, highly porous, and finely grained, with light weight, large surface area and 
pH, all of which have a positive effect on its application to soil. To address the major 
concern on quality of agricultural soil degradation, biochar is applied to the soil in 
order to enhance its quality. Biochar is stabilized biomass, which may be mixed into 
soil with intentional changes in the properties of the soil’s atmosphere to increase 
crop productivity and to mitigate pollution. The raw material (biomass) used and 
processing parameters dictate the properties of the biochar.

2.1 Biomass as a raw material

A wide range of organic materials are suitable as feedstock for the produc-
tion of biochar. Biochar can be produced with raw materials such as grass, cow 
manure, wood chips, rice husk, wheat straw, cassava rhizome, and other agricul-
tural residues [22, 23]. It was reported that the production of biochar with high 
nutrients depends on the type of raw material used and pyrolysis conditions [24]. 
Biochar is produced from the residual biomasses such as crop residues, manure, 
wood residues, and forests and green wastes using modern pyrolysis technology. 
Agricultural wastes (bark, straw, husks, seeds, peels, bagasse, sawdust, nutshells, 
wood shavings, animal beds, corn cobs and corn stalks, etc.), industrial wastes 
(bagasse, distillers’ grain, etc.), and urban/municipal wastes [25, 26] have been 
extensively used, thus also achieving waste management through its production 
and use [27].

Feedstocks currently used on a commercial scale include tree bark, wood chips, 
crop residues (nut shells, straw, and rice hulls), grass, and organic wastes including 
distillers’ grain, bagasse from the sugarcane industry, mill waste, chicken litter, 
dairy manure, sewage sludge, and paper sludge [28–30]. A 40 wt.% yield of biochar 
from maize stover was obtained by Peterson et al. [31].

The biomass used for the production of biochar is mainly composed of cellulose, 
hemicellulose, and lignin polymers [32]. Among these, cellulose has been found to 
be the main component of most plant-derived biomasses, but lignin is also impor-
tant in woody biomass.

2.2 Biochar production

Biochar can be manufactured on a small scale using low-cost modified stoves 
or kilns or through large-scale, cost-intensive production, which utilizes larger 
pyrolysis plants and higher amounts of feedstocks. Biochar is produced from 
several biomass feedstocks through pyrolysis as discussed above, generating oil 
and gases as by-products [33]. The dry waste obtained is simply cut into small 
pieces to less than 3 cm prior to use. The feedstock is heated either without oxygen 
or with little oxygen at the temperatures of 350–700°C (662–1292°F). Pyrolysis is  
generally classified by the temperature and time duration for heating; fast pyrolysis  
takes place at temperatures above 500°C and typically happens on the order of 
seconds (heating rates ≥ 1000°C/min). This condition maximizes the genera-
tion of bio-oil. Slow pyrolysis, on the other hand, usually takes more time, from 
30 min to a few hours for the feedstock to fully pyrolyze (heating rates ≤ 100°C/min)  
and at the same time yields more biochar. The temperature range remains 
250–500°C [34].
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the quantity of these materials produced depends on the processing conditions. 
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tive method to reclaim the contaminated soil [21] and to achieve high crop yields 
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plant growth and soil quality suggests that using biochar is a good way to overcome 
nutrient deficiency, making it a suitable technique to improve farm-scale nutrient 
cycles. Therefore, a complete focus is been made to explore the positive effects of 
biochar amendment on soil stability and plant growth promotion.

5

Biochar: A Sustainable Approach for Improving Plant Growth and Soil Properties
DOI: http://dx.doi.org/10.5772/intechopen.82151

2. Biochar production and properties

Biochar is made up of elements such as carbon, hydrogen, sulfur, oxygen, and 
nitrogen as well as minerals in the ash fraction. It is produced during pyrolysis, a 
thermal decomposition of biomass in an oxygen-limited environment. Biochar is 
black, highly porous, and finely grained, with light weight, large surface area and 
pH, all of which have a positive effect on its application to soil. To address the major 
concern on quality of agricultural soil degradation, biochar is applied to the soil in 
order to enhance its quality. Biochar is stabilized biomass, which may be mixed into 
soil with intentional changes in the properties of the soil’s atmosphere to increase 
crop productivity and to mitigate pollution. The raw material (biomass) used and 
processing parameters dictate the properties of the biochar.

2.1 Biomass as a raw material

A wide range of organic materials are suitable as feedstock for the produc-
tion of biochar. Biochar can be produced with raw materials such as grass, cow 
manure, wood chips, rice husk, wheat straw, cassava rhizome, and other agricul-
tural residues [22, 23]. It was reported that the production of biochar with high 
nutrients depends on the type of raw material used and pyrolysis conditions [24]. 
Biochar is produced from the residual biomasses such as crop residues, manure, 
wood residues, and forests and green wastes using modern pyrolysis technology. 
Agricultural wastes (bark, straw, husks, seeds, peels, bagasse, sawdust, nutshells, 
wood shavings, animal beds, corn cobs and corn stalks, etc.), industrial wastes 
(bagasse, distillers’ grain, etc.), and urban/municipal wastes [25, 26] have been 
extensively used, thus also achieving waste management through its production 
and use [27].

Feedstocks currently used on a commercial scale include tree bark, wood chips, 
crop residues (nut shells, straw, and rice hulls), grass, and organic wastes including 
distillers’ grain, bagasse from the sugarcane industry, mill waste, chicken litter, 
dairy manure, sewage sludge, and paper sludge [28–30]. A 40 wt.% yield of biochar 
from maize stover was obtained by Peterson et al. [31].

The biomass used for the production of biochar is mainly composed of cellulose, 
hemicellulose, and lignin polymers [32]. Among these, cellulose has been found to 
be the main component of most plant-derived biomasses, but lignin is also impor-
tant in woody biomass.

2.2 Biochar production

Biochar can be manufactured on a small scale using low-cost modified stoves 
or kilns or through large-scale, cost-intensive production, which utilizes larger 
pyrolysis plants and higher amounts of feedstocks. Biochar is produced from 
several biomass feedstocks through pyrolysis as discussed above, generating oil 
and gases as by-products [33]. The dry waste obtained is simply cut into small 
pieces to less than 3 cm prior to use. The feedstock is heated either without oxygen 
or with little oxygen at the temperatures of 350–700°C (662–1292°F). Pyrolysis is  
generally classified by the temperature and time duration for heating; fast pyrolysis  
takes place at temperatures above 500°C and typically happens on the order of 
seconds (heating rates ≥ 1000°C/min). This condition maximizes the genera-
tion of bio-oil. Slow pyrolysis, on the other hand, usually takes more time, from 
30 min to a few hours for the feedstock to fully pyrolyze (heating rates ≤ 100°C/min)  
and at the same time yields more biochar. The temperature range remains 
250–500°C [34].
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The type of biochar produced depends on two variables: the biomass being 
used and the temperature and rate of heating. High and low temperatures have 
an unequivocal effect on char yields. It has been noticed that at low temperature 
(<550°C), biochar has an amorphous carbon structure with a lower aromaticity 
than the biochar produced at high temperature [35]. High temperature leads to 
lower char yield in all pyrolysis reactions [36]. Peng et al. [37] reported the effect of 
charring duration on the yield of biochar; yield showing a decrease with increasing 
duration at the same temperature. The pyrolysis process seriously affects the quality 
of biochar and its potential value to agriculture in terms of agronomic performance 
or in carbon sequestration. The yield of biochar from slow pyrolysis of biomass has 
been stated to be in the range of 24–77% [38, 39] (Figure 1). The pyrolysis process 
can be shown as follows:

  Biomass  (Solid)  → Biochar + Liquid or oil  (tars, water, etc.)   
 + Volatile gases  ( CO  2  , CO,  H  2  )   (1)

2.3 Physical, chemical and biological properties of biochar

Biochar is a stable form of carbon and can last for thousands of years in the soil 
[40]. It is produced for the purpose of addition to soil as a means of sequestering 
carbon and improving soil quality. The conditions of pyrolysis and the materials 
used can significantly affect the properties of biochar. The physical properties of 
biochar contribute to its function as a tool for managing the environment. It has 
been reported that when biochar is used as a soil amendment, it stimulates soil fer-
tility and improves soil quality by increasing soil pH, increasing the ability to retain 
moisture, attracting more useful fungi and other microbes, improving the ability of 

Figure 1. 
Biochar production from different biomasses.
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cation exchange, and preserving the nutrients in the soil [41]. Biochar reduces soil 
density and soil hardening, increases soil aeration and cation-exchange capacity, 
and changes the soil structure and consistency through the changes in physical and 
chemical properties. It also helps to reclaim degraded soils. It has shown a greater 
ability to adsorb cations per unit carbon as compared to other soil organic matters 
because of its greater surface area, negative surface charge, and charge density [42], 
thereby offering the possibility of improving yields [43]. Samples with a sufficient 
amount of stable carbon can be added to the soil to be sequestered; a high sorption 
surface of biochar can characterize it as a soil additive, competent of halting risk 
elements in soil.

The physical characteristics of biochar are directly and indirectly related to how 
they affect soil systems. Soils have their own physical properties depending on the 
nature of mineral and organic matter, their relative amounts, and how minerals 
and organic matter are related. When biochar is present in the soil mixture, its 
contribution to the physical nature of the system is significant, affecting the depth, 
texture, structure, porosity, and consistency by changing the surface area, pore and 
particle-size distribution, density, and packing [44]. The influence of biochar on 
physical properties of soil directly affects the growth of plants, since the depth of 
penetration and accessibility of air and water in the root zone is determined mainly 
by the physical composition of the soil horizons. This affects the soil’s response to 
water, its aggregation, and work ability in soil preparation, dynamics, and perme-
ability when swelling, as well as the ability to retain cations and response to changes 
at ambient temperature. The smaller the pores on biochar, the longer they can retain 
capillary soil water. The addition of biochar can reduce the effects of drought on 
crop productivity in drought-affected areas due to its moisture-retention capacity. 
It has been shown that it eliminates soil constraints that limit the growth of plants, 
and neutralizes acidic soil because of its basic nature [45]. Carbon dioxide and 
oxygen occupy air-filled spaces on the pores of biochar or can be chemosorbed on 
the surface. As biochar can contain nutrients, microorganisms, and syngases, it can 
also retain fertilizers in the soil longer than other soils and prevent it from leaching 
into water sources such as rivers and lakes.

As far as its chemical properties are concerned, biochar reduces soil acidity by 
increasing the pH (also called the liming effect) and helps the soil to retain nutri-
ents and fertilizers [46]. The application of biochar improves soil fertility through 
two mechanisms: adding nutrients to the soil (such as K, to a limited extent P, and 
many micronutrients) or retaining nutrients from other sources, including nutri-
ents from the soil itself. However, the main advantage is to retain nutrients from 
other sources. In most cases, the addition of biochar only has a net positive effect 
on the growth of crops if nutrients from other sources, such as inorganic or organic 
fertilizers, are used. Biochar increases the availability of C, N, Ca, Mg, K, and P to 
plants, because biochar absorbs and slowly releases fertilizers [47]. It also helps to 
prevent fertilizer drainage and leaching by allowing less fertilizer use and reducing 
agricultural pollution in the surrounding environment [48]. Biochar alleviates the 
impact of hazardous pesticides and complex nitrogen fertilizers from the soil, thus 
reducing the impact on the local environment.

Good healthy soil should include a wide and balanced variety of life forms, 
including bacteria, fungi, protozoa, nematodes, arthropods, and earthworms. 
Recently, biochar has been reported to increase the microbial respiration of the soil 
by creating space for soil microbes [49], and in turn the soil biodiversity and soil 
density increased. Biochar also served as a habitat for extra-radical fungal hyphae 
that sporulated in micropores due to lower competition from saprophytes and 
therefore served as an inoculum for arbuscular mycorrhizal fungi [50]. It is  
believed that biochar has a long average dwelling time in soil, ranging  
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chemical properties. It also helps to reclaim degraded soils. It has shown a greater 
ability to adsorb cations per unit carbon as compared to other soil organic matters 
because of its greater surface area, negative surface charge, and charge density [42], 
thereby offering the possibility of improving yields [43]. Samples with a sufficient 
amount of stable carbon can be added to the soil to be sequestered; a high sorption 
surface of biochar can characterize it as a soil additive, competent of halting risk 
elements in soil.

The physical characteristics of biochar are directly and indirectly related to how 
they affect soil systems. Soils have their own physical properties depending on the 
nature of mineral and organic matter, their relative amounts, and how minerals 
and organic matter are related. When biochar is present in the soil mixture, its 
contribution to the physical nature of the system is significant, affecting the depth, 
texture, structure, porosity, and consistency by changing the surface area, pore and 
particle-size distribution, density, and packing [44]. The influence of biochar on 
physical properties of soil directly affects the growth of plants, since the depth of 
penetration and accessibility of air and water in the root zone is determined mainly 
by the physical composition of the soil horizons. This affects the soil’s response to 
water, its aggregation, and work ability in soil preparation, dynamics, and perme-
ability when swelling, as well as the ability to retain cations and response to changes 
at ambient temperature. The smaller the pores on biochar, the longer they can retain 
capillary soil water. The addition of biochar can reduce the effects of drought on 
crop productivity in drought-affected areas due to its moisture-retention capacity. 
It has been shown that it eliminates soil constraints that limit the growth of plants, 
and neutralizes acidic soil because of its basic nature [45]. Carbon dioxide and 
oxygen occupy air-filled spaces on the pores of biochar or can be chemosorbed on 
the surface. As biochar can contain nutrients, microorganisms, and syngases, it can 
also retain fertilizers in the soil longer than other soils and prevent it from leaching 
into water sources such as rivers and lakes.

As far as its chemical properties are concerned, biochar reduces soil acidity by 
increasing the pH (also called the liming effect) and helps the soil to retain nutri-
ents and fertilizers [46]. The application of biochar improves soil fertility through 
two mechanisms: adding nutrients to the soil (such as K, to a limited extent P, and 
many micronutrients) or retaining nutrients from other sources, including nutri-
ents from the soil itself. However, the main advantage is to retain nutrients from 
other sources. In most cases, the addition of biochar only has a net positive effect 
on the growth of crops if nutrients from other sources, such as inorganic or organic 
fertilizers, are used. Biochar increases the availability of C, N, Ca, Mg, K, and P to 
plants, because biochar absorbs and slowly releases fertilizers [47]. It also helps to 
prevent fertilizer drainage and leaching by allowing less fertilizer use and reducing 
agricultural pollution in the surrounding environment [48]. Biochar alleviates the 
impact of hazardous pesticides and complex nitrogen fertilizers from the soil, thus 
reducing the impact on the local environment.

Good healthy soil should include a wide and balanced variety of life forms, 
including bacteria, fungi, protozoa, nematodes, arthropods, and earthworms. 
Recently, biochar has been reported to increase the microbial respiration of the soil 
by creating space for soil microbes [49], and in turn the soil biodiversity and soil 
density increased. Biochar also served as a habitat for extra-radical fungal hyphae 
that sporulated in micropores due to lower competition from saprophytes and 
therefore served as an inoculum for arbuscular mycorrhizal fungi [50]. It is  
believed that biochar has a long average dwelling time in soil, ranging  
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from 1000 to 10,000 years, with an average of 5000 years [51–53]. However, its 
recalcitrance and physical nature present significant impediment to the evaluation 
of long-term stability [43]. The commercially available soil microbes which can be 
used for inoculation include Azospirillum sp., Azotobacter sp., Bacillus thuringiensis, 
B. megaterium, Glomus fasciculatum, G. mosseae, Pseudomonas fluorescens, Rhizobium 
sp., and Trichoderma viride [54].

3. Biochar as a soil amendment

The issues as food security, declining soil fertility, climate change, and profit-
ability are the driving forces behind the introduction of new technologies or new 
farming systems. The amendment of soils for their remediation aims at reducing the 
risk of pollutant transfer to waters or receptor organisms in proximity. The organic 
material such as biochar may serve as a popular choice for this purpose because its 
source is biological and it may be directly applied to soils with little pretreatment 
[55]. There are two aspects which make biochar amendment superior to other 
organic materials: the first is the high stability against decay, so that it can remain in 
soil for longer times providing long-term benefits to soil and the second is having 
more capability to retain the nutrients. Biochar amendment improves soil quality 
by increasing soil pH, moisture-holding capacity, cation-exchange capacity, and 
microbial flora [56].

The addition of biochar to the soil has shown the increase in availability of 
basic cations as well as in concentrations of phosphorus and total nitrogen [57, 58]. 
Typically, alkaline pH and mineral constituents of biochar (ash content, including 
N, P, K, and trace elements) can provide important agronomic benefits to many 
soils, at least in the short to medium term. When biochar with a higher pH value 
was applied to the soil, the amended soil generally became less acidic [59]. Acidic 
biochar could also increase soil pH when used in soil with a lower pH value. The pH 
of biochar, similar to the other properties, is influenced by the type of feedstock, 
production temperature, and production duration.

Another valuable property of biochar is suppression of emissions of greenhouse 
gases in soil. It has also been demonstrated by Zhang et al. [60] that the emissions 
of methane and nitrous oxide were reduced from agricultural soils, which may 
have additional climate mitigation effects, since these are potent greenhouse gases. 
Spokas et al. [61] reported reduced carbon dioxide production by addition of dif-
ferent concentrations of biochar ranging from 2 to 60% (w/w), suppressed nitrous 
oxide production at levels higher than 20% (w/w), and ambient methane oxidation 
at all levels over unamended soil.

Several studies have shown the control of pathogens by the use of biochar in 
agricultural soil. Bonanomi et al. [62] reported that biochar is effective against both 
air-borne (e.g. Botrytis cinerea and different species of powdery mildew) and soil-
borne pathogens (e.g. Rhizoctonia solani and species of Fusarium and Phytophthora). 
The application of the biochar derived from citrus wood was capable of controlling 
air-borne gray mold, Botrytis cinerea on Lycopersicon esculentum, Capsicum annuum 
and Fragaria × ananassa. Although there is a shortage of published data on the 
effects of biochar on soil-borne pathogens, evidence given by Elmer et al. [63] has 
shown that the control of certain pathogens may be possible. The addition of bio-
char in 0.32, 1.60, and 3.20% (w/w) to asparagus soils infested with Fusarium has 
augmented the biomass of asparagus plants and reduced Fusarium root rot disease [63].  
Similarly, Fusarium root rot disease in asparagus was also reduced by biochar 
inoculated with mycorrhizal fungi [64]. A study of suppression of bacterial wilt in 
tomatoes showed that biochar obtained from municipal organic waste reduced the 
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incidence of the disease in Ralstonia solanacearum infested soil [65]. Ogawa [66] 
advocated the use of biochars and biochar amended composts for controlling the 
diseases caused by bacteria and fungi in soil. The disease suppression mechanism 
has been attributed to the presence of calcium compounds, as well as improvements 
in the physical, chemical, and biological characteristics of the soil.

The prevention of ‘diffuse water pollution’ through ammonium sorption or the 
mediation of the dynamics of a soil solution containing nitrate, phosphorus, and 
other nutrients has been extensively studied. The application of biochar to soil can 
influence a wide range of soil constraints such as high availability of Al [67], soil 
structure and nutrient availability [24], bioavailability of organic [68] and inor-
ganic pollutants [69], cation-exchange capacity (CEC), and retention of nutrients 
[70, 71]. Biochar can also adsorb pesticides, nutrients, and minerals in the soil, 
preventing the movement of these chemicals into surface water or groundwater and 
the subsequent degradation of these waters from agricultural activity.

Xie et al. [72] reported that biochar amendment enhanced soil fertility and crop 
production, particularly in soils with low nutrients. However, in soils with high 
fertility, no noticeable increase in production was noticed, and some studies even 
reported inhibition of plant growth. The observations of Taghizadeh-Toosi et al. 
[73] indicated that ammonia adsorbed by biochar could be later released to the soil. 
Saarnio et al. [74] showed that biochar application along with fertilizers can lead 
to better plant growth, but sometimes a negative effect was also observed without 
fertilization due to reduced bio-availability through sorption of nitrogen. It has 
been shown that application of biochar in the soil has a positive to neutral and even 
negative impact on crop production. Hence, it is crucial that the mechanisms for 
action of biochar in the soil be understood before its application.

The consequence of biochar addition on plant productivity depends on the 
amount added. Recommended application rates for any soil amendment should 
be based on extensive field testing. At present, insufficient data are available for 
obtaining general recommendations. In addition, biochar materials can vary greatly 
in their characteristics, so the nature of the particular biochar material (e.g. pH and 
ash content) also influences the application rate. Several studies have reported a 
positive effect of using biochar on crop yields with rates of 5–50 tonnes per hectare 
with appropriate nutrient management. The experiments conducted by Rondon 
et al. [75] resulted in a decrease in crop yield in a pot experiment with nutrient 
deficient soil amended with biochar at the rate of 165 tonnes per hectare. An 
experiment conducted in the United States showed that peanut hull and pine chip 
biochar, applied to 11 and 22 tonnes per hectare, could reduce corn yields below 
those obtained in the control plots with standard fertilizer management [76]. Thus, 
the control of the rate of application of biochar is necessary to prevent the negative 
impact of biochar.

4. Stimulation of soil microflora and plant growth

There are several reports which show that biochar has the capability to stimulate 
the soil microflora, which results in greater accumulation of carbon in soil. Besides 
adsorbing organic substances, nutrients, and gases, biochars are likely to offer a 
habitat for bacteria, actinomycetes and fungi [64]. It has been suggested that faster 
heating of biomass (fast pyrolysis) will lead to the formation of biochar with fewer 
microorganisms, smaller pore size, and more liquid and gas components [77]. 
The enhancement of water retention after biochar application in soil has been 
well established [78], and this may affect the soil microbial populations. Biochar 
provides a suitable habitat for a large and diverse group of soil microorganisms, 
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although the interaction of biochar with soil microorganisms is a complex phenom-
enon. Many studies reported that addition of biochar along with phosphate solubi-
lizing fungal strains promoted growth and yield of Vigna radiata and Glycine max 
plants, with better performances than control or those observed when the strains 
and biochar are used separately [20, 79, 80].

The use of biochar increased mycorrhizal growth in clover bioassay plants by 
providing the suitable conditions for colonization of plant roots [81]. Warnock 
et al. [82] summarized four mechanisms by which biochar can affect functioning of 
mycorrhizal fungi: (i) changes in the physical and chemical properties of soil,  
(ii) indirect effects on mycorrhizae through exposure to other soil microbes, (iii) plant- 
fungus signaling interference and detoxification of toxic chemicals on biochar, and 
(iv) providing shelter from mushroom browsers. Carrots and legumes grown on 
steep slopes and in soils with less than 5.2 pH showed significantly improved growth 
by the addition of biochar [83]. It was found that biochar increased the biological N2 
fixation (BNF) of Phaseolus vulgaris [75] mainly due to greater availability of micro-
nutrients after application of biochar. Lehmann et al. [58] reported that biochar 
reduced leaching of NH4

+ by supporting it in the surface soil where it was available 
for plant uptake. Mycorrhizal fungi were often included in crop management strate-
gies as they were widely used as supplements for soil inoculum [84]. When using 
both biochar and mycorrhizal fungi in accordance with management practices, it is 
obviously possible to use potential synergism that can positively affect soil quality. 
The fungal hyphae and bacteria that colonize the biochar particles (or other porous 
materials) may be protected from soil predators such as mites, Collembola and 
larger (>16 μm in diameter) protozoans and nematodes [85–87].

Biochar can increase the value of non-harvested agricultural products [88] and 
promote the plant growth [58, 89]. A single application of 20 t ha−1 biochar to a 
Colombian savanna soil resulted in an increase in maize yield by 28–140% as com-
pared with the unamended control in the 2nd to 4th years after application [90]. 
With the addition of biochar at the rate of 90 g kg−1 to tropical, low-fertile ferralsol, 
not only the proportion of N fixed by bean plants (Phaseolus vulgaris) increased 
from 50% (without biochar) to 72%, but also the production of biomass and bean 
yield were improved significantly [75]. When biochar was applied to the soil, a 
higher grain yield of upland rice (Oryza sativa) was obtained in northern Laos 
sites with low P availability [91, 92]. Many of these effects are interrelated and may 
act synergistically to improve crop productivity. Often there has been a reported 
increase in yields, which is directly related to the addition of biochar as compared to 
the control (without biochar) [58]. However, in some cases, growth was found to be 
depressed [93].

The direct beneficial effects of biochar addition for the availability of nutri-
ents are largely due to the higher content of potassium, phosphorus, and zinc 
availability and, to a lesser extent, calcium and copper [58]. Few studies have 
examined the potential for amending biochar in soil to impact plant resistance to 
pathogens. With reference to soil pathogens principally concerned with the effect 
of AM fungal inoculations on asparagus tolerance to the soil borne root rot patho-
gen Fusarium, Matsubara et al. [94] demonstrated that charcoal amendments had 
a suppressive effect on pathogens. One more study that supported these earlier 
findings stated that biochar made from ground hardwood added to asparagus 
field soil led to a decrease in root lesions caused by Fusarium oxysporum,  
F. asparagi, and F. proliferatum compared to the non-amended control [95]. 
Biochar reduces the need for fertilizer, which results in reduction in emissions 
from fertilizer production, and turning the agricultural waste into biochar also 
reduces the level of methane (another potent greenhouse gas) caused by the 
natural decomposition of waste.
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5. Mixing biochar with other amendments

Mixing biochar with other soil amendments such as manure, compost, or lime 
before soil application can improve efficiency by reducing the number of field 
operations required. Since biochar has been shown to sorb nutrients and protect 
them from leaching [70, 96], mixing of biochar may improve the efficiency of 
manure and other amendments. However, Kammann et al. [97] acknowledged in 
their recent review that very few studies that directly combined organic amend-
ments with biochars were available. They found that co-composted biochars had 
a remarkable plant growth-promoting effect as compared to biochars when used 
pure, but no-systematic studies have been done to understand the interactive effects 
of biochars with non-pyrogenic organic amendments (NPOAs). Biochar can also 
be mixed with liquid manures and used as slurry. Additionally, combined biochar 
and compost applications have numerous advantages over mixing of biochar or 
compost with soil separately. These benefits, according to Liu et al. [98], include 
more efficient use of nutrients, biological activation of biochar, an enhanced 
supply of plant-available nutrients by biological nitrogen fixation, reduction of 
nutrient leaching, and the contribution of combined nutrients in comparison to a 
single application of compost and biochar. Diminutive biochars are most likely best 
suited for this type of application. Biochar was also mixed with manure in ponds 
and potentially reduced losses of nitrogen gas were recorded same as when it was 
applied to soil [99, 100].

6. Conclusion

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 
production. It was suggested to use biochar as a means of remediating contaminated 
agricultural soil, improving soil fertility by reducing the acidity, and increasing the 
availability of nutrients. Thus, addition of biochar to the soil can be one of the best 
practices to overcome any biotic stress in soil and to increase the crop productiv-
ity. The positive effects of biochar on the interactions between soil-plant-water 
caused better photosynthetic performance and improved nitrogen and water use 
efficiency. Hence, it can be concluded by this comprehensive review that biochar 
has the potential to improve the properties of soil, microbial abundance, biological 
nitrogen fixation, and plant growth. Therefore, it is recommended to use biochar as 
a soil amendment for long-term carbon sink restoration.
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Chapter 2

Biochar and Soil Physical Health
Kayode S. Are

Abstract

The use of organic materials for reclamation of soil physical health indicators of 
degraded soil is germane for sustainable agriculture. Despite the soil conservation 
effectiveness of organic fertilizer, its adoption remains low among smallholder 
farmers in most parts of sub-Saharan Africa because of its offensive odor and bulki-
ness. Farmers desire materials that are not bulky, handled with ease, ensure maxi-
mum nutrient retention, improve soil structural quality, reduce soil compaction, 
and increase water retention, which will also increase soil productivity and crop 
yield. These are the greatest attractions for the introduction of biochar for improve-
ment of soil physical health. The pyrolytic processes of various organic materials 
to biochar have suppressed the effects of distractive odor of fresh and composted 
organic materials while reducing the bulkiness experienced during application. The 
potentials of biochar in improving nutrient retention and release have been pub-
lished by various authors, but little information is available for soil physical health 
indicators. Therefore, the potentials of biochar in restoring physical health indica-
tors such as particle size distribution, bulk density, pore size distribution, soil water 
retention and distribution, compaction and aggregate size distribution and stability 
of degraded soil shall be discussed in this chapter.

Keywords: degraded soil, biochar, physical health indicator, soil productivity, 
sustainable agriculture

1. Introduction

Soil physical health is the ability of a given soil to meet plant and ecosystem 
requirements for water, aeration, and strength over time and to resist and recover 
from processes that might diminish that ability [1]. Application of organic materi-
als for soil amendment, especially the composted manures, plays important roles 
in reclaiming and improving the physical health of degraded soils [2]. They have 
profound influence on almost all soil properties—such as structure (and hence on 
water infiltration and storage, susceptibility to surface runoff and erosion), cation 
exchange capacity, nutrient availability, buffering (pH, nutrient availability), 
color, and plant pest pressure. In spite of these potentials, their adoption as soil 
amendment remains low among smallholder farmers in most parts of sub-Saharan 
Africa because of their offensive odor and bulkiness. However, one of the greatest 
attractions for the use of biochar is the suppression of the effects of distractive odor 
of fresh and composted organic materials through pyrolytic processes, while the 
bulkiness experienced during application of composted manure is reduced.

Biochar is a carbon-rich organic matter, which is generally derived from the 
incomplete combustion of waste biomass, and it is produced by the slow thermo-
chemical pyrolysis of biomass materials. Organic wastes, such as livestock manures, 
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sewage sludge, crop residues, and composts are converted to biochars and then 
applied to soils as an amendment. Biochar application as soil amendment improves 
crop productivity, enhances soil properties, and increases carbon storage in the soil 
due to its highly recalcitrant carbon content [3]. This practice has, however, received a 
growing interest as a sustainable process to improve the properties of highly degraded 
tropical soils [4, 5]. Biochars are characteristically very light materials with a high 
porosity and surface area, which alter some soil physical properties such as the bulk 
density (BD), water-holding capacity (WHC), surface area, and penetration resis-
tance (PR) [6]. In Nigeria, when comparing the potential of poultry biochar with 
composted and noncomposted poultry litter, Are et al. [2] recorded an increase in soil 
water retention of between 3.3 and 31.3% following application of poultry litter bio-
char than uncharred poultry manures at lower water suction. Elsewhere, Major et al. 
[7] reported that the surface soils of oxisols amended with char at 20 Mg ha−1 con-
tained more water by volume, and the water was held more tightly than unamended 
soils. In China, Chen [8] reported a decrease in bulk density by 4.5 and 6% with addi-
tion of 2.25 and 4.50 Mg ha−1, respectively, while an increase in water holding capacity 
from 25 to 36% was recorded by Kinney [9] with 7% biochar by weight addition.

In spite of the benefits of biochar on soil physical properties reported by dif-
ferent authors [2, 6–9], most positive effects of biochar are seen with coarse- or 
medium-textured soils, suggesting improvement of water holding capacity (WHC) 
by biochar addition [10] but not with fine-textured soils. Research has shown that 
unfavorable soil physical changes sometimes occur when biochar is added as soil 
amendment. Soil aggregation, for instance, may not be immediately enhanced 
by biochar addition [6]. The application of oak-650 biochar (0.5%, w/w) by 
Mukherjee and Lal [11] on a degraded silty clay loam soil reduced aggregation 
by 10% relative to the control. Mukherjee [11] suggested that (i) there may be a 
threshold application rate below which no aggregate stability is achieved, and/or (ii) 
a higher interaction time is required. On the other hand, Tryon [12] reported that 
application of pine (Pinus spp.) and oak (Quercus spp.) biochars increased avail-
able water content (AWC) in a sandy soil, while having no effect in a loamy soil, and 
it decreased moisture content in a clayey soil, indicating that the effect of biochar 
on AWC can be strongly influenced by the soil textural classes. Similarly, Masiello 
et al. [13] reported that a high rate (up to 11.3 Mg ha−1) of maize stover biochar 
pyrolyzed at 350 and 550°C did not improve AWC in amended silt loam soils after 
incubation for 295 days, which was attributed to clogging of micropores by ash 
over time. The contrasting behaviors of biochars have been attributed by various 
researchers to biochar’s particle size, shape, and internal structure, which alter pore 
characteristics and consequently influence soil water storage. With these contrast-
ing trends (both positive and negative) of future biochar, future studies, especially 
at field scale with similar soil types with different biochar combinations over time, 
may shed light on this aspect. This chapter will discuss the practical use of biochar 
as it relates to the overall soil physical health.

2. Physical properties of biochar

Biochar is difficult to classify based on its properties, both chemical and physical, 
because of the variability imparted to it by the production conditions (time, tem-
perature) and feedstock. Biochars (Figure 1) are of different particle sizes and do not 
have the same properties since their characteristics are controlled by many factors. 
Operating factors during the pyrolysis process that influence the resultant physical 
properties of biochar of any given biomass feedstock include heating rate, highest 
treatment temperature, pressure, reaction residence time, reaction vessel (orientation, 
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dimensions, stirring regime, catalysts, etc.), pretreatment (drying, comminution, 
chemical activation, etc.), the flow rate of ancillary inputs (e.g., nitrogen, carbon 
dioxide, air, steam, etc.), and posttreatment (crushing, sieving, activation, etc.).

Although all of these parameters contribute to the final biochar structure, the 
pyrolysis highest treatment temperature has been identified by Downie et al. [14] 
as the most important of the factors since the fundamental physical changes (i.e., 
the release of volatiles, the formation of intermediate melts, and the volatilization 
of the intermediate melts) are all temperature dependent. The temperature ranges, 
however, under which these stages occur, vary with feedstock. Heating rates and 
pressures are expected to have the second greatest influence since they affect the 
physical mass transfer of volatiles evolving at the given temperature from the react-
ing particles [15, 16].

An additional mechanism producing the structural complexity of biochars is 
the occurrence of cracking. Biochar is typically laced with macrocracks, which 
can be related to both feedstock properties and the rate at which carbonization is 
carried out [17]. Wood biochar is generally broken and cracked due to shrinkage 
stresses developed because the surface of the material decomposes faster than its 
interior. Brown et al. [18] concluded that high-temperature (1000°C) surface area is 
controlled primarily by low-temperature (<450°C) cracking and high-temperature 
microstructural rearrangement.

The physical characteristics can be both directly and indirectly related to the way 
in which they affect soil systems. The physical characteristics of biochar depend not 
only upon the starting organic material (biomass), but also upon the carbonization 

Figure 1. 
Biochars from feedstocks with different particle sizes.
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or pyrolysis system by which they are made (including the pre- and posthandling of 
the biomass and biochar) [14].

The fundamental molecular structure of biochar creates both its surface area 
and porosity. However, pyrolysis processing of biomass enlarges the crystallites and 
makes them more ordered. This effect increases with highest treatment temperature. 
Lua et al. [15] demonstrated that increasing the pyrolysis temperature from 250 to 
500°C increases the Brunauer, Emmett, and Teller equation (BET) surface area due to 
the increasing evolution of volatiles from pistachio-nut shells, resulting in enhanced 
pore development in biochars. For turbostratic arrangements, the successive layer 
planes are disposed approximately parallel and equidistant, but rotated more or less 
randomly with respect to each other (Figure 2). The spacing between the planes of 
turbostratic regions of biochar is larger than that observed in graphite [19].

In relating biochars with soil physical properties, biochar’s particle size, shape, 
and internal structure play important roles in controlling soil water storage because 
they alter pore characteristics. For instance, biochar has pores inside particles 
(intrapores), which may provide additional space for water storage beyond the 
pore space between particles (interpores) [20]. Particle size may influence both 
intrapores and interpores through different processes because the size and connec-
tivity of these particles likely differ. In addition, when applied in the field, biochar 
particles may have different sizes and shapes compared to soil particles. This addi-
tion of biochar grains with different shapes and sizes will change interpore charac-
teristics (size, shape, connectivity, and volume) of soil and thus will affect water 
storage and mobility. For instance, fine biochar particles can fill pores between 
coarse soil particles, decreasing pore size and changing interpore shape.

An important physical property of biochar is its stability in the environment. 
However, degradation of at least some components (such as volatile matter or labile 
OM) of biochar may occur [21, 22]. On the other hand, subsoils are characteristi-
cally different due to variations in microbial activity and oxygen content, which 
affect biochar oxidation and aging.

Figure 2. 
Ideal biochar structure development with highest treatment temperature (HTT): (a) increased proportion 
of aromatic C, highly disordered in amorphous mass; (b) growing sheets of conjugated aromatic carbon, 
turbostratically arranged; and (c) structure becomes graphitic with order in the third dimension (source: [14]).
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3. Soil physical health and biochars

3.1 What is soil physical health?

Soil health synonymous to soil quality is usually considered to have three main 
aspects: physical, chemical, and biological. It is considered to be important for the 
assessment of the extent of land degradation or amelioration, and for identifying 
management practices for sustainable land use. However, the knowledge of the 
physical properties of soil is essential for improving soil health to achieve optimal 
productivity for each soil type in a given climatic condition. According to Dexter 
[23], soil physical health manifested in various ways. For instance, soils poor 
physical health are those that exhibit one or more of the following symptoms: poor 
water infiltration, run-off of water from the surface, hard-setting, poor aeration, 
poor rootability, and poor workability. On the other hand, good soil physical health 
occurs when soils exhibit the opposite or the absence of the conditions listed above. 
However, there has been no single measure of soil physical health [24] but an 
integration of a range of some physical properties to obtain an overall assessment.

3.2 Soil physical health indicators as affected by biochar amendment

As mentioned earlier in this chapter, the effects of biochar on soil physical health 
indicators depend on several factors, such as biomass or feedstock type, pyrolytic 
condition, application rate, and environmental condition. The effects of biochar-
amended soil in relation to some physical properties are discussed here.

3.2.1 Soil surface area

Surface area is an important soil physical health indicator that influences essen-
tial functions of soil fertility, including water, nutrient retention, aeration, and 
microbial activity [14]. For instance, the limited capacity of sandy soil to store water 
and plant nutrients is partly related to the relatively small surface area of its soil par-
ticles [25]. Coarse sands have a very low specific surface area of about 0.01 m2 g−1, 
compared to fine sands of 0.1 m2 g−1 and clays’ large specific surface area ranging 
from 5 m2 g−1 for kaolinite to about 750 m2 g−1 for Na-exchanged montmorillonite 
[25]. Therefore, soils containing a large fraction of clay may have high total water-
holding capacities but inadequate aeration. Meanwhile, Troeh and Thompson [25] 
reported that high organic matter contents have the potentials to overcome the 
problem of too much water held in a clay soil, while increasing the water contents 
in a sandy soil. However, studies have shown that biochar will similarly change the 
physical nature of soil, having much of the same benefit of other organic amend-
ments in this regard [2, 26]. Biochar-specific surfaces, being generally higher than 
sand and comparable to or higher than clay, will therefore cause a net increase in the 
total soil-specific surface when added as an amendment [14]. The high surface area 
of biochar provides space for formation of bonds and complexes with cations and 
anions with metals and elements of soil on its surface, which may improve the water 
and nutrient retention capacity of soil. A long-term soil column incubation study by 
Laird et al. [27] indicated increases in specific surface area of an amended clayey soil 
from 130 to 153 m2 g−1 as the biochar concentration increased from 0 to 20 g kg−1.

3.2.2 Bulk density and pore-size distribution

Many studies have observed decreases in bulk density and increases in porosity as 
a result of biochar application [2, 6, 7, 26, 28]. Roughly, 2% (by weight) of biochar in 
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or pyrolysis system by which they are made (including the pre- and posthandling of 
the biomass and biochar) [14].

The fundamental molecular structure of biochar creates both its surface area 
and porosity. However, pyrolysis processing of biomass enlarges the crystallites and 
makes them more ordered. This effect increases with highest treatment temperature. 
Lua et al. [15] demonstrated that increasing the pyrolysis temperature from 250 to 
500°C increases the Brunauer, Emmett, and Teller equation (BET) surface area due to 
the increasing evolution of volatiles from pistachio-nut shells, resulting in enhanced 
pore development in biochars. For turbostratic arrangements, the successive layer 
planes are disposed approximately parallel and equidistant, but rotated more or less 
randomly with respect to each other (Figure 2). The spacing between the planes of 
turbostratic regions of biochar is larger than that observed in graphite [19].

In relating biochars with soil physical properties, biochar’s particle size, shape, 
and internal structure play important roles in controlling soil water storage because 
they alter pore characteristics. For instance, biochar has pores inside particles 
(intrapores), which may provide additional space for water storage beyond the 
pore space between particles (interpores) [20]. Particle size may influence both 
intrapores and interpores through different processes because the size and connec-
tivity of these particles likely differ. In addition, when applied in the field, biochar 
particles may have different sizes and shapes compared to soil particles. This addi-
tion of biochar grains with different shapes and sizes will change interpore charac-
teristics (size, shape, connectivity, and volume) of soil and thus will affect water 
storage and mobility. For instance, fine biochar particles can fill pores between 
coarse soil particles, decreasing pore size and changing interpore shape.

An important physical property of biochar is its stability in the environment. 
However, degradation of at least some components (such as volatile matter or labile 
OM) of biochar may occur [21, 22]. On the other hand, subsoils are characteristi-
cally different due to variations in microbial activity and oxygen content, which 
affect biochar oxidation and aging.

Figure 2. 
Ideal biochar structure development with highest treatment temperature (HTT): (a) increased proportion 
of aromatic C, highly disordered in amorphous mass; (b) growing sheets of conjugated aromatic carbon, 
turbostratically arranged; and (c) structure becomes graphitic with order in the third dimension (source: [14]).
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3. Soil physical health and biochars

3.1 What is soil physical health?

Soil health synonymous to soil quality is usually considered to have three main 
aspects: physical, chemical, and biological. It is considered to be important for the 
assessment of the extent of land degradation or amelioration, and for identifying 
management practices for sustainable land use. However, the knowledge of the 
physical properties of soil is essential for improving soil health to achieve optimal 
productivity for each soil type in a given climatic condition. According to Dexter 
[23], soil physical health manifested in various ways. For instance, soils poor 
physical health are those that exhibit one or more of the following symptoms: poor 
water infiltration, run-off of water from the surface, hard-setting, poor aeration, 
poor rootability, and poor workability. On the other hand, good soil physical health 
occurs when soils exhibit the opposite or the absence of the conditions listed above. 
However, there has been no single measure of soil physical health [24] but an 
integration of a range of some physical properties to obtain an overall assessment.

3.2 Soil physical health indicators as affected by biochar amendment

As mentioned earlier in this chapter, the effects of biochar on soil physical health 
indicators depend on several factors, such as biomass or feedstock type, pyrolytic 
condition, application rate, and environmental condition. The effects of biochar-
amended soil in relation to some physical properties are discussed here.

3.2.1 Soil surface area

Surface area is an important soil physical health indicator that influences essen-
tial functions of soil fertility, including water, nutrient retention, aeration, and 
microbial activity [14]. For instance, the limited capacity of sandy soil to store water 
and plant nutrients is partly related to the relatively small surface area of its soil par-
ticles [25]. Coarse sands have a very low specific surface area of about 0.01 m2 g−1, 
compared to fine sands of 0.1 m2 g−1 and clays’ large specific surface area ranging 
from 5 m2 g−1 for kaolinite to about 750 m2 g−1 for Na-exchanged montmorillonite 
[25]. Therefore, soils containing a large fraction of clay may have high total water-
holding capacities but inadequate aeration. Meanwhile, Troeh and Thompson [25] 
reported that high organic matter contents have the potentials to overcome the 
problem of too much water held in a clay soil, while increasing the water contents 
in a sandy soil. However, studies have shown that biochar will similarly change the 
physical nature of soil, having much of the same benefit of other organic amend-
ments in this regard [2, 26]. Biochar-specific surfaces, being generally higher than 
sand and comparable to or higher than clay, will therefore cause a net increase in the 
total soil-specific surface when added as an amendment [14]. The high surface area 
of biochar provides space for formation of bonds and complexes with cations and 
anions with metals and elements of soil on its surface, which may improve the water 
and nutrient retention capacity of soil. A long-term soil column incubation study by 
Laird et al. [27] indicated increases in specific surface area of an amended clayey soil 
from 130 to 153 m2 g−1 as the biochar concentration increased from 0 to 20 g kg−1.

3.2.2 Bulk density and pore-size distribution

Many studies have observed decreases in bulk density and increases in porosity as 
a result of biochar application [2, 6, 7, 26, 28]. Roughly, 2% (by weight) of biochar in 
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soil is an enough addition to show a significant decrease in bulk density in amended 
soils [6, 7]. The rate of biochar application as well as the density and porosity of the 
original soil are critical in predicting the effects of biochar addition to any soil. Using 
peanut hulls, Githinji [28] recorded reductions in bulk density with increased rate 
of biochar amendment, and he [28] recorded the highest bulk density of 1.33 g cm−3 
for the soil without biochar amendment, decreasing to 1.09 g cm−3 for 25% rate, 
0.89 g cm−3 for 50% rate, 0.61 g cm−3 for 75% rate, and 0.36 g cm−3 for 100% rate 
of biochar application. Since bulk density is a measure of the relative mass of a solid 
relative to the bulk volume the solid occupies, including the void spaces, it follows 
that the greater is the portion occupied by the pores, the lower is the bulk density of 
a solid. The upper limit of the bulk density would be a situation where there are no 
pores, and this limit will approach that of particle density of a solid.

The relationship between total surface area and pore-size distribution is logical. 
It is logical that this physical feature of biochars will also be of importance to their 
behavior in soil processes. As shown in Figure 2, the increase in HTT results in more 
structured regular spacing between the planes. Interplanar distances also decrease 
with the increased ordering and organization of molecules, all of which result in 
larger surface areas per volume. Githinji [28] reported that for the nonamended 
soil, porosity was 0.50 cm3 cm−3, increasing to 0.55, 0.61, 0.69, and 0.78 cm3 cm−3, 
respectively, for 25, 50, 75, and 100% rates of biochar application. In another trial 
comparing poultry litter biochar-amended soil and uncharred poultry manure, Are 
et al. [2] recorded a significance increase in storage pores (0.5–50 μm equivalent 
cylindrical radius) of a biochar-amended soil than uncharred poultry manure. 
However, this was not the case of transmission pores, where the soil amended with 
poultry biochar had lower transmission pores than uncharred poultry materials [2]. 
Mesoporosity may also increase significantly at the expense of macropores in waste-
derived biochar-amended soil compared to control, with the higher rate of biochar 
application having a greater effect [29].

3.2.3 Soil water retention

The quantification of the amount of water held at field capacity (θfc) and at per-
manent wilting point (θpwp), and the amount of plant available water (θpaw) of soil 
with biochar amendment is an efficient way to quantify how biochar affects soil water 
conditions and plant growth. Previous studies have shown that biochar increased 
water retention of soil [7, 30]. Gaskin et al. [31] reported a doubling in the mean volu-
metric water content of a loamy sandy soil at 2 kPa following the application of peanut 
hull biochar at a rate of 88 t/ha. Whereas Are et al. [2] also reported as high as 33% 
change in moisture content with application of poultry litter biochar to a sandy loam 
soil. However, the mechanisms controlling these observations should be understood. 
Sandy soils, which have larger pore space, are particularly appealing target for biochar 
amendment because studies on sand and sandy loam often show an increase in plant 
available water after biochar amendment [32, 33]. However, few studies focused on 
the mechanism of how biochar increase the available water. Without understanding 
the mechanisms that control biochar-driven changes of water retention of soil, it is 
difficult to predict when and by how much biochar will improve soil water retention.

Biochar’s particle size, shape, and internal structure may play important roles in 
controlling soil water storage because they alter pore characteristics. For instance, 
biochar has pores inside particles (intrapores), which may provide additional 
space for water storage beyond the pore space between particles (interpores) [20]. 
Particle size may influence both intrapores and interpores through different pro-
cesses because the size and connectivity of these particles likely differ. Intraporosity 
increases plant available water, suggesting that biochar with high intraporosity 
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will be most useful. Feedstock type, pyrolysis temperature, and charring resi-
dence time influence biochar’s intraporosity [34]. Biochars with low intraporosity 
such as wastewater sludge biochar and poultry litter biochar are less favorable 
for soil water storage at low water potentials (<−16.5 kPa) because their internal 
porosity is very low [35]. In addition, the efficiency of biochar for improving soil 
water retention will be reduced if biochars are hydrophobic, but hydrophobicity 
can likely be managed by pretreatment [21]. Hydrophobic biochar has positive 
water entry pressure, meaning that an applied force is required for water to enter 
intrapores. Biochar hydrophobicity can prevent water from penetrating into biochar 
intrapores, prohibiting an improvement of soil water retention [10]. This indicates 
that biochars with low hydrophobicity will enhance soil water retention than those 
with high hydrophobic. Jeffery et al. [10] reported that grass species biochar did 
not improve soil water retention; this is probably due to its high hydrophobicity, 
although it is notable that grass biochar has lower hydrophobicity compared to leaf 
or wood biochars [9]. Biochar’s hydrophobicity varies with production temperature 
and feedstock [36], but it is usually eliminated by brief environmental exposure. 
Pretreating biochar either by initially wetting it, or by composting is likely to 
significantly reduce problems associated with hydrophobicity [35].

3.2.4 Hydraulic conductivity

Hydraulic conductivity (K) measures the ease with which water can move 
through a soil, subject to a hydraulic gradient and is essential in infiltration-related 
applications such as irrigation and drainage management [37]. Saturated hydraulic 
conductivity (Ksat) is the conductivity measured, while the soil is saturated. In a trial 
in Ibadan, Nigeria, Are et al. [2] recorded a significant reduction in Ksat (9.2 mm h−1) 
than other amendments (16.5–18.2 mm h−1) in their poultry biochar trial. The 
reduction in the ksat of poultry’s biochar treatment soils was linked to the ash depos-
ited by the biochar, which perhaps reduced the larger soil pores and thus led to the 
reduction in pore space and volumes. Several studies [2, 28, 38–40] have linked 
the reduction in soil hydraulic conductivity, especially sandy soil, to a reduction in 
porosity imposed by the fine-grained particles of biochar. Devaraux et al. [38] was 
of the opinion that the decrease was due to biochar’s large surface area and the high 
number of pores, which had to be filled up before water drained under the force of 
gravity, meaning that more biochar in the soil might lead to the retention of more 
water in the storage pores. Barnes et al. [39], on the other hand, related shifts in Ksat 
to the physical mechanisms of the biochar, such as swelling and grain segregation, 
leading to the clogging of pores, decrease in pore radii, and possibly a variation in 
the bulk density and sample heterogeneity in the course of their experiment.

Contrasting results have been reported on the Ksat of a clay loam soil in Laos, fol-
lowing the application of biochar [40]. Asai et al. [40] reported a significant increase 
in Ksat on a clay loam soil with biochar amendment, whereas Major et al. [41] 
reported no significant effect in a clay soil following the addition of 20 t ha−1 biochar 
produced from wood. In a study by Barnes et al. [39], Ksat significantly increased in 
clay soil, decreased in sandy soil, and had no significant effect for sandy loam rich in 
organic matter following incorporation of biochar. The mixed results demonstrate 
that the interactions between applied biochar and soil amended with biochar, and 
the resulting effects on hydraulic conductivity are dependent on soil texture.

3.2.5 Soil aggregate stability and penetration resistance

Few data are available on aggregate stability and penetration resistance (PR) 
of biochar-amended soil. However, available information that exists is conflicting. 
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soil is an enough addition to show a significant decrease in bulk density in amended 
soils [6, 7]. The rate of biochar application as well as the density and porosity of the 
original soil are critical in predicting the effects of biochar addition to any soil. Using 
peanut hulls, Githinji [28] recorded reductions in bulk density with increased rate 
of biochar amendment, and he [28] recorded the highest bulk density of 1.33 g cm−3 
for the soil without biochar amendment, decreasing to 1.09 g cm−3 for 25% rate, 
0.89 g cm−3 for 50% rate, 0.61 g cm−3 for 75% rate, and 0.36 g cm−3 for 100% rate 
of biochar application. Since bulk density is a measure of the relative mass of a solid 
relative to the bulk volume the solid occupies, including the void spaces, it follows 
that the greater is the portion occupied by the pores, the lower is the bulk density of 
a solid. The upper limit of the bulk density would be a situation where there are no 
pores, and this limit will approach that of particle density of a solid.

The relationship between total surface area and pore-size distribution is logical. 
It is logical that this physical feature of biochars will also be of importance to their 
behavior in soil processes. As shown in Figure 2, the increase in HTT results in more 
structured regular spacing between the planes. Interplanar distances also decrease 
with the increased ordering and organization of molecules, all of which result in 
larger surface areas per volume. Githinji [28] reported that for the nonamended 
soil, porosity was 0.50 cm3 cm−3, increasing to 0.55, 0.61, 0.69, and 0.78 cm3 cm−3, 
respectively, for 25, 50, 75, and 100% rates of biochar application. In another trial 
comparing poultry litter biochar-amended soil and uncharred poultry manure, Are 
et al. [2] recorded a significance increase in storage pores (0.5–50 μm equivalent 
cylindrical radius) of a biochar-amended soil than uncharred poultry manure. 
However, this was not the case of transmission pores, where the soil amended with 
poultry biochar had lower transmission pores than uncharred poultry materials [2]. 
Mesoporosity may also increase significantly at the expense of macropores in waste-
derived biochar-amended soil compared to control, with the higher rate of biochar 
application having a greater effect [29].

3.2.3 Soil water retention

The quantification of the amount of water held at field capacity (θfc) and at per-
manent wilting point (θpwp), and the amount of plant available water (θpaw) of soil 
with biochar amendment is an efficient way to quantify how biochar affects soil water 
conditions and plant growth. Previous studies have shown that biochar increased 
water retention of soil [7, 30]. Gaskin et al. [31] reported a doubling in the mean volu-
metric water content of a loamy sandy soil at 2 kPa following the application of peanut 
hull biochar at a rate of 88 t/ha. Whereas Are et al. [2] also reported as high as 33% 
change in moisture content with application of poultry litter biochar to a sandy loam 
soil. However, the mechanisms controlling these observations should be understood. 
Sandy soils, which have larger pore space, are particularly appealing target for biochar 
amendment because studies on sand and sandy loam often show an increase in plant 
available water after biochar amendment [32, 33]. However, few studies focused on 
the mechanism of how biochar increase the available water. Without understanding 
the mechanisms that control biochar-driven changes of water retention of soil, it is 
difficult to predict when and by how much biochar will improve soil water retention.

Biochar’s particle size, shape, and internal structure may play important roles in 
controlling soil water storage because they alter pore characteristics. For instance, 
biochar has pores inside particles (intrapores), which may provide additional 
space for water storage beyond the pore space between particles (interpores) [20]. 
Particle size may influence both intrapores and interpores through different pro-
cesses because the size and connectivity of these particles likely differ. Intraporosity 
increases plant available water, suggesting that biochar with high intraporosity 
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will be most useful. Feedstock type, pyrolysis temperature, and charring resi-
dence time influence biochar’s intraporosity [34]. Biochars with low intraporosity 
such as wastewater sludge biochar and poultry litter biochar are less favorable 
for soil water storage at low water potentials (<−16.5 kPa) because their internal 
porosity is very low [35]. In addition, the efficiency of biochar for improving soil 
water retention will be reduced if biochars are hydrophobic, but hydrophobicity 
can likely be managed by pretreatment [21]. Hydrophobic biochar has positive 
water entry pressure, meaning that an applied force is required for water to enter 
intrapores. Biochar hydrophobicity can prevent water from penetrating into biochar 
intrapores, prohibiting an improvement of soil water retention [10]. This indicates 
that biochars with low hydrophobicity will enhance soil water retention than those 
with high hydrophobic. Jeffery et al. [10] reported that grass species biochar did 
not improve soil water retention; this is probably due to its high hydrophobicity, 
although it is notable that grass biochar has lower hydrophobicity compared to leaf 
or wood biochars [9]. Biochar’s hydrophobicity varies with production temperature 
and feedstock [36], but it is usually eliminated by brief environmental exposure. 
Pretreating biochar either by initially wetting it, or by composting is likely to 
significantly reduce problems associated with hydrophobicity [35].

3.2.4 Hydraulic conductivity

Hydraulic conductivity (K) measures the ease with which water can move 
through a soil, subject to a hydraulic gradient and is essential in infiltration-related 
applications such as irrigation and drainage management [37]. Saturated hydraulic 
conductivity (Ksat) is the conductivity measured, while the soil is saturated. In a trial 
in Ibadan, Nigeria, Are et al. [2] recorded a significant reduction in Ksat (9.2 mm h−1) 
than other amendments (16.5–18.2 mm h−1) in their poultry biochar trial. The 
reduction in the ksat of poultry’s biochar treatment soils was linked to the ash depos-
ited by the biochar, which perhaps reduced the larger soil pores and thus led to the 
reduction in pore space and volumes. Several studies [2, 28, 38–40] have linked 
the reduction in soil hydraulic conductivity, especially sandy soil, to a reduction in 
porosity imposed by the fine-grained particles of biochar. Devaraux et al. [38] was 
of the opinion that the decrease was due to biochar’s large surface area and the high 
number of pores, which had to be filled up before water drained under the force of 
gravity, meaning that more biochar in the soil might lead to the retention of more 
water in the storage pores. Barnes et al. [39], on the other hand, related shifts in Ksat 
to the physical mechanisms of the biochar, such as swelling and grain segregation, 
leading to the clogging of pores, decrease in pore radii, and possibly a variation in 
the bulk density and sample heterogeneity in the course of their experiment.

Contrasting results have been reported on the Ksat of a clay loam soil in Laos, fol-
lowing the application of biochar [40]. Asai et al. [40] reported a significant increase 
in Ksat on a clay loam soil with biochar amendment, whereas Major et al. [41] 
reported no significant effect in a clay soil following the addition of 20 t ha−1 biochar 
produced from wood. In a study by Barnes et al. [39], Ksat significantly increased in 
clay soil, decreased in sandy soil, and had no significant effect for sandy loam rich in 
organic matter following incorporation of biochar. The mixed results demonstrate 
that the interactions between applied biochar and soil amended with biochar, and 
the resulting effects on hydraulic conductivity are dependent on soil texture.

3.2.5 Soil aggregate stability and penetration resistance

Few data are available on aggregate stability and penetration resistance (PR) 
of biochar-amended soil. However, available information that exists is conflicting. 
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Examples of the few studies, which investigated soil aggregation with biochar 
amendment, are shown in Table 1. In a study by George et al. [42], the low-tem-
perature (220°C) hydrochar made from spent brewer’s grains, a residue from beer 
brewing, responded positively on aggregation of Albic Luvisol when (i) incubated 
for 5 months at 20°C in dark and (ii) used in a pot study with same hydrochar/soil 
combination (Table 1). These incubation and greenhouse studies involving plant 
indicate that hydrochar significantly increased water stable aggregates (WSA) 
compared to control, but the extent of WSA differed because the greenhouse study 
had 2–5 times higher rate of WSA formation compared to laboratory incubation. 
These data suggest that plant roots and mycorrhizal fungi, which were absent in 
the incubation study, had an important role in soil aggregation. In a field experi-
ment, Are et al. [2] found that the poultry biochar amendment increased the WSA 
of a sandy loam soil from 41.6 to 59.1% of a four-season trial. In contrast, with and 
without mixing Bt and E horizons with pecan shell (Carya illinoinensis), biochar 
amendment decreased aggregation (Table 1) compared to control [43]. Mixing of 
biochar from pecan with switchgrass increased aggregation; however, the effect 
was significantly lower when soil was treated only with biochar and without mixing 
with switchgrass [44]. This trend indicates that a positive effect on soil aggregate 
stability requires presence of a substrate (i.e., switchgrass) along with biochar as 
an amendment. However, the application of biochar at the rate of 1% to an ultisol 
had no effect on aggregate stability [45]. Clearly, there exists limited information 

Soil type Biochar type Study type 
(scale)

Rate of biochar 
application % 

(g g−1)

Aggregation 
(%)

Penetration 
resistance 

(MPa)

Source

Norfolk loamy  
sand: E

Pecan shells, 
700°C

Laboratory 0 14.3 1.19a 0.80b [43]

2.1 12.9 1.27a 0.88b

Norfolk loamy 
sand: E and Bt

0 27.3 0.71a 0.76b

2.1 20.9 0.88a 0.94b

Norfolk loamy 
sand: Ap

Pecan shells, 
700°C

Laboratory 0 9.95 13.0* 1.04a 1.10b [44]

0.5 9.53 12.7* 0.96a 1.15b

1.0 10.7 12.3* 1.03a 1.02b

2.0 9.23 11.8* 0.82a 0.87b

Albic Luvisol Hydrochar, 
220°C

Laboratory 0 49.8 — — — [42]

5 69.0 — — —

10 65.1 — — —

Greenhouse 0 10.3 — — —

5 20.8 — — —

10 33.8 — — —

Alfisol Field 0 41.6 — — — [2]

0.25 59.1 — — —
aMeasured after 44 days.
bMeasured after 96 days.
*With switchgrass addition.

Table 1. 
Impact of biochar on aggregation and penetration resistance.
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about how biochar affects aggregation and whether another substrate, plant roots, 
mycorrhizal fungi, or active-C source might be needed to increase WSA in biochar-
amended soils. Nevertheless, the highest concentration of black-C was observed in 
the finest size fraction (<0.53 μm) of soil aggregates [46] suggesting preferential 
embedding of black-C particles compared to other organic compounds within 
aggregates. However, it was suggested by Jeffery et al. [10] that the hydrophobicity 
of biochar [10] may have increased the resistance of aggregates to slaking in water, 
which ultimately increased the aggregate stability.

The resistance of the soil to root penetration as determined by cone penetra-
tion resistance (PR) may not be alleviated by biochar addition over short time 
period but may be altered in the long run as aging of biochar changes its properties 
[47]. Along with time, soil type is also an important factor because another study 
reported reduction in PR with application of the same biochar on a different soil 
type (Norfolk loamy sand Ap) [44]. Nevertheless, the effect of biochar amendment 
on soil aggregation and PR requires additional research by including variations in 
biochar and soil type.

4. Conclusions

This review synthesizes available data on soil physical health indicators as 
influenced by application of biochars. The physical properties of biochar products 
affect many of the functional roles that they may play in improving soil physical 
health and environmental management. The large variation of physical character-
istics observed in different biochar products means that some will be more effective 
than others in certain applications. It is important that the physical characterization 
of biochars is undertaken before they are experimentally applied to environmental 
systems, and variations in outcomes may be correlated with these features. The 
pyrolysis temperature, charring time of biochar and most importantly, the particle 
size of biochar play important factors in order to implement any biochar amend-
ment project. The higher the biochar pyrolysis temperature, the finer the particle 
size, and the higher are the bulk density and water retention. The relationship 
may be inverse in relation to soil hydraulic conductivity and pore size distribution. 
This, however, depends on the soil type. Evidence has shown that biochar with 
finer particles when applied to sandy soil will reduce the macropores and hydraulic 
conductivity, whereas, in a clayey soil, biochar with finer particles will increase the 
interpores and soil hydraulic conductivity. Application rates of 0.25–2% (g g−1) 
biochar can significantly improve soil physical health in terms of water-stable 
aggregates and water retention.
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Examples of the few studies, which investigated soil aggregation with biochar 
amendment, are shown in Table 1. In a study by George et al. [42], the low-tem-
perature (220°C) hydrochar made from spent brewer’s grains, a residue from beer 
brewing, responded positively on aggregation of Albic Luvisol when (i) incubated 
for 5 months at 20°C in dark and (ii) used in a pot study with same hydrochar/soil 
combination (Table 1). These incubation and greenhouse studies involving plant 
indicate that hydrochar significantly increased water stable aggregates (WSA) 
compared to control, but the extent of WSA differed because the greenhouse study 
had 2–5 times higher rate of WSA formation compared to laboratory incubation. 
These data suggest that plant roots and mycorrhizal fungi, which were absent in 
the incubation study, had an important role in soil aggregation. In a field experi-
ment, Are et al. [2] found that the poultry biochar amendment increased the WSA 
of a sandy loam soil from 41.6 to 59.1% of a four-season trial. In contrast, with and 
without mixing Bt and E horizons with pecan shell (Carya illinoinensis), biochar 
amendment decreased aggregation (Table 1) compared to control [43]. Mixing of 
biochar from pecan with switchgrass increased aggregation; however, the effect 
was significantly lower when soil was treated only with biochar and without mixing 
with switchgrass [44]. This trend indicates that a positive effect on soil aggregate 
stability requires presence of a substrate (i.e., switchgrass) along with biochar as 
an amendment. However, the application of biochar at the rate of 1% to an ultisol 
had no effect on aggregate stability [45]. Clearly, there exists limited information 

Soil type Biochar type Study type 
(scale)

Rate of biochar 
application % 

(g g−1)

Aggregation 
(%)

Penetration 
resistance 

(MPa)

Source

Norfolk loamy  
sand: E

Pecan shells, 
700°C

Laboratory 0 14.3 1.19a 0.80b [43]

2.1 12.9 1.27a 0.88b

Norfolk loamy 
sand: E and Bt

0 27.3 0.71a 0.76b

2.1 20.9 0.88a 0.94b

Norfolk loamy 
sand: Ap

Pecan shells, 
700°C

Laboratory 0 9.95 13.0* 1.04a 1.10b [44]

0.5 9.53 12.7* 0.96a 1.15b

1.0 10.7 12.3* 1.03a 1.02b

2.0 9.23 11.8* 0.82a 0.87b

Albic Luvisol Hydrochar, 
220°C

Laboratory 0 49.8 — — — [42]

5 69.0 — — —

10 65.1 — — —

Greenhouse 0 10.3 — — —

5 20.8 — — —

10 33.8 — — —

Alfisol Field 0 41.6 — — — [2]

0.25 59.1 — — —
aMeasured after 44 days.
bMeasured after 96 days.
*With switchgrass addition.

Table 1. 
Impact of biochar on aggregation and penetration resistance.
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about how biochar affects aggregation and whether another substrate, plant roots, 
mycorrhizal fungi, or active-C source might be needed to increase WSA in biochar-
amended soils. Nevertheless, the highest concentration of black-C was observed in 
the finest size fraction (<0.53 μm) of soil aggregates [46] suggesting preferential 
embedding of black-C particles compared to other organic compounds within 
aggregates. However, it was suggested by Jeffery et al. [10] that the hydrophobicity 
of biochar [10] may have increased the resistance of aggregates to slaking in water, 
which ultimately increased the aggregate stability.

The resistance of the soil to root penetration as determined by cone penetra-
tion resistance (PR) may not be alleviated by biochar addition over short time 
period but may be altered in the long run as aging of biochar changes its properties 
[47]. Along with time, soil type is also an important factor because another study 
reported reduction in PR with application of the same biochar on a different soil 
type (Norfolk loamy sand Ap) [44]. Nevertheless, the effect of biochar amendment 
on soil aggregation and PR requires additional research by including variations in 
biochar and soil type.

4. Conclusions

This review synthesizes available data on soil physical health indicators as 
influenced by application of biochars. The physical properties of biochar products 
affect many of the functional roles that they may play in improving soil physical 
health and environmental management. The large variation of physical character-
istics observed in different biochar products means that some will be more effective 
than others in certain applications. It is important that the physical characterization 
of biochars is undertaken before they are experimentally applied to environmental 
systems, and variations in outcomes may be correlated with these features. The 
pyrolysis temperature, charring time of biochar and most importantly, the particle 
size of biochar play important factors in order to implement any biochar amend-
ment project. The higher the biochar pyrolysis temperature, the finer the particle 
size, and the higher are the bulk density and water retention. The relationship 
may be inverse in relation to soil hydraulic conductivity and pore size distribution. 
This, however, depends on the soil type. Evidence has shown that biochar with 
finer particles when applied to sandy soil will reduce the macropores and hydraulic 
conductivity, whereas, in a clayey soil, biochar with finer particles will increase the 
interpores and soil hydraulic conductivity. Application rates of 0.25–2% (g g−1) 
biochar can significantly improve soil physical health in terms of water-stable 
aggregates and water retention.
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Chapter 3

Increasing the Amount of 
Biomass in Field Crops for Carbon 
Sequestration and Plant Biomass 
Enhancement Using Biochar
Saowanee Wijitkosum and Thavivongse Sriburi

Abstract

The agricultural sector, especially in developing countries, is vulnerable to the 
effects of climate change partially caused by greenhouse gas (GHG) emissions from 
agricultural areas. Field crops are capable of bio-sequestration in its aboveground 
and belowground biomass. Incorporating biochar as a soil amendment increases its 
potential to become an important bio-sequestration which makes the agricultural 
sector a key contributor to climate change mitigation. This chapter discussed and 
presented data obtained from research on biochar using to increase plant biomass 
for carbon sequestration purposes. The biochar was produced from cassava stems 
by pyrolysis using a patented retort that was especially designed for agriculturalists 
to produce a low-cost biochar for their own use. The ability to increase biomass of 
field crops for carbon sequestration is crucial towards reducing the GHG emissions. 
This research also shed light on an innovative agricultural method, in comparison to 
traditional farming, that leads to sustainable agriculture in the long run. The biochar 
research is also a way to transfer research knowledge from laboratory to practical use.

Keywords: biochar, carbon sequestration, carbon storage, biomass, agriculture

1. Introduction

The agricultural sector contributes to climate change problems through green-
house gas (GHG) emission from various agricultural activities. However, the agri-
cultural sector is also a carbon sink, both in terms of its potential to store carbon in 
various forms and its cultivated area, where agricultural areas are scattered all over 
the globe. Thus, agricultural areas could potentially be utilized as effective carbon 
sequestration areas. Moreover, the Food and Agriculture Organization (FAO) of 
the United Nations (UN) has also suggested the use of agricultural areas for carbon 
sequestration to reduce GHG emissions [1, 2].

According to the UN Framework Convention on Climate Change (UNFCCC), 
the measurement of GHG emission reduction and the measurement of carbon 
capture and storage in agricultural sectors should not have any effect on food pro-
duction and farmers. The framework has been specially emphasized in agricultural 
and developing countries, where most of the population are farmers and are from a 
low socioeconomic background. Therefore, GHG reduction can be performed in the 
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form of a carbon sink in agricultural areas, where the carbon that is sequestered by 
biomass during photosynthesis or bio-sequestration [2, 3] can reduce the amount of 
GHG emission throughout the plant’s life time [4–7]. Bio-sequestration appears to 
be a suitable and viable means of mitigation for long-term climate objectives. Many 
research reports have suggested that plants are capable of bio-sequestration in the 
form of accumulated biomass in their stems and in the soil [1, 6, 8]. The notion of 
carbon sequestration in biomass as a means to climate change mitigation is based 
upon the aim of storing carbon in different types of forest areas [9–13]. Although 
carbon sequestration in plant biomass in agriculture is an effective tool for climate 
change mitigation, carbon sequestration in agricultural sectors has not yet been 
intensively evaluated in agricultural countries. The level of carbon sequestration 
in the aboveground and belowground biomass of plants depends on the plant’s 
biomass and thus varies with the plant species/cultivar, age, and quantity of the 
plants [14, 15]. Some or many field crop areas are suitable for carbon sequestration 
without negative impacts on farmers and food production.

Biochar is a highly stable substance that is high in fixed carbon. Incorporating it into 
agricultural soils has the potential to become an important means for GHG reduction. 
Biochar contributes to GHG reduction by retaining the carbon within the soils and 
within the plants or bio-sequestration [16–20]. Moreover, biochar has been widely 
used as a soil amendment to improve crop yields, in terms of the quantity and quality 
[21–24]. It also improves the physical, chemical, and biological characteristics of the 
soil [23, 25–28]. Therefore, using biochar as a soil amendment can help reduce require-
ments for agrochemical fertilizers, which is one of the causes of GHG emissions. It fits 
within the framework from the UNFCCC and Kyoto Protocol report [29, 30].

In this context, this chapter discussed and presented data obtained from 
research on biochar using to increase plant biomass for carbon sequestration 
purposes. The biochar was produced from feedstocks by pyrolysis using a patented 
retort that was especially designed for agriculturalists to produce a low-cost biochar 
for their own use. The biochar research is also a way to transfer research knowledge 
from laboratory to practical use.

2. Biochar, carbon sequestration, and plant biomass relationships

The indirect storage of carbon is the natural CO2 storage system from the growth 
of plants, which is an inexpensive method and can be implemented anywhere in the 
world. Most of the time, it is implemented in forested areas; however, according to 
a number of research studies, agricultural areas as well as forested areas are consid-
ered a promising place to store carbon [2, 4–7, 23]. It could reduce greenhouse gases 
as well as perform as a sink of agricultural CO2. Undoubtedly, the method is given 
considerable attention, especially by the Food and Agriculture Organization (FAO) 
who gives very much importance on measures to reduce greenhouse gases [31]. The 
movement of carbon and the variation scale of CO2 from air to soil increase carbon 
in soil. Subsequently, there is a decreasing amount of CO2 released from soil to air. 
Therefore, carbon storage is an influential mechanism that tremendously affects 
the reduction of greenhouse gases, which has approximately 89% of technical 
efficiency, whereas there was a 9% and 2% reduction of methane gas and nitrous 
oxide released from soil, respectively. Moreover, the movement of carbon from 
carbon emissions to carbon absorptions would efficiently reduce the variation of 
the atmosphere [32].

IPCC [1] characterized carbon storage in forested areas into five places including 
biomass above ground, underground biomass, dead trees, and organic carbon in the 
soil, all of which consist of storage in trees, and most of it is stored underground. Each 
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type of trees possesses different carbon storage efficiency and accumulated carbon 
according to the wood and types of wood changing according to the present related 
conditions [33–35], such as the age of the forest, the type of the forest, and the tree 
sizes [36], the forest density [37], the forest structure [38], and more. Nevertheless, 
plants except big trees can be adopted in storing carbon with more studies concerning 
the amount of carbon absorption or the amount of carbon storage in the life cycle of 
each plant. Carbon would be captured since the initial growth of plants until their 
full maturity. After plants are fully grown, the captured carbon would remain stable. 
Carbon indirect storage adopts photosynthesis of the plants, which depends on CO2 to 
propel the chemical reaction to water turning into glucose and oxygen, as in Eq. (1).

  6  CO  2   + 6  H  2   O   
 
 ⎯⎯ ⟶  

Sunlight energy
   C  6    H  12    O  6   + 6  O  2     (1)

Carbon storage in the soil of agricultural and forested areas is an approach 
several countries have adopted to reduce GHG emissions. The implementation 
could be immediate and inexpensive, relying on the photosynthesis of plants that 
store carbon in the plant tissues (cores, leaves, fruits, and roots). After the death of 
these parts, these organic parts decompose, while it is also hard for some parts to 
decompose such as humus, which remain in the soil as organic matters. The number 
of the fallen plant components varies according to habitats of living organisms. 
The factors that affect the fallen plants include plant types, environment, the care 
of the plants, and duration. By and large, products obtained from the plants are 
more than fallen plants, possibly attributable to the plant age compared to the plant 
density [14]. According to that, biochar is adopted in the carbon storage in the soil 
in order to cut the cycle of being released to the atmosphere. Furthermore, methane 
and nitrous oxide emissions could be cut down from agricultural areas; hence, this 
process is effective in greenhouse gas reduction.

Biochar can improve the degraded soil, which has been proved by research to 
effectively enhance agricultural products, increasing the biomass of plants [23, 39–41], 
which is an indirect way to reduce greenhouse gases (Carbon Negative Technology) 
[17, 18, 42]. What is more, biochar has a high volume of fixed carbon. After the process 
of pyrolysis, there would be only 50% of carbon left in biochar [18, 44, 45]. Carbon 
in biochar is steady and hard to decompose by microorganisms in the soil, making 
biochar remain underground for a long time. Thus, this could be considered a way of 
carbon storage in the soil [20, 46], different from other organic matters such as plants, 
green manure, compost manure, and manure. These could decompose quickly, espe-
cially in tropical areas, giving rise to a high volume of CO2 emissions in a rapid manner 
[47]. For this reason, agricultural areas with the integration of biochar can store carbon 
more effectively than those with the integration of biomass with the same amount of 
carbon [48]. According to the research study by Maraseni [49], once there is a change 
in the agricultural areas from enlargement by deforestation and slash and burn systems 
to deforestation and slash and char systems, there is 12% reduction of losing carbon. 
Biochar made of grass could reduce 3 tons of CO2 emissions per 1 ton of biochar [50].

3.  Pilot project for biochar application for sustainable agriculture in 
Thailand

3.1 Study area

The study of increasing biomass in feeding maize (Zea mays L.) was performed 
on experimental plots in Pa Deng-Biochar Research Center (Pd-BRC), Pa Deng 
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sub-district, Kaeng Krachan district, Petchaburi province, Thailand. This is part 
of the Huay Sai Royal Development Study Centre. The topology is undulating and 
rolling. The soil is sandy loam with a medium to high soil permeability, a medium 
to very low organic matter (OM = 0.04–1.16), and a pH that ranges from slightly 
alkaline to extremely acidic. The land has very low soil fertility and experiences 
soil erosion and water scarcity [51]. The majority of the area in Pa Deng is a slope 
complex with a gradient of more than 35%. Therefore, the Pa Deng area is enclosed 
by hills that limit the land utilization to only 12% of the total area [52]. The low 
soil fertility and limited area available for agriculture lead to the heavy use of 
agrochemicals among farmers to improve the quality and yield of their agricultural 
products. This creates long-term negative effects on the soil and environment.

3.2 Research design and experimental plots

A completely randomized design was used for this study. There were 7 treat-
ments each with 4 replications giving a total of 16 experimental plots. Each experi-
mental plot was 3 × 5 m in size. The maize was planted in two crop cycles. After 
harvesting the first cycle, the treatments were left in their original condition with 
no further addition of biochar or organic fertilizer. The maize was planted in May 
and was harvested in August. Pa Deng has been suffering from droughts for a long 
period of time. The crops were planted during the absence of rain period and in the 
strong sunlight. The crops were watered from water sprinklers.

There are seven treatments in total. Four treatments consisted of soil plus 5.6 ton/
ha of organic fertilizer with different amounts of added biochar at 0 (TBC0), 5 
(TMBC0.5), 25 (TMBC2.5), and 30 (TMBC3.0) ton/ha, respectively. The other three 
treatments consisted of soil plus added biochar at 0, 5 (TBC0.5), 25 (TBC2.5), and 
30 (TBC3.0) ton/ha, respectively. TBC0 was the controlled treatment.

The organic fertilizer used in this study was produced from the composting of 
soybean stems, and its characteristics were as follows: pH 8.3, electrical conductiv-
ity (EC) of 3.50 dS/m, 40.30 wt.% OM, 23.43 wt.% total organic carbon (TOC), 
1.70 wt.% total nitrogen (total N), 0.87 wt.% total phosphorus (total P2O5), 
3.54 wt.% total potassium (total K2O), and a 13.75 C/N ratio. In general, all the 
properties of fertilizer were shown in Table 1. The organic fertilizer used in this 
study was in accordance with all the parameters of the Organic Fertilizer Standard 
of the Thai Department of Agriculture in 2005 [53].

The maize used in this study was a single-cross hybrid CP 888 variety (flint 
corn) with strong stems. This maize can be waited for a long harvest. The maize 
is drought tolerant and can grow well in upland areas with medium precipita-
tion making it suitable in the Pa Deng area. It is also popular among farmers. 
Biochemical pesticides and herbicides were used to prevent pests and weeds, 
especially during the period of 13–25 days after seeding emergence. This is the most 
critical period to prevent flora and pests from severely affecting the crops [53, 54].

3.3 Biochar production and its characteristic

Biochar was produced from cassava stems (cassava crop waste) by pyrolysis 
process using the Controlled Temperature Biochar Retort for Slow Pyrolysis Process 
(patented) that the research team invented to suit local uses. The biochar process is 
simple and low-cost [20, 23]. The retort was a controlled temperature biochar retort 
for slow pyrolysis which was complied with the standard set by FAO [56], with a 
controlled temperature between 450 and 600°C. After the process was finished, the 
biochar was ground and sieved to less than 3 mm diameter. This particle size was 
selected since it improves soil aeration and other processes in the soil [55, 57].
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The biochar sampling method was adapted from the Standardized Product 
Definition and Product Testing Guidelines for Biochar that is used in soil [58] 
by collecting samples from every pyrolysis process. The samples were randomly 
selected from the ground biochar and analyzed for their specific surface area, total 
pore volume, average pore diameter, pH, EC, cation exchange capacity (CEC), OM, 
total carbon (C), total organic carbon (TOC), %hydrogen (H), %Oxygen (O), and 
the molar hydrogen to total organic carbon ratio (H/Corg Ratio).

The cassava biochar composites were comprised of 58.46 wt.% total C and 
58.46 wt.% TOC. The biochar from the cassava stems had a specific surface area of 
200.46 m2/g, total pore volume of 0.12 cm3/g and average pore diameter of 24.4 Å, 
with an alkaline pH of 9.6, EC of 1.35 dS/m, and CEC of 11.00 cmol/kg. The cas-
sava biochar had a very high OM content of 25.89%, total N of 0.98%, total P2O5 of 
0.82%, and total K2O of 1.68% (Table 1).

The cassava stem biochar was high in carbon, mostly in the form of amorphous 
carbon in which the carbon atoms were attached in aromatic rings [18, 21, 22, 42, 
44]. This chemical property makes the carbon in cassava stem biochar very stable 
[59–61] and creates a highly porous carbon structure in the biochar [60, 62]. The 
pyrolysis biochar at 450–600°C also contributed to the high stability of carbon 
[60, 63, 64]. The high porosity of biochar allows biochar to absorb and retain 
water and nutrients within the soil [23, 42, 55, 61, 65]. This helps with aeration 
and reduces soil density [18, 60, 66–68]. Moreover, the appropriate temperature 
during the pyrolysis process of the cassava stems also increased porosity on the 
biochar’s surface which led to increased ions on the its surface [17, 18, 62, 69, 89]. 
This resulted in a high ion exchange capacity and high CEC [26, 42, 60, 69, 70]. As 
a result, the cassava stem biochar had a high capacity to retain and adsorb organic 
carbon and non-organic matters within the soil. Moreover, it also increased activi-
ties in the soil and ion exchange between nutrients in the form of soil solution.

Cassava biochar has high alkalinity (pH 9.6). Alkalinity affects the type of 
biomass made into biochar [25, 71, 72]. Moreover, biochar from cassava stems also 
had a high OM (25.9 wt.%), which would contribute to an increased OM level in 
the soil and improve the soil fertility. These physical and chemical characteristics 
and chemical formations in biochar made it suitable as a soil amendment to increase 
plant growth [23, 25, 43, 44, 55, 60, 74, 75] and soil amelioration in acidic soils.

Table 1. 
The properties of pre-experimental soil, fertilizer, and cassava biochar.
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The biochar sampling method was adapted from the Standardized Product 
Definition and Product Testing Guidelines for Biochar that is used in soil [58] 
by collecting samples from every pyrolysis process. The samples were randomly 
selected from the ground biochar and analyzed for their specific surface area, total 
pore volume, average pore diameter, pH, EC, cation exchange capacity (CEC), OM, 
total carbon (C), total organic carbon (TOC), %hydrogen (H), %Oxygen (O), and 
the molar hydrogen to total organic carbon ratio (H/Corg Ratio).

The cassava biochar composites were comprised of 58.46 wt.% total C and 
58.46 wt.% TOC. The biochar from the cassava stems had a specific surface area of 
200.46 m2/g, total pore volume of 0.12 cm3/g and average pore diameter of 24.4 Å, 
with an alkaline pH of 9.6, EC of 1.35 dS/m, and CEC of 11.00 cmol/kg. The cas-
sava biochar had a very high OM content of 25.89%, total N of 0.98%, total P2O5 of 
0.82%, and total K2O of 1.68% (Table 1).

The cassava stem biochar was high in carbon, mostly in the form of amorphous 
carbon in which the carbon atoms were attached in aromatic rings [18, 21, 22, 42, 
44]. This chemical property makes the carbon in cassava stem biochar very stable 
[59–61] and creates a highly porous carbon structure in the biochar [60, 62]. The 
pyrolysis biochar at 450–600°C also contributed to the high stability of carbon 
[60, 63, 64]. The high porosity of biochar allows biochar to absorb and retain 
water and nutrients within the soil [23, 42, 55, 61, 65]. This helps with aeration 
and reduces soil density [18, 60, 66–68]. Moreover, the appropriate temperature 
during the pyrolysis process of the cassava stems also increased porosity on the 
biochar’s surface which led to increased ions on the its surface [17, 18, 62, 69, 89]. 
This resulted in a high ion exchange capacity and high CEC [26, 42, 60, 69, 70]. As 
a result, the cassava stem biochar had a high capacity to retain and adsorb organic 
carbon and non-organic matters within the soil. Moreover, it also increased activi-
ties in the soil and ion exchange between nutrients in the form of soil solution.

Cassava biochar has high alkalinity (pH 9.6). Alkalinity affects the type of 
biomass made into biochar [25, 71, 72]. Moreover, biochar from cassava stems also 
had a high OM (25.9 wt.%), which would contribute to an increased OM level in 
the soil and improve the soil fertility. These physical and chemical characteristics 
and chemical formations in biochar made it suitable as a soil amendment to increase 
plant growth [23, 25, 43, 44, 55, 60, 74, 75] and soil amelioration in acidic soils.

Table 1. 
The properties of pre-experimental soil, fertilizer, and cassava biochar.
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3.4 Soil properties and soil character analysis

The soil in the experimental plots was analyzed before planting the crops. Soil 
was selected at random from areas scattered throughout each plot and taken from 
0 to 30 cm depth. The samples were considered as composite samples in the soil 
analysis. Physical and chemical characteristics of the soil samplings were analyzed 
using the methods developed by the Soil Survey Staff [76], including the pH, OM 
(Walkley and Black method), soil texture (hydrometer method), CEC (leaching 
method), EC, total N (Kjeldahl method), available phosphorus (avail. P) (Bray II 
determine by spectrophotometer), and exchangeable potassium (exch. K) (ammo-
nium acetate extraction determine by atomic absorption spectrophotometer).

The pre-experimental soil analysis results (Table 1) revealed that the soil in 
the experimental plots was a slightly alkaline sandy clay loam (%Sand = 57.0, 
%Silt = 22.5, %Clay = 20.5) with a pH of 6.95 and EC of 0.08 dS/m. It is suitable 
for growing flint corn for feeding animals [53]. The soil had a high level of primary 
macronutrients except total N (total N = 0.09%, avail. P = 21.80 mg/kg, and exch. 
K = 215.75 mg/kg) (Table 1).

The soil in this region had a very low fertility with an OM of 1.32%. The OM in 
soils is decomposed by soil microbes, and it depended on the carbon distribution at 
different soil densities, which helped prevent the decomposition [77].

3.5 Evaluation of the maize biomass

During the harvesting period, the maize was uprooted from the soil and washed 
with water. The plants were then left to dry in the shade before being measured for 
their whole plant fresh (wet) weight (FW). The plants were then cut so as to sepa-
rate the roots, upper roots (stems + leaves + staminate), pods, and seeds. The FW of 
each part of the plant was measured then cut into small pieces and put in an oven at 
70°C for 48 h or until the weight was stable (dry weight: DW). Using the FW/DW 
ratio, the crop biomass was estimated. After that, the DW of the plants was used to 
derive the moisture content (wt.%), from which the biomass in different parts of 
the crop in each experimental plot was calculated, derived from Eqs. (2) and (3):

  Biomass = 100  [DW  (g) ]  /  (moisture content + 100)   (2)

  Moisture content = 100  [FW  (g)  − DW  (g) ]  / FW  (g)   (3)

3.6 Analysis of carbon sequestration from maize grown in the different  
biochar-supplemented soils

The amount of carbon sequestered in each part of maize in the different experi-
mental treatment plots consisted of the carbon concentration of the plant biomass, 
as shown in Eq. (4). The plant carbon stock was estimated by multiplying the total 
plant biomass with the carbon concentration (%). This study applied the FAO 
method [78] for carbon stock in biomass, derived from Eqs. (4) and (5):

  Biomass C =  [Carbon concentration  (%)  x biomass]  / 100  (4)

  Biomass  C  stock total   = Biomass  C  ag   + Biomass  C  bg    (5)

41

Increasing the Amount of Biomass in Field Crops for Carbon Sequestration and Plant Biomass…
DOI: http://dx.doi.org/10.5772/intechopen.82090

Biomass Cstock total is the total stock of C in the biomass from every part of maize. 
The constituents of the biomass carbon stock aboveground were the carbon content 
in the upper roots, corn cobs, and seeds, while belowground they were the carbon 
content in the roots.

All the data collected from the different experiments and field samples during 
the study were compiled and processed for statistical analysis by analysis of vari-
ances (ANOVA). Comparisons between means were tested for significance with 
Tukey’s multiple comparison test using the Statistical Package of the Social Science 
(SPSS) software. Significance was accepted at the p < 0.05 level.

3.7 Biomass of maize grown in the different biochar-supplemented soils

Biomass assessment during the first crop cycle (CC1) (Figure 1) indicated that 
the total biomass in the maize grown in TMBC3.0 was the highest (17.63 ton/ha), 
while the biomass was lowest (14.71 ton/ha) in the soil added fertilizer (TBC0). 
However, these numerical differences in the total biomass were not significant 
among all seven soil types. Comparing the results between biochar-incorporated 
treatments, it was apparent that the amount of biomass increased in relation to the 
amount of added biochar (highest in TBC3.0 and lowest in TBC0.5) and increased 
further if the fertilizer was also added. However, soil incorporated with fertilizer 
and the least amount of biochar (TMBC0.5) yielded less biomass than soil incorpo-
rated with solely biochar at the highest amount (TBC3.0), but again these differ-
ences were not statistically significant (Figure 1).

Maize biomass in the second crop (CC2) yielded (Figure 1) similar results to 
those of CC1, where numerically the highest total biomass was found in TMBC3.0, 
both in the whole plant (17.31 ton/ha) and in each part of the maize. Compared to 
the control, the total biomass and biomass of roots in TMC3.0 treatment showed 
significant results whereas the other ones did not. Even though there was no 
significant difference in biomass (total and each plant part) among soil types, 
which may reflect the low sample size relative to the level of intra-sample variation, 

Figure 1. 
Total biomass in the maize grown in soil supplemented with different biochar levels for two successive crop 
cycles. CC1 and CC2 are the first and second crop cycles, respectively. Data are shown as the mean ± 1SD, 
derived from ** independent samples. Means within a row (small letter), or within a column (capital letter) 
between CC1 and CC2 of a given maize part, with a different letter are significantly different (p < 0.05).
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0 to 30 cm depth. The samples were considered as composite samples in the soil 
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nium acetate extraction determine by atomic absorption spectrophotometer).
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Biomass Cstock total is the total stock of C in the biomass from every part of maize. 
The constituents of the biomass carbon stock aboveground were the carbon content 
in the upper roots, corn cobs, and seeds, while belowground they were the carbon 
content in the roots.

All the data collected from the different experiments and field samples during 
the study were compiled and processed for statistical analysis by analysis of vari-
ances (ANOVA). Comparisons between means were tested for significance with 
Tukey’s multiple comparison test using the Statistical Package of the Social Science 
(SPSS) software. Significance was accepted at the p < 0.05 level.

3.7 Biomass of maize grown in the different biochar-supplemented soils

Biomass assessment during the first crop cycle (CC1) (Figure 1) indicated that 
the total biomass in the maize grown in TMBC3.0 was the highest (17.63 ton/ha), 
while the biomass was lowest (14.71 ton/ha) in the soil added fertilizer (TBC0). 
However, these numerical differences in the total biomass were not significant 
among all seven soil types. Comparing the results between biochar-incorporated 
treatments, it was apparent that the amount of biomass increased in relation to the 
amount of added biochar (highest in TBC3.0 and lowest in TBC0.5) and increased 
further if the fertilizer was also added. However, soil incorporated with fertilizer 
and the least amount of biochar (TMBC0.5) yielded less biomass than soil incorpo-
rated with solely biochar at the highest amount (TBC3.0), but again these differ-
ences were not statistically significant (Figure 1).

Maize biomass in the second crop (CC2) yielded (Figure 1) similar results to 
those of CC1, where numerically the highest total biomass was found in TMBC3.0, 
both in the whole plant (17.31 ton/ha) and in each part of the maize. Compared to 
the control, the total biomass and biomass of roots in TMC3.0 treatment showed 
significant results whereas the other ones did not. Even though there was no 
significant difference in biomass (total and each plant part) among soil types, 
which may reflect the low sample size relative to the level of intra-sample variation, 

Figure 1. 
Total biomass in the maize grown in soil supplemented with different biochar levels for two successive crop 
cycles. CC1 and CC2 are the first and second crop cycles, respectively. Data are shown as the mean ± 1SD, 
derived from ** independent samples. Means within a row (small letter), or within a column (capital letter) 
between CC1 and CC2 of a given maize part, with a different letter are significantly different (p < 0.05).
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numerically it was apparent that incorporating the appropriate amount of biochar 
within the soil could increase the amount of biomass in every part of the maize.

Comparing between the two successive crop cycles (Figure 2), the amount of 
biomass found in each treatment in CC2 was less than in CC1, except for the roots 
in TBC2.5, TBC3.0, TMBC2.5, and TMBC3.0 that had a slightly higher biomass 
(0.061, 0.049, 0.120, and 0.125 ton/ha, respectively) in CC2 than in CC1. However, 
TMBC3.0, which received the highest amount of biochar plus fertilizer, had the least 
difference between the two crop cycles (−0.317 ton/ha) that the total biomass in the 
maize grown in TMBC3.0 was the highest in both crop cycles, while TBC0 (control) 
had the highest difference between the two crop cycles (−2.13 ton/ha). Thus, increas-
ing the level of biochar in the soil (within this range of 5 to 3 ton/ha) numerically 
decreased the loss of biomass yield between the first and second successive cultiva-
tion. However, none of these numerical differences were statistically significant.

From the results, considering only the maize seed biomass that can be sold 
for animal feed, adding the fertilizer with highest amount of biochar into the soil 
gave the highest (yield) weight of maize seeds in both the first and second maize 
plantations, and adding only biochar into the soil gave a higher maize seed biomass 
in both crop cycles than that obtained when only adding fertilizer to the soil. The 
weight of maize seed biomass from TMB3.0 was the highest (6.280 ton/ha in CC1 
and 6.149 ton/ha in CC2), while the results reported by Wijitkosum [55] revealed 
that TMB2.5 (13 cobs) had the highest average number of cobs per plant from 8 
sample plants per treatment followed by TMB3.0 (12 cobs). In the second crop, the 
soil amendment with biochar and fertilizer still gave a high yield of maize seeds 
with only a small decrease in the biomass compared to that in the first crop cycle.

The increase of maize biomass obtained from the soil with added biochar 
reflects the high porosity, surface area, and ion exchange capacity of biochar  
[20, 21, 23, 44, 61, 62]. In addition, the highly aromatic chemical structure of 

Figure 2. 
Biomass in each part of the maize grown in soil supplemented with different biochar levels for two successive 
crop cycles. CC1 and CC2 are the first and second crop cycles, respectively. Data are shown as the mean ± 1SD, 
derived from ** independent samples. Means within a row (small letter), or within a column (capital letter) 
between CC1 and CC2 of a given maize part, with a different letter are significantly different (p < 0.05).
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biochar leads to a high chance of oxidation reactions to form functional groups, and 
so biochar has many anions on its surface and hence a high ion exchange capacity 
[20, 42, 44, 65, 72, 73]. Moreover, biochar has many micropores that can absorb 
nutrients and anions from the soil solution [46, 59–62, 65, 79, 80] and to reduce 
nutrient leaching and provide a sustainable release to the plants.

The organic matter, important as a source of nutrients for maize growth, mostly 
came from the added fertilizer and some from the biochar and soil. Together, they 
support the growth of the roots and aid in absorbing more nutrients and transfer 
to the stem. The root biomass was increased in every soil amendment with biochar 
alone or with biochar and fertilizer, at all levels of biochar, and was higher than that 
obtained in the soil with only fertilizer added. This result gave the consistent with 
many studies (e.g. [20, 60, 72, 81, 82]) indicating that biochar could also contrib-
ute to the suitable environment for the growth of plant root. In the second maize 
plantation, the root biomass was significantly higher in all the biochar treatments, 
and especially for the addition of fertilizer with the highest level of biochar, than 
that obtained from the soil with only fertilizer added.

When the plant’s roots grow well, they can absorb nutrients and water to build 
up the biomass in other parts of the plant. For example, potassium affects the 
growth, photosynthesis, carbohydrate synthesis, and leaf and seed formation 
[83–86]. Calcium affects the strength of the maize plant and activates develop-
ment of the roots and leaves, as well as controlling the soil’s pH [20, 87]. Biochar 
produced from cassava has a high nutrient content, reflected in the observation that 
maize grows well with a higher biomass when grown in soil with added fertilizer 
and biochar or added biochar compared to that in soil with only added fertilizer.

3.8 The amount of carbon sequestered from growing maize

The carbon stock in biomass in CC1 showed that the highest amount of carbon 
stored in biomass in TMBC3.0 at 7.22 ton/ha, while the lowest in TBC0 at 5.83 ton/ha  
(Figure 3). The study showed that the carbon storage in maize biomass was 
increased depending on the amount biochar added into the soil, especially when the 
biochar was added with the fertilizer. However, the carbon storage obtained with the 

Figure 3. 
The amount of carbon stored in maize. CC1 and CC2 are the first and second crop cycles, respectively. Data are 
shown as the mean ± 1SD, derived from ** independent samples. Means within a row (small letter), or within 
a column (capital letter) between CC1 and CC2 of a given maize part, with a different letter are significantly 
different (p < 0.05).
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Figure 3. 
The amount of carbon stored in maize. CC1 and CC2 are the first and second crop cycles, respectively. Data are 
shown as the mean ± 1SD, derived from ** independent samples. Means within a row (small letter), or within 
a column (capital letter) between CC1 and CC2 of a given maize part, with a different letter are significantly 
different (p < 0.05).
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lowest ratio of biochar with fertilizer (TMB0.5) was lower than that in the biochar 
only treatment when sufficient biochar was added (TBC2.5 and TBC3.0). Carbon 
storage in each part of the maize and the total amount of carbon storage were not 
significantly different among the seven treatments. The highest percentage of 
carbon storage in the maize biomass was found in the upper roots (46.72–49.21%), 
followed by that in the seeds (33.71–35.69%), corncobs (8.32–9.27%), and roots 
(8.04–9.10%) (Figures 4 and 5).

With respect to the results from the CC2 (Figure 3), TMBC3.0 still gave the 
highest carbon storage (7.46 ton/ha), followed by TMBC2.5, TBC3.0, TBC2.5, 
TMBC0.5, TBC0.5, and TBC0. The amount of carbon storage was clearly different 
among the soil treatments, especially with the addition of fertilizer plus a high level 
of biochar which resulted in a significantly higher amount of carbon storage than 
the addition of fertilizer alone, which is the standard agricultural soil amendment 
used by farmers. Soil amendment with fertilizer and a sufficient amount of biochar 
(TMBC2.5 and TMBC3.0) resulted in significantly higher root carbon storage than 
the addition of only fertilizer to the soil. Similarly, the ratio of carbon storage in the 
other parts of the maize plants was in the same pattern as that seen in the first crop 
(Figures 4 and 5), being highest in the upper roots (46.50–48.21%), then the seeds 
(35.39–37.49%), corncobs (6.64–8.27%), and roots (7.57–9.55%).

With respect to the amount of carbon storage between the first and second 
maize plantings, the total carbon storage on maize was increased only in the soil 
treatments with sufficient biochar addition alone or with the fertilizer add-
ing sufficient biochar. Treatment TMB3.0 gave the highest amount of carbon 
storage in maize (+0.235 ton/ha), followed by TBC3.0 (+0.094 ton/ha), TBC2.5 
(+0.083 ton/ha), and TMBC2.5 (+0.076 ton/ha. In contrast, soil amendment 
without any biochar, but with the fertilizer only (TBC0), resulted in the high-
est level of decreased carbon storage (−0.551 ton/ha) between the two maize 
planting cycles.

Figure 4. 
The percentage of carbon storage in different parts of maize. CC1 and CC2 are the first and second crop 
cycles, respectively. Data are shown as the mean ± 1SD, derived from ** independent samples. Means within a 
row (small letter), or within a column (capital letter) between CC1 and CC2 of a given maize part, with a 
different letter are significantly different (p < 0.05).
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Considering the rate of total carbon change in maize biomass, the use of fertil-
izer (5.6 ton/ha) and biochar (30 ton/ha) (TMBC3.0) increased the amount of 
carbon storage in the maize biomass compared to that in the first crop cycle by 
3.25%. The use of fertilizer alone (TBC0) or biochar alone showed a 9.45% or 2.28% 
decrease, respectively, in the total carbon storage in the second maize crop, whereas 
the soil amendment with fertilizer plus the lowest amount of biochar (TMBC0.5) 
gave only a 1.32% decrease in the total carbon storage in the maize biomass in the 
second crop.

Adding the appropriate amount of biochar into the soil promotes plant growth 
[23, 25, 55], especially the roots stems, leaves, stamen, and corn stalk, leading to an 
increased plant biomass. Moreover, the presence of biochar in the soil promotes the 
plant growth and productivity even without soil amendment with fertilizer because 
biochar is organic carbon that cannot be easily digested by soil microorganisms [17, 
42, 59–61, 88]. Although the soil mixed with fertilizer initially provides sufficient 
nutrients for maize growth, this may be insufficient in the longer term for succes-
sive crops due to the rapid microbial degradation and leaching of the nutrients, 
leading to the requirement for continual reapplication of fertilizer every crop cycle. 
To help restore the soluble nutrients and reduce their leaching from soil, [21, 41, 
45, 46, 89–91], especially in tropical regions where the soil has a low organic matter 
and high washout rate, the biochar with the fertilizer was applied. Under these 
conditions, adding organic matter alone to tropical soil is not stable in the long term 
because the soil has a low anion exchange capacity, and so much of soluble fertilizer 
is washed out before being absorbed by plant roots. Instead, the requirement to 
continuously add a high amount of organic matter to the soil increases the produc-
tion cost and decreases the soil quality and environment in the long term  [47, 57, 
92, 94–95]. In contrast, when adding biochar with the fertilizer into the soil, the 
biochar helps improve both the physical and chemical properties of the soil allowing 
the plant’s roots to absorb the nutrients over a longer time period [20, 42, 43, 60], 

Figure 5. 
The amount of carbon stored in different parts of maize. CC1 and CC2 are the first and second crop cycles, 
respectively. Data are shown as the mean ± 1SD, derived from ** independent samples. Means within a row 
(small letter), or within a column (capital letter) between CC1 and CC2 of a given maize part, with a 
different letter are significantly different (p < 0.05).
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lowest ratio of biochar with fertilizer (TMB0.5) was lower than that in the biochar 
only treatment when sufficient biochar was added (TBC2.5 and TBC3.0). Carbon 
storage in each part of the maize and the total amount of carbon storage were not 
significantly different among the seven treatments. The highest percentage of 
carbon storage in the maize biomass was found in the upper roots (46.72–49.21%), 
followed by that in the seeds (33.71–35.69%), corncobs (8.32–9.27%), and roots 
(8.04–9.10%) (Figures 4 and 5).

With respect to the results from the CC2 (Figure 3), TMBC3.0 still gave the 
highest carbon storage (7.46 ton/ha), followed by TMBC2.5, TBC3.0, TBC2.5, 
TMBC0.5, TBC0.5, and TBC0. The amount of carbon storage was clearly different 
among the soil treatments, especially with the addition of fertilizer plus a high level 
of biochar which resulted in a significantly higher amount of carbon storage than 
the addition of fertilizer alone, which is the standard agricultural soil amendment 
used by farmers. Soil amendment with fertilizer and a sufficient amount of biochar 
(TMBC2.5 and TMBC3.0) resulted in significantly higher root carbon storage than 
the addition of only fertilizer to the soil. Similarly, the ratio of carbon storage in the 
other parts of the maize plants was in the same pattern as that seen in the first crop 
(Figures 4 and 5), being highest in the upper roots (46.50–48.21%), then the seeds 
(35.39–37.49%), corncobs (6.64–8.27%), and roots (7.57–9.55%).

With respect to the amount of carbon storage between the first and second 
maize plantings, the total carbon storage on maize was increased only in the soil 
treatments with sufficient biochar addition alone or with the fertilizer add-
ing sufficient biochar. Treatment TMB3.0 gave the highest amount of carbon 
storage in maize (+0.235 ton/ha), followed by TBC3.0 (+0.094 ton/ha), TBC2.5 
(+0.083 ton/ha), and TMBC2.5 (+0.076 ton/ha. In contrast, soil amendment 
without any biochar, but with the fertilizer only (TBC0), resulted in the high-
est level of decreased carbon storage (−0.551 ton/ha) between the two maize 
planting cycles.

Figure 4. 
The percentage of carbon storage in different parts of maize. CC1 and CC2 are the first and second crop 
cycles, respectively. Data are shown as the mean ± 1SD, derived from ** independent samples. Means within a 
row (small letter), or within a column (capital letter) between CC1 and CC2 of a given maize part, with a 
different letter are significantly different (p < 0.05).
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and so the maize received enough nutrients continuously leading to higher produc-
tivities. Thus, the total biomass of the maize in second plantation in TMBC3.0 and 
TMBC2.5 had decreased by less than 10%.

4.  Impact of biochar on biomass, bio-sequestration, and carbon 
sequestration

The massive and deep rooting systems in annual crops allow for direct move-
ment of C into the soil and make it less available for removal by harvest [96]. 
Therefore, the results suggested that the incorporation of the appropriate amount 
of biochar into soil may help increase the amount of biomass in the maize. These 
results are in accordance with other biochar research, where the appropriate 
amount of biochar induced chemical reactions within the soil which enhanced the 
quantity and quality of the crops [23, 25, 28, 57, 98–100]. Incorporating biochar 
with the fertilizer could enhance and sustain the biomass gain from the fertilizer 
addition. Moreover, biochar remains in the soil for a long period of time with less 
leaching, and so it is not necessary to add more biochar every new crop cycle. The 
result from the main component (70–90% by weight) of biochar is amorphous 
carbon [23, 25, 43, 59] arranged in aromatic rings that are highly stable in the soil 
for long times [21, 22, 43, 59, 61]. Moreover, other important qualities of biochar are 
its high density of micropores, high surface area, and high ion exchange capacity. 
Therefore, biochar has good soil amendment qualities and can increase the agricul-
tural productivity in terms of both the quality and quantity of crop obtained [10, 17, 
20, 23, 25, 27, 28, 62, 91, 93, 97, 99].

The amount of biomass has a direct effect on the amount of carbon stored in the 
biomass. The quantity of biomass is an important source of replenishing organic car-
bon in the soil. The potential for soils to sequester C depends on the rate of biomass 
production relative to that exported, such as by microbial activity [96, 100]. The 
treatments that resulted in a high maize biomass also had a high amount of carbon in 
their biomass. Using biochar in agricultural areas had a positive impact on the maize 
and increased the amount of biomass stored in every part of the maize (roots, stems, 
leaves, tassels, seeds, and corncobs), as reported previously [23]. This is because the 
characteristics of biochar are beneficial for plants and its ability to be used for soil 
amelioration [70, 71, 101, 102].

The structure of biochar is amorphous, in the form of aromatic hydrocarbons 
bound with oxygenated functional groups, which influences its high stability 
characteristic [18–22, 42–44, 49, 70]. Moreover, its highly porous structure contains 
a large amount of micropores with a high surface area giving a high adsorption 
capacity for cations [65, 70, 72, 73, 75, 89–91, 99]. Therefore, incorporating biochar 
within the soil in agricultural areas benefits the soil ecosystem and the physical, 
biological, and chemical characteristics of the soil [17, 18, 22, 23, 25–28, 62, 73, 79, 
80, 101, 102]. The soil becomes more fertile, which in turn leads to higher maize 
productivity. Maize grown in biochar-incorporated soils had a higher amount of 
carbon stored in every part of the plant.

5. Conclusion

A single application of biochar to the soil used for maize plantations signifi-
cantly increased the carbon storage in the plants (biomass quantity and amount of 
carbon in the biomass) even in the second crop. The amount of carbon storage was 
further increased when the fertilizer was also added with the biochar to the soil. 

47

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Increasing the Amount of Biomass in Field Crops for Carbon Sequestration and Plant Biomass…
DOI: http://dx.doi.org/10.5772/intechopen.82090

The amount of plant biomass depends on the completion of plant growth, which is 
affected by the soil richness and nutrient availability. Adding organic material helps 
to improve the soil qualities and accelerate plant growth, but, especially in tropi-
cal soils, it can be washed out easily. The addition of biochar into the soil directly 
improves the physical and chemical properties of the soil, promotes microorganism 
activities and reduces nutrient leaching, and so leads to better plant growth and a 
higher biomass in the long term.

Carbon is stored in the soil directly by adding biochar, with its high stable 
carbon content, and will indirectly be the increased plant biomass. This is hence a 
method to reduce the carbon dioxide, a GHG emission, in agricultural areas and so 
help to mitigate climate change. This study revealed that adding a high amount of 
biochar together with fertilizer to agricultural soil only once is sufficient for at least 
two crops of maize and so would not only increase carbon storage in plants, but also 
the reduced fertilizer application will further reduce GHG release in agricultural 
areas and also reduce the production cost for farmers.
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and so the maize received enough nutrients continuously leading to higher produc-
tivities. Thus, the total biomass of the maize in second plantation in TMBC3.0 and 
TMBC2.5 had decreased by less than 10%.

4.  Impact of biochar on biomass, bio-sequestration, and carbon 
sequestration

The massive and deep rooting systems in annual crops allow for direct move-
ment of C into the soil and make it less available for removal by harvest [96]. 
Therefore, the results suggested that the incorporation of the appropriate amount 
of biochar into soil may help increase the amount of biomass in the maize. These 
results are in accordance with other biochar research, where the appropriate 
amount of biochar induced chemical reactions within the soil which enhanced the 
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leaching, and so it is not necessary to add more biochar every new crop cycle. The 
result from the main component (70–90% by weight) of biochar is amorphous 
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for long times [21, 22, 43, 59, 61]. Moreover, other important qualities of biochar are 
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tural productivity in terms of both the quality and quantity of crop obtained [10, 17, 
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Abstract

The effects of sewage sludge biochar (SSB) on the microbial environment, 
Chinese cabbage yield, and heavy metals (HMs) availability of soil were compre-
hensively investigated in this study. Results showed that the concentrations of 
the dehydrogenase (DHA) and urease in the soil added with 10% SSB were 3.60 
and 1.67 times as high as that of the control soil, respectively, after planting; the 
concentrations of the bacteria, fungi, ammonia-oxidizing archaea (AOA), and 
ammonia-oxidizing bacteria (AOB) in the soil added with 10% SSB after planting 
reached 2.84, 2.62, 1.76, and 2.23 times, respectively, compared with those of the 
control group; the weights of the aboveground and underground parts of Chinese 
cabbage were 5.82 and 8.67 times as high as those of the control group, respectively. 
Moreover, the addition of SSB enhanced the immobilization of Cr, Ni, and Cd. All 
in all, SSB can improve the microbial environment of soil and inhibit the availability 
of HMs, which is very important for their utilization in barren soil.

Keywords: sewage sludge biochar, soil, Chinese cabbage, microbial environment, 
heavy metals

1. Introduction

Because of rapid economic development, more than 30 million tons of wet 
sewage sludge (SS) are produced in China every year [1]. SS contains lots of organic 
pollutants, microorganisms, eggs of parasitic organisms, and heavy metals (HMs), 
which makes it an obvious threat to ecological environment [2]. Conventional 
disposal technologies such as landfill, incineration, and agricultural application 
encounter many environmental problems; so, they cannot be widely used [3]. 
Especially, the direct application of SS in agricultural production is strictly banned 
due to the problem of pathogens and contaminants [4].
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which makes it an obvious threat to ecological environment [2]. Conventional 
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The pyrolysis of SS is a technology in which SS is heated under zero or low-
oxygen condition to produce sewage sludge biochar (SSB) and pyrolysis oil and 
gas. After conversion into SSB, all the pathogens and organic pollutants in SS are 
eliminated and the volume of SS is significantly reduced [5]. Also, the oil and gas 
produced by pyrolysis can save the input of external energy as supplemental fuel [6]. 
Apart from the applications mentioned above, SSB has numerous special advantages 
in improving soil quality and crop growth. First of all, biochar possesses a porous 
structure that can influence the soil’s structure, porosity, particle size distribution, 
and density, which contributes to increasing the soil water-holding capacity and 
microbial activity [7]. Furthermore, biochar is alkaline and can improve the pH of 
soil [8]. Finally, biochar is rich in plenty of nutrients such as nitrogen, phosphorus, 
potassium, etc., exhibiting a positive effect on plant growth [9]. Song et al. [10] 
studied the influence of pyrolysis temperature and proportion of SSB on garlic yield 
and HMs accumulation and found that the SSB produced at 450°C and its addition at 
25% could improve the yield of garlic well and inhibit HMs accumulation in garlic. 
Khan et al. [4] investigated the effects of SSB on rice yield, HMs bioaccumulation, 
and greenhouse gas emission and found that SSB amendments increased the pH, 
total nitrogen, organic carbon, and available nutrients of soil and crop yield, and 
decreased HMs bioavailability and N2O emission. In addition, there are a large 
amount of studies on the influence of SSB on plant growth and HMs migration that 
have proved the positive effects of biochar addition [11–13].

Based on the pilot-scale plant on pyrolysis of SS with capacity 30 t/d in Xiamen, 
and our previous studies, it was found that the HMs in SS were converted into a 
more stable state after hydrothermal pretreatment combined with pyrolysis and the 
obtained SSB could be used to prepare ceramsite [14–16]. However, the study of the 
influence of SSB from the pyrolysis of hydrothermally treated SS on the microbial 
environment of soil during planting is still indispensable. On the one hand, the soil 
microorganisms are involved in many biochemical processes, including the degrada-
tion and conversion of organic matter, the mineralization and immobilization of 
nutrients, and the formation and stabilization of soil aggregates [17]. On the other 
hand, the soil microorganisms are also a repository of soil nutrients and an impor-
tant nutrition source for plant growth [18]. In this study, we chose the common and 
easy-to-grow Chinese cabbage as the planting crop to investigate the influence of SSB 
from the pyrolysis of hydrothermally treated SS on the physical and chemical prop-
erties and microbial environment of soil before and after planting. Furthermore, the 
growth status of Chinese cabbage and HMs availability were also studied.

2. Materials and methods

2.1 Materials

The used soil was collected from a farmland near an abandoned mine in 
Longyan, Fujian Province, China. The soil was sieved and homogenized after 
collection. SS was obtained from a wastewater treatment plant in Xiamen, China. 
Then, the SS was disposed via hydrothermal treatment at 160°C for 1 hour, and fol-
lowed by filtration and pyrolysis by a rotary furnace at 500°C for 3 hours to obtain 
SSB in the pilot-scale plant in Xiamen, Fujian Province [19]. The high-quality and 
early raping NO.5 seed of Chinese cabbage was chosen as the testing plant.

2.2 Chinese cabbage pot experiment

The Chinese cabbage pot experiment was carried out in a greenhouse located in 
Xiamen, Fujian province, China (24.36 N–118.3 E) and the height and diameter of 
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the polyethylene pot were 15 and 20 cm, respectively. To investigate the influence 
of SSB on the properties of soil, Chinese cabbage growth, and HMs availability, 
SSB was added with an SSB-to-soil mass ratio of 1:9 (10% SSB) in pot and the pure 
soil served as a control group. The total weight of soil or treated soil in each pot was 
5.0 kg. Every pot experiment was assessed by four replicates. After seeding, each 
pot was treated with watering regularly and thinned out to ensure that only one 
Chinese cabbage grows. When the pot experiment finished (about 55 days), the soil 
and Chinese cabbage were collected to conduct relative tests, respectively.

2.3 Analysis methods

The pH was measured according to the agricultural trade standard of China 
(NY/T 1377-2007) and the solution was analyzed with a UB-7 pH meter (Ultra 
Basic, US). Electrical conductivity (EC) was measured according to the national 
environmental protection standard of China (HJ 802-2016) and the solution was 
analyzed with a Cond 3110 conductometer (Teltracon 325, Germany). Surface area 
was calculated by the Brunauer-Emmett-Teller (BET) method after testing using 
nitrogen adsorption/desorption isotherms with an apparatus (TriStar II 3020 V1.01, 
USA). Elemental analysis was conducted by an elemental analyzer (Vario MAX, 
Germany). The concentrations of nutrient elements were analyzed by digestion 
in an acid mixture [15] and the solution was determined by ICP-OES (Optima 
7000DV, USA). The concentrations of available HMs in the sample were measured 
by the DTPA extraction method [20] and the solution was determined by ICP-MS 
(Agilent 7500cx, USA). The surface functional group of SSB was analyzed by FTIR 
spectrometry (iS10, Thermo, USA) and the morphology of SSB was analyzed by 
scanning electron microscopy (SEM, S-4800, Hitachi, Japan).

The dehydrogenase (DHA) activity in soil was measured by the triphenyltetra-
zolium chloride (TTC) spectrophotometric method [21]. The urease activity was 
measured by Nesslerization [22]. The molecular target genes of bacteria, fungi, 
ammonia-oxidizing archaea (AOA), and ammonia-oxidizing bacteria (AOB) were 
measured by quantitative real-time polymerase chain reaction (RT-PCR) analysis 
[23] and the information of primers is shown in Table 1. A standard curve was 
obtained by tenfold dilution of recombinant plasmid acquired in each molecular 
target gene of the above microorganisms and each sample was repeated three times. 
The SYBR® Premix Ex Taq™ kit from Bao Biological Engineering (Dalian, China) 
Co. Ltd. was used for analysis at Roche Lightcycler® 480 PCR. The quantitative 
PCR reaction system was 20 μL, including 1 μL of tenfold diluted DNA template, 
10 μL of SYBR® Premix Ex Taq™, 0.2 μL (20 μM) of forward and reverse primers 

Target gene Primer name Primer sequence (5′–3′)

Bacteria 16S rRNA 58F CCTACGGGAGGCAGCAG
ATTCCGCGGCTGCTGGCA517R

Fungi 18S iRNA ITS3 GCATCGATGAAGAACGCAGC
TCCTCCGCTTATTGATATGCITS4

AOA amoA Arch-amoAF STAATGGTCTGGCTTAGACG
GCGGCCATCCATCTGTATGTArch-amoAR

AOB amoA amoA-1F GGGGTTTCTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTCamoA-2R

Table 1. 
RT-PCR amplification primers.
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Target gene Primer name Primer sequence (5′–3′)

Bacteria 16S rRNA 58F CCTACGGGAGGCAGCAG
ATTCCGCGGCTGCTGGCA517R

Fungi 18S iRNA ITS3 GCATCGATGAAGAACGCAGC
TCCTCCGCTTATTGATATGCITS4

AOA amoA Arch-amoAF STAATGGTCTGGCTTAGACG
GCGGCCATCCATCTGTATGTArch-amoAR

AOB amoA amoA-1F GGGGTTTCTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTCamoA-2R

Table 1. 
RT-PCR amplification primers.
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respectively, and 8.6 μL of sterilized distilled water. The procedure of PCR consisted 
of denaturation at 95°C for 5 min, denaturation at 94°C for 30 s, annealing at 55°C 
for 45 min, and extension at 72°C for 1 min, followed by 40 cycles of denaturation, 
annealing, and extension at 72°C for 10 min.

3. Results and discussions

3.1 Basic properties of the original soil and SSB

The physical and chemical properties of the original soil and SSB are listed in 
Table 2. SSB has higher pH, EC, and BET surface area compared with the soil, 
which shows that the addition of SSB can improve the physicochemical properties 
of soil, such as pH, salinity content, water retention, the adsorption of nutrient, 
and microbial population [24]. In particular, the change of pH in soil indicates the 
occurrence of some chemical and biological reactions. The contents of C, H, N, 
and S in biochar depend on the feedstock and pyrolysis condition. The H/C and 
C/N ratios represent the aromaticity of biochar and the capacity for organics to 
release inorganic N [10, 25]. In this study, the H/C ratio of SSB is lower (<0.1) than 
that of the soil, which suggests that SSB has higher aromaticity and can exist in the 
soil for many years [25]. However, the higher C/N ratio of SSB inhibits the release 
of inorganic N compared with the original soil. In addition, SSB contains higher 
concentrations of K, Na, P, and Ca compared with the soil, which indicates that the 
addition of SSB can increase the fertility of soil.

The FTIR spectra of SSB is shown in Figure 1a. The identified bands are assigned 
to the stretching vibrations of hydroxyl functionalities (3446 cm−1), amide bond 
stretching (1637 cm−1), bending vibration of methyl group (1385 cm−1), carbon- 
oxygen single bond in phenol (1186 cm−1), and carbon-oxygen double bond (1050 cm−1) 
[10, 25, 26]. In addition, the stretching vibrations between 600 and 800 cm−1 can 
be related to the aromatic and heteroaromatic compounds, and the bands below 
600 cm−1 can be attributed to the organic and inorganic halogen compounds [25]. 
The SEM micrograph of SSB is shown in Figure 1b. There are lots of lumps and holes 

Parameters Soil SSB

pH 5.32 ± 0.03 10.00 ± 0.04

EC (μS/cm) 203.67 ± 2.22 871.33 ± 3.78

Moisture (%) 0.26 ± 0.00 NDa

BET surface area (m2/g) 0.51 13.05

Carbon (%) 3.08 ± 0.02 7.84 ± 0.02

Hydrogen (%) 1.04 ± 0.03 0.63 ± 0.03

Nitrogen (%) 0.26 ± 0.00 0.34 ± 0.00

Sulfur (%) 3.96 ± 0.04 3.82 ± 0.08

K (mg/g) 8.37 ± 0.05 20.33 ± 0.06

Na (mg/g) 0.86 ± 0.01 10.57 ± 0.05

P (mg/g) 1.51 ± 0.02 7.28 ± 0.05

Ca (mg/g) 0.03 ± 0.00 39.66 ± 0.11
aND, not detected.

Table 2. 
Physical and chemical properties of soil and SSB.
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in the SSB, and the size of holes is very large. These results indicate that the SSB with 
abundant functional groups and pore structure can also change the physical and 
chemical properties of soil and provide a survival shelter for microorganism [27].

3.2 Effects of SSB addition on the physicochemical property of soil

The effects of SSB addition on the pH and EC of soil are shown in Figure 2. The 
pH of the control soil increased remarkably after planting, which indicated that the 
acid organic matter in soil was decomposed during Chinese cabbage planting [28]. 
Also, the addition of SSB adjusted the pH of soil from acidic to neutral and the pH 
increased from 7.12 to 7.49 after planting. Figure 2b shows that the EC of the control 
soil increased slightly after cabbage planting, but it is just 382 μS/cm and close to the 

Figure 1. 
(a) FTIR spectra and (b) SEM micrograph of SSB.



Biochar - An Imperative Amendment for Soil and the Environment

58

respectively, and 8.6 μL of sterilized distilled water. The procedure of PCR consisted 
of denaturation at 95°C for 5 min, denaturation at 94°C for 30 s, annealing at 55°C 
for 45 min, and extension at 72°C for 1 min, followed by 40 cycles of denaturation, 
annealing, and extension at 72°C for 10 min.

3. Results and discussions

3.1 Basic properties of the original soil and SSB

The physical and chemical properties of the original soil and SSB are listed in 
Table 2. SSB has higher pH, EC, and BET surface area compared with the soil, 
which shows that the addition of SSB can improve the physicochemical properties 
of soil, such as pH, salinity content, water retention, the adsorption of nutrient, 
and microbial population [24]. In particular, the change of pH in soil indicates the 
occurrence of some chemical and biological reactions. The contents of C, H, N, 
and S in biochar depend on the feedstock and pyrolysis condition. The H/C and 
C/N ratios represent the aromaticity of biochar and the capacity for organics to 
release inorganic N [10, 25]. In this study, the H/C ratio of SSB is lower (<0.1) than 
that of the soil, which suggests that SSB has higher aromaticity and can exist in the 
soil for many years [25]. However, the higher C/N ratio of SSB inhibits the release 
of inorganic N compared with the original soil. In addition, SSB contains higher 
concentrations of K, Na, P, and Ca compared with the soil, which indicates that the 
addition of SSB can increase the fertility of soil.

The FTIR spectra of SSB is shown in Figure 1a. The identified bands are assigned 
to the stretching vibrations of hydroxyl functionalities (3446 cm−1), amide bond 
stretching (1637 cm−1), bending vibration of methyl group (1385 cm−1), carbon- 
oxygen single bond in phenol (1186 cm−1), and carbon-oxygen double bond (1050 cm−1) 
[10, 25, 26]. In addition, the stretching vibrations between 600 and 800 cm−1 can 
be related to the aromatic and heteroaromatic compounds, and the bands below 
600 cm−1 can be attributed to the organic and inorganic halogen compounds [25]. 
The SEM micrograph of SSB is shown in Figure 1b. There are lots of lumps and holes 

Parameters Soil SSB

pH 5.32 ± 0.03 10.00 ± 0.04

EC (μS/cm) 203.67 ± 2.22 871.33 ± 3.78

Moisture (%) 0.26 ± 0.00 NDa

BET surface area (m2/g) 0.51 13.05

Carbon (%) 3.08 ± 0.02 7.84 ± 0.02

Hydrogen (%) 1.04 ± 0.03 0.63 ± 0.03

Nitrogen (%) 0.26 ± 0.00 0.34 ± 0.00

Sulfur (%) 3.96 ± 0.04 3.82 ± 0.08

K (mg/g) 8.37 ± 0.05 20.33 ± 0.06

Na (mg/g) 0.86 ± 0.01 10.57 ± 0.05

P (mg/g) 1.51 ± 0.02 7.28 ± 0.05

Ca (mg/g) 0.03 ± 0.00 39.66 ± 0.11
aND, not detected.

Table 2. 
Physical and chemical properties of soil and SSB.

59

Influence of Sewage Sludge Biochar on the Microbial Environment, Chinese Cabbage Growth…
DOI: http://dx.doi.org/10.5772/intechopen.82091

in the SSB, and the size of holes is very large. These results indicate that the SSB with 
abundant functional groups and pore structure can also change the physical and 
chemical properties of soil and provide a survival shelter for microorganism [27].

3.2 Effects of SSB addition on the physicochemical property of soil

The effects of SSB addition on the pH and EC of soil are shown in Figure 2. The 
pH of the control soil increased remarkably after planting, which indicated that the 
acid organic matter in soil was decomposed during Chinese cabbage planting [28]. 
Also, the addition of SSB adjusted the pH of soil from acidic to neutral and the pH 
increased from 7.12 to 7.49 after planting. Figure 2b shows that the EC of the control 
soil increased slightly after cabbage planting, but it is just 382 μS/cm and close to the 

Figure 1. 
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EC of the soil added with 10% SSB before planting. The EC of the soil with 10% SSB 
addition increased from 364 to 644 μS/cm after planting and the increase rate was 
76.92%. When EC is lower than 500 μS/cm or higher than 2000 μS/cm, the phenom-
enon of lacking nutrient or seedling burning will occur during planting [29]. Therefore, 
adding SSB in soil could adjust the EC to a suitable range (500–2000 μS/cm)  
for plant growth. The above results are because a number of alkaline ions such as 
hydrocarbon anion, bicarbonate, carbonate, and phosphate in SSB were released 
during planting and increased the pH and EC of soil effectively [30, 31].

3.3 Effects of adding SSB on the microbiological property of soil

3.3.1 Effects of adding SSB on the DHA and urease in soil

DHA plays a key role in the decomposition process of organic matter and can be 
used as an indicator for the evaluation of total cell oxidation activity [32]. Therefore, 

Figure 2. 
Effects of SSB addition on the pH (a) and EC (b) of soil.
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DHA activity is used to characterize the intensity of microbial activity. Urease can 
convert urea into ammonia and carbon dioxide or ammonium carbonate, and it 
reflects the intensity of nitrogen relevant reactions in the soil system [33]. The effects 
of SSB addition on the concentrations of DHA and urease in soil are shown in Figure 3.  
The addition of SSB increased the concentrations of DHA and urease in soil before 
planting, which rose from 3.83 μg IPTF/(g h) and 16.53 μg NH3-N/(g h) to 14.33 μg 
IPTF/(g h) and 32.00 μg NH3-N/(g h), respectively. Whether SSB is added or not, 
the concentrations of DHA and urease in soil increased after planting, and the con-
centrations of the DHA and urease in the soil added with 10% SSB reached 3.60 and 
1.67 times as high as those of the control soil. These results implied that adding SSB 
could improve the activities of DHA and urease in soil, promote anaerobic microbial 
growth and synthesis of enzymes, and enhance microbial activity. This is because 
SSB influenced enzyme activity with the changes of physiochemical properties 

Figure 3. 
Effects of SSB addition on the concentrations of DHA (a) and urease (b) in soil.
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Figure 4. 
Effects of SSB addition on the concentrations of bacteria (a) and fungi (b) in soil.

(especially pH) in soil, and the adsorption of enzymes and soil organic matter on 
SSB also changed the kinetic properties of enzyme activity [17].

3.3.2 Effects of SSB addition on bacteria and fungi in soil

In the planting process, bacteria play an important role in the transformation 
of organic and inorganic matter in soil, while fungi have significant effects on the 
carbon and energy cycle in soil [18]. The bacteria and fungi counts are important 
indicators of microbial activity intensity, and effectively reflect whether the 
environment of soil is suitable for crop growth or not. The effects of SSB addition 
on the concentrations of bacteria and fungi in soil are shown in Figure 4. The 
addition of SSB increased the concentrations of bacteria and fungi in soil before 
planting, which rose from 2.43 × 106 and 0.77 × 106 CFU/g to 20.60 × 106 and 
3.67 × 106 CFU/g, respectively. Whether SSB is added or not, the concentrations of 
both bacteria and fungi in soil increased after planting, and the bacteria and fungi 
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concentrations in soil added with 10% SSB reached 2.84 and 2.62 times as high as 
those of the control soil, respectively. These results showed that the addition of SSB 
had beneficial modulation effects on the concentrations of bacteria and fungi dur-
ing planting, and it could effectively enhance the microbial property of soil.

3.3.3 Effects of adding SSB on the AOA and AOB in soil

AOA and AOB associated with the nitrification of soil are called the nitrifying 
bacteria. The higher concentrations of AOA and AOB can improve the conversion 
of other forms of nitrogen into available nitrogen fertilizer so as to enhance the 
fertility of soil and promote plant growth [34]. The effects of SSB addition on the 
concentrations of the AOA and AOB in soil are displayed in Figure 5. The addi-
tion of SSB increased the concentrations of AOA and AOB in soil before planting, 
which rose from 4.83 × 106 and 2.47 × 106 amoA copies/g to 8.63 × 106 and 6.07 × 106 
amoA copies/g, respectively. Whether SSB is added or not, the concentrations 
of both AOA and AOB in soil increased after planting, and the AOA and AOB 

Figure 5. 
Effects of SSB addition on the concentrations of AOA (a) and AOB (b) in soil.
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concentrations in soil on adding 10% SSB reached 1.76 and 2.23 times as high as 
those of the control soil, respectively. These results show that SSB addition could 
effectively increase the concentrations of microorganisms associated with soil 
nitrification before and after planting.

To sum up, the influence of SSB on the microbiological property are as fol-
lows: on the one hand, SSB stored and supplied a large amount of nutrients by the 
bonding of nutrient cations and inorganic anions in soil with its surface functional 
groups; on the other hand, SSB changed the physiochemical property of soil and 
reduced the toxicity of contaminants to soil microorganisms [17].

3.4 Effects of adding SSB on Chinese cabbage growth

The weights of the aboveground and underground parts of Chinese cabbage are 
considered as important indicators that directly reflect the influence of the physi-
cal, chemical, and microbial properties of soil on plant growth. Figure 6 shows 
the effects of adding SSB on the weight of Chinese cabbage. The weights of the 
aboveground and underground parts of Chinese cabbage increased with 10% SSB 
added to soil. The weight of edible aboveground part was 5.82 times and that of 
the underground part was 8.67 times as much as those from the control soil. These 
results can be explained by the fact that the addition of SSB brought the pH and EC 
of the original soil to suitable ranges for plant growth, and that the increases of the 
DHA activity, urease activity, bacteria concentration, and fungi concentration pro-
vided appropriate metabolic environment for soil microorganisms. This favorable 
metabolic environment further improved the microbial characteristics and forms 
a virtuous cycle [17]. In addition, SSB contains nutritive elements like K, P, and N 
at high concentrations, which increased the fertility of barren soil [9]. Therefore, 
the weights of Chinese cabbage increased significantly after SSB addition. This also 
showed that SSB had a positive effect on the growth of crop in barren soil.

3.5 Effects of SSB addition on HMs availability in Chinese cabbage and soil

Figure 7 shows the concentrations of HMs in the aboveground and underground 
parts of Chinese cabbage, respectively. For the aboveground part, the addition of 
SSB to soil significantly decreased the concentrations of Mn and Cd, and reduced 
the toxicity of Chinese cabbage in the edible part compared with the control 
group. For the underground part, the addition of SSB significantly decreased the 

Figure 6. 
Effects of adding SSB on the weight of Chinese cabbage planted.
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concentrations of Mn, Pb, and Cd compared with the control group, which implied 
that the addition of SSB in soil inhibited the migration of HMs from soil to the 
underground part of Chinese cabbage.

It is widely accepted that the HMs in plant are entirely from the migration of the 
available HMs in the mixed soil during planting [4, 35]. Therefore, the concentra-
tions of available HMs in soil before and after planting were measured to investigate 
the influence of SSB addition on the transfer of HMs, as shown in Table 3. The 
change rate of available HM concentration in soil after planting compared with that 
before planting was defined as:

  α =    c  s2   −  c  s1   _____  c  s1     × 100  (1)

where,  α  is the change rate of available HM concentration in soil after planting 
compared with that before planting, %;   c  s2    is the concentration of available HM in 

Figure 7. 
Effects of adding SSB on the concentrations of HMs in aboveground part (a) and underground part (b) of 
Chinese cabbage planted.
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Figure 7. 
Effects of adding SSB on the concentrations of HMs in aboveground part (a) and underground part (b) of 
Chinese cabbage planted.
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the soil after planting, μg/g; and   c  s1    is the concentration of available HM in the soil 
before planting, μg/g.

The addition of SSB decreased the concentrations of available Cr, Mn, Ni, Cd, 
and Pb in soil before planting, which is mostly because the fractions of HMs in SSB 
are more stable than those in soil. After planting, the concentrations of available Cr, 
Mn, and Pb in control soil decreased by 0.49, 2.86, and 2.78%, respectively, which 
indicated that these HMs were taken up by cabbages or migrated to more stable 
fractions during planting. Compared with the control soil, the addition of SSB 
reduced the transfer of the available HMs in soil during planting and the  α  value 
of Cr, Mn, Ni, Cd, and Pb decreased from −0.49, −2.86, 4.35, 14.14, and −2.78 to 
−1.76, −8.82, −0.28, 2.81, and −7.41%, respectively.

In order to investigate the effects of SSB addition on the migration of the avail-
able HMs in soil, the conversion rate of the content of available HM was defined as:

  η =    c  s2   ∙  m  s2   +  c  ca   ∙  m  ca   +  c  cb   ∙  m  cb   −  c  s1   ∙  m  s1     ___________________________   c  s1   ∙  m  s1     × 100  (2)

where  η  is the conversion rate of the content of available HM, %;   c  ca    and   c  cb    are 
the concentration of available HM in the aboveground and underground parts 
of Chinese cabbage after planting, respectively, μg/g;   m  s1    and   m  s2    are the mass of 
soil before and after planting, respectively, g;  and  m  ca    and   m  cb    are the mass of the 
aboveground and underground parts of Chinese cabbage, respectively, g. When  η   > 0,  
the HM in soil transforms from the stable state to the available state after planting; 
and when  η  < 0, the HM in soil transforms from the available state to the stable 
state after planting. The conversion rates of the available HMs are shown in Table 4. 
The planting of Chinese cabbage in control soil promoted the immobilization of Cr 
and Pb and inhibited the immobilization of Mn, Ni, and Cd. Moreover, the addition 
of SSB increased the conversion rate of Mn compared with the control soil, which 
indicated that SSB addition could improve the migration of Mn to the available 
state. Mn plays an important role in the process of photosynthesis, respiration, 
protein synthesis, and hormone activation [36], which explains partly the effects of 
SSB addition on the weights of the aboveground and underground parts of Chinese 
cabbage. In addition, the conversion rates of Cr, Ni, and Cd after adding SSB 
decreased from −0.46, 4.35, and 14.40 to −1.62, −0.26, and 3.50% compared with 
the control soil, which indicated that the addition of SSB could promote the migra-
tion of Ni, Cd, and Cr from the available state to the stable state. In general, this 
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Cr Control 8.24 ± 0.01 8.20 ± 0.38 −0.49

10% SSB 6.80 ± 0.06 6.68 ± 0.29 −1.76

Mn Control 0.35 ± 0.02 0.34 ± 0.02 −2.86

10% SSB 0.34 ± 0.00 0.31 ± 0.01 −8.82

Ni Control 7.59 ± 0.02 7.92 ± 0.03 +4.35

10% SSB 7.10 ± 0.09 7.08 ± 0.68 −0.28

Cd Control 4.88 ± 0.11 5.57 ± 0.22 +14.14

10% SSB 4.62 ± 0.47 4.75 ± 0.15 +2.81

Pb Control 0.36 ± 0.05 0.35 ± 0.06 −2.78

10% SSB 0.27 ± 0.03 0.25 ± 0.02 −7.41
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immobilization effect was closely related to the biochar properties and its effects on 
the microbial environment in soil. The surface of SSB has numerous rich alkaline 
groups such as alkyl negative ion, bicarbonate, carbonate, and phosphate [31], 
and its application in soil increased the pH, which led to the immobilization of the 
available HMs in soil [37, 38]. And, the interactions of SSB with the available HMs 
promoted the more stable transformation of HMs, and included the ion exchange 
between metal in soil and exchangeable metal in SSB, electrostatic attraction of 
anionic metal, electrostatic attraction of cation metal, and precipitation of metal 
[39]. Also, SSB has a good porous structure and can improve the microbial activity, 
which enhanced the transformation of microorganism on HMs [17]. Therefore, the 
addition of SSB could improve the immobilization of available HMs in soil.

4. Conclusions

SSB has better pH and EC, more developed pore structure, and higher con-
centrations of nutrient elements compared with the original soil. The addition of 
SSB could adjust the pH of mine soil from acidic to neutral and increase the EC of 
soil. Also, the addition of SSB increased the concentrations of enzyme and micro-
organisms. Therefore, the changes of the physiochemical property and microbial 
environment improved the growth of Chinese cabbage. The edible aboveground 
and the underground parts of cabbage in SSB-amended soil weighed 5.82 times and 
8.67 times as much as those from the control group. Moreover, the addition of SSB 
promoted the migration of Cr, Ni, and Cd from the available state to the more stable 
state due to the special properties of SSB and changes of soil environment. To sum 
up, SSB has positive effects on the planting in barren soil.
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between metal in soil and exchangeable metal in SSB, electrostatic attraction of 
anionic metal, electrostatic attraction of cation metal, and precipitation of metal 
[39]. Also, SSB has a good porous structure and can improve the microbial activity, 
which enhanced the transformation of microorganism on HMs [17]. Therefore, the 
addition of SSB could improve the immobilization of available HMs in soil.
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organisms. Therefore, the changes of the physiochemical property and microbial 
environment improved the growth of Chinese cabbage. The edible aboveground 
and the underground parts of cabbage in SSB-amended soil weighed 5.82 times and 
8.67 times as much as those from the control group. Moreover, the addition of SSB 
promoted the migration of Cr, Ni, and Cd from the available state to the more stable 
state due to the special properties of SSB and changes of soil environment. To sum 
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Chapter 5

Application of Biochar to Enzyme 
Carrier for Stress Tolerance of 
Enzymes
Hidetaka Noritomi

Abstract

Biochar showed the high affinity to enzymes, and enzymes were sufficiently 
adsorbed on the surface of biochar. Enzymes were highly stabilized in water at 
high temperatures by adsorbing enzymes on biochar. The remaining activity of 
lysozyme adsorbed on adzuki bean charcoal showed around 50% after heat treat-
ment at 90°C for 30 min though that of free lysozyme was almost lost. Likewise, 
the stability of enzymes was enhanced in organic solvents by adsorbing enzymes 
on biochar. The conformation of α-chymotrypsin adsorbed on bamboo charcoal 
was hardly influenced by organic solvents, while that of free α-chymotrypsin was 
strongly dependent of the kind of organic solvents. Moreover, the adsorption of 
α-chymotrypsin on bamboo charcoal improved the transesterification of N-acetyl-
L-tyrosine ethyl ester with n-butanol in organic solvents. The transesterification 
rate of α-chymotrypsin adsorbed on bamboo charcoal was about 760 times higher 
than that of free α-chymotrypsin in n-butyl acetate.

Keywords: biochar, enzyme, enzyme carrier, adsorption, stress tolerance

1. Introduction

An enormous amount of greenhouse gas such as CO2 has recently been emitted from 
industries and thereby has caused serious global warming problems [1, 2]. Accordingly, 
the application of biomass materials, which are carbon neutral, to energies and func-
tional materials, is crucial to reduce greenhouse gas emissions [3, 4]. However, most 
of biomass materials such as forestry residues have hardly been utilized in the field of 
functional materials. Accordingly, the development in the high value-added applica-
tion of biomass materials has been desired to provide the multiple effective utilization 
system of biomass materials.

Enzymes are biocatalysts, which exhibit their outstanding biological activity 
under mild conditions, and have widely been used in pharmacy, biotechnology, and 
chemical industry [5–7]. Typical applications of enzymes are biotransformation, 
biosensor, biofuel cell, and so on. Enzymes are generally stable in a cell. However, 
they are gradually denatured and inactivated under various physical and chemical 
stresses such as heat, organic solvents, and so on [8]. In order to enhance the stabil-
ity of enzymes used in vitro, enzyme immobilization, where enzyme molecules are 
attached to solid carriers, has widely been used [9–11]. The main required features of 
enzyme carriers are chemical stability, thermal stability, insolubility under reaction 
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conditions, high affinity to enzymes, biocompatibility, the presence of reactive 
functional groups, availability, low price, regeneration, reusability, and so on. When 
enzymes are immobilized on carriers through adsorption, the catalytic activity, speci-
ficity, and stability of enzymes are influenced by the nature of carriers. Accordingly, 
the performance of enzymes can be enhanced by selecting an appropriate carrier.

A large quantity of the world’s oldest biochar was excavated from the cave of 
Kara Iwatani of Hijikawacho, Ozu-shi, Ehime, Japan, with a beast bone and the 
human bone piece 300,000 years ago. Since the ancient period, the biochar has 
been used not only as a fuel but also as a soil conditioner to support human life for 
a long time in the world [12]. Consequently, as the biocompatibility of biochar can 
be expected, we have examined the application of biochar to enzyme carriers. As 
a result, we have found that enzymes are effectively adsorbed on biochar [13, 14], 
and biochar-adsorbed enzymes exhibit the high thermal stability in water [15–18]. 
Moreover, we have reported that the adsorption of enzymes on biochar sufficiently 
improves the enzyme activity in organic solvents [19–21].

In the chapter, the characterization of biochar, the adsorption of enzyme on 
biochar, the high temperature-tolerant property of biochar-adsorbed enzymes, and 
the organic solvent-tolerant property of biochar-adsorbed enzymes are discussed.

2. Heat tolerance of biochar-adsorbed enzyme

2.1 Preparation and characterization of biochar

Biochar has been prepared by pyrolyzing plant biomass waste such as bamboo 
waste at low temperatures under nitrogen atmosphere to produce functional groups, 
which were used as a binding site for the adsorption of enzymes (Figure 1) [13, 14].  
The emission of carbon dioxide was reduced since plant biomass waste was not 
burned through the preparation of biochar. Moreover, the energy cost of the present 
preparation of biochar was suppressed, compared to that of the conventional prepa-
ration of charcoal. Consequently, the present preparation of biochar was a low-cost 
and environmentally benign process.

Figure 1. 
Preparation process of biochar.
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In order to observe the surface of biochar, we have examined SEM images [14]. 
As seen in Figure 2, the morphology of biochar was strongly dependent upon the 
kind of raw materials. The roughness of biochar was remarkably low, and any pores 
were not observed at the magnification measured in the present work. The surface 
of bamboo charcoal was smoother than that of any other charcoal. Moreover, Raman 
spectra of biochar showed that the structure of biochar was amorphous [13].

Table 1 shows the textural parameters of biochar obtained from low-temperature  
(−196°C) nitrogen adsorption isotherms, which allow the calculation of specific 
surface area, specific pore volume, and pore diameter peak [14]. In the table, the 
specific area of adzuki bean charcoal depicted the value obtained from the CO2 
isotherm. The specific surface area and specific pore volume of biochar showed 
much small, compared with that of conventional activated carbon. The carbonizing 
temperature affects the surface property of charcoal [22]. The specific pore volume 
increases with an increase in carbonizing temperature. Consequently, the pore of 
biochar was not formed enough at low temperatures.

Figure 3 shows CP/MAS 13C-NMR spectra of biochar [13]. Aromatic carbon 
(140–141, 131 ppm) was mainly detected, and C=O (200 ppm), COOH, CHO 
(175–190 ppm), and aromatic oxygen (150–153, 145–146 ppm) were also detected. 
Moreover, in order to assess the chemical property of the surface of biochar, the mea-
surement on X-ray photoelectron spectroscopy (XPS) was carried out [19]. Figure 4 
shows the elemental ratio of the surface of biochar detected by XPS. The main element 
was carbon atom, and oxygen and nitrogen atoms also existed on the surface of bio-
char to some extent. The ratios of oxygen and nitrogen atoms in adzuki bean charcoal 
were greater than those in any other charcoal. Narrow scan spectra of XPS showed 
C▬C, C▬H, C▬O, O▬C▬O, C=O, COOH, and C▬N, as seen in Figure 5. Many 
radical species due to functional groups containing oxygen atoms, which are formed 
by thermal decomposition of cellulose and hemicelluloses, are detected in charcoals 
carbonized at 500°C by the measurement of electron spin resonance, and functional 
groups decrease with increasing carbonization temperature [22, 23].

Figure 6 shows the relationship of the ζ potential of biochar with the solu-
tion pH [15]. The ζ potential of adzuki bean charcoal drastically decreased with 

Figure 2. 
SEM images of (a) adzuki bean charcoal, (b) bamboo charcoal, and (c) wood charcoal.

Biochar Specific surface area 
[m2/g]

Pore volume 
[cm3/g]

Pore diameter peak 
[nm]

Adzuki bean charcoal 204a — —

Bamboo charcoal 294 0.041 Less than 2.6

Wood charcoal 117 0.025 Less than 2.6
aSpecific area of adzuki bean charcoal was obtained from the CO2 isotherm.

Table 1. 
Structural characteristics of biochar.
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Figure 3. 
CP/MAS 13C-NMR spectra of biochar.

Figure 4. 
The elemental ratio of the surface of biochar detected by XPS.

increasing the pH value, exhibiting a negative value above pH 4, drops till pH 7, and 
was almost constant in the alkaline region. The pH dependence of the ζ potential of 
bamboo charcoal exhibited the same tendency to the case of adzuki bean charcoal.

2.2 Adsorption of enzymes on biochar

Figure 7 shows the time course of the amount of lysozyme adsorbed on adzuki 
bean charcoal at pH 7 and 25°C when hen egg white lysozyme was employed as a 
model enzyme [16]. The amount of lysozyme adsorbed on adzuki bean charcoal 
increased with an increase in adsorption time, reached a plateau around 24 h, and 
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Figure 5. 
The chemical bond ratio of biochar obtained from narrow scan spectra of XPS.

Figure 6. 
Effect of solution pH on ζ potential of biochar.
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was 11 μmol/g (0.16 g/g). As overall concentration of adzuki bean charcoal was 
3 g/L in an aqueous solution, overall lysozyme concentration in the aqueous solu-
tion corresponded to 33 μM (0.48 mg/mL). From this result, the adsorption of 
lysozyme on adzuki bean charcoal was carried out for 24 h.

As seen in Table 2, the amount of enzymes adsorbed on biochar was strongly 
dependent on the kinds of enzymes and/or biochars [14, 15]. The amount of 
lysozyme adsorbed on biochar was almost the same among three different charcoals 
although the specific surface area of adzuki bean charcoal or bamboo charcoal was 
more than twice larger than wood charcoal, as seen in Table 1.

Figure 8 shows the adsorption isotherms of lysozyme on biochar. These iso-
therms gradually increased [13]. The amount adsorbed on adzuki bean charcoal 
exhibited large, compared to the amount adsorbed on bamboo charcoal. The 
curves in the figure were the fitting lines with Freundlich adsorption isotherm 
equation (Eq. 1).

 W = KFC1/n (1)

Here, W and C are the amount adsorbed and the concentration of lysozyme, 
respectively. KF and n are experimental constants [24]. The curves of adzuki bean 
charcoal and bamboo charcoal had the correlation constants (r2) of 0.974 and 
0.998, respectively. On the other hand, the data were fitted by Langmuir adsorp-
tion isotherm equation; the curves of adzuki bean charcoal and bamboo charcoal 
depicted the correlation constants (r2) of 0.721 and 0.694, respectively.

Figure 9 shows the relationship of the amount of lysozyme adsorbed on biochar 
with the pH value of aqueous solutions at 25°C [14]. The curve of the amount 

Figure 7. 
Time dependence of amount of lysozyme adsorbed onto adzuki bean charcoal.

Biochar Amount of enzymes adsorbed (μmol/g)

Lysozyme α-Chymotrypsin

Adzuki bean charcoal 11 17

Bamboo charcoal 9 9.8

Wood charcoal 12 21

Table 2. 
Amount of enzymes adsorbed on biochar.
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adsorbed on adzuki bean charcoal had the optimum value around neutral pH, 
similar to the case of bamboo charcoal. The net charge of protein molecules alters 
with the pH of aqueous solutions. Since the isoelectric point (pI) of lysozyme is 11, 
the net charge of lysozyme becomes more positive below pH 11. Concerning the ζ 
potential of biochar, the ζ potential of adzuki bean charcoal drastically decreased 
with increasing the pH value, exhibited a negative value above pH 4, dropped till 
pH 7, and was almost constant in the alkaline region, as shown in Figure 6. The pH 
dependence of the ζ potential of bamboo charcoal exhibited the same tendency to 
the case of adzuki bean charcoal. When the pH value was around the pI of lysozyme 
or the pH where the ζ potential of biochar approached 0 volts, a dramatic decrease 
in the amount of lysozyme adsorbed on biochar was observed. On the other hand, 
in the vicinity of neutral pH where lysozyme and the surface of biochar were 
charged positively and negatively, respectively, the high amount of adsorption 

Figure 8. 
Adsorption isotherms of lysozyme onto biochar; adsorption was carried out by incubating buffer solution 
(pH 7) containing a certain amount of lysozyme and 3 g/L biochar at 120 rpm and 25°C for 24 h.

Figure 9. 
Effect of pH on the amount of lysozyme adsorbed onto biochar; adsorption was carried out by incubating 
buffer solution (appropriate pH) containing 500 μM lysozyme and 3 g/L biochar at 120 rpm and 25°C for 24 h.
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Figure 7. 
Time dependence of amount of lysozyme adsorbed onto adzuki bean charcoal.

Biochar Amount of enzymes adsorbed (μmol/g)

Lysozyme α-Chymotrypsin

Adzuki bean charcoal 11 17

Bamboo charcoal 9 9.8

Wood charcoal 12 21

Table 2. 
Amount of enzymes adsorbed on biochar.
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adsorbed on adzuki bean charcoal had the optimum value around neutral pH, 
similar to the case of bamboo charcoal. The net charge of protein molecules alters 
with the pH of aqueous solutions. Since the isoelectric point (pI) of lysozyme is 11, 
the net charge of lysozyme becomes more positive below pH 11. Concerning the ζ 
potential of biochar, the ζ potential of adzuki bean charcoal drastically decreased 
with increasing the pH value, exhibited a negative value above pH 4, dropped till 
pH 7, and was almost constant in the alkaline region, as shown in Figure 6. The pH 
dependence of the ζ potential of bamboo charcoal exhibited the same tendency to 
the case of adzuki bean charcoal. When the pH value was around the pI of lysozyme 
or the pH where the ζ potential of biochar approached 0 volts, a dramatic decrease 
in the amount of lysozyme adsorbed on biochar was observed. On the other hand, 
in the vicinity of neutral pH where lysozyme and the surface of biochar were 
charged positively and negatively, respectively, the high amount of adsorption 

Figure 8. 
Adsorption isotherms of lysozyme onto biochar; adsorption was carried out by incubating buffer solution 
(pH 7) containing a certain amount of lysozyme and 3 g/L biochar at 120 rpm and 25°C for 24 h.

Figure 9. 
Effect of pH on the amount of lysozyme adsorbed onto biochar; adsorption was carried out by incubating 
buffer solution (appropriate pH) containing 500 μM lysozyme and 3 g/L biochar at 120 rpm and 25°C for 24 h.
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tended to be obtained. Consequently, these results indicate that the electrostatic 
interaction between the positively charged lysozyme and the negatively charged 
surface of biochar mainly contributes to the adsorption.

2.3 Heat stress tolerance of enzymes adsorbed on biochar

Modest heating causes enzymes dissolved in an aqueous solution to be denatured 
and inactivated by unfolding of enzyme molecules due to the disruption of weak 
interactions such as ionic bonds, hydrogen bonds, and hydrophobic interactions, 
which are prime determinants of enzyme tertiary structures [25]. In order to assess 
the heat stress tolerance of enzymes adsorbed on biochar, an aqueous solution 
containing lysozyme adsorbed on adzuki bean charcoal was incubated at high 
temperatures [15]. Figure 10 shows photographs of aqueous solutions containing 
free lysozyme, the mixture of lysozyme and adzuki bean charcoal, and lysozyme 
adsorbed on adzuki bean charcoal before and after heat treatment was carried out 
at 90°C for 30 min, while under such heat conditions, raw eggs become hard-boiled 
eggs. The solution of free lysozyme immediately became turbid since thermally 
denatured enzymes were drastically aggregated by heat, as shown in Figure 10(d). 
The enzyme aggregation is precipitated above 10 μM lysozyme [26]. The formation 
of enzyme aggregation was enhanced since the present concentration of lysozyme 
was 33 μM. Adzuki bean charcoal was easily dispersed in an aqueous solution due 
to the good wettability to water as seen in Figure 10(b). Likewise, the mixture of 
lysozyme and adzuki bean charcoal was immediately precipitated by heat treat-
ment due to the aggregation of denatured enzymes, as shown in Figure 10(e). On 
the other hand, lysozyme adsorbed on adzuki bean charcoal was easily dispersed 
in an aqueous solution, as seen in Figure 10(c). After the heat treatment, lysozyme 
adsorbed on adzuki bean charcoal was sufficiently dispersed in the solution, and 
the white enzyme aggregation and the cohesion among adzuki bean charcoals 
adsorbing lysozyme were not observed in the solution, as shown in Figure 10(f ). 
When enzymes dissolved in an aqueous solution are placed at high temperatures, 
most of enzymes are instantaneously unfolded by the disruption of weak interac-
tions consisting of ionic bonds, hydrogen bonds, and hydrophobic interactions of 
enzymes [25, 27]. Additionally, unfolded enzymes are aggregated with each other, 
and the chemical deterioration reactions occur in unfolded enzymes. In particular, 
enzyme aggregation easily occurs upon the exposure of the hydrophobic surfaces of 
an enzyme, and this phenomenon becomes the major problem because of the fast 

Figure 10. 
Photographs of lysozyme solutions before and after heat treatment at 90°C for 30 min: (a) an aqueous solution 
containing free lysozyme before heat treatment, (b) an aqueous solution containing free lysozyme solution and 
adzuki bean charcoal before heat treatment, (c) an aqueous solution containing lysozyme adsorbed on adzuki 
bean charcoal before heat treatment, (d) an aqueous solution containing free lysozyme after heat treatment,  
(e) an aqueous solution containing free lysozyme solution and adzuki bean charcoal after heat treatment, and 
(f) an aqueous solution containing lysozyme adsorbed on adzuki bean charcoal after heat treatment.
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irreversible inactivation. The adsorption of lysozyme on adzuki bean charcoal could 
inhibit the formation of enzyme aggregation.

When the remaining activity is defined as the ratio of the activity of lysozyme 
after heat treatment to that before heat treatment, time courses of remaining 
activities of free lysozyme and lysozyme adsorbed on adzuki bean charcoal through 
the heat treatment at pH 7.0 and 90°C are shown in Figure 11 [16]. The remain-
ing activities of free lysozyme and lysozyme adsorbed on adzuki bean charcoal 
decreased with an increase in time. As shown in Figure 11, the remaining activities 
of free and adsorbed lysozyme exhibited the correlation of first-order kinetics with 
heat treatment time. Table 3 shows inactivation rate constants and half-lives of free 
and adsorbed lysozymes obtained from the curve fitting in Figure 11. The half-life 
of adsorbed lysozyme was seven times greater than that of free lysozyme. The 
remaining activity of free lysozyme was almost lost after heat treatment for 30 min, 
and the remaining activity in the mixture of lysozyme and adzuki bean charcoal 
exhibited 2%, while the remaining activity of lysozyme adsorbed on adzuki bean 
charcoal showed around 50%. The robust thermal stability of adsorbed lysozyme 
may be attributable to the suitable interaction of lysozyme with the surface of 
adzuki bean charcoal.

To extend our study, the remaining activities of lysozyme adsorbed on biochar 
obtained from several kinds of plant biomass wastes have been measured after 
heat treatment at 90°C for 30 min. Lysozyme adsorbed on bamboo charcoal or 
wood charcoal exhibited the high thermal stability, similar to the case of lysozyme-
adsorbed adzuki bean charcoal, as shown in Figure 12. On the other hand, the 

Figure 11. 
Time course of remaining activity of free lysozyme and lysozyme adsorbed on adzuki bean charcoal through the 
heat treatment at pH 7.0 and 90°C.

Samples Rate constant (min−1) Half life (min)

Free lysozyme 0.168 4

Lysozyme adsorbed on adzuki bean charcoal 0.027 28

Table 3. 
Rate constants and half lives of inactivation of lysozyme at 90°C.



Biochar - An Imperative Amendment for Soil and the Environment

82

tended to be obtained. Consequently, these results indicate that the electrostatic 
interaction between the positively charged lysozyme and the negatively charged 
surface of biochar mainly contributes to the adsorption.

2.3 Heat stress tolerance of enzymes adsorbed on biochar

Modest heating causes enzymes dissolved in an aqueous solution to be denatured 
and inactivated by unfolding of enzyme molecules due to the disruption of weak 
interactions such as ionic bonds, hydrogen bonds, and hydrophobic interactions, 
which are prime determinants of enzyme tertiary structures [25]. In order to assess 
the heat stress tolerance of enzymes adsorbed on biochar, an aqueous solution 
containing lysozyme adsorbed on adzuki bean charcoal was incubated at high 
temperatures [15]. Figure 10 shows photographs of aqueous solutions containing 
free lysozyme, the mixture of lysozyme and adzuki bean charcoal, and lysozyme 
adsorbed on adzuki bean charcoal before and after heat treatment was carried out 
at 90°C for 30 min, while under such heat conditions, raw eggs become hard-boiled 
eggs. The solution of free lysozyme immediately became turbid since thermally 
denatured enzymes were drastically aggregated by heat, as shown in Figure 10(d). 
The enzyme aggregation is precipitated above 10 μM lysozyme [26]. The formation 
of enzyme aggregation was enhanced since the present concentration of lysozyme 
was 33 μM. Adzuki bean charcoal was easily dispersed in an aqueous solution due 
to the good wettability to water as seen in Figure 10(b). Likewise, the mixture of 
lysozyme and adzuki bean charcoal was immediately precipitated by heat treat-
ment due to the aggregation of denatured enzymes, as shown in Figure 10(e). On 
the other hand, lysozyme adsorbed on adzuki bean charcoal was easily dispersed 
in an aqueous solution, as seen in Figure 10(c). After the heat treatment, lysozyme 
adsorbed on adzuki bean charcoal was sufficiently dispersed in the solution, and 
the white enzyme aggregation and the cohesion among adzuki bean charcoals 
adsorbing lysozyme were not observed in the solution, as shown in Figure 10(f ). 
When enzymes dissolved in an aqueous solution are placed at high temperatures, 
most of enzymes are instantaneously unfolded by the disruption of weak interac-
tions consisting of ionic bonds, hydrogen bonds, and hydrophobic interactions of 
enzymes [25, 27]. Additionally, unfolded enzymes are aggregated with each other, 
and the chemical deterioration reactions occur in unfolded enzymes. In particular, 
enzyme aggregation easily occurs upon the exposure of the hydrophobic surfaces of 
an enzyme, and this phenomenon becomes the major problem because of the fast 

Figure 10. 
Photographs of lysozyme solutions before and after heat treatment at 90°C for 30 min: (a) an aqueous solution 
containing free lysozyme before heat treatment, (b) an aqueous solution containing free lysozyme solution and 
adzuki bean charcoal before heat treatment, (c) an aqueous solution containing lysozyme adsorbed on adzuki 
bean charcoal before heat treatment, (d) an aqueous solution containing free lysozyme after heat treatment,  
(e) an aqueous solution containing free lysozyme solution and adzuki bean charcoal after heat treatment, and 
(f) an aqueous solution containing lysozyme adsorbed on adzuki bean charcoal after heat treatment.

83

Application of Biochar to Enzyme Carrier for Stress Tolerance of Enzymes
DOI: http://dx.doi.org/10.5772/intechopen.82094

irreversible inactivation. The adsorption of lysozyme on adzuki bean charcoal could 
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after heat treatment to that before heat treatment, time courses of remaining 
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the heat treatment at pH 7.0 and 90°C are shown in Figure 11 [16]. The remain-
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of free and adsorbed lysozyme exhibited the correlation of first-order kinetics with 
heat treatment time. Table 3 shows inactivation rate constants and half-lives of free 
and adsorbed lysozymes obtained from the curve fitting in Figure 11. The half-life 
of adsorbed lysozyme was seven times greater than that of free lysozyme. The 
remaining activity of free lysozyme was almost lost after heat treatment for 30 min, 
and the remaining activity in the mixture of lysozyme and adzuki bean charcoal 
exhibited 2%, while the remaining activity of lysozyme adsorbed on adzuki bean 
charcoal showed around 50%. The robust thermal stability of adsorbed lysozyme 
may be attributable to the suitable interaction of lysozyme with the surface of 
adzuki bean charcoal.

To extend our study, the remaining activities of lysozyme adsorbed on biochar 
obtained from several kinds of plant biomass wastes have been measured after 
heat treatment at 90°C for 30 min. Lysozyme adsorbed on bamboo charcoal or 
wood charcoal exhibited the high thermal stability, similar to the case of lysozyme-
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mixture of lysozyme and bamboo charcoal or wood charcoal showed several 
percent of remaining activity.

The solution pH generally affects the activity and stability of enzymes in aque-
ous solutions [5]. Figure 13 shows the remaining activity of lysozyme adsorbed on 
bamboo charcoal against the solution pH of adsorption medium. The remaining 
activity of bamboo charcoal-adsorbed lysozyme was markedly influenced by the pH 
of adsorption medium and showed the maximum value at pH 5.

Figure 12. 
Effect of kind of biochar on remaining activity of lysozyme adsorbed on biochar after heat treatment at 90°C 
for 30 min.

Figure 13. 
Effect of pH of adsorption medium on the remaining activity of lysozyme adsorbed on bamboo charcoal after 
the heat treatment at 90°C for 30 min.
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Three-dimensional structures of enzymes consist of secondary structures 
such as α-helix and β-sheet [28]. To elucidate the influence of adsorption on the 
structure of lysozyme, bamboo charcoal-adsorbed lysozyme has been measured by 
Fourier-transform infrared (FTIR) spectroscopy. Figure 14 shows the FTIR spectra 
of native lysozyme and lysozyme adsorbed on bamboo at different pH. The most 
sensitive spectral region to enzyme secondary structural components is amide I 
(1700–1600 cm−1), which is due almost entirely to the C〓O stretch vibrations of 
peptide linkages [28]. The spectral pattern of bamboo charcoal-adsorbed lysozyme 
was influenced by the pH of adsorption medium. To evaluate the change in the 
secondary structure of bamboo-adsorbed lysozyme, the ratio of the absorbance at 
1681 cm−1 to the absorbance at 1647 cm−1 (ABS1681/ABS1647) has been assessed since 
the band located at ca. 1681 cm−1 is assigned to intramolecular β-sheet and the band 
located at ca. 1647 cm−1 is assigned to α-helix. The ABS1681/ABS1647 ratio at pH 5 
(0.86), where the remaining activity showed the maximum value, was similar to 
that of native lysozyme (0.88). Likewise, the ABS1681/ABS1647 ratio at pH 4 (0.92) 
was near that of native lysozyme. On the other hand, the ABS1681/ABS1647 ratios at 
pH 7 (0.69) and 9 (0.61) were different from that of native lysozyme. The effect of 
solution pH of adsorption medium on the thermal stability of bamboo charcoal-
adsorbed lysozyme has been summarized as follows. The structure of bamboo char-
coal-adsorbed lysozyme was nearly the native structure of lysozyme when lysozyme 
was adsorbed on bamboo charcoal at pH 4, but the electrostatic interaction between 
lysozyme and bamboo charcoal could not sufficiently contribute to the thermal 
stability. The electrostatic interaction between lysozyme and bamboo charcoal could 
strongly retain the structure of lysozyme at high temperatures when lysozyme was 
adsorbed on bamboo charcoal at pH 5, where the native structure of lysozyme was 
maintained. The structure of lysozyme was partially destroyed since the electrostatic 
interaction was too strong to maintain the native structure of lysozyme, and the 
thermal stability of bamboo charcoal-adsorbed lysozyme dropped when lysozyme 
was adsorbed on bamboo charcoal at pH 7 and 9. Therefore, these results indicate 
that biochar-adsorbed enzymes exhibit the excellent thermal stability when the 

Figure 14. 
(A) FTIR spectrum of native lysozyme. (B) FTIR spectrum of lysozyme adsorbed on bamboo charcoal at 
pH 4. (C) FTIR spectrum of lysozyme adsorbed on bamboo charcoal at pH 5. (D) FTIR spectrum of lysozyme 
adsorbed on bamboo charcoal at pH 7. (E) FTIR spectrum of lysozyme adsorbed on bamboo charcoal at pH 9.
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native structure of enzymes is kept after the adsorption and the adsorption force is 
strong enough to retain the structure of enzymes against the heat stress.

2.4 Organic solvent stress tolerance of enzymes adsorbed on biochar

Biotransformation catalyzed by an enzyme in nonaqueous media has been 
applied to numerous synthetic processes because of the following benefits [29]: 
(1) The solubility of nonpolar reactants and products is improved. (2) Synthetic 
reactions can take place by the use of a conventional hydrolase without an expensive 
energy substance such as adenosine triphosphate (ATP). (3) The stereoselectivity 
of enzymes is markedly altered. (4) The thermal stability of enzymes is highly 
improved. (5) Enzymes can easily be recycled by the filtration or the centrifuga-
tion. (6) The product can easily be recovered by the evaporation when the volatile 
organic solvent is used as a reaction medium. (7) The contamination such as the 
growth of microorganisms can be inhibited by using organic solvents. However, 
the enzyme tends to show the low activity in organic solvents, compared to that in 
water since an organic solvent in general works as a denaturant of enzymes [30].

Figure 15 shows the scheme of reaction catalyzed by α-chymotrypsin (α-CT) 
[30, 31]. When N-acetyl-L-tyrosine ethyl ester (N-Ac-Tyr-OEt) is used as a sub-
strate, the enzymatic reaction proceeds by the formation of enzyme intermediates 
between the active site of enzymes and the substrate. In water α-CT catalyzes the 
hydrolysis reaction of N-acetyl-L-tyrosine ethyl ester (N-Ac-Tyr-OEt) with water 
to give N-acetyl-L-tyrosine (N-Ac-Tyr-OH). On the other hand, in organic solvents 
α-CT mainly catalyzes the transesterification reaction of N-acetyl-L-tyrosine ethyl 
ester (N-Ac-Tyr-OEt) with another substrate, n-butanol (BuOH), to produce 
N-acetyl-L-tyrosine butyl ester (N-Ac-Tyr-OBu). Thus α-CT, which is hydrolase, 
can beneficially catalyze the synthetic reaction in organic solvents although 
expensive energy substances such as adenosine triphosphate (ATP) are needed for 
conventional synthetic reactions by enzymes to take place in water [24].

In order to evaluate the catalytic activity of enzymes adsorbed on biochar in an 
organic solvent, the transesterification catalyzed by α-CT adsorbed on the different 
kind of biochar in acetonitrile has been examined [19]. Figure 16 shows the initial 
rates of N-acetyl-L-tyrosine butyl ester (N-Ac-Tyr-OBu) and N-acetyl-L-tyrosine 
(N-Ac-Tyr-OH) catalyzed by free and biochar-adsorbed α-CT in acetonitrile 
containing 5% (v/v) water. Both initial rates of N-Ac-Tyr-OBu and N-Ac-Tyr-OH 
catalyzed by biochar-adsorbed α-CT were much higher than those catalyzed by free 
α-CT. α-CT adsorbed on bamboo charcoal was the most effective of all, with respect 

Figure 15. 
α-CT-catalyzed transesterification of N-acetyl-L-tyrosine ethyl ester (N-Ac-Tyr-OEt) with n-butanol (BuOH) 
to N-acetyl-L-tyrosine butyl ester (N-Ac-Tyr-OBu) and competing hydrolysis (N-Ac-Tyr-OH).
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to the enhancement in the initial rates of N-Ac-Tyr-OBu and N-Ac-Tyr-OH. With 
regard to the transesterification catalyzed by hydrolase, which is characteristic of 
the nonaqueous enzymology, the initial rate of N-Ac-Tyr-OBu catalyzed by α-CT 
adsorbed on bamboo charcoal was about 50 times higher than that catalyzed by 
free one. Enzymes are aggregated in an organic solvent, and most of them can-
not directly come in contact with the bulk organic phase containing substrates, 
although they are soluble in an aqueous solution. On the other hand, most of the 
enzymes adsorbed on biochar are directly in contact with the bulk organic phase 
since they are located on the surface of biochar. Accordingly, biochar-adsorbed 
enzymes can effectively proceed with the reaction, compared to free enzymes, since 
mass transfer of substrates and products is rapidly facilitated [32].

In order to elucidate the influence of a kind of biochar on the secondary struc-
ture of α-CT, the FTIR spectra of free and biochar-adsorbed α-CT were measured. 
Table 4 shows the ratio of the absorbance at 1650 cm−1 to the absorbance at 
1630 cm−1 (ABS1650/ABS1630) of free α-CT and α-CT adsorbed onto biochar. As 
mentioned above, the band located at ca. 1650 cm−1 is assignable to α-helix, and 
the band located at ca. 1630 cm−1 is assignable to intramolecular β-sheet. The order 
of the ABS1650/ABS1630 ratio was bamboo charcoal-adsorbed α-CT > adzuki bean 
charcoal-adsorbed α-CT = wood charcoal-adsorbed α-CT > free α-CT. The order of 
the ABS1650/ABS1630 ratio was similar to that of the initial rate of transesterification 
as shown in Figure 16. The α-helical structure of α-CT molecule is more changeable 
than β-sheet, since the β-sheet structure is the main backbone of α-CT molecule 
[33]. Thus, the results indicate that at the higher initial rate, the transesterification 
is catalyzed by α-CT molecules having the secondary structure kept more highly. 

Figure 16. 
Dependence of kind of biochar on biochar-adsorbed α-CT-catalyzed transesterification. Free or biochar-
adsorbed α-CT was placed in acetonitrile containing 5% (v/v) water, 10 mM N-Ac-Tyr-OEt, 1000 mM BuOH, 
and 1 mM acetanilide, and the resulting mixture was shaken at 120 rpm and 25°C.

Sample ABS1650/ABS1630 (−)

Free α-CT 1.1

Adzuki bean charcoal-adsorbed α-CT 1.3

Bamboo charcoal-adsorbed α-CT 1.5

Wood charcoal-adsorbed α-CT 1.3

Table 4. 
Ratio of the absorbance at 1650 cm−1 to the absorbance at 1630 cm−1 (ABS1650/ABS1630) of α-CT provided by the 
FTIR measurement.
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the nonaqueous enzymology, the initial rate of N-Ac-Tyr-OBu catalyzed by α-CT 
adsorbed on bamboo charcoal was about 50 times higher than that catalyzed by 
free one. Enzymes are aggregated in an organic solvent, and most of them can-
not directly come in contact with the bulk organic phase containing substrates, 
although they are soluble in an aqueous solution. On the other hand, most of the 
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mentioned above, the band located at ca. 1650 cm−1 is assignable to α-helix, and 
the band located at ca. 1630 cm−1 is assignable to intramolecular β-sheet. The order 
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Figure 16. 
Dependence of kind of biochar on biochar-adsorbed α-CT-catalyzed transesterification. Free or biochar-
adsorbed α-CT was placed in acetonitrile containing 5% (v/v) water, 10 mM N-Ac-Tyr-OEt, 1000 mM BuOH, 
and 1 mM acetanilide, and the resulting mixture was shaken at 120 rpm and 25°C.

Sample ABS1650/ABS1630 (−)

Free α-CT 1.1

Adzuki bean charcoal-adsorbed α-CT 1.3

Bamboo charcoal-adsorbed α-CT 1.5

Wood charcoal-adsorbed α-CT 1.3

Table 4. 
Ratio of the absorbance at 1650 cm−1 to the absorbance at 1630 cm−1 (ABS1650/ABS1630) of α-CT provided by the 
FTIR measurement.
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Moreover, it is suggested that the content of functional groups in bamboo charcoal 
is suitable to keep the secondary structure of α-CT in acetonitrile since functional 
groups contribute to the adsorption of α-CT on biochar.

Figure 17 shows time course of remaining activities of free α-CT and bam-
boo charcoal-adsorbed α-CT through the heat treatment at 50°C [20]. The state 
of free α-CT in acetonitrile, where α-CT was dispersed as the solid state, was 
unchanged during the heat treatment, although enzymes dissolved in an aqueous 
solution immediately form the aggregation of thermally denatured enzymes [15]. 
Likewise, the enzyme aggregation and the cohesion among bamboo charcoal-
adsorbed α-CT were not observed in acetonitrile during the heat treatment. 
However, the remaining activities of free α-CT and BCP-adsorbed α-CT gradu-
ally dropped with an increase in heat time. The relation between the remaining 
activity of free α-CT and heat time could be correlated by first-order kinetics, 
while the relation between bamboo charcoal-adsorbed α-CT and heat time could 
be correlated by second-order kinetics. When the curve fitting was carried out in 
the figure, the half-life of inactivation of free α-CT was 33 min, and the half-life 
of inactivation of bamboo charcoal-adsorbed α-CT was 125 min. Therefore, the 
half-life of bamboo charcoal-adsorbed α-CT showed 3.8-fold, compared with 
that of α-CT. On the other hand, the half-life of inactivation of bamboo charcoal-
adsorbed α-CT is 15 min in aqueous solutions at 45°C [17]. Consequently, the 
thermal stability of bamboo charcoal-adsorbed α-CT in acetonitrile was greater 
than that in water. As a result, the electrostatic interaction between α-CT and 
bamboo charcoal, which mainly contributes to the adsorption of α-CT on bamboo 
charcoal, is strengthened in acetonitrile as the dielectric constant of acetonitrile is 
much smaller than that of water [34].

In moist air, the catalytic activity of solid enzymes is markedly dependent on the 
thermodynamic water activity (aw), which is defined as the ratio of the water partial 
pressure to the vapor pressure of pure water [35]. Similarly, the catalytic activity 
of biochar-adsorbed enzymes might be influenced in hydrophilic organic solvents 
containing low water content. Figure 18 shows the relationship of the initial trans-
esterification rate (Ve) and the initial hydrolysis rate (Vh) with the water activity 

Figure 17. 
Time course of remaining activities of free α-CT and bamboo charcoal-adsorbed α-CT through the heat 
treatment at 50°C.
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in acetonitrile at 25°C [20]. Low water activity inhibited the inherent enzymatic 
hydrolysis of N-acetyl-L-tyrosine ethyl ester (N-Ac-Tyr-OEt) with water, whereas 
the enzymatic transesterification of N-acetyl-L-tyrosine ethyl ester (N-Ac-Tyr-OEt)  
with n-butanol (BuOH) was enhanced. The water activity strongly affected the 
initial transesterification rates catalyzed by bamboo charcoal-adsorbed α-CT and 
free α-CT, and the correlation between these parameters showed a bell-shaped 
curve. The initial transesterification catalyzed by bamboo charcoal-adsorbed α-CT 
exhibited about 60-fold, compared to that catalyzed by free α-CT when the maxi-
mum initial transesterification rates of free α-CT and bamboo charcoal-adsorbed 
α-CT were shown. On the other hand, the initial hydrolysis rates catalyzed by free 
α-CT and bamboo charcoal-adsorbed α-CT gradually increased with increasing the 
water activity. The relationship of the catalytic activity of enzymes with the water 
activity in organic solvents tends to depict a bell-shaped curve. The balance between 
the kinetic rigidity of enzyme structures and their thermodynamic stability results 
in the optimum water activity [29, 36]. The kinetic rigidity drops with an increase in 
water activity, while the native structure of enzymes is gradually influenced by the 
thermodynamic stability. Consequently, the catalytic activity of enzymes increases 
with increasing the flexibility in the rigid structure of enzymes and then decreases 
with increasing the disturbance of enzyme structures. On the other hand, the 
hydrolysis is promoted with an increase in the water activity since the high water 
activity results in the high overall water concentration. Concerning the reaction 
selectivity, which was defined as the ratio of the initial transesterification rate (Ve) 
to the initial hydrolysis rate (Vh), bamboo charcoal-adsorbed α-CT was much better 
than free α-CT.

Table 5 shows the absorbance ratio at 1650 and 1630 cm−1 (ABS1650/ABS1630) of 
bamboo charcoal-adsorbed α-CT [20]. The higher the absorbance ratio, the higher 
the secondary structure. The water activity did not affect the absorbance ratio 

Figure 18. 
Effect of water activity on the transesterification rate (Ve) and hydrolysis rate (Vh) of free α-CT and bamboo 
charcoal (BC)-adsorbed α-CT in acetonitrile.
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the enzymatic transesterification of N-acetyl-L-tyrosine ethyl ester (N-Ac-Tyr-OEt)  
with n-butanol (BuOH) was enhanced. The water activity strongly affected the 
initial transesterification rates catalyzed by bamboo charcoal-adsorbed α-CT and 
free α-CT, and the correlation between these parameters showed a bell-shaped 
curve. The initial transesterification catalyzed by bamboo charcoal-adsorbed α-CT 
exhibited about 60-fold, compared to that catalyzed by free α-CT when the maxi-
mum initial transesterification rates of free α-CT and bamboo charcoal-adsorbed 
α-CT were shown. On the other hand, the initial hydrolysis rates catalyzed by free 
α-CT and bamboo charcoal-adsorbed α-CT gradually increased with increasing the 
water activity. The relationship of the catalytic activity of enzymes with the water 
activity in organic solvents tends to depict a bell-shaped curve. The balance between 
the kinetic rigidity of enzyme structures and their thermodynamic stability results 
in the optimum water activity [29, 36]. The kinetic rigidity drops with an increase in 
water activity, while the native structure of enzymes is gradually influenced by the 
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with increasing the flexibility in the rigid structure of enzymes and then decreases 
with increasing the disturbance of enzyme structures. On the other hand, the 
hydrolysis is promoted with an increase in the water activity since the high water 
activity results in the high overall water concentration. Concerning the reaction 
selectivity, which was defined as the ratio of the initial transesterification rate (Ve) 
to the initial hydrolysis rate (Vh), bamboo charcoal-adsorbed α-CT was much better 
than free α-CT.

Table 5 shows the absorbance ratio at 1650 and 1630 cm−1 (ABS1650/ABS1630) of 
bamboo charcoal-adsorbed α-CT [20]. The higher the absorbance ratio, the higher 
the secondary structure. The water activity did not affect the absorbance ratio 

Figure 18. 
Effect of water activity on the transesterification rate (Ve) and hydrolysis rate (Vh) of free α-CT and bamboo 
charcoal (BC)-adsorbed α-CT in acetonitrile.
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(ABS1650/ABS1630) of bamboo charcoal-adsorbed α-CT, indicating that the second-
ary structure of bamboo charcoal-adsorbed α-CT does not depend on the water 
activity. Accordingly, the adsorption firmly makes the conformation of bamboo 
charcoal-adsorbed α-CT maintained. The absorbance ratio (ABS1650/ABS1630) of 
bamboo charcoal-adsorbed α-CT is higher than that of free α-CT, as seen in Table 4. 
The results illustrate that the water activity effectively affects the catalytic activity of 
bamboo charcoal-adsorbed α-CT having a native structure, compared to that of free 
α-CT.

The catalysis of free α-CT and bamboo charcoal-adsorbed α-CT was markedly 
dependent upon the nature of organic solvents as shown in Figure 19. The catalytic 
activity of bamboo charcoal-adsorbed α-CT was much superior to that of free α-CT 
in organic solvents. The initial transesterification rate of free α-CT in n-octane 
exhibited 813-fold, compared to that in n-butyl acetate, while the initial transesteri-
fication rate of bamboo charcoal-adsorbed α-CT in n-octane was 1.3 times greater 
than that in n-butyl acetate.

There have been some reports that the native conformation of enzymes may 
be altered when enzymes are immersed in organic solvents [37, 38]. Table 6 shows 
the ratio of the absorbance at 1650 cm−1 to the absorbance at 1630 cm−1 (ABS1650/
ABS1630) of free α-CT and bamboo charcoal-adsorbed α-CT after they were 
immersed in organic solvents for 24 h. The absorbance ratio (ABS1650/ABS1630) of 
bamboo charcoal-adsorbed α-CT after the solvent immersion was similar to that 
before the solvent immersion. On the other hand, the absorbance ratio (ABS1650/
ABS1630) of free α-CT was altered by the immersion in octane. Those results indicate 
that the conformation of bamboo charcoal-adsorbed α-CT is hardly influenced by 
the nature of solvents, compared to the case of free α-CT.

Figure 20 shows the relation between the catalytic activity and the hydropho-
bicity defined as log P where P is a partition coefficient for a given solvent between 
n-octanol and water [39]. The initial transesterification rate of free α-CT and 
bamboo charcoal-adsorbed α-CT increased with an increase in the hydrophobicity 
of organic solvents. Likewise, the initial hydrolysis rates of free α-CT and bamboo 
charcoal-adsorbed α-CT tended to increase with increasing the hydrophobicity of 
organic solvents. The hydrophobicity contributes to the partition of water between 
enzyme molecules and the bulk organic phase in reaction systems [29, 40]. When 
a certain amount of water is added into organic solvents, the amount of water 
associated with enzyme molecules increases in an increase in the hydrophobicity of 
organic solvents. Thereby, the flexibility of enzyme molecules, which is essential for 
catalytic activity, is enhanced by the hydration of enzyme molecules, and then the 
catalytic activity increases. On the other hand, hydrolysis reaction is promoted by 
the increase of water molecules around enzymes. As shown in Figure 20, the initial 
transesterification rate of bamboo charcoal-adsorbed α-CT was much superior to 
that of free α-CT at the low hydrophobicity. For instance, the initial transesterifica-
tion rate of bamboo charcoal-adsorbed α-CT was about 760 times higher than that 

Water activity (−) ABS1650/ABS1630 (−)

0.03 1.3

0.28 1.3

0.55 1.3

0.73 1.3

Table 5. 
Ratio of the absorbance at 1650 cm−1 to the absorbance at 1630 cm−1 (ABS1650/ABS1630) of bamboo charcoal-
adsorbed α-CT provided by the FTIR measurement.
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of free α-CT in n-butyl acetate (log P = 1.7). Moreover, bamboo charcoal-adsorbed 
α-CT depicted the high initial transesterification rate in acetone and acetonitrile, 
compared to the case of free α-CT. An enzymatic reaction in hydrophilic solvents 
has the advantage of the solubility of a variety of substrates including drug deriva-
tives, which are poorly soluble in hydrophobic solvents [41]. As discussed above, 
since the native conformation of bamboo charcoal-adsorbed α-CT was maintained 
in hydrophilic organic solvents, bamboo charcoal-adsorbed α-CT could exhibit the 
high catalytic activity, compared to the case of free α-CT. On the other hand, no 
correlation between the catalytic activity and the other parameter (e.g., dielectric 
constant, hydrogen bonding parameter, solubility parameter, and viscosity)  
was shown.

Figure 19. 
Solvent dependence o of transesterification catalyzed by free α-CT (A) and BCP-adsorbed α-CT (B).

Solvent ABS1650/ABS1630 (−)

Free α-CT Bamboo charcoal-adsorbed α-CT

None 1.14 1.47

Acetonitrile 1.15 1.51

n-Octane 1.20 1.53

Table 6. 
Ratio of the absorbance at 1650 cm−1 to the absorbance at 1630 cm−1 (ABS1650/ABS1630) of free α-CT and 
bamboo charcoal-adsorbed α-CT provided by the FTIR measurement after the solvent immersion.

Figure 20. 
Relationship of log P of solvents with transesterification rate (A) or hydrolysis rate (B) of free α-CT and 
bamboo charcoal (BC)-adsorbed α-CT.
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3. Conclusions

This chapter has introduced the study on the application of the biochar to 
enzyme carriers to develop the high value-added application of biomass materials. 
Biochar was thermal stable, chemical stable, insoluble under reaction conditions, 
available, low cost, regeneration, and reusable. Moreover, as biochar had functional 
groups for the interaction of enzymes and a high affinity to enzymes, enzymes were 
firmly adsorbed on biochar. On the other hand, the original weakness of enzymes 
due to the heat and organic solvent stresses could be much improved by adsorbing 
enzymes onto the biochar. Moreover, enzymes are strictly influenced not only by 
heat and organic solvents but also by ultraviolet, X-ray, sound wave, shake, freeze, 
pressure, shearing force, extreme ionic strength, urea, surfactant metal ion, reduc-
tant, and so on. It would be expected that suitable carriers having the high tolerance 
against those stresses are developed for an enzyme carrier by selecting a kind of 
biochar as well because there are a great variety of biomass in the earth.
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firmly adsorbed on biochar. On the other hand, the original weakness of enzymes 
due to the heat and organic solvent stresses could be much improved by adsorbing 
enzymes onto the biochar. Moreover, enzymes are strictly influenced not only by 
heat and organic solvents but also by ultraviolet, X-ray, sound wave, shake, freeze, 
pressure, shearing force, extreme ionic strength, urea, surfactant metal ion, reduc-
tant, and so on. It would be expected that suitable carriers having the high tolerance 
against those stresses are developed for an enzyme carrier by selecting a kind of 
biochar as well because there are a great variety of biomass in the earth.
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Abstract

Phosphorus (P) eutrophication in the water bodies is of global concern. The role 
of biochar in the mitigation of (P) eutrophication has recently received substantial 
attention. Agriculture is the main source of P in the water bodies, as a result of 
excessive fertilizer and manure application. Excessive P results in excessive primary 
production in the water bodies, leading to anoxic conditions, growth of toxic algae 
blooms, altering plant species composition and biomass. Therefore, resulting in food 
web disruption, fish kill, toxins production and recreation areas degradation. When 
biochar is applied on farm, it has potential to sorb/adsorb P, immobilizing it, slowing 
its translocation to the water bodies. However, biochar effectiveness in P sorption 
is influenced by both feedstock type and pyrolysis temperature. The interaction 
between feedstock type and pyrolysis temperature influences the biochar pH, sur-
face area, aromatic carbon, cation exchange capacity, surface charge density, biochar 
internal porosity and polar and nonpolar surface sites that promote nutrient absorp-
tion. Hence, biochar properties have a broad spectrum that influences how biochar 
reacts with P sorption; therefore, it is not appropriate to extrapolate observed results 
to different materials. Biochar that promote P sorption rather than desorption 
should be considered and designed to meet specific management practices.

Keywords: biochar, desorption, eutrophication, phosphorus, mitigation, sorption

1. Introduction

Phosphorus (P) eutrophication is a major problem globally. Increased aquatic 
primary production attributed to P over enrichment results in eutrophication [1, 2].  
Aquatic systems affected by eutrophication often exhibit harmful algal blooms, 
which foul water intakes and waterways, disrupt food webs, fuel hypoxia and 
produce secondary metabolites that are toxic to water consumers and users includ-
ing human, cattle, zooplankton, shellfish, domestic pets and fish [3]. Agriculture 
is the main pollutant of aquatic systems [4]. Overapplication of P fertilizer and 
manure to soil is in itself wasteful and causes P accumulation in the soil, but the 
transport of P to aquatic ecosystems by erosion is also causing widespread problems 
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of eutrophication [5–8]. Soil P exists in both organic and inorganic forms [9]; the 
inorganic P is highly influenced by soil pH and is mainly coupled with amorphous 
and crystalline forms of Fe, Al, and Ca [10]. Biochar exhibits potential to mitigate 
P eutrophication when applied on farm as a result of its high capacity to sorb P [1]. 
Biochar is a by-product of pyrolysis process, whereby in an energy-limited world, 
biomass is converted to energy products through pyrolysis process [11]. Biochar 
nutrient sorption capacity has been reported to exceed that of natural organic 
matter by a factor of 10–100 in some cases [12]. However, its capacity for P sorption 
is influenced by both feedstock type and pyrolysis temperature [13]. The interaction 
between feedstock type and pyrolysis temperature influences biochar characteristics 
resulting in wide spectrum of biochar properties that influence P sorption [1, 14].  
Therefore, extrapolation of P sorption findings from one material to another is not 
appropriate; as a result of diversity of biochar response to P sorption, every material 
needs to be studied and designed to address the set P sorption objectives.

2. Forms of phosphorus

Soil P exists as either organic or inorganic compounds that differ significantly 
in their biological availability in the soil environment [9]. Phosphorus goes through 
different geochemical processes in soil which include adsorption, solubilization, pre-
cipitation and complexation that determine its mobility and fate [15]. The inorganic 
P compounds mainly couple with amorphous and crystalline forms of Fe, Al, and 
Ca [10] and are highly influenced by soil acidity and alkalinity [1]. Soil acidity and 
alkalinity influence the impact of solubilization, complexation, adsorption and pre-
cipitation on P retention and release. In acidic soils P is fixed by sorption to oxides and 
hydroxides of Al and Fe through formation of insoluble Al and Fe phosphates by ligand 
exchange and precipitation reactions [16, 17]. In alkaline soils, P is made unavailable 
due to formation of metal complexes such as Mg-P and Ca-P [18, 19]. The organic P in 
most soils is dominated by a mixture of phosphate monoesters  
(e.g., inositol phosphates and mononucleotides) and phosphate diesters (mainly 
phospholipids and nucleic acids), with smaller amounts of phosphonates (compounds  
with a direct carbon-phosphorus bond) and organic polyphosphates (e.g., adenosine 
triphosphate) [20]. Plants can acquire P from organic compounds through various 
mechanisms; some of the mechanisms allow plants to utilize organic P as efficiently 
as inorganic phosphate [21, 22]. Different environmental conditions influence avail-
ability and sorption of P, for example anaerobic condition leads to the release of P 
resulting from reduction of ferric to ferrous iron [23]. The presence of sulfate could 
lead to reaction of ferric iron with sulfate and sulfide to form ferrous iron and iron 
sulfide resulting in the release of P [24]. Increased temperature can reduce adsorption 
of P by mineral complexes in the sediment [25]. Other physicochemical processes 
affecting the release of P from the sediment include redox, temperature, reservoir 
hydrology, pH potential and environmental conditions [26]. These processes are 
further complicated by the influence of biological processes, for example miner-
alization, leading to a complex system regulating the release of P across sediment 
water interface [26]. Understanding of P retention and release mechanism enhances 
effective management of P enhancing crop production and promoting sustainability 
of soil and water quality [11].

3. Agriculture: the major source of phosphorus to water bodies

Increasing human population calls for increased food production. Increased 
food production requires increased fertilizer application which includes P fertilizer 
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(Figure 1) [27]. Today agriculture is heavily dependent on P derived from phos-
phate rock. Phosphorus is a nonrenewable resource and it is expected that economi-
cally mineable P reserves will be exhausted within 50–100 years (Figure 2) [27]. 
Crop and livestock production systems are the major cause of human alteration of 
the global P cycles [28]. The major source of P input to water bodies is the excessive 
application of fertilizer or manure on farm which causes P accumulation in soils 
[5]. Excess P or poor-timed application could mobilize P through runoff, negatively 
impacting water quality of water bodies and causing eutrophication [29, 30].

Figure 1. 
Historical sources of phosphorus for use as fertilizers, including manure, human excreta, guano and phosphate 
rock (1800–2000). Modified from [27].

Figure 2. 
Indicative peak phosphorus curve, illustrating that, global phosphorus reserves are likely to peak after which 
production will be significantly reduce. Modified from [27].
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In many cases, P enters aquatic ecosystems sorbed to soil particles that are 
eroded into rivers, lakes and streams; any factor elevating soil P concentration or 
accelerating soil erosion potentially increase P runoff to aquatic system [31, 32]. 
Mobilization of P involves chemical, biochemical and biological processes. The pro-
cesses are grouped into detachment or solubilization mechanisms and are defined 
by the physical size of the P compounds that are mobilized [33]. Potential for solu-
bilization increases with increasing concentrations for extractable P. Depending on 
site conditions, diffuse P transport occurs as particulate or dissolved P in overland 
flow, drainage, channelized surface runoff or groundwater [34].

4. Phosphorus sorption is dependent on biochar properties

Biochar exhibits variable properties which are related to its formation; biochar 
properties are mainly influenced by method of pyrolysis, temperature of pyroly-
sis, feedstock type, particle size, pyrolysis retention time and furnace oxygen 
level [35–38]. Biochar has been reported to increase soil pH and cation exchange 
capacity (Figure 3) [1, 39]. Biochars exhibit high surface charge density, and CEC 
values up to 112 cmolc kg−1 have been observed [40]. The high surface charge 
density allows biochar to retain cations by cation exchange, whereas biochar 
internal porosity, high surface area and presence of both polar and non-polar 
surfaces sites promote absorption of nutrient [41]. Biochar is also reported to 
contain essential nutrients [41, 42] that could be retained and slowly released 
over time [43, 44].

As a result of biochar variable properties, the P sorption findings by different 
studies are inconsistent; some previous studies indicated no increase in P sorption 

Figure 3. 
Relationship between biochar phosphorus sorption and pH for all feedstocks, switchgrass, kudzu and Chinese 
tallow. Modified from [1].
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of the sandy and clayey soils after addition of biochar [45]. There was no P sorption 
observed with corn biochar produced at 350 and 550°C pyrolysis temperatures 
[46]. Biochar produced from sugarcane bagasse, peanut hull, Brazilian pepper 
wood and bamboo at 200, 450 and 600°C did not indicate any clear trend in 
phosphorus sorption [47]. However, other studies indicated reduction of P leach-
ing after biochar application [41, 48]. Further, biochar addition reduced P leaching 
after manure addition and in green roof discharge water [41, 49]. Application of 
2% biochar to agricultural soil amended with swine manure resulted in reduc-
tion of P leaching by 69% [41]. Addition of 2% pecan shell biochar to loamy soil 
reduced P leachate by 40% [50]. Orange peel pyrolyzed at between 250 and 700°C 
improved P sorption by 8–83% [51]. [1] indicated that biochar pyrolyzed from 
kudzu and Chinese tallow at 300–700°C temperature exhibited increased P sorp-
tion; when switchgrass was pyrolyzed at 300–500°C, it exhibited P desorption, but 
when pyrolyzed at 500–700°C temperature, it exhibited P sorption, clearly demon-
strating that feedstock type and pyrolysis temperature are major determinant of P 
sorption capacity (Figures 4 and 5).

In [1], it is also demonstrated that increasing temperature resulted in loss of 
O-alkyl carbon and accumulation of aromatic carbon that favored P sorption 
(Figure 6). This variability in biochar capacity to sorb P suggests that understand-
ing each biochar type is important to ensure appropriate application to meet target 
objectives.

Figure 4. 
Biochar phosphorus adsorption; Modified from [1].
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5. Biochar pH influence phosphorus sorption–desorption

The influence of the changes in pH after biochar application seems to vary 
between different studies. Biochar application reduces soil acidity altering P 
complexity with metals such as Al3+, Fe3+ and Ca2+ affecting P availability, sorption 
and desorption (Figure 3) [13, 52]. As a result of higher alkalinity, biochars from 
legume plants increase pH much compared to biochars from non-legume plants [52].  

Figure 5. 
Phosphorus sorption by corn stover, Ponderosa pine wood residue, and switchgrass biochars. Each data point is 
the mean of four replications with standard error. Modified from [11].

Figure 6. 
Biochar carbon functional groups as determined by Nuclear Magnetic Resonance (NMR); modified from [1].
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Biochar has potential to adsorb cations such as Al3+, Fe3+ and Ca2+, which can lead 
to delayed P adsorption or precipitation; in addition organic molecules could 
sorb onto biochar reducing its capacity to chelate with Al3+, Fe3+ and Ca2+ in soil 
(Figure 7) [53]. Ref. [53] reported that P sorption was increased in acidic soil but 
decreased in alkaline soil, and attributed increased P sorption after biochar addition 
to Ca induced P sorption/precipitation and also reported that P sorption was less 
affected by Fe and Al oxides. In contrast, incorporation of 4% biochar into acidic 
soil reduced the P sorption and increased availability of sorbed P, whereas applica-
tion of alkaline biochars to calcareous soil increased P sorption significantly and 
decreased availability of sorbed P [11]. The increase in soil pH reportedly enhances 
the solubility of P [54] but, in contrast [1], demonstrated that addition of biochar 
with high pH, Ca concentration and aromatic C reduced P solubility (Figures 3–5). 
Ref. [55] indicated that colloidal and nano-sized MgO (periclase) particles on 
the biochar surface played the key role in providing adsorption sites for aqueous 
phosphate [55]. In addition, initial solution pH and coexisting anions have potential 
to affect adsorption of P on biochar.

6.  Feedstock/biomass type and pyrolysis temperature influence 
phosphorus sorption

There have been diverse findings on the effect of biochar on P sorption, and in 
some studies, biochar application promoted availability and uptake of P as a result 
of biochar high anion exchange capacity; reduction of availability of Al and Fe in 
soil resulted in less P fixation (Figure 8) [50, 56]. Biochar feedstock and pyrolysis 
temperature affect its chemical composition and surface characteristics influenc-
ing biochar P sorption and desorption capacity [1, 11, 13]. Biochar produced from 
different biomass often has very different chemical characteristics and as a result 
influences the P sorption capacity of biochar [1, 11]. In [1], it is reported that corn 
stover biochar (79%) had greater sorption followed by switchgrass biochar (76%), 

Figure 7. 
P sorption by acidic soil and acidic soil (Grummit series) incubated with corn stover, Ponderosa pine wood 
residue or switchgrass biochars at 4 g/kg soil for 30 days. Each data point is the mean of four replications with 
standard error. Modified from [11].
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while Ponderosa pine wood residue biochar (31%) exhibited the lowest biochar 
sorption. Increasing biochar pyrolysis temperature leads to loss of the volatile 
compounds and increased aromatic carbon, elevated pH, biochar yield decreases 
(Table 1), increased surface area and decreased surface functional groups that 
provide exchange capacity (Figures 4 and 5) [1, 14]. Beet tailing biochar pyrolyzed 
at 600°C adsorbed P; the adsorption was suggested to have occurred due to binding 
sites contained in colloidal and nano-sized MGO particles on the biochar surface 
[55]. [57] indicated that similar to P sorption, desorption is also influenced by 
feedstock, for example Inga exhibited less sorption of P compared to Lacre and 
Embauba feedstocks but also desorbed less P (Figures 9 and 10) [57].

Temperature 200°C 300°C 400°C 500°C 550°C 650°C 750°C P-value

Switchgrass

BC recovery 
(%)

78.0±1.5a 46.2±1.1b 31.7±1.3c 35.4±2.0c 24.9±0.3d 24.1±0.2d 22.8±0.2d <0.0001

pH 7.1±0.4b 8.0±0.3b 9.3±1.0ab 9.0±0.7ab 10.7±0.04a 11.3±0.1a 11.3±0.1a 0.0001

Kudzu

BC recovery 
(%)

74.0±2.3a 38.8±0.2b 29.8±2.0c 26.0±1.1cd 26.9±0.5cd 24.6±0.1cd 23.4±0.2d <0.0001

pH 7.8±0.03e 9.5±0.1d 10.5±0.03c 11.3±0.1b 11.1±0.2b 12.0±0.03a 12.4±0.01a <0.0001

Chinese 
Tallow

BC recovery 
(%)

80.0±0.4a 36.5±2.6b 23.7±0.3c 22.2±0.3cd 20.6±0.9cd 20.8±0.8cd 17.5±0.6d <0.0001

pH 7.0±0.03c 7.0±0.9c 8.8±0.1b 8.9±0.05b 8.9±0.1b 10.2±0.1ab 11.2±0.3a <0.0001

Data indicate mean ± SEM (standard error of mean) between temperatures. Different letters superscript along the row 
indicate Tukey HSD significant difference between means of biochar recovery and pH under different temperatures. 
Modified from [1].

Table 1. 
Biochar recovery and pH.

Figure 8. 
P sorption calcareous soil (Langhei series) and calcareous soil incubated with corn stover, Ponderosa pine wood 
residue, and switchgrass biochars at 40 g/kg soil for 30 days. Each data point is the mean of four replications 
with standard error. Modified from [11].
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Therefore, P sorption–desorption varies between feedstock type and pyrolysis 
temperature levels, providing a possibility of designing biochars for specific soil 
management objectives (Figures 4, 5 and 10) [57].

7. Biochar potential to mitigate phosphorus eutrophication

Biochar has potential to mitigate P eutrophication in the water bodies through 
its application in the farm. However, it is clear that biochar P sorption capacity is 
feedstock specific and is highly influenced by pyrolysis temperature [1]. Therefore, 

Figure 9. 
Desorption of PO4–P from washed biochars plotted as the cumulative fraction desorbed. Modified from [58].

Figure 10. 
Phosphorus desorption curve data for the sequential desorption of P from a degraded tropical soil with biochar 
added. The points represent desorption of P from the soil/biochar complex after the addition of 75, 150, 200 
and 300 mg P/kg. The encircled area represents a uniform desorption curve common to all treatments with a Kd 
between solution concentrations of 0.1 and 0.2 mg/L of approximately 1230 L/kg. Modified from [57].
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it is important to understand the interaction between feedstock type and pyroly-
sis temperature and how they influence biochar acidity/alkalinity, surface area, 
aromatic carbon, cation exchange capacity, surface charge density, biochar internal 
porosity and presence of both polar and non-polar surfaces sites that promote nutri-
ent absorption [1, 13, 39, 41]. Biochar that promotes P sorption rather than release 
of P should be considered for P eutrophication mitigation, and biochar should be 
designed to meet specific management practices [57]. When applying biochar on 
farm, it is also important to consider the erodibility of biochar to water bodies; P is 
easily translocated to water bodies as particulate P [32, 34]. Therefore consideration 
of influence of biochar on erosion is important, for example in conditions where 
biochar reduces soil erosion, it results in reduced particulate P losses [59].

8. Conclusion

Biochar has potential to mitigate P eutrophication in the water bodies through 
biochar application on farm. However, biochar exhibits broad spectrum of proper-
ties which are mainly influenced by feedstock type and pyrolysis temperature and 
as a result influences P sorption. Some biochars have exhibited P sorption while 
others exhibited P desorption. Carbon composition of biochar and pH values of 
biochar and soils are major drivers of P sorption. It is not appropriate to extrapolate 
any single study findings to any other material as a result of the wide diversity in 
terms of biochar influence on P sorption. Therefore every material needs to be 
evaluated and its potential for P sorption determined. The usefulness of biochar on 
P sorption is dependent on its characteristics; to mitigate P eutrophication, employ-
ment of biochar with high P sorption is important.
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